
UNIVERSITY OF SOUTHAMPTON 

High frequency dividers in bulk and 

silicon-on-insulator CMOS technologies. 

by 

h etan ,. Ii try 

A thesis submitted in partial fulfillment for the 

degree of Doctor of Philosophy 

in the 

Fa 'ulty of Enginecrillg and Applicd ScicIl('c 

Depart m nt of El('ct ronies and Compllt ('I' Sci(,l1c(' 

October 2004 





UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING AND APPLIED SCIENCE 

DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE 

Doctor of Philosophy 

High frequency dividers in bulk and silicon-on-insulator CMOS 

technologies. 

by Ketan.Mistry 

One of the key components common in integrated receiver designs is a RF local oscilla­

tor. This particular block is implemented as a phase-locked loop frequency synthesiser 

in many published high frequency architectures. A sub-block of this loop is the fre­

quency divider, which sits in a feedback loop between the phase detector and voltage 

controlled oscillator (VCO). It is this block, along with the VCO, that operate at very 

high frequencies, and will therefore be heavy consumers of power compared with low 

frequency blocks. 

This thesis brings together the results of an investigation into frequency division. with 

a particular emphasis on high frequency dual-modulus dividers intended for fabrication 

in a CMOS process. The motivation behind this research is driven by the cOlltillUOUS 

demand for low power high speed circuits, as justified above. The static source-coupled 

logic forms the basis of the high frequency divider cells, and investigation into its be­

haviour and attempts to ascertain what restricts its high frequency characteristics. After 

a review of some published dividers, attention is turned to the phase selection architec­

ture and a glitch-free control scheme that will play a key role ill the design of two 

dual-modulus dividers. One such divider is the divide-by-64/65, which also demon­

strates a new circuit topology in which stacking and current re-use exploit SOl CMOS 

technology. The second is a divide-by-1G/17 circuit impleIllented in bulk suh-Illicroll 

CMOS again with current-steering, but with the omission of stacking and thus makes 

for a useful comparison. This second divider also plays a crucial role in the design of it 

subsequent integer-N programmable divider (divisors 513-544), intended for usc within 

a frequency synthesiser as part of a wireless lEEES02.11a complaint receiver IC. and it 

is detailed in the penultimate chapter. Another divider circuit developed in this work 

is a fixed divide-by-2 bulk CMOS cell capable of operatillg beyond lOGllz, intended for 

the very same wireless project. All divider circuits have been faln'ic:atecl and S1\cccssfully 

measured with results given in each of their illdividmd discussiullS. 





Contents 

Acknowledgements 

1 Introduction 
1.1 Radio architectures and current implementations 
1.2 Bulk CMOS technology ........... . 
1.3 Silicon on Insulator CMOS technology (SOl) 

1.3.1 Devices ...... . 
1.4 Wafer fabrication ..... . 

1.4.1 Device configuration 

1.4.2 Body contacts 

1.4.3 Floating bodies . . . 
1.4.4 Self-heating ..... 

1.4.5 Circuit simulator models. 

1.5 Review of CMOS frequency synthesisers 
1.5.1 Phase detector ...... . 
1.5.2 Loop filter ......... . 

1.5.3 Voltage controlled oscillator 
1.5.4 Synthesisers ........ . 

1.6 Summary ............. . 
1.7 Outline of the thesis and extent of originality 

2 Source coupled logic (SeL) theory and examples 
2.1 Introduction ..... . 

2.2 Source coupled logic . . . . 
2.2.1 DC behaviour .... 
2.2.2 Transient behaviour 

2.3 Example circuits ..... . 
2.4 SCL divide-by-2 circuit and its operation 

2.5 Summary and note on designing SCL dividers 

3 Review of published frequency dividers 
3.1 Fixed modulus prescalers 

3.2 Dual modulus dividers . 
3.3 Programmable dividers .. 

xvii 

1 

1 

6 
10 
10 

11 

12 

13 
14 
17 

18 

18 

20 
22 

26 
34 

38 
40 

47 
47 

48 
49 
51 

63 
67 

69 

75 
75 

80 
86 

4 Design and implementation of a new dual modulus divider architecture 93 

4.1 Review of a phase selecting dual-modulus prescaler ~n 

4.2 Circuit topology of new phase selector 

III 



IV CONTENTS 

4.3 Operation and discussion of the 8-state finite state machine · 101 

5 Dual-modulus 64/65 divider in O.35/Lm SOl CMOS 111 
.112 

.112 

.113 

.118 

.119 

5.1 Circuit design ................. . 

5.1.1 Phase selection prescaler architecture 

5.1.2 Stacked current steering logic in SOl. 

5.1.3 New current steering phase selector in stacked SOl logic 
5.1.4 Fixed divide-by-16 ........ . 

5.1..5 

5.1.6 
5.1.7 

5.1.8 

5.1.9 
5.1.10 

Modulus control . . . . . . . . . . . . . . . . . . . . . . . 121 

Power supply tolerance conditions . . . . . . . . . . . . . 122 

Current re-use outside the divide path between separate signal paths125 
Source followers. . . . . . . . . . . . . . . . . . . . . . . . . 125 

Floating-body transistors in high-speed divide-by-2 stages . 128 
Output buffers . . 130 

5.1.11 Bias generation. 

5.1.12 Complete circuit 
5.2 Layout ....... . 

5.3 

5.4 

5.5 

5.2.1 

5.2.2 

5.2.3 

5.2.4 

Transistors . . . 

Divide stack. . . 

Off-stack dividers . 

Input and Ouput cell layouts 
Simulations . . . . 

.5.3.1 Self-heating ....... . 
Measurements . . . . . . . . . . . 

5.4.1 Division ratio evaluation. 

5.4.2 Input sensitivity 

Discussion . . . . . . . . . . . . . 
5.5.1 Comparison ....... . 

5.5.2 Analysis of issues for improvement 

6 Modulo 2 frequency divider in O.18/Lm bulk CMOS 
6.1 Circuit design . . . 

6.1.1 Divide-by-2 ............ . 
6.1.2 

6.1.3 
6.1.4 

Test buffer ............ . 

VCO and divide-by-2 combination 

Divide-by-2 used in a 10GHz OC-192 compliant PLL . 
6.2 LayouL ...... . 

6.3 SimulaLions . . . . . . . . . . . . . . . . . 

6.3.1 Divider cell ............ . 

6.3.2 VCO and divide-by-2 combination 
(i.4 Measurements ............. . 

6.4.1 Standalone divide-by-2 .... . 

6.4.2 VCO divicle-by-2 combination. 
G.4.3 lOGH~ PLL 

6.:i Disclissioll 

7 Dual lllodulus 16/17 divider in O.18/Lm bulk CMOS 

· 131 
· 131 

· 131 

· 132 
· 133 
.138 
.140 

.147 

.154 

.154 

· 159 
· 162 
.168 

.169 

.170 

175 
.175 

.176 

.179 

· 181 

· 183 
.188 

· 196 

· 196 
.202 
.204 

.204 

.211 

.212 

· 214 

223 



CONTENTS 

7.1 Circuit design . 
7.1.1 Input dividers. 
7.1.2 Phase selector. 
7.1.3 Level shifters 

7.1.4 Modulus control 
7.1.5 Complete circuit 

7.2 Layout. 
7.3 Simulations 
7.4 Measurements . 

7.5 Discussion . 

8 Programmable (513-544) divider in O.18p,m bulk CMOS 
8.1 Circuit design ..... . 

8.1.1 PLL architecture .. . 
8.1.2 Division ratio .... . 

8.1.3 Transistor level design 
8.2 Layout ..... 
8.3 Simulations . . 

8.4 Measurements. 
8.5 Discussion ... 

8.5.1 Further work 

9 Summary, Conclusions and Further Work 
9.1 Further Work ................ . 

List of Own Publications Related to This Work 

· 223 

· 225 
· 228 
.228 

.230 

· 233 
.235 
.239 

· 241 

· 241 

245 
.245 
.245 
.247 

.250 

· 252 
· 253 
.257 
.260 

· 261 

265 
.268 

272 

A Design of test alumina board for dual modulus 64/65 frequency divider 
(SOl) 275 

B SOl Dual Modulus Divider Schematics 283 





List of Figures 

1.1 Block diagram of a Superheterodyne receiver, tailored for digital wireless 
transmission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2 

1.2 Two image-reject architectures. . . . . . . . . . . . . . . . . . . . . . .. 3 

1.3 Block diagram of a direct conversion receiver, tailored for digital wireless 
transmission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5 

1.4 Frequency plan of the down-conversion method in an example 5GHz wire-
less LAN receiver [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6 

1.5 Graph showing the number of technology parameters vs the year a model 
or its revision was introduced [14]. . . . . . . . . . . . . . . . . . . . .. 8 

1.6 Cross sections of an NMOS transistor on Bulk (top) and SOl (bottom) 
wafers. . . . . . . . . . . . . . . . . . . . . 10 

1.7 Two examples of MOS transistor layouts. 13 

1.8 Various body contact configurations. . . . 14 

1.9 Floating body effects. ........... 16 

1.10 Block diagram of a basic frequency synthesiser based on a PLL. 19 

1.11 Two problems of phase noise on the local oscillator during down-coversion. 21 

1.12 Example of an analogue multiplier, with the specific schematic of a Gilbert 
cell. ...................................... 22 

1.13 Two examples of the phase detectors and their respective transfer char-
acteristics. . . . . . . . . . . . . . . . . . . . . . . . . . 23 

1.14 Charge Pump attached to a phase frequency detector. 24 

1.15 Linearised model of a PLL. ... . . . . . . . . . . 24 

1.16 Transfer function of PLL with no loop filter. . . . . . . 25 

1.17 Transfer function of PLL with 1st order loop filter. . . 25 

1.18 Loop filter and the corresponding characteristic of the configured PLL.. 26 

1.19 Bode plots of the PLL. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 27 

1.20 Two examples of voltage controlled oscillators. .............. 28 

1.21 Power spectral density of the phase noise of a feedback oscillator (assume 
log scales for both axes). Region 1 is attributed to the flicker-noise of the 
active devices, whilst the characteristic in region 2 is due to the Q-factor 
of the oscillator. The last region quantifies the system noise floor. . . .. 30 

1.22 General representation of an oscillator in a closed-loop feedback arrange-
ment. .................................... . 

1.23 Concept of the 'impulse sensitivity function' used in the analytical model 
of phase noise, showing the principle of time-variance with an impulse 
injected at two different instances of a simple periodic signal. ..... . 

1.24 Block diagrams of two different PLL-based frequellcy synthesisers. . .. 

:n 

'j ') 
oj,) 

1.25 The principle uehind fractional-]\; divisioll. based on a dual-modulus divider. :)/1 

VI] 



Vlll LIST OF FIGURES 

1.26 Block diagram of a fractional-N synthesiser, with a delta-sigma modulator 
controlling the dual-modulus divider, so as to randomise the error before 
shaping the noise out of the band of interest. ..... . . . . . . . . .. 35 

1.27 Block diagram of a 5GHz frequency synthesiser with an injection-locked 
frequency divide-by-2 [20]. . . . . . . . . . . . . . . . . 37 

1.28 Superharmonic injection-locked divider. ................... 38 

1.29 Block diagram of a lOGHz frequency synthesiser [16].. . . . . . . . . . . . 39 

1.30 Comparison of maximum input frequency against other published designs. 42 

2.1 Schematic diagram a SCL NAND gate (a) and a CMOS NAND gate (b). 49 
2.2 Schematic diagram a SCL Inverter. . . . . . . . . . . . . . . . . . . . .. 49 

2.3 DC characteristcs of an SCL inverter. ................... 50 

2.4 Schematic of the ring oscillator circuit with an even number of stages, 
each with a SCL inverter. . . . . . . . . . . . . . . . . . . . . . . . . .. 51 

2.5 Schematic showing the half circuit of a SCL inverter, such as the one 
shown in Fig. 2.4.Note that the analysis concentrates on the network to 
the right of the dashed line. . . . . . . . . . . . . . . . . . . . . . . . .. 53 

2.6 Two different input conditions. . . . . . . . . . . . . . . . . . . . . . .. 54 

2.7 Simulated oscillation frequency vs load resistances, for various number of 
stages. (Ib= 1mA, W =40pm, L=0.35pm, V dd=3.3V) . . . . . . . . . . . . 56 

2.8 Simulated oscillation frequency vs bias currents, for various number of 
stages. (RI=lkD, W=40pm, L=0.35pm, V dd=3.3V) ........... 56 

2.9 Simulated oscillation frequency vs differential pair channel widths, for 
various number of stages. (Ib=lmA, RI=lkD, L=0.35pm, Vdd=3.3V) 57 

2.10 Simulated oscillation frequency vs differential pair channel widths, for 
various number of stages.(Ib=lmA, RI=lkD, W=40pm, Vdd=3.3V) 57 

2.11 Simulated oscillation frequency vs supply voltage, for various number of 
stages. (Ib=lmA, RI=lkD, W=40pm, L=0.35pm) . . . . . . . . . . .. 58 

2.12 Expected trends for the logic swing, low-frequency gain and RC delay, 
against load resistance and bias current. . . . . . . . . . . . . . . . . .. 59 

2.13 Expected trends for transconductance, switching range, low-frequency 
gain and RC delay, as a function of channel width. . . . . . . . . . . .. 60 

2.14 Expected trends for transconductance, switching range, low-frequency 
gain and RC delay, as a function of channel length. . . . . . . . . . . .. 61 

2.15 Ring oscillator test with NAND gate elements. Either A, B, and/or Care 
fixed or B, C, anel/or D are fixed with results given in Fig. 2.16(a) and 
2.1G(b). . .................................... 64 

2.1G SimulaLions of 15 stage ring oscillators. The red trace corresponds to the 
OULpllL from the ring oscillat.or based on a 4 input SCL NAND gate. The 
blue traces refer Lo a riug oscillator based on SCL inverters. 65 

2.17 Otlier examples of SCL gates. . . . . . . . . . 66 

2.1~ Schematic: diagram a Mast.er-Slave flip-flop .. 

2.ID Symholic view of the SCL divide-by-2 circuit. 

3.1 Schelllatic of a True Single Phase Clocked flip-flop [10]. 
'T'SPC cirellits COIl figured as dividers ........... . 

68 

70 

75 

76 3.2 
:1.:\ 

:\.1 

Ver.\· high slwcd frequency divider [3]. .......... 77 
Sdl('llIatic of half the D-tvpe flip-flop used in the first implementation of 
t he phase selector ciiviclpr [D]. . ........................ 78 



LIST OF FIGURES ix 

3.5 Pseudo NMOS schematic of half the D-type flip-flop used in a modified 
version of the phase selection scheme [14]. . . . . . . . . . . . . . . . .. 78 

3.6 Schematic of a high speed divide-by-2 circuit, where the active loads are 
clocked too. . . . . . . . . . . . . . . . . . . . 79 

3.7 Schematic of a 128/129 dual modulus divider. . . . . . . . . . . . . . .. 81 

3.8 Block diagram of a divide by 8/9 divider. ................. 82 

3.9 Schematic of a divide-by-16/17 dual modulus divider based on an asyn-
chronous architecture [15]. . . . . . . . . . . . . . . . . . . . . . . . . .. 83 

3.10 Simulation results of the 16/17 dual modulus divider (based on the Lars-
son arrangement [15]) operating in divide-by-17 mode. The red trace 
corresponds to the divided output, whilst the blue trace refers to the 
input clock. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

3.11 Simulation results of the 16/17 dual modulus divider (based on the Lars­
son arrangement [15]), operating in divide-by-17 mode. This topology 
uses a stacked divider with current-mode coupling. . . . . . . . . . . . . . 85 

3.12 Simulation results of the 16/17 dual modulus divider (based on the Lars-
son arrangement [15]), operating in divide-by-17 mode. This topology 
uses a stacked divider with current-mode coupling. . . . . . . . . . . .. 86 

3.13 Block diagram of a conventional programmable divider, using an end-of-
count (EOC) detector [6]. . . . . . . . . . . . . . . . . . . . . . . 87 

3.14 Design based on a modular approach to programmable division. . . . .. 88 

3.15 Block diagram of a 4 moduli programmable divider [14]. . . . . . . . .. 89 

3.16 Waveforms showing glitches in the output when a control signal falls out-
side its 'window', and the remedy of the retimer block [14]. . . . . . .. 89 

4.1 Block diagram of 128/129 frequency divider published by Craninckx [1]. 94 

4.2 Waveforms of the 4 phases associated with the master-slave flip-flop, and 
their relation to the input clock. ...................... 95 

4.3 Plots showing the erroneous operation associated with the slope of the 
phase selector control transitions [1]. The thick arrows in the first and 
third plot, demonstrate erroneous frequency division, as the transition 
speed in one control input increases, thereby shifting the switching instant 
of the phase selector. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 97 

4.4 Time domain plots illustrating the problem with an embedded NAND 

4.5 

4.6 

gate in our implementation. . . . . . . . . . . . . . . . . . . . . . . . . . 

Schematic of the new phase selector. . . . . . . . . . . . . . . . . . . . . 

Schematic for the back end of the dual modulus divider, where the FSM 

98 
. 100 

has only 4-states ................................. 102 

4.7 Schematic showing the FSM as an asynchronous counter with additonal 
logic giving the desired phase selector input combinations .......... 10:3 

4.8 Waveforms of the 4-state FSM, highlighting the hazardous glitch problem. ]04 

4.9 Simulation results of the 32/33 dual modulus divider operating in divide­
by-33 mode with a 4GHz input. Note that the complication of having 
more than one phase select input changing one time manifests itself in 
the form of a division ratio error. .................... . lOS 

4.10 Schematic for the back end of the dual modulus divider, where the FSM 
now has 8 states, implementing Gray code style switching .......... W7 

4.11 Waveforms of the 8-state FSIv1, showing the 'Gray' code style switching. ,lOr 



x LIST OF FIGURES 

5.1 A block diagram of this chapter's dual modulus divide-by-64/65 divider. . 112 

5.2 SCL divide-by-2 in bulk and SOl CMOS. . ................. 113 

5.3 Diagrams showing methods available in SOl design for cascade divide-by-
2 stages asynchronously. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 

5.4 A closer look at the transistor implementation of stacking with current 
mode cascading. ................................ 117 

5.5 Schematic of the new phase selector. ..................... 118 

5.6 Schematic of an asynchronous divide-by-128 circuit employing current-
mode cascading of divide-by-2 stages throughout ............... 120 

5.7 Plots of a divide-by-128 (employing current reuse), as an example showing 
the limitations of excessive current division in a divider stack. Simulated 
inside a 23.1 V supply, with the clock arriving on 20fLm wide NMOS tran­
sistors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 

5.8 Plots of a divide-by-128 (employing current reuse), as an example showing 
the limitations of excessive current division in a divider stack. Simulated 
inside a 23.1 V supply, with the clock arriving on 20fLm wide NMOS tran­
sistors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 

5.9 Schematic of the synchronous divide-by-8 stage sitting above the phase 
selector with its outputs voltage-mode coupled to a further divide-by-2 
stage sitting on its own current source ..................... 123 

S.lO Difference between multiple power supplies and 'cushioning' effects of the 
MOS current sinks. . . . . . . . . . . . . . . . . . . . . . . . . . 123 

5.11 Example of current re-use for an off-stack divider [12]. . .......... 124 

5.12 1kD variable resistor used for setting the master current bias ........ 126 

5.13 Schematics showing the difference between a bulk and SOl source follower. 127 

5.14 Schematic of one half of the highest speed divide-by-2 stage, with intrinsic 
diodes representing the junctions at the interface between implant and 
body regions. . . . . . . . . . . . . . . . . . . 129 

5.15 Schematic of the full dual modulus divider. . . . . . . . . . 132 

5.16 Layout of the first divide by 2. ............... . 134 

5.17 Layout of the second divide by 2, with the phase selector. 

5.1S Layout of the latches within the first two divide stages. 

5.19 A close up of the phase selector. 

5.20 Layout of the synchronous divide by 8 unit. . ..... . 

5.21 The divider stack, consisting of (bottom-up): an asynchronous divide-by4, 

.134 

· 135 

· 136 

· 136 

phase selector and the synchronous divide-by-8 ................ 137 

5.22 Layout of the first off-stack (not present on the main divider stack seen 
in Fig. 5.21) divide-by-2 block. . . . . . . . . . . . 138 

5.23 Layout of the second off-stack divide by 2 block. 

5.24 Layout of the final off-stack divide by 2 block. . 

5.25 Screen captures of miscellaneous layouts ..... . 

5.26 Screen capture of the input section ........ . 

5.27 

5.28 

5.29 
5.:W 
5.:~ l 

Screen captures of various sections of the layout. 

Schematic of the level translator followed by a tapered buffer to drive the 
bondpad and additiollal load capacitance. 

Layout of the final test chip ....... . 

ScrCl'll c:aptnrc of a G.SGHz simulation .. 

Scn'l'1l capture of iI 7GIIz simulation ... 

· 139 
.140 

· 141 
· 142 

· 143 

.144 

· 145 

· 148 

· 149 



LIST OF FIGURES Xl 

5.32 Screen capture of an 8GHz simulation ..................... 150 

5.33 Simulation results of the 64/65 dual modulus divider, showing the output 
of the first divide by 2 stage in the divide stack with different input 
frequencies. . .................................. 152 

5.34 Simulation results of the 64/65 dual modulus divider, showing the output 
of the whole divider. These simulation results are generated from the 
layout extracted netlist with parasitics.. . . . . . . . . . . . . . . . . 153 

5.35 Screen capture of a post-layout 5.5GHz simulation with parasitics. . ... 155 

5.36 Photo of divider die. . ............................. 15G 

5.37 Test arrangement for the frequency measurement of the SOl dual modulus 
divider. ..................................... 157 

5.38 Plots showing the output after dividing a 3.0GHz input (NOTE: a 20dB 
attenuator is placed before arriving at the RF input of the spectrum 
analyser; Vdd=6.82V, hias=1.15mA, input trigger power=2.25dBm.) ... 158 

5.39 Plots showing the output after dividing a 3.2GHz input (NOTE: a 20dB 
attenuator is placed before arriving at the RF input of the spectrum 
analyser; Vdd=7.09V, Ibias=1.49mA, input trigger power=2.6dBm.) .... 160 

5.40 Plots showing the output after dividing a 3.5GHz input (NOTE: a 20dB 
attenuator is placed before arriving at the RF input of the spectrum 
analyser; V dd=8.13V, hias=2.13mA, input trigger power=-4.25dBm.) ... 161 

5.41 Plots showing the output after dividing a 3.0GHz input; V dd=6.82V, 
Ibias=1.15mA, input trigger power=2.25dBm. . ............... 163 

5.42 Input sensitivity of the SOl divider design. . ................ 164 

5.43 Graphs showing the trend of various parameters (required for correct 
operation) with increasing frequency ...................... 165 

5.44 Graphs showing the input 'startup' and 'stopping' conditions with in-
creasing frequency. . .............................. 166 

5.45 Test arrangement for the input impedance measurements of the SOl dual 
modulus divider and testboard. . ....................... 167 

5.46 Plots showing input impedance of the divider test board; V dd=6.82V, 
lbias=1.15mA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 

6.1 Schematic of the divide-by-2 circuit (higher level of abstraction.) . 176 

6.2 Schematic of the D-Latch macro circuit. . . . . . . . . . . . . . . . 177 

6.3 Schematics of buffers. ........................ . 180 

6.4 Schematic of the VCO circuit used in the VCO-Divide-by-2 combination. 182 
6.5 Schematics of the various arrangements of the VCO-Divide-by-2. . .... 184 

6.6 Transmitter-receiver block diagram, used in SONET OC-192 applications. 185 

6.7 Architecture of the clock multiplier unit. . . . . . . . . . . . . 186 

6.8 Implementation of the frequency detector functional block. 

6.9 Simulation justifying the need for the frequency detector. . 

. 187 

. 187 
6.10 Charge-pump circuitry.. . . . . . . . . . . . . . . . . . . . . . 188 

6.11 Bode diagram of the second order loop filter, with a pole at OHz. . 188 

6.12 An electrical equivalent circuit of the substrate network. . . . . . 189 

6.13 Footprints of a standard 5f-Lm wide transistor against an RF version. . 18n 

6.14 Layout of the taped out D-Latch cell. ................ . FlO 

6.15 Schematic of the D-Latch core \vith the extracted parasitics added. 1 U] 

6.16 Layout of the taped out divide-by-2 core. .............. . I~Jl 



xii LIST OF FIGURES 

6.17 Schematic of the divide-by-2 core with the extracted parasitics added. . 192 

6.18 Layouts of the buffer cells. . . . . . . . . . . . . . . . . . . . . . . . . 193 

6.19 Schematics of buffers with extracted parasitic capacitances added. . 194 

6.20 Layout of the standalone divide-by-2. . . . . . . . . . . . . . . . . . . 195 

6.21 Layout of the taped out VeO-Divide-by-2 combination. The pads names 
can be found in figure 6.32(a). . . 197 

6.22 Simulation of the divide core. . . . . . . . . . . . . . 198 

6.23 Details of the mixer circuit. . . . . . . . . . . . . . . 199 

6.24 Simulation of the taped out divide-by-2 with pads. . 200 

6.25 Simulation of the VeO-divide-by-2 with dummy mixer loads showing the 
effects of the high speed buffer Plots from the testbench simulation (from 
top to bottom: input differential clock; differential output voltage, and 
output common-mode voltage.). . . . . . . . . .201 

6.26 Photos of the stand-alone divide-by-2 cell ................... 203 

6.27 Arrangement for testing the bare divider Ie. . ............... 205 

6.28 Output spectrum of the stand-alone divide-by-2 (frequency of diamond 
marker at the peak is given in the sub-box headed 'MARKER'.) .206 

6.29 Output spectrum of the stand-alone divide-by-2 (frequency of diamond 
marker at the peak is given in the sub-box headed 'MARKER'.) . 207 

6.30 Output spectrum of the stand-alone divide-by-2 (frequency of diamond 
marker at the peak is given in the sub-box headed 'MARKER'.) .208 

6.31 Sensitivity of the stand alone divide-by-2 cell. . . . . . . . . . .210 

6.32 Chip photo of the VeO-Divide-by-2 combination. . . . . . . . . . . 211 

6.33 Measured phase noise of the veo output (no divide-by-2) using the 
HP3048A phase noise system together with a high frequency probe station.212 

6.34 Measured tuning curves for the VeO-divide-by-2 circuit, with the hori­
zontal axis showing the analogue voltage on the input to the veo and 
the ordinate axis showing the frequency at the output of the divide-by-2. 
The different curves are for different digital veo inputs. . . . . . .. . 213 

6.35 Photo of 10GHz PLL die. . . . . . . . . . . . . . . . . . . . . . . .. . 214 

6.36 Oscilloscope capture of the output (top) and input(bottom) signals. .215 

6.37 Phase Noise response of the 10GHz PLL in lock. . . . . . . . . . .. . 215 

6.38 Test arrangement showing the bias tee and the issue ofreferring the input 
bias voltage to V DD. . . . . . .217 

6.39 Circuit with buffers and pads. . 218 

7.1 Schematics of the first stage. 

7.2 Schematics of the second stage. 

7.3 Schematics of the third stage .. 

7.4 Schematics of the fourth stage. 

7.5 Schematics of the fifth stage. 

7.G ScheIllatics of the sixth stage .. 

7.7 Schematics of various other subcircuits. 

7.S Schematics relat.ed to the modulus control problem, where the upper dia-
gram rclat.('s t.o t.he aSYllchrollous modulus switching, leading to erroneous 
di"isioll ill it programIlwble divider loop. The lower diagram is a solution 

,224 

,225 

,226 

,227 

.227 

.228 

,229 

to the Illl'llt.iOlll'd problem ............................ 231 



LIST OF FIGURES 

7.9 Time domain plots illustrating the problem with an embedded NAND 
gate in our implementation. . . . . . . . . . . . . 

7.10 Schematic of the modulus control latch. . .... 

7.11 Schematic of the CMOS to SCL differential pair. 

7.12 Schematic of the divide-by-16/17 core circuit ... 
7.13 Schematic of the divide-by-16/17 fabricated circuit .. 
7.14 Layouts of the individual divider cells. . ..... 

Xlll 

· 232 

· 232 
.233 

.234 

.235 

.236 

7.15 Layouts of miscellaneous cells. . . . . . . . . . . . . . . 237 
7.16 Layout of the divide-by-16/17 taped out circuit.. . . . 238 
7.17 Schematic of the divide-by-16/17 in a testbench arrangement. . 239 
7.18 Simulations of the testbench with a 5.5GHz input. Top plot is the mod-

8.1 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 

8.8 

8.9 

ulus control signal on the 'MOD' port of the divide-by-16/17 unit. The 
middle plot is the single-ended output, 'divOut.' The bottom plot is the 
single-ended clock input, 'IPD,' port of the divide-by-16/17 unit . 240 

Block diagram for an integer-N programmable divider. 
Schematic of the programmable divider core. 
Schematics of various cells. . ........ . 
Schematic of the taped out programmable divider. 
Layout of various cells. . . . . . . . . . . . . . . . . 

Layout of the taped out programmable divider. .. 
Screen captures output nodes of the complete divider (MSB output of the 
fixed divide-by-32 cell) after running transient simulations with a 5.35GHz 

· 246 
.248 

· 249 
· 251 

· 253 
.254 

input. Division by 513 (11111) ......................... 255 

Screen captures output nodes of the complete divider (MSB output of the 
fixed divide-by-32 cell) after running transient simulations with a 5.35GHz 
input. Division by 544 (00000). . ....................... 256 

Screen captures output nodes of the complete divider (MSB output of the 
fixed divide-by-32 cell) after running transient simulations with a 5.35GHz 
input. Division by 528. . . . . . . . . . . . . . . . . . . . . . . . . · 256 

8.10 Chip photo of the fabricated programmable divider. .258 
8.11 Measurement setup for checking the functionality of the divider. . 259 
8.12 Input sensitivity curves for the programmable divider. . 259 

A.1 Schematic of the testboard. . . . . . . . . . . . . . . . . 276 

A.2 Bond wire connection to the circuit on the fabricated die. . 277 
A.3 

A.4 
A.5 

Cross section of a coplanar transmission line, showing the various param­
eters used in the equations. . . . . . . . . . 
Ways to implement a bend in a microstrip. 
Photo of assembled testboard ........ . 

.277 

.279 

.280 





List of Tables 

1.1 Timeline of technology nodes [1 J. . . . . . . . . . . 
1.2 A revised table of the transistor gate lengths [32J .. 

4.1 Table showing the combinations for the various phases .. 

4.2 Table showing the combinations for the various phases (ignoring their 

7 
7 

.100 

complements) together with the outputs of the ripple counter. ....... 108 

5.1 Table showing the results from the tests on electrical and process variation. 151 
5.2 A breakdown of the static current consumption in the key blocks (V DD=6.8V) .167 
5.3 Comparison with other dividers. . 169 

6.1 Performance of the PLL ..... . . 213 
6.2 A table showing the measured performance of the divide-by-2 circuit.. . 216 
6.3 A table showing the measured performance of the VCO-divide-by-2 circuit.218 

xv 



1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



Acknow ledgements 
The work in this thesis has been supported by numerous individuals over the period 

of study. Therefore, I feel a moral obligation to mention as many of those people as 

possible. I sincerely apologises for any omissions. 

First and foremost, I would like to thank Prof. Bill Redman-White for accepting me 

as his research student, as well as reading and re-reading the numerous editions of this 

thesis. I must also acknowledge his link with Philips Semiconductors as it proved in­

valuable during the latter half of my tenure. 

Next, I would like to express my thanks to my two colleagues, James Benson and Dr. 

Nele D'Halleweyn. As well as assisting me on the challenges of SPICE modelling and 

SOl CMOS transistors, they also provided a more sociable and relaxed atmosphere in 

which to work. 

Within the ECS department, all the research students (past and present) and support 

staff within the Microelectronics department are thanked for their assistance and/or 

friendship during my stay. I cannot recall any hostility by any individual that would 

have made for an uncomfortable work environment. Staff in the Mechanical workshop, 

Electronics Workshop and Computing support are mentioned, as their help was invalu­

able during the research. I should also thank EPSRC in providing the generous schol­

arship which eliminated the money woes associated with the basic day-to-day necessities. 

It was close to the end of the second year, that a decisioll to send me to Philips Re­

search Laboratories (Eindhoven, The Netherlands) was made. This brought me into 

contact with the Integrated Transceivers Group, where I worked on a CMOS wireless 

LAN project. lowe a great deal of thanks to those colleagues and friends, in particular, 

Dr. Pieter Hoojmans, Dr. Domine Leenaerts, Nenad Pavlovic, Dr. Cicero Vaucher. 

Denis Jeurrisen and Peter De Vreede. The work environment and well-equipped lab (as 

well as encouragement to learn their operation) proved a valuable experience. 

Lastly, I should also thank Prof. Orla .Feely, for employing me in the Circuits and 

Systems group at the University College Dublin. whilst fillishing this thesis. To employ 

me as a full-time member of staff, was a huge risk on her behalf, and hope she will !lOt. 

regret the time it has taken to close this thesis off. 

XVll 





Chapter 1 

Introduction 

For the next generation of lllobile communications, IC designers are called upon to design 

in a higher frequency regime. A key component is the radio transceiver that provides the 

signal path interface for data to and from a resident signal processor. It is typically the 

smallest block in a communications chip but tends to consume the most power per unit 

area and requires the most design time. As the need for more channels to exist simulta­

neously becomes important (with each channel accommodating a larger bandwidth), the 

specifications and performance required become tighter and greater respectively. Chips 

are required to be manufactured at a low cost, and designs using standard Cl\10S pro­

cesses always attract attention owing to their integratability. Alternative technologies 

such as bipolar and BiCMOS technologies have been known to deliver radio sections 

capable of operating at high speeds, and in the present day, bipolar processes have fewer 

mask stages, whilst BiCMOS processes have slightly more masks than very short channel 

CMOS processes. Where availability and integTatibility are issues when deciding upon a 

technology (especially where 'logic' is needed), then plain CMOS would seems the best 

choice. 

This chapter starts with a brief look at down-conversion schemes. As all of the design 

work has been performed in CMOS, a section follows describing the current CMOS 

technology, both in bulk and SOL The last section puts the design of frequency dividers 

into context, explaining the roles of each sub-block in PLL-based CMOS frequency 

synthesisers, as well as supplementing each with examples of published designs. 

1.1 Radio architectures and current implementations 

Before starting this section, it should be emphasised that there is no intention to de­

scribe in detail radio architectures for Ie implementation. vVhilst frequency f'yntJwsisers 

1 



2 Chapter 1 Introduction 

are present in wireless front-ends, they are not restricted to local oscillators, and can be 

used in clock recovery, and coherent frequency demodulation. 

The aim of the front-end is to take a digital signal that has been converted to analogue 

and then up-convert this baseband signal to a higher band where it can be transmitted 

with enough power via an antenna. The methods by which to achieve this are not re­

stricted to one particular up-conversion scheme, but characteristics associated with the 

standard usually dictate the choice of one arrangement over another. The Superhetero­

dyne receiver, such as that seen in Figure 1.1, is the general structure for most common 

front-ends with the frequency planning determining the number of channels. 

Mixer tAntenna 

[?-- ~ 
IF 

------+ Filter 

LNA L---J '-------' 

LO j 

(fearrier - fIF) 

Mixer 

Demod 

Data 
Out 

FIGURE 1.1: Block diagram of a Superheterodyne receiver, tailored for digital wireless 
transmission. 

After a low noise amplifier and image reject filter, a mixer is usually encountered, driven 

by an RF input and a local oscillator (in the case of a receiver). Dming this mixing stage, 

the RF input is clown-converted to an intermediate frequency(IF), whereupon a channel 

select filter will attenuate out-of-channel interferers. The trade-off has to be whether 

to choose a high IF or low IF. Assuming high side injection, where the local oscillator 

frequency is above the RF signal (for the purpose of a relaxed tuning range), a high IF 

will meall that the image reject filter should attenuate an image band 2 x IF higher and 

hence not downconvert it to the IF together with the desired channeL However, any 

signal close to the desired channel (perfectly acceptable as it is in-band) will need to be 

suppressed using a tight channel select filter operating at a high frequency and this is 

a major problem. By havillg a low IF, the image reject filter doesn't usually suppress 

any illlage band as lllllch as it should and thus mixes down to the IF with a greater 

power (in this image band) thall ill the previolls setup. The advantage is that a tighter 

chanlld select fil t.er J"('SPOIlSC can now be realised operating at a lower frequency. A high 

IF incidelltally has !l('ccI for n local oscillator (LO) with a lower fractional tuning range 

[49][1l]. 
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By Ilsing a dual-couversion arcl litect lu·e. the trade-off above cau be dealt· Wit'll iu two 

parts. By dowu couver tiug to a high IF. the problem of iltlage rejectiou cau be tacklc'd. 

whilst a second mixiug stage will clown-couvert to a secoud aud lower IF . where t-iw 

chauncl select problem call be dealt with . Fiually. a high-speed high precisioll data­

converter can be used to prodllce a digital versiou after which advauced digit a l sigmll 

processing will u e algorit hltls to perform II Q clelllOcllllat iou. 

One other solution to the image-rejectioll problelll is to lISC a so-caUc'cl illlagc'-[('jC'ct 

ar hit ect m e. Two OUll llOU an augellieuts ar ' the vVcc:wc'r architc'ctlU'(, auel t 11(' Hart 1('y 

archit ectm e. The strategy with both is to dowu- couvert the desired ballel iato two pat hs 
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whf~n~11 pOll fllftlH~r pr()U~Ssillg will adj ust t he image cOlnpollcnt in OIl(~ pat h, The ailll 

hen: is to have tlw phase~ of the: illlage: bawl rotated through IT radiaus so that, wheu 

adde:cl toget her, the image baw I is cancelled out awl t lw cle:sircd band is boosted iu 

signal power, Doth look to lIlix the RF illPllt with equal LO fn'<!lleucies, that differ in 

phase: by 1 radians, After low pass filt(:riug, t Iw Hartley arraugelllcut shifts the phase 

of ow: of the paths by 1 radians bdon: adding t hc siguals iu both paths together, re­

s1llting in an IF 01ltPlit wit hOllt the illlage: baud, Iu the case of the \Vcaver architecture, 

the inpllt is mix(~d with a qlwdratlll'f' LO, low-pass filt(,l'l'd and th(:ll lIlix(:d again with a 

second qiladratlll'e: LO, afte:r which the pair of siguals arc SlllIllIWd toge:tlwr to cancel the 

image: IJaw!. Unfortllllatdy, sllch tlwordically trivial soilltiolls are uot withollt seriOllS 

drawbacks wlwn COllSid('rillg a practical implr:lIlclltatiou, Thc problelll ill til<: case of the 

Hartle:y archite:r:tlll'l: is th!' l[('eel for a (',oustaut-gaiu, freqw:ucy-iwlcp(:wlcnt phase shifter 

and IJilildillg sll<:h cin:llits Oil chip is sonlCwhat difficlllt, It is obvious that a} coherency 

is rH:e~d('d be:tw(:ell the: two paths in sllch an an:hite:ctlln:, and this lllilst be rnaintaiued 

ov(:r a Immd fn:q IH:lH:y band, \Vit h the' \Veaver an:hit<'ct me, there is a strict need for 

p(:rfed gainlllatching I)('tw(:e:n both paths awl also peri'(:ct qlladratme operation in both 

LOs, 130tll ardlite:ctlln's ItaV<' Im'n illilstrat(:d iu Fig, l.2, 

One last lIld hod of brillging t hf' d('sired band down to basebaud is to Ilse a LO at the 

sarrl<' fn~qll(~ncy as tlu: desired bawl. Straiglrt away, it shoilid be apparent that this direc:t­

COIlv('rsion tedllliqll(: (,dso IOIOWIl as z('l'O-IF) is b(:IH'ficial becallse t 1[(: image band is the 

desin:d signal band, TIl(' 'sdling' point of this nlOde of couversiOll is that the system 

archit(~d can do away wit h t Iu: image: n:j(~ct filter and IF SA\\' filters, and can instead 

lise a low-pass filter with baselmnd alllplifi(:rs all on tIl(' sanl<: chip, Unfortllnatdy, for 

this Sdl('lIH' to h(~ elllploy('d, tire pl'OhklllS of DC oti'sC't, I/Q lllislllatch, Hickel' noise and 

LO le:akHge' lllilst all 1)(' t ak('n into accollnt awlllloddlcd to s(:(: if they can be controlled 

to an a('('(:ptahlc levd, A hlo('k diagl'Hlll of a zero-IF n:('('ivcr is given iu Fig, l.:3, 

Tlw Z('l'O-IF awl low-IF ltlf't hods have' 1)('('OltH' more illlportcult cIS wirC'lcss standards 

moV<' to higll<'r fn'qll<'w'y hml<is and tiglrt('r clrmlll<'1 spa('ing, For bot h down-conversion 

SdWlll('S (whi('h iw:i<ieltt;dl,v Ilse' ql wdrat m(' ltlixing), t Ire local os('illator is at tIt<: sallie 

fr<~qlle'n{T as (or dos(' to) the ('('ntn' of tlr!' d('sin~d clralllid or freqllency baud of int(:n:st, 

How('v('l'. tIl(' VCO Ilsllally 1'I11lS at twice or ('\'(:11 fom tinws tlu: celltn: fn:qllency of the 

halld, d('peIHlillg on tIl<' lll('thod of qWl<lratlll'<' gelH'ration, If OIl(: aSSlllll('S that in both 

C(lS{'S, til<' lll('thod of qll,ldratlll'<' g('Il<'ratiOlI n'Ii('s 011 th!' Illaster-slav(' action of either 

a pair of lat('h!'s or Hip-flops, t h('ll a VCO rllllliing at twi('(' tIl(' d!'sin:d local oscillator 

frcqll('I1<'.\· witlt ;\ lllast('r-sl:\\'(' Hip-tlop ({'Olltiglll'('d ,IS a di\'i(\r>-by-2 cir(,llit) will show 

h:ss illllllllllit\' t() phase' lllislll,ltdl ill its <[Iw<iratlll'(' olltPllts (owing to its s('nsitivity of 

tlw 1l1;lrk-sp;I('(' ratio of' tIl<' illPllt), tll;\ll <I V(,() l'Illllling at folll' tillH'S th!' lo('al os('ilh\­

tor 1'r('flll('l1<'.\' wit h <I S\'lli'hr(}l I() 1 IS di\'id('-!>.\'-! ('ir('llit gf'll!'r,lting tIl!' l'<'qllin'd qilariratlll'e 
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Mixer 

ADC 

Data 

Demod Out 

ADC 

F[(iUlE 1,:1: Block diagram of a direct cOllversioll receiver. tailored for digit,al wiwkss 
t rallslllissioll, 

outputs, 

A major driving point for the research described in this thesis is that any fl'('qw'\l('Y 

divider investigated later lllllSt have t he least possible n1llllber of stages running at the 

highest operat ing frequency, In doing so, t he overall power COllSllltl pt iOll of all)' re('ci v('r 

desigll will be lowered, As will be clear ill the lath'r half of this thesis, the dWtl-lllOd1l111S 

dividers hav(~ becn desigllcd with tb' Imst possibl(' l()(l<iillg Oil allY sigwd SO\ll'('(', as wdl 

as ollly Olle divide-by-2 stage r1ll111illg at th(' illput freq1lell<Y 

To cllei this sectioll, a ('o1lpk of ('xaltlpl<'s itav(' ])('('11 giWll to show tIl<' via]Jility ()f CI\IOS 

silicon tecllllology to COlllpd(' with 11101'(' exoti(' SiC(, tedlllologi('s alld bipolar pr()('('SS('S 

ill this area of awdog1le sigllal pro('('.'iSillg, Olle of t 11<' tirst ('Olllpl('x gigahertz ('hips illlpk­

lIl<'llt(~d the DCS-IKOO standard ill (1.2!i/llll b1l1k ('I\IOS [:{!i] , USillg tIl<' saltl(' ph,IS(' sd(,(,t 

ardlitectm(' (1lsed ill tIl(' d(~sigll of tIl<' dividers ill this tll<'sis) for pmgrallllilabl<' c\i\'isi()ll, 

a fully illtegrated tralls('eiver (ltlillllS th(' allt('ll11(1. allt('llWI tilter. I'A, all<i ]ms('bawl pro­

cessor) has ShOWll the ('apability of this 'digital' Pl'O('('SS for high P('l'fOl'lllaW'(' <lwtlogll(' 

sigllal pro(,('SSillg, R1ll111illg Oil 2V, tite ('ir(,llit ('Ollsllll](,S l!Jlltl\Y ill r('('eiw ll](Jd(', wllilst 

ollly takillg HiOm\Y dmillg the trallsltlit lllo<i(', TIl<' illt('grat('d fn'<jll<'ll<'y S)'llt Iwsis('r 

holds a Hi lllodul1ls divid(~r. a qluldratlll'(' VC() awl all active-passive' ('Olllbiwlt ilJIl Iii! ('r 

to realise til(' fO\ll'th mel('r typ('-II I'LL. The V(,O \l:i('S a ('('lltn'-!ap]wd :{ tIll'll illcil\l'tor 

with a Q-factor of !), 
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F I (;lj Ft I~ 1. 4: Frequency plan of the down-conversion method in an example 5GHz wire­
less LAN receiver [36]. 

processes with a particlilar example givell in [36]. Concentrating on the h ont-end and 

not the digital ba.'ieband (which in t his case is a separate chip) , a dual-conversion archi­

tcct1ll'e is employee! in both t he transmit and receive pat hs. In the case of the receive 

chaill . a 4GHz LO down-converts the filtered .5GHz band to a 1GHz IF , before finally 

dOWllcollvcr t ing to basel and. This frequency plan (see F ig. 1. 4) is chosen as t here is 

ollly need for Olle freq uellcy sYllthesiser designed to give a 4GHz output. The 1GHz 

local osciliator is derived by tapping the output of the 4GHz 0 ciliator to drive a divide­

by-4 prcscalel'. with ql ladrature LO . The trallsmitter works ill the reverse manner with 

a power amplifier illtegn1ted Oll chip too. delivering an output power of 22dBm. The 

tmllslliit ter chaill has been characterised to dissipate 790rnvV whilst the receiver con­

S1l1l 1('S 25()lIlW. with the sYllthesiser taking another 1 OmvV (2 . .5V wit h :3.3Y I/ O in 

O.25J.Llll bllik CMOS). 

1.2 Bulk CMOS technology 

OVt'l' t he past tcn ycars. aggressive scalillg of rvIOS devices c:U ld intercOIlllects has de­

UV('red procillctS wi t h Cil'Cllit elt'lllell ts running beyond .5GHz. Advancements in bot h 

IH'O('('ssiug and li t hogl'ap llY has enabled scaling of their gate lellgths to sub-100111n lev­

<!is . Phaso-shiH lllHSk tccl UlOlogy, choices ill reti Ie lliaterial and available light SOlll'ces 

yield t h<'s(' feat lin' sizes both ill t nlilsistors and lnct ctliisat iOll . 

T,tbk 1.1 shows the projcctiollS made ill a 2001 ITR' road lllap. Oll t he whereabo uts 
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I 12001 12um 20()G 20()7 201U 20U 2()l(i 

I Technology node (1ll11) I l:~U I IOO 80 I CiG 4G 22 

TABLE 1.1: Timeline of technology nodes [1]. 

of Cl'vIOS techllology ill those years. The terlll 'Technology llode' is allllost S~'llOlly­

lllOUS with the 'DRAl'vI half pitch' (which illcidelltall~' rd"ers to the dosc'st separatioll 

bctW(~Cll two llldallillcs in acijaccllt DRAl\I cells.) The aetllal 'lllillillllllll' gate length of 

a l\IOSFET in evc~ry node is slllallcr t hall this vaille. However. as t illlc has progrc'ssc'd, 

alllen<illlellts to this table have resulted ill the following roadlllap, citing t hc' techllology 

of the past, present and flltlln~ (Table 1.2.) 

I D07 I DDD 20(Jl 20m 20()(i 

Technology llock (nlll) 2GO l!'i() IGO U() lOO 

TABLE 1.2: A revised tauk of the trallsistor gate kllgths [:12]. 

In tenns of circllits prodllccd, Cl\IOS cligit,d cirellits reap the l)('netits of scaling. \\'ith 

t he arrival of the :~G Hz proC(~ssor ill prod uet iOll. lllt fa large scale illt c'grat iOll dC'1I101l­

strates the cOlllplexity and packing dc'nsity achievc'd wit h today's pron'ssillg tools. "'it h 

ltlClllory sections exploiting the slllall footprillts for each trallsistor as wi'll as ckwr la~'­

out. a lllyriad of hlllc:tiolls can be rC'tailled on t hc' sallle pic'cc' of sili("(}ll wit hOllt the I[('c'd 

to cOllplc~ lllallY dice externally. EV(,11 illlllix('d sigwd IC's. the Cl\IOS digital sc,ctioll C,lll 

(~asily be distinguished by the reglliarity awl gralllllarity of t hc' rc'giOllS ll11likc' awilogll(' 

sc~ctiolls slleh as thosc~ fOlllld in toda.'(s tn\llscc'ivCT chips. 

At presellt. :~.2GHz pron'ssors ar(' ill prodllctioll (1l1t<'1 Corp), fabricatc'd Iisillg it U()llill 

proC{~ss [2(i]. AdvanC(~d l\Iiero Devices (Al\ID) has giwll ,I roadillap illllstratillg til<' t('('I1-

llology of flltme proC(~ssor falllilies awl arcllitc'ctm('s. with a lIligratioll fro 11 1 hlJlk U()lllli 

Cl\IOS process to SOl l:W1lI1l Cl\IOS pr<ln'ss [G]. Tilis stu\1('gy is Ilse'd to st('j) ,lW,lY 

frolll t hc~ rdianc<' 011 the progrc'ss of lit hography. llllt il it is availa bk all< I lila tlJr<'. T 11<' 

SOl gives SOlllC p('rforlllallcc~ gaill ill powc~r awl Sl)('c~d. t hOllgh IlItc'l Corp haw C(Jllt ('st ('<I 

allY gaills associated wit 11 the tc'dlllology at slwll nIH' ic'\'('Is of g('olllC'try. AlI()t 1I('r k(,\' 

indica t or of t he aclh('n~w'c' tot he SClIliCOlld llet or roaclllla p, is the' d('llsit Y ill lll<'lllor~', j)Hr­

ticlliariy DRAM. COlllpallic's sllch as HYllix, l\Ii<Toll all<l Salllsllllg itaV<' lGJ3it ])!U\l\! 

chips (llot 1Il0dllks) at tlte prodllcti()ll stage', witlt S()III<' llsillg l(HlJ11I1 t('('llIl(JI'lg\' (Jll 

:{()(lJlllll dialllC't('l' wafers. 

III I'('('('llt tilll('S, til(' illlportillW(' (,lIld r('\\'ard) ill j'(',tiisillg '1Iliti())..',lI<' 1'1111<'1 iOII.'i ill pLlil1 
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CMOS optimised for digital applicat ions has become greater and greater. Resisting 

the temptat ion to move to a slightly more exp ~nsive technology such as bipolar and 

BiCMOS can pay dividends in terms of power and cost when designing a mixed-signal 

IC. There are a number of product s on the market offering analogue and mixed signal 

processing elements fabricated in CMOS t echnology ranging from filters and op-amps 

to data-converters and radio tran ceivers. Such products not only incorporate the basic 

MOS transistors , but aL')() passives such as poly resistors , metal-metal capacitors and 

spiral inductors. Unfort unately, it is t h requirement for such elements that results in 

the lag of analogue/mixed signal products because characterisation and extensive device 

(active and passive) modelling must be completed before any schematic can be simu­

lated . Also , with high frequency design, the complex behaviour of the substrate and 

interco flllects has frequelltly called for a number of fab runs with standalone elements 

and even design iteratiolls. One last point to note is that sub-micron MOS devices tend 

to have poor sigllal performance such as high noise floors (main reason being the J 
noise, whilst the t hermal noise is comparable) and low current drives compared with 

bipolar tecJulOlogy. This is one reason for the lack of investment in high specificat ion 

r111alogllc MOS circuit design . Nev~rtheless ) this has not stopped the emergence of high 

performallce desiglls s llch as a 10GHz PLL [16] and a transceiver IC for a 5GHz wireless 

LAN [:3G] appearillg in professiollal publications. 

I''' Rt'llel'lIfion 

I
f" genel'll/ioll 

~~~-------------~~~~------------ ~ ~ 

• BS IM3v3 • BSIM4V2 

. BSIM2 
HSPL2~ + 8 SIM2 

MIvI !=l • BS IM4V2 _-- - -
BSIM + + IISPL2S·' ... + BSIM3113 _.-.--

BS I NI~ r;- 0 -" - -- ' 

__ .. • _ ... '13SitJ3~~ ~Sg.:I.:.:IIrv fiJ/III_""1oW:: 
Level 2 __ - -' - ' BSIMH SPL28 • EKV 112.6 

.-.-­. --
-" . - ~ _- ___ 0 l ovel 3 

• Level 1 

1970 

• Core parameters only 
+ Wi th geometry parameters (with L,W parameters) 
• With geometry pa rameters (wi th L, W, P parameters) 

1980 1000 2000 

Year Model Introduced 
20'10 

F I<;nu;; 1.:> : Grapb sbow illg t he 11111l1Ue r o f techllology parameters vs the year a model 
or it s rC'v isioll was intI' dll ('ed [14]. 

s with Hlly high pCrfOl'll tallCe IC. the elllpilasis placed Oil accurate. fast. robllst active 

(,OIll[)()lL('llt lllodels has ll('V('r be(,ll greHter. vVith ,etch fabricatioll rUll costing lllany tellS 

of t lWIISHllds of U ' dollHrs (CXdlldillg the lllask set). lllistakes ill pcforlllallce call1lot 

Lw tol<'rated . alld this is the !,('(1S0ll behillcl ac tivi ty withill the illdustry to address the 
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needs of non-quasistatic effects for example, albeit a little late in time. Models such 

as BSIM [39], EKV [13] and MOS Model 9 [44] are regularly referenced in the circuit 

design and modelling communities, but with such fine geometry, the ability to predict 

even DC transconductance characteristics with models such as BSIM [39] can result in 

notable discreancies when choosing transistor dimensions considerably off those used for 

parameter extraction. A quick and dirty solution is to 'parameter bin,' but at the ex­

pense of a hideous number of parameters and then the model becomes distantly related 

to any physical model. 

The graph shown in Fig. 1.5 captures the evolution of models, in particular those for 

MOSFETs. The so-called first generation models were the Levell, 2 and 3 (SPICE) 

models. The legend in this graph makes reference to 'geometry parameters' and these 

are included in some models to reduce the error between a simulated value and an actual 

measurement, even at large channel widths. One such parameter is geometry dependent 

mobility degradation. However as the graph shows, there is a marked rise in the number 

of model deck parameters, as well as the device model becoming less physical. 

The first model, occasionally referred to as the 'Shichman-Hodges' model, had the chan­

nel length modulation as the only geometry dependent effect. Other features were the 

gradual channel approximation and square-law for the saturated drain current. Unfor­

tunately, no model for the sub-threshold current existed. 

The second model makes up for the lack of sub-threshold conduction in the first, as well 

as accounting for velocity saturation, vertical field mobility degradation, and describing 

in more detail the depletion and threshold regions of their operation. The third model 

is more efficient mathematically and takes on a semi-empirical approach to modelling. 

For the second generation of models, BSIM 1 [9] and 2 [47] were two examples at the time. 

Verison 1 was more of a digital model, being a mathematically tailored to break its oper­

ation into distinct regions, without much care at the transition point. Threshold voltage 

and mobility modelling were key to the model as well as a detailed sub-threshold current 

expression. In version 2, the addition of output conductance as well as modifications 

to the threshold voltage and mobility models made this version a more 'analogue' model. 

The third and current generation, includes BSIIVI::L EKV and MOS model 9. The first 

incorporates a lot of smoothing functions for well-behaved model equatiolls awl their 

derivatives. MOS model 9 is a Philips Research model with compact, clean alJd ro­

bust modelling, again using smoothing functiolls. but hw; the advantage uver BSIl\I ;~ 

that there are few parameters in the model deck. The EKV model is geared towards 
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low-power low current analogue circuit design. Its developer claims to have used a new 

and clearer method for analytical modelling as well as drawing in some of the other 3rd 

generation model features. By moving the reference point from the source node to the 

substrate, such a model is useful where symmetrical device behaviour is called upon. 

In the context of RF design, particularly for transceivers, it is important for the models 

to incorporate more of the parasitic effects observed with laying out the devices, and to 

model drain/source implant resistance and gate resistance in order to account for them 

at the circuit simulation stage, especially during the characterisation of phase noise 

performance of MOS-based oscillators. The MOS model 9 with an RF extension is one 

such model and h&'3 been used during the design of the bulk CMOS dividers reported in 

this thesis. 

1.3 Silicon on Insulator CMOS technology (SOl) 

Oxide Oxide 

p. Substrate 

f 
Gate 

1'\ 

I 
N+ ~ '- N+ 

Oxide Oxide 
P 

Buried Oxide (BOX) 

p. Substrate 

FIGURE 1.G: Cross sections of an NMOS transistor on Bulk (top) and SOl (bottom) 
wafers. 

1.3.1 Devices 

SOl t.c'cllllology has been nsed in many special applications such as radiation-hardened 

and high-volt.age integrat.ed circnits [12J, owing mnch to the buried oxide. With con­

sidernhk dl"ort in process technology and wafer manufacturing, SOl is now starting to 
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become a serious option for applications demanding high speed and low power char­

acteristics. One of the designs presented in this report is target ted for fabrication on 

SOl wafers. These wafers give rise to CMOS devices that no longer require wells for 

isolation between the different types due to the underlying oxide layer [48]. The lack of 

wells prevents 'latch-up' (improves short channel effects and soft error immunity) and 

can eliminate the need for well contacts, therefore resulting in a higher packing density 

as well as the bonus of fewer masks (less costlier mask sets) 1. The oxide layer also serves 

mixed-mode circuits by minimising the noise from digital partitions that may affect any 

analogue partitions. 

The isolation also serves to maintain the threshold voltage of individual devices be­

tween the power supply rails. Unlike bulk CMOS designs, placing sayan NMOS device 

immediately on top of another NMOS device, keeps their threshold voltages the same 

(assuming the bodies are tied to their respective source terminals.) 

As the electronics industry creates mobile devices, the need for low power consumption 

devices becomes more important. With fabrication on SOl wafers, the source and drain 

junctions extend all the way to the back oxide layer (Fig. 1.6), giving a reduced para­

sitic capacitance and therefore faster device operation. Lower power is partly attributed 

to the lower static leakage currents through the lower junction areas, as well as lower 

CV 2 F terms (where C, V and F are the gate load capacitance, the difference between 

high and low logic levels on those capacitance terminals, and the frequency of operation, 

respectively. ) 

Saying this, the CMOS devices on bulk Si wafers are simlilar to those fabricated on SOl 

wafers, such as PMOS devices still requiring wells (assuming a p- doped top substrate.) 

Ignoring body contacts, layout of transistors and their interconnects remain identical 

between both technologies. 

1.4 Wafer fabrication 

Before any device fabrication can take place, a wafer must be acquired. After slicing a 

cylindrical ingot, wafers for bulk CMOS processing are polished and a thin single crystal 

silicon layer is grown epitaxially. However, SOl requires a buried oxide layer within the 

wafer. This can be achieved by: 

• implanting oxygen atoms into the silicon wafers at high energies (SIMOX), 

1 This is not true where MOS body tied devices are incorporated 
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• growing oxide layers on two wafers, implanting one with Hydrogen ions from 

the opposite wafer face to the oxide, bonding the wafers together, before using 

a 8martCUT® process to split the wafers at the Hydrogen implantation depth(as 

licensed by SOITEe in their UNIBOND® product family), 

• two wafers with oxidised top layers are bonded, after which one side is polished 

down to the required silicon film thickness (Etchback). 

Once a buried oxide is established, the top silicon layer must be polished and possibly 

annealed, before gate stacks, implant regions and interconnect layers can be formed. 

1.4.1 Device configuration 

SOl MOSFETs appear in three configurations: partially depleted floating body (PDFB), 

partially depleted body tied (PDBT) and fully depleted (FD) [34]. 

The partially depleted transistor (both floating body and body tied) is produced using 

thick silicon films (typically >150nm) where the depletion region of a strongly inverted 

MOSFET fails to reach the back oxide, eliminating any coupling between the back- and 

front gate oxides. This type of device has the advantage that the VT is tailored through 

the choice of channel doping profile (see FD device). The main disadvantage lies with 

the PDFD configuration which is susceptible to floating body effects. 

The FD devices usually have a thinner silicon film (or lower doping concentration) where 

the whole body region is depleted and the back gate influences the operation of the de­

vice. This configuration of device allows the threshold voltage to be reduced without 

unduly increasing any off-state leakage currents (crucial to low power devices). FD 

MOSFETs are considered to possess improved short channel behaviour whilst eliminat­

ing floating body behaviour, but reduced source/drain junction depth that delivers the 

improved short channel behaviour comes at the price of source/drain series resistance. 

Also, the requirement for the silicon film to be thin poses a problem in controlling the 

'-"1' of the device due to its sensitivity to process and thickness variations. 

SOl technology also comes with other problems. For example, in a PDSOI device, the 

lack of wcll coutacts implies the body region to be unconnected or 'floating,' where any 

charge injected iuto the body will calise fluctuations ill the body potential. Also, the back 

oxide plays tll(' role of a therIllal insulator, resulting ill localised heating (self-heating). 

ParamcLt'rs stich as mobilit~, II, and VI' are affected, forcing device characteristics to 

deviat (' from Ul('ir ambient tClllperatme operRtion 011 a dynamic basis. Digital GtvIOS 
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circuits tend to have low power dissipation per device compared with analogue cir uits 

which constantly di sipate power due to t heir biasing. 

1.4.2 Body contacts 

Unlike bulk CMOS designs, transistors fabricated on SOI wafers are not elcctri ally 

connected under t he field oxide that isolate adjacent trallsistors. Charge illj ected and 

removed from t his ·body ' region is usually transported via a body contact , though this 

does not have to be the case (see subsection 1. 4.3 - 'Floating bodies ') . With ' Body tied · 

configurat ions, it is important to keep the chann ~l-to-body contact resistall e as slllall 

as possible, t hus allowing fast transport of charge into and ont of the isola ted body. 

This is achieved by placing body contacts at one or both gate ends of a device. The 

design rules, used for the dual-modulus 64/65 divider. dictate how close and how many 

of these contacts should exist , as well as the maximum gate width for a specific gate 

length t ransistor which will explain why in that desigll. gate widths have been purpos 'ly 

capped to 7f.J,m and 15f.J,m for < O.7f.J,m and ~ O.7f.J,m gate lengths respectively. Whee 

transi t ors have larger widths than these, t il ~ req uired trallsistors are broken into slllaller 

transistors to make a 'finger ' structure. 

SourcelDrain SourcelDrain 

(a) T-Calc (b) II -Ca!'c' 

F IGUBE 1.7: Two examp les of MOS transist r layouts. 

As there are H-gate alld T -gate layout arrallgeltL<'llts (Fig. 1. 7). here also (~xist variolls 

styles of body cOlltacts. They all be: 

• stalldalolle - olltact that exists outsick the act ive regioll and is electrically (,OlL-



14 Chapter 1 Introdu ction 

nected to a node by the first metal line (Fig. 1. (a)) , 

• embedded - a highly doped region of an opposite type to the source implant regions, 

which is electr ically connected by cut ting into t he so m ce under a contact (Fig. 

1.8(b)) , 

• gate end t ie-down.s - like the previous version but is inst ead placed at eit her or 

both of th ' gate ends, with t he opposit e type implant lying under the gate end 

(Fig. 1.8(c)). 

Implant 

(b) embedded body con tad (c) ga te e nd ti e-downs 

(ft) s t ft ncia lon(' body contad 

F IG IW 1.8 : Various body contact configurations. 

1.4 .3 Floating bodies 

As t il() dllallllodllius clesign uses the float ing body 'ormguration in it s high speed st age, 

a brief look at a I 'vice's behaviolLl' will be given Floating body PDSOI devices have 

t hei r body regions IlnC()llnec tecl to auy t enuiual and thus are allowed t o float electrically. 

U Ilfort llHately. there arc two res li lt iug COHCel'llS a.ssociated wit h float ing bodies in par­

tially depleted dev ices . nalllely the 'K ink ' effect and pams'it'ic b'ipolar- effect. Other sid ~ 

d i'('cts illC'l llde breakdowll voltage clegrada tiou aud ltyst 'resis duriug dynamic operat ion 

[42]. 

VVh('ll j'll(! d(' I-V cltm acteristic of ~wclt a configm atiou is examilled (sec Fig. 1. 0), a 

Pl'OllOllllC('d kink is obs('rvcd for low gate biases whereby all illcreasillg draill voltage 

wO ldd pro dll C'e a larger theW <lllt iC'ipa tccl dm ill ClIlTCllt . III thc ca.se of auuMOS trallsis­

t or ill its sHJ m at iOIl Itloc\ c'. (']cC' t rous will collide with t he silicon lattice if there are high 

draill tit-Ids (impact iOllisat iOll). This generates lllauy clectron- hole (e-h) pairs . whose 

dec! ro ilS tmvd illto t It(, clm ill impl<lllt and the holes llligrate to the point of lowest po­

t('\ltial. \Vi th float ing bodies . these ho]('s bllildllp (though SOllle do leak away) and raisc 

t he' ovcrall potmt ial of this body. vVith rcfc'lTnce to the 'body effect' or . back bias ' effect 
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observed in bulk CMOS, the drain conductance increases, which in turn causes more 

e-h pairs to be created and so on. There is, however, a point where the 'body-source' 

diode becomes forward biased, injecting electrons from the source into the body, and 

recombining with the stray holes. The 1-V characteristic then behaves in an expected 

manner to that of short channel transistors (channel length modulation or drain induced 

barrier lowering). One major implication of having devices exhibiting a kink effect is 

that the output resistance of a device can drop which means the internal gain is also 

reduced. 

Increasing the drain bias further would highlight the second effect, parasitic bipolar ac­

tion. The silicon film under the gate stack can be thought of as a floating base terminal 

and the current into this base is again a result of impact ionisation. This parasitic de­

vice is turned on by the buildup of charge in the floating body. By using source/drain 

extensions, the effective collector/emitter areas are reduced, thus reducing the current 

gain of this parasitic device. 

The characteristics described above prove useful when designing analogue circuits in a 

PDSOI CMOS process. However, this technology has been cited as a contender for high 

speed IC applications. Therefore, it is crucial to understand the effects of switching in 

actual circuits, and to note any key observations that may be attributed to floating-body 

action [42] [33] [46]. Authors of publications reporting their findings on the effects of float­

ing bodies have concentrated primarily on digital CMOS topology circuits. Although 

our SOl divider design (Chapter 5) is based on a SCL circuit topology, it is possible to 

apply some of their findings, albeit with a little manipulation. 

An immediate observation in the context of CMOS circuits is that their transient anal­

yses show signals to operate rail-rail. As there is an inevitable delay between any rapid 

change on a device's input and its response at its output terminals, it is feasible to 

conclude that the transistors will be subjected (momentarily) to parasitic bipolar ef­

fects, and hence a rise in output conductance and current [42]. This previous study ha.s 

concluded that the speed advantage delivered by floating-body devices is due to three 

characteristics: 

• less source/drain junction capacitance (regardless of floating-body) 

• dynamic 'kink' effect 

• dynamic' \If' due to capacitive coupling. 

\Vhen the body is tied to the source terminal, any speed advantage observed is at­

tributed to the reduced junction capacitances at the drain and source implants, whilst 
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Gate 

(a) Mechanism of the 'kin k' effect, 

Source Drain 

(b) schematic of the parasit ic BJT, 
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FIG URE 1.9: Floating body effects. 
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the dynamic 'kink' effect, due to body charging, is a small contributor to any increase 

in speed. Dynamic kink behaviour is similar to its static counterpart, except the effect 

is now a function of switching time and its frequency (alternatively, the body region's 

carrier generation and recombination time). The authors responsible for the results [33] 

acknowledged their difficulty in gauging how much of an effect the dynamic 'kink' had 

on the speed and kept the initial DC body voltage constant throughout their entire 

simulation. 

Capacitive coupling is responsible for the third mechanism and can be broken into two 

sub-groups: current overshoot and dynamic loading. The first of these improves the 

switching speed by increasing the forward VES of the drive transistor in a CMOS ill­

verter (due to gate-body coupling), giving a higher switching current. The second case 

decreases the forward VES and/or increases the reverse VEs of the load transistor, with 

the help of the drain-body coupling. When observing the transient behaviour, the body­

source voltage follows the gate voltage due to the gate-body coupling. When the inver­

sion layer forms, the body-source voltage will follow the drain voltage by means of the 

drain-body coupling. 

As will be seen, there is a notable difference between the CMOS-style circuit and the 

SCL circuits, both in their circuit topology and the electrical behaviour. Nevertheless, 

the above account provides suggestions as to what is happening in the transistor bodies 

of those devices that are switching in the forthcoming frequency dividers. An effort 

is made in Chapter 5 to understand why the two highest speed divider circuits in an 

asynchronous chain may operate faster when their transistors have floating bodies. 

1.4.4 Self-heating 

The term above refers to the disadvantage of having a buried oxide for electrical isolatioll, 

whereby localised heat cannot dissipate as easily into the back side of the wafer. If it 

small device is operated with a low frequency signal, the silicon film can heat up if 

current density is high, degrading the I-V characteristics of the circuit. Self-heating is 

an important issue that must be accounted for when designing in sub-micron technology. 

To model a CMOS rail to rail LSI analogue circuit without this effect wOllld result ill 

gross discrepancies between silicon and simulation. In a high speed NMOS logic design, 

the problem is not as pronounced (assuming 50% or less duty cycle) because the device 

is off for a comparable amount of time as it is on (after a certain frequency, the designer 

should look at RMS current, as would be done in high frequency intercOIJIlcct desigll). 

In the case of CMOS logic, power dissipation occurs during t}JC transition lwtW(:I'lJ logic 

levels. Hence, a design operated at low frequenc.v should dissipate less pOWI~r thalJ a 

circuit operating at a higher rate over the same length of measurelllent tiuw. 
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1.4.5 Circuit simulator models 

To go about designing circuits for Ies, circuit simulators become an essential tool. How­

ever, models are needed to describe the transistor behaviour when operating in certain 

conditions and configurations. For SOl, models such as BSIMSOI [38] and UFSOI 

[40] exist. However, specifically for the SOl dual-modulus divider, the 'Southampton 

Thermal Analogue' model or STAG [34], together with a Honeywell 0.8/-Lm and 0.35/-Lm 

parameter set, have been used for the design work. This model uses a surface-potential 

technique as opposed to traditional thr-eshold voltage based techniques, relying on a sin­

gle expression that is continuous for all regions of operation, making this very suitable 

for any analogue designer. Modelling a characteristic with more than one expression can 

lead to 'jumps' in the simulated performance and thus anomalous results. 

As designers move further into the gigahertz range, the argument for better RF models 

becomes stronger. There is a dearth of robust compact RF models [30] for both analogue 

and digital design in any wafer technology. The importance of how designs operating 

in such a frequency range can affect system characteristics such as bit error- rate (BER) 

and propagation path cannot be stressed enough. Models need to reflect the RF per­

formance in foundry processes. Simulations of low frequency signal must be done in a 

high frequency environment. Interconnects are also ignored at schematic level, which 

is disastrous at such frequencies. Layout driven designs could possibly help achieve a 

closer estimate of the final realisation. Even though SOl aims to minimise it, substrate 

coupling is never eradicated and needs to be attended to, possibly with a layout driven 

approach. 

1.5 Review of CMOS frequency synthesisers 

In the majority of designs reported, a stable and accurate local oscillator is needed to 

down-convert a channel(s) to a lower intermediate frequency or even baseband, as well 

as up-converting baseband data to a higher intermediate or even transmit frequency. 

The emphasis on 'stable' and 'accurate' stems from the need to select the whole of a 

desired channel. One way of achieving such a function is through the use of frequency 

synthesi::;er::;. They must meet certain specifications such as low phase noise and low 

power cOIlsurnption. The stringency of these requirements is dependent on the type 

of application, for example, a single chip satellite tuner will call for a low phase noise 

oscillator compared with wireless LAN oscillators. However, power consumption is not a 

desigll priority in satellite tllller designs as it is usually mains operated, unlike portable 

wireless LAl\' devices. 

A fn'qllcllcy sYllthesiser call 1)(' either incoherent, coherent direct. coherent indirect. 
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FIGURE 1.10: Block diagram of a basic frequency synthesiser based on a PLL. 

coherent direct digital [50]. For the rest of this section, only the coherent indirect 

synthesis and more specifically, the phase-locked loop ·with a programmable divider 

will be described. This type of loop contains a phase detector/comparator (generates 

a slowly varying ac signal when not in frequency lock, and then a steady de output 

whose amplitude and polarity reflect the phase difference between its two inputs), a 

loop filter (that removes higher order products resulting from the phase detector), a 

veo (generating the desired frequency) and a programmable frequency divider (used to 

obtain a frequency close to the reference frequency). A charge pump is usually inserted 

between the phase detector and loop filter in order to deliver charge to the loop filter, 

lessening the burden on the phase detector. Another reason for its inclusion is that the 

static phase settles to zero, giving the characteristics of a 'Type-II' PLL (PLL with two 

integrators in the loop - the veo being one), without having to actually add one [18]. In 

the context of high speed applications, the loop is configured as a frequency multiplier, 

so a very stable reference exists at low frequency, but the veo is driven to run at a 

much higher frequency. The lllultiplication results because of the frequency divider in 

the loop and the output frequency is given by the following simple expression: 

fout = N. f;:; . (l.1 ) 

where N is the division ratio within the loop, M refers to any prescaler present before 

the input to the phase detector, ire! is the frequency of the source at the input and foul. 

is the frequency of the output after the yeo. Six key characteristics exist for frequency 

synthesisers: 

• phase noise 

• frequency stability 

• output frequency range 

• frequency increment 

• switching time 

• spurious output 
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The specifications for these requirements determine the cost, power consumption, and 

size of an Ie synthesiser. Phase noise is a figure of merit that demands attention, 

especially in applications that require tight channel spacing. Having the power from 

the carrier leak into adjacent channels can be detrimental to the performance of the 

transceiver. As the channel spacing requirement is relaxed, the 'skirts' either side of the 

carrier may be more prominent depending upon the application. Figure 1.11(a) shows 

the prinicpal behind 'reciprocal mixing', where signal power from the unwanted adjacent 

band can interfere with the desired band. Figure 1.11(b) highlights the effect of phase 

noise 'masking' an adjacent signal in a desired group of frequencies. 

1.5.1 Phase detector 

The phase detector, as its name implies, quantifies the difference in phase between its 

two inputs. With signals of sine wave characteristic, an analogue multiplier, such as 

the Gilbert cell (figure 1.12), is a very common implementation. After multiplication, a 

DC term and double-frequency term emerge, with the latter being removed by a sub­

sequent low pass filter. Such a cell gives a zero average output when the input phase 

difference is ~ radians (regardless of the sense of phase difference.) This aspect forms 

part of the specification of the loop arrangement. Also, the lock range (where the loop 

is frequency locked, but not necessarily phase locked) is between 0 rad and 7r radians 

phase difference. In the case where one or both inputs are square waves, a commutating 

multiplier can be the answer. The important difference between this and the last phase 

detector is that the square wave at the input(s) has spectral components other than the 

fundamental. This implies that there is a possibility the loop will lock on to one of the 

harmonics. This can be useful in producing super-harmonic locked oscillators (see later) 

to produce a 'divided' output. However, when undesirable, the VCO tuning range must 

be restricted to prevent slIch locking. The spectrum of a square wave does fall off with 

a t behaviour and thus becomes harder to lock to higher harmonics. Saying this, it 

must be attended to in practical loops based on such a detector (by means of aggressive 

filtering) . 

In mallY transceiver desil!;rlS, digital logic blocks are frequently used for such functions. 

The exclusive-OR gate (talked about in the previous paragraph as a Gilbert cell, but 

drivell hard with large siguab) is such an example. When driven with square wave sig­

nals, the output is related to the input by an XOR relationship, with the only difference 

being the DC level on the output. 

The ahove 1I1ul Liplicr-llased detectors arc in fact quadrature detectors (they indicate a 

phasE' differenc(, uf ~radialls) amI there are instances where a need for zero phase differ­

ence I()cking ('xisLs. This can he achieved using a sequential phase detector. providing a 
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Orad (or even 71 radians) phase difference condit ion in lock, with some having outputs 

that are proportional t o differences greater than 271 radians. The drawbacks associated 

with such detectors is their sensitivity to transitions and add a sampling operation into 

the loop [49] . In its simplest form, t he SR fup- flop (Fig. 1.13(a)) can implement such a 

function with the output showing a 'sawtooth' characteristic as a fWlction of the input 

phase difference over many mult iples of 271 radians cycles. One problem (depending on 

the topology,) is that speed difference can result in static phase error with the average 
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IJ.VOUT 
~----~ O----~ 

IJ.VOUT 

FIGURE l.12: Example of an analogue multiplier, with the specific schematic of a 
Gilbert cell. 

output being a result of a phase difference other than 7r radians. As mentioned, sequen­

tial detectors can have an extended detection range, spanning more than one period. 

This can be realised using an arrangement of D-type flip-flops and this circuit also re­

moves the problem of static phase error. Such a simple detector can yield a detection 

range spanning 47r radians with a constant phase detector gain equal to the SR flip-flop 

solution, but a 0 rad phase difFerence lock point is necessary for a maximum lock range. 

Occasionally, it is important to have information on the difference in frequency be­

tween the two inputs. Sequential detectors, especially those based on D-type flip-flops 

(Fig. 1.13(b)), can provide such information, indicating both the direction (through sig­

nalling one of two outputs) and magnitude (manifested through their duty cycles), and 

are known as phase-frequency detectors. One problem with this type of detector is that 

near the zero phase error mark, the gain may differ from what is actually expected as 

the up-down signal pair are 'impub:ies' around that lock point. Also, there is a sensitivity 

to missing edges, and the repercussions are to correct this error. The former problem 

can be solved with the aid of a DC offset (thus a static phase error), greatly suppressing 

the nonlinearities. 

1.5.2 Loop filter 

Following tho phase detector is a loop filter, which serves to remove the double-frequency 

product. t~rm. Frequently. a charge-pump sits between these blocks and delivers a charge 
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FIGURE 1.13: Two examples of the phase detectors and their respective transfer char­
acteristics. 
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proportional to the phase error to the loop filter. Such a component has three output 

states: positive current, negative current and no current. The amount of charge delivered 

can be minuscule depending on the difference in phase with an impulse often resulting 

close to lock. A loop filter converts this train of pulses into an average value. A simple 

implementation has already been mentioned in the paragraphs on phase detectors using 

D-type flip-flops, and it is here that a charge-pump is often integrated with the phase 

detector. 

The loop filter is the component that sets the order of the loop and is thus a key factor 

associated with the loop dynamics. Technically, there is no need for an explicit filter. 

In such a case, the PLL would be classed as a first order loop with a low-pass transfer 

characteristic (taking the output before the entering the veo.) After linearising the loop. 

as pictured in Fig. 1.15, it is found that the loop bandwidth is dependent on the phas(~ 

detector gain and the so-called veo 'gain', which has dimensions radians per !)cconci per 

volt (and maybe some other gain stages aronnd the loop.) Unfortunately, the outPllt of 

a multiplier phase detector contains SUlTJ- and differenc(~ frequency components, lic)1h of 



FIGURE 1.14: Charge Pump attached to a phase frequency detector. 

which are fed directly to the input of the veo and thus run the risk of locking to a higher 

frequency if within the veo tuning range. Another problem is the out-of-band signals 

present on the input reference frequency, that are also passed to the veo, without any 

attenuation. 

Phase Charge 
Detector Pump F(s) 

V OUT 

VCO 

FIGURE 1.15: Linearised model of a PLL. 

Taking a closer look at various configurations (with the help of Fig. 1.15,) no loop filter 

would yield the following transfer function: 

VOUT Ko·KD 1 
s+Ko·KD Ko' 

(1.2) 

The closed-loop transfer function is shown in Fig. 1.16, where Kv is in fact Ko·KD. 

This configuration is unconditionally stable, with there being a ~ rad phase shift in the 

loop. for frequencies greater t.hall !{,. Tad· 8- 1. 
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(Log scales) 
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~ 

FIGURE 1.16: Transfer function of PLL with no loop filter. 
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This can be improved by adding a simple single-pole RC filter, thus generating a second 

order PLL. When designing the loop, it is desirable to have a low cutoff frequency 

associated with this block, but has to be capped to a value so that there isn't excessive 

peaking in the frequency response. One problem (depending on the application) is that 

the loop bandwidth is dependent on the loop gain and so too is the locking range. The 

transfer function for this second order PLL is: 

VOU7 1 1 
(1.3) 

where Kv is the same as before, LUI is the product RC (components of the filter.) The 

transfer characteristics of this arrangement is given in Fig. 1.17. 

(Log scales) 

FIGURE 1.17: Transfer function of PLL with 1st order loop filter. 

The 3dB bandwidth of this structure is V2 . K vrad . 8- 1, and therefore LUI is set as low 

as possible (to reject out of band signals) before peaking becomes a problem. It is usual 

to have a maximally flat low pass configuration with the complex conjugate poles placed 

at ~ rad from the negative real axis. 

By adding a 'zero' to the transfer function of the filter (Fig. 1.18(a)), the pole freq1lency 

can be lowered without the risk of under-damping. This filter has a pole at LV] = 
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C.(R; +R2) and a zero at Wz = C
I
Rz· The phase margin, with such a modification, 

improves so long as there is enough margin for the phase response to recover beyond 

i rad (see Fig. 1.19.) With this solution, the loop bandwidth and loop gain are now 

independent of one another, thus allowing flexibilty in design. 

In modern PLL design, it is usual to have a charge-pump before the loop filter and this 

removes the resistor, RJ (Fig. 1.18(a)) from the loop filter (the input voltage source 

and R J , are replaced with a current source and its internal resistance). Another point 

is that a shunt capacitor is placed across the remaining RC filter, resulting in a sec­

ond order filter and a third order PLL. Its sole purpose is to remove spurs present on 

the VCO input line and its associated pole is usually placed some distance away from 

the dominant pole, so as to keep the steady-state response the same as the 2nd order PLL. 

1.5.3 Voltage controlled oscillator 

The next and probably most challenging block is the VCO as, by default, it operates at 

the highest frequency within the loop. This function can be implemented in a number 

of ways with each having their merits and flaws. The examples include LC-oscillators 

and ring oscillators (both shown in Fig. 1.20). The specifications of the PLL/frequency 

synthesiser dictate the choice of topology. Ring oscillators [10] tend to be easier to de­

sign, and can be analysed with a cascade of equations and a rudimentry feedback path. 

However, in the newly emerging wireless applications, the call for cheaper, yet high 

performance radio chips translates into the need for oscillators with high specification 

spectral purity running at high operating frequencies. LC-tank oscillators [10] have been 

studied and characterised to deliver a low phase noise output at high frequencies; this 

explains their attention in recent publications [10]. Modern monolithic processing has 

V OUT 

(Log scales) 

(a) first ordrr filf,rr with" zero 

(b) transfer function 

FI(;lIl(E 1.1 K: Loop filter and the corresponding characteristic of the configured PLL. 
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(a) bode plot of PLL with a single pole filter (b) bode plot of PLL with a single pole and zero 
filter 

FIGURE 1.19: Bode plots of the PLL. 

enabled passive structures such as spiral and 'horseshoe' inductors to be fabricated on 

the same die as MOS and bipolar circuitry [49]. By analysing the process steps, a little 

imaginative layout can generate useful (occasionally parasitic) devices such as varicaps, 

also found in VCOs. Although possessing poor Q-factors compared with discrete res­

onators, monolithic integration is certainly possible. 

Ring oscillators based on CMOS-style inverters are easy to design and implement as 

their behaviour has been characterised and described using large-signal functions. The 

oscillation frequency can be set by modulating the tail current in the case of an inverter 

based on a differential pair (static logic) or by modulating the power supply of the in­

verter chain in the case of inverters based on a classical CMOS inverter (dynamic logic.) 

As for its performance, they tend to have a wide tuning range, low silicon area and 

their behaviour across process, power supply and temperature is modelled well owing 

to good MOS models. Power supply and substrate noise tend to be an issue, bllt can 

be minimised by employing a differential inverter topology. However, the output swing 

remains a concern with such a circuit. 

The LC-tank based oscillators, if a perfect resonator (ie with no losses) were allowed, 

would have energy flowing between the electrical and magnetic storage elements at the 

rate of the calculated resonant frequency: 

1 
Wo = --=== vr::c' (1.4 ) 
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Such a network should yield an infinite Q factor, with the definition given by: 

Q = (stored magnetic energy) + (staTed electrical eneTgy) .2. 7r. (1.5) 
energy dissipated per cycle 

Unfortunately, reality shows the resonator to possess a finite Q factor. In the context of 

LC-tanks, the value depends on a number of issues such as materials, frequency of oper­

ation and physical design of the various components in the tank. In a monolithic silicon 

implementation, the degradation in Q factor is an aggregate of various loss mechanisms 

from skin effect in the conductor of the inductor to eddy currents in the silicon directly 

below a planar inductor design. Inductors fabricated in foundry silicon processes have 

Q factors of 5-10 at 2GHz [20] versus Q factors in the 100's for sub-100MHz discrete 

components. Such 'losses' are modelled electrically in the tank as resistive, with the 

series resistance of the inductor being captured in another resistor, in parallel with the 

parallel LC network. The losses are usually compensated for by matching it with an 

active negative transconductor (effectively a negative resistor.) 

LC-tank oscillators tend to give a larger output swing and can operate at higher fre­

quencies than ring oscillators, but have the downsides that they consume a great deal 

of area, require very accurate models (which can imply large complex models for the 

passives and stresses the need for better models) and has a narrow tuning range (due to 

the varactors), though switching out discrete capacitors can alleviate this. 

The Q-factor degradation poses a problem for receiver designs as it translates into a 

spreading of the carrier power into the neighbouring sidebands which is captured in the 

performance metric 'pha.'3e noise.' From a channel selection point of view, the density 

of channels within an allocated band depends on this noise power at an offset to the 

resonant frequency of the local oscillator. 

This is a good point to promote one of the main themes of this thesis, namely the 

reduction of power consumption in the high frequency analogue sections of a receiver. 

By loading the VCO with the mixer and frequency divider, the loaded Q-factor of the 

resonant tank will degrade. Such loading provides additional mechanisms by which en­

ergy in the tank is lost and therefore, more power must be consumed by the negative-YM 

stage. This is another reason why the dual-modulus frequency dividers discussed in later 

chapters only have one divide-by-2 flip-flop loading the VCO outputs, whilst running at 

the highest frequency. 

To be able to quantify and control this phase noise in oscillator design relies on kllowillg 

how its output is modified and identifying any distinct regiolls in a represelltati(JIl of 
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FIGURE 1.21: Power spectral density of the phase noise of a feedback oscillator (assume 
log scales for both axes). R.egion 1 is attributed to the flicker-noise of the active devices, 
whilst the characteristic in region 2 is due to the Q-factor of the oscillator. The last 

region quantifies the system noise floor. 

its output. One of the first models to talk about phase noise is based on a feedback 

oscillator model [17], and through a heuristic approach, the power spectral density of 

the phase noise Sq,(wm ) has been described as: 

2.F-k.T ( (wo )2) ( W~) 
Sq,(wm ) = Ps . 1 + 2.Q.w

m 
. 1 + 'W:, ' (1.6) 

where Wm is the offset from the centre frequency of the resonator, F is a device noise 

factor (empirical), k is Boltzman's constant, T temperature in Kelvin, Ps is the ab­

solute power of the resonant frequency W m , W I is the corner frequency distinguishing 
;;;-:r 

the ~ and ~ regions, and lastly Q is the load Q-factor. With there being an em-

pirical parameter in the equation (obtained by fitting parameters to device data, and 

applying also to the device flicker noise corner frequency) this is not a reliable model to 

explain the shaped noise. Saying this, the white noise and -4 regions are predicted well, 
w 

though the ~ corner frequency should not be assumed to be equal to the device flicker 

noise corner frequency [4]. A representative plot of the asymptotes are given in Fig. 1.21. 

It seems appropriate to break this equation down into the various regions and relate 

them to various metrics of the general oscillator. The large noise power seen rolling off 

at a raU' illv~rs('ly proportional to th~ cube of the offset frequency (region 1) is attributed 

to the (h-vic~ Iloise of the ncti ve elements. As one moves further away from the carrier 

(after what was thought to be t.he device flicker noise corner [17]). the poor Q-factor of 

thE' oscillat.or hecom~s nil iSS\l~. shnping the noise power with n roll-off that is inversely 
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FIGURE 1.22: General representation of an oscillator in a closed-loop feedback arrange­
ment. 

proportional to the square of the offset frequency. This approximation continues until 

half the feedback bandwidth (2'Q~m) [17] is reached, after which the combined system 

noise floor becomes dominant. This is not only due to the oscillator components, but also 

any amplifiers attached to its output, and even measurement equipment. PLL designers 

tend to design for large output swings to give a low phase noise output [10]. There 

can be instances where poor matching between transceiver stages can yield a noise floor 

that swamps the lower offset regions of the spectrum. Likewise, it is possible to have 

excellent Q-factors in a design such that the composite spectrum shows no ~ region. 

LC-tank based oscillators are known to be less noisy than inductorless versions [10][3]. 

However, ring oscillators have played an important role in microprocessors and due 

to their differential operation and ease of operation, such oscillators can also play an 

important role in transceiver design. It is important to characterise the phase noise 

associated with this type of oscillator and though no explcit tank exists, a Q-factor for 

this style can still be defined. The derivation is purposely omitted and the result is 

shown below ('open-loop' Q is how much the closed-loop system opposes a change in 

frequency) : 

(1. 7) 

where A and cP are the magnitude and phase responses of a linear transfer functioll, 

H(jw) (see Fig. 1.22.) The noise power spectral density is then shown to be shaped by 

the following transfer function: 

1 
(WO)2 

Wrn 
(1.8) 

Three types of noise have been identified for this oscillator and shown to have their 

power spectral densities shaped by that transfer function [10]. Additive noise is simply 

a direct addition of noise (power) components to the output and hence the total noise 

at an offset frequency is the sum of those components each generated by a noise source 

at a frequency near the oscillation frequency. HF multiplicative noise arises lWCallS(! 

nonlinearities associated with the oscillator can cause an injected componellt to 'fold' 

around the carrier. therefore doubling the noise power at an offset from the carrier 10lJl' 

(twice the power calculated for the additive noise component.) LF multiplic:atin· Tloise 
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is where noise power close to DC is upconverted to and around the carrier frequency. 

In a static current ring VCO, the frequency of oscillation is changed by changing the 

tail current over each cell, and any noise on this input line is frequency modulated to 

around the carrier, again being shaped by the transfer function of the oscillator. 

Voult) VOUT(t) 

t t 

.' .' 

impulse impulse 

t t 

FIGURE 1.23: Concept of the 'impulse sensitivity function' used in the analytical model 
of phase noise, showing the principle of time-variance with an impulse injected at two 

different instances of a simple periodic signal. 

In recent times, a study has been performed on high performance silicon oscillators, hop­

ing to understand and model phase noise without the reliance on an empirical model. 

One important model, again general to all types of oscillators, moves away from linear 

time-invariance theory, as it is found that the phase noise response is dependent on the 

instance in an output cycle when a perturbation occurs [4]. If disturbed during the crest 

of the output waveform, the oscillator should settle back with very little effect on the 

phase. However, if disturbed in the vicinity of a zero-crossing, then the effect is more 

pronounced. These points are captured in Fig. 1.23. An 'impulse sensitivity' function 

is defined for the different types of noise (as well as being specific to the sty Ie of oscil­

lator) and the advantage is then the removal of empirical parameters giving rise to an 

analytical expression. The study goes on to show that noise near integer multiples of 

the oscillation frequency is the major contributor to the low offset frequency noise seen 

around the carrier tone. Asymmetry in the output waveform can affect the upconversion 

of the low frequency noise, thus allowing the ~3 corner frequency to be lower than device 

flicker noise corner frequency. 

The oiJsl'rVctnt. reader will note the great deal of attention paid to the noise concerning 

the zero-crossing instant.s ancinot the noise resulting in amplitude variations. In modern 
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day receiver designs running in GHz bands, any such noticable amplitude modulation 

is most likely to be of a lower frequency and should thus be attenuated by the loop 

bandwidth of a PLL-based frequency synthesiser. The variation will also be limited 

by the low power supply encountered on common Ie implementations. If the varia­

tion is large, then the local oscillator waveform will suffer 'clipping', but the resulting 

distortion should occur at multiples of the fundamental tone (desired veo output fre­

quency), again attenuated by the loop bandwidth of the PLL. Another reason for the 

lack of concern is that in most phase modulation/demodulation schemes, a switching 

mixer is employed. This type of mixer is only concerned with the 'instant' at which a 

local oscillator input crosses its mean value and hence any amplitude noise is not signif­

icant. 

1.5.4 Synthesisers 

So far, only a PLL has been described. However, by adding a divider (programmable 

or fixed-ratio) between the veo and phase detector, the properties of this loop can 

be changed. For example, by having a fixed divider in the loop, the PLL becomes a 

frequency multiplier where the output frequency is the reference frequency multiplied by 

the division ratio. In the case of the programmable divider, one has the output frequency 

varying in multiples of the reference input arriving on the phase detector input. This last 

category can be broken up into two PLL types: integer-N and fractional-N synthesisers. 

Both are illustrated in Fig. 1.24. 

Modulus toggle ~ 

~------fl-J1--J1--J1--

divide-by-N J divide-by-(N+ I) 1 

'Q' output cycles of - - - - - -, \p_Q)' output cycle: 
dual-modulus divider 

'P' output cycles of 
dual-modulus divider 

------------.1-1 

veo 
Output 

Avcrage division ratio over 'P' cycles is: 
(Q.N)+(P-Q)(N+ 1) 

P 

FIGURE 1.25: The principle behind fractional-N division, based OIl a dual-modulus 
divider. 

The illte~er-N PLL is where the division ratio is an integer and hence the output fre-
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quency is synthesised as an integer product of the reference frequency, not necessarily 

starting at zero. The fractional-N synthesiser has the same blocks as the integer-N syn­

thesiser, but the divider now has fractional moduli, between one integer modulus and 

a consecutive integer modulus. A very simple implementation exists and in fact is the 

same for both. Depending on where the output is taken, one can have either. By hav­

ing the output of the dual-modulus divider acting as the output of the programmable 

divider yields a fractional-N synthesiser. With the help of Fig. 1.25, it can be seen 

that the number of output cycles is counted and compared against a progranlmed value, 

and when equal, the division modulus of the dual-modulus divider is toggled for the 

remaining cycles of the fixed modulus counter. The average value is usually a fraction 

between Nand N+1. In the case of the integer-N synthesiser, the output is the most 

significant bit of the fixed modulus counter. So now, the output truly is a multiple of 

the number of input cycles. More elaborate sigma-delta loops (Fig. 1.26)are often found 

owing to their averaging and noise-shaping characteristics. 

Phase 
Detector 

Charge 
Pump 

Dual­
modulus 

'--------j % N/N+ 1 

fractional value 

L.6.-Modulator 

Clock 

VCO 

FIGURE 1.26: Block diagram of a fractional-N synthesiser, with a delta-sigma modu­
lator controlling the dual-modulus divider, so as to randomise the error before shaping 

the noise out of the band of interest. 

The design and implementation of fractional-N synthesisers is pursued by those requir­

ing a local oscillator with a low phase noise output and a fast settling time. As designs 

target higher frequency bands and demand a relatively high frequency resolution (t.o 

squeeze more channels into a band) so the integer-N architecture becomes ullworkable. 

because a lower reference frequency (relating to a finer resolution) would dictate a Ilar­

roV·ier loop bandwidth thus giving a synthesiser with a poor settling time. It is usual 
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to have the reference frequency of the PLL equal to the channel spacing of specification 

(usually done using a standard crystal oscillator which is subsequently divided down us­

ing a pres caler ). When multiplying this frequency, there is a 20l0glO (N) degradation in 

phase noise performance at the output (phase noise of the veo experiences a high-pass 

filtering action with the dominant corner frequency equal to the loop filter bandwidth). 

So by lowering the division ratio, N, the result is an improvement in phase noise (though 

other contributors may swamp any performance gain due to this parameter). The prob­

lem with dividers in terms of phase noise is that if the phase detector is not the major 

source of noise then any input variations will appear on the output multiplied by the 

division ratio N. Therefore, the output spectrum of the phase noise at low offset frequen­

cies will be a factor of N2 higher in power than the phase fluctuations at the input [31] [2]. 

With the ability to choose fractional division ratios (between two or more integers that 

aren't necessarily consecutive,) the design can use a higher reference frequency. This 

allows the loop bandwidth of the PLL to be increased, thus changing the dynamics 

to give a faster settling time. Increasing the loop bandwidth can indirectly lead to a 

lower phase noise degradation in the context of passive loop filters, as it is possible to 

have lower value resistors (assuming a Re based filter). With narrow loop bandwidth 

PLLs, the time constant of the dominant pole must be large, thus implying a large 

value of resistor and resistor noise to go with it. However, a problem cited concerns the 

phase detector. For every decade increase in reference frequency, the phase noise on the 

output tends to degrade by 10dB, hence overall gain in performance is approximately 

10loglO(N). 

One of the major disadvantages in using fractional-N synthesisers is the spurious content 

on the output. Reference spurs occur on the output owing to mismatches in the charge 

pump negative and positive current branches, as well as non-ideal phase frequency detec­

tion and imperfections in the compensation circuitry. The result is small pulses emitted 

at a rate equal to the reference frequency multiplied by the division resolution. In the 

case of integer-N division, this resolution is simply 1. For the fractional-N divider, this 

is equal to the minimum fractional step. The ramifications are that it modulates the 

yeO control input, and is hence upcollverted around the carrier tone. The power of 

this tone may be comparable, if not larger than, the 'wanted' tone leading to an error 

in the modulation/demodulation of the channel. Loop bandwidths, as a rule of thumb, 

are usually set 10 times lower than the reference frequency, to give approximately 20dB 

supprcssioll (first order passive filter assumed) to this spur before it reaches the yeO 

control input. III the case of fracticlIlal-N synthesisers, this spur is even harder to sup­

press ,1.-; it is at a fractioll of the reference frequency. This has prompted the design of 

higher order loops ill such s,vllthesisers (hy lllenllS of higher order loop filters) [8]. There 

is also a rclllctnllc(' nmcHlgst dl'signers (,0 go down the route of fractional-N synthesis, as 
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it usually involves the need to design a good delta-sigma modulator as well as the PLL 

itself. 

Practical examples of synthesisers have become more numerous, as previous investment 

in studying these structures is now aiding circuit designers involved in radio frequency 

design and planning. One such design is based on a 5GHz wireless LAN standard [20] 

[23](Fig. 1.27.) This chip is a frequency synthesiser fabricated in 0.24fLm bulk CMOS 

and runs with 1.5V and 2.0V power supplies for the analogue and digital sections re­

spectively. The fabricated circuit consumes 25m\V, of which ",16% is accounted for by 

the VCO and first divide stage. A key block in this circuit, attributable to this low 

consumption is an injection-locked frequency divider. A superharmonic injection-locked 

divider [21] works by having the incident frequency as a harmonic of the oscillation fre­

quency. If one considers a feedback loop that is unconditionally unstable with zero input 

and has its own free-running oscillation frequency, then by having a nonlinear block in 

such a configuration, harmonics are generated, and appropriate filtering removes all ex­

cept the desired harmonic. This harmonic is fed back to the input and compared with 

the incident frequency (Fig. 1.28(b)). This idea is implemented with an appearance 

similar to a LC-tank based oscillator with more spiral inductors used to realise the 

tank (Fig. 1.28(a).) The difference is the current to this oscillator is modulated by the 

VCO output and it is found the common source connection is a good place to inject 

the incident signal. Subsequently, a pulse swallow frequency divider is used to achieve 

Charge 
pump 

YCO 

............... .. ...... 

.:::::~::~~~:----------------------------~~~~:~~~~~~~.::::. 
Prescaler 

Program 
& pulse 
swallow 1+---1 %N/N+l 

Modulus 

ttt control 
Channel select 

. 
_R ______________________________________________________ a' 

Injection 
locked 

FIGURE l.27: Block diagram of a 5GHz frequenc.y synthesiser with an injection-locked 
frequency divide-by-2 [201. 
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(a) schematic of the divider, 
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block 

(b) model for the injection-locked divider. 
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FIGURE 1.28: Superharmonic injection-locked divider. 

the programmability, by using a divide-by-22/23 unit to achieve a programme ratio of 

220-227 inclusive (similar to the arrangement in Chapter 8, except that a fixed counter 

of 10 and a 3-bit comparator are used). Incidentally, the dual modulus divide-by-22/23 

is built upon a cascade of divide-by-2/3's. The synthesiser runs on a llMHz reference, 

and has a LO spacing of 22MHz. 

One last example of how far standard bulk CMOS can be pushed is with the demonstra­

tion of a ]OGHz PLL [16](Fig. 1.29). Using a O.l8/Lm bulk CMOS process, a third-order 

PLL has been realised. In this example, a standard LC-tank based oscillator is designed 

with PMOS energy restorers and together with a varicap in parallel with a fixed capac­

itance delivers a tuning range of around 700MHz. However, in order to drive further 

stages (dual-modulus divider and quadrature generator) a buffer is used, with low Q 
inductors in their loads. With division ratioes of 1024 and 1028, the PLL draws 34mA 

from a 1.8V supply. 

1.6 Summary 

This introductory chapter is written with the intention of preparing the reader with some 

of the terminology to be encountered as well as giving some justification for how the 

later designs have been tailored. Examples are given demonstrating the applicability of 

a digital CMOS process to a high perfomance complex analogue problem. The chapter 

introclll(,cs the rcarler to the rarlio receiver architectures commonly used in modern IC 

implelllelltations. This helps the reader a.pprcciat.c the cnthusiasm for low power circuits 

and llndcrstand the COil text in which terms such as 'channel selection' arise. Though 

the Cir('llils desigllcd h<1ve !levCl' dC'viated from frequcncy division. there has always 
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been an application in mind, so as to put performance values attained into perspective, 

thus allowing a comparison against other published designs. The application has been 

frequency synthesisers for local oscillator generators in radio transceiver design. This 

brief section justifies the role of the frequency synthesiser (and eventually the frequency 

divider) but deliberately stays away from the rigorous maths showing modulation/de­

modulation, as well as showing how effects such as phase noise can mar the transceiver's 

performance. 

A look at bulk CMOS technology is then given, showing its current state, followed by 

the same treatment for SOl CMOS technology. In t.he case of SOl CMOS technology, 

the various operating modes are also brought to light, as is the individual transistor's 

structure, that have allowed the concept of the stacking to be realised in Chaptcr 5. All 

explicit section exists on the importance of good transistor models that enable designers 

to produce circuits in sub-micron geometries. 

By looking into the various blocks of the synthesiser, the reader can begin to appreci­

ate some of the decisions made that have shaped the divider designs to be SeCIl. By 

explaining the operation and necessity of each PLL component, it can be shown how 

each interacts with the others. From the discussion. it can be seen that a lower division 

modulus is desirable, with designers taking the steps to implement fractional moduli so 

as to get the same frequency granularity, but with a higher reference frequency. It is 

also imperative not to load the VCO with too much iuput capacitance as the output 

frequency is a function of the capacitance OIl the output. This is clearly SCCII ill a later 

chapter where a bulk CMOS divide-by-2 loads a veo and cmcful interaction between 

the designer of each must he present to target the desired range of opcratinl!; frC'(jw;]]­

cies. This, however, is first seen anc! realised ill the SOL divider wlwre tlw decisio]] 
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to go with that circuit topology was largely due to the initial cascading of divide-by-2 

stages, before arriving at the rest of the dual-modulus divider. Other divider's (some of 

which will be shown in Chapter 3) have been tried but were thought to load the VCO 

too much or consume too much power. The decision to go for an integer-N divider in 

the bulk CMOS programmable divider was made based on the fear of fractional-spurs. 

Rather than investing more time in designing a high order delta-sigma modulator, it 

was felt that the integer-N divider would suffice, and the finished design together with 

measurements justify this course of action. Although it results in a synthesiser with a 

higher phase noise at low offset frequencies, the wireless system specification was gener­

ous enough to dictate a high phase noise at lOMHz (channel spacing.) This may not be 

the case in another application, however such as digital satellite tuner designs, where a 

more stringent phase noise specification exists. 

1. 7 Outline of the thesis and extent of originality 

This thesis has been compiled into a number of chapters, describing various designs as 

well as looking at aspects of source-coupled logic and other divider circuits. 

As the majority of the work has been in SCL, Chapter 2 presents a review of this form 

of logic. Example circuits, simulations, and predictions accompany discussions on the 

DC and AC characteristics of the basic inverter. 

Chapter 3 will then review some of published divider circuits. Examples of high per­

formance fixed-, dual- and multi-modulus dividers are given, looking into their circuit 

topology and their architecture. 

One of the key parts of the work conducted is captured in Chapter 4. Without making 

explicit reference to the process, a description of the modified phase select architecture 

is given. The chapter concentrates on the suggested phase-selector and looks at how its 

elegant implementation allows broadband error-free operation. Whilst the phase selec­

tor architecture is attributed to work by Dr. Jan Craninckx and Prof. Michael Steyaert 

[28], the method of controlling the selected phase with an 8-state controller so as to 

eliminate erroneous outputs at high frequencies is the work of this dissertation's author, 

as was the circuit topology of the current steering phase-selector. 

The SOl dllal-modnills divider is described in some detail in Chapter 5. The concept of 

stacking and current re-Ilse is strongly promoted. and should convince a reader of the 
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feasibility of a higher power supply. Schematics, layout, simulation and measurements 

all accompany the clever use of PDSOI 1'v10S transistors. The idea behind stacking SOl 

circuit blocks was based on initial ideas of Craig Easson and Prof. William Redman­

White. It has been developed for divider circuits by this author to the stage mentioned 

in this chapter. The integration of the current steering phase selector is also the work 

of this author. The complete design and chip testing was performed at the University 

of Southampton. 

The second phase of the circuit research was undertaken using bulk CMOS technology, 

and this is made clear in the subsequent three chapters. The bulk dividers, which were 

fabricated by Philips NV, for the 5 GHz wireless LAN project are illustrated in these 

chapters. With the chosen receiver architecture to be direct-conversion, the quadrature 

generator of Chapter 6 shows the schematics through to layout with measurements of 

the 10GHz (and higher) divide-by-2 cell. The author has developed this circuit from a 

standard circuit topology to that with optimised performance in the desired frequency 

band, targetted for a process that is predominantly digital. Succeeding this block in the 

actual frequency synthesiser comes the programmable divider. Specific to the wireless 

LAN project is a divide-by-513 to 544 block, based on a divide-by 16/17 dual-modulus 

divider. The dual-modulus divider is again based on the current steering phase-selector 

circuit developed for the SOl process, but without any stacking. The complete dual­

modulus divider has again been developed and completed by the author, with some 

assistance on its inclusion in the multi-modulus divider by engineers Nenad Pavlovic 

and Dr. Domine Leenaerts. All these dividers have been fabricated in O.IS/Lm bulk 

CMOS technology, with measurements (performed by the same Philips engineers) show­

ing satisfactory operation. 

After the conclusion, an Appendix has been added to describe the design of the high 

frequency testboard used to characterise the SOl divider die. 

Before ending this chapter, Figs. 1.30(a) and 1.30(b) show the fabricated dividers of this 

work compared against other published designs [24] [15] [37] [25] [6] [28] [45] [43] [7] [41] [22] [29] [19] [27]. 

In both cases, the maximum input frequency for a particular technology node shows how 

the designs discussed in this thesis fair against a sample of other designs. Although the 

design in Chapter 5 doesn't compare favourably against state-of-the-art designs, its ele-

gance and novelty are sadly overshadowed by other circuit cells necessary in its testing. 
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Chapter 2 

Source coupled logic (SeL) 

theory and examples 

2.1 Introduction 

Throughout the succeeding design chapters, it will become apparent that the fabricated 

circuits are predominantly designed using a basic source coupled logic (SCL) topology. 

This chapter serves to describe such logic signalling and the methods to implement logic 

functions to handle such signals. A SCL inverter circuit forms the basic cell used to 

analyse the DC and transient behaviour associated with this differential logic signalling, 

as is often done when performing the equivalent analysis for CMOS topology circuits. 

\iVhilst the section on DC behaviour is fairly straightforward, the transient analysis of 

the circuit's behaviour relies on simple equations generated by other authors, collecting 

data from simulations for various permutations of circuit and device parameters. With 

each set of data, an effort is made to link the results with the small-signal behaviour of 

the inverter, so that any trends can be verified. Before the chapter ends, a look at some 

other SCL logic functions is presented, as well as the dependency of the switching speed 

on the common-mode input of a multi-input gate. The chapter ends with a look at the 

classic SCL topology master-slave flip-flop. 

It must be reiterated that the study in this chapter refers to 'CMOS' a.<; a process 

technology, accounting for the fact that it is a complementary MOSFET process. It can 

also refer to the schematic arrangement of PMOS and NMOS transistors giving a rail­

rail logic swing, whereby the output node of any logic function is pulled 'up' to the VIJD 

power rail when a particular combination of logic O·s is present 011 the gate terIllillals 

of the PMOS transistors, and the output node is pulled 'down' to digital ground wllCn 

a particular combination of logic 1 's is present on the gate terminals of the NM OS 

transistors. This definition is not central to this chapter. 

47 
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2.2 Source coupled logic 

This logic style has. been used in its sister form, emitter coupled logic (ECL), for many 

years where high speed logic circuits are required. Compared with CMOS or TTL 

topologies, the SCL style permits differential signalling as well as allowing high speed 

charging and discharging of output nodes. In the case of our divide-by-2 cell, a CMOS 

rail-rail topology divider would employ both p- and n-channel MOSFETS, where the 

p-type FETs present a considrable load on the previous circuit (VCO or maybe another 

divider). Although CMOS rail-rail dividers have a lower static power consumption 

compared with those used in these designs, SCL based designs offer a greater degree of 

control on switching and current consumption, as well as operating at higher frequencies. 

Figures 2.1 (a) and (b), show the difference between a SCL and CMOS rail-rail com­

binatorial gates where the SCL version sits on a current source. The output is a pair 

of complementary outputs whose voltage difference is set by the tail current and one 

of the load resistor values. Immediately, the benefits of SOl emerge, because modern 

bulk CMOS technology insists on the n-wells and substrate being tied to the highest 

and lowest potentials respectively. The well known back-bias effect manifests itself here, 

forcing different threshold voltages as the number of MOS devices stacked on top of a 

like MOS device increa.'3es. The buried oxide found in SOl designs electrically isolates 

devices on the same die, thus allowing the relative VT to remain constant, paving the 

way for many devices to be stacked. However, stacking is ill-advised when considering 

cascading such gates. If the output of gate (n-1) is to feed the bottom-most input of a 3 

input NAND gate, level translation of some sort is required to give the right biasing, and 

this can degrade the performance if the voltage translation is large. This incidentally, 

is achieved using either a coupling capacitor between stages and setting the bias with 

a resistive divider on the input of the subsequent stage, or by using a source follower. 

The former can add significant load capacitance to ground on the output of the logic 

gate, through a parasitic capacitance to ground, whilst the latter is single-ended and 

consumes more power (in bulk CMOS circuits, the body-source transconductor in the 

source follower arrangement is active, reducing the transistor's current drive capability 

and thus slows down when charging any load capaci tance on its output node). Also, as 

the number of inputs on the SCL gate rises, the delay in response to changes on the 

lower differential pair increases, and this is due to the extra load that must be switched 

through each switching level above the input in question. 

Below is an analysis of the electrical characteristics of the SCL gate structure. This has 

been broken down into the reasonably well understood DC behaviour, as well as the less 

well Hnal.Ysl'd AC and transient behaviour. 
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FIGUtE 2.1: Schematic diagram a SCL NAND gate (a) ami H CfvlOS NAND gate (1)). 

2.2.1 DC behaviour 

The properties and operation of a SCL gate can be illustrated with the hdp of all 

inverter. The schelllatic in figure 2.2 shows such an illvertc~r with a capacitivc' load that 

represents another stage. 
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where W and L are the gate widt h and length of each MOS device in t he long t ail 

pair, respectively. Cox is t he gate capacitance per unit area, n is the subthreshold slope, 

whilst /.LN is the mobility in an n-channeL So, by increasing t he aspect rat io of t he 

device (and th gm) , there is an increase in t he DC gain and hence the different ial 

inver ter can switch earlier. Unfor tunately, high sensit ivity can be a penalty too , where 

erroneous operation can hamper decisions fmt her along, even t hough signals propagate 

using differential signalling. 

o 

11 V. 
In 

F IGU RE 2 .3 DC characteristcs of an SCL invert er. 

All illteresting poillt to note is that t he output swing must b ' limit ed so t hat t he MOS 

devices do not operate in triode region, leading to a higher capacitance seen on it s gat e 

I·crlll inal. When the act ive devices Ml or M2 have enough drain-solU'ce bias to allow 

thelll to operate as cmrellt SOllices, the maximum cUlTent is sunk tlu 'ough one MOS 

trallsistor or the other (ideally) and the load capacit ances (Cl and C2 ) are charged 

at the lllaxiltllllll rate. 'Where there is a high output swing, t h -'re will be Ie s voltage 

dropped across cit her Ml or M2 (det crmined by the transisitor whose gat e terminal is at 

V[) ()). Hml ass lIlllillg the sallle gate bicts . the device that is ON may be in t riode region , 

p ll Hillg less ClIlTCnt to charge the output capacit ive loads, and thus a lower rate of change 

ill Oll tP ll t voltage. Devices operatillg in the triode region also tend to exhibit a higher 

capacitmlC'(' on their gatc terlllillals, which would presellt a problem for a previous stage 

if it wert' to operate ctt high freqllencies . 

III the case of a ring oscillcttor [2], identical SCL-invcrtcrs are DC coupled where the 

C'ollllllon-nlode outPl lt voltage call exist ill a cer tain range. If this voltage is 00 high. 

tht'll tIl<' result is that Ollr ClllTCllt sO IlrC'e -'xpcriellces a high draill bias along with he 



Chapter 2 Source coupled logic (SCL) theory and examples 51 

second order effects such as higher drain conductance that accompany it. The result is 

a current source that behaves less than ideal and the differential pair's common-mode 

rejection deteriorates with the likelihood of a false metastable state. A low common­

mode input voltage would force the current source to operate with a lower internal 

impedance, giving exactly the same problem as before. 

2.2.2 Transient behaviour 

A transient analysis of the circuit is capable of giving a time domain response at a dis­

crete excitation frequency. Any large signal distortion can be monitored in this analysis, 

but to find the top speed of the circuit is usually an iterative task. Whilst small-signal 

AC analysis sweeps through a range of frequencies, linearising the divider does not make 

sense as the upper sections of the circuit never operate linearly (for the the majority of 

time relative to an output period,) with true operation dictating one half be energised 

and the other lying dormant. Another problem with the AC method being applied di­

rectly to a frequency divider is that it is hard to tell whether it is functioning, as the 

output is half the frequency of the input. By taking a FFT of the transient analysis 

(one period), will lead to a frequency domain representation of the output, but this does 

...... - Even number of sta es 

--------~~~~--------------r V "\ 

Previous 
Stage RL 

FIGURE 2.4: Schematic of the ring oscillator circuit with an even number of stages. 
each with a SCL inverter. 
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not solve the problem of finding the top speed with respect to certain design parameters. 

In order to understand how and where extra speed may be obtained in our divider, a 

ring oscillator has also been examined with a binary number of stages (Fig. 2.4). By 

having a ring oscillator, one can find the time it takes for a gate to respond to an input. 

Each stage consists of a differential inverter sitting on a MOS transistor current source 

(body-tied NMOSFET, W=20/Jm, L=0.5/Lm, M3 in the diagram.) The differential in­

verters are appropriately cascaded to give a ring oscillator, toggling without the need 

for a level shifter between two successive stages. Four circuits (4, 8, 16, 32 stages) have 

been simulated (transient) simultaneously with a long enough run to allow them to reach 

their steady state operation. A number of simulations have been performed with various 

permutations and combinations of the parameters associated with each differential stage 

(supply voltage, bias current, load resistance, channel length, channel width.) 

In the last few years, investigations on these oscillators have been reported [4] [5] [8], 

where the emphasis has been on their design in sub-micron technologies. Based on the 

aforementioned work, a simple expression has been formulated to predict the trend in 

operating characteristics, as well as predicting the actual time delay. Equation (2.3) 

calculates the oscillation frequency of the ring oscillator: 

1 
f oscsrnr = ----

2·N·TPD 
(2.3) 

where N denotes the number of stages. The propagation delay of each stage is given by 

Tp D and is expressed as: 

(2.4) 

with RL being the load resistance, Cgs being the 'gate-source' capacitance, CM being the 

'Miller' capacitance across the 'gate-drain' terminals, Cgb being the 'gate-body' capac­

itance and Cbd accounting for the 'body-drain' capacitance. These terms are modelled 

with expressions of varying complexity. This first order model is derived with the help 

of Fig. 2.5. No small-signal transconductor (and hence no high frequency zero [5]) is 

included in the expression owing to it being a simple a first order equation. The fac­

tor 'In(2)' refers to the step input applied, which would be around 0.8 should a ramp 

input be applied (value based on the ramp time being twice the propagation delay of 

the inverter). These two Ilumerical factors deserve a little more explanation to help 

any reader appreciat.e their origin. The following analysis is done with respect to the 

oscillatioll frequency of a ring oscillator. 

The factor rC'latillg t.o a sLep input at the input of the RC integrating circuit (as shown 
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C.,, lumped with CL of: 
previous stage : C,d., 

C : 
gl',n. ... g",Vin+ 

J 

CL includes C"." of the 
next stage 

Vout-

53 

FIGURE 2.5: Schematic showing the half circuit of a SCL inverter, such as the one 
shown in Fig. 2.4.Note that the analysis concentrates on the network to the right of 

the dashed line. 

in figure 2.6(a) with 'R' referring to RL), starts with the integral: 

1 J' VOU7 (t) = C· 2(t)dt 

or in its differential form: 

i(t) = dVOU7(t).C = VIN(t) - VOUT(t) 
dt R 

and after separating the variables: 

iVOUT 
1 it R-C- dVoUT = dt 

o dVIN(t) - dVoUT (t) 0 

t 
-In(VIN(t) - VOUT(t)) + In(VIN(t)) = R.C· 

By assuming the following conditions: 

• at t<O, VIN(t) = 0, 

• and t2::0, VIN(t) = V 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

and that we are interested in the time taken,'T, for the output of our RC network, VoU7 , 

to reach half the final value, V, we get: 

R-C.ln ( V ) = t 
V - VOUT 

R-C·ln(2) = 'T. 

(2.9) 

(2.10) 

With the help of figure 2.3, it should be clear that we have presumed the differential 

outputs of the 'observed' gain stage to have toggled at the 'crossover' point, and hence 

would be interested in the time taken to reach that point. 

The second choice of factor denotes the use of a slow ramp input. ill the model of t.lw Be 
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V OUl 

R 

± r o t t 
(b) Specification for the ramp input. 

(a) A simple RC circuit with a step input. 

FIGURE 2.6: Two different input conditions. 

network on any output of a gain stage. Naturally, one must be specific on the ramp's 

specification, namely its rate of change as shown in Fig. 2.6(b). If the rate is too quick, 

then the time delay tends towards the value observed for the step input. If the rate 

is too slow, then no useful delay can be measured. The factor '0.8', arises from the 

assumption that the input stops ramping after a time equal to twice the propagation 

delay of each inverter. This value is chosen to determine the time taken between the 

instant when the inverter's input toggles through half the logic swing, and the moment 

the output toggles through half the logic swing in the opposite direction [4]. This de­

lay calculated should not include the RC delay on the output node of each inverter stage. 

The capacitance representing the load on the output of the inverter is the 'gate-source' 

capacitance of one of the differential pair transistors (in saturation) on the following 

stage and is given by: 
2 

Cgs = 3·W.L-Cox (2.11) 

where Cox is the gate oxide capacitance. 

The Miller capacitance is represented as the following: 

CM = Cgdo'W, (1 + cos (~)) (2.12) 

where Cgdo is the 'gate-drain overlap' capacitance. The factor, (1 + cos(N )), describes 

the voltages at the input and output of each inverter moving in opposite directions, and 

as N increases, this capacitance tends to a value twice the overlap model parameter [8]. 

This is in fact a crude approximation to the inverter chain's true time-domain behaviour 

with t.he most illaccuracy when there arc fewer inverter stages. When N is large, the 

Miller ca.pacitance is twice the gate-drain overlap capacitance of the active device in 

the half circllit. \\Then N tends to a smaller integer, the phase difference between the 
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input and output nodes of each inverter stage will I)(,C01lH' less than 7f rads. Therefore. 

the voltage across the gate-drain overlap capacitauce will reduce too. becollling lmwr 

than 2 times the input voltage as the nUInber of stages drops to 1. The terlll c()s( N) 
models this reduction in voltage, by reducing the value of the Miller capacitance instead. 

However, one must be careful not to confuse the ('()s( N) with the low frequcnc)' gain of 

the inverter stage. 

A very crude representation of the yate - boriy capacitance in sat mation is giwn as 

follows: 
1 

Cqb = -·vV·L·C".r . 5 (2.U) 

and is similar to the gate-solll'ce capacit ance. Hmwver the differcnce is t hat when in 

operation, the satmatecl region tends to detach itself frolll t lw drain illlplant awl a slllall 

capacitance exists between the gate awl the body region of the trausistor. This region 

consists of the gate oxide followed by a depiction region in tlw body. The fractional 

terlll is found to be between 11() and t, though this is through a 'curve-fitting' approach 

as opposed to any physical origin. Therefore. without any citation or analyt ind proof, 

it cannot be relied llPon and naturally needs to 1)(' studied. 

The last capacitance is taken frolll [1] (\lId is very d('l)('n(knt 011 the transistor strudl]l'(' 

awl process, The' body-drain' capacitance is pl'l's('nt b(~cause of t lw d(~pld ion l'<'gion 

between the heavily doped drain illlplant awl t he low doped body. In tl[(~ caSt' of tIl<' 

Nl\IOS transistor, the drain voltag(' is usually high(~r than t lw body potl~llt ial. t 11ollg11 

it is less so in body-tied PDSOI tl'cllllology. For the plll'pose of this work. til<' followillg 

expression is llsed (as dcfin('d ill til<' ('Olllpact lllodd [(ill: 

C,·W·tt'l ( VII - II ,·R, - (VII - 1 .~) ) 
CI)(I = (1 -'FC)II":::"'''1 1 + FC(l + 111,/llId) + ,,'" rE " .' . III !F"" 

(211) 

where tId", is the silicoll fillll thidm('ss. FC is tIl<' 'jlllll'tiOll forward bias ('()f'iii('i('lll' 

(ddalllt sd to (j.5). PE is tIl(' jlllldioll pot(~lltial (ddalllt sd to (l.?-:V). v"" is III<' sllpply 

voltage of the circllit. alld Il,l1.iI is th(~ tail CIllT('llt ill ('adl stage', Th(' 'fII,'/l'l1.d t<'l'lll is I II<' 

grading coefficient of tlw jllll('tioll. Two vall1es ('xist: ().:~:~ for a gra(i<-d jllll<'li()11 alld 

0.5 for all abl'llpt jll11c:tioll. III PDSOI t(~cllllolog~', tIl<' draill/solll'C(' illlplalltS 1'<'adl I II<' 

blll'ied oxide alld IWllce 110 d('p1<'t iOll l'<'giOll ('xisls /tn('. HmV<'Vl'l'. tIl(' sid<'w;dl ()f I II<' 

draill ilIlplallt has a grad('d jlllwtioll awl ]1('11('(' a vaJtj(' of (l.:~:~ is l1s<'d. III iJldk ('l\I( lS 

t('dlllologi('s, t/te aiJrllpt jlllll'tioll wOldd als() /ta\'(' I() 1)(' ;1('('()lllll('d for ill I II<' (·xprf'c,,-.i(J11 

owillg to tIl<' la('k of a IJill'i('d oxici<-. II s!tol1ld ;dso 1)(' s1;I1('d I !tal I II<' Valll(' of 1.:\ ill 

tIl<' t('rl11 .(V"" - l.:~)', r<'i'<'l's to til<' (,()1l1l1101l SOill'('(' \'ultag(' of III<' dijf(']'('III i;d jJ;lir 

("'itll l'<'sj)('d to ('il'('llit g1'01Illd). awl is sjJ('('ifi(' 10 llw dlfJc,('11 ~;",. 'I'll<' bsl If'l'Ill ill 11)(' 
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c!xprCSSioll is expand 'd as fo llows [1]: 

CJ = 
O ' Ers·;· (Nplns ' N.snb) 

2'(Pb;-( N pl7L" + H.mb) , 
(2. 15) 

w i ~ 1l (j beillg the clectroui c cha,rge, Eu ·E,.s'; being the p ermittivity of silicon , Npl7LS and 

H.'ILI) bC'illg ~ he' drain a llel substrate doping concentrations, resp 'ct ively, alld finally (Pbi 

bC'ing thc' 'bll il t- ill potell~ial ' across the p-n junctioll . T his last variable call b ' evaluated 

lls ing tltc following eqlmt ion [1]: 

(2. 16) 

whcre' <PI, is Ute' ~ hCl'llml volt age ewd ni is t he int rinsic carrier oncent ration. 

III ~ he' pll blimt iOllS where a si lIlil cu' expressioll is giVCll [4] . [5]. [ ]. t he dependence on Vdb 

is llot n problelll as ~h(' bull< (ill the casc of a NMOS transistor ) is fixed to the lowest 

cir 'lIit potelltial awl the' dra i11 voltage of the trallsistor ill question is the outp ut of the 

illverter. For body-t i('d SOl , the body region of the trallsistor is short ed to t he SO LU'ce 

(c 'rlllill(li of the trallsistor. l'('qu ir illg the Hser of this expression to be a little i11tuit ive 011 

t hc' va l\l (' to clioose. 
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In order to show the usefulness of these equations, model parameters have been taken for 

the Honeywell SSEC O.35f.Lm PDS01 process, and applied to the above equations. The 

same parameters have been used with the STAG CMOS model in a circuit simulator, 

allowing a comparison of oscillation frequencies against various large signal electrical 

and physical parameters (Fig. 2.7 - 2.11). 

Looking at all five plots, one can conclude that, the evaluated expression follows the trend 

of the simulations well. There are instances where aymptotic behaviour is witnessed, as 

well as predicted curves intersecting simulated data. In the age of short-channel devices, 

it is even more impressive that the zero-field mobility parameter is used with no account 

of the vertical field degradation nor velocity saturation. The only instance where this is 

not true is in the plot of oscillation frequency vs bias current (Fig. 2.8), though saying 

this, the equation does seem to follow the simulation data well. Here, the oscillation fre­

quency responds to the linear change in bias current, but at lower values of bias current, 

Fig. 2.8 concludes it is obviously not modelled by the equation. One reason behind the 

lower-than-predicted oscillation frequency could be the lack of capacitance associated 

with the MOS current source transistor and is not accounted for in the equation. 

Another concern is the over-estimation of the frequency when stepping the channel 

width. The error between the simulation and the equation is between 50% and 60% for 

very low values of gate width, whilst at the higher gate widths, the discrepancy is between 

< 1 % and around 14%. A thorough model including neighbouring parasitic capacitances, 

dominant at low values of gate width, has not been given. As well, accounting for any 

mobility variations may go some way to narrowing this discrepancy. 

It is useful to analyse the behaviour of the inverters and its corresponding ring oscillator 

at a schematic level, as it helps confirm the observed trends as well as guide a designer 

0 

- DC logic swing DC logic swing IGainl Operating 
- RC delay regIOn 

7 
\ -_. ---.,,-~ 

f.,.V
sw 

RL 0 IBiAs 
0 Ill/AS 

(b) (e) 
(a) 

FIGURE 2.12: Expected trends for the logic swing, low-frequency gain and He deb.I·, 

against load resistance and bias current. 
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to a more optimum design. 

Figure 2.7 shows the oscillation frequency against load resistance. As RL increases, 

the small-signal gain, RC (lumped) time constant on the output of every inverter and 

the DC logic swing, all rise linearly. The small-signal transconductance of each stage, 

switching threshold range and the input capacitance seen on the input of every stage 

all remain steady. If it is assumed that no MOS device in the inverter stages enters the 

triode region, then the delay (associated with the time constant) is proportional to RL, 

as in Fig. 2.12(a). 

Setting RL back to its default value, a trend is observed for the bias current hias. With 

increasing hias, we would only expect the DC logic level to rise linearly, with increases 

in .6.vsw and gm (and thus gain), both rising proportionally to Jhias (Figs. 2.12(b) 

and 2.12(c)). Again, the lumped capacitance on each inverter stage remains the same 

(strictly speakng, the Miller capacitance would rise, though this is not shown in our 

equation). Though not as conclusive, the logic swing rises at a faster rate than the 

threshold switching range and the small increase in oscillation frequency seen in Fig. 2.8 

~Vsw 

o w 0 W 
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(b) 

RC 
,~ 

~~~; 

Actual 
o W 0 W 

(el 
(d) 

1.'ll;llHF ~.l:l: Expr:ct.r:d trr:mls for tmnscomluctancc, switching range, low-frequency 
gain and He deby. as a flll1ction of channel width. 
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can be attributed to the larger current drive oUhe gain stage. 

The importance in distinguishing between the two lateral dimensions associated with 

the channel is underscored in Figs. 2.9 and 2.10. As the channel width is increased, 

the small-signal transconductance of the inverter (and thus its small-signal gain) will 

increase at a rate proportional to v'W (Figs. 2.13(a) and 2.13(c)), whilst the range of 

switching thresholds would decrease at a rate proportional to # (Fig. 2.13(b)). The 

lumped capacitance on the input of every inverter stage, would rises linearly too. This 

latter mechanism is dominant, as seen in Fig. 2.9 (albeit the inverse of Fig. 2.13(d)), 

but the increased drive resulting from the increase proportional to v'W in small-signal 

transconductance reduces the delay in transitioning between logic levels. This goes 

someway to explaining the discrepancy between the circuit simulation and evaluation of 

the analytical expression, equation (2.4), therefore justifying the need to include a gm 

term in the expression. 

~Vsw 

0 L 
(a) 0 

(b) 

IGainl RC Actual 
Operating \ 
regIon 

o L o L 
(c) (d) 

FIGURE 2.14: Expected trends for transconduct.ance, switching range, low-frequency 
gain and RC delay, as a function of channel length. 
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The scaling with the second dimension, namely the channel length, has a few subtle 

differences compared with the channel width. By increasing the length, the small-signal 

transconductance will decrease at a rate proportional to If (Fig. 2.14(a)), whilst the 

switching threshold range increases at a rate proportional to VI (Fig. 2.14(b)). Again, 

any increase in channel length would give a linear increase in every inverter's input ca­

pacitance, and thus the delay per stage. As in the case of channel width, a discrepancy 

exists between the evaluated analytical expression, equation (2.4), and the circuit simu­

lation; specifically, an overestimate of the ring's oscillation frequency at large values of 

channel length. Although the major influence on the delay is the capacitance, the reduc­

tion in small-signal transconductance of the differential pair reduces its current drive, 

leading to a lower oscillation frequency than predicted by the analytical expression (Fig. 

2.14(d)). 

The remaining evaluation shows the oscillation frequency plotted against the common 

power supply of the entire ring oscillator. Fig. 2.11 showsthe results from an evaluation 

of the analytical expression and circuit simulation with varying power supply voltage. A 

close observation indicates that at high toggle frequencies, the expression fails to predict 

a higher oscillation frequency with increasing supply voltage. The only reference to the 

parameter Vdrl, is in equation (2.14). As the figure demonstrates, it plays a superficial 

role, with negligible effect on the plot. Unlike CMOS topology inverters, once the tail 

current source below the differential pair has a voltage exceeding its compliance any 

variation in the supply voltage should not, theoretically (excluding channel-length mod­

ulation), affect the biasing of the devices (provided that the variation does not push any 

device in to triode region). Realistically though, increasing the bias across the drain­

source terminals of a MOSFET device will result in deviation from the perfect DC model 

of a MOSFET, especially in short-channel devices. Increased supply voltage translates 

to an illereased average bias across the active devices, inducing effects such as impact 

ionisation. Coupled with the effect of channel length modulation, an increased drain­

source bias is likely to result in a higher DC drain current, justifying why the simulation 

predicts a higher toggle frequency than the analytical equation. 

Remaillingwiththegraphs.animportant point to not.e is that it is not possible to 

extrapolate the equations at. either end without it losing its credibility. The ring oscil­

lator is a feedback circuit, and for it to sust.ain controlled oscillation, there must be an 

adequate loop gain (and at least 27r rad phase difference between an arbitrary starting 

point and the return signal). Although the equations may predict a faster oscillator, the 

actual result will be a decaying oscillation as the small signal gain, gm . R, falls to unity 

and below. 

As wl'!l as adeqllate loop gaill, every stage in a high frequency oscillator design should 
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have a low RC product on its output node. The capacitive load lumps together the 

output-input capacitances on an output node between two successive inverter stages. 

There must also be adequate current drive by which to charge and discharge those ca­

pacitances. Unfortunately, this implies a larger current through the load resistor, leading 

to a larger output swing and thus conflicting with the bias of the differential pairs ill 

each stage. Of course, in SCL logic designs, one has the option to reduce the load re­

sistance, but this will conflict with the small-signal gain of each stage, thus affecting 

its switching speed. The other option is to raise the power supply to accomodate the 

larger output swing, but then there is the question of increased power consumption and 

technology limitations. The means to achieve a higher current drive can result in in­

creased capacitance on each inverter stage's input node, reducing the expected gain in 

oscillation frequency. 

Naturally, from these graphs, this VCO (actually current-controlled oscillator) has had 

its oscillation frequency predicted to a certain degree, depending on the circuit parameter 

found to be crucial in the design. Of course, at sub-micron level, this equation is no 

substitute for transistor circuit simulation but does show the trend as well as giving a 

starting point for its optimisation. 

2.3 Example circuits 

Following on from the SCL inverter ring oscillators, this section reports on some pre­

liminary simulations of a stacked NAND-gate-based ring oscillator. In this study, the 

stacking capabilities of SOl transistors are highlighted but there is no discussion (ana­

lytically) of its speed problem. Another motivation for these simulations is to do with 

the 'zero-detect' set of NAND gates in an initial choice of dual-modulus architecture [7]. 

This implementation consists of a string of flip-flops in an asynchronous configuration. 

An end-oj-count NAND gate detector signals the end of a binary count, triggering a flip­

flop to block the next incoming cycle (see Fig. 3.8). This process repeats itself thereafter 

unless a different integer modulus is required. One important point about this divider is 

that the pulse counter does not signal when all O's or all 1 's are detected when counting 

up or down respectively (in the case of a divide by 32\33 counting up, the end-oJ-C07LnI, 

detector would trigger after the transition from 11111 to 00000, requiring careful design 

of critical paths). Instead, the design triggers once all 1 's or O's have been detected 

when counting up or down respectively. This allows the input to the end-oJ-co'unt to 

accumulate, gradually easing the layout of the final divider. 

Unfortunately, a problem with this design in high frequency applications is caused by 

the stacking nature of the differential pairs. with actual results given in sectioll :3.2. 
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15 ~ages ------------ -------------... 

D-I 

FIGURE 2.15: Ring oscillator test with NAND gate elements. Either A, B, and/or C 
are fixed or B, C, and/or D are fixed with results given in Fig. 2.16(a) and 2.16(b). 

Together with the help of the discussion on stacking divider stages in section 5.1.2, it is 

noted that in a stacked version of [7], the output of the first divide-by-2 (and also the 

second highest speed signal) exists as the first output from the stack. All outputs are 

DC coupled to the NMOS NAND gate which also consists of stacked long tailed pairs. 

This first output must switch the current between the entire stack of long tailed pairs 

and cascodes, and this is found to restrict the overall speed of the entire divider. To 

illustrate this, simulations have been carried out on ring oscillators (Fig. 2.15). The first 

ring oscillator is built around SCL based inverters, each drawing 1mA from a 3.3V sup­

ply. The device dimensions in the differential pair are o230ttm . The second ring oscillator 
. tlp,m 

has unit cells composed of 4 input NAND gates using SCL stacking. Each long tailed 

pair also has the dimensions ()2
3
0tLm . The current consumed in each stack is 1mA drawn 

. iJIL7n 

from a 3.3V supply. For this implementation, three of the inputs to every NAND gate 

are allC:hored to logic 'high'. Both oscillators give a differential output of ±300m V (load 

resistor of 6000) centred around 3V. Looking at Figs. 2.16(a) and2.16(b), it can be seen 

that toggling is a lot quicker if the input from a previous stage arrives on the top-most 

differential pair rather than arriving on the lowest pair. The concept of stacking used 

within this architecture together with simulation results is presented in section 3.2. 

An ohservation that 11111st he cleared up is that the SCL-inverter ring oscillator appears 

to bp rnrllling half as fast. as the SCL-NAND ring oscillator (upper toggled inputs.) 

The explanation for this apparent anomaly is that each inverter is DC coupled to the 



Chapter 2 Source coupled logic (SCL) theory and examples 

3.4 
3.4r----------,----------,----------,-----------,----------, 

3.2 

3 

2.8 

NPJIDOl.!lpul.t 2 .6 

mVOl.llp,-\ 
H 

2.2 

2 

1.8 

1.6 

1.4L---------~--------~----------~--------~--------~ 

- 8 
1.4 ' 10 - 8 

1.4 ·10 

- 8 
2 .5'10 -8 

:1..5 ·10 

65 

(a) Sing le-ended outpu t o r NAND gate w i th togg l ing input set on t he highesL seL o f inpllts (b ille Lrace rerers 

to a toggli ng input o n t he 'D' inp uts) 
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(b) Sing le-ended o upu L o f' Nf\ ND gaLe w iLh Loggling inpllL seL on Lilt" lowes t Sf't or illPll tS (b i llf' traCl' r('r('f"S 

to a togg l ing inpu t on Lhe ' A ' in p uLs) 

F TC HB 2 .16 : Simulations of 15 stage ring oscillators . T he red trace COlTcsI ond s to thc 
out pu t frOI11 the ring oscillcttor based on a 4 input SCL NAND gatc. Thc bltlC trace's 

refer to a ring oscillator based on SCL illverters. 

next . whilst thc NAND gat"s are co upled by lllcaWi of 'pcrfcct" level-shift ers. With the 

admission of using voltage-controlled voltage so m c s as level-shift ers. each s tage wO lllcl 

be buffered from t he next . hellce givillg an improvelllcllt ill perforJll<1llce. The inpllts 

arriving 0 11 the terminals of the NAND gate arc illt.erually level shifted as follows: ill­

put 'A and 'A shifted down 1.2V: inputs 'R" and 'R" shifted clOWll GOOlllV: ill[lllts 

'0" and '0" shifted dOWll .300111V. allcl illputs 'D' alld 'D' arc llOt shi fted a t all. The 

reason behind t hese level shift ers was to Silllply save tillle rat her t IW.ll clcsigll appropriate 

somce-followcrs. 
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Sirnulat iOIls show t lw SOl divider based on the an:hitect me of rcf(~rcnce [7] to produce 

incorn:d divisi(Jll at frcqll(~w:i(~s of 4.SGHz awl above. This poor speed performance in 

a conventional divider has tlllls pushed til<! investigation into considering phase selecting 

as an alt(~rnative to dual-modllllls division. 

It is a timely place in this n~port to illustrate some other logic gates in the same circuit 

topology. As wdl rl." tlw D-typ(~ flip-flops, NOR.-gates and NXOR.-gates are also available, 

pictlllul in Fig. 2.17. 

~D ~D 

R R 

Vout Vout 

Vb' 
'4 I-B B-1 

(a) \OH g;at". (ll) Exdusive-NOR. 

FICI'!!I'; 2.17: Otlwr examples of SCL gates. 

In the ('as(' of the' NOR-gate. a 'casco<ie' transistor has to be placed above the tran­

sistor COllt rol1<'d by sigllal . A', in ord(~r to I)(\lanc(~ the nlllllber of l<~vds of gates below 

(~ach load n~sistor. It also pn~v(~nts 'stwssing' the 'A' transistor with a high fidd across 

its draill-solll'Ce tr'rlllinals, tlH'rdore preventing illlpact ionisation and imbalance in the 

diH'cn'lltialolltput. Its DC voltage wOllld ilwvitably be g(~nerated by some stable bias 

Ilf'twork. As in the' ('as(' of t he' NAND-gate, the inputs have different cOllllllon-lllodc 

kvds alld this forc<'s a slight ('olllplicn t ion in t 11(' d(~signcr' s synt h(~sis of a combinatorial 

logic Sl)lllt i()ll, 

The EXN< m gat(' is ('qlli\'akllt t() a ('IUT('nt steering Gill)('rt Cdl lllixer. Fig. 2.17(b) 
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shows a differential circuit where the inputs are applied on different levels of the circuit 

just as in the NAND gate. 

2.4 SeL divide-by-2 circuit and its operation 

The master-slave latches in each D-type are built around the above logic style. The 

level triggered latches themselves contain an inverter and a bistable, which both sit on 

a current source. Fig. 2.18 shows such a topology in the master block. Unlike CMOS 

dividers, the added bonus here is that, when used for frequency division, an extra in­

verter is not required for the positive feedback and the complementary outputs (Q and 

Q) are both fed back to the complementary input (D and D) terminals. 

The operation of the flip-flop is as follows. When the clock is high (according to the 

diagram), the differential pair senses its inputs and translates them to its output ports 

with respect to Vdd. "\iVhen the clock signal toggles low, the bistable becomes enabled and 

stores the output from the inverter in its cross coupled network. During the switching 

of current from inverter to bistable, the inverter begins to power down and the common­

mode rejection ratio of the latch begins to fall. "\iVithout the requirement for a small 

differential input switching voltage, the latch can enter metastability, resulting in a loss 

of the division pattern. In order for the outputs to be transfered across to the bistable, 

a small amount of capacitance on the output nodes of the latch is favourable for this 

high speed divider's operation. Insisting on there being capacitance implies the divider 

has a minimum input frequency requirement to prevent the divide stage losing data and 

stopping the process of division. 

The dilemma here is that increasing the capacitance to accommodate the low fTequencies 

comes with some penalty as its upper frequency limit decreases too. However, in useful 

applications such as short range wireless communications, the prescaler is expected to 

operate in a narrow band (few hundred MHz) and hence optimising this block to operate 

at the high end of its capacity is usually far more desirable. 

The master-slave arrangement modifies the functionality from a level-triggered device 

to an edge-triggered flip-flop. The inverter of the master and bistable of the slave come 

to life on one clock edge, whilst the bistable of the master and the inverter of the slave 

energise on the opposite clock edge. The binary frequency division is attained by pass­

ing like outputs to like inputs between the master and slave, and then cross coupling 

the outputs of the slave to the inputs of the master latch (Fig. 2.18). A sla.ve outP1lt 

typically lags by a period of half an input clock period behind the equivalent master 

output and, as the latches give out complementary outpnts, the overall result is four 

phases, separated by half an input clock period (~ rad). This will ]JCCOITlC llscflll in the 
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Slave 

Vdd 

elk 

Q 

Q 

FIGU RE 2.1 8: Schematic diagram a Master-Slave flip-flop. 

phase selector section. 

When cascading dividers, the different ial gains of the inverter and bistable are impor­

tant parameters that need attention if t he divider is to sustain accurat e division without 

any metastable st ates. The gains of both must be greater t han unity, wit h the inverter 

remaining stable up to the divider 's maximum operating frequency. For a set logic swing 

(eg, outputs generat e a difference no greater t han 600m V in magnitude), increasing the 

current drive by increasing the bias current will in fact reduce the gain (the load resis­

Lance value has to come down by the same factor.) Incidentally, a larger output swing 

may forc different ial pairs into the triode region, whilst a lower swing reduces t he top 

operating frequency (due to a lower differential transconductance and lower gain). For 

example, increasing t he current by a fact or of two would decrease the gain by 3dB (again, 

this assumes the output swing is maintained and that the load resistance is scaled ac­

cordingly). Increasing t he aspect ratio (by increasing the widt h) would indeed help the 

current driv of the pair, but t he high frequen cy performance would be degraded owing 

to the extra loading on previous stages. Having too high a swing would result in one of 

the differential pairs moving into the triode region (as Vds would become less than that 

gat overclriv) . 
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2.5 Summary and note on designing SeL dividers 

In this chapter, attention has been paid to the DC and AC characteristics of SCL com­

binatorial logic where it is possible to extract a trend and go about designing some of 

the logic circuits. Unfortunately, analysing the divider circuit is a little more involved 

where the problem is not simply the RC delay of a cascade. 

A simple model for a long inverter chain resulting in the delay per stage, is presented. It 

achieves the figure by lumping various capacitances (intrinsic and extrinsic) into one ca­

pacitance on the node between every inverter output and the subsequent inverter's input. 

When observing actual transient simulations of ring oscillators, a selection of transistor 

operating modes and terminal capacitances are expected. One can say this delay is 

approximately constant with increasing IBIAS if RL and channel width are scaled such 

that the DC logic swing is proportional to ,0. Vsw. Thorough transistor models would 

show that the parasitic capacitance dominates over the intrinsic capacitance, at small 

channel widths and bias currents, resulting in a loss of toggle frequency. 

A point to note is that SCL dividers lack an analysis and design methodology based on 

performance specification parameters. Designers of high speed dividers have longed for 

a 'recipe' allowing them to choose the dimensions of the transistors or simply provide a 

starting point for subsequent iterations to arrive at (or get close to) the desired operat­

ing performance. 

The problem stems from the non-linear nature of the circuit. The required scenarios 

are: 

• the highest operating frequency given the output swing and common-mode voltage 

and technology, 

• the lowest power consumption given the desired operating frequency, output swing 

and common-mode voltage and technology, 

• a certain output swing, given the operating frequency, power supply and technol-

ogy. 

In traditional linear design, a circuit operatiIlg point is found about which a small-signal 

analysis can be performed using both 'hand' equations and a simulator. Assuming no 

distortion occurs, the gain and phase responses of the circuits can be asccrtai]j(~d with 
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the help of a simulator. With our non-linear SCL divider, the input is usually a large 

signal operating around a bias point and by definition, should remain stable for a period 

of time before toggling between states. The case for linear small-signal analysis is also 

flawed owing to the intended difference between input and output frequencies. 

One solution is to use a brute force method of simulating the divider for a particular set 

of technology Imodel parameters with different permutations and combinations of large 

signal parameters. From this, trends can be found and the designer can converge on the 

desired performance at the expense of a multi-dimensional matrix and large simulation 

times. 

An alternative is to use linear periodically varying analyses [3]. Firstly, a periodic anal­

ysis computes the periodic operating point with the application of the large clock signal 

about which the circuit is linearised and the small-signal information is applied. A 

linear time-varying analysis computes the response. To describe the complexity of the 

(MASTER) (SLAVE) 

Sense 
Pair 

CLK 

NCLK 

Latch 
pair 

Sense 
Pair 

\ ! 
High gain transconductor 

Latch 
pair 

NCLK 

CLK 

FIGURE 2.19: Symbolic view of the SCL divide-by-2 circuit. 

task, Fig. 2.19 should help illustrate the large signal dynamic behaviour. The input 

signal drives the transconductors situated at the bottom of the diagram, toggling pairs 

of amplifiers above them. Although the 'latch' amplifiers have an explicit positive feed­

back and the 'sense' amplifiers have none, a negative feedback manifests itself too at 

high freq11encies owing to Miller capacitance between the gate and drain terminals of 

the transistors. A linear small-signal AC analysis (such as one in SPICE simulators) is 

meanillgl(~ss H!,; the amplifiers in the npper half of the diagram energise and dc-energise 

a.t a. rat.e eqwd (0 half the input clock frequency. Hence the biasing and operating points 
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of these amplifiers change too. Although the outputs from this divider show a large 

AC signal toggling around a common-mode voltage, it is the master-slave action of the 

flip-flop that prohibits such a mode of analysis. In some of the forthcoming divider cir­

cuits of this dissertation, an attempt was made to use periodic steady-state analysis, but 

without success. In the design of the SOl divider, our circuit simulator did not possess 

such a tool and therefore was unfeasible. In the case of the divider circuits fabricated in 

bulk CMOS technology, all designs failed to converge whilst starting the tool, and owing 

to time pressures, were not investigated any further. 
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Chapter 3 

Review of published frequency 

dividers 

In this chapter, we review the design of high speed divider circuits, and go on to examine 

various dual-modulus prescaler architectures. Because of specific interest, a discussion 

of phase selection dual-modulus dividers has been delayed until Chapter 4. 

3.1 Fixed modulus prescalers 

Vdd 

QB 

FIGURE 3.1: Schematic of a True Single Phase Clocked flip-flop [10j. 

In the design of high speed asynchronous dividers, evaluating single divide-by-2 stages 

can provide a useful estimate of the highest frequency attainable. Although loading must 

be emulated, they can provide useful starting points around which to build a circuit. 

Classic static CMOS topology dividers have not been published as much a.s SeL based 

75 
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dividers in the context of high frequency synthesisers. However, those published tend 

to be based around True Single Phase Clocked (TSPC) flip-flops [10] shown in Fig. 3.l. 

Reference [16] talks about a design based on modified TSPC flip-flops. These divide 

stages are used in the synchronous divider for the first high speed stage, but it has been 

pointed out [16] that its low frequency operation is questionable, with incorrect toggling 

due to lack of storage on certain nodes. Adding dummy loads can alleviate this, but its 

high frequency operation is slightly compromised. 

Another modified version of the TSPC flip-flop is reported in [5], where it is used in the 

a divide-by-4\5 block. Unfortunately, it has been highlighted that this flip-flop also fails 

to function correctly at some frequencies below the maximum toggle frequency owing to 

its edge response characteristics [11]. Disasterous glitches have shown its unsuitability, 

but when run fast enough (at approximately600MHz) with a capacitive load, the divider 

does operate satisfactorily. 

Vdd Vdd 

QB 

QB 

(u.) TSPC divider (b) modified divider 

FIGURE 3.2: TSPC circuits configured as dividers. 

The TSPC flip-flop can be reduced to 8 MOS devices compared to 9 [2] (see Fig. 3.2), 

whose operation will follow dynamic logic principles. The reduction in devices effectively 

reduces the load on the clock input by 25% and in turn, reduces the power consumption. 

The simulated performance of [2] shows division by 2 at 2.2GHz in a 5V supply rail for 

a design fabricated in 0.8fLm CMOS process. 

As input frequencies have riscn, dividers have migrated over to using source-coupled logic 

(SCL). Technically, logic clements sit on current sources, copying the bipolar designs. 

Published designs have showll flip-flops where the current source transistors are removed 

yet tIl(' divider still fUl1ctions, owillg to the large input swing. The authors of publication 

[3] talk ahout. the use of a divick-by-2 stage based on a SCL topology that excludes the 
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clock and current SOlU'ce t ransistors under the long-tailed pairs. Instead, PtvIOS load 

t ransistors are clocked with complementary clocks: derived using a pass gate and inverter 

(to equalise delay) . With t his block fabricated using a O. l f.Lm ClVIOS process and 'ring' 

shaped MOS layouts (Fig. 3.3(a)) , 13.4GHz operat ion is achieved when the ircuit in 

Fig. 3.3(b) runs wit h a 2.6V supply, whilst consuming 2 mW. According to the aut hors. 

t he ring shaped MOS layo uts generate circuits operating 25% faster than if a typical 

' textbook' device were to be used, due to t he lower drain capacitallce. 

(a) Ring-sha ped !VIOS tra n­
sistor 

--~--------------------------------------~-' ~I 
--~----------~------~------------------~~ ~I 

r-~T-----------T-------~~-----------------7-- ~Q 
--7-----------7----r---*-*------------~--~~ ~Q 

(b) eli vide- by-2 schc lIlH.L ic 

FIGURE 3.3: Very high speed freq uency divider [3] . 

'Where power conservation is desired , designs can couple a mixt me of SCL dividers with 

CMOS dynamic logic dividers . A dual modulus divider [9] has be-'ll presented llsillg 

SCL ba ed dividers for the high speed section and Cl'vIOS flip-flops [17] for the lower 

speed partit ion. It has been found t hat the SCL dividers would toggle faster witllOllt the 

current SOlU'ces (clock transistors sit on the ground net as SJlOWll in Fig. :3.4). altho llgh 

the penalty here is that t hese clock transistors are required to be cirivell harder. This 

is not a problem when tailoring th ~ design for operat ion withill a freqll C' llcy sYlltlwsiscr. 

because its input is driven by a VCO geared towards low phase lloise opcrat ioll . T he' 

output voltage ill the dividers is generated by a fo ld'd NMOS diode feel by PMOS 

cun ent SOlU'ces . After the first d ivide-by-2 stage. a secolld SCL divider is Ilseel. bll t t llis 

t ime it sits on a cmrent somce so as to accomodate low voltag(! differ 'lltial sigllallillg. 

Another form of ratio 'd logic employs pseudo-NMOS impleuwlltatiolls of the SCL divider 

with [14] cited as an exalllple. T hese a uthors ackllowledge the lilllitatiolls of TSPC fiip­

flops because of t heir large input capacitallce (parall ,1 cOllllectiolls of Nl'vIOS auel PMOS 

transistors) as well a..'l the poor trans onductallce of the PMOS device. T he d('siga SllOWll 

in Fig. 3.5 Ilses no long tailed pairs within the divide stages alld thcir rc~s u lt· s (froll1 a 

o 25f.Lm CMOS fabricated desigll) hav' demonstrated fUllctiolla lity at G.GGHz Ott a 1.8V 

supply. 
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Vdd 

Vbias 

~--------~ r----+-----~~----~Q 
,-----+----. r------r--~--.Q 

Frcun: :~.4: Sdwmatic of half the D-typc fiip-fiop lIsed in the first implementation of 
the phase sclcc:tor divider [9]. 

Vdd 

F'rel·llr·: :~.:): Pscud() Nl\IOS sc:llClllatic ()f half thl' D-typc fiip-fiop lIsed ill a lllodified 
v(:rSi()ll ()f thc pllilS(: selcctiOll SdWlllC [14]. 

A W("('llt prr'S!'llt at iOlt has rr:sulTcct!:d th!: id!:a of dockillg loads in SCL dividers, thus 

{'hallgillg t hI' prop('rt i!'s of t hI' divid!: st age [7]. A l(U~G Hz divider fabricated ill a 

().2G/1.1ll CI\H)S Pl'<)("('SS OIH'ra tillg wit hill a 1.I'IV supply volt agc illustrates a similar divide 

t.opology to that olJs!'rV<'d ill [~J]. but til<' sp{'(:d cllhallccllwllt is aUribnted to t.he load 

devices (S('!' Fig. :~.(i). PI\IOS loads are dockcd ill snch a way that they presellt a low 

imped<lll("(' W!t('ll togglillg ]nlt ('xhilJit a high illH'dml("(' WiH'1l latchillg. 
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-_-----------------------~_Vol 

-+------....,....----~-----------____'1_Vol 
.--+------~----~~----------____'1_~Q 

-~------_7--~-_7~~-------~-~-~Q 

FIGURE 3.6: Schematic of a high speed divide-by-2 circuit, where the active loads are 
clocked too. 
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CMOS technology by using injection locking principles. This is effectively a narrow band 

divider controlled using varactors, tracking the free running frequency of a VCO. Injec­

tion locking is where free running oscillators lock onto to a nearby harmonic of the source 

[1]. This can lead to an improved phase noise response and stability, whilst there is less 

energy disspated than the above design, due to the Q factor of the tank [8]. This class 

of frequency dividers, although limited in functionality, does serve its purpose in PLL 

based frequency synthesisers. Stable reference sources tend to exist in a small frequency 

range and, where finer resolutions are required, these fixed ratio prescalers can help 

achieve that goal. 

\iVhen constraining the modulus to be single radix, the divider tends to be feedforward, 

easing the architecture design. Asynchronous arrangements are favourable in this appli­

cation because the global feedback of the synchronous counter tends to load the driver 

with parallel clock inputs. With the asynchronous divider, there is an added bonus of 

the total power increasing logarithmically as a function of the number of divide stages 

(with an N stage divider, and additional stage N+l should consume half the power of 

stage N as its fundamental input frequency is half that of stage N's input, assuming it 

presents half the capacitive load to the output of stage N, and so on.) If there is a 3 

stage asynchronous divider (composed of divide-by-2 cells,) and if the first divider has 

an input capacitance of C, bias current I and input frequency fin, then the second stage 

should have an input capacitance of ~C, its bias current should be ~I and its input 

frequency should be ~h71. The third stage will have an input frequellcy equal to ~I, 

an input capacitance of ~C and a bias current of ~I. Hence, the total current of tbis 

clivide-by-8 will be (1 + ~ + ~) . I = 1 ~ . I. This is true ill theory, anel ignores tlH: fact 

that the gate width of a transistor cannot be divided down to unrealistic dimensiulls, 

nor can the current be scaled clown as aggressively to infintcsimal values. 
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Reference [12] gives two examples of such a divide arrangement. Its flagship design is a 

divide-by-128, whilst results of a divide-by-16 are also presented. Measured results for 

the divide-by-128 show the 12GHz divider consuming 60mW using a mixture of 2.4V 

and 2V power supply rails. The high speed flip-flop consumes 32m W from a 2.4V supply 

whilst the remaining 6 stages collectively consume 28m W in a 2V environment (com­

bination of TSPC and SCL based dividers). The divide-by-16 is composed entirely of 

SCL based dividers and has functioned with input frequencies in the range of 9-14GHz, 

although no power consumption values are given. 

An interesting point to note in both designs is that their input sections are terminated 

with 1000n on-chip resistors in order to generate the necessary input signal (-3dBm into 

a 1000n termination corresponds to a IV peak input). The use of aluminium bondwires 

for the test arrangement in a way determines the choice of termination resistance. 

SCL based designs must also tackle the issue of interstage coupling to ensure correct 

biasing of devices. Source followers can be implemented but designs in bulk CMOS suffer 

from body effect, and hence attenuation of the AC signals, below the load capacitance 

- transconductance pole. Above this pole, voltage division is observed owing to the 

presence of reactive elements. AC coupling with a 'local' voltage divider biasing can work 

but the authors [12] decided against it because parasitic capacitance (associated with 

the OIl-chip capacitor) to the substrate would yield another reactive voltage divider, thus 

attenuating signals. Instead, two consecutive SCL stages are directly coupled with the 

current in the first stage increased to lower its common-mode output voltage. Lowering 

the power supply of the first stage and increasing the load resistance are both detrimental 

to the high frequency performance of the divider. 

3.2 Dual modulus dividers 

Single loop synthesisers can have division ratioes between 2 and several thousand. Ac­

cording to analysis in [18], the settling time of the synthesiser increases as the frequency 

resolution decreases, which is a poor characteristic in designs that hop carriers more than 

a thousand times per second (the resolution to step size ratio in a single loop is equiva­

lent to the reference frequency). ·With the division ratio N taking on fractional values, 

the output frequency can be changed in fractional increments of the reference. It is not 

possibk to design a straightforward divide-by-N block where N~ Z (Z is an integer). If 

the rat.io is t.oggled betw(,l'n two integer ratios, the average ratio appears to be fractional. 
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FIGURE 3.7: Schematic of a 128/129 dual modulus divider. 

Reported dual modulus designs tend to use two consecutive ratioes. By using a division 

ratio of N+l for one output cycle (output of the overall divider) from a chosen number 

of cycles, M, 

(3.1) 

(when M-i=O, Li=N+l else Li=N, where ME Z), the average ratio is : 

M 
~ L. M t;.,rms 
~ 2 , '---------." 

i=l = N + N + N + ... + N + (N + 1) = (N ~) 
M M +M (3.2) 

and therefore the output from the synthesiser is fout = (N + it ) ·fre!. In order to imple­

ment fractional synthesis, an accumulator or counter is required to decide when to toggle 

between the ratioes. This style of programmable divider gives good resolution whilst 

keeping the settling time low. 

One of the earliest implementations of a dual-modulus divider, which is referenced fre­

quently, is shown in Fig. 3.7 [17J. The output of the veo is immediately followed by 

a synchronous counter. This is optimised for speed and not power, with three Hip-flops 

employed in the high-speed synchronous divider, giving a divide-by-4/5 capability. Ad­

ditional flip-flops cascaded asynchronously together with the combinatorial logic p[(~scnt 
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in the feedback path give the resulting 128/129 divider. Their results show the 1.2fLm 

CMOS design to function at 1.4GHz when in divide-by-128/129 mode, drawing 6.9mA 

from a 5V supply. Another divide-by-128/129 design is presented in [2], but their mod­

ified TSPC flip-flops have yielded a dual modulus design capable of 1.22GHz operation 

in a O.8fLm CMOS technology, even though the power consumption is reduced by some 

5mW. 

The authors of publication [13] report a design based on a similar arrangement to the 

previous design, except the dual moduli are 15/16. Here, a 2 bit Johnson counter (syn­

chronous) precedes a 2 bit asynchronous divider. Logic in the global feedback enables the 

synchronous counter to divide by 3/4, and coupled with the TSPC based asynchronous 

divide-by-4, the overall result is a divide-by-15/16 unit. 1.4GHz operation is achieved 

whilst consuming less than 13.5mW on a 5V supply. 

Moving away from that architecture, [15] introduces the idea of clock preprocessing. 

FIGURE 3.8: Block diagram of a divide by 8/9 divider. 

This implementation incorporates asynchronous division throughout and gates the clock 

at the very beginning of the circuit. This gating is controlled by the state of the actual 

divide chain. The block diagram in Fig. 3.8 shows a dual-modulus divider incorporat­

ing a 'One detector', which is simply a multi-input NAND/AND gate. This controls 

a standalone D-type flip-flop configured to trigger on a complementary edge to the 

asynchronous divider. It must be stated that this is a narrow band design because the 

inverter before the single flip-flop not only provides another phase, but also gives a delay 

so that a clock edge may trigger the ripple divider before being blocked. At low speeds, 

the blocking can occur faster than would be liked, causing a state of deadlock. It is this 

strategy that gives a successful operation. Also, at high speeds, the output of the first 

divide-by-2 stage is fed directly to logic embedded within the single D type flip-flop as 

it is idellt.ified as being a critical path. The dual-modulus divider as a whole is able to 

functioll correctly up to higher speeds because the detector is 'primed' and 'decided', 

withollt having to wait for the first divide-by-2 to toggle. The divider exploits asyn­

chrOllolls hell;n-iom by scaling subsequent divicle stages accordingly in order to reduce 
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F IGU RE 3. 11 : Simulation results of the 16/ 17 dU']'1 modu lus divider (based ou the Lars­
son arrangement [15]) , operating in divide-by-17 mode. This topo logy lI ses a stacked 

divi ler with current-mode coupliug. 

5 

Next corne. t he modified versiou of [15]. whose divide chaiu is COlllposed of a di v ide 

tack (current-mode cascading.) This s tack coutains 4 divide-by- 2 st ages. wit h cascocl es 

between each. F igure 3.11 gives the res lllts of a sillllllation with the div ider rt ulllillg 

at 4GHz. No lllodulus cOlltrol is implemeuted here. aud so divide- by- 17 is hard pro­

grauuned. 

By tal<illg t he lIlarker values in F ig. 3.11 (b) . 0 11 ' call easily verify 17 ill[) llt clocks cycles 

for one Olltput cycle. III the waveform of Fig . :3 .11 (a) . it mllst be s ta ted li tat thiH tn-l(,( ' iH 

in fact a diffePlltial Olltput , which raises concern a t the lack of swillg 011 this signa l. 11(' 

effec t of this is made clear ill F ig. 3.12 , whe[(~ all errOJ[('OIiH divisioll ratio of Hi (' Ill< 'l'g<'H. 

At 4. ·5GHz. the flip-flop (seell ill Fig . 3.8) caullot sigual fas t enollgh to gal c the' d ock 

inpllt. hellce providillg no dualmodllius fUllctionali ty a t a ll . T h(' OlltP ll t of tIl(' tiip- tiop 

is seen to be less t han half of t he different ial swillg (calculated by the ClllTCut t IU'<lIlgh 

a load resistor ill the flip-flop arrangement ). Incideutally. t h(' rcs lllI'H arc based on a 

divid er t ha t llses Cllrreut re-llse with th(' NAND gate. by f('ecling the' 011 t pll t CIIlTC' l1tH 
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direct ly in to the bottom of the gate. T he subject of NAND gates has been touched 

upon in Section 2.3. 
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T his divider design call1lot be cOlllpared against p llblished designs owing to it being aban­

dOll('d aH ('r llllCOllVillcillg results. T he silllulat iolls of the stacked NAND gate showed 
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3.3 Programmable div iders 
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FIGURE 3.13: Block diagram of a conventional programmable divider, using an cnd­
of-count (EO C) detector [6]. 

selected. An interesting point to note about these dividers for such an application is that 

the divisor need not start at 0, as division by 2 or 3 isn't very useful in high frequency 

regimes. For instance, Hi-Performance Local Area Network (HiPerLAN) requires only 

four consecutive division ratios, though the range of values depends on the frequency 

step size. Programmble dividers with a large number of divide ratios tend not to be 

used because of their complexity and low speed characteristics (dual modulus dividers 

offer a better solution in terms of speed, power and area). 

An example showing complexity is given in reference [6](see Fig. 3.13). This pro­

grammable divider relies on and end-oj-count (EOC) scheme, where a loaded modulus 

is counted down in binary, before starting again. A complete period denotes the passing 

of a number of input cycles (equal to the load modulus). The design mentioned can be 

programmed to divide between 2 and 63 inclusive with a top speed of 723MHz within 

a 5V supply. High speed operation is achieved with the use of an enhanced end-of­

count detector. Fabricated using a 0.8f1m CMOS process, the configuration consumes 

17.12m W of power. 

Although the aforementioned has a better power/frequency performance, the design 

presented by [15] manages 1.75GI-Iz using the same minimum feature size (GV operation). 

By amalgamating the dual modulus architecture presented earlier with an a.'3ynchl"OllOllS 

divide-by-N, a programmable divider can be achieved. It highlights that, by counting 

down, a loaded value can be reduced to zero gradually, and only quick detectiolJ of tlw 

LSB portion of the counter is needed. The paper also points out the difficulty in loading 

an asynchronous divider, because each stage is clocked by a previous stage awl lllllst 

wait for the correct edge to ripple through. Hence. a modified asynchronous divider with 
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synchronous loading is used instead, permitting faster loading. 

Vdd 

A novel and clever programmable divider is presented in [4] where the aim is modularity. 

Divide-by-2/3 cells are created using SCL based synchronous dividers. Each cell, shown 

in Fig. 3.14(b), employs 4 D-type latches as well as some combinatorial logic. SCL de­

sign techniques are exploit.ed, whereby logic functions are embedded within the flip-flop 

(Fig. 3.14(a)). These cells are cascaded as in Fig. 3.14(c), according to the number of 

moduli required, though the actual moduli values are not as flexible. The design of 17 

bit and 18 bit dividers were characterised in a 2.2V supply, although no absolute speed 

values are made available. 

The la.-;t prograrnable divider ha.s an architecture that is similar to the phase selector 

design ITH'Jltioncd previously [9]. This particular divider [14] is designed for HiPerLAN 

applications running at 5.~~GHz. The division ratios are limited between 220 and 224 

inclusiw as a requirement. of HiPerLAN. Without the phase select circuitry, the fixed 

division l1Iodulus amounts to 21G (3 stages of clivide-by-2 followed by 3 stages of divide-
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by-3). The phase selector is placed after the second high speed divide-by-2 stage, with the 

remaining divide-by-2 and divide-by-3 stages following it. The design uses pseudo-NMOS 

logic to implement the divide-by-2 functionality, and is found to operate satisfactorily 

in a O.25/Lm CMOS technology. Glitches are eliminated through the use of a retimer 

(see Fig. 3.15), which synchronises the control signals to the respective clock lines as 

captured in Fig. 3.16. 5.3GHz frequency division is managed in a 1.8V supply, with 

5.5GHz achieved at the expense of a 22% increase in power supply voltage. 
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Chapter 4 

Design and implementation of a 

new dual modulus divider 

architecture 

The theme of the research has been to investigate and deliver ways to reduce the num­

ber of blocks running at the maximum signal frequency within the analogue RF section 

of a receiver. In doing so, one is able to reduce the power consumption of the whole 

implementation, and reduce the loading on the previous stage. 

This chapter will examine the architecture of a particular dual-modulus divider[l] which 

addresses the issue of reducing the number of blocks operating at the highest signal 

frequency. Following this will be a few sections on how this original concept has been 

developed further, namely the design of an elegant phase-selection circuit and a glitch­

free controller. 

4.1 Review of a phase selecting dual-modulus prescaler 

This chapter presents the development of a Hew dual-modulus divider architecture. The 

starting point for the evolution of the designs is the phase selector approach [1], with 

a block diagram given in Fig. 4.1. I-1ere, we see the high frequency signal (delivered 

by a signal generator or maybe a VCO) arriving at its inputs and being divided by 4 

using two divide-by-2 cells coupled in an asynchronous fashion. Each divide-by-2 cir­

cuit consists of a master-slave pair of D-type latches, resulting in D-type Hip-Hop whose 

outputs are fed back (in a negative sense) to the input of the Hip-Hop. Specific to the 

SCL divider, four outputs are present and there exists a ~ rad phase difference lw1 ween 

certain pairs of outputs. This characteristic is .iustified by the ma.ster-slave actiolJ (giv-

9::\ 
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FIGURE 4.1: Block diagram of 128/129 frequency divider published by Craninck..x [lJ. 

ing rise to the ~rad pha.se difference between the output of one latch and the output 

of the other) and the differential operation (resulting in the remaining 7rrad and 3~r rad 

phases). Referring back to the figure, division in a fixed binary mode uses outputs that 

are 7I"rad apart to couple a divider to a subsequent divider. After the first division by 2, 

a }rad phase difference between two particular outputs is equivalent to half a cycle of 

the input frequency. After the second division by 2 (i.e. aggregate division is 4) a ~rad 

phase difference between two particular outputs on this second divider now corresponds 

to one whole cycle of the input frequency. A phase-selector can be placed at this point 

in order to drive the remaining divider stages with an input that can be lengthened by 

one cycle of the 'full' divider. The publication describes a clivide-by-128/129 frequency 

divider that requires at least another [) divide stages in order to achieve the division-by-

128. The second consecutive modulus is obtained by periodically switching between the 

four outputs of the second cascaded divide-by-2 cell. Each consecutive pair of outputs 

differs by ~rad, which corresponds to one complete cycle of the input. Switching be­

tween thesc phases is identical to losing an input cycle. By omitting one cycle and hence 

the transition that accompanies it (both a rising and falling edge are lost), each of the 

divider stages after the phase selector holds its state for the period of one clock cycle 

(applied at the input to the whole dual-modulus divider.) Therefore, the period of an 

output cycle is equal to 1 'skipped' input clock cycle as well as 128 'divided' input cycles. 

(NB From this point onwards, the notation used to refer to the 4 input phases will be 

based on that used in quadrature modulation. Hence B·1 =? Orad phase (used as a 

datum for the res!,), B·Q =? ~rad, B·! =? 7I"rad, B·Q =? 3; rad. The 'B' prefix refers to 

the second divide stage at which these outputs are taken. As the first two dividers are 

connected l1synchronously, the clocking of the dividers ripples through the pair. This 

means that the rising edge (in a rising edge triggered flip-flop) of the input clock cannot 
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'Fin' (clock )nput to complete dJvider) 
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FIGURE 4 .2: Waveforms of the 4 phases associated with the master-slave flip-flop , and 
their relation to the input clock. 

be assumed to be in synchronicity with the rising edge of the E·! signal. Nevertheless, 

the outputs are ~rad apart. ) 

The phase selector's role in the divider is to channel one of the four inputs to its output . 

As described , the frequency of each input is the same, the only difference being the ~rad 

phase relationship between certain pairs of inputs. Whilst the divider operates in the 

(N+1) mode, where (N) is a power of 2, the phase selector should output a different 

signal that lags by ~rad from the current input . This can happen at any stage during 

the 'full' division cycle. So for example, with a divide-by-128/129 divider, 32 clock cy­

cles are still sent to the divide-by-32 divider following the phase selector when divicl.ing 

by 129. The only difference between the divide-by-128 and divide-by-129 is that one of 

those cycles clocking the lower speed divide-by-32 is in fact one input cycle longer than 

the others (input to the actual divider). The topology by which the 'selected ' input 

is carried to the output of the phase selector has been accomplished in more than one 
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way. The first published implementation has a pair of switchable amplifiers on each 

of the 'I' and 'Q' outputs. These amplifiers not only convert between differential and 

CMOS logic signals (and at the same time, amplify the signals), but they also output 

the signal or its inverse, depending on a logic control signal. Hence the output of these 

amplifiers can be either B·I or HI in the case of the'!, amplifier, and either B·Q or 

B·Q in the case of the 'Q' amplifier. These signals then progress to a combinatorial logic 

circuit where either the'!, amplifier or 'Q' amplifier outputs are sent to the remaining 

divide stages. With the outputs being CMOS, the subsequent divide-by-2 cells will have 

a CMOS topology yielding a lower static power consumption compared with an SCL 

version. In order to switch between the phases at the inputs, a state machine of some 

sort is needed. Although not explicitly shown in the publication, the frequency control 

block is thought to be a simple 2-bit (4 state) counter, with some additional logic to 

generate the correct control ::Jignals. These signals can be rail-to-rail CMOS; hence no 

level shifting is required, though according to the schematics, signals and their comple­

ments are needed (these need not be necessarily differential). 

The sequence of switching as illustrated in Fig. 4.2 is B·I, B·Q, B·I, B·Q, ensuring 

continuous division by 129 as the phases are switched between once every 32 cycles 

of the last 5 bit counter. Unfortunately, with a 4 state FSM, there is more than one 

input to the phase selector changing during a change of state. This leads to 'race' 

condition::J and is disasterous in terms of the divider's functionality. Instead of having 

one operating boundary condition at high frequencies, there exist two, with the second 

being at a lower frequency. The upper operating frequency limit is set by the technology, 

whereas the lower limit is set by the 'race' situation described. The result is a circuit 

with a 'bandpass' characteristic (using filter terminology.) The 'CO' signal controlling 

whether to select the 'I' or 'Q' pairs was found to have transitions running slightly ahead 

of the 'Cl' and 'C2' switchable amplifier control signals (see Fig. 4.3). However, the 

ripple nature of the asynchronou::J counter thought to be used in this controller leads 

to the delay in transition::J. The re::Jult is a serious glitch that can momentarily change 

the selection of the phase to be sent to the output of the phase selector, causing the 

subsequcnt dividers to toggle (change state). One of the suggestions is to use a clocked 

D-typc flip-flop in order to allow signals to settle before the state is passed to the phase 

selector inputs. The drawback is justi~ying the delay as well as the area and power 

consumption of such a cell. Their solution was to insert a buffer/inverter with a delay 

to lower the rise and fall transition times of t.he phase selector control inputs. Wit.h this 

delay, the slower (in terms of period) control signals are given a chance to catch up with 

the delayed control signal. U nfortunat.ely, this i::J not really a solution and instead shifts 

the problem somewhere else. For this divider to work in true broadband fashion, there 

needs Co bC' a way of ch,ll1gillg one input at a time. 
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Frolll a practical point of view, a dual-ltlodulus di"ider isn't wry useful on its OWll ill 

today's wireless LAN chips. The ll('('d for a 11l1llti-lllOd1l11ls divi(il'r al'is(~s frolll the d('siIT 

to seek a chanuel altlongst several others. The d1lal lllodlllllS divider is Ils('d with all 

accuIllula tor and compara t 01', r('s1llt ing in a progrmlllIlH bIt' divider. U nfort Il11Mdy. t 1[(' 

N AND gate can block the st ate ltlachine dock inpllt. The blocking is as)'llchronolls. 

yielding the probl<~m of prCllla t mely clocking t he frequency cont rol unit. This ill t mn 

causes a different and incorrect inp1lt phase to \)(' sdect('d awl the ov('ra11 di"isioll ill 

the chain is anything lmt the desired ratio. \"hat is w'('ded is SOlll(' forltl of 'lll('lllor)" 

which blocks the state ltlachille dock yd holds the ('Ill'l'ent illPllts to thc phase sdcctor. 

So. in Craninckx's design [1 L the frc(l1lCncy control unit holds the inpllts to t hc phase 

selector when triggered to operate as a divide-by-12K. \"hCll triggcl'('d to divide-by-12D. 

the frcquellcy control res 1ll1l('S wheH' it left off t llllS prcvellt illg allY llllW<lllt ed glit ches. 

The drawback here is the extra pow(~r COllSUlllptioll dlle to t his latch. thollgh its circuit 

design should be that it doesll't load the output of tIl(' last divide stage of the tmc 

divider chain. and that its clock transistor has just ellollgh driv(~ to follow th(' olltput 

of the aet1lal dual Hlod1llus divid('r. By this last stateltlellt. we ltlCall that the divid('l' 
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1------------; Asynchronous modulus conlro l 
(Wave I) o+-__ ~ __ ~ ________ ~==============~ __ • 

output of s tage (n- I) (Wave 2) 

-------- - Can be as short 
as one c lock input 
cycle 

O~==~~==== __ -===~ __ ~-+~ ____________________ • 
Sent to phase selector .... ERROR! 

o~-=====~ __ ~==~+-______________ --. 
output after the modu lus conlro l latch :(Wave 5) 

Latch is transparent Latch is in 'ho ld' s tate 

F IGU FlB 4.4: Time domain plots illustrating the problem with an embedded NAND 
g,.te ill our implementat ion. 

lIlay be called IlpOll to dividc- by-128 for t he least significant bit of a slow accumulator 

to toggle alld toggle back again before dividing by 129 for the remainder of t he overall 

cycle. as pict m ed in Fig. 4.4. This problem, together with its solut ion , man.ifested itself 

ill the bllll< programmable divider described in chapter 8. 

For their fabricated desigll , 2.5mA was consumed by the first divide stage and 1.5mA by 

the secolld . The CMOS divide- by-32 sinks 1.5rnA whilst the phase select ion circuit sinks 

2 . .'i lllA. all withill a :3V power supply. From a performance point of view their divider 

WllS at 1.7.'iGHz. although a higher toggle fi:eqllency all be achieved by illcreasing the 

s llpply vOltclgC. The a ll thOl' explicitly states the benefit s of t his design are that : 1) t he 

clock gCllerator (usually a VCO) is loaded with one D-type flip-flop inst ead of several in 

~ he Celse of a sYllchrollo us divider clppearing at the front of the dual modulus divider [3]; 

alld 2) ~llHJ, there is ollly Olle su b-block ill the divider running at t he highest fr equency 

HlId ~ h{'rcforc the whole divider l"IlllS with reduced power cons umption. The high fre­

(jll('lICY f('('dback loop present ill sYllclu·OllO llS cOli llters is also eliminated. Bear ing t his in 

milld. toget her with the a bility to reduce the power cons1ll11pt ioll per divide stage from 

S~Hg(' to sta,gc ill a binary fashioll . this llmkes for c1ll att ractive circuit topology for low 

power t mllsccivers. 

vmicwt of this ci.rc ui t corrects the Haw ill the abov' descriptioll. USillg a Tet iwer · 
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circuit [2], with the block diagram pictured in Fig. 3.15. As a precursor, the fact that 

a 'window' exists in which the inputs to the phase selector must change is described 

in detail, together with a description where no retimer is included (figure 3.16.) The 

circuit architecture differs from the previous one in that a pulse generator is used to give 

the multi-modulus feature of the circuit. The thinking behind this is to have the phase 

selector change phase more than once in one output cycle, hence more than one high 

frequency input cycle is swallowed per output cycle. The inputs to the divider select 

which modulus (between 220 and 224 inclusive) to select. Ultimately, a 4-state FSlvl is 

still employed but 'sychronising' of the phase selector's inputs is implemented in order to 

solve the glitch problem of the Cranillck.-x implementation. Here, the problem of switch­

ing between the phases earlier than it should be done is clearly illustrated, together 

with the fatal consequences. This design solves that particular problem by delaying the 

action of the phase selector inputs to coincide with a window in which the current and 

next phase outputs have the same output level, thus preventing a glitch in the lines after 

the phase selector. This divider uses a pseudo-NMOS logic style for the circuit topology, 

and is clocked to run at 5.5GHz input with a 2.2V supply pulling 26.8mA whilst being 

driven by a 300mVpeak single-ended input. The circuit is fabricated in a 0.25fLm CMOS 

technology and is discussed in chapter 3. 

4.2 Circuit topology of new phase selector 

The following is based on the Craninckx phase selector and has exactly the same op­

erations, where it may invert either of the quadratures (master or slave outputs of the 

previous divide-by-2 stage) before selecting which phase to pass. However, a new current­

steering circuit topology is presented, allowing the entire function to be performed in a 

current-mode fashion. 

The circuit illustrated in Fig. 4.5 is the key to the dual-modulus designs in the rest of this 

text. A closer look at this circuit will show that it is in fact a '4-to-1 line selector' where 

a combination of the inputs (denoted by CO, C1, C2 and their complements) determine 

which phase to 'steer' through to the current-mode inputs of the divider succeeding the 

phase selector. Its operation is exactly the same as the original implementation of the 

Craninckx design, where either the B·I or B·I phases, and B·Q or B·Q are to be passed 

to the next stage of the phase selector. Here, another set of control signals determines 

whether to pass forward the chosen '1' signal or the chosen 'Q' signal. The whole task 

is merely current steering but accomplishes the function in a far neater way. Being 

current-mode means that when coupling cells together in a signal path, the signals do 

not have to change between being a current and a voltage. As will be SCC)) in latr~r 

chapters, this omission is valuable to the designer ;md is a strength of the SOl dllal 
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FIGURE 4.5: Schematic of the new phase selector. 

modulus divider. Unlike the Craninckx implementation, the phase selection remains 

faithfully differential throughout its task. This allows smaller signal swings and hence 

quicker transition times. 

1 c21 c21 C1 1 C1 1 CO 1 CO 1 1 Output. 1 
1 0 0 1 0 1 B·] (SO) 
0 1 0 1 0 1 B·] (Sl) 
0 1 0 1 1 0 B·Q (S2) 
0 1 1 0 1 0 B·Q (S3) 
0 1 1 0 0 1 B·] (S4) 
1 0 1 0 0 1 B·] (S5) 
1 0 1 0 1 0 B·Q (S6) 
1 0 0 1 1 0 B·Q (S7) 

TABLE 4.1: Table showing the combinations for the various phases. 
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Table 4.1 shows all the combinations of the inputs and phase to which they correspond. 

At a first glance, it is obvious to say there is a level of redundancy with unused combi­

nations of inputs. However, all combinations (henceforth referred to as 'states') must be 

used in order to remove the output glitch that is inherent with tllis topology (discussed 

in the following section). The table has been arranged in such a way that, only one 

input (including its complement) toggles between states. For example, between state S4 

and S5, the {C2, C1, CO} combination changes from {O, 1, O} to {I, 1, O} and the output 

phase remains the same {B·!}, but between state S5 and S6, the combination changes 

from {I, 1, O} to {I, 1, I} and the output phase changes {B-Q}. 

One problem with stacking both stages of the phase-select is that the bias voltages for 

each level differ. It is for this reason that good transistor models are needed with the 

ability to predict accurate DC behaviour, as well as providing some insight into the AC 

response of a short channel MOS device (assuming an active level shifter is used.) With 

the SOl divider (to be described in chapter 5), the level shift was accomplished with 

a cascade of two source followers per output at one point, because of the high power 

supply. In the case of the bulk dual-modulus divider (see chapter 7), the amount of level 

shift is less, but it is still needed. 

When designing with this topology, the dimensions of the transistors should be kept 

minimal so as to avoid capacitively loading the slow speed, low current consuming di­

viders at the tail end of the divider chain. Sadly, as will be seen in the later chapters, the 

binary reduction in current is not seen to the extent it should be in the case of the SOl 

implementation, but a more serious attempt is seen in the bulk dual modulus divider. 

Each conducting device in this structure should be operating in saturation mode, with 

as little V ds as possible. 

Looking at the topology, it appears as a set of quadrature mixers with their outputs 

connected to a '2-to-1 line selector.' However, the design is more easily explained when 

thought of as a line selector. Neither of the inputs to this cell is a single-tone with many 

harmonics, regardless of the difference in phase. 

4.3 Operation and discussion of the 8-state finite state ma­

chine 

After the phase selector block, the remaining dividers forming part of the division ratio 

are added onto the encl. Thereafter, a state machine of some sort is attached in order to 
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FIGURE 4.6: Schematic for the back end of the dual modulus divider, where the FSM 
has only 4-states. 

achieve the dual modulus division (not the case in the Krishnapura design where a pulse 

generator precedes the state machine, in order to achieve the multi-modulus division 

[2]). In the previous designs, a 4-state FSM is employed and toggles through each of 

the consecutive phases. Unfortunately, asymmetry in the circuit can give rise to some 

phase transitions occuring too early, whilst others happen well inside their valid time 

'window' [2]. 

To be able to control the new phase selector with a 4-state FSM, 4 sets of the inputs to 

the phase selector (out of a possibility of 8) must be chosen, by picking one of the two 

possibilit.ies for each of the four quadrature phases. For the example in Fig. 4.6, the 

states labelled SO, S3, S4, and S7 are used with a 'Moore' finite state machine cycling 

through each of the four states at a rate equal to the output frequency of the dual­

modulus divider. 

As there are only 4 states, the FSM becomes extremely simple, with combinatorial logic 

translating the output of the <1 state counter. The asynchronous counter will count in 

binary from o-:~ inclusive amI jump back to 0 before repeating the cycle again and again. 
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After Karna1lgh mapping, the res1llt ing Boolean eq1lations arc as follows (wit h refenH'(' 

to Fig, 4,7): 

C2 = Dl.DO + Dl.DO. ( -1,1 ) 

C1 = Dl.DO + Dl.DO. (-1.2) 

co = DO. 

Equations (4.1) and (4.2) are clearly XNOR and XOR expressions rcsp(~ctivdy. but ow­

ing to the choice of circuit topology for the D-type flip-flop, s1lch a f1lnction can be 

omitted as the sequence is generated on one of the q1ladratnres frOlll the s('cond divide 

stage. 

Unfort1lnately. two problellls exist. The first is if a lllajor lat(~ncy (~xist l)('tw('('n t h(' 

act1lal 01ltput of the divider anel the inp1lt to the phase sciector which translates to a 

lack of synchronicity. This gives rise to a glitch and h('w'e iw:orn~d division. as til<' 

extra rise and fall transitions frolll t he phas(~ sl'iedor will trigg('r an IlllwHnted toggle in 

the s1lbseq1lent divider(s). As ill1lstrated in [2]. this problt'lll is not consistent in ('\'('r~' 

consec1ltive phase .i 1llllp. with sonl(' toggling occming prelllat mdy awl ot ll<'r:-; O( '('ming 

in the ·window.· This can arise d1H~ to the lIlislllatch alllongst . like . d(~viC('s. IOW-ClllT('lll 

opcrat ion. and Illlbalanced parasit i(' Be ('onst ants. TIl<' ot h('r probh'lll is a ra('(' I )('tW('('ll 

CO and tIl(' C1 or C2 pairs of sigllals whi('h ['('Sltlts in ('!TOW'01\S divisioll (pid1\['(,d ill 

Fig. cl.K). In this scenario. the C() signal 1\s1\ally togglc's lH'for(' citll<'r ('1 alld/or ('2 

as it is gen(,Iatt~el earli('I in the elwin awl om slatc' llwdliw' is a ripple' C'Ollllln, If tIl<' 

ClllT('nt in s1lbseq1lent st ages is red 1\('('d hy half. this prohklll I )('('01 1 l<'S a ppa['('lll a 1 ,\ 

DO DI 

DO ...... _ ...... DI 

Logic 

co CI C2 

FICI'IlI-: -l.7: SdWllWti(' ,~h()\\'ill,L', tlj(' FSl\j ilS nil iIS\·Ij(']Jri>lI()lJ.~ C'()lll1h')' "'it]1 nddil()lIid 

logi(' givillg tlj(' dc'sirc'd philSC' sc']c'd())' illPllt ('olld)illit1i()II.~. 
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Inpu~ to the first d!vide-by-2 s~ge in figure : 

FSM2.1 (Output o~the actual d~al-modulus divider) 

O'f===r-~==~--~==T-~===7--~==T---==~--~--~ 

PSM4.1 

O'~~ __ ~hrl~ __ ~===F~==~ ____ ~ ____ ~ 

CI 

O.~~0~1 ~=@===@=O~~0~_0~1~=@=O~ 
C2 

S4 S7 ' S~ S3 ' S4 ' 

\ Instances where more than one input to phase 
selector changes during state transition. 

Instances where 
one input to phase 
selector changes during 
sta te transition. 

F I (;U IU ~ 4.8: Waveforms of the 4-state FSM, Il ighlight iug the hazardous glitch problem. 

lower freqIH'llcy. 

Fig. 4.9 shows wavC'fOl'l IlS fr om two different instants ill a divide-by-33 stretch of a sim­

IllatiOll l'I lll with the 4.--st n.te FSM. (The divide- by-32 is not shown because errors ill it s 

op<'mt iOll wo uld mise in the divide stack. which will b e ShOWll later. ) Looking at the 

parlicll lm tillle iutel'vals fnutled by t he m arkers. Fig. 4.9(0.) gives a divisiollrat io of ap­

proxilIlHtdy T~. whcrcas F ig. 4.9(b) prod uces a ratio of 29 . Sltowillg inconsistellcy. The 

"PI)('r tiglll'(' shows CO changillg with Cl and C2 r ellla illillg static. The lower figlll'e shows 

all t Im'(' ('outro l sigllals t.oggling. 011 t ile llegat.ive edge of all outPllt cycle producing a 

'1';\('(,' cOllditioll. all(1 dearly givillg ()lTOn eO IlS r es lllts . Althollgh this resu lt is showll for 

n ·1,1-111 i11p ll t. t il(' SHlll(' was observed for CL :1GHz illPllt too. Lookillg a t oth er illPut 

(,Oll liJillHtiollS yields the saw(' (,lTOl' . a lld this h as lllotivated the desigll of an alterllative 

stat(' mHchill('. 

Wh('ll ilIlpl(' lll('nting with H. 2-bit sYllclmHlolls COl lllter (co llnting fr01l1 0-:3 inclusive). the 
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F IGURE 4.9: Simulation results of the 32/ 33 dual modulus divider opera tiug iu divide­
by-33 mode with 1;1, 4GHz input . Note that t he complicat ioll of hav ing mol' than Olle 
phase select inpu t changing oue t ime lllanifests itself iu t he forlll of n divisi II ra tio 

error. 

resultillg Boolean expressiolls are: 

DO = QO. ( 4.4) 

Dl = Q1.QO + Q1.QO. (4.!J) 

However. a problelll cited is the loading of two D-typ <, fi ip-fiops Oll the OlltP ll t of t 1[(' 

previous divide-by- 2 stage . By classic Booleall logic. the XOR/XNOR sh()llld ('xis t Oll 

the outputs to gellerate CO. Cl alld C2 as well as t he feedback to t it(· 'D' illPllt of t itl' 

. econd flip-flop. Unfort unately. all outPllts canllo t be gell('rated by c1LOosillg thc' appro­

priate phase of the SCL flip-flops. and there sti ll exists a race bC'twcC'll all t Im'(' of t hc' 

igllal. illlplying the layo ut of their int erconllC'cts can be' all importallt issu(' wit II regards 

to balance in ttl ~ capa itive load. 
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To get around t lw problr!lll of lllOl"(! t han one signal changing at one tilllP. all 8 com­

binatiolls !!lust b(~ toggl(~d through. Looking at the original table associated with om 

phase sdector circuit, it is clear that two cOlIlbillations exist for each quadrature and 

when toggling from 0 rad to }nul to 7frad to :-l; nul alld tlwn rounel again. vVhen going 

through (~ach of tlw consecut iv(~ states. only one bit (illciuding t he complement in the 

context of diff(~nmtial sigllalling) challg(~S at a tirrw. 

HOW(N()L a slightly diffen!llt thillking is lU!11ired when using all 8 states. Although there 

an~ mon~ states, the effect ive (or apparcllt) rate at which the phases change, must remain 

tlw same as in tlw 4 state solutiOlL i.e. at a rate equal to the frequency of the output. As 

bdon~. a synchronolls co1mter is considereel where it generates the desired combinations 

without additional glue logic after the olltPllt. After Karnallgh mapping, the Boolean 

equations for the logic arc: 

D2 = Cl.CO + C2.CO. (4.6) 

D1 = Cl.CO + C2.CO, (4.7) 

DO = C2.C1 + C2.Cl. ( 4.8) 

Unfortllllatdy, this state machine Illllst operate at a speed twice that of the actual 

elivid(~r olltPllt. H(mce, it can be driven by the second from last divide stage in the 

asyw:hrollous chaill. Allot1H'r prohlmll witnessed by observation is that combinatorial 

lOl!;ic is pn~S(~llt at the output. h~adilll!; to tlw problems of extra power COllSl1111ptioll and 

conversioll bdw(~(~ll diH"('n~Ilt lOI!;i<: styh~s. Ncvertlwlcss. the sol1ltion exists and sho1lld be 

k(~pt as a COllt illgmlCY. 

Tlw last sol1lt iOIl is t lw OlW iltlpkllwllt(~d ill t 1w d1lal-lllod1l11ls dividers pres(~nted in the 

wlttai\l(kr of this tlwsis. H(·n·. a 2-bit aSYllchrOl101lS C01l11t(~r g(~lwrates 8 states. and 

nlt h011gh i t pOSS(~SS('S all illh('n~llt . rippk' charactcrist ic. its illlpl(~lll('nt at iOll is an dCl!;ant 

011('. Agaill. it is tIl(' lllast('r-slaV<' actioll of the Hip-Hops that has achieved all ~-state 

lllachill(·. with the' desin·d (·ti·(·diV<' phase trHllsitioll freq1l(·llcy. 

Lookillg at THbl(· "1.2. til(' c()lltigmatioll of this statc~ lllachillc is I!;(~llerated witho1lt the 

lH'cd for KHl"1l;\11I!;h lllappillg or Dookalliogic. HS observatiolls sho1lld delllollstratc that 110 

[ol!;ic is n'q1lin·d. III this tHbk. the tirst thn'(' col111Il11S wf('r to the ripplc c01111ter 01ltP1lt. 

whpn'ils til(' Ilext thn'(' ("01111l111S exhibit the wallted 01ltP1lts for the phase sdcctor circ1lit. 

Each lill<' ill this tilhl(' is O\l(' h;df H cycle of the illPUt to the' F~l\I. which happclls to 
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FIG RE 4.1 0: Schematic for the back end of the dllai modll lll s divid er. where the FSM 
novv has 8 state.' . implement ing Gray ode style switching. 

In pur to the· first dlvide-by-2 sttlge in figure ' 
, , I I I I ' 

, , , , 

FSM2.1 (ot\tput of the a,;rual d~a l-mo~ulus di vider) 

FSM~Q 

C2 . . . . . 
o @:@ G):GYG): o :@:@:@G):G):G) 

. . . . . . . . . . . . l 
S3· S4· S5 ' S6 . S7· SO . S I ' S2· S3' S4· S5· S6 . S7 ----.----.-.....;.---. -.....;.---. . . . 

Tw ice as many state changes, bUl the effective rate at 
whi ch the phase change remains the same. 

Only one input to phase 
selector changes during 

FI Ge R!'; 4 .11: \Vavefonlls of the 8-state FS~L showing t lw 'Gray' code style swit ('hillg. 

be the in-phase o lltPllt of the fina l divider s tage (excl lldillg a llY st a t·C' Illa('hill(, 0 11 t hC' 

ou tPllt). Hence this input is the fialllC' as that of thp 4-st a.tp FSf"I bll t'. looking at t J1(' 
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Output. 

() () (J 1 (J () fl.I (SO) 
0 () 1 0 () [) HI (Sl) 
() 1 () 0 () 1 HQ (S2) 
() 1 1 () 1 1 B·Q (S;~) 
1 0 () 0 1 0 HI (S4) 
1 () 1 1 1 0 B·I (S5) 
1 1 () 1 1 1 B·Q (S6) 
1 1 1 1 () 1 B·Q (S7) 

TABU'; 4.2: Table showill)..'; the cOlllbinatiolls fix the various phases (ignorillg their COlll­

plements) to)..';ctlwr with the outputs of the ripple counter. 

pattenl g(~ncrated. th(~ aetnal chang(~ of state occms at a rate eqnal to twice the output 

of t.he dnal-nlOdnlns divid(~l'. The d(~sired outPllt C() is generated from the in-phase 

output ('1') Q1 of tlw collnter. To gmwrat(~ tlw outputs C1 and C2, one lllust consider 

thdr transitiolls relative: to tlw output of Ql. It shonld be apparent that C1 changes 

on a ]!hils(~ ~rad lagging behind the output CO. Hence. the quadratlll'e output ('0') 

drives tlw lH'xt divid(~-by-2 stag(~ in tlw state machine. The required signab C1 and C2 

are g(~l[('mt(~d from tlw last divid(~-by-2 in this ripple connter by taking its -r and 'Q' 
outputs l'<'s]!(div<'iy. 

Fig1\l'(~s~. l() ilnd 4.11 show t lw WSll!t of t he' d(~rivat ion. explicitly showing the configu­

ration of tlw stat(~ machinc awl its integration with the general ciual-modulus divider. 

'VVith this. it is noU~worthy to highlight that the minilllnlll dual-Illodulus divide ratio is 

H /D for t his illlPl(~llwlltat ion. wlwre(ls for the 4 stat(~ FSM, the rninimlllIl divide ratio can 

fall to b(~ing 4/0. This silllple yd (~Hcctiv(~ solntion does away with any combinatorial 

logic thanks to tlw (l1H\dratl\l'(~ olltputs of the SCL divide-by-2 stages. The penalty, 

howcv(~r. is all increase ill the static power consmnption of the whole divider. 

Its lww,ht 1)(,(,OlllCS apparcllt throllgh a correct higher speed of operation. This will be 

iw:hld('d ill c:haptc~l's !j awl 7. 
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Chapter 5 

Dual-modulus 64/65 divider 

O.35fLm SOl CMOS 

• 
In 

This chapter concentrates on the design of a dual-modulus SOl divider (modulo 64/65). 

The goals in this part of the study were to investigate new circuit architectures made 

possible in SOl, and whether any power and/or speed advantages could be obtained. 

The specification for this divider has been open and hence the choice of division ratio is 

arbitrary, but its high-frequency operation is in the interest of targetting this design for 

a modern communications application. Therefore, it has been designed to run as fast as 

possible with realistic inputs and load terminations. 

One of the highlights of this design is the novel method of stacking current steering 

divide-by-2 stages (SOl CMOS) asynchronously, introducing a 'true' division of bias 

current as one moves further down the division chain. State-of-the-art silicon frequency 

divider designs have not yet demonstrated such aggressive reduction in bias current 

from stage to stage. Another strong feature of this chapter's work is the incorporatioll 

of the current steering phase selector and accompanying glitch-free controller in SOl 

CMOS technology. The stacking is not limited to divide-by-2 stages, and the dual­

modulus divider to be presented has a synchronous divide-by-8 stage too. The concept 

of stacking divide-by-2 stages exceeding the designated power supply for the technology 

without destroying any of the devices, is yet another example of advancing the state­

of-the-art as the choice of voltage swing is power supply independent. It is hoped 

the reader will appreciate how this style does away with level-shifters by adoptillg this 

current-mode cascade style. Towards the end of the chapter, a successful faiJricatio)J 

together with measurements shows that the preceding work to have been takell from 

concept to realisation. 

111 
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5.1 Circuit design 

5.1.1 Phase selection pres caler architecture 

Many of the ideas discussed in the first four chapters are brought together in this section, 

culminating in an interesting and novel topology. It is hoped the reader will intuitively 

understand how the circuit evolves from a single divide-by-2 sub-block, to that given in 

the title of this chapter. As the structure, design and operation of the standard SeL 

divide-by-2 have already been discussed, the text below will simply move one level higher 

in the schematic hierarchy when referering to it, although there will be times when a 

closer look inside the instances is called for. 

To achieve division by 64 asynchronously, the number of cascaded divide-by-2 cells is: 

(5.1) 

Obviously, this does not take into account any additional dividers required by the control 

logic, to be presented later. The fact that there are two consecutive division moduli 

simply means that a high frequency input cycle is lost somewhere. A block diagram of 

the divider has been captured in Fig. 5.1, and we will show in the following subsections 

the required blocks to usc current steering as well as the development of new circuit 

topologies. 

Phase Select 

F4.I 0° 

F4.Q ) • 16 
90° • Fo£! +2 -- "-F4.I J 80° Low 

) Speed 
-- 270

0 

- F4.Q 
F 2 F2 

+2 8 State KJ FSM --Mode 
--Fin Fin 

(l (l 

Fll:UHE ,i.l: /\ block diagram of this chapter's dual modulus divide-by-64/65 divider. 



Chapter 5 Dual-modulus 64/65 divider in O.35f.1m SOl CMOS 113 

.. 

(a) Bulk. 

(b) SOL 

FIGURE 5.2: SCL divide-by-2 in bulk and SOl CMOS. 

5.1.2 Stacked current steering logic in SOl 

A flexibility exists with PDSOI that is not present with bulk CMOS and this is shown 

in Fig. 5.2, though the difference is subtle. In bulk CMOS processing, and assllming 

a normal p- doped substrate, all bodies in which the channels of NMOS devices invert 
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must be fixed to an electrical value (usually the circuit ground). As an NMOS transistor 

is stacked on top of another NMOS transistor, the back-gate effect causes the thresh­

old voltage of the upper transistor to rise, thus requiring a larger voltage drop between 

its gate-source terminals in order to achieve the same level of drive. In classic sub­

micron circuit design, where the power supplies reduce with smaller geometry process 

generations, this is clearly prohibitive. One suggestion might be to use N-well and then 

introduce a p- well within it, after which both wells would be tied to the source terminal 

of the cascoded transistor. The problem here is that additional masks are needed and 

isolation relies on a reverse bias between the N-well and bulk substrate, as well as a 

packing density penalty. With the SOl MOS process, the back oxide and shallow trench 

isolation together generate silicon 'islands' in which the MOSFET exists. There is no 

requirement to fix the potential of the silicon film above the buried oxide region to the 

same value (for every NMOS or PMOS transistor) and hence transistors stacked in a 

cascode fashion theoretically possess the same effective threshold voltages (assuming the 

bodies are tied to their respective SOUTce terminals, as illustrated in Fig. 5.2(b)). As 

long as the field across any gate oxide and buried oxide (though much larger) doesn't 

exceed the breakdown voltages of the oxides, the power supply to the circuit may in­

crease beyond that rated for the technology in conventional use. This is certainly useful 

for any designer as the effect of back-gate bias can be more or less eliminated from the 

design equations. 

Within the basic divide-by-2 cell, there are 3 levels of NMOS transistors stacked upon 

one another followed by a load (maybe another MOSFET or a passive element). This 

is another design problem faced by IC designers (using bulk CMOS processes) as newer 

geometries become available, and they must design circuits to operate within an ever 

decreasing power supply. With the 3 levels of MOS transistors, the headroom for large 

signal swing is severely limited and is naturally a problem for circuits designed to exhibit 

high signal-to-noise ratios. In zero IF architectures, bipolar technology is preferred as 

it tends to be 'cleaner' in terms of noise compared with CMOS devices. The bipolar 

transistors superior flicker noise performance warrants its use in the local oscillator 

section of the receiver. Carrier trapping and releasing at the interface states and thermal 

noise due to gate alld channel resistance are both significant in CMOS. If CMOS was 

insisted, then you would have to increase the current and area of the responsible devices 

(those responsible for generating the in-band noise) as well as increasing the power 

supply of the circuit, and the more the technology scales to smaller dimensions, the 

worse it gets (bipolar devices have a higher 9m for a given cut-off frequency) [1]. With 

PDSOI, extra headroom call be afforded, within reason, by simply using a higher supply 

voltage. A canse for C0I1CCrIl when designing mixed signal ICs might be the multiple 

power supplies on the saIlle die and the need to generate stable voltage references on­

chip or power thelll externally via area-expensive bondpads. 
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Vdd2 

Vddl 

(a) Voltage mode cascading 

(b) Stacking with current mode cascading 

FIGURE 5.3: Diagrams showing methods available in SOI design for cascade divide-by-2 
stages asynchronously. 

ll5 

This SOl divider attempts to exploit this benefit of local isolation between transistori:i. 

The advantage of the proposed topology is due to the elimination of high frequency 

level shifting between successive SCL divide-by-2 cells when cascaded asynchronously. 

Figure 5.3 illustrates the difference between the conventional voltage-mode cascading 

(available to both PDSOI and bulk CMOS technologies) and the current-mode cascading 

employed here (only available to PDSOl CMOS technology). The level shifters are not 

a mandatory requirement, even in low supply voltage c:rvl0S technology. With enough 

DC current and load resistance through each latch, the common-mode output voltagc 

of the divider can be pulled considerably lower than might be expected intuitively (only 

at high frequencies though). Thii:i allows direct coupling of i:itages, &<; i:iccn in chapter G, 

encountering less risk than would bc in a bipolar design, wlJCrc collector-base satura1i()JI 

is a concern. However, kceping thc signal swing low and the output cOlllrnorl-lIJ()d(' 

voltage high does have the advantage of lower power cOllsumption per stage', thlls callilJg 
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for level shifting of some sort, as drawn in Fig. 5.3(a). One method is to use a resistive 

divider, which theoretically adds no capacitance on its inputs or outputs. This type of 

level-shifter is relatively intolerant of mismatch, as the ratio of the two resistor is more 

important. However, the resistor must be large in value so that it does not look like 

a low impedance to the driving stage, drawing current, which in turn raises the issue 

of noise. There is also the issue of attenuation of the signal and this would be by the 

same factor as the reduction in bias. Another method is to AC couple the output of one 

divider capacitively with the input of another, resetting the bias voltage to the desired 

input common-mode voltage using some form of high impedance divider. Unfortunately, 

capacitance on-chip has the drawback of parasitic capacitance to substrate as well as 

large area consumption when used with a resistive divider, to ensure the low frequency 

pole is sufficiently far from the toggle frequency on that node, resulting in a narrower 

band circuit (NOTE: the issue of capacitance to substrate is less severe in the case of 

SOl technology [11] as there is field oxide above buried oxide, hence giving speed gains 

of 10% or more over the equivalent bulk device. In some cases, speed gains of 20% 

have been witnessed at the 0.22/Lm technology node [7]). On-chip capacitors tend to be 

lossy; without modelling and characterisation of the capacitors at high frequencies, it is 

unwise to use them in a first attempt of a complex circuit. A third method uses a pair 

of source followers which are not differential and account for a notable portion of the 

power budget at high frequencies. 

Figure 5.3(b) shows the SOl method of stacking [12], where the current from a lower 

divide-by-2 cell drives and clocks the subsequent upper divider cell. In the traditional 

divide-by-2 cell, the current is steered through one of a pair of loads, giving rise to a 

voltage drop across it. Assuming bias translation (where necessary), the AC voltage is 

applied to the 'clock' trans conductor, giving rise to an AC current switching between 

different elements in both the master and slave latches. The stacking method shown 

in the figure removes this redundancy (applicable to SOl technoogy) and at the same 

time lowers the nominal power supply per divider stage, as the active current source has 

been reduced. Assuming no leakage in the devices, the current consumption of stage N 

is exactly half that of stage N-l. Figure 5.4 shows the transistor level abstraction of the 

stacked divider. Being a PDSOI body-tied design, explicit body-to-source connections 

have been shown on the schematic. The transistor arrangement within the dotted box 

can be considered a macro cell that is rigid, except for the varying transistor dimensions. 

Two points needing to be addressed in this figure are the cascode transistors between 

stages and the cross-over of the current line. The casco des are there to mimic both a 

voltage source a.nd the CnlTellt source, depending on which terminal one observes. For 

the lower divider, looking into the source terminal of the cascode transistors (assuming 

saturation), OIle should expect a low impedance; hence variation in current should have 

little cfrcct on t.he voltage at that node. Looking into the drain terminal of those very 

same transistors shonlcl yidd <l higher impedance (assuming saturation). its behaviour 
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Can go to another divider stage, with the use of cascodes and tying 1he 
redundant lines together after two more cascodes. 

,------------------------~- ~ 
Can go to the inputs of the phase selector 

,-~------------------------~---------------------, 

FIGURE 5.4: A closer look at the transistor implementation of stacking with current 
mode cascading. 
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likened to that of a current source. The crossing over of the output lines is due to the 

inversion that takes place between the output of divider N and the input to divider 

N+l and this ensures all the dividers toggle on the same edge. When the output i:> 

high, no current flows, giving rise to a :>ingle-ended voltage that is closer to V dd than 

its differential neighbour. This voltage couples to the same transistor as before, forcillt'; 

it to draw current, and this would be incon:>istent with the SOl divider if thcn~ were II{) 

crossmg. 
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After two divide-by-2 cells have been stacked one on top of the other, a pair of outputs 

need to be capped with cascades and tied to some fixed potential (labelled as Vddl); 

there are unused in the switching process. It should be obvious that half the current 

is being lost here as static DC and, with stacking in mind, it would be useful for other 

blocks further in the chain. Fortunately, as will be described later, the current into this 

node will be supplied by a later divide-by-2 cell providing valuable current reduction 

(see Fig. 5.11). 

5.1.3 New current steering phase selector in stacked Sal logic 

Clk +-

T 
NCO 

NCI 

~o-I 

Master Master Slave 
(0) (l8cf) (90) 

VDD 

Voltage outputs 
from previous 

_stage 

Slave 
(270<] 

FIGURE 5.5: Schematic of the new phase selector. 

As is the focus of this design, the next block to be stacked is the phase selector shown 

in Fig. 5.5. Unlike with the first divide-by-2, all four current switching outputs are 

used and hence no current reuse by another cell is possible. Differential pairs of signals 

are selected ami inverted (if necessary) before emerging at the top of the block with 

the unused pair of c;ignals simply terminated into a dummy load. As will be described 

furthpr illt.O t.his section, the off-stack dividers (not cascaded like those shown in Fig. 

5.3(b)) hHng ofT the same' power sl1ppl~· as the main stack and so the outputs controlling 

the plwsl'-sl'lcctor input.s lllllSt Ill' level shifted down. As the phase-selector has two 

switchillg lewIs, two difkrc~nt arrangements of level shifters are needed. \Vhen the dnal-



Chapter 5 Dual-modulus 64/65 divider in O.35f.Lm SOl CMOS 119 

modulus divider is set to run as a divide-by-64 unit, the outputs of the FSM do not 

change and hence inputs to the phase selector remain static. When chosen to divide-by-

65, the toggling state signals of the FSM arrive at the inputs to the phase selector and 

cause it to change phase once in every 64 input cycles. 

5.1.4 Fixed divide-by-16 

From here onwards, the design as in Fig. 5.1, proceeds as a chain of dividers connected 

in asynchronous fashion. To recall, the first divide-by-2 stage in the stack sits on a 2mA 

current sink. The second stage hence runs on lmA and, after the phase selector, 500f.LA is 

left for the upper stages. To maintain the same logic swing and gain per stage, this binary 

division of current forces the load resistances of subsequent stages to be increased at an 

exponential rate, and this is not practical when considering the layout of the devices 

(parasitic capacitance does not scale down with decreasing channel widths). If one 

considers the current reduction if all six divide-by-2 stages were stacked asynchronously 

within the power supply, one would find that only 3lf.LA would be available to drive each 

D-latch in the last stage, needing 20Hz load resistors to give the same 600m V swing used 

throughout the design. The problem was also compounded by the higher supply and 

hence larger level-shift further on down the chain. Unfortunately, simulations showed 

the divider to give very slow transition times and this would affect the changeover (i.e. 

metastability) further along the chain. An example consisting of a stacked divide-by-128 

circuit is illustrated in Fig. 5.6, with Figs. 5.7 and 5.8 showing the outputs at each of 

the stages up the stack. In particular, Fig. 5.8(d) clearly shows a marked reduction in 

rise time. 

This was solved using a synchronous divide-by-8 at the output, ie on top of the phase 

selector, with the last division-by-2 supplied by its own current source. A schematic 

of this arrangement can be found in Fig. 5.9. The synchronous divider is made up 

of 4 D-type flip-flops driven by the same clock frequency and the 500f.LA of current is 

divided by the 8 D-latches, resulting in 62f.LA of current though each. The immediate 

benefit is that the outputs do not ripple through this section of the divider and hence 

the transitions occur much faster. The load resistance in this section is lower, with the 

final divider also benefiting from a lower power supply. 

It is interesting to note that although the signal path traveb from the bottolll of the 

stack to the top, conventional current still travels from the top supply rail to groulld. 

It seems that current is being lost as more divide stages arc encountered, but currell! is 

actually conserved because it accumulates from all off-stack divider and a dll11lllJ)' load 

on top of the phase-selector. 
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Vdd=23.1V 

R,.=39.6k.O. 

Vdd6 

R,.=20kO. 

VddS 

R,.=lO.2kO. 

Vdd4 

R,.=5.4kO. 

Vdd3 

R,.=2.9kO. 

Vdd2 

R,.=1.5kO. 

Vddl 

R,.=600n 

j,'\C;UHE ~l.G: ScliclIlat.ic of [111 asynchronous divide-by-128 circuit employing current­
mode cn~cadillg of dividc-by-2 stages throughout. 
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5.1.5 Modulus control 

As seen in the block diagram of Fig. 5.1, modulus control is achieved by means of 

'gating' the toggling of the FSM. This diagram is a little misleading because the NAND 

gate should block the clock and not force the output of the second off-stack divider to 

take up a particular logic state. Another problem that exists here is that the operation 

of the NAND gate causes erroneous division when used in a programmable divider loop, 

if care is not taken to match the trigger edge type of the divider to the 'inhibit' output 

of the NAND gate. This effect is not obvious when used as a dual-modulus divider, as 

it is simply a transient that settles into the correct division rather quickly. However, 

recalling the truth table of a NAND gate, the output fails to toggle if another input is at 

logic '0', and remains at logic '1'. This means that in our SCL divider, having the NAND 
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F1GURE 5.8: Plots of a divide-by-128 (employing current reuse), as an example showing 
the limitations of excessive current division in a divider stack. Simulated inside a 23.1 V 

supply, with the clock arriving on 20p.m wide NMOS transistors. 

gate embedded into the output stage of one of the FSM dividers has a direct effect on 

the output of the divider (waves 3 and 4 in Fig. 4.4). In fact, what should happen is 

that further clock edges to these last two FSM stages would be inhibited with the state 

of the FSfvl held, preventing any edg'es clocking the remaining stages. This requirement 

ha::; beell noted and correctly implemented in the programmable divider designed in 

bulk CMOS to be dcscribecllater. Jncidentally, the NAND gate performing the modulus 

control is a differential SCL type. Therefore, a CMOS-to-SCL level translator and CMOS 

buffers nre placed between the corresponding bond pad and the NAND gate. 

5.1.6 Power supply tolerance conditions 

With tlit' stack dividillg-by-32, t.he last divide-by-2 in the dual-modulus divider plus two 

more di\'idt'-hy-2 stages for the FSI\I remain to be added to the divider. In the final 

82 
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From current steering t t phase sciecror 

FIGURE 5.9: Schematic of the synchronous divide-by-8 stage sitting above the phase 
selector with its outputs voltage-mode coupled to a further divide-by-2 stage sitting on 

its own current source. 

Veld 
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Using MOS cum:nt sinh, the power 
. b supply can vary, asswning such 

DIV Y 2 devices are in strong inversion. The 
I-"Ci:K circuit stacb above the current sinks, 
. -~ /'" move in sympathy with the MOS 

~.........- CIIII'CIlt sinh acting as 'CUBhions' 

(b) 

FIGURE 5.10: Difference between multiple power supplies and 'cushionillg' effects of 
the Iv10S current sinks. 

design, the three off-stack dividers are directly 'hung' from the 6.8V supply. The choice 

to have one power supply on chip as opposed to one for the stack and anothcr for the 

off-stack elements requires many pads This appears to contradict the need for a 2.SV 

power supply as well as 1. 7V, 3.3V and 5.1 V pads but these are due to the fact that 

the 2.5V supply is for the low frequcncy output and the modlllus control. whilst th: 

latter three are for the protection against ESD. Two alternatives arc available here (su' 

Fig. 5.10): either the divider can 'hang' from the CUlV sllpply and he sUPP(Jrtr:d b\· a 
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number of cascodes so as to ensure no gate oxide is stressed or the power supply can 

be dropped (using MOS diodes) to a level such that the divider outputs are compatible 

with the phase selector inputs. The idea of the MOS diodes works because the current 

sunk into the SCL dividers is relatively static (unlike a CMOS divider.) Sadly, though 

different power supplies generated on chip may be feasible, it is not desirable in terms 

of testability. To support the dividers in our design, a number of cascode transistors 

sit under the running divider macro (including the 'clock' transistors). Source followers 

(also supported with casco des) running at relatively high currents are used to level shift 

between the output of one stage and the clock input of a subsequent stage. They are 

also required to level-shift between the output of the FSM dividers and the inputs to the 

phase selector. For a future re-design, a reduction in current consumption owing to these 

cells (or even an alternative) should be pursued. The idea of using a classical CMOS 

topology in the latter stages would remove the need for level shifting and hence lower 

the power consumption, but the requirement for quadrature outputs, even in the latter 

stages of the divider, has steered the design towards the current topology. Variation on 

the 6.8V power rail can effectively be 'cushioned' as long as the current sources at the 

bottom of the stack are sufficiently in saturation. 

1 rnA sink node 

Output128 

elk 

FIGURE 5.11: Example of current re-use for an off-stack divider [12]. 
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5.1. 7 Current re-use outside the divide path between separate signal 

paths 

One of the key features of this SOl design is the reuse of current, and the second off-stack 

divider (used for the FSM) capitalises on that facility in a very straightforward manner. 

As pictured in Fig. 5.11, current from an off-stack divide stage is sunk into the common 

point of one of the latches (master or slave) in one half of the first divide-by-2 stage of 

the divider stack. This particular divider uses lmA of current and is sized accordingly. 

However, with clever optimisation it should be possible to have all three off-stack di­

viders running off the main stack. The author admits to a 'conservative' use of current 

in the slower stages of this divider and this was decided upon to increase the chances 

of a functional design after fabrication. However, at present, lmA, lmA and 2mA are 

consumed by the first, second and third off-stack dividers, respectively (in order of de­

creasing speed.) By optimising the aggregate current of the last three divide stages to 

be less than lmA, the core of the dual-modulus divider could be made to function on 

2mA. Thereafter, attention should be focussed on the inter-stage coupling, namely the 

source followers. 

In order to bias the gate terminals of the cascodes, a simple current-controlled bias 

generator is included on chip. Owing to an excellent DC model within STAG (referring 

to the strong-inversion mode), faith can be put in the simulation of such a network and 

optimising its total current consumption. Due to time pressures, this was not exploited 

to the degree it could have been and hence the current consurnption is rather high. 

Diode connected MOS transistors either sit on a NMOS device or hang from a PMOS 

current-source transistor biased in a current mirror fashion. \Vith the ability to short 

the body to the source terminal of every individual transistor, the bias (and hence the 

stress) across the gate-source terminals can be kept to a minimum whilst stacking higher. 

A chain of diode-connected MOS transistors also works to generate the on-chip input 

common-mode voltage. Two series-connected lOkD polysilicon resistors sit betweell the 

bias generation node and the RF ground of the 50D terminations to provide the input 

common-mode bias. A centre-tap exists between the lOkD resistors and is brought out 

to a pad where this voltage can be sensed and/or overriden. 

5.1.8 Source followers 

A clever aspect of the divider design is the stackillg of SCL dividc-by-2 stages. aCCOlll­

plished by exploiting PDSOI CMOS technology. However, tbis lIa.<; not stopped the 

design from employing source followers for the role of shifting til(' commoll-llj()dc bi!!.c; 

of some lower frequency signals to a different (lower) bias. The divider stag(!s tba1 arc 
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FIGURE 5.12: 1kO variable resistor used for setting the master current bias. 

not on the main stack still require a form of voltage-mode coupling and source followers 

were implemented. As these off-stack dividers are close to the high power supply rail, 

cascodes are used to carry the difference in voltage gradually between the output of the 

common-drain stage and the circuit ground. These cascades naturally serve to give the 

MOS current source a higher impedance looking into its terminal at the common-drain 

output node. 

With the help of Figs. 5.13(a) and 5.13(b), it is clear that with a perfect current source 

as a load, the same current must be pulled from the common-drain NMOS device (ig­

noring leakage and assuming a subsequent circuit does not have a low input impedance). 

Therefore, the gate-sOUTee voltage will be constant and the output will follow the gate 

voltage, with a drop in common-mode voltage dependent upon the bias current. The 

large-signal behaviour can be expressed as follows: 

VIN - FQ[n = Vcs (5.2) 

and, if it is RssllIncd that the Cllrrent source is implemented as a common-base connected 
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Vdd 
Vdd 

~ TN V OUT 

~ 
VIN VOUT 

(a) bulk CMOS source-follower 

(b) SOI body-tied source-follower 

'-----.... ------...... ----H~-~----oVout 

(c) small-signal representation of the source-follower 

FIGURE 5.13: Schematics showing the difference between a bulk and SOl source fol­
lower. 

NMOS transistor, the expression remains true as long as the current source compliance 

does not go below its (Vcs - VT ). One can add a little more detail to equation (5.2), 

resulting in the following: 

VOU1 = VIN - lito - 'Y ( V2'I¢fl- VBS - V2 . I¢fl) -
, v~------------~ 

Vt 

Iss·2·L·71, 

W'ILn'COX 
'--v---' 

/L.1in. VDS fOT 8fli.UTrLi.ioTt 

(5.3) 

where VBS is the voltage between the body and source terminals of the device, VI" rders 

to the 'zero VBS' threshold voltage, n refers to the sub-threshold slope of thc COIIJIIJOll-
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drain connected MOS transistor, 2·I¢fl is the surface potential of the channel at the 

source terminal side, and ~f is the body factor given by: 

,= ..J2·q. Nsub'csi 

Cox 
(5.4) 

Here, q represents the electronic charge, Nsub is the substrate doping concentration, Csi 

is the dielectric permittivity of silicon, and Cox is the capacitance per unit gate area. 

These equations show that, by having a positive VBS, the NMOS device will be harder 

to bias into saturation mode. Hence, in the bulk implementation of Fig. 5.13(a), VBS 

is a non-zero value, whereas in the body-tied PDSOI follower of Fig. 5.13(b), the VBS 

term is zero, forcing equation (5.3) to the simpler form of equation (5.2). 

Another circuit performance metric associated with the source follower is its pass-band 

gain. Although one must be aware of this circuit's bandwidth, a more crucial aspect 

is the effect of this body-source voltage on the small-signal passband gain, avo Figure 

5.13(c) helps one to generate the expression for av by summing the currents at the output 

node, Vcmt: 
gm 

av = , 
gm + gm.b 

(5.5) 

where gm and gmb refer to the drain-source and body transconductances, respectively. 

In its derivation, it is assumed that the common-drain amplifier's current source has 

negligible input capacitance to ground and a very large input resistance. In the case of 

the bulk CMOS t>ource follower, the body trant>conductor is turned on and the amplifier's 

small-signal gain is less than 1. In contrast, a body-tied SOl follower design will have 

VBS equal to zero, and hence the body transconductor in this case would be turned off, 

leading to a 'near' unity value for the small signal gain, ignoring second-order effects. 

With a number of cascode devices employed in each source follower in our dual-modulus 

divider design, the requirement that the current source have a high internal impedance 

is not so far fetched. 

5.1.9 Floating-body transistors III high-speed divide-by-2 stages 

One important design feature is that the transistors (minus the clock, current source 

and cascodes) in the first two divide-by-2 stages are implemented as floating body tran­

siston:i (the body terminal is left electrically unconnected). This was found to give IGHz 

improvement in the simulation, almost certainly due to the reduced capacitive loading, 

though simulation of such effects in circuits with widely varying time constants is pro­

hibitively IOllg and a thorough allal,vsis of behind this is lacking. Incidentally, this action 

was motivated by resnlts seen in digital mil-to-rail CMOS circuits [10]. 
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In chapter 1, a summary was given to determine the mechanisms behind an increase 

in switching speed, citing investigations [16] [13] [18] on the behaviour of ClvIOS circuits. 

To our knowledge, however, there has been no discussion on the floating body effects in 

static logic and, more specifically, SCL circuits. Hence, this issue is raised again, this 

time in the context of our divider circuits. Figure 5.14 shows half of the lower most 

(highest speed) divide-by-2 stage of our main divider stack. After the second level of the 

MOS transistors (bottom-up), the sense and latch pairs have floating body PDSOI de­

vices. Diodes representing the intrinsic junction between the source/drain implant and 

body regions have been marked explicitly on the diagram to aid our explanation. The 

body-tied devices can be identified as having a shorting link between the body- and the 

source terminals. From a large-signal point of view, the floating-body differential pairs 

in the diagram steer the maximum current available from one transistor to the other in 

a symmetrical fashion (both in the direction of input voltage and output current). 

When the circuit is correctly biased and switching a large current, not all of the charge 

I Third level 

CL~ 

eLK Second level 
I ••••••••••••••••••••••••••••••••••••••••••••••• _ •••••••••••••••• 

FIGURE 5.14: Schematic of one half of the highest speed divide-by-2 stage. with ilJ­
trinsic diodes representing the junctions at the interface betweell implant alJd body 

regions. 
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is removed from the bodies of any sense or latch transistor when turning off. This is 

true if the circuit is operating at high speed, where the time-constants associated with 

removing charge are larger than the switching interval. This would be supported if it 

were possible to conclude that there is a difference in time-constants between removing 

the charge and introducing the charge by injection or drift/diffusion mechanisms (pos­

sibly with the help of the 'hysteresis' effect associated with floating body devices [5]). 

Hence, the body potential would rise with respect to circuit ground to an equilibrium 

value. By looking at the basic SCL divide-by-2 circuit, it is intuitive to say that the 

equilibrium value is set by the fixed bias voltages and the current source. Looking at the 

switching action in a little more detail, any rise in the body node would increase VES, 

decreasing the associated transistor's value of Vi and therefore switching more current. 

At the same time, the body-drain diode would have less reverse bias across its terminals 

and therefore less depletion capacitance. This is unlike the action seen in the body-tied 

transistor, at the lower levels, with the body-node being anchored to the source. As one 

ascends our main divider stack (resulting in lower frequency outputs), the action may 

become more prominent and help in its optimization by reducing the aspect ratios of 

the transistors, and therefore their drain capacitances too, in each divide-by-2 stage. 

With this circuit being a static current form of logic, a preset amount of current is 

switched through anyone device in a differential pair, unlike dynamic CMOS logic. 

In addition, the SCL divider is current-mode logic, where the emphasis is placed on 

switching that preset magnitude of current as fast as possible, as opposed to charging 

and discharging certain voltage nodes. Hence, the effect of dynamic Vi may not be 

applicable in our circuit style, and may show that SCL circuits will not benefit as greatly 

from floating bodies when implemented in PDSOI, unlike rail-rail CMOS style circuits. 

Of course, the above is based on supposition and would inevitably need to be rigorously 

investigated (experimentally) to prove or disprove our theory. 

5.1.10 Output buffers 

Thinking ahead to the measurement phase, it is important not to disrupt the operation 

of the divider with the electrical loading of the circuitry for characterising the device. 

Having a divide stage drive a 200fF pad capacitance (plus more for any ESD protection) 

as well as another divider in the actual divider chain can halt the running of the circuit. 

In order to isolate the actual node of interest, a SCL-to-CMOS level translator, together 

with a :3-stage tapered CMOS buffer, connects the output of the dual modulus divider 

circuit to the bond pad. The translator runs on a 50f-LA current source within a 6.8V 

supply n,nd driv(~s a negative fcccllmck inverter with low input capacitance. The term 

'tapered' is llsec\ to refer t.o the aspect ratio and current drive of each inverter [2] [17]; 

the 8.0.; jll'C( ratio illereaS('s b)' n factor of (i per stage. vVhilst recent literature suggests 
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that the tapering factor should be 3-4 for an optimum power-delay figure-of-merit [2], 

the buffers in this SOl design have a factor of 6 between CMOS inverters. The reason 

behind this conservative figure, is uncertainty in the pad capacitance and load connected 

to the output. Although the power-delay product is not optimum, the delay is outside 

of any critical feedback loop, and the actual divider does not suffer. Simulations have 

shown this stage to be capable of driving 10pF at 200MHz rail-to-rail. The power supply 

of this buffer is 2.5V, supplied from an off-chip source. 

5.1.11 Bias generation 

In order to the set the static currents through all the running dividers and the divider 

stack, as well as the bias voltage generators, a current bias (external to the chip) is ap­

plied. Using a variable resistor (see Fig. 5.12) between the diode connected PMOS and 

NMOS transistors of their current mirrors, the source current through them is controlled 

by varying their gate-source terminal voltages. The nominal current of this branch is 

1mA and a 1kn potentiometer will suffice (700n should deliver the correct bias current). 

5.1.12 Complete circuit 

Figure 5.15 brings together the full circuit diagram (albeit with blocks), showing the 

arrangement and interconnections between the blocks. In this diagram, the feedback 

loop controlling the phase selector is shown explicitly. The only missing components 

are the bias and 50n networks. As mentioned previously, the current in the second 

off-stack divider can be sunk into the first divide-by-2 stage, shaving off 1mA from the 

current budget. A complete set of schematics can be found in Appendix B. 

5.2 Layout 

The task of laying out the cells and compiling the final chip has been performed using 

Cadence's Virtuoso Layout software. A Design Rule Check (DRC) and extraction file ha.') 

been written to allow physical verification of the design by submission. The processing 

is by Honeywell Corp, USA, using their four layer metal 0.35f1,m PDSOI CMOS desigJJ 

rules. 
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FIGURE 5.15: Schematic of the full dual modulus divider. 

5.2.1 Transistors 

The basic active unit of this circuit is the MOS transistor. The arrangement used is a 

'H-gate' style transistor which allows the channel to enhance more uniformly due to the 

applied gate voltage than if the arrangement were a T-gate configuration. An important 

design rule to highlight is the maximmll limit of the channel width associated with a 

particular gate length. For example, the maximum channel width of the NMOSFET 

for a [?;ate len[?;th between O.3511.m and 0.7 J-lm is 7llm. The reason for this is that the 

channel-body tie resistance becomes unacceptable outside this bound due to the con­

striction of the conducting path under the channel. Large aspect ratio transistors must 

be (and therefore are) spli t into an integer number of smaller transistors with a 'fin­

ger' type cha.racteristic:. Body-tied devices rely on ohmic contacts placed close to the 

chamtel ends tu redllce this resisLallce. Design rules exist for different lengths and widths. 

PMOS devices arc drawll in an N-well pulygon whose local body is connected to a Docie 

brought {lilt to thl' slIrfac(' of the silicon film. A p-typc SOllI'cc/rirain implant layer exists 

and Illllst iw spread over the Cllt ill the field oxide. The poly gate masks the channel un-
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derneat h, keeping it n-type, and body tie contacts lllust aL..,o exist outside this ddnition. 

It is also noted that PMOS tnlllsist ors have different rules concerning the channl'l-bod~' 

tie resistance (and tend to allow wider challllcls). 

Looking at the body contacts, various types have been incorporated in the dl'sign. For 

the majority of transistors in the layout. stand alone body cont acts exist. and these a1'(' 

placed directly in front of the gate ends. These are l'ither shorted to drain/somce. or n'­

main unconnected for £loating body operation. 1\101'e sophisticated body til' COlllH'ctions 

have been employed in current mirrors. wit h the help of' butting' implant regions at the 

ends of the channel. Althollgh symmetry is redllced. then' is a certain HmOllllt of silicOll 

space saved. Contacts arc also embedded into the ends of t hl' sOlll'ce implant n'giolls for 

(body-tie)-to-source COlllwctions. A nlllnber of these Cllt into one of the contacts at the 

source node, thereby giving it a mort' coltlpact COlllll'ction. However. til(' (,01111('ctioll to 

the back of the dlanne! frolll these nodes is llOt as good as for the previolls two. awl 

their merits have been weighed against their Haws. High (,IllT('llt carrying tl'Hllsistors 

and t hose operating at high frequencies have used t he former two collfigmat ions. 

The transistors aL"o have appropriate dimension llldal (,01111ectiollS for ('lIlT('nt carryillg 

lines, This is so that clectromigration can lw lllitigated as well as H'dllcing IR drops. 

rR. drops can becomc scvere if long narrow power lint'S (,Ollll('ct to certain blocks. al­

though with such a low sheet resistance «lCJClllln/D) this is not so lIu\('h of a problelll. 

Nonetheless. DC cmrent lines have l)('en wid(~ned to ('nSllH' this dfect dOl's lIo! lItake 

itself a problem. LikewiSe' for the n011-silicided poly resistors, tlw widt hs of t 1)(' polysil­

icon tracks are wide enough to ignore the effects of l'l(~ctrollligrat ion. CV<'ll t hOllgh t 1)(' 

distributed capacitance wonld increase (t his iw:idclltally cannot be ext rad(~d IlSillg t h(' 

cmrent extraction rule setup). 

5.2.2 Divide stack 

Fignn~ .1.16 shows the layout of the hrst divide-by-2 stagc. which op('rat(~s at the higll('st 

speed. The inpnts to tlw dock COlllC frolll (~it hc1' sid(~ of t Iw C\ll'rmlt SO\ll'('(' to k('('p 

things sYlllllwtrical. Tlw decision to route t Iws(~ do('k liw~s 011 111<'1 al :~ is lIlade to 

reduce the capacitance to the back Sllbstrat(~. By having a lJ1lri(~d oxid(~ ill tIl(' waf('r. 

lllet al lines across the hdd tencl to conple kss t han ill bllik process(~d d('signs. For 

reasons of lllatching. a COllll110ll ('cntroid layollt has 1)('('11 adopt(~d wh('1'cv('1' possilJJ<.. 

The transistors in t h(~ dock S(~ct i011 al'<~ arraug('d so t ha t t he dock lin<~s f<~('d i11g t 11<'111 

('nt('r throllgh the llliddl<' of this divid('r stage'. Th(' divid('r is tlll'lled 011 its side' as 

ol1ly Olle pair of 01ltPllts is r('qllin~d to f('ed slliJS('<!Il('nt stage's f1ll'tlwr lip tIl(' st ,wk. 

TIl<' l'<'lllai11i11g output ads as a Si11k for an otf-st;wk di\'i(kr. Tlw :l()(JO pol.\' r('sist or 

loads (no11-sili('id('d poly-silicoll) an' siz('d slight Iy wid('r t !tall t Iw d('sign 1'1 il( 'S. ,IS til(' 
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Current 
Source 

Cascodes 

Clock 
Transistors 

F IGURE 5 .16: Layo ut of the fi rst divide by 2. 

----~--- --~---

Divide by 2 

FI(:l'I'm 0 .17: Layo llt of tllC secolld divide by 2. with the pha'e elector. 



Chap ter 5 Dual-modulus 64/ 65 divider in O.35p,m SOl C1\110S 135 

Floating body devices 

FTC RE 5 .1 8 : Layout of the latches within the fi rst two divide stage .. ·. 

foundry has discovered that t he fabricated resistors tend to be larger in electr ical value. 

lncid ntally, t he resistor layouts were extracted individually before beillg placed and 

routed . 

The next t age in t he divider st ack is shown in F ig. 5. 17. This diagralll shows both the 

second divide-by-2 and the phase selector. T he input sigllal cm rellt is fed tlu"c)\.lgh the 

middle and t he divided outputs emerge from the sides . Cascodes tie the cuds to low 

impedance nodes before the signal reache the phase sele tor. Each of the latches withill 

the first two divide st ages is composed of float ing body devices; all example is given iu 

Fig. 5.18. 

One clear observat ion is that the coupling betw-'en t he outputs of the master latch alld 

the inputs of the slave latch are different to those between the ou tp ut of the slav' alld t· he 

input of the master latch (when configm ed as a divide- by- 2 stage). T his is ullavoid ... lb lc 

owing to the design , but his discrepancy is minimi ed by promotillg the lOllger sigllal 

lines to lIletal 3 as soon a pos ible, for lower capacitance to the back substrate. 

T he phase-sel ctor has t he first stage clock inp uts ("1" and .Q. from t ile previOt lS chapt<'l") 

entering h·om either side: and the results are challllell 'd fU"C)Ugh th ) lIlidclle aud up ill 

to the second tier of t he selector (F ig. 5. 19) . Here, the decisioll of whet her to pass ·r or 

.Q . determine the phases present on the clo k inp ut of the synchro llous divider. T iLls 

unit is symmetrical in currellt flow, but not in cOlltrolliue illPut. T hese iuputs couple 

from t he right hand ide. although t hey remain in lIletal 3 fo r as loug as possib le. AU 

devices ilJ."e body-tied . 

T he last part of the divide stack is th' sYllchronous divicle-by-8. Local SylllIll try is 

approxmatcly t Ip sam as that achieved ill the afoP-lIlelltiolled divide stages. TIl(' clock 

lines in F ig. 5.20 reselllble a . forked· topology. wiLere' the piLase-sekct·('d input pair ar-
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F IGU RE 5 .1 9: A close up of t he phase selector. 

F I<il JI I;; G.20: Layout of the sY ll ('hronous divide by unit. 
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FIGU RE 5.21: The divider stack. consisting of (bot tom- up): all aSY llchronous div ide­
by4. phase selector and the synchronous divide- uy- . 

137 
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Inputs 

Cascodes 

F ICLJ HE !J.22 : Layo ut of the fi rst off~ s tack (not present on t he main divider stack seen 
in F ig. 5.21 ) divide-by-2 block. 

rives t Imlllgh t he sides alld is t hen fed in to the clock t ransistors with approximately 

the sculle lcllgt h of metal. T he power supply line is rout ed to all four corner resistors 

a ile! t 11(' cellt re resistors tJu'ough the top and then down the middle of t he figure. The 

propagat. ioH of t he signal foliows the black arrow, and t he for t unate aspect here is that 

whell posit ive feecl back is eventualiy needed (see schematic), t he d istance is much closer 

I'hall if t he sYllclmlllous divider w're constnl -ted with a la teral signal flow. 

T II (' whole stack is cap t m ed in F ig. 5.21. 

5.2.3 Off-stack div id er s 

T he ci ('s igH t hell progresses to all off-stack divide by 2 block tha t runs from a l111A 

CIIlT('ll t sO lll' re. as SILOW ll ill F ig .. 5.22 . (By . off-st ack ' , we mean not p laced on t op of t he 

st aek of C"irc llits showll ill F ig . . 5.21). T he Oll tP ll t fr OIil this divider is t he illt ended output 

l)('fore it (,O ll pl('s to a tapered MOS buffer (via a level shifter ) . The load resistors are 

1. 2kn ill vaJII (' aw l cOllsist of two serics-rollllected 600Sl 11on-silicided poly resistor. T he 

illPll ts arc challll<'led thro llgh the lllicl cUe of the layollt . with the outP ll ts elllergillg hom 

Oll(' s idt, . III t lLt, Hoorphw . t his Iluit is t llntecl llpside down so that signals can flow round 

ill a dockwist' din'ct iOll. 
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F igme 5.23 shows t he second divider stage (also not on t he mo.in divider sta k) and 

immediately one should not ice the lack of a cmrent somce. As described in the s hematic 

section , CUlTent is used efficient ly in order to minimise the power consumption, and this 

section sits on top of t he slave latch of the first divide- by-2 unit ill the divider stacle 

Three cascodes are placed between the long-tailed pairs of this divider and t h r' istor 

t erminals of the fhst divider found at the bottom of t he divider sto.clc These ca odes 

are biased using voltages derived from a MOS diode bias network (see lo.ter ). 

F IGURE 5 .23 : Layout of the second off-stack divide by 2 block. 

Another striking featm e of this divider is the NAND gate struct ures emb "d l 'd bCtWCCll 

t he latch transistors and resistive loads . These are used to provide th ' fUllct ion of the 

modulus control using a 600rnV differ ntial signo.l biased o.ro ulld Vdd-:300111V. The poly 

resistors are drawn as two series- connected 600n resistors and this a llows thCl Il to be 

folded back so that the metal 1 cOllnect ion can be kept shor t. 

The fillal sequentio.l divide-by-2 stage is ShOWll ill Fig. ,5.24 o.nd t his happells to be a. 

crucial block in the operation of the duo.l-111odulllS divider o.t high h'('(lI lencics. 

Simulat ions ho.ve ShOWll tho.t t his divider requires at least 2mA ill order to toggle the 

phase selector inputs in the right time window to allow it to fUllCt ioll normally. This 

should explaill why the resistor. ar ' s111o.ller tho.n the previous section and clU'rent SO \ll'C(' 

transistors have a greater current ho.ndling capo.bility. 

The design also relies on the use of source followers. lik" the one pres(']ltccl in Fig. 5. 2.5 ( a). 

to couple the signals without their output com111on mode levels. Tht, high power sllpply 
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F I GURI~ 5.24: Layout of t he final off-stack divide by 2 block. 

aHHocia ted with this divider has forced t he use of casco des bia ed from a network of 

Her ies COllllcCt('d MOS cliodeH . These diodes run ail the way to t he top power supply r ail 

alld t his is cOllsisten t wit h ail the dividers, providing less sensitivity to p ower supply 

varia tioll ( lip to a limit) . The whole stru cture moves accordillgly and the variations 

appear a t the dmills of the NMOS cmrent som ces that sit weil into saturation. Bias 

blocb 1 amI 2 arc Hhown ill FigH. 5.25( b) and 5.25(c) . 

5.2.4 Input and Ouput cell layouts 

T Il( ' illP ll t to the eirclli t rcql lires a cap acitively coupled different ial input signal; this 

is t ('ntlilll'1ted ou chip Wit'll 50n Hou-sili ic1ed poly resistors connected to a commou 

TIF gro lllld . T he H'Histors mc a t llaily dmwll as four lots of 200n resistors cOllnected 

ill pamllel (s(~c Fig. ,5.2G( b)). It is hoped t hat , a closer m atch to t he intended 50n 

t('rtllimll iOlls will be achicved by Hplittillg the resistors th is way. t hus reducing refl -' t ions 

ill the balall('('d keel. Cl l1Clmillilllisillg distort ioll of the illp Ll t sigllal (sinusoidal for testing.) 

Th(' TIF gro lllld is ill f;-1Ct a bias volt age derived llsing NMOS trallsistors connected as 

diodes f('d frolll ;-1 P lOS cascode ClllTClLt so ur e. A high resistance of 20kn connects the 

bins to t he ' (,OllllllOll res istor terlllilla is. tlt llS red ll cillg any addit ional cuneut flow out of 

tlt(, fecd . This bias voltl1ge is brollght Ollt to a wirebollCl pact. elLabliug th at point to be 

adj listed extem ally by 'ovcr-c1rivillg' th(' bias frolll a low r esistallce voltage omce (Fig. 

5.2Ci(n)). Lookillg at this blodc it is apPeu'cllt that allY power supply variations would 
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Cascodes 

(a) Source followe r (b) Bias block 1 (c) Bias block 2 

FIG URE 5.25 : Screen captures of miscellaneous layouts. 
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I 
Input termination 
(50 Ohm di fferential 
termination) 

ACgnd 
(set to I .B V 
internally) 
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(a) Balanced inpil L secL ion 

Resistor 

(b) 50n t erm inat ion res isto r· 

F IGURE 5 .26: Screen capture of the input section. 

\lot calise t hc bias voltage to fiuct llate accordingly, owing to the PMOS ClUTent sources . 

·With t i l(' help of s ubse t ion 5.l. 6, t he common inp1lt voltage of t he divider stack is kept 

relal"ivC' to gro lluci and so the div ide stack i really cu hioned on t he clock t ransistors 

rH t hc'r t han its cmrcnt source alone (auy part of the main divider stack sit ting above th ' 

<Im in t·cl"lliinals of the clock trausistors in that stack can move wit h variations on the 

ll pper powcr s llpply rail). Sillllliatiolls t hat varied the power supply showed no complete 

frtil llJ(' in opcratioll , bllt t]p desigll ltlay be changed so t hat it is relat iv' to Vdd ra ther 

than gro llll<l . his allows the illPll t bias stage to lllove with any power supply variat ions. 

T he ill !> ll t m od ulllS control seCll ill F ig. 5.27(a) is designed to be run from a 2.5V 

MOS signal so urce. The illPlLt is thell lev'l trallslated liP to a 600mV differ nt ial 

sigmd baht11("ed mO llllcI I!;lrt-:300111V to lliatclt th ' inp llt bias requirement of the embedded 

AND gatC' . where it is D cO llplecl to the lllod ltlllS control iUP lltS of t he second off-stack 

di vidc'r . The inpllt to the level translator is preccded by a two stage CMOS buffer. t hat 

gc'nNa tes the 11lOdltllls cont rol and it s olllplclllellt. T he delay in signals is i.rrelevant 

Lwcctl lsc' tllis illP ll t is Ho t tillle n itical. Ol1e o ltld evell say t hat t he inp ut buff r is 

irr<'ievHllt . HS otl(' i Ilj) ll t of the 10llg- tailed pair CUll be fixed to a bias voltage with the 

ot her bdllg drivell hare!. To lower the cl Y11ctlllic pow('r cOusulllption. tIllS wO llld probably 
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Input Buffer 

(a) Input modulus control 

CMOS Taperred 
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(pad Driver) 

(b) Tapered output bufrer 

FIG URE 5.27: Screen captures of various sections of the layout. 
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Vdd 

FICI'IlI': 'i,2i-\: SdH:lIlatic of tlH: level translator followed by a tapered buffer to drive 
the bc JIld pad awl additiollal load c(tpacitau(:e, 

b(! rCIl1ov(!d if i!l(:orporat(~d in a syt IH'sism' d(~sign, so that the low power CMOS modulus 

coutrol signal (frolll a lllOd I ilator) call be cOllpled directly to the translator, 

Tlw te'st dlip has been d(~sigll<~d wit h the intention of being wirebonclccl to a chip carrier 

rather tltall I)(~illg prob<'d, Tlw 01ltPlIt from the hrst off-stack divider is incapable of 

driving tit!' rdativdy large ('apaeitiv(~ loads semi 011 the 01ltput pin of a chip at high 

fwqll('llCi(~s, Tlwrdon~, tlw tap('n'd bllffer showll in Fig, S,27(b) has b(~ml added before 

a. win'boll< 1 pHd, ill order to chmg(' t hose' eHpHcit anc(~s ,1t high frcqllenci(~s, A :~-stagc 

])\Itf(~r is lIs<'d, ('omprisillg Cl\IOS illVC'rters which an' ('ascad(~d with each successive stage 

t Itr<~(~ t illl('S l<ll'g(~r ill act i V(' ,\1'(',1 t h,lIl t he pr('('(~dillg ow', Each stage has an :clppropriate 

width llid al lill(' to e'llSur(' that t h!' dywulli(' elllTcllt dol'S not cxce(~d tlw C:1l1Tt~nt density 

mpability of the' mdal ill('OlllH'ctS, A kvd tnlllsiator is plac:(~d bdow the bllffer. trans­

forlllillg t 1lC' ditfe'n'llt ial Oil t [>11 t from til<' hrst off-st aek divid(~r into a CMOS cOlllpatible 

singl('-<'Ildc'd sigllal (Fig, !i,2N), A llC'gatiVC' f('('dlm('k inpllt stag(' coupics its 01ltPllt to 

tlt(' illPllt of til(' tap('n'd blt1-[,('[', millilllisillg the' swing l'(~qllil'('d by the lc~vd translator. 

and givillg all appar('nt boost ill p(~rfonllall<'(', Pl\IOS c:asc:od('s have be(~ll llsed in the 

translator to low('r th(' voltag(' S(~('1l ,((:ross til<' drain-sollIce t('rminals of the hnal NMOS 

a('tiv(' load, Th(' bins volt age's to t hos(' ('nscod('s ar(' t ak(,l1 frolll t hos(~ gClwrated by bias 

block 2. lIlakillg t hl' i>insillg silllpll'l'. 

Tlw I:tst illl[>lll'\;lllt IllIit is tlH' I:tY(}llt of th(' IWlst('r ('lllT(,llt S0111,(,(~ pict1ll'C'd ill Fig, 

!l,27('), (,;\.o.;('()de' ('lltT('lIt S()I![,('('S are' ('Ollll(,(,t('d ]H'tW('('1l t;/d alld grolllld awl an' siz('d 

a('cordillg t() t 1[(' ('lItT('llt d('llsit,\' awl illPllt ('lllT('llt, TIl<' two Hontillg Ilodes ill th(' ('111'1'('llt 
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source are brought out to a pair of pads so as to allow a variable resistor to set the rna ter 

current externally. 

The wirebond pads used in t he chip have a passivation cut that is 123f-LIIl x 123f-Lm and 

have a nominal pitch (distance between centres) of 200f-Lm to ease the bonding. Only 

the last layer of meta.l (metal 4) xists, with nothing below it. Protection against elec­

trostatic discharge (ESD ) is solved using Honeywell proprietry diodes close to t h bond 

pads. They consist of p-type regions inside n-type 'donuts ', interconne ted with metal 

FIG RG 5.29: Layout of thc tinal tcst cllip . 
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lines to lwavily doped ohmic cOlltacts. Each protl~ctioll circuit consists of :)2 diodes (2 

lots of lk) bctwr~cn two power rails. awl this r~llSl\l'r~S a better clalllpillg characteristic. 

The drawback is the revr~rsr' bias dr~pktion capacitall(;(~ which, coupled with any series 

resistance. can sr~verr:ly rr~d1lcr~ t he perfonllallcl~ of thl' cOllncctcd circuit block. Pads 

withollt tillw-critical inpllts have had tlws(~ diodes plac(~d betwcell :).:)V and grollnd. 

The signal COlllWcts to t lw lllidpoint. (~xcept for t hl~ C\llTI~llt sourcI~ which has one pad 

COIlIlect(~d to tlw midpoillt of t lw diodl's br~tW(~I~ll G.I V and 1. 7V. The CMOS output has 

been sim1\lat(~d with modds of tlwsc diodes (not I~xtracted) and the results have shown 

ncglibl<~ att(:Il1lat iOll wit h the dividl'r 1'1 lllllillg 011 a G. GG Hz illput signal. The diodes on 

tlw CMOS s(dion of tlw t(~st chip arr~ pla(:(~d bchwr:n 2.GV alld grollnd. However, the 

balanced inpllts to t he divider lmv(~ had their OWll diodes constructed owillg to the high 

frc(!1ww:y llat 1\W of tlwsr' pads. IJ-);Je m NMOS diodes have becll laid out to provide a 
. "")I}rn 

'weak' ESD protr~r:t ion. As t h(~s(~ d(~signs an: not cOlllllH:n:ial grade designs, only protec-

tion agaillst br~llch discharg('s is n:qllin~d. wit hOllt illlpedillg the input signal. The diodes 

arc scri(~s cOlllwctr~d lwtw(~(~n :~.:)V alld grollnd. It nlllst be stressed that no hlllnan body 

or machiw' modds w(~n: 1Isl'd in t lw Sillllliatioll of tlwsI~ diodes. Incidentally, the voltages 

G.I V, :~.:)V awl 1. 7V an~ all gl~ll(~ratcd off-chip awl are ollly there for the purposes of 

thc~se ESD diod(~s. 

The fillal fl~at ul'(~ of t he dl~sigll is the cont act ring. The handle wafer has a contact made 

to it through t he h1ll'il~d oxide. allowing dectrical connect ion on the surface of the chip. 

This fl~atun~ is tlWl'(~ to allow on-chip lllodulation of tlw substrate bias if needed. For 

this desigll. a pad is cOllllCi'tc'd to t lw ring awl is shorted to grollnd exterllally. 

Tlw fioOl'plall of the proposl'd tl~St chip is shown in Fig. 0.29. detailing the placement 

and 1'0 II t ing of t hi' IWI('l'OS discuss(~cl. Unlike st allclard cell place and route designs, 

compkllwlltary l\IOS trmlsistors arc actually distrilmtcd around the layout with power 

routc~d (k(~p illto t lw core. rat her t hall .i ust lying on t lw top and bottom edges. To 

minimisl' dock ski'w alld ov(~rall dday. signal lines have been kept short bd\veen blocks. 

whilst ('olltrollilws to the' pll(\sl~ sd<~ctor 1'\1n thol'llgh the C:I~ntl'(~ of the con~. Tlw cascode 

voltagl's and powl~r rout illg haVi' 1)('1'11 rout I'd lllOSt lyon t he outside of the blocks. where 

parasitic c'apal'itaw:(~ to thl' hac'k substrate is elllployed to provide SOlllC additional de­

cOllplillg. 

TIl!' pild rillg cOllsists of L~ win'howl pads. hilt with th(' ('or(' not sitting in th(' centre 

of this rillg. TIl!' ldt ('dg(' of t he' ('hip is kl'pt dosl' to t hI' (,OlT lW(,<llls(' this is t he sid(~ Oil 

which till' d itf('l'C'llt iill dock signills ('lltIT. lllillilllisillg t hc' kllgt hs of t h('sc' lill<~s. Th(:se 

dock iilH's ill'!' niso shidd('d \vith grolllld Pilds Oil <';I('h sidc' of th(' pHil'. Thl' foulldry 

hm.; also otf('l'('d probl' pads I'm til(' d('sigll. hilt C'X]HTil'W'C' has shown those pads to \)(' 

too slll,dl (for till' pr()billg ltladlilll' ilt S()1lthalllpton). with thc' bondwirl' llletal ('outact 
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engulfing the whole passivation cut. l\linimum separation between pads has also b('('n 

avoided to reduce the chance of shorted bondwires. 

Prior to taping out the design, a fill metal pattern is added to the design on t he first 

tlu'ee metal layers; this is to give a better uniformity after a chemical mechanical polish 

of a dielectric layer. Thc pattern is drawn in blank areas of the design which rais(~s t hc 

interlayer dielectric (ILD) so that the final surface is mOl"(' planar than a surfacc wit hout 

such a feature. The option exists to let thc desigllt'r add patterns to sf'nsitiv(' areas so 

as to deter the automatic 'filler' from interfering with the SIllTollllding spac('. Fillml'tal 

patterns in fact enhance coupling capacitanc('s ami therefore crosstalk bctwc('n rapidly 

changing signal lines. The fill metal pattern can 1w grounded. lmt this t hcn increascs 

the capacitance to grollnci which is detrimental to t he speed of the cirCllit. Inst('ad. a 

conscientious decision has been made to leave the pattern electrically 'fioat ing·. as it 

is hoped noise will couple to the signal lilH'S in phase, If this is so. the conllllOll-mode 

rej ection inherent in different ial SCL designs should tackle t his pro blcm of crosst alk. 

5.3 Simulations 

All simulations have been carried out using the SIMdrix circuit simulator. togd her 

with the 'Southampton Thermal Analoguc' (STAG) lllOdd. The model parallld('l"s are 

a set extracted fi:om O,:)fiflm PDSOI (NMOS and Pl\IOS) meaSlU'cmcnt data provid(~d 

by Honeywell Corp, USA. 

Figures 5.30, 5.:)1 and 5.:)2 show th(~ outputs at all divide stages as well ali showing 

the phase selector control inpllts, The tn-Ices labclled . : f - : nf' correspond to t 1[(' divid(~ 

by G4/G5 output. These simulations an' all taken bdol"(' layout and hence cxclud(' any 

details of layout parasitics. 

Though not explicitly shown in this thesis, jitter in t lw n~gion of 1 tX of OlW do('k eyel('. 

either side of the Gfi ratio, is prescnt. This error becollws appan~nt when mCaSIll'<'nwlIts 

arc performed on one output cycle, Taking a look at tlw av(~rag(~ division ratio. a diti'('n'nt 

picture elllerges that questions this divid(~r's performance at tlw d(~dan~d fn'qll<'IHY 

The average ratio is obtained with t he us(~ of 2· P cons(~cutiv(' 01ltP1lt cycl(~s (wlwn~ 

P E Z ~ 1). If P= L the following eq1lation COltlPllt<~S t he av('rag(~ division ratio OWl' 

two output cycles: 

l
··· t' fin·(T,m/(2,1'-J) + T,JII/(2.1')J 

( t {' Ui /.Ii'll](/, . W = -------'-------'----'------'--
2 

\Yllen computed this way. tlw division ratio ('OllH'S Ollt as (is, T)l<' pWll)('1JI is t 110IIgltt 
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Chapter 5 Dual-modull1s 64/65 divider ill O.J5JLlll SOl OlIOS 1;j1 

to lie with the dummy load sitting on the spare phase selector outputs. The dimensions of 

the transistors are chosen to emulate those in the synchronous divider but. unfortunately. 

the simulations seem to point to a mismatch on the outputs of the phase selector. 

Figures .5.:33(a) and .5.:3:Hb) arc induded to show how a divide-by-2 stage fails when 

operated at speeds beyond its capability. As one looks through the figm('s. it is ('yidellt 

the first divide-by-2 stage canllot toggle fast cllough. with the I'IGRz simulatioll show­

ing unsynchronised oscillation (as a rcsult of incomplete' toggling). vVith the output 

swing of the first divide-by-2 stage being insuffici('nt to drive the clock input of the llext 

stage, the oscillation seen at the output of the second dividc-by-2 stagc is likely to be' 

its self-oscillating frequency. which incidentally looks noisy. Any improvemcnts wit h the 

intention to upgrade its speed require a thorough analysis of the output and intel'llal 

nodes associated with this divide-by-2 stage. Also. one necds to examinc the f('('dback 

loop when increasing the speed to cnsme that t he control signals reach thc phase selector 

at the right instances. 

Lastly, this design has been sinl1llated to deduce its illllllunity to proccss awl el('ctrical 

variations; Table .5.1 shows the results from t lwsc tcsts. Although an obs(~rvant reader 

I Test I Tol()rance Bouwis I I Result 

Temperature 
-lOoC Passed at ;jGRz 
+7{)OC Pass(~d at GGRz 

Power Supply 
(UN awl Cl\lOS 2.GV +10';{ Pass(~d at GGRz 
(j)N and Cl\lOS 2.GV -W';{ Passed at GGRz 

Thn)shold Voltage 

VTI' +7GmV = -O.71V Pass(~d at GGRz 
VTI' -7GmV = -{).l'IfiV Passed at GG Rz 

VTN +7GmV = ().G~)v Pass(~d at. GGRz 
YI'N -7GmV = O.4GV Passed at GGHz 

Cmwnt Variation 
1mA + W';{ Pass<'d at GGHz 
1mA -W';{ Passc'd at GGHz 

TABLE G.l: TaLk~ showiug the resllits frolll the: tests uu cic,drical aud process variatioll. 

may noticc the discrepancy Iwtwc~cn tlw quotcd sl)('c'd awl intc,wlc'd spc~c~d of tlH' dividc'l'. 

it must be stated that t lwsc, tc,sts werc carried out to check t lw roiJustncss of t 1)(' dividc'!'. 

By varyillg the paramC't.ers list<,d ill thc' tahlc'. all idc'a is giVC'1l as to whdllC'r t 1[(' cksigll 

will fail due to its scnsitivity to variatiolls ill thosc' panlllwtc'rs. Havillg <Ill O]H')'Ht iOIl;t1 

divider that doesn't rc~quirc' such strillg(,llt op('ratillg cOllditiolls r('ducc's tlw dC'III<llld Oil 

t he test setup. 
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Chapter 5 Dual-modulus 64/ 65 divider in O.35p,m SOl CMOS 
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F ICLJ RE .') .:3:3: Silllula tion resul ts of the 64/ 65 dual modulus divider, showing the output 
f t he fi rst divide by 2 stage in the divid e stack with diii'erent input frequencies . 

III the cll tal-ll LOcl ldus divider design , t he t es t chip layout has been accomplished wi th 

nelc'llc("S V'iTt'!iO,9() tool (ill -luclillg design rilles) whereas simulation jobs have been 1'e­

so lvc'ci Ilsing t h(' P based SPICE simulator , SIMetTi:r [14] . After the layout has passed 

a ll ci e'sigll nll('s . the extractioll tool alollg with all extraction file . works on the design 

to prodllc(' (\, text descrip t ioll (lle tlist ) of the design. with or wit hout p ara itics . This 

lle'tlis t llllISt. [)(' r('writ tell so as to be cOlllpa tible with the PC ba::;ed silllulator before it 

call be' refcorCllccd by ct to p level schelllatic that illcorporat es siglla l SO Ul'ces and decou­

pli llg capacit ors. ufor t lll lH,tciy. let layrmt-veTs'us-schemat'ic (LVS) check is not p erformed 

('xpli(' i t ly, allel is illst('ctd (tCC'Olllplishecl USillg SIMetr"i:!; 's [14] electrical rule checker as well 

as I)('rfol'l llillg a fllllct iollal sillllllat iou (on extracted lletlist wit hout p ara it ic illfol'Illa­

Lio u) that sholdcl bc' iclC'llt ical to the' origillal schelllatic. Ollce this has beell verified. 

t h(' layollt ll ll ist bc' ext racted a.gain to illclild ' p arasitic inform ation not included in the 

origiwtl Scl lC'llHttic. silllillat ioll aft er this s tage call illilstrate the effects of para itic 

d 'lllC'llts otl p('rfOrtl UUlC(,. It ll Ulst be stated . howev('r. that the cxtractioll file containing 
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device ident ification rules , has become primitive compared to the version used by t he 

foundry. T he author has had to remove the calculation of fr inging capacitance as oci­

ated with interconnect lines due to anomalous capacitances. Regardles of thi fact , it i 

thought that some parasit ic calculated capacit ances may be duplicates of tho e present 

in t he MOS models , giving a net list t hat is undermining the true performance of the 

fabricated device. This file would need fmther work and assistance with the help of 

foundry layout examples . 

The t races shown in Fig. 5.34, focus on the output of the dual-modulus divider WhCll 

dividing by 64 and then 65. Figm e 5.35 capt ures the whole simulatioll together with 

t he correct t imed control inputs to the phase selector. 
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5.3.1 Self-heating 

All sirIlltlation results, have: b(:cn g;cllcratul from schematics that use MOS models with 

their 8e~f~/w(J,tin.'J cod(: a<:tivah:d. This is all cxtn:lll<:ly useful cornponent of the modeL 

allowing a d(:signcr to characterise their circuit andlllodd the designj ust that little closer 

to reality. Althoug;h not illciwl(:d as a fig;me or tabulatc(L the dual-modulus output was 

seem to ilIlprov(: wlwll t his feat lin: was deactivat(:d. n:slllt ing; in a slightly better accmacy 

of the divide: by (j,r; op(:rati()ll. All transistor,'-; had 8elf~'/J~l1.tin.r; turned on except for the 

fioating; body devic(:s pn:S(:llt ill t he: first two divide: st ag;('s located at the bottom of 

the divide: stack. This is IWCCiIlS(: silll1liatiolls fail<:d to conv(:rg;c whell calclliatillg a DC 

operat illg poillt. Alt hOllgh the ::;TAG wodel had b(:('ll sill11l1ated with t he sdi~heatillg 

cOrnpOIl('llt. tlw modd stillla('k(:d robIIStW:SS (at that tilllc) when silllulated in devices 

with fioatillg; I)()di(:s. cSIH'cially ill a circllit with a larg;e nlllllber of circuit Hodes. One 

arguIIwllt. illsistillg; Oll its iw:lIlSioll. is that tIl(' trallsistors with fioating-bodies happell 

to swi teh t 11<: larg;(:st alllO llllts of <:111TCllt. The ot 11<:r sic k tot his arg;lUllellt is that 

then: sholiid 1)(: a SYllllll('t rical WHvd"orlll ill the switchillg trallsistor's drain current. 

TIl<: fre([II('w:y of op(:ratioll is lliliell g;rcat<T t h,m that associated with the therlllal tillle 

COllstallts of til<' ~I()::;FETs. Had this b(:ml a hig;h fr('(!1l('uc:y divider based on a CMOS 

topolol-',Y. t h(,1l cmn:llt wOlild ollly 1)(' colldlld(:d dlll'ing; the transitiolls (ignorillg lcakag;e) 

and the: local tClllp(~ratm(' of the: d('vices wOllld rise: to all (~qllilibrillln. as th(-:re are more 

transit iOllS p(~r Illtit tilll<' W 11<:11 til(' divider is drivell wit h a very high freq1lf'ncy input. 

Ow: WOI dd (:XI)('ct the aV('["(II-',(' t('lllpcrat Iln: to Iw low ill t 1[(: casc of a low freqllellcy inpnt 

h(~ca1ls(' t h('n' would 1)(' a<l(:([lla t(' t illH' d milll-', llO ClllTellt cOlldw:t iOllS. for the heat to 

dissipat('. How('V<'r. ill til<' ('as(' of om static SCL divid(:r. the switching; transistors can 

1)(: 'off' for ('([1l<Llly lonl-', as tlwlIl h(:illl-', ·on·. The transistors l"lllllliug at a lower fi .. eqllency 

hil-',lwr IIp ill tIl!' divid('r si<wk. <He' ill fact COlldlletilll-', lll1lch kss cmrent than the fioating 

hody d<'\'ic('s ll!'ar tIl(' illPllt awlll!'w'(' shoilid not 1)(: sllsccptible to self-heating effects. 

By this ["('asOllilll-',. it is illlpli('d t ha t t lw low('r fr('([ IW1H'y divi<i('rs rlllllling oif the lllaill 

<iivi<i('r stack (In' VllhH'nthl(: to sdf-lH'atillg; df(TtS. as is tll<: bias network tho1lg;h this 

plWUOlll!'lla has llot he(:ll chnrad(:ris('d. EV(:l1 wit h SYlllllH~trical cycles. there lIl1lSt exist 

a llwchallislll hy which to n'lllOV(' Hlly local IH'at g;(:w:rah:d beca1lse the bnricd oxide 

iay(:r (llld h('ld oxid(' n'l-',iolls will ,let as th('rltlHl illSlliatorS. Fmther details. along with 

all (~xpl<tllati()ll of tll!'rlwti n'sist;\ll('('S alld capaC'itcul('('S CHll be f01lnd in [~l [:~l. 

5.4 Measurements 

TIl(: d('sil-',ll. ill its OWll pHd rilll-', illcllldillg inpilt biHs and olltPllt b1lffer. was placed ills ide 

:t21111tl x :htllll Hn'H of fn'(' silicOll. A clos('llp of the fabricated dcsig;n is ShOWll in Fig. 

ij,;Hi. It was n';tiis('d Hft('r til!' r<'('('ipt of the dice thHt the design was placed illcolTectly 

ill the spa('(' Hll()('at('d, for whi('h til!' Hilthor ,l('('epts respollsibility. Tlw problelll is that 
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FIGL"RE 5.35: Screen capture of a post -layout 5.5GHz simulation with parasit ics. 
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t he high frequency inputs to t he chip should have been p laced as close to t he saw plane 

a.<; possible. This results in a lower bondwire inductance, leading to Ie s input power 

being wasted in t he form of reflected power . 

In order to test t he IC, each individual die must be mounted ont o a separat e subst rate, 

upon which lie several dis Tete components and t he connectors for powering and biasing 

the IC, as well as applying and retrieving signals. With the high frequency inputs 

F ICURI~ 5.3G: P hoto of divider die. 

sllP1>li<'d frolll H. high freqllC' 11(,y 8011r('e (wi th the lise of Cl hybrid co upler ). lllCltchiug is 

also H'(lILi.red i ll order to deUvcr as lIluch of the som c-' power to the .son terminations 0 11-

chip as [Jossi ble; h('11(,(' t ile lllot ivat ion behind trauslllis8ion liues (on the test substrate) 

awl t h('ir <lesig11 . T hl' dl'sig11 of thl' bomcl . together with the j ustificatioll behiud SOllle of 



Chapter 5 Dual-lTIodulus 64/ 65 divider in O.35f.LlTI SOl CMOS 157 

the decisions made, as included in Appendix A. Once the die has been mounted into its 

correct position , gold wil:ebonds connect the bond pad on the chip to the gold landing 

sites on the alumina tile. DC supplies and testpoints are connected using on board SMC 

connectors. 

HP8341 B (1 OMHz-
20GHz) synthesised 
sweeper 

500hm 
terminaUon 

CUrrent bias measured using: 
ISO-Iech IOM 101 

Suppty voltage measured using: 

Anaren 
Hybrid 
1-2GHz 
2-4GHz 
4-8GHz 

Fluke 79 series multi meter. 

, / Power supply end de cables oml1tec from the I dlegram. 

SMA terminated cables: 
3 x 18GHz for the left hand side 
1x 1 GHz capable for the right hand side 

Oscillosoopel 
spectrum enstyserl 
frequency counter 

Spectrum Analyser. 
HP70000 system 
-70300A Tracking generator 

(20Hz-2.9GHz) 
-HP70310A Precision frequency 

roference 
·70902A IF section resolutJon 

bendwldth (1 OHz-300kHz) 
-70900A Local osdUetor 
-709D4A RF section 

(100Hz-2.9GHz) 
·HP70907 A Ext mixer Interlace 

FIG URE 5.37: Test arrangement for the frequency measurement of the SOl dual mod­
ulus divider. 

Initially, the DC condit ions were measured where possible. Measurelllents showed that . 

in all five boards constructed , with a 6.8V supply and a ImA nominal unent bias. the 

on-chip input common-mode bias was 1.8V, the bias voltage on the gate terminal of the 

current somce t ransistors close to the circuit ground was 1.3V, and the DC voltage at 

the outp ut of the divider was 1.2,sV (half way between the 2.,sV and OV rails). These 

values matched those extracted from simulation . Having the correct DC parallleters is 

crucial feedback for the STAG MOS model in tenus of its large. ignallllodellillg. 

In order to verify the operation of t he duallllod ulus divider. as w'll as obtaining a vallIe 

for the top input frequency, the setup shown in Fig. .5.37 was constru ted. Hep. a 

single-ended signal arrives at the input port (marked '6. ') to th o' hybrid coupler. This 

fom port device has an unus d port terminated with a 50Sl broadballcl loacl (port marked 

. E ') with the differential signals emerging from t he pair of . 3clB' ports. These cliffn­

ent ial siguals have a l10minal 7r rae! phase relatiouship between themselves as well as 

each having a power 3dB less than was delivered to the illPut port (ass ullling corn'ct 

matching) whilst driven with frequencies in the pass-baud of the coupler . High quality 

DC blocking capacitors are fix'd to the outputs of the coupler , e11smiug that 110 D 

ignal arrives at the inputs to the divid'r IC. which lllight otherwise upset th' ol1-chip 

bias. The loss in the test set up from the sigual source to the SMA COllll('ctors OIL the' 
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test board has been measured to be 4.5dB at 2GHz (1 x SMA RF cable, 1 x hybrid 

coupler, 1 x DC blocker and 1 x SMA RF cable). 

5.4.1 Division ratio evaluation 

The operation has been verified with the use of a spectrum analyser at the output of the 

divider. Obtaining the output frequency in this way is a lot easier than with a storage 

oscilloscope. The input frequency is simply read from the signal generator though it 

has been fed directly into a spectrum analyser to ensure its calibration. As described 

before, the output of the divider is a rail-to-rail 2.5V CMOS output and precautions 

have to be taken to ensure that no large signal, more importantly DC, arrives on the 

input port of the spectrum analyser. Hence, a broadband 20dB attenuator is placed 

between the output of the divider and the input to the spectrum analyser, and no DC 

blocker is required. In the following spectrum plots, only the fundamental signal has 

been captured, as the output is a square wave centered around a DC voltage. Note also 

that the die mounted onto the alumina tile marked 'Board #2' has been used for all the 

frequency characterisation. 

Figure 5.38 shows the plots for both division ratios, 64 and 65, when driven with a 3GHz 

input. A marker has been placed on the apex of the tone, with which the input frequency 

can be verified once multiplied by the correct division ratio. The test conditions have 

been included in the figure caption and this is quite rigid across all three boards tested. 

With the current bias set approximately to l.lmA, the current through the divider cir­

cuit including the translators and cascode biasing is calculated to be close to llmA 

(excluding the current through the current bias and the CMOS switching circuits). A 

mistake in the design of the testboard accounts for the omission of measurements for 

the die's current consumption. The VDD track on the board powers the regulators as 

well as the test die. In order to measure the current, the track leading to the supply pad 

of the divider would need to be broken and routed through a digital ammeter. Unlike 

traditional copper printed circuit boards, metallisation on an alumina tile is 'fused' into 

the ceramic, hence it cannot (theoretically) be removed using an abrasive method. 

Next, Fig. 5.39 captures the outputs of the divider, both divide-by-64 and divide-by-G5, 

when driven with a 3.2GI-Iz input signal. Again, the test conditions have been stated 

explicitly in the figure caption. The power supply and current bias had to be increased 

in order for the divider to toggle with the high input frequency. As the circuit is so 

large, it is hard to extract the root cause behind its inoperability at. frequencies higher 

than 3.1GHz under the same bias conditions llsed for the simulations. 011 t.his (Jcca.')iOll. 

the circuit is expected to draw 15mA from the supply rails. 
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MKR #1 FR 

-RB 13.3 kHz 10.3 kHz ST 300.0 msec 

(a) Divide by 64. 

-RB 10.0 kHz !flo0 kHz ST 300.0 msec 

(b) Divide by 65. 

FI<:uln: 5.:39: Plots showing t.he out.put. after dividing a 3.2GHz input (NOTE: a 
20dB i\t.t(~Il1H,tor is placed hefore arriving at the RF input of the spectrum analyser; 

Vrld=7.()UV, 11>;(1,' = 1.49mA, input trigger power=2.6dBm.) 
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z 
.RB 10.0 kHz VB 10.0 kHz ST 300.0 msec 

(a) Divide by 64. 

z 
-RB 10.0 kHz VB 10.0 kHz ST 300.0 msec 

(b) Divide by 65. 

FIGUR.E 5.40: Plots showing the output after dividing <:l 3.5GB" input (NOTE: a 
20dB attenuator is placed before a.rriviIlg a.t the RF illPut of the spectrulll allalyser: 

V dd=8.13V, Il!iQ8=2.13rnA, input trigger power=-4.25dBrn.) 
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The last pair of frequency plots is for a 3.5GHz input signal. The reader should take 

note of the approximate 20% increase in power supply voltage and the 100% increase in 

current bias stated in the figure caption. With these values, the circuit draws 21.4mA, 

assuming no strange effects with the current mirrors. This measurement in particular is 

testimony to the possibility of robust design in sub-micron SOl CMOS technology. 

The time domain plots in Fig. 5.41 have been captured using a digital storage scope 

(lGS/s bandwidth). Like the spectrum analyser plots, only the output after division­

by-64 or division-by-65 is on view. The intention was to capture the input and output 

waveforms on the same screen (or have the data points streamed to a file). Unfortu­

nately, this was hindered by the lack of a high bandwidth scope. The images in this 

figure show that the CMOS tapered buffer copes well with the sub-100MHz divider out­

puts swinging between OV and approximately 2.5V. 

5.4.2 Input sensitivity 

The input sensitivity plots have also been included in this chapter for different currents 

and supply voltages. Figure 5.42(a) captures the sensitivity for the 3 working boards. 

There is clearly a consistency upto 2.5GHz, after which boards #2 and #4 have differing 

sensitivities. The encouraging news is the trend and the frequency at which the higher 

sensitivity occurs matched well. Unfortunately, the results for board #5 end before 

reaching 3GHz, on the nominal supply voltage and current bias values. It is uncertain 

why this is the case, other than the re-attachment of bondwires which were damaged 

whilst constructing the test boards and different SMA connectors at the input to the 

board. 

Figure 5.42(b) examines the behaviour of the divider IC (in particular, that mounted 

on board #4) with varying supply voltages and current biases. With the current bias 

held to the value used in the simulation, the variation in voltage was not reflected in 

any sensitivity of the divider between 1.6GHz and 3GHz. At lower frequencies, the 

divider running under nominal conditions tends to have a slightly higher need for a 

larger input voltage, whilst the higher supply benefits the divider working beyond 3GHz. 

When the current is increa.':ied at higher supply voltages, the curves move further to the 

right, indicatillg a higher maximum frequency with a lower input power, at the expense 

of greater pmvcr consumption aIlCI lower sensitivity at lower frequencies. Although a 

higher opnatiIlg frequeIlcy is possible, more illPut power is needed at 3.0GHz for the 

divider to fUllctioll correctly compared to when the power consumption was lower. From 
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Input sensitivities of Dual modulus 64/65 divider ICs 
(Vdd=6.8V, Ibias=1 .15mA) 

1.0 1.5 2.0 2.5 3.0 3.5 

7.5 

5.5 

3.5 

E 
III 
~ 1.5 

-0.5 

-2.5 

-4.5 

Frequency (GHz) 

(a) [npli t sens it ivity fo r di frerent tes t board s. 

Input sensitivities on Board #4 

1.0 1.5 2.0 2.5 3.0 3.5 

Frequency (GHz) 

- Vdd=6 .8V, 
Ibias=1 .1 5mA 

- Vdd=7.4V, 
Ibias=1.15mA 

Vdd=7.95V, 
Ibias=1 .15mA 

- Vdd=7.95V, 
Ibias=1.5 mA 

- Vdd=7.95V, 
Ibias=1.95mA 

(1)) Ilip li l st' lis ili viLy ror 'Boa rd It4' with cl irrere ll L bias cond iLio ns . 

F ICl ' RE .') .42: Input sCllsit ivity of the SOl divider d sign. 
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this measurement, it is hard to ascertain where the minimum is, as the divider loses 

synchronicity with the input after 3.4GHz, for reasons unknown. The observant reader 

will recall that Fig. 5.40 shows one of the samples to function at 3.5GHz with increased 

supply voltage and current consumption, but this was achieved on a different die and 

board. That particular die and board was found to require a higher minimum input 

voltage in order to function correctly as shown in Fig. 5.42(a). 

Current Source 

3.00 

2.50 

2.00 
<' 
.§. 

1.50 

1.00 

0.50 

0.90 lAO 1.90 2.40 2.90 3.40 3.90 

Input frequency (GHz) 

(a) Current bias versus input frequency. 

Vblas1 

1.80 

1.70 

1.60 

~ 1.50 

1.40 

1.30 

1.20 
0.90 1.40 1.90 2.40 2.90 3.40 3.90 

Input frequency (GHz) 

(c) Bias voltage for the current source tran­
sistors versus input frequency. 

Supply to board 

9.00 

8.50 

8.00 

~ 
7.50 

7.00 

6.50 

0.90 1.40 1.90 2.40 2.90 3.40 3.90 

Input frequency (GHz) 

(b) Supply voltage versus input frequency. 

Input bias 

2.30 

2.20 

2.10 

~ 2.00 

1.90 

1.80 

1.70 

0.90 1.40 1.90 2.40 2.90 3.40 3.90 

Input frequency (GHz) 

(d) Input common-mode voltage versus in­
put frequency. (Note, this is an observation 
of how this parameter varies as a result of 
varying the power supply.) 

FIGURE 5.43: Graphs showing the trend of various parameters (required for correct 
operation) with increasing frequency. 

The graphs in Fig. 5.44 show the power at which the divider fails, and where it trigger:-;. 

In order to push the divider to function at a higher frequency than observed, the DC 

conditions need to be changed to values outside of those used during the :-;irnllJation. 
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Figures 5.43(a), 5.43(b), 5.43(c) and 5.43(d) illustrate how the bias current, supply volt­

age, voltage on current sink transistors and input common-mode voltage, respectively, 

need to be adjusted in order to obtain such operating frequencies. 

Input Trigger 

9.50 

6.50 

E 
III 3.50 ~ 

0.50 

-2.50 

0.90 1.40 1.90 2.40 2.90 3.40 3.90 

Input frequency (GHz) 

(a) Input trigger power (required to start 
the divider for correct operation, whilst 
ramping up this value) versus input fre­
quency. 

Input cutoff 

10.00 

7.00 

E 
4.00 

'" ~ 
1.00 

-2.00 

-5.00 

0.90 1.40 1.90 2.40 2.90 3.40 3.90 

Input frequency (GHz) 

(b) Power at which the divider fails 

(power is ramped down showing minimum 
power to sustain operation)versus input fre­
quency. 

FIGURE 5.44: Graphs showing the input 'startup' and 'stopping' conditions with in­
creasing frequency. 

For completeness, the input impedance for the test board has been characterised too. As 

Fig. 5.45 shows, the network analyser is characterised up to the end of the SMA input 

cables. Hence, the measured port impedance takes into account: the SMA connector, 

the interface between the needle of the connector and the silver palladium transmission 

line, the intended 50D transmission line, the interface between the gold and the silver 

palladium tracks the bondwire and any contact resistance at either end, the pad and 

ESD capacitance, and finally the 50D termination. After performing the calibration 

(using open, short and broadband 50D load standards), the impedance characteristic of 

each illPut port was captured from the Sl1 anel S22 data. 

Ideally, a .'l0D resistance should be seen with no reactive component. Hence, the power 

stated on the signal generator should be the power delivered at the 50D termination. 

Looking at these plots, mismatch from the SMA connectors onwards is clearly visible. 

The reactance swillgs between capacitive anel inductive behaviour within the frequency 

range] CHz to 5G Hz. The resistive component of the impedance falls short of 50n for 

frequencies lower thall ~~cnz. \Vith no simulation of the matching networks together 

with the pad capacitances and bondwire inductances (only calculations of some line 

paranH'tcrs llsillg eqllatiolls and j)llblic domain software mentioned in Appendix A). 
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HP 8753 Network Analyser 

HP 85074A S-Parameter 

B 
Port2 

A 

R 

RFOut 

Test Set Port1 

SMA terminated cables: 

Calibration plane. 

3 x 18GHz for the left hand side 
1x 1 GHz capable for the right hand side 

FIGURE 5.45 : Test arrangement for the input impedance measurement of t he SOl dual 
modulus divider and testboard. 
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poor mat ching between t he 50D feed h om the hybrid co upler and the inp llt ports of thc 

microstrips would go someway t o explaining th b haviom observed ill t hc reactallcc 

plots. 'Without 'Gwund-Signal-Signal-Gw und ' probes, it is hard to quantify how much 

of the mismatch is due to the input pansitics oll-chip alld how llluch is d \tc to thc desigll 

and manufacturing of the testboard . 

S ubcircuit 

Main divider Stack 
Off-stack dividc-by-2 stages 
SCL-CMOS lcvel-translator 
CMOS-SCL lllodulus control 
Bias lletworks for cas odes 
Master cmrcnt somc 
So urcc-followers 
COllUllOn-Irlode inp ut voltagc gcncrator 

Cm l"Cllt Ollsll lllptioll 

2mA 
3ltlA 
.50p,A 
2.50p,A 
L5lllA 
llllA 
:3.4lllA 
500p,A 

TABLE 5 .2: A breakd ow n of the static cllr rcnt consulllPtion ill t he key blocks 
(V Do=6.8V). 

Lastly. the desigll has bccll brokcn dowll into vario lls sc'ctioll with respect to CllITCllt 

consumption and has becn tabi llated in Table .5.2 . 
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(b) Port 2 resistance. 
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(ri) Port 2 readance. 

FI<:I'HI': G.4(i: Plots showillg illPut impedallce of the divider test board; V,1d=fi.82V, 
hi(J8=1,1~IllA. 

5.5 Discussion 

Tlw pl'l'violls s('dioll itHS prov(~d a llllllllwr of C011C(~pts with eXp(~rilllelltal data ill a high 

fwqw'lH'Y t('st set lip. A Ilew circlIit topology of the phase sciector. and a glitch-free 

cOlltroU('[' hav(' iW(,l1 S\!<'('('ssflllly d(,lllollstrat('(l. III addition, a process technology has 

bccll ('xploit('d to r<'d\j('(' pmwr ('Olls\ll11ptioll for a lmg(' s('di011 of the dividn dcsig11. 

Altho\lglt til(' POW('l' s\lpply of tit(' altalog\[(' s(~dio11S is at (j.KV, tlw afOl'l'lll('lltiolH'd 

desigll llils prm'('1l tlwt'(, to 1)(' Ill\\dl l'('<illlHiH11(,,Y ill H11 SeL illlpl('llH'lltHtioll. \\"ith it 
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being current-mode logic, we have done away with level shifters and even a level of 

transistors amongst each divider stage (current source). One should draw immediate 

attention to the low power usage (less than 14mW at 3GHz) within the main divider 

stack. When compared with the current consumption of the off-stack divide stages, the 

level of functionality running on 2mA is quite remarkable. Table 5.2 also reinforces the 

argument for stacking, when observing the current consumption of the level shifters, 

though their power consumption may be paJ'ed back by focusing attention on the design 

of each follower. 

Krishnapura [15] Craninckx [9] Lam& Wu [6] This work 

Modulus 220-224 128/129 2 64/65 
Vdd 2.2V 3V 3V 6.8V 
Current 26.8mA 8mA 0.8mA 1O.7mA 

(1 st div: 2.5mA 
2nd div: 1.5mA 
phase select: 2.5mA 
last div-by-32: 1.5mA) 

Max freq. 5.5GHz 1.75GHz 5.7GHz 3GHz 
Technology 0.25f-1m Bulk 0.7f-1m Bulk O.4f-1m SOS 0.35f-1m PDSOl 

CMOS CMOS CMOS CMOS 

TABLE 5.3: Comparison with other dividers. 

5.5.1 Comparison 

Clearly the design doesn't perform as well as some of the cited publications, with Table 

5.3 providing a sample of other dividers. However, owing to the rather basic design 

setup for SOl CMOS here at Southampton, one of the main aims was to get working 

silicon as well as a divider operating in the gigahertz region. The STAG MOS model 

has never been characterised for high frequency operation within a circuit. Although 

the DC aspects of the model seem to be correct, the> 40% reduction in top speed could 

be attributed to the lack of good high frequency modelling. 

The table only shows one publication [9] where the authors have divulged a breakdowll 

of the current consumed within some of the major blocks. Though their process was 

dimensionally larger, the reduction in current between the first and second divide stages 

falls short of a factor of 2. One reason explaining this is their choice of a large out­

put swing and the lack of a current source. The phase selector circuit also conSUTlJes 

a notable current. Their decision to use CMOS logic for the latter divide stages pa),s 

dividends with a reduction in power when one takes into account the fact that Uwy hav(~ 
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a division modulus 2 times higher than that reported for this chapter's design. 

The silicon-on-sapphire (SOS) design [6] has been measured to run with a higher input 

frequency. However, their design is merely a divide-by-2 circuit with no long feedback 

loop, thus allowing them to drop the current consumption whilst keeping the power 

supply the same. 

5.5.2 Analysis of issues for improvement 

The first issue to arise is the low number of body contacts per device. During layout, 

the importance of tying the periphery silicon around the active area was not appreciated 

nor was the concept of a complex RC network within the silicon film. With hindsight, 

the author acknowledges the need for using body-ties more extensively for the high fre­

quency portions of the design (all those divide stages operating up to say 200MHz). 

Whilst the footprint for each device would increase, the ability to remove and supply 

mobile carriers via this node is one that should not be compromised as would the re­

duction in parasitic resistance to the 'electrical' contact of this body node [4]. 

Other i:iources contributing to the lower observed top frequency are: mismatch and large 

attenuation in the transmission lines on the alumina test substrate, no negation of the 

reactive component of the input impedance, lack of decoupling on chip, and lack of ro­

bust high frequency ESD pads for the differential inputs. Prior to placing the design in 

its own pad ring, a conscious decision to wire bond the device was made and the author 

still maintains that, although probing the design with an RF probe station may have 

yielded better results, the cost of esse probes was and still is prohibitive (at the time 

of writing this text.) 

A major flaw in the layout, especially being a high performance design, is the lack of 

'current direction' matching in the transistors themselves. A redesign should consider 

having the current through any active area travel along the same vertical/horizontal 

line. Although it is unclear how much degradation there is due to the lack of systematic 

matching, better layout can only serve to rule out its contribution to deviation from the 

simulations. 

If a secoIld tape out was planned, then the current in some of the low speed sections 

could be reduced considerabl~', as the current budget is quite conservative. With the 

main stack operating on 2111A, it would not seem unreasonable having the bias network, 
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CMOS-to-SCL level translator, SCL-to-CMOS level translator plus two more divide-by-

2 stages consuming more than 2mA, giving a total current consumption of 4mA. 

Testing at high frequencies with low power levels compared with high power high fre­

quency design is relatively difficult. Factors such as skin effect, dielectric loss, poor­

grounding, and decoupling power supplies all need to be given careful consideration. 

Improvements are certainly needed in order for testing to be more effective. One such 

improvement is to have the constructed alumina board (minus the SIvIA connectors) 

fixed onto a mechanical substrate such as an aluminium block and held down by screws. 

The SMA connectors would be fixed to removeable metal pieces, allowing them to slide 

on and off the block. Contact from the centre of the connector to the high frequency 

transmission lines would be achieved by means of contact pressure. At gigahertz fre­

quencies, energy propagates to a greater extent by means of radiation and the E- and 

H-fields would couple to the transmission line. Soldering the needle to the tile doesn't 

achieve much in the way of energy coupling as skin effect dominates at these frequen­

cies with tin/lead sharing poor conductance at such frequencies. The test board would 

need a slight redesign in that some of the plated through vias on the DC connectors 

would have to be removed. Also, holes for the mounting screws would have to be placed. 

though this requires thought as they can reduce the effectiveness of the vacuum when 

fabricating the desired plated through vias. Provision for measuring the current through 

the die would also be an amendment to the current test board. 

Another worry with regard to testing is the relationship between bias current to the 

chip, power supply, and the input common-mode voltage. As this voltage is set by the 

current and/or power supply, any change in their values during testing also changes its 

value. However, during the layout phase, a conscious decision to override this voltage 

influenced a centre-tap between the AC ground at the 50D termination end, and the DC 

voltage set by the on-chip bias network consisting of MOS diodes, and this can be set 

using the 'overdrive' SMC connector on the alumina testboard. However, during mea­

surements, no change in its maximum operating frequency was observed. Figure 5.43(d) 

does appear to contradict that statement, but it must be stated that the common-lllode 

input voltage rises with frequency (after a 'knee' on the frequency axis) as a result of 

the power supply being increased. 

With there being a SCL-to-CMOS buffer between the output bond pad and the output 

of the core divider, any phase-noise measurements would mask the true performallce of 

the dual-modulus divider. A redesign of the test substrate should allow for a sccolld die 

to be placed (together with a high frequency ~ rad phase shifter), providing a lIlCallS for 

characterising this performance metric [19]. Such measurement could show the effect Oil 

the spectral purity of the divided output (if any). of the current bia.s resistor, and any 
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noise on the power supply. 

Although not apparent in this design, there exists a design flaw if this circuit were to be 

deployed within a programmable divider architecture. The problem centres around the 

embedded NAND gate in the divide-by-2 unit driven by the output of the dual-modulus 

divider. The problem is that when this gate stops being 'transparent' and instead blocks 

further outputs driving subsequent divide stages, its output forces the outputs of the 

divide-by-2 stage to assume a particular logic state, regardless of the state of the actual 

flip-flop upon which it sits. This means that, when the dual-modulus divider is set to 

divide-by-65, the chain functions as normal with the state machine running through the 

phase selector sequences as normal. However, as soon as the modulus control line is 

toggled requesting divide-by-64, the second off-stack divider has its outputs overrun by 

the NAND gate. This asynchronous switching may cause the subsequent divide-by-2 

stage in the FSM to clock and toggle its outputs, forcing the next state to be activated 

prematurely. After this erroneous state, the dual-modulus divider then resumes normal 

operation, giving a divide-by-64 output. Unfortunately, in a programmable divider 

based on a dual-modulus divider, the dual-modulus divider drives other dividers and 

such spikes can cause them to toggle too, resulting in an erroneous division ratio in the 

overall programmable divider. To correct this, the NAND gate has to be removed and 

an actual D-latch must be placed before the second off-stack divider. The solution to 

this problem will be provided in chapter 7. 
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Chapter 6 

Modulo 2 frequency divider 

O.18J-Lffi bulk CMOS 

• In 

In this chapter, we present a divide-by-2 circuit capable of running with an input fre­

quency higher than 12GHz. The circuit has been designed and fabricated in a Philips 

O.lStLm bulk CMOS process, regarded as a process predominantly for digital designs. 

This work is aimed at an IEEES02.11a wireless LAN application whose channel frequen­

cies sit in the RF band between 5GHz and 6GHz. For a zero-IF receiver, there is a 

requirement for quadrature local oscillator inputs to a pair of mixers, and so the design 

is a divide-by-2 circuit with quadrature outputs driven with a 10GHz VCO. The design 

represents state-of-the-art performance at the time of the design work. 

The requirements in this radio design have been quadrature outputs as well as low 

loading on the output for the VCO. It is assumed that a differential output veo with 

a reasonably balanced duty cycle will be used to drive the circuit, resulting in good 

master-slave action. The divider will also lead to subsequent stages consuming less 

power. 

6.1 Circuit design 

The overall circuit architecture for the final divide-by-2 quadrature generator is given 

in Fig. 6.1. A breakdown of the circuit, as well as the choices made in its design, is 

presented below. 

175 
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6.1.1 Divide-by-2 

The basic cell is still the SCL topology used in the previous chapter. The D-Iatch accepts 

a differential input directly coupled from a lOGHz VCO with no bias adjustment. The 

output specification of this cell is dictated by the LNA-mixer-Iow frequency amplifier 

chain, 3..'3 well as the need to drive another programmable divider, all at 5GHz. 

The schematic shown in Fig. 6.2 is the basic cell in this divider. In this bulk design, the 

current source has been omitted in this schematic and is added in an upper level of the 

design hierarchy. An explanation into its operation is avoided here, as its operation has 

been discussed at length in a previous chapter. 

With the bulk technology, there is a subtle but important design change in the appear­

ance of the schematic. With the local isolation of the PDSOI transistors unavailable, all 

body connections on every NMOS transistor are now connected to the same potential, 

which in our case is the circuit ground. The body effect must now be taken into account 

during hand calculations and simulation, especially in our chosen circuit topology. 
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FIGURE 6.2: Schematic of the D-Latch macro circuit. 
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nclk 

The divider as a whole is driven by a veo with a signal swing of 700m Vpp around 

a very stable 900mV common-mode voltage (with no load), between the frequencies of 

lOGHz and 10.9GHz. At the output of the whole divider, iterations of noise simulations 

of the whole receiver chain have yielded the requirement of a 700m Vpp signal (or higher) 

around a 1.2V common-mode voltage, justified by the mixer specifications [5]. A number 

of design and simulation iterations have been performed in order to achieve the desired 

result. Each output of the veo is loaded with two 40fLm wide transistors and together 

with the output resistance of the yeO, generates a pole lower than the lOGHz. 

The whole divider circuit is illustrated in Fig. 6.1 and the first observatioll is the ah­

sence of an active current source. Again, simulations showed the unit to achieve the 

desired operation using a very low ohmic resistor a.s a current sink. The DC voltage 

at the source terminal of the clock difFerential pair has dictated the choice of resistor. 

Being only 7.50., it is feasible to do away with the resistor and have the clock trawiistors 

sitting directly on the ground terminal. For this circuit to work, a large signal swing is 
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called for, which is not really a problem for the VCO as it has been optimised for low 

phase noise operation. The choice behind the passive current source is one of contention, 

being so low in resistance and having a large gate overdrive associated with the clock 

transistors. With the input voltage 'spilling over' on to the current source, there can be 

considerable modulation of the supposed DC current, yielding a lOGHz harmonic in the 

output. 

A second observation, and cause for concern, will be the lack of symmetry between the 

transistors in the latch pair and the sense pair. With such differences, a different current 

will exist when switching between the pairs. If one recalls, each SCL latch in a master­

slave flip-flop toggles (in an opposite fashion) between the latch and the sense transistor 

pairs. Therefore, when the master latch pair is active, so to is the slave sense pair. The 

output of each latch sees the capacitance of the drain nodes of both pairs as well as the 

gate capacitance of the sense pair in the master/slave latch. At high frequencies, the 

output of the divide-by-2 circuit must toggle quickly by way of a trans conductor with 

a high current drive, necessitating high aspect ratio transistors in the sense pair (can 

also increase the bias current, but it must be noted that the metal lines carrying the 

current is usually widened to mitigate the effects of electromigration). The latch pair, 

however, already has its inputs and outputs ready and, when 'energised,' the positive 

feedback of the pair drives the inputs apart. This implies that lower aspect ratio devices 

can be employed, resulting in lower capacitance on the output nodes of the divide-by-2 

cell. From a divider point of view, this is not an issue provided that division is sus­

tained. However, being a quadrature generator, quadrature mismatch is an issue with 

this changing shift in output voltage during a stable voltage. The divider was found 

to oscillate with a higher input frequency and extended swing when the capacitance on 

the drain terminals of the sense pair was minimised. The dimensions of the sense pair 

transistors remain as they arc because of their current drive during transition. Although 

gate folding was used (where a 'wide' polysilicon gate is divided into an even number 

of parallel connected gates in order to lower gate resistance and halve the capacitance 

on the drain terminal), it was still not enough to have the latch pair transistors the 

same size as the sense pair. If run with a lower input frequency, switching between the 

sense and the latch pair will result in a distinct 'step' during the latch phase of the 

D-type flip-flop. Another argument for folding the gate is the reduction in thermal noise 

attributed to the gate resistance, with considerable effort spent refining MOS models to 

account for this behaviour. 

Remaiuing Oil the subject of folding (though not strictly 'folding'), the clock transistor 

pair ill Fig. 6.2 have had their gate widths divided explicitly amongst a pair of equal 

transist.ors, in oreler to facilit.ate LVS during physical verification. These transistors, as 

will b(' sppn in the layout section, are split up for symmetry purposes. 



Cbapter 6 Modulo 2 frequency divider in O.18J.Ll11 bulk CMOS 179 

Simple poly resistors were used for loads in the D-latch circuits. Obviously, when com­

pared with active loads such as PMOS transistors, they can possess a great deal of 

silicon area. However, over a large signal swing, their linearity is better than that of a 

triode-operating PMOS. Another problem is the poor transconductance of the PMOS, 

thus yielding a larger device and more capacitance on the output node of the divider. 

One problem with the resistors in terms of noise simulation is the lack of noise models for 

this particular device. Superior noise models exist for r:V10S transistors for integration 

(taking into account the polysilicon metal and the gate resistance associated with it) 

but sadly, in the case of polysilicon resistors, only the classical small-signal noise model 

is used, without taking into account the parasitic and intrinsic effects (such as parasitic 

capacitance from the gate metal to RF ground) associated with the polysilicon itself. 

An alternative when using PMOS transistors as loads, is to resonate out the capacitance 

on the output node using an inductor tuned to the centre frequency of interest. The 

obvious penalty here is larger area and the need for a good scalable inductor model. 

The output DC level in this circuit is crucial, with the aim to directly drive the mixers 

without any external level shifting. The large DC excursion from the power supply rail 

is the first challenge with this circuit. The output specifications required by the mixer 

stage require that the quadrature generator drop the DC level to O.6V below the power 

supply rail. When operating the divider at a frequency below the dominant pole of 

the system, the result would be a swing that is twice as large as the drop in output 

common-mode voltage from the upper rail. With a 1.8V supply, this swing would be 

1.2V and hence would thus force many of the transistors into their triode regions, thereby 

reducing speed. With the presented design, the current is never really switched through 

one transistor of a differential pair. Instead, there is a reduction in current in one half 

of the pair as current increases in the other. With the requirement for a 700111Vpp 

swing, there is still 850m V left across the remaining transistors, when the uppermost 

transistor is conducting. Trying to push bulk CMOS to such limits is partly the reason 

behind a purely resistive current source as discussed earlier. The value of this output 

common-mode is set using half the peak current (which is the bias current through each 

latch) multiplied by the chosen load resistor. 

6.1.2 Test buffer 

For measurement purposes, buffers are required to provide a means to drive loads present 

on the output of the divider. The inpnt buffer presents a 50D load to the meaSllfCIfwnt 

equipment and the benefits of this are the calibration standard and power matching. 

Adhering to a 50D standard from the high frequency signal source to the load allows t.b(~ 
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determination of the voltage arriving at the inputs to the die. Without such a match, 

one is left with the dilemma of not knowing how much signal power is reflected back to 

the source. 

The input buffer shown in Fig. 6.3(a) is a very simple differential driver and has 200D 

load converting the differential current into a voltage. This circuit has been designed for 

use in the stand-alone divider circuit with no intention for it to be driven by any circuit 

on the same die. Hence the NMOS transistors had quite an open specification in terms 

of the input capacitance as it was driven by an external source. However, this can only 

be abused to a certain point as the drain capacitance of the transistors can affect their 

AC performance. With the 200D resistor, the need for a 900mV common-mode voltage 

arriving at the input terminals of the raw divider calls for a 9mA static current through 

this buffer cell, although simulations forced the current to be increased to 13mA in order 

to drive the output. It is acknowledged that the common-mode voltage at the output of 

this buffer will drop to between 500m V and 600m V, implying a drop of less than 150m V 

across the latch circuit's current source (gate voltage minus NMOS threshold voltage.) 

Though one may argue that thii:l is 'wasteful' designing, showing a functional divider 

with a low input common-mode voltage should demonstrate its ability to work with 

the direct input of the VCO clock. In order to drive the 50D output load, the output 
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(a) IOGHz buffer. (b) 5GHz buffer. 

FIGliRE 6.3: Schematics of buffers. 
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buffers had to be driven by a higher output common-mode voltage By having a lower 

common-mode input voltage at the divider clock inputs, the input bias to the buffers 

could be raised, albeit at the expense of a lower divider output swing. The purpose of 

the buffers to couple the divider inputs and outputs to the pads and outside source and 

load impedances. The primary aim of this tapeout (with regards to the diagnosing a 

fault in a chain of circuit blocks) is to show that the divider is functional with a 10GHz 

input, with the VCO-divide-by-2 combination being a more rigorous and meaningful test. 

Remaining on the topic of the input buffer, simulations showed that the input impedance 

would approach 500, with very little reactance by shunting a 500 resistor between the 

upper power rail and the input terminals of the buffer. However, this turns out to be 

a rather poor solution and will be commented upon in the 'Discussion' section of this 

chapter. 

In the case of the output buffer, it is required because the need to isolate the outputs 

of the divider from the contact pads. With the output still being in the GHz range, 

it is important to get as much of the output power to the spectrum analyser inputs as 

possible. Again, a 500 standard is used for the output impedance to match with the 

external cables, hybrid couplers, and so on. \Vithout this stage, the high speed divider 

would need to drive a very low impedance compared with its own load resistors and this 

would cause a disastrous imbalance in its operation. The schematic in Fig. 6.3(b) shows 

the identical arrangement as in the 10GHz case, but with the need to lessen the load 

capacitance on the output of the divider. As there is no current budget at this stage of 

the development of this IC, the output swing can be left to the designer's choice. With­

out thorough characterisation of the buffers themselves, it is hard to obtain values for 

the output voltage (at the output of the divide-by-2), especially without the matching 

load capacitances as have been planned for this divider. After simulation, the static 

current through each buffer is set at 14mA, requiring 15f-Lm width for each transistor in 

the differential pair in order to switch such a level of current. 

Owing to a tapeout deadline, the high frequency peripheral cells had to be designed 

heuristically. With more time, a more linear amplifier at both input and output should 

be made available to allow better extraction of the performance of the high speed divider 

circuit. 

6.1.3 veo and divide-by-2 combination 

\Vhile not by any means a commercial product, the 10GHz divider core has to l>e silll­

ulated with the VCO, in order to check the speed and tuning range of the combillation. 
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FIGURE 6.4: Schematic of the veo circuit used in the VeO-Divide-by-2 combination. 

The schematic of the yeO circuit is given in Fig. 6.4. Although the yeO has been 

designed with an estimate of the capacitance present on its outputs, the unit has to be 

coupled to the actual load in a simulation environment as the capacitances on certain 

nodes do not behave in a linear manner, with the large-signal output of the yeO driving 

the divider clock input transistors through more than one mode of operation. Due to 

the large gate width transistors on each output of the yeO, hand calculations based 

on model parameters estimate the nominal capacitance to be around 60fF on each load. 

With one design iteration involving the reduction of the fixed capacitance in the tank, 

the design was simulated to run at the appropriate centre frequency with an adequate 

tuning range. 

At this opportunity, the fixed capacitances connected to the output node of the veo 

deserve an explanation. Owing to the choice of varactor, the analogue tuning range 

of the veo was simulated to be insufficient to cover the required bandwidth at the 

intended centre frequency, without violating the phase noise requirements of the appli­

cation. Hence, a decision was made (by Philips engineers Nenad Pavlovic and Domine 

Leenaerts) to switch fixed capacitances onto- and off the load terminal of the yeO out­

put, thus changing the resonant frequency of the tank in discrete steps. As can be seen, 

a MOS device performs the role of the switch. The values of the capacitances increase 

geometrically, so that a digital signal can directly programme the load capacitance (from 

oe to 7C inclusive, where e is the 'unit' capa.cita.nce) without the need for some kind 

of thermometer decoding. 

Figure G.5( a) shows the arrangement of the cells constituting the second configuration 

of this chapt.er's core divider circuit. as taped out. For measurement purposes. 5GHz 
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buffers have been included on both outputs of the divider in order to drive the off-chip 

50[2 load. As before, only one output pair will be measured, but the divider still needs 

to see a balanced load on its outputs. 

As part of the integration, a 10GHz buffer was inserted between the VCO and the 

quadrature generator and is shown in Fig. 6.5(b). This buffer is exactly the same as that 

used at the input to the divide-by-2 cell, with the omission of the 50[2 shunts between 

their inputs and the upper power rail. The problem, however, is related to the critical 

design of the VCO and its centre frequency's dependence on the capacitance present 

(fixed or variable). A LC-tank based VCO running at high frequencies needs to have a 

low value for the capacitance and thus its operation can be very sensitive to parasitic 

capacitance especially when is comparable in magnitude to the desired capacitance. 

After simulating, it was shown that the tuning band had shifted above the IEEE802.11a 

frequency band (lower half). Though good news from the perspective of a publication, 

missing the specification is a problem for the project. 

6.1.4 Divide-by-2 used in a lOGHz OC-192 compliant PLL 

As well as the wireless LAN project, the divide-by-2 has also found its way into a PLL 

(also referred to as a 'clock multiplier unit' (CMU) in the context of this SONET­

compliant work) designed for optical networking applications. A block diagram of the 

transmitter-receiver is given in Fig. 6.6, with the low-jitter CMU, clocking the retimer 

block in the transmitter. Apart from the phase-frequency detector, most of the sub­

blocks within the CMU can be found in the receiver section, where the PLL is used as 

a clock and data recovery module. This work has been co-ordinated by Prof. Bram 

Nauta at University of Twente, together with the foundry and design help Dr. Domine 

Leenaerts, Nenad Pavlovic, and Cicero Vaucher at Philips Research NV, Eindhoven. 

The standard driving this design is an optical networking application with a need for an 

extremely low-jitter clock [4J. 

The highest speed sections of this chip (VCO and divide-by-2) were cells used from the 

previous section of this chapter, and hence the text below will concentrate on the rc­

mainder of the loop. 

The merits of this design, from an architectural point of view, lie in the implementatioll 

of the phase-frequency detector. By using the quadrature signals already present. from 

the divide-by-4 circuit (a pair of divide-by-2 circuits immediately after thc VCO showlJ 

in Fig. 6.7), it is shown that this implementation is faster than the traditional tri-stat(~ 
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FIGURE 6.6: Transmitter-receiver block diagram, used in SONET OC-192 applications. 

PFD as it doesn't use a feedback loop to reset any flip-flops asynchronously. The gain 

of the PD charge-pump combination does not drop significantly around zero radians 

of phase difference and therefore it doesn't suffer from a dead-zone problem. The duty 

cycle of both the Up and Down signals with respect to the charge-pump is 25% when the 

PLL is locked. The low spurious output is a result of the charge-pump loop filter design, 

with the PLL locking to a phase error of 0 rads and the charge-pump signals now cancel 

one another. The phase detector also has a stable gain around the lock point when a 

mismatch in the quadrature signals driving the detector is taken into account, even at 

the expense of a skewed lock range. With a correct quadrature coherency between the 

divided VCO phase detector inputs, the pull-in range is between -~rad and ~rad. 

The frequency detector also contributes to the low-noise performance of the circuit 

by signalling the charge-pump not to deliver current to the loop filter capacitor when 

in frequency lock. Before frequency lock, the phase difference between the reference 

input and the 'DivI' signal (refer to Figs. 6.7 and 6.8) varies almost linearly with 

time, implying that the average phase detector charge-pump current is the average of 

the PD/CP transfer curve. Ideally, this should be OA, hut is not so in practice, and 

integration of this current by the loop filter will callse the VCO output frequcJJ(:Y to 

drift away. The frequency detector, together with another charge-pmnp, deli vcrs a 

mean output current that is at least as high as the drift cnrrent mentioned prcviollsly 
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(this 'mean' charge-pump current is 50% if it maximum current owing to the 50% duty 

cycle of the frequency detector output). The MATLAB/Simulink simulation in Fig. 6.9 

shows this benefit from the addition of the frequency detector. 

The charge-pump circuit in Fig. 6.10 has been designed to respond to the 2.5GHz Up­

Down signals generated by the preceding detector. This immediately calls upon the use 

of NMOS transistors at the input of the pump. The resulting currents from the input 

stage are processed by current mirrors, and though the profile of the output signal is 

different from the input waveform, the total charge transferred to the output is accurate. 

In the case of the frequency detector charge-pump, two pull-up current sources (shown 

dashed in the figure) are there to switch off the output current when the PLL is in lock, 

tracking the input. 

The maximum output current delivered by the phase detector charge-pump was found 

to be 100p,A, close to the maximum switched by the phase-detector. The maximum 

output current of the frequency detector charge-pump was given as 40f.LA and is enough 

to guarantee correct locking. These values are obtained after simulation. 
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FIGURE 6.8: Implementation of the frequency detector functional block. 

The decision behind the high reference frequency was motivated by the need for a low 

frequency division ratio within the loop. This in turn was influenced by the following 

equation: 
1 47l"2 N 2 

LCF ="2. Si 12 
CF 

(6.1) 

This expression quantifies the phase-noise that is present on the output of the charge-

pump, where Si is the power sprectral density of the CP noise, N is the frequency divider 

ratio and 1CF is the current of the CP current sources. An assumption is made that 

the close-in phase noise of the clock multiplier unit would be dominated by this noise, 

which aids the calculation of the optimal loop bandwidth. When implementing theloop 

filter, the capacitors were dimensioned in order to keep the zero and pole sufficiently 

away from the loop bandwidth frequency. This prevents jitter peaking, as well as giving 

flexibility in the loop bandwidth by tuning the charge-pump current without risking an 
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FIGURE G.9: Simulation justifying the need for th(' frequency detector. 
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FIGURE 6.10: Charge-pump circuitry. 

Magnitude 

3.77Mrad/s 192.26Mrad/s COrel 

(Log scale) 

FIGURE 6.11: Bode diagram of the second order loop filter, with a pole at OHz. 

unstable loop. With reference to the second order loop filter in Fig. 6.7 (Type-II third 

order PLL), Rl is 5.3kD, C1 is 50pF and C2 is 1pF. These values result in a loop filter 

transfer function zero at 600.58kHz, and two poles at OHz and 30.6MHz. Its magni­

tude/frequency diagram can be seen in Fig. 6.11. 

6.2 Layout 

With these remaining chapters reporting on the work conducted at Philips Research Lab­

oratories, NV, the process shifts from a SOl technology to a plain digital bulk CMOS 

technology, and there are some differences in the basic layout of the active circuit el­

ements. Unlike PDSOl transistors, the bulk versions do not have the same isolation. 

Therefore, the bulk silicon region under the enhanced channel is electrically connected 

to the same potential. Depending on the application, the number of body taps can be 

as low as one. Unfortunately, with the high resistivity substrates used for these lCs, the 

compkx distributed resistallce capacitallce network of the body gives rise to a varied 

potent.ial frolll the body tap to the region under the channel. An example of fne network 

to a first -order approximatioll is presented in Fig. 6.12. 
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F IGURE 6. 12: An elect rical equivalent circuit of the substrate network. 

FIG RE 6. 13 : Footprillts of a standard 511111 wide transistor agaillst H Il RF ve rsioll . 

1 9 

Figure 6. 13 is a screen capture showiug the differeuce betw 'eu a f>tauclard digit al NMOS 

transistor. and one designed for RF operation. T h ' req ullw l area if> siguifi ant ly groat·er 

du -' to the need to clamp the f> ubstrate in the ilfllll ' diat e viciuity to a COllllllOU pot·c'utiai 

with the help of a couf>iderable lllunber of body taps all shorted with a low H'sist all (' (' 

metal connection. "Vith the help of Fig. 6.12. it iSld too difficult to suspec t a sC'lIli­

floating body node a..c.;sociated with each trausistor. leadiug to the possibUit"y of high 

frequency feedback a: well as a modulated body llodC'. Thc' ulOdclf> used at Philipf> arC' 

augmented by extracted da ta bas ' d on such a layout aud dcviat iug away frow sllch 

a layout is at the desigll('r ·s peril. As well as lowering the body resist allCC'. the' gat e 
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Itail 

inputs 

F IGU R.G 6. 14 : Layout of the taped out D-Latch cell. 

rcsistallcc is also reduced. changing from t he polysilicon gate to a metal material at the 

ear li()st opportullity. At first , one may be concerned at the gate-substrate capacitance, 

bllt t.his is to lerable whell coltlpared to the pefonnance gained with a lower gate resistance 

011 such a tcrl1lillal (both in t erms of bandwidth and noise) . Also, all layo ut has been 

clolH) wi th the assulllptioll that t he on-chip temp rature is 70°C (required for the choice 

of SPICE pararnet,er deck). 

Figllrc (j.14 C"r1p t llreS the fillallayollt for the D-Iatch cell. Being a quadrature generator : 

sylll lIlctry is the key here to millilllise phase mismatch. The latch is syrnll1trical about 

the ('('llt H' lilw n lllllillg the lellgth of this cell . As mentioned in the previou. section: 

('adl clod< tra llsis tor is split inl'o pairs so t hat no metal interconnect liue crosses over 

all act iw arCH. Th(' cross-coupled la tch to th ' right of the plot . behind the polysilicon 

lond resistors , has a balallced capacitance on each t ransistor 's terminals using a clever 

illterdigitated cross-collpliug method with all eveu number of tie. The seuse pair lies 

ou th(' kft of thc plot with the' load resistor ' at the opposite end. There is more than 

OllC possibili ty for the floorpl;·1,u of this cell, such as the load resistor lying in the cent re 

of t il!' diagralll. ke('pillg the' sense CL llcllatch pairs equidistant. The drawback is that th 

s<,!mration of th ' COllllllon SO lllTe poiut of the clock transistors increases further. T he 

diff('[('ntial olltput s rUll along the ceutre liuc of the D-Latch. vVith this chosen layout. 

ltullp('d pmHliitic cHpacitauccs bctw('ell electrical llets are extracted alld manually iu-
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ser ted into the original schemat ic, wit h the final result given in F ig. 6. 15. 
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Moving lip OlW level in t hc d(~sign hicrarchy. the divide-by-2 layout cell is assembled as in 

Fig. (i. Hi. Taking the basic D-Latch cdl. thcn~ is lllon~ than one possible configuratioll 

for this q Iladrat lilT gmlt'rator. Onc could place two idcnt ical latches siclc-by-side facing 

in th(' sa Ill(' dirt~ct ion. Alt hOllgh tlw cClpacit alice to substrate on tlw high frequency 

dock lill('S is low(~r than t Iw t ap(~d Ollt cell. t h(~ p(~nalty would be a considerable increase 

in cap;\("itaJl('(~ iJdween tilt, ()lltPllt t(~nllillals of this llmst(~r-slavc Hip-Hop. Simulations 

hav(~ shmV('d t.his to red I !C(' the SWillg 011 t hI' out Pllt node. \Vit h tlw chosen layout. 

this capacit;IJl('(~ is Illilliltlis('d to all acc(~ptabk l(~vd. s\lch that the noise figure of the 

LNA-lllixN-LF alllplifi('r is llot d(~graded. The cross-CO\lplt~ in the centre is cnlcial in 

lllinimisillg t 11<' load capacit aIlC(' Oil these llodl's and IW<,!Jing t 11(' latches as dose to each 

other as possibl(,. As I)('forl'. a Sdlt'lliatic with (~xtract(~d hunped capacitors that have 

IJPen 1l1allllally piact'd bl'tw('('n llds is showll ill Fig. 6.17. 

For titl' stalld-almH' tap('Ollt of tlw divid(T. 11Ilfkrs w('n~ incl\lded at both (~ll(ls of the 

divitkr ('or(' ill ord('r to isolat(' it frolll th(' olltsi<i(' world. Figmcs (i.li'l awl (i.H) are 

Hewell ('aptm('s of titeir iHYOlltS awl titl' lldwork of pnnlsitic capacitallces. As before, 

SYlllllll't r~' is <I k('~' issll(' as is tilt' llt'('d for ('xtcllsiw slliJst ratt' t nppillg in order to bind 

the I()('al sllhstrat(' to tilt' ('ircllit grolllld. Tit(' low OIUllic resistors (ill the caSt' of the 
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clllTent omces and the output ru:iver loads of the 5GHz buffer) carry a large amount of 

clllTent , and hence the aspect ratio of such device make them look unusual. but this is 

down to the process sheet resistance of the silicided polysilicon. 

inputs 

Vdd Vdd 

IP NIP 

(a) Layout for t he lOC Hz input buft"er. 
(b) Layout fo r' the 5 Hz inp" l burre r. 

FIGURE 6.18: Layouts of the buffer cells. 

Note that t he 50n polysilicon resistor hunted between each of the inpllts and VciIl in 

the 10GHz capable buffer , are placed in an upper level of the layout hierarchy. 

T he first instance of the cell is taped out ill the stalldalolle divider as ill Fig. 6.20(a). 

with the parasitic capacitances placed in the schematic of Fig. 6.20(b). T ile layollt Itas 

taken the shape indicated because of the olllpactlless of the divider orC'. a lld the Hecd 

to g't the RF signals illto- and out of the the divider circllit (plus bll[·fers). withol lt tlte 

signal power having to travel a large distance. The four celltre pads Oll each sick of 

the die are the ground-signal-signal-groulld probe laudillg sites . with the right hanci sicie' 

being the differential input. The two bottom pads are the llllllsed outputs of the dividc'r 

and should have DC prob 's placed on them to lllatch the capa itallc' allel inductall("(' 

pre ent on the electrically used RF pads. The upper two pads are the power s llPply 

pads. The yellow blocks shown are metal- insulator-lIletal capacitors and alllollllt to 

20pF on-chip, before the power lines reach the bOlldwire indllctances (estilllated to 1)(' 

1. 2nH). The considerable blue area is a perforated groulld plane in the finit ItlC'tallayer 

for the static return Cllrrent . This approach has a much reduced incillctanc(' and seri('s 

resistance and lessens the effect of an unwanted IR drop in the already low jJow('r s llPply. 
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The final layollt shown is ill Fig. (j.2L b(~ing the VCO-Divide-by-2 cOlllbination. The 

circular d(~lIl(~nt is th(~ singl(~ tmll planar illdllctor for the LC-tank. with the red polygon 

being the patterned polysilicon shield, which is llscd to reduce induced eddy currents 

and thus coupling into the substrat(~. vVithout this shield. energy would by lost into the 

bulk substrate, hence low(~rillg its Q-factor. Through a mllnber of inductor tape-outs 

(perforIIwd by Philips ellgilwcrs Nellad Pavlovic and Luuk Tierneij(~r [2]), it was found 

that tlw quality factor of t lw illdllctor could be incn~as(~d with this patterning, which in 

t urn n~sults in bdter phase noise p(~rforrnanc:e of the proposed synthesiser. 

The divid(~-by-2 circuit is placed to the right of tlw VCO structure. just before the vertical 

RF grouwl-signal-sigmd-groulld pads 011 the bottom right of the plot. .')GHII buffers are 

coupl(~d to its outputs ill ord(~r to driv() the .'jon off-chip load. The pads around the 

design comprise of tlw inputs for the 4-bit digital tuning, analogue tuning, power, and 

ground. as wdl as tlw RF pads for the divider outputs. As with the standalone divider, 

the two outputs from t.h(~ quadratme generator are left redundant, with their outputs 

terrnillat(~d into .'Jon on-chip loads. Having such outputs would be costly in terms of 

al'(~a, as t he d(~sign would hav(~ to (~xpawl in two directions to accolllodate the RF pads. 

6.3 Simulations 

6.3.1 Divider cell 

vVith t Iw divid(~r circllit reqllirinf!; an iterativ(~ procedure for its design, the need for 

robust. ad(~qll(\t(~ llH)(lds cannot b(~ stressed enollgh. The simulations of the O.18f1m 

blllk Cl\IOS divid('r lise t lw Philips MOS model 9 [:~l with an RF extension. The bcl.'lic 

model wit hOllt the addit iOllal RF ext(~nsion lllodeis the 1 behaviour of MOS transistors 

for circllit d('siglls that n'quin~ the uoise to be qllantifieci and analysed. \Vith the RF 

ext(~nSiOllS. fom if'vels of complexity are available to the designer. Depending on the 

cOlllpi<'xity aud siz(' of t IH' d('sign in haw\. as well as design time available, the level of 

aCClll'lwy is dd('l'lllilwd by t h(, choic(' of extmlsion. 

The ext('llsiOllS for t Iw IlH)(ld an~ as follows: 

• BFA: indlld('s t.lw gat(~ resistanC(~ of the polysilicon materiaL 

• RFI3 : as RFA. also illdllding extrinsic source/drain resistances, 

• RFe : as RFI3. nlso iudllding the blllk resistance network 

• BFD : as BFC'. also including llloddling of non-qllasi static dkcts (very COlllpllter 

inl ('!lsi\'(' \'('rSiOll.) 
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FI GGRE 6.21: Layout of the taped out VCO-Dividc- by-2 combination . The' padii nfl lll('ii 
can be found in figure' 6.32{a}. 
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For our design, the Philips MOS model 9 with a RFC model extension is used in the time 

domain simulations. The length of the simulation has prohibited the choice of extension 

RFD. 

The diagrams in Fig. 6.22 show the simulation of our divide-by-2 core. The stimulus for 

the divider along with loading is shown as if on the chip with realistic test conditions. 

The input clock is an 800m Vpp signal running at 11.14GHz and the output signal shows 

a 700m Vpp signal around a 1.2V common-mode output. This input frequency results 

in a quadrature LO that is above and outside the lower 5GHz IEEE802.lla band. With 

hindsight, this is a bad approach, owing to pushing the divider to operate with a higher 

input frequency, and resulting in a design that is not very sensitive (i.e. low input signal 

power) in the middle of the band of interest. One can also end up with a higher output 

swing and possibly hard saturation at the 'low' logic level if the output bias value is 

very low. 

Figure 6.23 has been included for completeness, showing the passive mixer [5] when 

biased in a DC state. No RF signal is present on the drain terminals of the mixer 

transistors, and these are instead biased at approximately the centre point between the 

power supplies. The size of the transistors in the dummy passive mixer of figure 6.23 are 

oversized by lO/-Lm in gate width, to account for the input stage of the programmable 
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FIGURE G.23: Details of the mixer circuit. 
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divider (which at the time still remained to be designed). Hence the need to drive the 

divider at 11.14GHz, gives that extra headroom for when the programmable divider 

loads the quadrature generator. 

Figure 6.24 shows a simulation of the standalone divide-by-2 design. The testbench 

shows the divide-by-2 cell wired up with bondwire inductances and 50D driving- and 

output impedances. The simulation output shows a 160mVpp signal output around 

a 1.725V common-mode voltage. This is clearly outside the intended specifications of 

the receiver chain, but the motivation behind this tapeout was not to check the output 

amplitude which would then be directly applied to the mixer inputs. The testbench 

schematic is a little misleading by not including the implementation of the balun and 

the bias tees, thus neglecting the attenuation along the signal path. However, being an 

off-chip signal source, the power can be increased at will. 

Lastly, the design of such high performance circuits relies heavily on accurate device 

models as well as circuit simulations that include parasitic effects such as the impact 

of the bondwire inductance OIl the initial startup of the circuit. As on-chip decoupling 

capacitors are included, a series LC tank is created with the bondwire. Classical net­

work theory shows that the voltage across either the inductor or capacitor at resonance 

is equal to the product of the RLC tank Q factor and the voltage across the resistance. 

By lumping any series resistance associated with the bondwire and bypass capacitor, 

the amplitude of the component equal in frequency to that set by the LC combination 

(during startup, assuming a step change on the power supply) appearing across this re­

sistance is magnified by the Q and appears across the circuit supply. Simulations show 

that a large spike exceeding the supply voltage is present on the supply lines during 

startup, even though it is only for a short time duration. As further work, it is sug­

gested that one looks into whether such effects stress any part of circuit and whether it 

has implications on the mean time before failure (MTBF). 

6.3.2 veo and divide-by-2 combination 

The last set of figures in this section refer to the VCO-Divide-By-2 combination. The 

plots in Fig. 6.25(a) show the output of the combination when the VCO couples directly 

to the divider inputs. The output characteristics approach the desired values, when the 

VCO is tuned to oscillate at its highest frequency, in this case, 5.5GHz (i.e. with 

the lowest capacit.ance in its t.ank.) vVith a buffer as illustrated in Fig. 6.25(b), the 

perforltlance is affected in lllore than one way. First., the highest frequency is beyond 

5.7GJIz. out.side t.he ba1l(1 of iIlt.crest, and t.his is attributed to the reduced loading on 

the veo Ollt.Pllt.S, raisill~ the resonant freqllency of the tank. This is expected, as the 
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FI GURE 6.26 : Photos of the stand-alone cl ivide-by-2 cell. 
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VCO f:(~ntn~ fn~ql[(~llcy is highly sensitive to the felllto-farad load capacitances at this 

frequency, Thf~ bufff~r also gencrates a smaller signal swing which switches less current 

through the divider circllit. \Vith the higher output cOlnlllon-Illode voltage of the buffer 

amplifi(~L a higher DC cmnmt exists for the divider (there is a greater DC voltage 

drop across the resistive: cmrent sonrc:e after subtracting the gate-somce voltage of the 

clock transistors), yielding a lower output common-mode voltage from the quadrature 

generator, Owing to the o'id-Orspecljimtion top frequency, this combination was not 

taped out, 

6.4 Measurements 

This s(:ctioll brings togctlwr the actual results obtained from probing the various fabri­

cated versions of the divider circuit described in the first section of this chapter. It is 

writkn slleh that an 'evolution' of results is presented, starting with the basic divider, 

and ending with a look at a HJGHz clock multiplier for a different application, 

6.4.1 Standalone divide-by-2 

The first set of llwasun:llwnts conu:ntrat(:s on tIlt: lOG Hz divider tapeout shown in Fig, 

fi.2fi, This chip has a colkctioll of other cin:uits desiglled for characterisation by other 

mmnlJ(:rs of t lw wirdcss t(:rtln, Tlw t(:st arrallgcmellt for this circuit is illustrated in 

Fig, (i.27. TIl(' diH'ewntial signal is gmwratcd off-chip with the hdp of an octave hybrid 

cOllp1('1". Each 01ltPllt Oil this lmllill is :~(1l3 lower in sigllnl power cOlllpared with the 

inpllt, as (:xp(:d(:d. beC<lIIS(: t lw diff(:rclltial olltPllt is g(:neratcd from a single illPut feed, 

A GOU stalldard is adh('l'('d to, frolll tlw g(~w:rator to the probe tips, and this not only 

lIlinilllis('s Illlwallt('d n~H('diOllS l'I11111illg back awl forth l)('tween the generator and load, 

bllt allows til(: d('sigll('r to ('stilllatr~ (to SOlll(' aCC1ll'Hcy) the voltage arrivillg at the illPut 

tr:l'llliwds of tl[(' divider. UllfortlllWtdy, ('llsmillg a broadballd resistive llmtch at high 

fn~ql[(,l[('i('s is a dwlkllg(' <llld t IlllS it is (,()llt(:lltioIlS what signal voltage is impressed 011 

tIl(: illPllt of t 1[(' (,Ol,(, divirlf'l' cil'Cllit. 

DC b1od(('l's Hn~ Ils('d to d('('Ollpl(' any bias frolll tlw sigllal g(:lwratoL as well as prcvellt­

illg allY DC voltag(' arrivillg at tlw SP(~dl'lllll allalys('r illPlltS. The high qualit.y bias te(~s 

in tlH' di;\gralll sd tIl(' hi;\s Ilsillg a VD D- r('fcrn'd bias volt age, Having a grollnd referred 

bias SO\ll'('(' wOllld n'sillt ill ('lllT('llt Sllllk illto the sigllal SOlUTe alld tlllls all incorrect 

bias v()lt<lg(', "'ith th(' ditt'r'l'('llti;d olltPlltS. ollly ow' is COlllH'ct('d to tlw allalys(:L with 

tlw otllf'l' t('l'lllill<lt('d ill <I high fl'('ql[('ll<'Y GIlO n'sisti\'(' load. TIl(' RF probes Ilsed an' 

40GHz ,l!;['()lllld-siglla1-sigll;d-grolllld air ('op!aw\r prol)('s, with a prob(' pitch of 200j1.lll 
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Signal Generator 
(26GHz capable) 
HP83731B 

termination 

Power Supplies used (power the chip and provide the bias) 
HP E3613A 

Power supply and de cables omitted from the 
diagram. 

F rGURE 6.27 : Arrangement for testing the bare divider Ie. 

205 

spectrum analyser 

(HP 8593E) 

and require a passivat iou wiudow of 180f.Llll x 1 Of.Llll within each pad. DC probes are 

used to upply t he low frequency inp uts to the die. 

The attenuation between the signal g 'nerator and the output of the bias tees has bc(']l 

characterised to b e approximately 9dB iu the fi"equ eucy raugt 8.5GHz to 12.5GHz auel 

this is important for the inpu t sensitivity llleas urelllents. 

The diagTams in Figs . 6.28 , 6.29 and 6.30. captme the output spectT ulll of the rllllllillg 

divider , wit h close- ups of t he o utp ut spm s. T he outPlltS are shown for 10GHz, llGHz 

and 12GHz inputs. The est imated input signa l 1 ower (asslUning power match ) call bc 

deduc d from the input sensit ivity p lots of Fig. G.:n. T he output s ignal p owcr d istorts 

t he true output of the divider with no simple linear ltlapping betwe('n t hc input and 

output at s uch fi: equencies, and thus only the accm acy ill the freqllellC'Y of the olltP llt 

fundamental tone is of iltlportance to LIS. As one rcdllces the spau of the allalyser whiL'it 

increasing t h ·' r esolutiou baudwidth. the accuracy of the divider becollles morc appar(,ll t· 

as t he ·skirts ' begiu to fall. showing its stable operat ion allCl low phase uois(' property. 

One noticable and expected res ult is the r 'dllct ion ill Ol ltPUt amplHllcle as tiL<' fr('qu(,lJCY 

1. increased . This effect can also be exascerbated by any freqllency dependcnt iIlLIWdallC( ' 

mislllatch in the output stagt'. 

The observaut reader will notice a distinct step ill the noise floor of thc' plots ill Figs. 

6.2 (a) . 6.29(a) and G .. '30(a) . It is the a ll thor·s opinioll tha.t this was c,ws('d by the' 
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FIGURE 6.29: Output spectrum of the stand-alone dividc-b~·-2 (frequency of dimllfJlld 
marker at the peak is given in the sub-box headed 'MARKER'.) 
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REF .0 dBm AT 1~ dB 
PEAK 
LOG 
1~ 
dB! 

WA SB 
SC FS 

CORR 

MARKER 
6.00 8Hz 
-32.53 dBm 

....., . .,., v 

CENTER 8.0~ GHz 
RES BW 3.0 MHz 

( 

r ~ ~ 

VBW 1 MHz 
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111,lrk('r at til\, peak is givell in the sub-box headed 'MARKER'.) 
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lOG Hz frequency sweep of the spectrulll cmalyser's input port, A local os('illator wit hin 

the analyser is connected to one input terminal of a mixer. with the signal aniYing on 

the input of the analyser applied to the second input of the internal mixer, The local 

oscillator is swept, downconverting individual bands of frequcncies (dctel'lnined by the 

resolution and video bandwidth settings) where its power can be measured, However. 

instrumentation designers lIlay decide to switch between local oscillator sourcc's in order 

to sweep such a large frequency range up to a high frequency. It is possible that a 

compromise has to be Illade when selecting a higher frequeucy sourC(~. that llllfortunatdy 

raises the noise floor of the measure11w11t. uulike in the case where the low freqw'w')' 

portion of the bandwidt h is swept. 

The sensitivity plots in Fig, 6,:)1 show the lllinim1llu signal required to sustain ('on('('t 

division. A higher signal power is required to ki('k-start the divider away frolll its fn'('­

ruuning frequency. If l'lllllliug at a frcqlleucy ot her than this vahw wit h a high ('uo11gh 

signal power, the divider output will track the input wit hin a wide range of freq1H'lH'i('s. 

The ; free-running frequency' is Ol1e w 11<:'1'<:' the divide- by- 2 circuit opcrates on t he' slllall­

cst input power. vVith the cOlllplex lletwork of parasitiC's. it is COllllllOll to see all 01ltP1lt 

frequellcy tOlle between S awl S.SGHz withollt an)' din'ct appli('ation of a stilllul11S, Dy 

having a higher input bias voltage. the sensitivity of the divider iu('n'as('s wit h t 11<' fn'('­

l'lllllling f'requcllcy droppiug towards t he lOG Hz lllark, \nJat is iut<'!'('st iug is t h<l twit 11 

the iuput cOlllulOn-lllode voltag(~ of O,KV. the 'llotch' ill tl1(' ('haracteristics S('('llIS t() 1)(' 

at the high clld of the IEEEKU2,lla lower band (aft('!' division), which denlOllstrat('s 

the accuracy of the transistor modds, In bot h. t 11(' silll111a t iOll of the sellsit ivit), ('llrV<' 

is superimposed 011 this illlage for a divid(~r bias('d with a (). DV illPl1 t COllllllOll-lllOd(' 

signal. Sadly, owing to a large sillllliation tillle for tllis ('lll've, ollly 011C tra('(' has 1)('('11 

obtained, It is not yet cleHl' why a spike in the Sillllllatioll OC('lll'S at 2.SGHz. althollgh 

this has been witnessed in ot her dividers [1]. also at t he' low fn'<lIlCll('Y ('wi of t 11<' plol. 

Finally, the current COllS1ll11ption of the stalldalow' divid('r was lll<'i\SIll'<'d to 1)(' !)Q]l1A, 

vVithout having scparat<~ nodes by whi('h to pmwr the illP1lt bllH'(~l'. divid('r ('O]'!'. <llld 

outP1lt b1lffers, silll1llations had to lw Ils('d to estilllate t he pow(~r COllSlllllptioll <llI!ollgsl 

the individual cells. The divider core is estilllated to 1)(' llsing l:~lllA whilsl rll1!ning 

beyond lOG Hz, which is an adlllirable figlln~ d(~spit(, it Iwing tlw first attelllpt. TIl!' 

input buffer is estilll(lt(~d to b(~ COllS1ll11illg a stati(' l:~lllA CIll')'('llt. jllstified by 111<' ]]('('d 

to take a 10GHz signal frolll a son signal SOlll'('(' awl driw the divider illPllts at til!' 

sallle freq1lency with adequate signal swing, The SG Hz 1 JIlH'ers (ll'<' also pmwr Illlllgl'.\', 

(,0l1S1ll11iug all (~stilllat(~d 14111A ('ach. Thollgl! largf'. t 1[(' j'(~adf'r 11111st appr('('j;1 I (' I II<' 

('hallenge of driving a S()~l terminatioll. as wdl as pmasitif' ('ap;)('ilmJ('('s ;lsS(J('j;iI ('cI \\'jl II 

tIl(' bowl pad. 
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6.4.2 veo divide-by-2 combination 

The second instance of the divide-by-2 cell can be found in t he VCO divide- by-2 ombi­

nation . Two chip photos are shown in Figs . 6.32(a) and 6.32 (b) . The phase noise at the 

output of the VCO , wit hout any divide-by-2 circui t, is given in Fig. 6.33 , and the corner 

frequency between the p and fr is at approimately 20kHz. The quality factor of the 

tank dominates the noise after that corn I' fi' q lency. The deviation seell after IMHz 

is attributed to t he RF probes and the ontact made to the metal pads. The output 

characteristics of t Ills chip have been captured in the plot showll in Fig. 6.34. This graph 

shows both the analogue and digital tuning characteristics of the circuit. wi th a 4-bit 

binary input (CMOS logic levels) setting whi h of t he CLU'ves the analogue tuning volt­

age i applicable to . From the measurements , it is clear that although the t1ll1ing rallge 

(I. e. lowest frequency possible [wit h all capacitances at t heir maxirnlllll] to t he highest 

fi' equency [where all the digital capacitances are disconnected and the varicap illlpar ts 

a minimum capacitive load]) is enough to cover the 200MHz band of the IEEE 02.11a 

lower band, the centre point of this characteristic is sadly too low due to in. ufficient 

stimtation of VCO load capacitance. Anoth I' unfortunate aspect of the circui t is there 

is no clear overlap between the digital ranges. Its ramifications are t hat the event ual 

frequency synthesiser , with combined analogue-digital t Ulling, would jitter It 'avily, as 

it tries to lock to a fr equency not covered by one of the digital rallges; for example, 

4.8GHz is not programmable. These results show the need for a redesigll , where the 

(b) C lOSe-I ' I' 

Ca) Pad arrangell1enl 

FIG URE 6.32: Chip photo of the VCO-D ivide-by-2 combillatioll. 
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F IGU RE 6.33 : Measured phase noise of the veo output (no divide-by-2) using the 
HP3048A phase noise system together with a high frequency probe sta tion. 

excellent pha.c:;e noise performance of t his circuit is t raded for a larger analogue tuning 

rallge. A better quality varicap is thought to solve this problem (in t erms of Q-factor , 

rallge over which t he capacitance var ies monotonically and a good RF model for use in 

the' Ca.d 'nce ' circuit simulator. ) 

6 .4 .3 lOGHz PLL 

T ll(! follow ing are res lllts tal( '11 from the opt i al network PLL int roduced earlier. The 

lIlC<lH IlI' 'lllell tH of this IC are presellted below. This PLL IC was fabricat ed in the same 

process te 'llllOlogy as the divide- by-2 circuit mentioned earlier. A photo of t he die is 

givell ill F ig. G.35. As before, OWillg t o t he compactness of the divide-by-2 design , the 

pair of dividers iH dwarfed by the rest of the circuit , esp ecially circuit elem ents such as 

th<' ind uctor a.nd loop fi lt er cap acitor. 

T he V 0 is the srune as tha t llsed in t he combination circuit presented in Se t ion 6. 1.3. 

A O.GnH plallar Hillgle-t lll'n coil is llsed ill t he tank ; this has a Q-fact or of 17 a t 10GHz. 

F ig m e 6.3G shows the clock lluti t iplier unit 's input and Ollt put t r aces . The multiplier 's 

illPl lt iH driven by a McU:COlli 2042 sigllal generat or. Lookillg carefully, the out put is 

C(°r! ninly fo m tilll 's fHH ter r hall t he inp ut to t he PLL, generating a waveform with 

approxilllatciy UOlllV alllplit ude at the outp ut. 

T It(, plot ill Fig. (U7 waH gC'llc'ratcd lls illg a HP:3048A phase noise mea. ming ys teHl set 

liP ill H PLL cOllfig lll'a tion and is llsed to cha.racterise the jitter. Between the integTa t ion 
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Tuning characteristic of VeO-Divide By 2 design 
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FIGURE 6.34: Meas ured tuning curve for the VeO-divide-by-2 circuit. with the hor­
izontal axis showing t he analogue voltage on the input to the veo and the ordinate 
axis showing the frequency at t he out put of the divide- by-2. The different curves are 

for different digital veo inputs . 
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limits of 50kHz and OMHz, t he rms-j itter is found to be O.22ps , which is roughly one 

fifth of the OC-1 92 specifica tion. 

This IC runs fi:om a 1.SV power supply. drawing .5.5 mA. The per tillellt characteristics 

have been summarised in Table 6.1. It should be noted that any refcr n 'c to 'SONET 

filter ' impli s integrat ion over the bandwidth 50kHz-SOMHz from thc 10GHz carrier , 

and it is the energy withill this bandwidth that is used to calculate thc jit tcr. 

Output fi: equellcy 9.9.5:3GHz 
Reference fi: equcncy 2.4SSGHz 
Technology O.lSp,lll bulk CMOS 
Transmitted clock jitter (RMS ) O.22ps with SONET filt er 
Trallsmitted clock jitter (p eak-to-peak) 2.2ps with SONET filtcr 
Supply volt age 1.8V 

Chip size O. S:3XO.SGllll112 (activc area) 
Power consllmpt iOll 99111W 

81mvV without OlltPllt· bllff('r 

TABLE 6. 1: Performance of the PLL. 
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Fie RI:O 6.35: Photo of lOGHz PLL die. 

6.5 Discussion 

T he pn!cccling lllCaS lll"elllcnt s clcarly show the divider operating up to 12.5GHz, beyond 

the r('q llire(\ ti.-C(!lICllCY which has b eell the a im of the circuit , and represented state-of­

t,!l('-fUt at the tillle of meas urement. The probed m asmernents have been succ ssful 

to t ite POillt wh 're no special startup arrangement has b 'en required for this active 

qllacln1tmc gellcrator. Bctwcell 5GHz and 5.5GHz (output fr equency) , the output power 

docs drop by I dBm, orresponclillg to a peak-to-peak drop of 2mV (at those power 

levels ). Although not showll cxplicit ly, t he divider r emains stable when excited with an 

ill[)llt , be it frolll an oll-chip veo or extem al signal gencrator. 

Oll t liC topic of POWCf COllS lllllptiOll , thcre is a lleed to optimise t his value for lower 

power clmin. At prt!SCllt. i t is estilllated that 13111A flows throllgh t he act ual divider cell 

with the rCllll:liuclcr of the llleasllrcd ClllTCllt p assing t lu·ough the buffers. \N"ith a 1.8V 



Cbapter 6 Modulo 2 freq uency divider in O.18f-Lm bulk CMOS 215 

'-~~~~I#:: ~ 
, . i i 

········_··_··· ··+··_· _·_··_·· ···1·_·_·H .. - ···.;. _··_·.······.·····j.···.· ... -._·_··.·t-.··._.··_··· 

I : 
i 

FIGURE 6.36: Oscilloscope capture of the output (top) and input(bottom) signals. 
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Performance Value 

Nominal power supply 1.8V 
Nominal current consumption 13mA 
Max. input frequency 12.5GHz 
Min. input sensitivity -35dBm @ 10.5GHz 

with 1 V common-mode input 

TABLE 6.2: A table showing the measured performance of the divide-by-2 circuit. 

supply, this constitutes more than 20m W of power. No optimisation has been performed 

on this structure (ie speed vs power trade-off); in order to find an optimum point, with 

only iterative simulations together with basic first-order analysis of the load resistor -

drain capacitor combination, as the formal design stages. 

In the basic design, a noteworthy point is the choice of channel lengths for these clock 

transistors. With the resistance of the current source resistor (in the divide-by-2 circuit) 

being so low, the channel length of the divider clock transistors should have been set 

to a value equivalent to the energy - restorers (cross-coupled transistors acting as a 

negative transconductance driver) in the LC-VCO, also sitting on the ground terminal. 

The reason behind this is purely from a matching point of view, and thus would be set 

to O.22J.LTn. An immediate repercussion is approximate 25% increased gate capacitance 

which will no doubt cause a severe problem from the VCO signal amplitude. This was 

not raised until after the design had been submitted for tape-out. 

One cause for concern is seen in the output spectrum of the divider cell. Looking closely 

over a large bandwidth (for example, Fig. 6.28(a)), a 10GHz component is seen as well 

as the desired and divided 5GIIz output. Having this component 'leak' into the output 

spectrum is naturally a worry, as a subsequent stage sensitive to such frequency, may 

lock on to the signal and accept it as its input, leading to erroneous operation of the 

frequency synthesiser /PLL. This should not be an issue if every subsequent stage is 

optimised for high sensitivity in its own signal band of operation, outside of which it is 

not sensitive to s11ch components. It is not thought this is a harmonic of the output as 

observations from simulations did not show any evidence of harmonic distortion/square­

shaped waveform. The only plausible culprit could be the network of capacitors from 

input to output not giving the necessary level of isolation to the 10GHz signal. 

Looking at the input sensitivity measurement, a large 'dip' is seen in the response 

where the divide-by-2 circuit operates with very little stimulus (referred to earlier as 

the fn'(,-l"llllllillg frequency). A cOlllplex network of parasitic capacitances coupling the 

output nodes t.o the inpllt nodes with a positive feedback characteristic would explain 

the os('illntury \whaviol\r llH'lltiOlwd in the 'T\'1easurements' section. It has been assumed 
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Voltage Die 

VDD(Div 
+Buft) 
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Coupler .. elk 
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DJ 
Blockers VDD(Div 

+Buff) 

FIGURE 6.38: Test arrangement showing the bias tee and the issue of referring the 
input bias voltage to V DD. 
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that adequate matching allows one to determine the voltage appearing on the inputs of 

the internal divider. Sadly, no broadband match exists on chip and the S11 magnitude 

eventually rises above -10dB at frequencies either side of the minimum sensitivity point. 

However, being an application specific cell, and not a general purpose design, such an 

issue is not a worry. After deducing the known attentuation along the signal path, thc 

result at the dip shows the divider operating with minimal input signal injection, which 

is encouraging for the VCO driving this unit. With a broad range of frequencies in which 

the sensitivity is superior, power can be traded off for a slight degradation in sensitivity. 

One worrying factor is the input termination resistors of the lOGHz buffer. It was 

found through an S-parameter simulation that a more accurate match could be foulld 

by shunting a 500 resistor between the input terminals and the V dd rail. Unfortunately, 

from large-signal and testing points of view, a low resistance current path exists from 

the V dd rail into the signal source. With off-chip biasing in the form of a high quality 

DC bias tee, connecting a ground referenced bias source will result in current sunk into 

the bias source. Thus, there is a need to hang the source from the upper supply rail 

and reference the bias with respect to the Vdd rail (see Fig. 6.38), ensuring the corred 

direction of current. From a testing point of view. this input termillation IIceds to 1)(: 

carefully implemented and ground-referenced. 
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Looking at the phase noise measurement of the veo, the results meet the specifications 

laid out for the IEEES02.11a project. At 1MHz offset from the carrier, the noise power 

is 105dB below the carrier. After the divider, it is ll1dB below the carrier, though it 

was not possible to capture the phase noise plot at the time of the measurement. MOS 

transistors have poor flicker noise performance compared with bipolar transistors, and 

hence the cross-coupled transistors in the veo would be responsible for the degradation 

close-in to the carrier, masking the quality of the tank circuit. However, not being a 

standalone product, it is debatable what the measurements really mean. From a system 

point of view, it is important to know what the value the phase noise is on the local 

oscillator output. Unfortunately, adding a buffer amplifier on the end of the veo or 

divider masks the useful value of the phase noise. Obviously, one can simulate the mea­

sured phase noise before probing the output of the device under test before any buffer, 

in order to obtain some idea. 

Measuring the output amplitude of the divider is an issue as to what it really refers to. 

Performance 

Nominal power supply 
Nominal current consumption 
Analogue tuning range 
Digital tuning 
Phase noise before divider 
Phase noise after divider 

Value 

l.SV 
29mA 
50MHz 
7 bands (spanning 4.75 - 5.15GHz) 
-105dBc @ 1MHz offset 
-111dBc @ 1MHz offset 

TABLE 6.3: A table showing the measured performance of the VCO-divide-by-2 circuit. 
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If one recalls, the output of the divide-by-2 stage has an output buffer (Fig. 6.39) which 

is capable of driving a low impedance and not significantly affecting the operation of the 

core divider cell. Unfortunately, owing to time-constraints, this output driver was never 

designed for linear operation and hence extracting useful information about the output 

drive is not a trivial task without characterising the output buffer. 

The same is true of the input buffer, where not only is there a problem of power mis­

match owing to poor broadband load, but also the fact that this amplifier masks the 

voltage impressed on the input connections of the core divider. Hence, the results from 

the input sensitivity measurements for this divider in this project should be interpretted 

bearing the above in mind. 

As the sole purpose of this divider stage was to act as a quadrature generator, a key 

performance metric is the quadrature relationship between the outputs. Any deviation 

in such a coherent relationship is translated into skewing of the constellation pattern as­

sociated with the baseband modulation scheme. 1v10re importantly, the image-rejection 

ratio can deteriorate. This, in turn, has repercussions on the retrieved symbols and can 

be seen as a degradation of the bit error rate. 

Unfortunately, at the time of layout, it was decided (by Philips engineers Dr. Domine 

Leenaerts and Nenad Pavlovic) not to characterise such an image rejection metric, as 

the necessary equipment was unavailable. The motivation behind the standalone divider 

was simply to check its functionality and then its speed capability, being such a high 

speed design in a predominantly digital process technology. It is hoped that when the 

receive chain, together with the divider acting as a LO, can be taped out (twice - for a 

phase noise measurement) and chaxacterised, such a measurement can be performed. 

The comments above may harshly criticise the design discussed in this chapter, and this 

would be unfair without equally highlighting its merit::;. A high performance divide-by-2 

circuit has been designed in a digital sub-micron CMOS proce::;s, with ::;ucce::;::;, hoth 

with functionality and target frequency band of operation, in the first cut of silicon. 

The circuit performs the role of a divide-by-2 function over a broad frequency range 

and with a reasonable power consumption if the input and output buffers are ignored. 

Lastly, the circuit has been shown to function as desired in an application, both coupled 

directly to a lOGHz VCO as well as integrated within a PLL for a state-of-the-art optical 

networking application. 
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Chapter 7 

Dual modulus 16/17 divider 

O.18tLm bulk CMOS 

• 
In 

This chapter presents the design of a dual-modulus divider in bulk CMOS as part of the 

IEEES02.lla project. This chapter is neatly placed in this thesis as it is an important 

cell ofthe next block in the 5GHz frequency synthesiser. Based on the phase selector and 

state machine discussed in chapter 4, the following sections describe the design of the 

same divider architecture, but in bulk CMOS, hence without the series current stacking 

seen throughout chapter 5. Although there are no explicit measurements for the dual­

modulus divider, the circuit was submitted for fabrication as part of a multi-modulus 

divider design to be discussed in the next chapter. This multi-modulus design has been 

verified to function correctly. 

7.1 Circuit design 

This block is intended to follow the output of the divide-by-2 circuit introduced in 

chapter 6. Although the choice of the division ratio is important in such an application 

specific project, its derivation will be tackled in the following chapter, which is concerned 

with the full programmablc divider. It is therefore useful for the reader to concentrate 

on the design of the dual-modulus divider upon which the rest of the programmable 

divider is built. 

The operation of the divider is exactly the same as in the SOl case, but with only 2 divide 

stages after the phase selector circuit. There still remain two asynchronous divide-by-2 

stages before the phase selector, and the last divider stage in the 16/17 chain forms 

part of the 8 state FSI\1. Here. there is a need to have the complete divider fllllninl!; 

with an input frequency of at least 5.35GHz, and it should be designed and sirnulatecl 
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to run even faster to overcome any tolerances and modelling limitations. There is also 

a need for minimal power drain, as well as the restriction of having the gates of the 

input transistors no larger than lOf-Lm in width. This restriction on gate width is set by 

the driving capability of the 12GHz divide-by-2 block described in the previous chapter, 

which is also loaded with the mixers 

The striking difference now is the 'unstacking' of the divide-by-2 stages. With the com­

mon bulk connections between every NMOS transistor, the gate oxide of transistors 

higher up in the stack are stressed more than those closer to the lowest circuit poten­

tial. Hence, the circuit must now be kept within the 1.8V supply limits dictated by the 

process technology. With the bulk transconductances now active, the threshold voltages 

of transistors in the upper stages of the SCL dividers are higher. In circuits where the 

coupled source terminals of the differential pair are not at AC ground, the front gate 

drive must increase by some means, whether it be through a higher aspect ratio device 

or a larger swing on the input. The repercussions with the bulk implementation are 

that non-differential source followers must now be added to act as inter-stage couplers 

between pairs of dividers and to translate the bias between the output of one and the 

input of the next. These common-drain amplifier stages suffer from loading by the bulk 

transconductance, and are also a source of power drain and signal attenuation. These 

flaws only serve to emphasise the beauty of the SOl divider's circuit topology and the 

ease with which the designer can proceed with their high speed design. 

Without unstacking, all blocks that existed within the divide stack in the SOl imp le-

elk 

clko----j ~nclk 

(a) Schematic of the first D-Latch circuit. 

M, 

lQ.. 
0.2 

first D-Latch 

(b) Schematic of the first. divide-by-2. 

FIe: URE 7.1: S.chematics of the first stage. 
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outq 

noutq 

elk o-------i f----o ncIk second D-Latch 

(a) Schematic of the second D-Latch circuit. 
(b) Schematic of the second divicle-by-2. 

FIGURE 7.2: Schematics of the second stage. 

mentation now have to sit on their own current sources, with the added penalty of a pair 

of clock transistors for each of its asynchronous dividers. At the point of coupling, the 

same three options exist as pointed out in section 3.1 as well as subsection 5.1.2: resis­

tive divider, capacitive coupling and source followers. The source followers are naturally 

a drain on power, but the on-chip coupling capacitors sadly present a large parasitic 

capacitance to ground, as a large value is needed in order to keep the low frequency pole 

well away from the signal of interest. The resistive divider suffers from a proportional 

attenuation of the AC signal. One advantage with unstacking is the removal of the 

cumbersome voltage bias network that is seen in the stacked divider case. 

7.1.1 Input dividers 

Figures 7_1(a) and 7.1(b) are schematic diagrams of the first divider, showing the compo­

nent parameters. The choice of clock transistor width is the maximum value specified hy 

the quadrature generator. During the simulations of the quadrature generator, dummy 

loads consisting of simple transistor stages were used to emulate a subsequent capacitive 

load being a crude first order approximation of that found on the input of the passive 

mixer and the programmable divider. This divider is designed to run on 2.5mA, split 

between the master and slave latches, and together with the load resistor of 500rt n'­

suits in an output cornmon-Jllode voltage sitting 300m V below tbe supply. This clJ(Jicc 

of current is found iteratively, as the input transistor size to this divider is c()]lst,railJ(~d 

as mentioned before. The cnrrent may be rednced <l.S sin1lllations eventually show(·d UH' 

dual-modulus divider to operate beyond 5GI-Iz, Imt has remained a conservative figure 
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in this first cut of silicon so as to increase the chances of a functional circuit after fabri­

cation). The output of the divider is set to be approximately 600m Vpp centred around 

a 1.5V common mode voltage. This is the highest speed stage in this dual-modulus 

divider, and so the currents in the subsequent cells can drop accordingly, allowing the 

power drain to taper off, before the current consumption levels off per stage (there has 

to be a minimum static current in a SeL structure set by the fact that the gate width 

cannot be divided down to infinitesimal dimensions). 

The pairs of schematics in Figs. 7.2, 7.3, 7.4, 7.5 and 7.6 show in detail the remaining 

divider stages in this chapter's design. After the third divider (inclusive), the currents 

through each D-Latch remain the same at just over 300jLA. The output swing in each 

subsequent stage is kept the same, with the reluctance to go for lower current fueled by 

the need for first time right silicon. 

At first, all the currents through all the dividers were kept the same, inevitably making 

it quite an inefficient but operational programmable divider. After functional simula­

tion, the currents were reduced in a binary fashion, keeping the output voltage swing the 

same throughout, until the polysilicon resistors became too area consuming (high val­

ues of resistance imply a long length of resistive material and with it, attracts parasitic 

capacitance to the substrate). As would be expected in such an asynchronous chain, the 

first divider is the most power hungry amongst all the divide-by-2 blocks. 

nout 

out o--+---...rp ... ----,.....-,_.r---; 

clko---j 

...lQ.. 
0.18 

10 
Q.i8 

f---o nclk 

(a) SdIClIlat.ic of the third D-Lat.ch circuit. 

elk 

third D-Lateh 

(b) Schematic of the third divide-by-2. 

FleURE 7.~\: Schematics of the third stage. 
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(a) Schematic of the fourth D-Latch circuit. 
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fourth D:Latch 

(b) Schematic of the fourth divide-by-2. 

FIGURE 7.4: Schematics of the fourth stage. 
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(a) Schematic of the fifth D-Latch circuit. 
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(b) Schematic of the fifth divide-by-2. 

FIGURE 7.5: Schematics of the fifth stage. 
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(a) Schematic of the sixth D-Latch circuit. 
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sixth D-Latch 

(b) Schematic of the sixth divide-by-2. 

FIGURE 7.6: Schematics of the sixth stage. 

7.1.2 Phase selector 

The phase selector shown in Fig. 7.7(a) is no exception to the unstacking and requires 

both the clock transistors and the current source. This cell, although driven with a 

frequency one quarter of the input to the divider, poses quite a challenge with so many 

levels of transistors. The actual phase selector from the SOl divider can be placed with 

resistors, clock transistors and current source transistors, bringing the tally to four ac­

tive devices plus a resistor and a 1.8V supply; this is quite a challenge. The alternative 

is to split the phase selector operation into two stages: I) choosing whether to accept 

the quadrature inputs as they are or their inverses, 2) picking which quadrature to pass 

to the next divider. In the latter case, three active devices plus a load resistor must 

operate within the same I.8V supply, but there is now a need for a set of interstage 

couplers between the split phase selector. However, it is preferable not to have these in­

terstage couplers a.s they consume extra power, especially when a large drop is required. 

Simulations showed the complete phase selector to operate within a 1.8V supply and 

hence is chosen for the remainder of this design. 

7.1.3 Level shifters 

Regarding the source followers, those following the second divider have a greater drop 

than t.he rest of the level shifters (determined by the need to drop three levels of MOS de­

vices as oppnsC'd to two.) but also suffer from the greatest degradation in high frequeucy 
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(a) Schematic of the phase selector. 
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(b) Schematic of the source followers between the 
dividers. 

(c) Schematic of the source followers between the 
outputs of the second divide stage and phase selector 
inputs. 

FIGURE 7.7: Schematics of various other subcircuits. 
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gain. Looking at the small signal gain of the source follower[l]: 

(7.1) 

where gm is the front gate transconductance, RL is the load resistance of the source 

follower circuit, and gmb is the transconductance due to the body, any increase in the 

bulk transconductance value will lower the gain (assume a large load resistance). This 

term is almost inversely proportional to the bias across the source-bulk terminals (there 

is a square-root function in the denominator acting on this voltage). When the source­

bulk voltage approaches zero, this transconductance approaches a value that is less than 

unity (voltage swing dependent gain). However, simulations showed the phase selector 

to have a high sensitivity at its inputs such that this was not a problem. These source 

followers required a DC drop of O.8V with the other available amplifiers needing to drop 

0.5V between input and output. If the output resistance was made lower, then the level 

shift would be even greater but at the expense of greater attenuation of the input signal, 

as explained above. 

7.1.4 Modulus control 

The modulus control circuit was initially implemented as in the SOl divider (Fig. 7.8(a)) 

using a differential pair NAND gate in the stacking close to the load resistors. The aim 

of this is to stop the state machine by forcing it into a 'particular' stable state, making 

sure that the divider's output prevents the subsequent dividers from toggling. Unfor­

tunately, the problem arises with this particular stable state as the outputs are fixed 

to a certain value (see Wave3 in Fig. 7.9), when set not to divide by (N+1). This 

means that if the output of the divider is in any other state then the outputs will change 

when the divider modulus is changed; this lead::; to an erroneous change of outputs, as 

illustrated in Wave4 of Fig. 7.9. If the sub::;equent dividers in the FSM are senf:3itive to 

such an edge, then they abo toggle, causing the phase selector to change phase at the 

wrong time and thus skip an input cycle. Instead, a transparent gate which holds onto 

the last known value of the clock level when set to do so by the modulus control is the 

solution (Fig. 7.8(b)). As Waves 5 and 6 in Fig. 7.9 show, the latch is transparent when 

dividing by (N+1), but holds the last state when the modulus control toggles. Although 

this Illay not be an issue in the case of a dual-modulus divider, it is fatal when included 

in a programmable divider loop (if jUf:3t the dual-modulus divider were used and the 

subseq1lent circuit were to allow a settling time. then this error could be ignored.) 

The SeL D-Lntcb ill Fig. 7.10 implcmcnts this task, glvmg the desired operation. 

Obvio1lsly, this is (1 power Illlllgr.v solution to the problem of modulus control. but nev­

erthe\('ss. it solves the problcm. The rpsponsc time of this latch must equal that of the 
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FI(;U~E 7 . .'\: Schelllatics related to the lllodulus cOlltrol problelll. where the ttppn 

diagram relates to the asynchronous lllodulus switching. leading to eLTOllCOUS divisioll 
ill a prograllllllable divider loop. The lower diagralll is a soilltioll to the nlCllti()jwd 

problelll. 

last divicl<~r in tlw Hi/17 divider chain in order for it to operate corn~ctly. This ohs('rv<l­

tion allows its dc'sigll to be no lllon~ power hllllgry t hall each of tiw latchc~s ill t he' divid('r 

stage precc~ding it. awl also the ('apacit(\ll('(~ it prc'st'llts to the olltPllt of til<' divid('r. 

This latch is not as power dii('i(~llt as OlW ill CMOS topology. hilt it dot's r('lll()V(' til<' 

llced for challgillg bt~twe(~ll Cl\IOS to SCL logic i('v<'is with tIl(' sigllals rtlllllillg at a f('w 

hlllldred MHz (it shollld not lw ll('Ccssary to apply a COllvt'rsioll the ot ilt'r way. wit h ()Ilh' 

a DC level shift being rc~qllirc~d to t:t~lltr(' the' SWillg arolllld tlw switchillg thrc'silOid of 

thc~ latch.) This cdi has hecll desiglled to COllSlllll(' 2!)()llA hllt it sho1l1d ht~ f('asil)l(' to 

red llce t hc Cllrrent furt ht~r ill this silllpic 1'1'11. 

Figllrc~ 7.11 shows a scht'llwtic of th(' Cl\IOS-t(}-SCL C()llwrt('r that trallslat('.'i ;\ C'l\i()S 

rail-rail lllod1l11ls control illPllt illto a diH('r<~lltiai SCL sigllal. which ('olltrois t ij(' ;t!(J]'('­

lll<'llt iOlH'd latch. 
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FIGURE 7.11: Schematic of the CMOS to SCL differential pair. 

7.1.5 Complete circuit 

The whole divider is represented schematically in Fig. 7.12. The current bias is set 

using a resistor between the input of a current mirror and the upper power rail. When 

used in the IEEES02.11a LO, a very stable current reference of 25f..LA is made available 

for the rest of the chip. 

The observant reader should notice the presence of a great number of capacitors on the 

outputs of some of the dividers. They are deliberately placed in the design (including the 

layout) and their purpose is solely to balance the loads on the divider outputs, deemed 

critical for successful operation at high speeds. \\lith most of the dividers in the division 

chain, capacitors have been placed on their redundant outputs, either the master or the 

slave. This concern to guard against unsuccessful division at high frequencies is taken 

to another extreme with a powered divider stage on the redundant pair of outputs of 

the first divide-by-2 stage. The redundant divider's outputs are then loaded with linear 

capacitors; the motivation behind this action is to have a balanced operatioll at the 

very high frequency end of the circuit. However, if one is to be thorough on this issue 

of matching, then the question can be raised as to why no source follower is present 

between the output of the first divider and the clock input of the redundant divider. 

The author acknowledges this as a mistake, but is satisfied with the effort to place some 

active load, as opposed to none at all. The measurements in the next chapter will show 

this oversight not to have marred the performance of this divider in the desired frequency 

band. 

The schematic in Fig. 7.13 shows the connection of blocks after connecting to lJOllrl 

pads. A 500 output driver is placed after the dual-modulus divider to aid high freqllellcy 

characterisation. There are also a considerable number of on-chip decoupling, capacit.ors 



IPO 
elk 

NJPO 

.------l elk 

Source foil 
type I 

f------ll elk 

,O~ D.2 Biasi 
M o . 

·(Current-source mirror) 

Voo 

~ 
~ 
C 11.IfFeaeh 

t-=4> 
~ 

o c - -U U U U 
;Z ;Z 

PSOltt 1-1 ---..., 

~. Source foIl 
.' typel 

elk 

Von 

, 
> 

FIGURE 7.12: Schematic of the divide-by-1G/17 core circuit. 

V o , 

auti >8 

noutiJL2 
o 

outq 

Voo 

V,V 

elk 
out ~voo 
nout D

t 

NO 
~ , 
c: "" U 

nclk 

Biasi 

OPO 

auti 

no uti t-I----------' 

~ 
~ 

tv 
W 

""'" 

g 
~ 
No 
(1) .., 
""l 

tJ 
.:: e:. 
s 
o 
Q.. 
.:: ...... 
.:: 
CIl 

N 

~ 
""l 
Q.. 

~: 
Q.. 

~ 
::;. 
~ 
N 

~ 
S 
0-
.:: 
~ 

~ o 
en 



Chapter 7 Dual modulus 16/17 div-ider in O.18fLlIl bulk Cl\IOS 
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FIGCRE 7.1~): Schematic of the divide-by-16/17 fabricated circuit. 

RF pads 

• 

in order to supply the transient charge due to high frequency transitions, cOlllP('nsating 

for the effects of any bondwire inductance. 

7.2 Layout 

In order to characterise the dllal-IIlodllllls divider. a stand-alOlw copy of t.his cdl. outside 

the programmable loop. was inserted into a padring for characterisation awl v('rihcatiou. 

The divider ratio is fairly low and Il('nc(~ a division of GGHz by Hi drops th(' fn'<[II<'II<'Y 

down to around :{OOMHz. t Ims r('q 11iriug a Gon driV<'r. Looking at t h(' iudivid Iwl layo u t s 

of the divider cells. it should I)(~ d(!ar that th(' ClllT('UtS iu th(~ activ(~ wgious tr<1v<'I iu tIl<' 

smll(! din)ction. either horizontally or vertically. This is also tIl<' cas(' in thl' full dll<1l­

lllodulus divickr core!. Thl' arrang('nH'nt of th(' trausistors and int('l"("OlllH'ct is brgc'ly 

tlw sallle for every cdl. with til<' aSIH'ct ratio of til<' ('arli('r divid('rs diff('riug d \ j(' tot llC'ir 

larger power drain. Th(' COllllllon f(!atllr(~ alllougst (!vl'ry divid(!r cdl is that t 1)(' high 

frequency signal is confinc~d t.o a slllall radi11s about tIl<' c('ntn' of c!ach layoll t. I lC'1lC"C , 

.i 11st ifying the position of t h(' ClllTc'nt SOllrC(, t ransist ors. As all t 11<' CAD IllC)( Ie> Is lIsc'd 

d ming silllulat ion use til<' RF ('xt('nsiou. it S('('lllS s('nsi bl(' to IIS(~ a layou t Oil w h id 1 t 1lC' 

lllodd characterisation is bas('d. 

TIl<' phase s('lector pictml'd in Fig. 7.IG(a) is a d('viatiou frcJlll tl1<' r<ltl1<'r silllihr c1i\'i<!c'r 

cdb pict11rc~d. TIl<' Hoorplall of this c<'ll is dictat('d l)~' tl1<' Hoorplall ()f t 11<' wlll,]c' <!I\;J!-
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(b) Second d iv ide r. 

(a) Pirst d iv ider. 

(c) Third d iv ide r . 
(eI) Po ur t h , fifth and s ixth d ivide rs . 

FI Cl RE 7.1 4: Layouts of the illdividual divider cells. 

Illod 1I1i ts divider. T ile arrallgelllent of the trallsistors is similar to the circuit topology 

show n I reviol tsly. with the redlllldant outputs capped with linear capacit ive loads as well 

as polysili Oll resisto rs. III Sitch a critical cell. the lleed to balance parasitic capacitances 

is (1 high priority, so that t' ile qltadratmc phasc relat ionship bctween thc inputs is not 

disl mbed. Sayillg this. the freqllcllcy at which this phase selector cell operates has lower 

s(, llsit ivity to s llch parasitics , lIuill(c ill the case of the llGHz yeo. 

Fig ltf{' 7. 16 is the last layollt ill this sectioll. showillg the taped out cell. The high 

1'r('q II ('IICY sigllill arr ivcs 0 11 the left. with the divided sigllal cmergillg 0 11 the right hand 
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F IGU RE 7.1 .5 : Layouts of miscellaneo lls cells. 
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FIGURE 7.17: Schematic of the divide-by-16/17 in a testbench arrangement. 
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side. The flow of operation loops back from the output to the phase selector control 

inputs. Figures 7.15(b) and 7.15(c) show the simple active level shifters, that are placed 

symmetrically in pairs between the divider stages. There is also a 50n buffer placed 

before the ground - signal- signal- ground pads on the right hand side for matching 

and driving such low impedance without affecting the operation of the divider core. 

7.3 Simulations 

In this section, the simulation results are presented to show the dual-modulus divider 

running. Figure 7.17 shows the test arrangement, with the conscious decision to drive 

the circuit with the 12GHz quadrature generator. The quadrature generator incidentally 

drives the 'dummy' mixer loads as well as linear capacitors for the output without the 

dual-modulus divider. Although shown, the inductors are not relevant during the testing 

of this cell, and this is because the circuit is in fact probed and not wire-bonded to a 

package. However, it is useful to see the effects of bondwire inductance as the intention 

is to have this cell within a LO loop surrounded by other transceiver cells, and driven 

with the same power supply connection delivered through a bondwire. 

Figure 7.18 presents the results after simulating the previous testbench with an llGlIz 

input signal on the input to the quadrature generator. The output of the divide-by-2 

oscillates around 1.1V DC, which is slightly off the desired common-mode voltage. Tbe 

peak-peak swing of the dual-modulus divider input is 750mV at 5.5GHz. On its output, 

a voltage swing of 700m V is produced. The upper graph in this figure shows the modulus 

control input, with it dividing by 17 when the signal is low. The effect of the h(Jndwi]'(~ 
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inductance in series with the decoupling capacitors is shown in the output waveform; 

note that the supply to the core of the chip jumps to greater than 2.3V before settling 

back down to the nominal 1.8V. This is naturally a cause for concern, but a fault in the 

simulation is not having the power supply ramp up to the nominal value in the space of 

say a few milliseconds. 

Although not captured, the circuit has been simulated to run as fast as 7GHz, exceeding 

the specifications of the IEEE802.lla standard. This is enough margin for unaccounted 

effects which could mar the: performance of this cell and not allow the LO to operate up 

to the Ilpper edge of tIl(' desired band. 



Chapter 7 Dual modulus 16/17 divider in O.18f-Lm bulle CMOS 241 

7.4 Measurements 

At the time of writing this thesis, no measurements existed solely for this dual-modulus 

divider. However, the design has been included in an integer-N programmable divider 

discussed in the next chapter. This design was found to function at the correct frequency 

and measurements will be included in that chapter. 

7.5 Discussion 

Although the primary aim of the chip discussed was to provide a circuit function that 

is suitable for 5GHz LO generation, a useful insight has been given into the bulk imple­

mentation of the topology and phase-select control scheme. The simulations have clearly 

shown the circuit to work as well as in the desired frequency range. 

Looking back at the circuit, it should be obvious that designing such a circuit in bulk 

(schematically) is a challenge compared with the SOl design as one now has the back 

gate effect manifesting itself. From a layout point of view, in the case of body-tied 

PDSOI, the bulk design is far simpler, though with very high frequency designs, it is 

necessary to place a large number of ground substrate contacts. The low power supply 

does little to help the design, giving a low headroom for signal swing. 

From a modelling point of view, highly accurate DC models are needed for short-channel 

devices, especially in a low supply voltage scheme where errors cannot be tolerated. Such 

models were made available for the project and the results in the next chapter provide 

evidence of their essential role in the design. With the use of source followers, the need 

for excellent RF modelling is now as important as ever, ensuring high frequency oper­

ation at the early stages of the divider, not seen in the SOl divider presented earlier. 

Without such modelling, it would be hard to quantify parameters such as phase shift due 

to the source followers and the attenuation in signal amplitude due to the capacitance 

(rather than the gain) of such a buffer. 

Being in its own pad-ring partially masks the true performance of the chips, with pad 

parasitics and the output buffer. Saying this, by the time the input signal is divided 

down to its output, digital cells from a library should be acceptable for later stages. As 

in the SOl divider, it was decided to keep all dividers after the phase selector as static 

dividers, at the expense of a higher current commrnption. The benefit is tha.t Wh(~ll tl](~ 

quadrature outputs are needed, there is no need to cOllvert back from CMOS to SeL ill 

order to generate those outputs. However. this could well be cOIlsidered a luxllfY !llId 

should ideally be simulated a.gainst a hybrid dnal-rnodllllls chain of CMOS aJld SeL 
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divide-by-2's. 

The amendment to the modulus control function is implemented in this circuit and was 

prompted by the simulations of the full programmable divider discussed in the following 

chapter. The embedded NAND gate used in the SOl version, though simplistic, had a 

certain output state when signalling the divider not to swallow a pulse, causing a mo­

mentary but significant glitch. With the subsequent dividers sensitive to it, erroroneous 

division has been seen with such a scheme. The inclusion of the D-type latch acting as 

a sample-and-hold circuit for the clock signals (see Fig. 7.8) solves this problem, again 

at the expense of slightly higher current consumption. The operating characteristics of 

the dual-modulus divider before and after such amendment are quite distinct and really 

requires its inclusion in a programmable divider loop for the difference to make itself 

apparent. 
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Chapter 8 

Programmable (513-544) divider 

in O.18tLm bulk CMOS 

This chapter develops further the ideas presented earlier for the dual-modulus divide­

by-16/17 design already discussed, in the design of a 513-544 divider in a 0.181-£m bulk 

CMOS technology. The internal configuration of this programmable divider is what 

makes the PLL an integer-N PLL as opposed to a fractional-N PLL. The core of this 

programmable architecture is the divide-by-16/17 circuit which, with some additional 

sub-blocks, forms the heart of the synthesiser as part of a Philips Research project. The 

design has been fabricated and successfully measured, and is able to run with input 

frequencies up to 6.6GHz. 

8.1 Circuit design 

8.1.1 PLL architecture 

The local oscillator used in the IEEES02.11a direct conversion receiver project (con­

ducted at Philips Research Laboratories N.V, Eindhoven, The Netherlands) is a fre­

quency synthesiser based on a PLL, whose frequency can be set to the centre frequen­

cies of the appropriate channels. In order to perform this discrete channel selection, a 

programmable divider of some sort is required which, in our project, will come after 

the 12GHz divide-by-2 circuit discussed in chapter 6. The actual style and operation of 

this programmable divider is based on the chosen style of the frequency synthesiser. As 

introduced in chapter I, one can have a fractional-N synthesiser 3.'3 well as an integer-N 

synthesiser, each with its own merits and flaws. Although the fraclional-I\ sYIltllCsiser 

is said to have a better phase noise performance and give the designer a greater degrr~(~ 

of freedom with the choice of the reference freq1lency and locking Lime, no cOluparis()lJ 
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of either architecture has been performed prior to the design showing whether the spu­

rious output of this style of frequency synthesiser would overshadow its benefits for this 

application. Both contain the same number of divider blocks, but differ in where the 

output is taken for phase comparison. In the fractional-N type synthesiser, the phase 

detector is required to operate at a higher frequency. Owing to better understanding 

and lack of time for further study, the integer-N PLL was the chosen style of frequency 

synthesis for this project, though this is certainly not necessarily the optimum choice. 

The choice of channel spacing in an integer-N architecture is governed by the reference 

frequency arriving on one of the inputs of the phase detector. It is usual practice to have 

a higher frequency divided down to the desired step size, as the phase noise of a frequency 

divider is theoretically improved at its output. This follows the 20· loglO(N) rule [3], 

predicting the improvement at the output of any combined divider with respect to the 

input phase noise, assuming the noise floor of the divider isn't reached. The IEEES02.lla 

standard operates in the 5GHz un licenced national information infrastructure (UNII) 

band. In this standard, an aggregate signal bandwidth of 300MHz is available, split over 

two bands (the lower has 200MHz). There are S channels in the lower band and 4 in the 

upper, each having a bandwidth of 20MHz. Within each OFDM (orthogonal frequency 

division multiplexing) channel, 52 subcarriers are present, each being a BPSK, QPSK, 

16-QAM or 64-QAM signals and the channel has the capacity to allow a maximum data 

rate of 54Mb/s. 

inputs 

; _ (+~ i h 
input JI NI i ! 

-- -- : Output 

.~~ ~ i 

MOdU~ [ Reset I P [I. 
control [ l ' 

I I 
I _____ ! 

FIGURE 8.1: Block diagram for an integer-N programmable divider. 

A ::;tep size of 20MHz would be an obvious choice for the synthesiser, but a conscious 

decision to have a 10MHz step size was made, giving a finer granularity to frequency 

selection if need. The drawback with this approach is that a larger set of division ratioes 

emerge because a greater frequency multiplier is needed to achieve channel selection in 

the same frequency band. This leads to a higher close-in phase noise at the output, 

as seen ill equation (6.1), .vhich is not attenuated by the low pass filtering of the loop 

bandwidth. Although the frequency divider circuit is said to reduce the phase noise 

betw(,cll its input. amI output, 1.11(' phase noise (close-in, wit.hin the loop bandwidth) at 

the Ollt Pllt of til(' local oscillat.or gOCf' up by the same factor. 
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Concentrating on the lower band, the range of integer values needed are derived as 

follows: 

• the lower edge of the frequency band is 5.15GHz, which has to be compared with 

10MHz . 5.15xl09 = 51 :; 
.. lOxl07 v 

• the upper edge of the frequency band is 5.35GHz, which has to be compared with 

1 OMIJz . 5.35 X 10
9 = 535 

. .l .. loxI07 

From this, the integer range of the divider is [515, 535J. To achieve this with dual­

modulus dividers, one can use the architectme shown in Fig. 8.1 for integer division. 

8.1.2 Division ratio 

Referring to Fig. 8.1, the overall divider ratio is P(N + 1) -lvI, where P ~ M for a dual­

modulus divider with ratio N/(N + 1), fixed divider, P, and a programmable counter 

with a value lvI [5J. The variables M, Nand P can be any integer though there are the 

physical problems of implementing such a counter. The composition of the divider is 

much simpler when using 2N division prescalers (with the programmable counter being 

an exception). With division ratios falling outside this requirement, the result is dividers 

that require additional combinatorial logic which can impede the speed performance of 

the circuit. With the required divisors and the range, the ratios were found iteratively 

as follows: 

1. with a divide-by-2/3, the fixed divider can be 256, giving a ratio between 512 and 

767 (or 513 and 768) 

2. with a divide-by-4/5, the fixed divider can be 128, giving a ratio between 512 and 

639 (or 513 and 640) 

3. with a divide-by-8/9, the fixed divider can be 64, giving a ratio between 512 and 

575 (or 513 and 576) 

4. with a divide-by-16/17, the fixed divider can be 32, giving a ratio between 512 and 

543 (or 513 and 544) 

5. with a divide-by-32/33, the fixed divider can be 16, giving a ratio between 512 and 

528 (or 513 and 527) 

Following the decision to implement the phase select architectme of chapter 4 iII bulk 

CIvIOS, the first two configurations were ruled out. The second of the two requires at 
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a4 
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(a) Schematic of the digital comparator. (b) Schematic of the SCL to CMOS translator. 

nd3pd nd2pd 

zero 

ivpd nr2pd 

(c) Schematic of the extra divide by 32 circuit. 

FIGURE 8.3: Schematics of various cells. 

least one divide-by-2 stage (which will also be a part of the state machine) after the phaBe 

selector to avoid race conditions. The fifth proposal is also ruled out, with the range 

of divisors falling short of the target. The decision to choose the divide-by-16/17 over 

the divide-by-8/9 was based on the frequency at which the control signals to the phase­

selector toggle. With the higher division ratio, the signals have more time to settle. The 

divide-by-8/9 option may insinuate more divider cells designcd in a CMOS topology 

(in the overall programmable divider), but this wonld require custom dcsigned Ii! t.ell 

cells because library cells would not be able to cope wit 11 such a high input frc(j1)(~)JC\'. 
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As mentioned before, the motivation to keep the signals in SCL in our divide-by-16/17 

throughout the loop is based on the desire to have true differential signalling and to 

remove the overhead of translating the CMOS signal to an SCL one in order to control 

the phase-selector. 

8.1.3 Transistor level design 

Figure 8.2 shows the schematic of the programmable divider, with ratios 513 to 544 

inclusive. The dual-modulus divider from Chapter 7 is used unchanged. Its SCL output 

signals are converted to rail-to-rail CMOS (using the circuit shown in Fig. 8.3(b)), before 

driving a fixed divide-by-32 cell (Fig. 8.3(c)) containing Philips O.lSp,m CMOS library 

standard cells. The input frequency to this cell is over 300MHz and thus, due to the 

compactness of the design, should be simulated with extracted interconnect parasitics, 

together with MOS model 9 transistor models for the PMOS and NMOS transistors. 

The RF extensions to the MOS model 9 cannot be used for these cells, as the physical 

layout of the transistors in these digital cells do not follow the style of layout modelled 

by the RF extensions (for example, there is only one contact to the polysilicon gate and 

the lack of substrate/well taps per transistor increases the body-to-substrate terminal 

resistance. ) 

In order to toggle the modulus of the dual-modulus divider, a digital comparator checks 

the output of the fixed 5-bit counter with a programmed code designating the desired 

the division ratio. The choice of cells is based on the delay through each logic gate, with 

the fastest chosen for every gate, making sure the fanout isn't violated. The same is 

true for the fixed divider. The Boolean equation for the circuit in Fig. S.3(a)is : 

Q = (aO· bO + aO·bO) . (al . bl + al·bl) . (a2 . b2 + a2·b2) . (a3· b3 + a3·b3) + (a4·b4 + a4· b4) 

(S.l) 

The output of the programmable divider is in fact the same as 'a4' marked on the divide­

by-32 fixed counter (in Fig. S.3(c)), and will generate one full cycle for every 513-544 

cycles on the input of the dual-modulus divider, depending on the 5-bit word that is 

present on the inputs of the digital comparator. 

The last cell in this loop is a D-type flip-flop which toggles the modulus control input. 

When the output of the digital comparator toggles (signalling a match), the transi­

tion nt the ontput is scnt to this flip-flop, causing its output to change from logic 0 

to logic: 1. "Vhell the fixed dividcr (counting down) reaches zero, the flip-flop is reset, 

and the d\lal-modulns divider begins to divide by the inital divisor at the beginning 

of tIll' lH'xt cycle. The f1ip-flop's C1',,10S rail-rail signal is fed back to the dual-modulus 
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divider where the translator of Fig. 7.11 buffers the signal appropriately for internal use. 

At the beginning of this chapter, we gave possible combinations of fixed- and dual­

modulus dividers that, when connected together, resulted in the minimum range of 

divisors. For our choice of dual-modulus divider, there are 32 consecutive integer di­

visors, ranging from 513 to 544 inclusive. The 5-bit input word required to select the 

divisor ranges from '11111' for 513, to '00000' for 544. The dual-modulus divider's de­

fault modulus is 17, and the fixed counter is wired to count down in sequence, starting 

from '11111'. When the input (b4,b3,b2,bl,bO) is '00000', the single flip-flop remains 

in its default state and 32 output cycles emerge at the fixed counter output ('a4'), eacll 

with a period equivalent to 17 dual-modulus divider inputs, amounting to division-by-

544. \Vhen the input is '11111', the flip-Hop will instruct the dual-modulus divider to 

divide-by-16 immediately and will do so for every output cycle (31), until the output of 

the fixed counter (a4,a3,a2,al,aO) reaches '00000'. At this instant, a 'zero' st.atr! is 

detected and the single Hip-Hop at the end of the programmable divider is reset back t () 
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its original state to divide-by-17. The fixed counter will complete an output cycle with 

this input (17 dual-modulus input periods in length). Thus, the overall division will be 

16*31 + 17*1 = 513. 

Had the default divisor of the dual-modulus been 16, and the fixed counter counted 

'up' in sequence, then the range of divisors would be 512 to 543. The expected 10MHz 

output of this circuit is a CMOS rail-to-rail voltage and is taken from the MSB of the 

fixed divider. 

The final schematic shown in Fig. 8.4 shows the divider core surrounded by pad cells 

instances. For quick testing, it was decided that probing the wafer would retrieve results 

quicker. Considering the tight space around the probe station chuck where the probe 

holders sit, the number of pads that can be probed is limited so, in our design, where 

a 5-bit digital input is required, a serial input pad is placed in the pad ring to reduce 

this pad count. This pad feeds the input to a serial-in,parallel out register, clocked by 

the signal arriving on another pad (marked 'CLK'). The pad count is such that one 

'ground - signal - signal - ground' set accounts for the 5GHz input, 4 DC pads are 

used for circuit ground, current bias, circuit supply voltage, 10MHz CMOS output, and 

the finally another 'ground - signal - signal - ground' pad set accounts for the divide 

ratio serial input and the corresponding register clock. 

8.2 Layout 

The bulk of the layout has already been described in Chapter 7, with the dual-modulus 

divider at the heart of the layout. The additional cells in the programmable divider 

loop have been added to the layout of the dual-modulus divider. These cells are col­

lected in Fig. 8.5. Layouts constructed using RF layout transistors are consistent with 

the need to have all active area currents travelling in parallel directions. In the case of 

the library cells, this is not possible and so the matching issue is forgone with these cells. 

With the circuits built around standard cells, these digital blocks have been cascaded 

where possible, making full use of their individual fioorplan attributes and minimising 

additional routing. 

The pad layollt in Fig. 8.6 shows how little is changed between this circuit and the design 

described in the previolls chapter. It should be pointed out that the pad assignments 

are different with the OlltPllt fonnd on only one pad. The GSSG pad arrangement on 
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(a) Layout of t he C MOS to SCL difte rentia l pair. 

(c) Layo ut o f t he SCL to C MOS opa1l1 p. 

(b) Layou t of the digita l cornpa rator wi t h standard 
cells . 

(d) Layout of the d ivide-by-32 cell using slandarcl 
ce ll s. 

FleURE .5: Layout of varioLls cells. 

the right hand side has one signal pad de'ignated for the divider Olltp ut and t he other 

for clocking the division ratio register . T he current bias is set 011 the comer pad at the 

top left , whilst division ratio is programll1ed into th i11tem al register via the bottom 

right-hand pad. The signal pad ill the top right corner psets the regiHtcr. As before. 

considerable power supply decoupling is placed on chip close to thc corc of the divider. 

8.3 Simulations 

As part of the verification. the circui t in Fig. .2 iH simulated before COllllll('llcillg layol l t. 

Bei11g a large-signal circuit, pcrformi11g slllall-signal ac allalyscH shows v('ry little H.'; tIt(' 

circuit is far frOlll behaving linearly. Dmi11g trallsient sillllllatioll. each divisor ha.,; 1)('('11 

verified (with a >-5G Hz input.) usually ill pairs to see if the divider hallgs w he'll challgillg 

divisor. As t here are 32 possible divisors . it is llot vcry illformativ(' to reprodllc(' trall-
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FIC ll RI~ 8 .6: Layollt of tllC taped out programmable divider. 
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sient output plots for each and everyone, and therefore in Figs. 8.7 to 8.9 shows only 

those at the boundary of the group as well as one in the centre. As in the dual-modulus 

case, the programmable divider is driven by the 12 GHz divide-by-2 circuit described 

in Chapter 6 with a 1O.7GHz clock signal on its input (thus translating to a 5.35GHz 

clock on the programmable divider input.) The input power level on its input remains 

the same as that from the corresponding simulation in the previous chapter. The reason 

behind this is that the additional circuit presented in this chapter does not introduce a 

global feedback loop. With the decision to change modulus affecting the switching of 

the circuit half-way into the dual-modulus circuit, the input stage to the dual-modulus 

divider and hence the programmable divider remains the same as in the previous chap­

ter. 

Though important, problems with the extraction tool hindered the manual extraction 
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FIGURE 8.7: Screen captures output nodes of the complete divider (MSB output of 
the fixed divide-by-32 cell) after running transient simulations with a 5.35GHz input. 

Division by 513 (11111). 

of parasitic capacitances of the divider circuit. To allow for the uncertainty resulting 

from this limitation, the dual-modulus divider has been designed with a margin such 

that the pre-layout simulations show the divider to operate at a higher frequency than 

the upper limit of the frequency band. Simulations with an input frequency of 7GIIz 

have been performed successfully. 

LJnfortunately, no phase-noise value has been extracted from simulations to check how 
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well it follows the expected relationship. The 'P('riodic steady-statc' analysis tool [1] [-1] 
failed to converge at the tillle of the silllulation. It is thought the mixture of models 

(plain MOS model 9 and MOS model!) with RF C'xt('llsion) caused this failure. bnt this 

was difficult to conclude. One can simulate a pair of circuits with a COlllmon illpnt Hnd 

} rad phase shift in one path before lllLxing the result down to baseband. The output 

transient simulation is then subjected to an-point FFT in order to generate a discrete 

spectrum of the baseband result. U nfortunateiy. such silllulation fails to show the true 

noise fioor of such technology with equipment cOllllected. resulting in an opt illlist i(' Hn­

swer. 

Another simulation that has been omitted is the input sensitivity plot. Th(' algorit hm 

used to extract such performance relics on ident i{ying t he correct minimum power 1<'\"('l. 

with a slight quantisation error. For the divide-by-2 circuit, more than 24 hours were 

spent generating such data. vVith this programmable divider, the need to simulate long 

cycle times iteratively with a high resolution at a high frequency makes the simulation 

prohibitive. vVithout extracted paTasitics of the taped out divider, any siIllulat ion wonld 

be dubious. 

8.4 Measurements 

The prograullnable divider was successfully fabricated in the Philips CMOSIK digital 

process and a photo of this chip is shown in Fig. K.lO. Although the divid(,-by-l(ij17 

divider discussed in chapter 7 is the key to this programmabk divider, there is no ('x­

plicit output (llor is there a tap to the modnlus control input) from that dnal-modnills 

divider, in order to test its functionallity. Tapping the dnal-lllodnins divi(kr's ontpllt 

would have reqllired a high speed ll1lti"('r that was capabh~ of driving a larg(' ('apa('itiw 

load at a pad, whilst prcscnting a low capacitive load to that divider output. Thollgh 

possible, timc was a key factor in its omission. 

Tlw meaSlln~lIlCnts on t lw rd Ilrned salllph~s hav(' d('nlonstrat(~d that the progral11l11a hk 

divider fllnctions corn~ct ly. and wit hill t lw fn~qllell(,y balld of int(~l"(~st. Frol11 t his. it is 

acceptable to infer that the dnal-ll1odlllus divider is fnnctiollillg c:orr(~ctly. tllollgll it,>,,; 

I)(~rfonnance (phase noise. power COllSlllllpt iOll. de) is ll1ask(~d by t lw n~st of t l\(, pro­

grallllllabl(' divider. 

The ll1eaSllWllH'llt sC'tup for t('stillg tl\(, die' is SllOWIl ill Fig. K.11. TIH' sigllal g('lwj";if()j" 

alld spectrlllll allalyser an' ('quival('llt to those' Ils('d ill Cll;Jpt<'r (i. Aft<'r g<'lwr;Jt ill)..', t lw 

diH'el"('ntial signals usillg a hyhrid ("()Ilpler. Oll-cllip DC hlockillg (";lpHcit ors pr<'\'('llt DC 
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F IGURE; .10 : Chip p llOto of the fa bricated programma ble div ider. 

from tlte' signal SOlU"ce arriving on the inputs to the divider core. The bias is set using 

the sallle alTang'lllellt as ill Chapter .5. T he illput bias voltage to this programmable 

divider is eqltal to the Ol ltpu t collllllon-Illode voltage of the bulk divide-by-2 . Wit h t he 

passive ltlixer ill t he receiver chaill dictating this common-mode voltage, the following 

lI te'aS llrelll ellts lllllst adhere to this specifcation for the res ults to be credible within the 

cO lltext of the IEEEH02.lla project . (NOTE: T he DC blocking capacitor and input 

COllllllOH-lllode voltage gcnerator have not beeH described explicitly in the design sec­

tiOll of t Ius chapter. as t h 'y were included illllllediately prior to tape out by engineers 

Nelli-tel Pavlovic allCi DOllline Lcenaerts of Ph:il. 'ip8 R eseaTch LaboTatoT'ies NV to alle­

viate the lw('d for exterHal DC blockillg capacitors and bias tees. The dowllii ide here; is 

tllar t he illPllt COll llllOll-lllOdt, voltage is set via t lw lllaster CLUTellt bias. which also sets 

the ClllTC'llt ill all c('lls that llse so mce-co llpied logic.) 

Tht, divisioll mtio is cnter'd ill a 5('rial fashiou using a DC som ce (lllains-derived). as 

was [lil' l"l'set (,OlllL<'CtiOll to thl' division ratio register. A battery powered data clock 
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FIG URE 8 .11 : Measurement setup for checking the functionality of the divider. 
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generator provided our 1. V ingle-ended ClVIOS clock for the register as it lleeded a 

'clean' signal source. The mains DC power supply has beell lloted to be lloisy, triggerillg 

t he register to store the value on the 'DATA· pill more than Ol1ce. 
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Sensitivity Curve of Programmable Divider 
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FIG ·RE 8. 12: Input sensitivity curves for the prograllllWtble divid er. 

Although 110 explicit oscilloscope plots are ShOWll of the low frequellcy Ollt [Jll t. aspect rulll 

analyser was used to check the correct output freC[ll ~l1cy. OWillg to bad probc' cOlltH-cls . 
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the p{Jw(~r sllPply to the chip had to b(~ raised. resillting in a currcnt COllSlllIlption 

of 12JimA. with a 2.;;mA cmrcnt bias. One salllple was tested for all divisors from 

.~ 1;~ to ;;44 inclilsive at G.IGG Hz. The minilllllIll ClllTCnt consUlned by thc divider for 

successful operation was found to be 11.~mA. Four other samples were checked for 

the following division ratios: GU. G14, GIG, G20, G2K G29, 5:37, .~41. 54:3, 544. Figure 

8.12 graphs the rneasllwd sensitivity of the programmable divider, under the conditions 

given. The reslllts cbtrly show high sensitivity within the lower band of the IEEES02.11a 

wireless specification. It is also encomaging to see the programmable divider functioning 

correctly over such a broad range of freqllencies, with the top frequency being noted as 

fi.fiGHz. 

8.5 Discussion 

This brid chapt(~r has described the incorporation of the Hi/17 dual-modulus divider 

within an integer-N divid(~r loop. Together with the COlTection of the modulus control 

circllit, (~lTor-fn~e operation has been simulated beyond 7GHz. 

'With the olltPUt frequency of the dllal-modllius divider dropping to around ~OOMHz, 

the CMOS library cells hav(~ lm~n lls(~d after converting the SCL signal to a CMOS logic 

output, n~sulting in a low CUlTent circllit as well as a qllicker design process. The probed 

mCaSI[l'(~llwllts hav(~ dClllonstrat(~d the design to work as high as G. fiG Hz, with a slight 

deviatioll ill pow(~r sllPply all( 1 C\llT(~nt conslIlllptioll from the vailles used to simlliate 

the d('sign. High input s(~nsirivity wit hin t Iw t argd fl'(~(lllCncy band from Pi .1PiG H~ to 

.s.:~.sc: Hz has also prov('d t Iw sw'('('SS of t h(~ design. 

Owing to tlw dloic(' of rl'fcrcw:(' fn'<llww:y. fn'<llwncy band of op(~ration, and c('ntre fre­

qwm('y of tlw bawl. til<' dllal-modllills divid(~r has an 'op(~n-Ioop' forward divisioll ratio 

that is 2IV , lllakillg lif<~ silllpkr awl not having to add ghw logic to adj1lst the lllod1lli. By 

virt Il(' of t Iw part iClllar C('llt n~ fn'q1l('ll(:y of the ball( 1 of int(~n~st. t lw extra fixed divider 

call \)(' k('pt as small as possibk wit hOllt having to rais(~ the vahw excessively in order to 

s(~b:t t Il<' r('qlli[(~d chlllllwi: this lllay n'sllit in a larg(~ nllmb(~r of red1llldant divisors. By 

lllakillg hoth tit(, dllal-lllOdlllllS divitl<-r awl th(' fixed divider integ(~r radix powers of 2. 

tIw illlpllllellt a tioll call b(' k<'[Jt silupl(' wit h t he colllpld(~ divider comprising a straight­

forwmd ('ascad(' of divid('-lrv-2's. as Oppos(~d to say a divid(~-by-:~G or a d1lal-lllodlll1ls 

divi(k-hy-22/2:~. 

Tlw fahri('ah'd prograllllllabk divid('r ~'idd('d a billy f1lnctionally circllit, oI)('rating 

withi Il t 1[(' fr<'<[ 11<'1[('), ba Ild of illt en'st . lllit ially. a ('ollsciollS decision had be(,ll made 

to pxd Ild(' t it(' illPIl t ('OllllllOU-lllOd(' st ag(' all< I DC hlockillg capacitors. Tlwy W(T(~ left 
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outside, in order to check the divider's tolerance to variation on the input common-mode 

voltage. One could designate a pad where it is possible to override the common-mode 

voltage (as in SOl dual-modulus divider case,) but this requires another pad and the 

chip can become difficult to probe. 

8.5.1 Further work 

Although no phase noise simulation or measmement is included in this chapter, a sep­

arate fabrication attempt of the dual-modulus divider would pave the way for a com­

parison between a fractional-N and an integer-N synthesiser in a deep sub-micron bulk 

CMOS process. The literatme has noted the phase noise of a fractional-N implementa­

tion to be the superior amongst the two [2], but the fractional reference spms around 

the synthesised centre frequency was cause for concern. The wireless LAN specifica­

tions were generous and thus sticking with the integer-N implementation may not prove 

to be fatal. It is agreed that simulations and studies should be performed to evaluate 

which is best. However, transistor-level simulations can be very time-consuming and 

may not even converge with the vast number of circuit nodes (each simulation of om 

programmable divider generating two output cycles required more than 4 homs). As­

suming that powerful, dedicated computing resomces, as well as time, were not an issue, 

then a .6.~-modulator would still need to be designed and simulated for the fractional-N 

synthesiser. 
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Chapter 9 

Summary, Conclusions and 

Further Work 

This final chapter offers conclusions to the initial aims of the research, together with a 

summary of the results obtained in the latter half of this thesis. The central aim of the 

research has been to investigate a means for lowering the power consumption in high 

performance transceiver designs. More specifically, to look into very high speed, low 

power divider circuits for use within local oscillator designs found in radio transceiver 

architectures. The frequency divider is one block which runs at the highest signal fre­

quency (and hence is a heavy consumer of power) in a pha.se locked loop for coherent 

indirect frequency synthesis [4]. The VCO is another example of a circuit which runs at 

the highest signal frequency and thus is a drain on the battery life in portable applica­

tions. 

Chapters 1, 2 and 3 draw out the context in which our motivation is applied. The review 

material has set the tone of the work a.'l well as focussing the attention on frequency 

dividers. With the circuit topology predominantly being source-coupled logic, a review 

is included with a discussion on the large signal DC and transient behaviour associated 

with this logic style. A ring-oscillator is central to the analysis of the logic's transient 

behaviour, with equations attempting to follow the trend of the circuit speed, ha.'lcd 

on a selection of MOS model parameters. However, these equations are far from com­

plete, and deviate from the true operation where short chains based on short chmlllel 

MOS devices suffer from a lack of second- or higher order modelling, leading to an error 

between the analytical expression and the results of the circuit simulator. A brief chap­

ter follows this review, looking at some previously published frequency dividers ot)lPr 

than the architecture used for our dual-modulus dividers, arguing their merits and flaws, 

and showing the variety of circuits investigated by other allthors for specific :JpplicClt,i()lls, 

2G.'J 
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In chapter 4, a new phase selector circuit is developed from a published idea that has 

been chosen because of its suitability to the problem of reducing the number of circuit 

blocks operating at the highest signal frequency. A new circuit topology is presented, 

together with a glitch-free controller, that is crucial to the implementation of two dual­

modulus divider circuits in later chapters. In order to show its merits, the chapter relies 

on a specific set of diagrams justifying its suitability to the phase selector scheme, as 

well as verifying the controller's ability to switch between phases without fearing race 

conditions on its output lines. 

Chapter 5 is the first design chapter in which a concept is taken forward and implemented 

in silicon, describing much of the core contributions of this study. A stacked SOl logic 

scheme is developed which exceeds the power supply linlit usually given by foundries. 

This stacked arrangement also lends itself to the idea of current re-use, where circuit 

blocks close to the upper power rail are able to sink their bias currents into other circuit 

blocks; this follows the exact theme of this research, namely power reduction in high 

speed cells. The new phase-selector topology of Chapter 4 is 'adapted' for use within 

this stacked SOl logic scheme and the chosen circuit topology is a vast improvement 

(in terms of transistor count) on previous designs. The design evolves further with a 

new dual-modulus 64/65 divider circuit using the stacked SOl logic and current re-use, 

exploiting a technology feature. This divider is designed to operate above the maximum 

power supply quoted for this technology, without having to worry about back bias ef­

fects in the MOS transistors. The control unit described in Chapter 4 is implemented, 

so that the phase selector suffers no phase change transient. Together with the layout, 

the design flow used has been experimental and developed at Southampton University 

including parasitic capacitance extraction of the metal interconnect lines. The concept 

of stacking divider stages, along with the phase select topology and glitch-free controller 

are proven to work with actual me;-lflurements, illustrating competitive performance. In 

particular, the power consumption of the stack of dividers is an impressive figure, though 

this figure is masked by the current consumption of the rest of the circuit block. Over­

all, the architecture gives the least input load and has the fewest blocks running at the 

highest signal frequency relative to designs based on synchronous dividers sitting at the 

front of the dual-modulus design [3]. 

Staying on the topic of high speed frequency dividers for portable transceiver appli­

cations, chapter 6 presents the challenges of a very high speed quadrature generator 

based on a master-slave divide-by-2 circuit. This work has been targetted for a O.18f.Lm 

bulk Cf'dOS process, predominantly optimised for large-scale integration (LSI) within 

digitnl applications. The circuit topology is again bascd on source-coupled logic, with 

the Illilstcr-slnvc action giving the required quadrature outputs. A preceding VCO (not 

designed b.y this <lnthor) is prescnted wi th minimum load, and the divider's transistors 
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have been dimensioned to enable a passive mixer to be driven directly in a 5GHz wireless 

LAN application. This frequency divider has been fabricated and measured to run with 

input frequencies up to 12GHz. The chapter also collects results from its direct inclusion 

in a VCO-divider combination and a low jitter PLL for a 10GHz optical application. 

These application designs are crucial in drawing out the divider's true performance, as 

power hungry buffers become redundant and the actual power consumption of the di­

vider at 10GHz and beyond shows its competitiveness. 

Chapter 7 continues with the wireless LAN target application of chapter 6, though moves 

back to the design of a dual-modulus divider, with division ratios 16 and 17. The same 

phase-select architecture of chapter 5 is chosen, but has the important distinction of be­

ing implemented in a O.18f.Lm bulk CMOS process. This has led to the circuit topology 

reverting back to classical voltage-mode cascades of the divide-by-2 stages, with high 

speed level shifters playing the role of interstage coupling. The phase selector of chapter 

4 is adapted to bulk CMOS technology and is designed within a restricted power supply, 

without having to 'unstack' the 4-to-1 line selector into 3 separate 2-to-1 multiplexors. 

The method of modulus control is another difference compared with the SOl divider, 

as the embedded NAND gate was found to be the culprit for erroneous division when 

incorporated in a programmable architecture. The remedy was to include a low power 

SCL latch in the signal path to block any further edges clocking the 8-state controller. 

Simulations have shown the circuit to function with input frequencies up to 7GHz. 

The final design chapter incorporates the divide-by-1G/17 circuit in a programmable 

architecture with integer moduli ranging from 513 to 544 inclusive. The dual-modulus 

divider forms the core of the circuit and is the only section of this circuit to receive the 

highest frequency input of 5.5GHz. Thus, with much of the crucial desig·n work done in 

the dual-modulus divider, standard library cells have been added to complete the rest 

of the circuit, excluding one circuit which translates the SCL signal levels to rail-rail 

CMOS levels. The modulus is selected using a 5-bit binary input with CMOS logic 

levels, making it easy for integration with a digital controller designed with standard li­

brary cells. The full programmable divider has been fabricated in a O.18f.Lm bulk CMOS 

process and characterised to work up to 6.6GHz, as well as demonstrating high input 

sensitivity within the required 5.15-5.35GHz wireless band. 

The designs presented in this work have relied heavily on robust compact transistor 

models for sub-Inicron CMOS technologies. The SOl dual-modulus divider was desiglled 

using the STAG SOl model with O.35f.LIrl CMOS PDSOI parameters. At the layout 

stage, an extraction rules file was available and adapted to our parasitic extractio)) 

tool, though no RF modelling was performed on the devices with footprints specific to 

RF circuit design. This is one reason for the large discrepancy betweell the sill1lllrlt(~d 
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and measured maximum frequency of the SOl divider. In the case of the bulk CMOS 

dividers, the MOS models used have been developed with a considerable number of 

man-hours and resources, both in the DC model and the RF model. Characterisation 

of MOS devices with a special footprint suitable for RF circuit design is evident in the 

results for each divider. The lack of a qualified design flow in the SOl design has shown 

itself to be a prerequisite in high performance analogue IC design, not just for achieving 

functional silicon samples, but also for designs that need accurate biasing, signal swings, 

and top end frequency operation. 

9.1 Further Work 

Although the thesis has been completed, this does not mean the work on SCL frequency 

dividers is over. From the beginning of the work, it was always agreed by this author 

that a comprehensive analysis leading to a design method on how to design frequency 

dividers completely was needed. Once you have parameters for the input operating 

frequency range, power supply, technology, and/or output swing, as well as the circuit 

topology, there should be a set of equations showing whether the specifications can be 

met and how to dimension the transistors. The first order analysis of the SCL ring­

oscillator shows gaps in its understanding at large-signal level. The published literature 

used in the analysis is far from giving useful design equations, constraining each stage to 

toggle continuously and not settle at one of the logic levels. Thus, more of an analysis 

on the SCL divide-by-2 stage is definitely required in order to obtain better analytical 

models. This is fuelled by the complexity of future designs in more advanced processes, 

with compact models becoming more and more thorough. Once found, such an equation 

would give an optimum operating point and, with more parameters, possibly a trajec­

tory or trend as to where the fastest configuration occurs. 

The SOl dual-modulus divider certainly has scope for optimisation and design improve­

ment. As discussed in chapter 5, a more confident design flow would pave the way for 

lowering the current consumption amongst some of the lower speed divider stages in 

the design. The DC performance of the STAG MOS model should aid in lowering the 

redundant power consumption of the bias networks. Although the stacked SOl divider 

concept h&.:; been proven with measurements, it is by no means the best solution to the 

problem of frequency division if offered the choice of PDSOI CMOS technology. The 

phase selector circuit could benefit from optimisation, and would certainly prove worthy 

of more investigation. A better architecture, other than phase selecting, is certainly 

possible too, hllt long silllulation times have prevented the author from exhausting all 

possibilities. \'lith difFerent archit.ectures comes the possibility of different functions 

too (for cXHlllple, a quad-modllills divider). Hence, there is m11ch scope for developing 

SOl st.'lCk('d logic sty It'S ill g(~lleral. At the circuit level. attempts had been made by 
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the author to modify the design to have PlvIOS transistors for the divider loads, where 

their gate terminals would be clocked too, changing its behaviour. In recent times, this 

method has proved popular in high frequency designs [2]. 

Remaining with the SOl divider, a 'power up/down' strategy needs to be defined for the 

stacked circuits. As there is a strong dependency on voltage biasing within the divider, 

it seems logical that each of the bias levels be powered up and down in sequence to 

prevent fatal destruction of the circuit when first powered. The design is also in need of 

on-chip decoupling capacitors and very high speed electrostatic d'ischarge device (ESD) 

pads that are strong enough to handle the likelihood of discharge around a laboratory 

bench. The test board on which the bare dice were mounted could also be redesigned 

to allow a second chip to be mounted and have high quality phase shifters and summers 

for phase noise measurements. 

On the topic of the basic division-by-2, one circuit that could be investigated in parallel 

with the design of a VCO, is an injection-locked divider. Such circuits have proved them­

selves to be low power consumption circuits [1]. However, in the case of SOl technology, 

the lack of a broadband inductor and varactor model based on the SOl CMOS process 

made this difficult, given the time constraints. It was also dismissed as a choice for the 

quadrature generation in bulk CMOS design technology owing to the large silicon area 

occupied by the pairs of inductors. Ironically, scalable broadband inductor and varactor 

models existed in the bulk CMOS design How, whereas silicon area was a little more 

abundant in the SOl tapeout, with more allocated than needed. 

In the case of the bulk divider circuits, phase noise measurements of each would sup­

plernent the results in this thesis very well. In order to do this, two similar dividers 

(preferably adjacent to one another on a wafer) would have to be wire-bonded on to a 

high frequency substrate and driven with identical signals, with the output of one being 

phase shifted by ~ rads and summed with the output of the other identical divider, be­

fore low-pass filtering and plotting the results on a spectrum analyser. As mentioned in 

the penultimate chapter, a study would be ideal to see whether design time and silicon 

area is justified for a fractional-N synthesiseI' over an integer-N implementation. Had the 

phase noise specifications of the local oscillator been more stringent, then the frequency 

synthesiseI' design may have swung in favour of the fractional-N implemention, with sOJlle 

clever spur rejection such as dithering pulse code modulation or high order loop filtering. 

Finally, the dual-modulus dividers in this thesis, have centred arouIld a phiLsc sclcctioJJ 

architecture. Naturally, the SCL divide-by-2 stage based OIl a master-slave flip-flo]! lCllrls 

itself to this method of dual-modulus division. At the architectural level. the phase sc]ec-
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tion scheme is not restricted to having two asynchronously cascaded divide-by-2 stages 

preceding the phase selector, with permutations of one (phase selector outputs sepa­

rated by half an input cycle) and upwards entirely possible. This is irrespective of its 

implementation in either a bulk CMOS- or PDSOI CMOS technology. With respect to 

the phase selector transistor implementation, the current steering topology is difficult 

to implement in bulk technology, whereas the PDSOI CMOS technology has been ex­

ploited to make it suitable for integration in a submicron technology, even at very high 

frequencies. That is not to say, that the architecture itself is against the use of bulk 

CMOS technology, and examples have been given where non-current steering topologies 

have been designed to carry out the same procedure, albeit with less elegance than that 

achieved with the PDSOI CMOS technology presented in this dissertation. 
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Appendix A 

Design of test alumina board for 

dual modulus 64/65 frequency 

divider (SOl) 

The design and configuration of the Sal chip testboard has been kept out of the main 

section of the thesis. For completeness, it will be set out in this chapter for the interested 

reader. 

Figure A.I shows the schematic of the test board. Owing to the high power supply, 

special arrangements had to be made such as with the regulators. The 6.8V power 

supply is supplied by a variable power supply and, as there are pads on the chip with 

signals above 3.3V (power for the technology), ESD protection diodes had to be placed 

on chip to protect these nodes. I-rence, a variety of regulators are mounted on the tile too. 

The 50D characteristic transmission lines are sized with the help of equations and man­

ufacturing details. ThickFilm Circuits Ltd fabricated the tiles on a 0.635mm thick 

alumina (95% alumina, dielectric constant of 9.5) substrate, with a nominal 0.014m111 

thick conductor. As the wirebonder in the clean room at Southampton had specific 

requirements, two types of conductors were needed. For general soldering, a solderable 

silver-palladium (20-30mO/0) was layered and actually covers the majority of the tile 

(top- and underside.) Any location where wirebonding was needed, or placement of die, 

and a gold (3mD/0) paste was printed. The gold paste was actually layered and over­

lapped some of the silver-palladium lines, in order to make contact before being fired ill 

a furnace. 

As shown in Fig. A.2, the actual divider circuit with pads sits in a corner of the elItire 
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FIGURE A.I: Schematic of the testboard. 

2.5V 
Reg 

output 

die. The die dimensions are 3.5mm by 3.2mm. A serious error in the picture and hence 

the fabricated design, is its position on the die. It would have been desirable to have 

the high frequency inputs as close to a sawn die edge as possible, thus leading to smaller 

inductance bond wires. The diagram in Fig. A.2 also shows the intended footprint of 

the gold conductor at the centre of the tile. 

As the hope was to have 5GHz signals fed to the differential inputs, transmission lines 

were designed as a feed. The choice of coplanar lines (with a ground plane) and grounding 

regiolls along the length of the line implies that more of the EM energy can be contained 

within the dielectric. The dimensions of such a line are obtained with the following 

equat.iolts (refer to Fig. A.3): 

30·11" K'(k) Z ---._-
DCI' -,.;t;;, f{ ( k ) (A.I) 
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(zi 1 . (tanh (1.7~fi ·10.rJIO (~) + 1.75) ... 

... + "'i:JJ (0.04 - 0.7· k + o.rn . (1 - 0.1· Er )(0.2fi + k))). (A.6) 

where :}(:~ is the' complete integml of the fir-st kind,' Ere is the effective relative permit­

tivity, and Zocp is the characteristic impedance. These equations ignore the conductor 

thickness, and thus its inclusion would yield the following equations: 

I. 0.7 . (fTC - 1) . :Iv 
f re = f re - K(A:) 0.7.1; 

K'(k) + ---:;u 

(A.7) 

(A.8) 

(A.9) 

(A.I0) 

(A.l1) 

(A.12) 

A thOl'OUI..!;ll treatment of t lws(~ (~quatiolls has b(~ell omitted, as their use was purely 

ellgilH~('l'illg awl 110 modificat iOll was illtplld(~d [2]. To dwck their accuracy, a field 

solv(~r or advnw:ed tool such as Agil(mt's ADS [1] could be used. U nfortllnatcly, a 

lack of familiarity couple~d with a shOl'tng(~ of t inw prcvellt(xi t his and. instead, a frcc­

waH' appli('atioll. ·AppCAD·. was us(~d to howl' ill it(~rativ(~ly Oll the COlTcct dilllCnsiolls. 

By IlHvillg S=(l.41111Il. \Y=().:hlllii. h=(Ui:{fimm awl fr=D .. 'i. AppCAD yields Z()=fi2.:{[2 

awl f'II=fi.:n. Usillg th!' (~ql[;\ti()lls without strip thicklless (~quatiolls (A.l)-(A.6)) 

gives k=().-.l. k·=().D17. :,"y;:\ =(Uj!)4. Z(I'1'=(il.;{4n. f,·e=4.D. By including the conduc­

tor thi('klte'SS (t=(l.()l-lmlll). ('qllHtiOlIS (A.7)-(A.12) give 6=().():{H:{llllll. Se=O.4:)~:{IIlln. 

Hr -I) ')('1- i· -I) I~~" i·' -I) VI) 1\(1,,) -I) 74")V Z I._t:v 4'<)' I 1'-4' 7') It vv (.- ._) (llllli. ~,.- .-i·)·)n. ~ ,.- .n .. I\((k,) -. _no o,'Ji -.)". H (lll( f(){7) - . -. 

lllUSt 1)(, stHt('d that tite' valu('s d(~s('l'ilJ(~d ar!' Ilot 'lu('ky' values and lmve actwdly b(nl 

it('rat('d to '110111<" ill 011 tit(' pbm<ll' dil11<'llSiollS of tit!' tnlllslllissionlilles. \Yith the board 

I1tallllfadlll'<'rS statillg the' ltlilliltllllll track width Hlld sqmratioll each to be 2()()ILlll. tlw 

valllcs g('ll<'r(lt('d do llot ('ollflict with tlwir proC(~ss. 

\VIWll h\illg dOWll til(' lill<'s. ('('rtaill d('sigll rille's ItHV<' to be ob('yed. Two factors gov­

Cl'llillg this an' priutillg l'<'Sollltioll mid til(' ('Ollll('\'tors Hctill!..!; (IS all illt!'rfHC!' \wtW(,(,ll 

t.lw llIinost rip t r;msillissiou liw' alld til(' ('o(lxial trallslllissioll lill<' ('ollll('ctill!..!; the' SOIll'(·('. 

\VitII t 1[(' <lilll to b'('p til(' iUPllt s('('tiou S~·ulllldri('(li. a '('('lltH" lill!' bctW('('ll th!' two illPllt 
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pads on the die would coincidentally represent the line marking half the pitch between 

t he two central conductors of the SMA conductor. To reduce the bondwire inductan e. 

the differential pair of t ransmission lines carrying the high frequellcy input power has 

to be kept to very close together. On the other hand , the flange of the SMA ond u tors 

extends either side of the centre point of the connector. This forces th - transmi sion line 

to change direction twice to bring the lines together. Two right-allgled t urns have been 

inserted into each line and there is a slight , but noticeable. tapering at the SMA-end 

of t he transmission line to make soldering the central conductor to the board easier. 

The obvious choice of t urns would be right-angled tlU'ns such as t he one shown ill Fig. 

A.4 (a) . Unfortunately, a shown in it accompanying model [3] . indu tance is present 

representing the distlU'bance in ClU'rent. By chamfering the corner like the Olle shown ill 

Fig. A.4 (b ) (where B;::::O.57w), the inductance can be eliminat d from th model [3]. 

L L 

~ 
o---+--± _0 

Electrical model 
(a) AbrupL right-angl ci bend. 

• 0 

0 

I .- Equivalent 
2 • .2. line length 

parameter 0 

Ie 
0 0 

Z z To 0 0 

Electrical model 
(b) harn!' .. r in r ighL-H.lIgif·c1 b(·lId. 

FIG URE A.4: Ways to implement a bend ill a micro:;t rip. 

The finished board with cOlllponents has beell capttU'ed aud is ShOWll ill Fig. A.f). S tU'­

fa 'e rnollllt device footprints have beell Jlsed where llecessary for certaill passives allCl thc' 

regulators. vVith the large silvcr-palladiuHl islands on t h ' COlllPOllCllt sid ' all COlll lc'Ctccl 

to a comHlon groulld (a..<J well as short illg to the back gl'Ollllcl plallc wit h the usc of pla ted 

through vias) . ceralllic disc apacitors call be added to the t He as deCO Jlplillg capacitors. 

though they would be ltlorc effectivc had they beell illt egTated Oll chip. 

Olle further thought (HI thcsc boards is that if sufficiellt funds amI tilll ' we're' availablc'. 

thell ltloLmting the ahullina t ile Oll to a ltletal block wit h thc' lligh frequency StvIA 
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current out 
Decoupling caps: ceramic( I 011 OOnF) 

and 

RF In-

3.3V reg 

FIG RG A.5: P hoto of assembled testboard. 

CO rtC il lCtorS meeting their designated metal conductor tracks through a 'pressure contact ' 

schellle' would ccrt aillly be tried. As well , higher grade SMA sockets wit h a narrow 

cliallldc'r solid gold conductor (as opposed to a thin walled hollow conductor), would 

be Ilsed. The reaSOll for this i. t hat frequencies from t he low G Hz region and upwards , 

arc probably attellllateel by the standard lead/tin solder compound. It turns out t hat 

it s pmposc was pmcly ll1echani 'al, as opposed to electrical, and justifies why many 

tes t HnHllgell1ellt s forego any tradit ional solder. Energy will usually radiate from t he 

llc'c'c1k Oil this cOllcl ll tor allel couple (eicctrolllaglletically) with t he end point of the 

t ramilllissioll tille. N at maJly, losses will occur as EM radiat ion passes t h ough t he air as 

opposed to SOl1lC other low loss lllcdi ulll. 
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Appendix B 

SOl Dual Modulus Divider 

Schematics 

This section collects the schematics for the design described in Chapter 5. The next 

few pages at times show a hierarchical view of the divider described in the body of this 

report. The last diagram shown is reserved for the netlists extracted from the final chip 

layout. Electrostatic protection diodes were manually placed because the extraction file 

was not configured to identify such devices. Also, one cannot view the insides of this 

block diagramatically, because the connectivity is in fact expressed in text form. A 

perfect balun is added onto the clock inputs, with low losses, but in fairness, should be 

replaced with an accurate model of the real balun which would include parasitics and 

loss parameters. 
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Note: All Vbias transistors have been set to 50/2. 
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