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ABSTRACT 
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ELECTRONICS 

Master of Philosophy 

NOISE CONSIDERATIONS IN THE DESIGN OP INTEGRATED WIDE-BAND 

AMPLIPIERS 

by Paul Crolla 

f 

A general discussion on transistor circuit noise is foll-

owed by a theoretical noise analysis for the bipolar transistor 

long tailed pair. The results are then compared with those of 

the common emitter amplifier. The theory is developed for the 

more generalised case of differential input and output mode 

amplifiers. Voltage noise in all modes is shown to be double 

that of the common emitter, but current noise in the differen-

tial input,differential output mode is shown to be half that 

of the common emitter. The results are verified experimentally 

under a variety of conditions. 

An integrated low noise amplifier suitable for use with an 

Infrared imaging detector of low source Impedance is developed. 

The amplifier has a frequency response of IHz-lMHz and uses. ; 

only two external capacitors. The required noise figure with a 

source impedance of ^0 ohms Is to be less than 3dB. The voltage 

noise which dominates at such low source Impedances is shown 

to be largely dependent on the base spreading resistance (r^) 

of the Input transistor. A structure for this transistor Is 

developed and the measured value for r^ is 12 ohms, giving a 

noise figure of less than 3dB. 
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INTRODUGTIOM 

This thesis describes an investigation into the noise 

performance of integrated wide band amplifiers. The initial 

motivation for the work came from the need to design an 

integrated amplifier with the following required specific-

ations: 

Noise level; 

Voltage gain: 

Input 

impedance; 

Ou t p u t 

impedance; 

Frequency 

response; 

Power supply: 

Less than 3dB referred to/300K. 

Source resistance of any value 

between 30-S0 ohms 

Minimum of i|6t3B with provision for 

external adjustment of gain to 60dB 

Greater than lOK ohm 

Less than 1 ohm 

Flat from DC to 500kHz but with 

provision to externally boost to 

IMH2 or cut to lower frequencies 

Conventional low voltage power rails 

with the total power consumption less 

than lOmW 

This amplifier is to be used for video applications with an 

Infrared imaging photodetector of low Impedance as the source. 

Unfortunately,there are several basic problems assoc-

iated with the design of low noise amplifiers. The presence 



of a low impedance source Immediately places a demanding 

requirement on the noise performance. It is well known that 

the voltage noise contribution at the input of an amplifier 

increases for decreasing source impedance. This in turn makes 

the noise figure larger. The added problems of integration 

are already well known. Large values of resistance are 

difficult to integrate and only the smallest of capacitances 

can be Integrated. Moreover, the NPN transistor is the basic 
/ 

building block since the process is centred around Uhe fabr-

ication of this device. The integrated circuit designer is 

far more restricted than the discrete designer for this reas-

on. 

The long tailed pair transistor configuration is a very 

useful and veil accepted building block for the design of 

most wideband amplifiers. The circuit has many invaluable 

features such as the facility of both inverting and non-inv-

erting inputs, and low DC drift to make stable operating 

points possible without the use of capacitors. Unfortunately , 

the long tailed pair suffers from two major drawbacks when 

compared with the common emitter stage, namely: 

(a) Only half of the voltage gain is obtained,but double 

the power is consumed. 

(b) The noise performance is poorer because the associated 

voltage noise is approximately doubled and this is very 

significant for low values of source impedance. 



The thesis as a whole may be subdivided Into two main 

parts,both of which are directly relevant to the investigation. 

These are; 

(a) An investigation into the noise properties of the long 

tailed pair (a widely used input configuration for 

Integrated wide band amplifiers). 

(b) A description of the actual design of a low noise 

amplifier meeting the above specifications. In the 

design considerations,it is shown that the use of the 

long tailed pair as input configuration is rejected on 

the grounds of its higher power consumption and poorer 

noise performance at low source impedances. 

The thesis also contains introductory chapters for the 

reader unfamiliar with noise. Chapter 1 contains the basic 

theory of circuit noise,describing the various types of noise, 

an appropriate model for the bipolar transistor and noise 

performance of amplifiers In general. Chapter 2 contains 

Information regarding amplifier noise measuring techniques -

In particular,a description of the methods used In this 

project. Their relative merits and accuracy are compared. 

Chapter 3 then goes on to discuss a theoretical analysis 

for noise in the long tailed pair and Chapter I4. is a descrip-

tlon of the experiments designed to test this theory. Chapter 

2 Is devoted to the design of the low noise amplifier with 

the required specifications. The frequency response Is 

evaluated by computer simulation and this theory Is then 

checked against experimental measurements on an equivalent 

discrete circuit and on the final integrated circuit itself. 

Finally, the noise fIrure Is measured. Chapter 6 contains a 
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brief discussion and conclusions drawn on the work carried out, 

This research Is an extension of part of a study Into low 

noise transistors by B.Soerowlrdjo and the reader Is referred 

particularly to his report. 



CHAPTER 1 

NOISE SOURCES AND MODELS 

If the gain of an amplifier is sufficiently large,an 

output can be observed with no applied input. (We are not 

referring to the possibility of oscillation due to positive 

feedback - we assume that the amplifier is inherently stable). 

The amplifier output under these conditions,when viewed on an 

oscilloscope with a fast sweep, is seen to consist of/a 

sequence of sharp pulses of random height following directly 

on one another. This spurious output is called 'noise*,and 

because of the progressive amplification by the successive 

stages of the amplifier, it clearly comes, in the main, from the 

first stage. We shall see that it arises both in the circuitry 

of the amplifier Itself and in the resistor at the input of 

the amplifier. We will begin the discussion by considering 

the various types of noise associated with transistor circuits. 

1.1 THERMAL NOISE 

Thermal noise,or Johnson noise (after its first investig-

ator) refers to the noise generated thermally in a resistor. We 

can think of the random Brownian motion of the electrons as 

resulting in the appearance of small fluctuating voltages 

across the resistor. It is obvious that the magnitude of this 

voltage will Increase with increasing temperature. Clearly 

there can be no steady voltage in any one direction (that is, 

the average voltage v^= 0), but the mean square voltage, v^^, 

need not be zero...and its value was in fact deduced by 

Nyquist^ in 1928. He found that the mean square voltage 

developed by a resistor in any frequency interval Af is given 



by 

l|kTR.Af (1) 

The noisy resistor R can be considered as made up of a noise-

less resistor R In series with a simple Thevenln noise voltage 

source of mean square value as given by equatlon(l). In terms 

of an equivalent Norton current source, 

1^2== ^kTAf/R ^ (2) 

where the noisy resistor can be considered as made up of a 

noiseless resistor R in parallel with a simple Norton noise 

current source of mean square value as given by equation(2). 

In terms of the available power (that is,the power which 

will be delivered to a load resistor of similar size),this 

becomes 

Pn2== kTAf (3) 

Equations (1),(2) and (3) are quite general and are not 

related to any particular type of resistor,nor do they depend 

on any assumptions about the fundamental nature of electricity. 

It was convlnlent to think of thermal noise as due to random 

motion of electrons,but in fact,the electronic charge q does 

not appear in the equations. The corpuscular nature of electr-

Iclty,however,la obviously Important In noise theory,and It is 

mentioned again in the next section. 

1.2 SHOT NOISE 

Shot noise arises from the fundamental fact that electric 

charge is quantized into units of magnitude q. It was first 

Investigated by Schottky in connection with the fluctuations in 



the anode current of & thermionic valve. He attributed this to 

the fact that the current consisted of a stream of Individual 

charged particles. The effect Is not of course confined to the 

anode current of a valve,but can occur in valve grid current, 
p O 

transistor collector or base current * * 

Specifically, if a PN junction is biased, then, to a 

first approximation,all of the minority carriers within one 

diffusion length of the junction will move by diffusion into 

the space charge region and then be attracted across it by the 

electric field. These carriers create a fluctuating current 

because each carrier has a discrete amount of charge. The 

current will vary with time around a statistical mean giving 

rise to a series of pulses superimposed upon the background DC 

value of the current. The Shot noise current across the 

junction is given by the Schottky formula: 

SqlAf 

where I is the DC value of the current through the junction. 

A noisy PN junction can thus be represented as a noiseless one 

with a noise current generator of^value given by equation(t) 

connected across it in parallel. As was the case for thermal 

noise,the spectrum of shot noise is independent of frequency 

(ie. 'white' spectrum). 

1.3 MODULATION OR l/f NOISE 

Thermal and shot noise are both referred to as 'white' 

noise because they extend uniformly over the frequency spectrum. 

In transistors, another noise source is usually present,with a 

frequency dependence varying approximately as l/f. it arises 

from different physical mechanisms,none of which are well under-

stood,but is thought to be mainly due to crystal imperfections 
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and surface effects. We can consider it as transformed into an 

equivalent noise source at the input (gate or base as the case 

might be) and write it as 

V n 2:= A.Af/f (5) 

where A is some constant depending on the type of transistor 

used,and Its operating conditions. Although there is still no 

good explanation in general for this type of noise,it can be 
I 

concluded that 

(a) The surface state density is the unique parameter that 

determines the l/f noise and the only way to lower the 

1/f noise significantly is to decrease the surface state 

density in the region of the Fermi level^'^. 

(b) The l/f noise has a dependence on DC current very much 

like that of shot noise. Hence,high DC operating currents 

tend to increase the l/f noise effect^'®. 

For the purpose of analysis,the l/f noise in bipolar 

transistors can usually be modelled by a current generator 

connected across the Internal base-emitter junction. The value 

of this current generator Is empirically shown to be 

l^B == Klbtfc/f/.Af (6) 

where f^ is the break frequency of the noise power,andYand K 

are constants dependent upon the transistor and Its operating 

point. 

1.^ BURST NOISE 

Burst noise, like l/f noise, is also related to surface 
rj 

effects . It is a bistable fluctuation phenomenon and gets its 

name from Its appearance when monitored by oscilloscope. The 
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random burst noise pulses are seen to be superimposed upon a 

shot and thermal background.Burst noise has been studied In PN 

junctions,transistors and operational ampliflersG'^'S^ is 

always found that although the amplitude of the noise pulses 

is never higher than a few tenths of a microamp,no lower limit 

has ever been detected^. Thus,without a very good amplifier 

Indeed,it Is difficult to detect burst noise pulses. There are 

still many wide and varied ideas on the subject bu^ most 
( 

research seems to point to 

(a) Burst noise In silicon planar transistors originates at 

the emitter-base junction^*® 

(b) High gain transistors have l6ss burst noise due to the 

fact that there is more getterlng in processing and 

cleaner surface treatment®. 

l.S A NOISE MODEL FOR THE BIPOLAR TRANSISTOR 

A knowledge of the various sources of circuit noise now 

enables us to construct a reasonable model for predicting the 

noise behaviour of the bipolar transistor. The hybrld-n linear 

Incremental model^® can be adapted as a noise model by Insert-

Ing the noise sources where appropriate. For the purpose of 

this research,the shot and thermal sources are considered 

primarily,and l/f and burst noise mechanisms will be commented 

upon at the end. 

The hybrld-n linear model without the noise sources Is 

shown In figure 1(a). The terms r* and r* represent the para-

sitic base spreading resistance and the Input resistance 

respectively. G* and represent the base-emitter capacitance 

and the base-collector feedback capacitance respectively, r^s 

and ro represent the collector-series resistance and the 
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output resistance respectively. The current generator gmV 

represents linear transistor action in the active region. The 

model as it stands can be simplified appreciably before the 

noise sources are inserted. To a very good approximation, rcg 

can be considered a short circuit and rg an open circuit for 

a reasonable transistor. PurtherMore, Cn and can be consid-

ered as open circuits for mldband frequency operation. Typically, 

these capacitances will begin to affect the performance at 
I 

about It is also fair to say that 1/f noise does not 

appreciably alter the noise performance above IkHz^. This 

means that 'midband operation' allows the model to be valid 

for a large range of frequencies. 

The relevant noise sources may now be inserted into the 

model where appropriate. These sources may be listed as 

(a) Thermal noise generated by the base spreading resistance 

r^. This may be represented by a voltage generator of 

magnitude ^rix^ ~ ^kTr%Af (7) 

(b) Shot noise generated by the base current ly. This may be 

represented by a current generator of magnitude 

^nb ~ 2qIi-)Af (8) 

(c) Shot noise generated by the collector current Ig. Thi s 

may be represented by a current generator of magnitude 

^nc ^qlgAf (9) 

The full noise model Is shown in figure 1(b). This model will 

be the basis for evaluation of the noise performance of net-

works in the remainder of this thesis. 



11 

oc 

figure 1(a). Full hybrid- rr model of bipolar transistor 

'nx 

bo VvV oc 

figure Kb). Linear model including appropriate noise sources 

9mV 

-oc 

figure 1(c). Representation in terms of equivalent noise generators 



12 

1.6 REPRESENTATION OF THE NOISE MODEL IN TERMS OP 

EQUIVALENT NOISE GENERATORS 

In the most general case,a bipolar transistor may be 

represented by a simple voltage controlled current source with 

equivalent noise voltage and noise current generators referred 

12 

to the input . This is shown in-figure 1(c). When the input 

is short-circuited,the noise within the amplifier is due to v^ 
alone. Conversely,when the input is open circuited,the noise is 

f 

due to i^ alone. In practice,with a finite value of source 

impedance,the noise contributed by the amplifier itself will 

contain components from both v^ and i^. By respectively 

shorting and opening the input of Wie noise model described in 

l.^,it is straightforward to obtain v^ and i^ in terms of v^^, 

inb and 1^0. We find that 

Vn2== 1*2 Vnx^ Intf Inc^ (10) 

and that 

^n = ^nc^ -f inb^ (11) 

p2 

This representation is particularly useful because it 

allows all of the noise sources within the transistor to be 

referred to the input In terms of one equivalent voltage gen-

erator and one equivalent current generator. We have assum-

ed that no correlation exists between, the 

two generators. In practice, this is a very good 

approximation for the bipolar transistor. It is important to 

realise that the model just described is identical to the 

model described in l.S; it is purely the method of represent-

ation that is different. 



13 

1.7 NOISE FIGURE 

There are several ways of quantifying the noise performance 

of amplifying devices. One way is simply to quote values for the 

equivalent noise generators v^ and 1% over a specified bandwidth, 

But perhaps a more meaningful figure of merit is the NOISE 

FIGURE. For an amplifier,this is defined as 

SIGNAL TO NOISE pQWER RATIO AT SOURCE 
F = : (12) 

SIGNAL TO NOISE RATIO AT OUTPUT 

It is obvious from this definition that P>1 always for a real 

amplifier since the amplifier can only add to the noise. An 

alternative definition for the noise figure may be obtained by 

realising that 

^out ~ G(Ngource^Mampilfier) (13) 

where No^t'^source ^amplifier the noise powers at the 

output,source and amplifier itself. Substitution of (13) into 

(12) and a little manipulation yields 

AMPLIFIER NOISE POWER AT AMPLIFIER OUTPUT 
P = SOURCE NOISE POWER AT AMPLIFIER OUTPUT CUi) 

Of course,the second term in this equation tends to zero for 

the perfectly noiseless amplifier. 

The noise figure of the simple common emitter stage can 

be obtained by direct substitution of the appropriate values 

of noise contributions for amplifier and for source in (II4-). 

If the source is resistive,then it can be thought of as being 

split into a pure resistance of value Rg in series with a 

Thevenin equivalent noise generator v^^of magnitude 

vn: ;2== ^kTRgAf (12) 



1%. 

This generator will manifest itself at the output by producing 

a noisy voltage (or current) component at the output. Similarly, 

the other noise generators within the amplifier itself will each 

separately produce noisy components at the output. Simple nodal 

analysis of the noise model of the amplifier (shown in figure 2(a) 

provides the magnitude of these components. The total noise 

voltage at the output v^^^ may then be obtained by superposition^] 

of the various noise contributions in the form 

no V nl -f (16) 

The total noise figure of the system is now given by 

.all contributions of output noise from 

F - 1 + amplifier sources 

contribution of output noise from 

(17) 

For the common emitter amplifier,these contributions,as noisy 

voltages, are 

FROM SOURCE 

FROM BASE SPREADING 

RESISTANCE 

FROM SHOT NOISE OF 

BASE 

FROM SHOT NOISE OF 

COLLECTOR 

2 
'no -P%L ^ Vns^ 

'no PRL 

^no^ — f — ^ s ) 

Zh + rx+Rg J 

Vno^— ^L^^nc^ 

^ Inb^ 

(16) 

, (19) 

(20) 

(21) 

It follows that the noise figure for the common emitter amplifier 

is given by substituting (IB),(19),(20) and (21) into (17). This 

yields 
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F = 
/I 

> 2 

r^4- Rg 

'nx + P^L (̂ 'x ) 

Jrr + ̂ X 4-Rg 

^nb^ 4- (22 ) 

P^L 

i^+rx+ Rg 

2 

where the values for inb^,1^0^ and Vng^ a^e given by 

equations (7), (8), (9) and (iS) respectively. Substitution for 

these values and simplification leads to 

r, 
P 1 + 

X 

Rc 
+ 

2p 

f 

(23) 

Only the dominant terms are shown in this equation and it is 

assumed that r^»r^. This of course, would not be valid for 

high current operation, when r^'oan approach r%V It is apparent 

from (23) that a plot of P against Rg for a certain value of 

operating current will have a minimum value P for an 

optimum source impedance Rg^ This is shown in figure 2(b). 

Simple differentiation shows that 

Rc opt 1 

Sm 

p(l+2g^rx) (214.) 

and that 

P min = 1 + 1-H2gmrx 
\ 

P 
(25) 

Inspection of equation (23) also shows that a minimum value of 

F may be obtained by fixing Rg and varying gm (or collector 

current). The variation here,however,is not so dramatic, 

because the second term,namely rx/Rg is the dominant one,and 

remains constant. 

A more Informative depiction of the variation of P with 

respect to Rg can be obtained by plotting log(P-l) against 
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A/VV ( 2 ) 
mx 

Rc 

n̂s ' ~ 
9mV 

Figure 2(a). Noise equivalent circuit for the common emitter amplifier 

Af A log(F-l) 

F • %in 

R s opt Rs 
-c> 

Figure 2(b). Variation of F with Rg for 
the general amplifier 

Figure 2(c). A plot of log(F-l) 
against logRg 
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log Rg. This is &hown in figure 2(c). The low source impedance 

asymptote may be assigned purely to voltage noise,and the high 

source impedance asymptote purely to current noise. Simple 

evaluation of equation(23) shows that the intersection of this 

curve with the Rg axis at Rg and Rg is given by 

Rsv = '•x + J L (26) 

and ' 

Rgi= 2p (27) 

gm 

Furthermore,a comparison of the equivalent noise voltage and 

current generator magnitudes in equations 10 ) and (11) with 

equations(26 ) and (27) shows that 

Vnr== ^.kTRsyAf .. (28) 

and 

UkTAf (29) 

Rsi 

It is perhaps interesting to note in passing that the noise 

bandwidth does not enter the expression for the noise figure 

provided that the noise is white,and so measurements on P 

may be made over unspecified bandwidths. 

1.8 THE EFFECT OP NEGATIVE FEEDBACK ON NOISE PERFORMANCE 

Unfortunately,negative feedback does not have the same 

beneficial effect on noise performance as it does on bandwidth, 

stability and input impedancel^. It can be shown that ideal 

feedback does not affect noise performance,but that in reality 

feedback will degrade noise performance because the thermal 
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Q 

:Rl 

:Re 

Cr 

i/+ 

Re 

:R L 

Figure 3(a), Series current feedback Figure 3(b). Equivalent circuit 

^ 

j+ 
9n^ 

o - g - 0 -

me 

;Ri 

Re 

o 

Rf 
- W v 

RL 

Figure 3(c), Equivalent circuit 
redrawn 

Figure 3(d). Shunt voltage feedback 
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noise of some extra feedback resistor Is also Included In the 

circuit. As a simple example, consider the case of series 

current feedback as shown In figure 3(a), The feedback resistor, 

Rg,In the emitter lead,can be split Into a noiseless resistor 

In series with an associated noise generator. The equivalent 

circuit Is shown in figure 3(b). Because the current generator 

ggiV has Infinite Impedance,It might just as well be connected 

to the other side of This means that coul^ just as 

easily have been Inserted on the source side of the circuit. 

This Is shown in figure 3(c). Of course, from the noise point 

of view, this is exactly equivalent to lumping the noise due to 

Rg with the noise due to The noise figure of this stage 

will thus be given by replacing r^ with r^+ R^ in equation(23), 

The result is 

F 1 ^ -f- Sm^s \ . + Rg} 30) 
— — S 1 "t" 
Rg Rg BgmRg ^ ly 

It Is now apparent that by Introducing Re,an extra term has been 

introduced into the equation for the noise figure. For good 

noise performance,It is essential that Rg«;Rg , A similar 

argument can be used for the case of shunt voltage feedback 

using a resistor R^ as shown In figure 3(d). Here, It can be 

shown that we require R^»Rg for good noise performance. 
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CHAPTER 2 

NOISE MEASUREMENT TECHNIQUES 

Since noise voltages are frequently In the region,It Is 

virtually Impossible to measure noise directly at Its source. We 

cannot put a sensitive voltmeter at the Input of the amplifier 

and hope to measure the noise In that manner. Usually,noise 

generation Is not physically located at the Input,but Is dlst-

rlbuted throughout the system. The total noise is jkhe sum of 
I 

contributions from all noise generators. In any case, the 

signal to noise ratio at the output Is the main concern,for 

that Is where the meter or display is located. Noise is measured 

at the output port where the level is highest. 

Three general techniques for noise measurement are the sine 

wave method^,the noise generator method^^ and the two temperat-

ure method. We will briefly discuss each of these in turn,but it 

should be noted that the sine wave method was not used in this 

work. It is a very good method for the measurement of low frequ-

ency noise but the other two methods are favoured at higher 

frequencies due to their relative ease. 

2.1 THE SINE WAVE METHOD 

The sine wave method requires measurement of both output 

noise v^^ and the transfer voltage gain A?. Then the procedure 

for measuring equivalent input noise is 

(a) Measure the transfer voltage gain Ay 

(b) Measure the total output noise "v^^ 

(o) Calculate the equivalent input noise v^i by dividing the 

output noise by the transfer voltage gain 

The amplifier equivalent input noise voltage v ^ and noise 

current 1% parameters are then calculated from the equivalent 
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input noise for two source resistance values. As previously 

defined in 1.6,the equivalent input noiae is 

4- (31) 

if all correlation between v^ and 1% is neglected. Measurement 

gives the total equivalent input noise v^it To determine each of 
3L z 

the three quantities v^,1% and Vns, make the relevant term 

dominant by choosing either a very low Rg or a very high Rg. Of 

course, the thermal noise of Rg should be much lesA than 

the low impedance measurement. It is important to note that the 

bandwidth of the measurement must be specified using this method. 
I?, ^ 

In practice, v^ and 1^ are always specified in nV per root Hz 

or pA per root Hz respectively. 

2.2 THE NOISE GENERATOR METHOD 

This method was used extensively for investigating the 

noise properties of the long tailed pair. A block diagram of the 

experimental set-up is shown in figure 4(a). In practice, the 

measurement of the noise figure is very simple. The Impedance of 

the noise generator is transformed to the required Rg by adding 

an extra compensating resistor in series or in parallel. For Rg 

less than the impedance of the generator, the extra R must be 

added In parallel. Conversely,for Rg greater than the impedance 

of the generator,the extra R must be added in series. The noise 

figure is then measured as follows: 

(a) Turn down the generator to zero so that all output noise 

is from amplifier+source thermal 5,2** ^hls value of ^n^^on the 

RMS meter. 

(b) Turn up the generator until the output noise Is doubled. 

Then read the value of RMS noise being supplied by the 

generator. This must be exactly equal to the amplifier 
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generator filter 
test 

amplifier 
RMS 

voltmeter 

scope 

Figure ^(al. Block diagram of noise generator method 

Rg 

to amplifier 

Rs ~ R Rg 

R R+ Rq 

Vi nG 

Figure 4(b). Parallel source combination 

R 
-A/vy to amplifier 

Rr 
Rs - R Rq 

/w) V| nG 

Figure /^(c). Series source combination 
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noise 4-thermal noise of source 

(o) Calculate the noise generated by the source. For the 

parallel combination (low Rg) as shown in figure ^Xb),thl8 

noise can easily be shown to be 

Vag2= LkTAf. RRo (32) 

R + Rs 

where R^ is the internal impedance of the generator and R 
I 

is the external resistor added in parallel to give the 

required Rg. For the series combination (high Rg) as 

shown in figure l|.(c),the noise is 

Vng2= 4kTAf.(R + Ro) (33) 

(d) Now the output noise is divided by the noise from the 

2 

source to give the noise figure. If is the output 

reading on the noise generator,then the output noise for the parallel 

combination is 

Vno^ r R 

iB + RG 

and for the series combination is just Vno^. It follows 

that for the parallel source set-up,and a specified band-

width Af, 

V 
P = 

no 
R s2 

R + B G J 
' no 

R 

R + R 

4kT.RRG/(R + RG) 

Gj 
(34) 

WcTR G 

and for the series source set-up that 

F = Vno%/4kT(R4-RG) (3S) 

For the experiments used in this research,the source resistors 



and amplifier were enclosed in earthed metal boxes with Inter-

conneoting shielded cable to minimise pickup. In a noise figure 

measurement,the bandwidth is irrelevant for white noise,but it 

is important that a flat gain portion of the bandwidth is 

selected by the filter. The oscilloscope is used to ensure that 

the filtered noise does not contain any discrete frequency 

components such as hum,RP pickup or even oscillation. 

2.3 THE TWO TEMPERATURE METHOD / 

In the two temperature method,the output noise Is compared 

for the two cases of identical source resistances,but at two 

different temperatures and Tg. In otherwords, this method 

Involves taking two readings only,and simply changing a temper-

ature. It is particularly accurate for low noise figures as we 

shall see and is an easy measurement to make. In practice, the 

lower temperature is supplied by liquid nitrogen at 77K and the 

higher by room temperature at about 29LK. A block diagram of 

this method is shown in figure S. The noise figure for a part-

icular value of may be obtained as follows. Consider the 

noise powers at the output for two identical sources at dlffer-

ent temperatures. We have 

^outi ~ ^amp G''^ini (36) 

^outg = ^amp + G '^Ing (3*7) 

Solving these two simultaneous equations gives 

*amp =«G .Ming (Nini/Mlngj-fNouti/Noutg) 

(Nouti/Noutp )-l 

(38) 

However, 
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amplifier voltmeter 
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Figure 5 . Block diagram of the two temperature method 
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N outi — no][_ ' L (39),(4^) 

and 

N ln]L~ ^^T^RgAf ^ing" IjkTgRgAf (4^),(42) 

If we now let 

V. ( and Ti/Tg noi/ nog 
n (43),(L4) 

then 

N ami3 
n — ̂  

C - 1 

G • • ing (4S) 

But for a real amplifier we recall 

P = 1 + N amp 

in 

(1%) 

Substitution of equation(i|-^ ) into equation( ll|) now gives 

F -- 1 + fn - C 1 

^ - 1 

N Ing (46) 

N 
in 

Now if is chosen at room temperature then Nj.^= Nj_n]_ and so 

P 
r \ 

n - 1 

n 

(47) 

2.4 A COMPARISON BETWEEN METHODS 

The table on the next page lists the relative advantages 

and disadvantages of the noise generator method compared with 

the two temperature method. 
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NOISE GENERATOR METHOD 

advantages 

1,Accurate 

for high 

noise 

figures 

disadvantages 

l.One end of Rg 

always to be 

grounded 

B.Innaccurate 

for low noise 

figures 

3.Reliance on 

accuracy of 

generator 

noise meter 

TWO TEMPERATURE METHOD 

advantages 

1.No circuit 

parameters 

changed in 

measure-

ment 

2.Facility of 

floating 

source 

(neither 

end of Rg 

needs to be 

grounded) 

3.Accurate 

for low 

noise 

figures 

I4.,Speed of 

measure-

ment 

A comparison of the expressions for F using either method shows 

that the generator method is better for high noise figures but 

worse for low noise figures. 

Assuming that the error in reading the meter c is and 

that the tolerance of a given resistor is it is easy to 

show for the noise generator method that the percentage error 

in measuring P, £p , is 13% for the series combination and 10% 

for the parallel combination. This is true even for high noise 

figures since the error in F is Independent of P for this method. 

disadvantages 

1.Cost of liquid 

nitrogen 

2.Construction of 

a carefully 

matched set of 

resistors for 
/ 

two temperatures 

3.1nnacurate for 

high noise 

figures 



28 

In the two temperature method however,it can be shown that the 

percentage error in P is given by 

'P 20 (48) 

F / n~l 

n 

P/ 
- , 1 

rn-l 

n 
- 1 

and is thus dependent on the value of P. A comparison of the two 

methods reveals that the two temperature method is more accurate 

for 

P < 1.3 (49) 

at which point the error in P is in fact 
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CHAPTER 3 

A NOISE ANALYSIS FOR THE LONG TAILED PAIR 

As was mentioned earlier,the long tailed pair is the stand-

ard building block for modern monolithic amplifier input 

design^^'lG^ Thla chapter describes a noise analysis for the 

basic long tailed pair configuration in order to quantify its 

noise performance. The noise behaviour of the current source and 

differential to single sided converter are also considered as 

accompanying circuit configurations In state-of-the-art 

operational ampllflersl^'^B. 

3.1 COMPLETE SMALL SIGNAL NOISE ANALYSIS FOR THE SINGLE SIDED 

INPUT,SINGLE SIDED OUTPUT DIFFERENTIAL AMPLIFIER 

The basic circuit of the long tailed pair when used as a 

differential amplifier is shown in figure 6(a). In general, 

input signals Vĵ ^ and are applied to the two transistor 

bases and output signals and are obtained at the resp-

ective collectors. Ideally,the pair is supplied with a constant 

level of DC current,Ig,by a constant current source. If the 

load resistors and the two devices of the pair (Ql and Q2) are 

identical, then the current through each device will be Ig/2. 

Figure 6(b) shows a more practical arrangement for the configur-

atlon; Ig Is supplied by a large 'tall' resistor of value R* and 

the base currents for the two devices are supplied by R^^ and 

Rbg which are normally quite large. An improved tail arrangement 

is achieved by using a third transistor,Q3,as the source of tall 

current, A large voltage drop across Rg is thus avoided,and the 

output impedance at the collector of Q3 approaches infinity. 

This is shown in figure 6(c). In modem operational amplifier 

design, the actual passive load resistors are replaced by 
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Figure 6. 
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32 

transistors oS forming an active load arrangement as shown in 

figure 6(d). In order to simplify the analysis,we will analyse 

the basic long tailed pair structure shown in figure 6(b),and 

subsequently consider noisy contributions from the transistor 

current source and differential to single sided converter. 

The noise equivalent circuit is shown in figure 7. A source 

Impedance Rg is connected to the base of Ql. In practice, 

can be lumped with Rg,but if It can be neglected. R^ 

is a (balancing* resistor connected to the base of Q2 emphas-

ising the symmetry of the arrangement. Similarly, R^g can be 

lumped with R^. The thermal noise sources have been represented 

by Norton equivalents. In particular, the tail resistor Rg'has 

an associated noisy current source i . It is worth noting 

that the small effect of the contribution from the load resist-

ors has been neglected. 

The noise contributions at the collector of Ql from each 

of the sources in turn is now obtained by nodal analysis as for 

the common emitter in 1.7. These contributions are listed below. 

FROM SOURCE 

FROM r* IM Ql 

FROM BASE OF Ql 

^nox" — ^ns^fP^L^g) 1 1 ^ 2 
— — ^ — 4" — 

Ifr H" r^ -f* Rip Rg 

^noi == ^nx^( P^L^x r 1 
4" 

^rr + + R^ Rg 

- ^nbi 

a2 
1 -j-

^x + ̂ s 

R E 

(50) 

(51) 

• " { - • • • 

(p+ l)(r%-HRg) 
(52) 
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FROM COLLECTOR 

OF Q1 A' 
+ 

Rr 
+ 

(P+l)(%^+r%+Rg))2 

P(rn+ rx + R^) 

(53) 

FROM R T — ^nT 

.2 A" 

8 (54) 

FROM r* 1% 02 

FROM COLLECTOR 

OF Q2 

V noi ^nx (P ) 

A' L ̂ TT~̂  
A. 

FROM BASE OF Q2 noi - ^nbg (&%&)' 

A' 

r̂r " ( ) 

>. ̂ TT + 

"̂ nO]_ — ^nco (P̂ T.) nog L 

(5%) 

(56) 

(57) 

FROM TAIL R E ^#^2 — ^nE (P^L) (58) 

where A = p+l + i^-j-r^ + R 

R 

s 0+l)(rk + rx + Rg) 
H-

E T̂T ^X 

(59) 

The noise figure of the single sided Input,single sided output 

amplifier Is now obtained by letting Vn^^= and R^-^O and 

proceeding as in 1.7. Assuming that p>>l and %r5>rx (low 

current operation) we find 

F = 1 + r r 
-_±: ̂  _2L 

R* R. 

+ 
6m 

2pR* .Sm+gE 

Sm+ SE 

2 

4-
8m 

2pR. 

r̂ .̂ + Rg 4-

Sm+ Se 
4-

Sm 
+ 

2R, 

l/p(l + Rg/R%+g^(rx4LRg))+gg/g^ 

8m-HgE 

+ 
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6m 

2Rs 

1 

6m + SE 

2 

+ 
Rs 

(60) 

where gg = V^RE (61) 

Clearly, as for the cormnon emitter noise figure, both current 

and voltage noise terms are present, Theoretical plots of the 

noise figure of the single sided input,single sided output diff-

erential amplifier are shown in figures 8(a) and 80b), The 

optimum value for Bg giving the lowest P decreases with increas-

ing collector current as in the common emitter amplifier. The 

tail resistor Rg can be seen to have little effect when it is 

large,specifically when 

RE fn + rx+Rs (62) 

In these plots,a value ofp = ̂ 00 and r%= 200 ohms is assumed. 

A striking comparison between the noise performance of this 

amplifier with that of the common emitter is realised by setting 

Rg=00 . This relation should indeed be approximately satisfied 

for a good tall source. Equation(60) then reduces to 

1 -f- 2r X 6mR 's (63) 

Sm^s 2p 

When this is compared with the common emitter analysis in 

equation(23) it can be seen that the voltage noise terms are 

doubled,but the current noise terras remain identical. 

A quantitative comparison of noise figure with the 

voltage and current generators is shown in the appendix. 
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3.2 THE APPROXIMATE NOISE ANALYSIS 

The noise analysis just described shows that the voltage 

noise in the single sided input,single sided output differential 

amplifier is twice that of the common emitter,but the current 

noise is the same within the limits of the approximations made. 

A full comparison of noise in the differential amplifier to 

noise in the common emitter amplifier would have to include the 

four possible modes of operation of the differential amplifier, 

namely 

(a) Single sided input,single sided output (designated S-S) 

(b) Single sided input,differential output (designated S-D) 

(c) Differential input,single sided output (designated D-S) 

(d) Differential Input,differential output (designated D-D) 

As will no doubt be now apparent to the reader,it would be very 

tedious to repeat the analysis in 3*1 for each of these four 

modes. A much simpler analysis is possible if some intelligent 

assumptions are made. Firstly, Rg is set to Infinity. So the 

small contribution of noise from the tail resistor is neglected. 

Secondly,the noise from Rj;̂  is neglected as before. Thirdly,we 

assign a general noise model for each device Q1 and Q2 as 

explained in 1.6. For the sake of argument, Q1 is assigned 

and 1^2! 02 is assigned v^g and i^g. Then the contribution to 

noise at the output from each of these four sources in turn is 

evaluated for a particular mode. By dividing by the appropriate 

voltage or current gain,the noise can be referred back to the 

input,expressed in terms of a single v^ and i^. Finally,a comp-

arison of with and ^^2 and 1^ with 1^^ and 1^^ can be 

made. It is important to note that and i^^. i^^ for a 

perfectly matched pair. Furthermore,the comparison just 

mentioned immediately compares the noise performance of the 
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common emitter amplifier. This analysis was carried out for each 

mode,and a comparison with the common emitter was obtained by 

dividing the appropriate parameter for a mode by the same param-

eter for the common emitter. The results are summarised in the 

table below. 

RATIOS 

MODE 
Ay Ai Vn^ ^n in Vnout n̂-out MODE 
AyCE AiCE Vn^GE i„2cE Vĵ CE l^GE 

88 & 1 2 1 V2 1 
1 

\/2 
1 

SD 1 2 2 1 \/2 1 2 

DS & 1 2 1 \/2 1 
1 

1 

DD 1 2 2 1 \/2 
1 

\/2-
\f2 

The absolute magnitudes of and 1% for the common emitter 

amplifier are as given In equatlonsflO) and (11). Of course, 

Ay- 8-nd Aj_= p for the common emitter amplifier. It can be 

seen that the voltage noise Is double in each mode,but the 

current noise is the same except in the case of the D-D mode 

amplifier where it is HALVED. 

Here,the current noise Is actually HALF that of the common 

emitter amplifier. These results are perfectly general, and 

would be true for MOS transistors as well as blpolars. The theory 

simply hinges on the fact that the devices are voltage 

controlled current sources. • 
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3.3 TRANSISTOR AS CURRENT SOURCE 

The value of having a transistor as a current source was 

explained In 3.1. It is also worthwhile mentioning that it is far 

more convinient to integrate a small NPN transistor than a large 

valued resistor. The full arrangement when used with the long 

tailed pair is shown in figure G(c). In practice,a resistor Rg 

is often placed in series with the emitter in order to provide 

degeneration as shown in figure 9(a). We will show^that this has 

a significant effect on the noise performance. The transistor 

source, Q3, together with the degeneration resistor, R , will 

deliver a noisy current i^o to the emitters of the pair 

transistors, Q1 and Q,2, which will in turn produce an additional 

noisy voltage at the outputs v^^ and v^^. The overall noise 

performance of the circuit can be compared to that of the tail 

resistor source circuit performance by contrasting the noisy 

currents that each tail source delivers. The noise equivalent 

circuit for the current source is shown in figure 9(b). We 

assume that the base is fed with a noiseless DC current (ie base 

short circuited for signals). Nodal analysis of this model now 

yields 

i no = ynx^pB + InD^fpRpiB + Inb^^Pix + lnc2(4T+ rx + Rn)' 

[(p+ljRg + r^ + ^ 

(64) 

This noisy current can now be compared to that of the ordinary 

tail resistor, inE^. The two limiting cases are for RQ-tO (no 

degeneration) and for RQ->CX) (full degeneration); 

(a) When Ro-tO, the current source QJ supplies the same noise 

as would a tail resistor of value Rg^S/gm 

(b) When Rg-KO, the current source supplies the same noise as 
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would a tail resistor of value ] 

It Is obvious from these two criteria that if some degree of 

degeneration is included,a larger tail current can be drawn and 

still give the same noise level. However, in this case, the 

current source will drop more DC volts due to the presence of 

Rp. Nevertheless,in the case of the differential output modes, 

the noise performance of the tail is irrelevant because two 

fully correlated contributions appear at either collector, and 
/ 

since their difference is taken,the noise cancels. 

3.4 DIFFERENTIAL TO SINGLE SIDED CONVERTER 

The majority of integrated circuit operational amplifier 

designs do not use passive load resistors at the collectors of 

the input differential pair,but an active differential to 

single sided converter^^. The arrangement with the long tailed 

pair is shovm in figure 6(d), The most basic form of this 

circuit building block is sho.ni in figure 9(c) together with 

its small signal noise equivalent circuit in figure 9(d). 

Nodal analysis of the equivalent circuit gives the total noisy 

current at the outout to be 

i 2 
no = 2"> 

L 

"f" ̂ ncg + Inoi " '-nb̂  + inbg + inG^ 

L p + 2 

(62) 

^noi Inog^ be obtained directly from equatlon8(20-28) 

by summing the contributions and dividing throughout by R^^. The 

contributions at the collector of Q1 are exactly the same as 

those at the collector of Q2 except that Rg and R? are inter-

changed throughout. In summing contributions, R? is set to zero 

for the simplest case,the noise from r% is neglected,and Rg is 

2 
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assumed to be infinite. Then, after some manipulation,the total 

output noise is found to be 

1 2 
^no -ns '2pR. 

D j 

1 I. 2 
H- nbi _|_ ^nbg R32+D'' 

i 0% J . D2 , 

+ 

+ ^nc^ (RgH- 2rn 

D 2 

u_ 1 2 
-r ncg 

D' 

(66) 

where D = 2r„ + Rg f (67) 

The parts shown In heavy type (D) are from the converter 

Itself. It can be seen from this equation that the active load 

arrangement adds significantly to the noise performance. 
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CHAPTER ^ 

EXPERIMENTAL MEASUREMENTS ON THE NOISE PERFORMANCE OF THE 

DIFFERENTIAL PAIR. 

This chapter describes the experimental measurements carried 

out on the bipolar differential pair,and the results obtained. 

The experiment Itself was divided Into two main parts: 

(a) An Investigation Into the behaviour of the S-S mode 

differential amplifier. This Includes looking/at the noise 
I 

performance with various tail currents. 

(b) A comparison of the four modes of operation of the dlffer-

ential amplifier with the common emitter. 

In each case,the results are displayed on graphs; solid lines 

show the expected performance from evaluation of the theory and 

experimental measurements are shown as a set of data points. 

4^1 NOISE PERFORMANCE OP THE S-S MODE DIFFERENTIAL AMPLIFIER 

The experimental technique used for this part of the 

investigation was the noise generator method as described in 

2.2. A circuit diagram of the amplifier is shown in figure 10 

and its measured frequency response in figure 11. Q1 and Q2 

form the differential pair to be examined. The base current for 

Q1 is supplied via DC coupling to the source resistance. The 

two branch currents of the pair are balanced by trimming VRl, 

and a new balance must be made with each new value of Rg. 

Voltmeters VI,V2 ensure that the currents down each branch are 

equal and the ammeter A measures the total tall current. CI 

ensures that the base of Q2 is AC grounded for all noise signals 

of Interest. R7,G2 and R8,C3 form decoupling networks on the 

power rails In an attempt to suppress power supply hum aad the 

possibility of oscillation due to positive feedback via the 
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power supplies. The noisy output of the differential pair at 

the collector of Q,1 is fed to a cascade of amplifiers constr-

ucted from 03,0^ and The output then goes to the filter and 

RMS meter. The tail current is varied by altering -Vgg and 

+^00 to ensure that Vge remains constant. When making a noise 

measurement, VI and V2 are disconnected to ensure that they do 

not introduce excess noise. 

All of the transistors Ql-QS used in this experiment were 
/ 

silicon planar NPN's (BC182L from Texas Instruments). The 

measuring equipment used was as follows: 

(a) Noise generator: Q#an-Tech Model ^20 

(b) Power supplies: Parnell type E30/l 

(c) Oscilloscope: Telequipment D67 

(d) Filter: Rockland Analog Filter model 1200 

(e) RMS meter; Hewlett Packard model 3^00A 

In measuring the noise figure of the amplifler/the band-

width is .selected to be relatively narrow,so that the-spot 

noise iigure rather than wide-band noise figure is measured, 

A bandwidth of 9kHz-llkHz was chosen to ensure that no l/f noise 

was present and the frequency response was still maintained. 

The results of the experiment are shown in figure 12. The error 

bars have been omitted to avoid confusion, but a check with 2.^ 

will reveal that^ all of the experimental points lie within the 

allowed spread from the theory. 

4.2 COMPARISON OP THE FOUR DIFFERENTIAL MODES WITH THE COMMON 

EMITTER AMPLIFIER 

In evaluating the theory for a comparison between modes,Rg 

was assumed Infinite. It follows that Rg will have to be very 

large (as required by equatlon(62) ) if the halving effect of 
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the current noise for high Rg Is to be seen. The noise generator 

method could not be used here because as was mentioned in 2.^, 

one end of the source Impedance has to be grounded. This is not 

possible with a differential source. For this reason, the two 

temperature method was used instead. A circuit diagram of the 

differential pair with boosting amplifier is shown in figure I3. 

The circuit is essentially the same as that used for the previous 

experiment,but the second stage is also a long tailed pair to 
I 

allow for the facility of single sided output or differential 

output. 

There are three switches, SW1,SW2 and SW] in the circuit. 

These switches allow the amplifier to be switched into one of its 

four possible modes. SWl and 5W2 ground the bases of Q1 and Q2 

respectively from the point of view of signals. This allows 

either input to be single sided or differential. SW3 controls 

the nature of the output. In the 'ON* position,the collector of 

0,2 is fed to the base of Q3 via coupling capacitor Cii, and the 

output is differential. In the 'OPP' position,the base of Q3 is 

grounded via Rll. This means that the output is single sided, 

because Q3,qk is now acting as a balanced single sided input 

arapliiier since R11=R3. The table below shows the positions of 

the switches for each of the four modes. 

MODE SWl SW2 8W3 

88 OFF /ON ON/OFF OFF 

8D OPP /ON ON/OPF ON 

DS OFF OFF OFF 

DD OFF OFF ON 

Q5 and 0,6 are straightforward common emitter amplifiers with 

series current feedback. These boost the noise into the r/ 
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region. As before, R20,G7 and R21,08 form decoupling networks on 

til© supply rails. The aiwneter A measures the total tail current 

which is set to 2mA (Ic= 1mA) for the whole of the experiment. 

Screened leads were used to connect the bases of qi and q2 to 

the source resistances. Once again, the freq.band fas selected 

at 9kHz-llkHz, all transistors Q1-Q6 were BG182L'8 and the 

measuring equipment was the same as for the previous experiment. 

The results are shown In figure 1^. The theory for the common 
I 

emitter has also been plotted on these diagrams so that a 

direct comparison may be made. 



k9 

(Too 

oo^ 
CCOi &> 

KCM 
W\r-< 

A OfM 

O V) 

Figure 13. Circuit for comparison of differential amplifier modes 



\RsJ 

Ic ~ 1mA 

for all modes 

Figure 14. Experimental comparison of noise in the four differential 

modes with noise in the common emitter 

mode 

experiment 

theory 

CE SS 

o 

SD DS 

D 

DD 



51 

CHAPTER S 

DESIGN OP AN INTEGRATED LOW NOISE AMPLIFIER 

The work described so far has been mainly concerned with 

the noise performance of the differential pair as compared with 

that of the common emitter. In particular,It has been shown 

that the noise performance of an"amplifier is dominated by the 

value of the base spreading resistance when the amplifier is 

used with a low source Impedance (leR < r^). Thls^chapter 
® I 

describes an amplifier design procedure carried out in order to 

meet the specifications listed in the introduction as closely 

as possible. It is perhaps Important to note at this point that 

bipolar technology was originally chosen for fabrication of the 

amplifier because the JFET and MOST exhibit very poor noise 

figures (typically In excess of l^dB) for low values of source 

Impedance^^. In a sense,this chapter is divided into three 

parts. Firstly,information regarding the device parameters in 

the process to be used must be obtained. Secondly,a full 

circuit design is proposed,and this circuit is tested by bread-

boarding of discrete equivalents and by computer analysis of an 

Integrated analogue. Finally,a layout suitable for integration 

is described,and the resulting integrated circuits are tested 

after encapsulation. The bipolar processing of these circuits 

was carried out in the clean room of the microelectronics depart-

ment of Southampton University. 

5.1 MODELLING OF THE BIPOLAR PROCESS 

In order to design an amplifier,it is necessary to know the 

Individual component parameters to a reasonable degree of accuracy, 

For the bipolar transistor (be It NPN or PNP) this Involves a 

knowledge of the magnitudes of the elements within the full hybrid 
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pi model as was shown in figure 1(a). rog,ro and p (and hence 

r̂ j) are obtained with sufficient accuracy from a curve tracer^®. 

The Input capacitance,C^,and the feedback capacitance,Gp are most 

easily measured using an AC Impedance bridge^^. r^ may be 

measured by examining the noise figure in the low source impedance 

region where the voltage noise due to r* dominates. Specifically, 

a plot of log(P-l) against Rg gives a value for rx+ -1— whe^the 

curve cuts the Rg axis (see section 1.7). It can bp shown that 
I , 

for an amplifier to have a noise figure of less than 2 (le 3dB) 

at a source Impedance of ^Oohms, r^ must Itself be no more than 

^Oohms. This in fact assumes that all current noise in the 

device Is neglected. For this reason,several configurations of 

input transistor were considered in an attempt to decrease r̂ .. 

It is well known that an Interdlgltated structure for the base-

emltter junction tends to minimise the effect of the parasitic 

r% because the ratio of perimeter to surface area of the emitter 

region is increased^®. Several NPN transistor layouts are shown 

in figure l5(a) and the measurements performed on their base 

spreading resistances are included in figure 16, A minimum 

geometry lateral PNP was also integrated on a test chip with the 

foresight that most integrated amplifier circuits require a PNP 

device at some point In their design. This is shown In figure l5(b) 

and its performance tabulated in figure 16. 

Finally,three types of resistor were tested prior to circuit 

design. These are 

(a) Low valued diffused resistor formed by emitter (n+) diffusion 

(b) Medium valued diffused resistor formed by base (p) diffusion 

(c) High valued 'pinch' resistor formed from a p channel with 

a superimposed n+ diffusion. 

They are shown in figure l5(c),and their values In figure 16. In 
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Figure 15. Layout of test devices for parameterization 

(scale: 1mm to 6 microns) 
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T1 T2 T3 T4 

01 mA Ic 80 75 85 10 

BETA ' 1 mA Ig; 100 90 100 7 

10 mA Ic 150 170 130 0 5 

Tcs 20 20 20 400 

TQ (at Ic=1rnA) 10K 10K 10K 7K 

C^(pF) (at I c - 1 m A ) 340 335 339 526 

Cjj (pF) 04 3 5 6 8 1 6 

Tx 220 154 45 — 

(a) transistors 

approximate 
Value (ohms) 

number of 
squares 

approximate sheet 
resistivity of 
diffusion (ohms/square) 

R1 10 2 5 

R2 2 6K 24 100 

R3 M5K 22 

(b) resistors 

Figure 16. Typical measured values of test device parameters 



measuring a diffused resistor of the type R1 as shown In 

figure iS, it is necessary to ensure that the surrounding silicon 

'land' is p-type to avoid shorting the resistor through the land, 

A surrounding p-type background Implies that the resistor Itself 

will always be reverse-biased with respect to its surroundings. 

Similar backgrounds are not required for the other two types (R2 

and R3) since the substrate is weakly n-type to begin with. 

5.2 CIRCUIT DESIGN CONSIDERATIONS / -

Because the noise figure of an amplifier Is dominated by the 

noise performance of the first stage,careful optimization of the 

first stage Is essential. The choice of configuration of the 

Input stage is largely determined by four requirements,namely 

low power consumption,good voltage gain,high Input Impedance and 

low noise figure. For this reason, a common emitter stage using 

series current feedback was decided upon. This is shov?n in 

figure 17(a). The DC response of the long tailed pair (no 

coupling capacitor) was sacrificed in order to meet the other 

requirements just mentioned. The long tailed pair has twice the 

power consumption,twice the input noise and half the voltage 

gain of the common emitter. Transistors with a base spreading 

resistance of 2^ ohms at the very most would be required for the 

long tailed pair input noise requirement, but a common emitter 

transistor could have an r^ of less than 50 ohms and still meet 

the specified noise performance. If a sufficiently large trans-

istor is used in the input stage, we can expect a base spreading 

resistance of somewhere In the region 10 to ^0 ohms (see figure 

16). 

The collector current for the input transistor may now be 

fixed for optimum noise performance. Differentiation of 
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Figure 17. Amplifier circuit designs 



27 

equation 2] with respect to yields 

®^opt ~ P /^s ' (68) 

from which 

Icopt= kT p/qRg (69) 

Assuming a source impedance of ^0 ohms and a current gain of 80 

we expect the noise figure to be a minimum when lo/ls approxim-

ately 3mA. It is Important to note,however,that this minimum is 

quite broad. Local series current feedback of the stage will 

stabilize the voltage gain and increase the input impedance. 

Approximating the expression for the voltage gain of such a stage 

obtained by nodal analysis gives 

Av = "RL (70) 

Be + l/gm 

and the expression for the input impedance Is 

Zln= +PRe (71) 

If the supply voltage,Vco,is set to l.SV in order to keep power 

consumption to a minimum,then the collector of the first trans-

istor can be assumed to be at a potential of around 0.7V (half-

way between Vcc and ground) in order to maximise the output AG 

signal swing. This means that a load resistor of approximately 

330 ohms is needed to give the required collector current from 

the point of view of noise performance. 

The value of the local feedback resistor,Rg,can now be fixed. 

Gain stability is improved by increasing Re,but equation (30) 

shows that R, effectively adds on to r^ when the noise figure of 

the stage is evaluated. Clearly,we cannot afford to make R 
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larger than about 2 ohms. When Is 2 ohms,the voltage gain of 

the stage, given by equation (70), is approximately 22, or 

27dB, and the Input Impedance, given by equation (71), Is approx-

imately 1.5 kohm. This will of course be dramatically Increased 

when overall feedback Is applied and the amplifier Is used In the 

closed loop mode. 

It can be seen from the list of specifications that the 

amplifier needs to have a flat response down to DC, This requlr-
i 

ement cannot be achieved exactly for a common emitter Input/ 

because some form of AG coupling must be used at the base of the 

Input transistor. However,careful choice of the Input capacitor 

can fix the lower 3dB break point very close to DC. If the 

amplifier is to be built from a series of cascades, AC coupling 

with suitably large capacitors or straightforward DC coupling 

may be used. Obviously,the latter is to be favoured if eventual 

Integration of the circuit is to be carried out. DC coupling is 

possible with bipolar transistors because In the forward active 

region,V^e is always larger than the minimum value of 

corresponding to saturation. For Instance,for silicon npn's, 

Vbe-O.TV whereas Vcefsatjc^o.gV. This relationship Is true for 

any bipolar because the base-emitter voltage Is across a forward 

biased diode,whereas collector saturation voltape Is the DIFFER-

ENCE between two forward biased diode drops. For the amplifier 

to supply 60dB of gain,It Is possible to cascade two stages 

each with voltage gains of 30dB,or three stages each with 20dB. 

The three stage amplifier has to be used because It Is not 

possible to achieve a voltage gain of 30dB with local series 

current feedback In the stagelO, Moreover,in the three stage 

design,there Is ample gain (each load resistor could be as low'as 

60 ohms),and some of this can be sacrificed to increase bandwidth. 
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Such a three stage DC coupled amplifier (without biasing) la 

shown In figure 17(b). 

The next important step is to fix the values of R3,R^,R2 

and R6 for the second and third stage. Each stage will need to 

have a voltage gain similar to the first,and for this reason, 

the ratio of the load resistors to the emitter resistors should 

all be kept at approximately 66 to 1. Initially,it was decided 

to run stages 2 and 3 identically at a collector cjirrent of 
i 

ImA each, and to have R3 = R5 =10 ohms and Rl}. = R6 = 680 ohms. The 

equivalent circuit was represented as a network with numbered 

nodes, and this was fed into a linear analysis programme and 

analysed by computer. The gain and phase response of the original 

design is shown in figure 18(a). It can be seen from this diagram 

that when the phase drops to %ero,the magnitude of the voltage 

gain is S3dB at 36MHz. Prom the specifications,the amplifier has 

to be stable down to a voltage gain of 46dB. But from this plot, 

there will still be 7dB of gain left when the net phase shift 

is zero. Hence regeneration can occur and the amplifier will 

oscillate at 36MHz. 

Nodal analysis of the network soon makes it apparent that 

the dominant high frequency time constants in the circuit are in 

the middle stage.Firstly, for the second transistor was 

'artificially' increased by adding extra external capacitance 

across the base-collector junction. This was in an attempt to 

lower f? for the second stage. was altered from its original 

value of O.^aF to 20pP. The frequency response of the new 

configuration was evaluated by computer as before,and the result 

is shovn in figure 18(b). Mote that the open loop gain is now 

approximately SodB when the net phase shift Is zero. Ihls occurs 

at a frequency of 26MHz;. So increasing has little effect on 
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Figure 18. Bode plots of various amplifier designs 
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reducing the gain in the neighbourhood of ^^0. It has merely 

shifted the responses further down the frequency axis. 

Stability was finally achieved by running the second stage 

at 0.1mA rather than 1mA. This in fact also helps to keep the 

power consumption down. Now R] =100 and R^=6.8K from the 

voltage gain requirements. The dominant time constant is now 

set by and C% In the third transistor. In increasing by 

an order of magnitude,this time constant is reduced and the 

amplifier is stabilized. The frequency response is shown in 

figure 18(c). Note that the voltage gain is now 39dB (7dB down 

from ^6dB) when the net phase shift is zero at 32MHz, This 

Implies that signal regeneration cannot occur around the loop 

for any amount of negative feedback between the closed loop 

gains of ^6dB and 60dB. Hence the amplifier is stable. When the 

open loop gain Is in fact ^GdB,the phase shift Is 22°. This is 

quite small and causes slight peaking in the closed loop 

response of 46dB. This is shown in figure 18(d). 

5.3 CIRCUIT BIASING 

The circuit shown In figure 17(b) would not work as it 

stands because no base current is supplied to Ql. The standard 

method of supplying base current from a potential divider 

between Yqq and ground cannot be used with a high gain DC 

amplifier because any small DC drifts in the base voltage of Q1 

are immediately amplified throughout the three stages and the 

output voltage at the collector of Qj will switch to either V. 

or zero. Clearly, some control over the base drive of Q1 is 

required. 

Figure 17(o) shows a way around this problem. R7 and R8 tap 

a portion of the current from the output of the amplifier and 
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feed this back negatively to Ql. Now any drifts In the base 

current of Q1 are immediately sensed at the output and fed back 

accordingly to compensate. The capacitor G2 is required to 

prevent signal feedback occurlng around this loop and hence 

destroying the gain. The time constant set by R7 and C2 must be 

small enou(^ to ensure that all low frequencies of interest are 

shorted to ground via 02 and not fed back to the input. This 

means that R7 and C2 need to be large. Excessively/large values 

of R7 are not possible,however,because a large voltage drop 

across R7 will drive Q3 towards cutoff 

(The current throu^ R7 is the same Irrespective of what value 

R7 takes). Also,large values of C2 are bulky and expensive. 

Figure 19 shows the proposed amplifier with two modificat-

ions. The base current for Ql is now supplied via the current 

mirror formed from and Q6. If the matching of these 

transistors Is good, then their collector currents will be 

equal. This means that the base current of Q1 is equal in mag-

nitude to the collector current in Qk which is beta times 

bigger than the current drawn from the output via R7. R7 can 

now be safely Increased to lOOK ohms without interfering with 

the collector current of Q3. The second change is that G2 is 

now connected to the collector of Q8 rather than to ground. 

and Q7 form a current mirror supplying Q8 with the same base 

current as Q1 so that the collector current in Q8 is almost 

equal to that in Ql, This stage provides Miller magnification 

of C2,thus Improving the low frequency response further. The 

value of G2 will be magnified (l+gmR^J times. This turns out to 

be about 3^ times. 

The circuit was constructed on breadboard from discrete 

components using BC18SL transistors for all MPN types and BC81I,.L 
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for all PNP types. The measured DC voltages at the nodes In the 

circuit are also shown in figure 19, In the experimental circuit, 

a small capacitor 03 had to be connected across the base-collec-

tor junction of Q8 to reduce the frj. of this transistor and 

avoid oscillation of the Miller stage. It was found that 2^pP 

was adequate for this. ' ^ 

Gain control is achieved by applying overall feedback for 

AG signals around the three stages. A resistor is connected 
/ 

between the emitters of Q1 and Q3 thus providing series current 

feedback. In practice,a feedback resistor of value 10 ohms 

brings the total gain down to ^adB. 

LOW FREQUENCY RESPONSE 

The behaviour of the low frequency response of the amplifier 

may be examined by evaluating a transfer function for the 

equivalent circuit. The relevant parts of this equivalent circuit 

are shown in figure 20(a), Note that Cp is the Miller magnified 

value of 02 and hence takes a value of approximately 160QWF. 

The current generator gVi represents all transistor action 

feeding current back to the base from the output through Ql|-, 

and Q6. The basic amplifier is considered to be inverting and 

have an Infinite input impedance. In fact,at low frequencies,the 

phase shift through the amplifier is almost exactly 180°. By 

Inspection of figure 20(a), 

Rs+ l/sOi 
•gV^ = -gV o 

l/ sCp 

R7 + 1/sGp 
(72) 

(73) 
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However, 

Vi = Vo/A^ (7l|_) 

Direct substitution of equation 7^ into equation 72 leads to 

Ay sC^ (14- sCpRy ) 
A-y ' = — (7^ J 

s2(CiCpRY) + s(Ci+AygCiRg)+Ayg 

The poles of the amplifier will then be given by setting the 

denominator equal to zero,and solving the resulting quadratic 

equation: 

s2(CiGpRy)+s(Ci+AYgCiRg)+Avg = 0 (76) 

When the real circuit values are inserted into equation 76, the 

poles can be located and represented in an Argand diagram as 

shown by 8% and Sg in figure 20(b). Equation 75,giving the 

transfer function of the amplifier at low frequencies,can be 

seen to be that of a second order filter^ The poles 

of such a filter are complex conjugates and lie on a semicircle 

in the real-imaginary s-plane^l. They are characteristic of 

damped oscillations in the frequency response,and manifest 

themselves by peaking the frequency response near DC,as shown 

In figure 21(a). 

This curve was in fact obtained by the linear analysis on 

computer as before. In practical terms,it means that when the 

amplifier Is switched on,the signal moves up and down for a 

short while at this low value of frequency (about IHz). The 

condition is commonly known as BOUNCE. Furthermore,when the 

amplifier is used in video applications,the picture can brighten 

and darken sinusoidally at the frequency peak. If these low 

frequency oscillations are suppressed by some method of damping, 

the response will be very much Improved. 
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Reducing the low frequency peaking Is equivalent to moving 

the natural polea of the system further down the seml-clrcle to 

meet one another,because the Imaginary or oscillatory component 

of the poles then becomes negligible. One way of achelvlng this 

situation without altering existing component values Is to 

Introduce a damping resistor series with Cp. The express-

Ion for the gain transfer function now becomes 

AySCĵ  (sCpRiy-f sCpR^-i-1) ^ 
AY' = : 

8 (GpCiRy+CpC^Ra+AvgCpGiRgRd) + s(Gi + AvgRgCi+... 

, , , 4- AygCpR^ ) 4- Ayg (77 ) 

If the poles are to contain no imaginary component,then we 

require a zero square root in the solution of the denominator 

of equation 77. Specifically, 

Rd^(AvgGF)^-Rd(2AvgCiGp+2Av2g2CiGpRg)^... 

*•*+ (Cl2+Ay2g2Rg2G^2^2AygRgGi2-^AygCiCpRY) = 0 (78) 

This is a quadratic equation in R^ with solutions R^=70,8 or 

-67.7. The negative solution has no meaning. When this value is 

substituted back into the denominator of equation 71,the poles 

are found to be coincident on the negative real axis as shown 

by in figure 20(b), The amplifier low frequency response is 

now critically damped,and in practice,this can be achieved by 

connecting a resistor of approximate value 3^X712 2K ohms in 

series with Cg because of the Miller effect. The resulting 

change in low frequency response as a result is shown in figure 

21(b). When the amplifier Is used in the closed loop mode with 

a gain of approximately 46dB,the peaking is found to be even 

more pronounced as shown in figure 21(c), In this case,it caa be 
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shown that a resistor of approximately SKohms Is required to 

critically damp the response. This is shown in figure 21(d). 

CIRCUIT LAYOUT OP THE INTEGRATED AMPLIFIER 

The layout of the low noise amplifier In Integrated 

circuit form Is shown In figure 22. Note that the input trans-

istor is large and Interdlgltated. The base spreading resista-

nce should be appreciably lower than that of T3 shown in figure 

lS(a); the perimeter to surface ratio of the base-emitter 

junction Is almost an order of magnitude greater. R2,R^ and 

R6 are all p-type diffused resistors produced simultaneously 

with the transistor bases,and resistors R1,R3 and Rg are all 

emitter (n+) diffused resistors. Ideally,the n+ resistors 

should be surrounded by p-type land,but since their value Is 

so low,the effect of the surrounding epitaxial land can be 

Ignored. R7 is a pinch resistor formed by an n+ diffusion on 

top of a p-type diffused resistor. Q2,Q3,Qb and QS are all 

minimum geometry NPN transistors, and Q5,Q6 and Q7 are minimum 

geometry lateral PNP transistors with an enclosed emitter 

structure. 

Aluminium pads are larger than the minimum geometry limit 

in an effort to facilitate bonding,and these allow access to 

Voo,lnput,output, the emitters of Q1 and Q3 for feedback control, 

G2,C3(and hence R^) and earth. Note that Gl,G2,Ra and 03 (if 

required) are external components. A test resistor and NPN 

transistor are also Included on the chip. The isolation between 

devices is connected to earth to keep it at the most negative 

potential In the circuit. Similarly,resistor 'land: areas are 

connected to the highest potential end of the resistor to prevent 

forward diode action. Burled layers(not shown) are Incorporated 
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under all transistors to minimise collector series resistance. 

2.6 EXPERIMENTAL MEASUREMENTS AND RESULTS 

Experimental data were collected from a discrete breadboard 

construction of the circuit and from the final integrated 

circuit itself. The breadboard circuit was built using BG182L 

transistors for all NPN types and BC2li|.L transistors for all 

PNf types. The frequency response and noise figure'of this 

amplifier was then measured. In measuring the low frequency 

response,the usual method of signal generator with oscilloscope 

was not used because it is difficult to make such a measurement 

with any accuracy in the IHz region. Instead,a step voltage was 

applied to the input, and the resulting exponentially decaying 

sinusoid recorded on moving paper chart at the output. It can 

be shown that this output is of the form 

f(t)= VoCoswot.e"kt (Y9) 

where ut is the frequency of the oscillation and k is the decay 

constant. This output can now be converted to the frequency 

domain by means of a Laplace transformation and the resulting 

expression for the voltage gain can be obtained in the form 

s(s+ k) 
A^(oj) : 

(8fk)2+Wo2 

where s is defined by equation 73. A plot of this equation 

using the measured values for and k then exhibits the low 

frequency peaking effect already mentioned. 

The noise figure of the discrete amplifier was measured as 

a function of Rg (using the two temperature method) with various 

numbers of BC182L transistors wired in parallel for the input 
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stage. This Is a well known technique for decreasing the effective 

r^ in the first stage^. In measuring the noise figure, input 

stages comprising of one BC182L, five BC182L and ten BC182L were 

considered. The ^feq.band ^ the noise measurements was 19-21kHz, 

The entire frequency response is shown in figure 23. Note that 

the solid lines show the evaluated response by computer analysis 

for the open and closed loop cases. Measurements are shown as.a 

series of data points scattered around these lines^ The measured 
I 

noise figures are shown in figure 2i\., Note that the required 

noise performance of less than 3dB at a source Impedance of 

SOohms Is attained when ten BC182L transistors are wired In 

parallel to act as the first stage. 

One of the main difficulties throughout the course of this 

project has been the inability to reproduce a bipolar processing 

schedule with any accuracy. In particular, time has not allowed 

a slice of the low noise amplifiers to be processed exactly like 

the test transistors and resistors that were used for the 

measurement of the device parameters. The main reasons for this 

seem to be due to shortcomings in the epitaxial process and the 

emitter drive-in process. However, one slice of amplifiers was 

processed that had four working chips and the frequency response 

of these were measured using probes. The results are also shown 

in figure 23. Unfortunately,the four working chips were inadver-

tantly destroyed during bonding and so It was impossible to 

measure the noise figure for the integrated amplifier. Neverthe-

less, a great deal of knowledge of the noise behaviour can be 

obtained by measuring the base spreading resistance of the input 

transistor. The parameter was measured for several input trans-

istors on the slice and the mean found to be 12 ohms with a 

small standard deviation. This figure is In fact less than the 
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effective base spreading resistance for ten BG182L transistors 

wired in parallel, which turns out to be approximately 18ohms. 

For this reason,it is expected that the integrated amplifiers 

meet the required noise specification when processed correctly. 
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CHAPTER 6 

DISCUSSION AND CONCLUSION 

An exact expression for the noise figure of the single 

sided Input,single sided output mode differential amplifier 

and approximate expressions for all four possible modes have 

been obtained. A comparison of the noise performance of a 

particular mode with that of the common emitter amplifier has 

shown that the voltage noise Is double for all four modes (le. 

noise figure is 3dB greater in low source impedance region), 

but the current noise is the same except in the case of the 

differential Input,differential output mode amplifier. Here, 

the current noise Is half that of the common emitter (le. noise 

figure Is 3dB less in the high source Impedance region). The 

effect on noise figure of the differential amplifier for the 

case of a transistor as current source and with an active 

load was also considered. 

A low noise amplifier was designed for specific use with 

values of source Impedance In the 30-SO ohm range. The long 

tailed pair as the standard Input configuration was rejected on 

the grounds of its higher voltage noise and lower voltage gain. 

When the Input stage was constructed with ten BC182L transistors 

in parallel (each having r^~ 180 ohms) running at a total 

collector current of approximately 2.5mA, the noise figure 

measured with a ^0 ohm source resistor was g.^dB. Measurements 

on an Interdlgltated transistor showed that this had a value of 

r^oi 12 ohms and consequently, the estimated noise figure for the 

integrated amplifier used with a source impedance of 50 ohms is 

approximately 2dB. 

At this stage,it is worth considering l/f noise. The basic 

properties of l/f noise have already been outlined In I.3 but,as 
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yet,no mention has been made of the effects on the noise perfor-

mance of the differential amplifier. For an amplifier with a good 

low frequency response, the effect of the noise can be very 

important,especially if little care is taken in the processing 

of the devices, A low temperature annealing stage was Introduced 

into the standard bipolar process at Southampton University In 

an attempt to reduce the number of surface states. Measurements 

on the low frequency noise figures of NPN transistors appear to 
( 

have been improved by this step. 

In measuring the noise performance of the long tailed pair, 

narrow bandwidths centred at high frequencies were selected. This 

was to ensure that the measured noise arose purely from shot and 

thermal sources. If the noise figures had been measured at low 

frequencies (well below llcHz) they would have had higher values 

due to the prescence of l/f noise as shown in equation 6. 

However,the table of ratios in 3.2 would still be valid since 

only a comparison between identical transistors is drawn. 

Equation 6 showed that l/f noise can be modelled like base shot 

noise with a frequency dependant current generator of magnitude 

inf connected across the input Impedance, r^ , of the device. 

Hence,all of the long tailed pair theory previously described 

could easily be modified to accomodate l/f noise by adding two 

extra contributions from 1%^ In Q1 and inf in Q2, The actual 

terms would be identical to the base shot terms but with 1 ^ 

replacing 1^%. 

The measurements of the noise figure of the low noise 

amplifier were shown in figure 2\\.. If the noise figure of a 

transistor with identical base spreading resistance and a series 

feedback resistor in the emitter lead of 5 ohms were to be 

measured carefully,the result would be slightly lower than that 
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shown in figure 2l|, This is because some additional noise from 

the current mirror is being fed to the base of the input trans-

istor. An exact theoretical evaluation of the noise figure of 

the amplifier would have to take account of this noisy output 

currcnt from the mirror. 

The gain of the three stage .amplifier has been shown to be 

easily variable between l|6dB and 60dB. In the computer linear 

analysis for the frequency response of the circuit,certain 
/ 

values of base-collector feedback capacitance, C /were assumed. 
H' 

These values were taken from measurements made on our own 

Integrated transistors. The measurements were made at a Vce of 

IV which means that the potential of the collector was approx-

imately 0.3V above that of the base. The situation is slightly 

artificial in the sense that the quiescent points of the devices 

in the actual working amplifier were such that the collector 

voltages were just below those of the bases. This means that 

the collector-base diodes for each of the devices are forward 

biased and the associated capacitance of the junction is cons-

iderably higher. Hence more phase shift is introduced through-

out the three stages and care has to be taken to ensure that 

the amplifier does not oscillate at a slightly higher value of 

closed loop gain than anticipated. 

SUGGESTIONS FOR FUTURE WORK; 

1. Decreasing the output Impedance of the low noise amplifier. 

An inspection of the final stage of the amplifier will show 

that the output impedance is approximately that of the load 

resistor, namely 680 ohms. This,of course,is much higher 

than the demanding value of 1 ohm quoted in the original 

specification. One way to decrease output impedance further 
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Is to add an emitter follower stage after the three gain 

stages. This will bring the output impedance down to 

approximately 1/gĵ  ohms where is the transconductance of 

the emitter follower stage. For reasonable current levels, 

an emitter follower could be expected to decrease the 

output impedance to somewhere in the region of ^0 ohms,and 

voltage feedback could be applied to lower this value even 

further. f 

2, l/f noise properties. 

As has been already mentioned, l/f noise could appreciably 

affect the noise performance of a wide-band amplifier at 

low frequencies. Experiments investigating the low frequency 

noise behaviour of our own devices would be very useful. 

Some further control of bipolar processing with respect to 

1/f noise may be possible. 

3. Temperature and power supply variation. 

With input signals at the microvolt level,small changes in 

power supply and ambient temperature may affect the voltage 

gain and hence performance to an appreciable extent. Further 

experimental investigation of this effect could usefully be 

carried out. 
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APPENDIX : The relation between noise figure and noise 

equivalent generators for an amplifier. 

The equivalent circuit is shown in figure 2S. Transforming 

the Norton current source into an equivalent voltage source 

InRs leads to the equivalent circuit of figure 25(b). Summing 

the noise contributions at the output gives 

AVns^ + Av^S +Ain2R 2 
F = . (81) 

Avns^ / 

which leads to 

1 + Vn^ + In^Rs^ 
(82) 

and inserting the thermal noise of the source,we have 

P . 1 + 
4kTRq6f 

(83) 
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Rc 

(a) Equivalent circuit 

Vr ns 

rO 

:Rc 

^Rs 

(b) Thevenin equivalent 

Figure 25. Relation between noise figure and 

equivalent noise generators. 
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