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f

A general discussion on transistor circuit noise is foll-
owed by a theoretical noise analysis for the bipolar transistor
long tailed paif. The results are then compared with those of
the common emitter amplifier. The theorj is developed for the
more generalised case of differential input and output mode
emplifiers, 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 amplifieér has a frequency response of 1Hz-1MHz and uses.
only two external capacitors. The required noise figure with a
source impedance of 50 ohms is to be less than 34dB. The voltage
noise which dominates at such low source impedances is shown
to be largely dependent on the base spreading resistance (ry)
of the input transistor. A structure for this transistor is
developed and the measured value for ry is 12 ohms, giving a

noise figure of less than 34dB.



CHAPTER

CONTENTS

Introduction

Noise sources and models
Noise measurement techniques
A noise analysis for the long tailed pair

Experimental measurements on the noise

performance of the differential pair

Design of an integrated low noise

amplifier

Discussion and conclusion

Appendix

References

PAGE NO,

1

20

29

L2

51

76

80

82



INTRODUCTION

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:

Nolse level:

Voltage gain:

Input

impedance:

Output

impedance:

Frequency

response:

Power supply:

Less than 3dB referred to /300K,

‘gource resistance of any value

between 30-50 ohms

Minimum of L168B with provision for

external adjustment of gain to 60dB

Greagter than 10K ohm

Less than 1 ohm

Flat from DC to 500kHz but with
provision to externally boost to

1MHz or cut to lower frequencies

Conventional low voltage power rails
with the total power consumption less

than 10mW

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-

lated with the design of low noise amplifiers. The presence



of a low impedance source immedliately 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 socurce 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 Ehe basic
building block since the process is centred.around éhe fabr-
ication of this device, The integrated circult designer is
far more restricted than the discrete designer for this reas-
on,

The long tailed palr transistor configuration is a very
useful and well 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, Unfertunately -,
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

fhe power is consumed.

(b) The noise performance is poorer because the associated
voltage noise is approximately doubled and this i1s 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

noilse performance at low source impedances,

The thesis also contains introductory chapters for the
reader unfamiliar with noise, Chapﬁer 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 I} is a descrip-
tion of the experiments designed to test this theory. Chapter
5 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 finsal integrated circuit itself.

Finally, the noise firure is measured. Chapter 6 contains a



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.Soerowirdjo 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 oubtput under these conditions,when viewed on an
oscilloscope with a fast sweep,is seen to consist off a
sequence of sharp pulses of random height following directly
on one another, This spurlious output is called 'noiset', 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 circuiltry
of the amplifier itself and in the resistor at the input of
the amplifier. We willl begin the discussion by considering

the wvarious types of noise assoclilated 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 tﬁink 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 'Vh::o),but the mean square voltage, ;;é,
need not be zero...and its value was iIn fact deduced by

Nyquistl in 1928, He found that the mean square voltage

developed by a resistor in any frequency interval Af is given



by

vn2== I kTR, AT (1)

The noisy resistor R can be considered as made up of a noise-
less resistor R in series with a simple Thevenin noise voltage
source of mean square value as given by equation(l), In terms

of an equivalent Norton current source,

——

1,2 = LkTAf/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 avallable power (that is, the power which
will be delivered to a load resistor of similar sige), this

becomes
P2 = kTAf “ (3)

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

related to any particular type of resistor,nbr do they depend
on any assumptions about the fundamental nature of electrizity.
It was convinient to think of thermal noise as due to random
motion of electrons,but in fact, the electronic charge g does
not appear in the equations. The corpuscular nature of electr-
icity,however,is obviously important in nbise 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

investipgated by Schottky in connection with the fluctuations in
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the anode current of a thermionic valve. He attributed this +o
the fact that the current consisted of a stream of individual
charged particies. The effect 1s not of course confined to the
anode current of a valve,but can occur in valve grid current,
transistor collector or base current 2,30

. Specifically,if a PN junction is biased, then, to a
first apvroximation, 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:
1% = 2qIaf i ()

where I is the DC value of the current through.the Jjunction,
A noisy PN junction can thus be represented as a noiseless one
with a noise current generator of value given by equation(l )
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 1/f WOISE

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 g
frequency dependence varying approximately as 1/f. It arises
from different physical mechanisms, none of which are well under-

stood,but is thought to be mainly due to crystal imperfections



and surface effects, We can congider it as transformed into an
equivalent noise source at the inout (gate or base as the case
might be) and write it as

[

ve = ALAL/T - (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 nois%,it can be
concluded that
(a) The surface state density is the unique parameter that
determines the 1/f noise and the only way to lower the
1/f noise significantly is to decrease theksurface state
density in the region of the Fermi levelu’s.
(b) The 1/f noise has a dependence on DC current very much
like that of shot noise. Hence,high DC operating currents
tend to increase the 1/f noise effectls 6,
For the purpose of analysis,the 1/f noise in bipolar
transistors can usually be modelled by a current’genorator
connected across the internal base-emitter junction. The value

of this current generator is empirically shown to be

R Y
1% = KT (£o/1) . af » (6)

vwhere f, 1s the break frequency of the noise power,and Y and K
are constants dependent upon the transistor and its operating

point,
1.4 BURST NOISE

Burst noise,like 1/f noise,is glso related to surface
effectsv. It is a bistable fluctuation phenomenon and gets its

name from its appearance when monitored by oscilloscope, The



random burst noise ovulses are seen to be superimposed upon a
shot and thermal background,Burst noise has been studied in PN
junctions, transistors and operational amplificrs6’7’8, It 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 detectedv. 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 jﬁnctionv’9
(b) High pain transistors have less burst noise due to the
fact that there is more gettering in processing and

cleaner surface treatmentg.
1,5 A NOISE MODEL FOR THE BIPOLAR TRANSISTOR

A ¥nowledge 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 hybrid-m linear
incremental modello can be adapted as a noise model by insert-
ing the noise sources where appropriate. For the purpose of
thls research, the shot and thermal sources are considered
primarily, and 1/f and burst noise mechanisms will be commented
upon at the end,

The hybrid-m linear model without the noise sources is
shown in figure 1(a). The terms rx and ry; represent the para-
sitic base spreading resistance and the input resistance
respectively. C, and Cup represent the base-emitter capacitance
and the base-collector feedback capacitance respectively, Tog

and rs represent the collector-series resistance and the
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voutput reslistance respectively, The current generator gmV
represents linear transistor action in the active regibn. The
model és 1t sbands can be simplified appreciabdly before the
noise sources are inserted., To a very good approximation, rgg
can be considered a short circult and ry an open circuit for
a reasonable transistor, Purthermore, Cy and Cy can be consid-
ered as open circuits for midband freguency operation, Typically,
these capacitances will begin to affect the performance at
about 1MHz'!, Tt is also falr to say that 1/f nois; does not
appreciably alter the nolse performance above 1kqu. 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 approprilate., These sources may be listed as

(a) Thermal noise generated by the base spreading resistance

rx. This may be represented by a voltage generator of

magnitude vpx® = LkTr Af (7)
(b) Shot noise generated by the base current Iy. This may be

represented by a current generator of magnitude

2 = 2qIpaf , (8)

1nb
(c) Shot noise generated by the collector current I,. This

may be represented by a current generator of magnitude

2 _
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.
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1.6 REPRESENTATION OF THE NOISE MODEL IN TERMS OF

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
to the inputlg. This is shown in. figure 1(c). When the input
is short-circuited, the noise within the amplifier is due to vp
alone, Conversely,when the input is open circuitedathe noise is
due to E; alone., In practice,with a finite value of source
impedance, the noise contributed by the amplifier itself will
contaln components from both.?% and zh. By respectively
shorting and opening the input of the noise model described in
1.5,it 1s straightforward to obtain vp and i, in terms of Vs
EZ% and f;;. We find that

———— Fse——
————— amtineia

vn2:= rhz an2 rnz rxz inbg+ i cg (10)
(g rx)2  (nary)? En”
»and that
—, — —
in® o in02+ inb2 . (11)
p?

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 po 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 1,5; it is purely the method of represent-
ation that is diftferent,



13

1.7 NOISE FPIGURE

There are several ways of quantifying the noise performance
of amplifying devices., One way ls simply to quote values for the
equivalent noise generators ;; and E; over a speclfied bandwidth,
But perhaps s more meaningful figure of merit is the NOISE
FIGURT, For an amplifier,this is defined as

SIGNAL TO NOISE pOWwER RATIO AT SOURCH (12)
F = ’ 12

SIGNAL O NOIST poygR RATIO AT OUTPUT

It is obvious from this definition that F>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

Nout = G(Ngource tNamplifier) (13)

vhere NoutsNgource and Ngpplifier are the noise powers at the
output, source and amplifier itself, Substitution of (13) into

(12) and a 1little manipulation yields

AMPLIFIER NOISE POWER AT AMPLIFIER OUTPUT
F =" SOURCE NOISE POWER AT AMPLIFIER OUTPUT (1)

Of course, the second term in this equatioh tends to zero for
the perfectly noiseless amplifier,

The nolse fipure 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 (1l).
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;f of magnitude

—

Vns© = LKTRGAT (15)
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This generator will manifest itself at the output by producing

a noisy voltage (or current) component at the output. Similarly,
the other noise pgenerators within the amplifier itself will each
separately produce nolsy 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
2

voltage at the output v, .~ may then be obtained by superposition13

of the various noise contributions in the form

2 2. ., 2 2

The total noise figure of the system is now gilven by

:Sall contributions of output noise from
F=14+

amplifier sources (17)

contribution of output noise from Rg

For the common emitter amplifier, these contributions, as noisy

voltages, are

FROM SOURCE h Vooo= [ —BRY, 2y 2 (18)
xh+rX4-R§
FROM BASE SPREADING v,,%=( —pR, )° vpx° , (19)
RESISTANCE T+ Ty + Rg
~ P4
FROM SHOT NOISE OF vn02= —BRy, (rx + Rg) 2 1np? (20)
BASE Y+ + Ry
FROM SHOT NOISE OF 2= RpRipng”
COLLECTOR

It follows that the noise figure for the common emitter amplifier

is given by substituting (18), (19), (20) and (21) into (17). This
yields
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BRL 12 an2+ BRL ( Ty + RS ) in‘b2 +- RLz.anz (22 )

Gt ry +Rg

1+

2 5552
iyt ry + Ry

where the values for anzsinbzsinog and Vn52 are given by

equations (7),(8),(9) and (15) respectively. Substitution for
thege values and simplification leads to

T 1 BmRg /

“x
F= 14 — 4 +
Rg 2gmRg 2p

(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 rgzcan approach r;j It is apparent
from (23) that a plot of F against Rg for a certain value of

operating current will have a minimum value Fmi for an

n

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

opt”
Simple differentiation shows that

' 2
Rmmtz _i{ﬂ1+2&wxq2 (2l)
Em ‘
and that
. v
Frign = 1+ [?4"28mrx] ° (25)
B

Inspection of equation (23) also shows that a minimum value of
F may be obtained by fixing RS and varying gy (or collector
current). The variation here,however,is not so dramatic,
because the second term,namely r,/Rg is the dominant one, and
remains constant,

A more Informative depiction of the variation of F with

respect to Rg can be obtained by plotting log(F-1) against
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Flgure 2(b). Variation of F with Rg for
the general amplifier

Figure 2(c). A plot of log(F -1)
against logRg
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log Rg. This is shown in figure 2{c). The low source impedance
asymptote may be assigned purely to voltage noise, and the high
gource impedance asymptote purely to current noise, Simple

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

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

Rsv-= rx-+—im (26)
2enm
and /
Rg; = 2B (27)
€m

Furthermore, a comparison of the equivalent noise voltage and
current generator magnitudes in equations 10) and (11) with

equations(26) and (27) shows that

——ma—

vp? = LXTRg AT _ (e28)
and
102 = LKTAT (29)
Ry

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 1is white,gnd.So‘measurements on F

may be made over unspecified bandwidths.

1.8 THE EFIFECT OF 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 impedancelu. It can be shown that ideal
feedback does not affect noise performance, but that in reality

feedback will degrade noise performance because the thermal



Figure 3(a). Series current feedback
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Figure 3(bl. Equivalent circuit
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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 seriles
current feedback as shown in figure 3{(a), The feedback resistor,
Res in the emitter lead,can be split into a noiseless resistor
in series with an asgsociated noise generator. The equivalent
circult 1s shown in figure 3(b). Because the current generator
BV has infinite impedance, it might just as well be connected
to the other side of‘?ﬁéﬁ This means that V;S could just as
easily have been inserted on the source gside of tﬂe circuit,
This is shown in figure 3(c¢), Of course, from the noise point
of view,this 1s exactly equivalent to lumping the noise due to
Re with the noise due to ry. The noise figure of this stage
will thus be given by replacing ry with ryt R, in equation(23),
The result is

2

F= 14T +Ro+ 1 4_&@Sg1*~xk+% 30)

st

e
Ry Ry 2gnRg 2B z R,

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,1t is essential that Rg<Rg . A similar
argument can be used for the case of shunt voltage feedback
using a resistor Re as shown in figure 3(d)., Here, it cén be

shown that we require Re>>Ry for good noise performance,
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CHAPTER 2

NOISE MEASUREMENT TECHWIQUES

Since noise voltages are frequently in the nV 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 dist-
ributed throughout the system. The total noise 1is ;he sum of
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 1is located. Noise is measured
at the output port where the level 1s highest,

Three general techniques for noise measurement are the sine
wave methodlh,the noise generator method13 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 butput
noise V;gaand the transfer voltage gain Ay. Then the procedure
for measuring equivalent input noise is

(a) Measure the transfer voltage gain Ay

(b) Measure the total output noise'Vaf"

(¢c) Caleculate the equivalent input noise'Ggg&by dividing the
output noise by the transfer voltage gain

The amplifior equivalent input noise voltage V.~ and noise

current 1n  parameters are then calculated from the equivalent
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— . .
Input noise v,; for two source resistance values. As previously

defined in 1,6, the equivalent input noise is
Vno /A% = vng® + vn2 4 in®Rg? (31)

—_2 — 2,
1f all correlation between vy, and in 1s neglected, Measurement

—
gives the total equivalent input noise Vpi« To determine each of

Z__ 2

the three quantities vy, n and’?ﬁj} make the relevant term

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

course, the thermal noise of Ry should be much les$ than thfor

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

bandwidth of the measurement must be specified using this method.
)

- —2
In practice, vy and 1, are always specified in nv per root Hg

or pA per root Hg 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 fisure L{a)., In practice, the
measurement of the noise figure is very simple, The impedance of
the noise generator is transformed to the required Ry 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 paralilel. Conversely, for Rg greater than the impedance
of the generator,the extra R mist 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 amplifiertsource thermal p..q 4 value of V;gzon 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 - test - filter - RMS
‘amplifier voltmeter
scope
Figure 4(a). Block diagram of noise generator method
= to amplifier
) ng
Figure 4(b). Parallel source combination
R .
AN~ s to amplifier
R
§ G Rs = R+Rg

© Voo

Figure 4lc). Series source combination
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noise 4+ tpermal noise of source

Calculate the noise generated by the source. For the
parallel combination (low Rgy) as shown in figure L(b), this

noise can easily be shown to be

Vns®= LKTAT. RRg (32)

R+ Rg

vhere Rg is the internal impedance of the gengrator and R
!

is the external resistor added in parallel to give the

required Rgq. For the series combination (high RS) as

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

FO—

Vpg©= UkTAf. (R + Rg) (33)

Now the output noise is divided by the noise from the

2
source to give the nolse figure, If V,4 18 the output

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

combination is

2
Vo R
R + Rg

[

and for the series combination is just vnog. It follows

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

width af,

: R 2 3 R
v
_— no I RGJ _ Vno [R " RGJ (34)

LkT.RRy/ (R+Rg) LkTR,

and for the series source set-up that

F = Voo/UkT(R+Rg) - (35)

For the experiments used in thils research, the source resistors
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and amplifier were enclosed in earthed metal boxes with inter-
connecting 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 1s used to ensure that
the filtered noise does not contain any discrete frequency

components such as hum, RF pickup or even osclllation,
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 Ty and T5, 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 1s an easy measurement to make, In practice, the
lover temperature is supplied by liquid nitrogen at 77K and the
higher by room temperature at about 294K, A block diagram of
this method is shown in figure 5, The noise figure for a part-
icular value of R8 may be obtained as follows, Consider the
noise povers at the output for two identical sources at differ-

ent temperatures, We have

Nouty = Namp'+ G"Ninl (36)
Solving these two simultaneous equations gives

Namp =G +Ning| (Min)/Ming )= (Nout1/ Moy ts) (38)

(Nouty/Nouty)-1

However,
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" scope
['__"‘_'—' [ §
- test RMS
filter -
o] amplifier voltmeter
RgatTy RsatTy ‘

Figure 5. Block diagram of the two temperature method
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— 2 ]
Nouty = Vnoy /BL Nouts = Vnop ™/ AL (39), (40)

and .
Ninl= uleRSAf , 1n2"'hkT2R Al (41), (h2)

If we now let

v

nolz/vn022= 4 and | TL/T2=:n (43), (L)

then

-1

But for a real amplifier we recall

F o= 1+[ Namp (1h)

G+ Nin

Substitution of equation(li5) into equation(lly) now gives

F = 1+{n-—§]Nin2 (46)
g- 1Ny,
Now if Tl is chosen at room temperature then N Nlnl and so
F= £ |in -1 (47
- 1 n

2.4 A COMPARISON BETWEEN METHODS

The table on the next page lists the relative advantages
end disadvantages of the noise generator method compared with

the two temperature method,



NOISE GENERATOR METHOD

advantages disadvantages

I.Accurate 1.0ne end of Rg
for high always to be
noise grounded
figures 2. Innaccurate

for low noise
figures
3.Reliance on
accuracy of
generator

noise meter
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TW0 TEMPERATURE METHOD

advantages

disadvantages

1,No circuit
parameters
changed in
_ measure-

ment

2. Facility of

floating
source
(neither
end of Ry
needs to be
grounded )
3.Accurate
for low
noise
figures
li,Speed of
measure-

ment

1,Cost of liquid
nitrogen

2.Construction of
a carefully
matched set of
resistors for
éwo temperatures

3.Innacurate for
high noise

figures

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 fipures.

Assuming that the error in reading the meter €q 18 5% and

that the tolerance of a given resistor €n is 5%, it is easy to

show for the noise generator method that the percentage error

in measuring F, €n s 1is 15% for the series combination and 187

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

figures since the error in F is independent of F for this method,
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In the two temperature method however,it can be shown that the

percentage error in F is given by

F = 20 % | (48)

F/{n-1

F/(n-1
— -1

B 4
and is thus dependent on the value of F, A compariéon of the two

methods reveals that the two temperature method is more accurate

for

F < 1.3 | (o)

at which point the error in F is in fact 159,
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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
designls’le. This chapter describes a noise analysis for the
basic long tailed pair configuration in order to quantify its
nocise 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 amplifier817’18.

3.1 COMPLETE SMALL SIGNAL NOISE ANALYSIS FOR THE SINGLE SIDED

INPUT, SINGLE SIDED OUTPUT DIFFERENTIAL AMPLIFIER

The basic circuilt of the long tailed pair when used as a
differential amplifier is shown in figure 6(a). In general,

input signals Viq and V;,, are applied to the two transistor

2
bases and output signals Vo, and Vo, 8Tre obtained at the resp-
ective collectors, Ideally, the pair is supplied with a constant
level of DC current, Ip, 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 IE/E.
Figure 6(b) shows a more practical arrangement for the configur-
ation; Ip is supplied by a large 'tail! resistor of wvalue R and
the base currents for the two devices are supplied by Rbl and
sz which are normally quite large. An jmproved tail arrangement
is achieved by using a third transistor,Q3, as the source of tail
current, A large voltage drop across Rg 1s thus avoided, and the
output impedance at the collector of Q3 approaches infinity.

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

design, the actual passive load resistors are replaced by
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0 o
+VCC +VCC
RLE SR Rb? REORS Rb2§
Vo1 Vo2
Vo Yo | B
O—K Q1 Q2>}"0 o— ——Km Q2>%—————————o
E
1 SRe
-Veg -VEE
o —0
{a) Basic long tailed pair {b) A practical arrangement
0 0
+ Vee Q4 Q5 +Vee

RS RS REZ RpS 2Ry, >I“‘l< 2 Rb2

Vo1 Vo2 - Vg
L T
M1l ' ‘ Vi2 |
o a2 O—— —)< @ @ >\l—"*“‘°

Vi Vi2
..VB .
Q3

-V

Q3 8
~Veg ~VEE
—0 o

(c) Transistor as current source {d) Arrangement with active load

Figure 6.
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Figure 7. Noise equivalent circuit for the long tailed pair
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transistors Q),Q5 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 differentlial to single sided converter,

The noise equivalent circuit is shown in figure 7. A source
impedance Ry 1s connected to the base of Ql. In practice, Rbl
can be lumped with Rg,but if Rbl>> Ry, it can be n?glected. R
is a 'balancing! resistor connected to the base of Q2 emphas-
ising the symmetry of the arrangement, Similarly, sz can be
lumped with Rp. The thermal noise sources have been represented
by Norton equivalents, In particular, the tail resistor Ry has
an associated noisy current source E;é. 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,

o .
FROM SOURCE - Vn012 = 1,4°(pRRy) [ 1 . 1312 (50)
A% Ty +Tyx+Rp Ry
L )
2 .
FROM ryx IN Q1 Vnoy = 1nX2(pRer)2r 1 4 1Y% (s51)
3
A Ty +re+R R
T X T }%
PROM BASE OF Q1 vjoy ® = in, 2(pR)Z [ 4R,
) l + Sm——— ® s
A® g Rp +
(p+ 1) (rx+Rg)) °
(52)

In+ Tx +Rp



33

FROM COLLEGTOR Vnor? = lney2(BR)Z [1 Lt Pxt R .
OF Q1 AZ P B Ry
, (B L) Gt 2y Ry) 2 (53)
B (rp+ Ty +Ry)
FROM Ry Vnoy? = inp” (BRpRp)? 1 12 (5l )
A% nﬁ-rx+R$J
2
FROM ry IN Q2 Vnop® = 1 BRry) 1, ) (55)
2
A th+~rx4—R$A
FROM BASE OF Q2 Vnor® = impoZ(BRLIZ (11— (v 4+Rp))E (56)
A2 L Ty + rX+RT
5 5 2
FROM COLLECTOR Vnoy = Ine,” (BRL) (57)
OF Q2 A®
FROM TAIL R Vot 2 = i, (BRp)? (58)
B noy = -ni L
PE
vhere A=B+1 4 x5+ ry 4Ry B+1)(x + vy +Ry) (59)
Rp Ty + Tx +Rep

The noise figure of the single sided input,single sided output
amplifier is now obtained by letting Vhoy = vV, and Rp-— 0 and
proceeding as in 1.7, Assuming that p>1 and > r, (low

current operation) we find

F = 1 4 re + L &m 2 + &m Ty + Ry + 1 2
- I + ® ¢ o
Rs Rs Em+ BE ngs &y + Er
En [ 1-gnTyx )2 &n [1/B (1+Rg/Ry +¢ (v +Ry) >+g;a/gnj
* o + + —
2BRg | &p+ B 2Rg &m+8g

+a.0
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gm ¢ 1 0% Rp( 1 )2 (60)
ooo+ "!” — ——

“Rg | &m+ Eg Rs | 8m+ &g
where gp = 1/Rp (61)

Clearly,as for the common emitter noise figure,both current
and voltage noise terms are preseﬁt. Theoretical plots of the
noise figd;; of the single sided input, single sided ocutput diff-
erential amplifier are shown in figures 8(a) and 8(b). The
optimum value for Rs giving the lowest F decreases with increas-
ing collector current as in the common emitter amplifier., The

tail resistor RE can be seen to have 1little effect when it is

large, specifically when
Rp >> 1, + ry +Rg (62)

In these plots,a value of §=400 and r =200 ohms is assumed,

A stfiking comparison between the noise performance of this
amplifier with that of the common emitter is realised by setting
Rp=00 . This relation should indeed be approximately satisfied

for a good tail source, Equation(60) then reduces to

Po= 14 2ry 1 ZmPg (63)
e 4
Rg EmRs 2B

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 terms remain ldentical,

A quantitative comparison of noise figure with the

voltage and current generators is shown in the appendix.
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Figure 8. Theoretical plots of noise figure against source impedance for
the single-sided input, single-sided output differential amplifier
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3.2 THE APPROXIMATE NOISE AWALYSIS

The noise analysis just described shows that the voltage
noise in the single sided input, single sided output differential
amplifier is twicé 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 thé differential amplifier to
noise in the common emitter amplifier would have to include the
four possible modes of operation of the differentidl amplifier,
namely

() Single sided input, single sided output (designated S-3)
(b) Single sided input, differential output (designated S-D)
(c) Differential input,single sided output (designated D-3)
(&) 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 thgse four
modes. A much simpler analysis is possible if some intelligent
assumptions are made., Firstly, Rp is set to infinity, So the
small contribution of noise from the tail resistor is neglected,
Secondly, the noise from Ry, 1s neglected as before, Thirdly, we
assign a general noise model for each device Ql and Q2 as
explained in 1,6, For the sake of argument, Ql is assipgned ;;1
and E;l; Q2 is assigned Vpo and i 0. 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 5; and E;. Finally, a comp-
arison of vy with V7 and V.3 and I, with I and I,5 can be
made, It is important to note that Vp1= Vo and in= i,2 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-
‘ summarised in the

eter for the common emitter., The results are

table below,

7 RATIOS
Ay As vnz in2 Vi in Ynout Inout
MODE 5 5 — | . -
AyCE | Aj0E | vp<CE | 1,°CE | vCE | 1,CE YnoutCF lnouth
Ve 1
58 5 1 2 1 2 1 — 1
2 V3
SD 1 2 2 1 Ve 1 V2 2
Ve : |
DS 5 1 2 1 2 1 ““ 1
V2
1
DD 1 2 2 2 Ve — Ve Ve
Ve

The absolute magnitudes of Vi and i, for the common emitter
amplifier are as given in equations(10) and (11). Of course,
Ay= -gmRy, and A4=8 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 bipolars. 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 arrengement when used with the long
talled pailr is éhown in figure 6(c), In practice,a resistor Rp
ls 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, Thé transistor
source, Q3, together with the degeneration resistor, RD’ will
deliver a noisy current ipo to the emitters of the pair
transistors, Ql and Q2, which will in turn produce an additional
noisy voltagevat the outputs v,y and voo. The overall noise
performance of the circuit can be compared to that of the tail
reslstor source circuit performance by contrasting the noisy
currents that each taill 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 |

— —— —

1no® = Vnx°B2 + inp? @ Rp)? 4 inbz(Brx +?RD)2‘+ ine® (w4 rx+Rp
[(B+1)Ry + 1, + ) 2

)2

(8l)

This noilsy current can now be éompared to that of the ordinary
tail resistor, E;Eé. The two limiting cases are for Rp—0 (no
degeneration) and for Rp—y00 (full degeneration):

(&) When Rp-$0, the current source Q3 supplies the same noise

as would a tall resistor of value Rp= 2/g,

(b) When Rp—00, the current source supplles the same noise as



no l

(@) Transistor as current source
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Figure 8.
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would a tail resistor of value | }RD

It is obvious from these two criteria that if some degree of
‘degeneration is included, a larger tall current can be drawn and
still give the same noise level, However, in this case, the
current source will drop more DC volts due toithe presence of
Bp. Nevertheless,in the case of the differential output modes,
the noise performanée.of the tail is irrelevant because two
fully correlated contributions appear at either collector, and

{

since their difference is taken, the noise cancels,

3.l DIFFERENTIAL TO SINGLE SIDED CONVERTER

The majority of integrated circuit operational amplifier
designs do not use passive load resistors st the collectors of
the input differential pair,but an active differential to
single sided conVerterlg. The arrangement with the long tailed
palr is shown in figure 6(d). The most basic form of this
circuit building block is shown in figure 9(c) together with
its small signal noise equivalent circuit in figure 9(4),
Nodal analysis of the equivalent circuit gives the total noisy

current at the outout to be

. 2 2. (; 2, T2 T2 T2 FE— Pom—
tno = B ‘nby + Inby +HmlJ+1mm + imuz“anf
g+ 2

(65)

2

inol and in022 can be obtained directly from equations(50-58)
by summing the contributions and dividing throughout by RLZ. The
contributions at the collector of Ql are exactly the same as
those at the collector of Q2 except that Rs and Ry are inter-
changed throughout. In sumnling contributions, Rp is set to zero

for the simplest case, the noise from ry 1s neglected, and RE is



L1

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

output noilse is found to be

sty

: . 2 2 ; 2, 2 . o) o 2
ine? = 1,.7 [BBRSJ + 1nb12{(28Rs) D] L inpg? [ReP4D7] 4L

D p* D?
2 r 2
T {(Rs-k or )24 D" | 4 1. 2 (20 )24 D (66)
VR e |
where D = 2r;+ Rq { (67)

The parts shown in heavy type (D) are from the converter
1tself. It can be seen from this equation that the active load

arrangement adds significantly to the noise performance.
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CHAPTER I

EXPERIMENTAL MEASURFMENTS 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 investipgation into the behaviour of the S-S mode
differential smplifier, This includes 1ooking/at the noise
performance with various tail currents.

(b) A comparison of the four modes of operation of the differ-
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,
li,1 NOISE PERFORMANCE OF 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
- Ql is supplied via DC coupling to the source resistance. The
two branch currents of the pair are balanced by trimming VR1,
and a new balance must be made with each new value of Rg.
Voltmeters V1,V2 ensure that the currents dowvn each branch are
equal and the ammeter A measures the total tail current, C1
ensures that the base of Q2 is AC grounded for all noise signals
of interest, R7,C2 and R8,C3 form decoupling networks on the
power rails in an attempt to suppress powver supply hum and 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 Q1 is fed to a cascade of amplifiers constr-
ucted from Q3,Qlt and Q5. The output then goes to the filter and
RMS meter. The tell current is varied by altering -Vgp and
+Vee bo ensure that V,, remains constant. When making a noise
measurement, V1 and V2 are disconnected to ensure that they do
not introduce excess noise,

; A1l of the transistors Q1-Q5 used in this exp?riment were
silicbn planar NPN's (BC1l82L from Texas Instrumentg). The
measuring equipment used was as follows:

(a) Noise generator: Quan-Tech Model 120

(b) Power supplies: Farnell type E30/1

(c) Oscilloscopes Telequipment D67

(d) Pilter: Rockland Analog Filter model 1200

(e) RMS meter: Hewlett Packard model 3L00A

In measuring the noise figure of the amplifier;fhe band-
width is .selected to be relatively narrow, so that the .spot
noise figure rather than wide~band noise figure is measured,

A bandwidth of 9kHz-11kHz was chosen to ensure that no 1/f noise
was present and the frequency response was still maintained,

The results of the experiment are sﬁown in figure 12, The error
bars have been omitted to avoid confusion, but a check with 2.4
will reveal thap}all of the experimental points lie within the

allowed spread from the theory.

i,2 COMPARISON OF THE FOUR DIFFERENTIAL MODES WITH THE COMMON
EMITTER AMPLIFIER

In evaluating the theory for a comparison between modes,RE
was assumed Infinite, It follows that Rp will have to be very

large (as required by equation(62) ) if the halving effect of
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the current noise for high Ry 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 13.
The circuit is essentially the same as that used for the previous
experiment, but the second stage is also a long tai}ed palr to |
allow for the facility of single sided output or differential
output,

There are three switches, SW1l,SW2 and SW3 in the circuit.
These switches allow the émplifier to be switched into one of its
four possible modes. SW1 and SW2 ground the bases of Q1 and Q2
respectively from the point of view of signals, This allows
elther input to be single sided or differential. SW3 controls
the nature of the output. In the '0ON! position, the collector of
Q2 1s fed to the base of Q3 via coupling cagfcitor Cli, and the
output is differential. In the 'OFF' position, the base of Q3 is
grounded via R1ll, This means that the output is single‘sided,
because Q3,QlL is now acting as a balanced single sided input
amplifier since R1l= R3. The table below shows the positions of

the switches for each of the four modes.

MODE SW1 SW2 SW3
Ss OFF /ON . ON/OFF OFF
SD OFF /ON ON/OFF ON
DS OFF OFF OFF
pp OFF OFF ON

Q5 and Q6 are straightforward common emitter amplifiers with-

series current feedback, These boost the noise into the 1V RMS
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region, As before, R20,C7 and R21,C8 form decoupling networks on
the supply rails., The ammeter A measures the total taill current
which 1s set to 2mA (Io= 1mA) for the whole of the experiment.
sereened leads were used to connect the bases of QL and Q2 to
the source resistances, Once again, the freq.band as selected
at 9kHz~11kHz, all translstors Ql-Q6 were BC1l82L's and the
measuring equipment was the same as for the previous experiment.
The results are shown in figure 1L, The theory for/the common
‘emitter has also been plotted on these diagrams sd that a

direct comparison may be made.
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CHAPTER 5

DESIGN OF AN INTEGRATED LOW NOISE AMPLIFIRR

The work described so far has been mainlyyconcerned 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 (ieRS < rn). Thisxchapter
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 ﬁhe
amplifler because the JFET and MOST exhibit very poor noise
figures (typically in excess of 15dB) for low values of source
impedancelh. In a sense, this chapter is divided into three
parts, Firstly,information regarding the device parémeters in
the process to be used must be obteained. Secondly, & 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). reg,r, and 8 (and hence
ry) are obtained with sufficient accuracy from a curve traceriO,
The input capacitance,Cy,and the feedback capacitance,cp are most

12. ry may be

easlly measured using an AC impedance bridge
measured by examining the noise figure in the low source impedance
region where the voltage noise due to ry dominates, Specifically,
a plot of log(F-1) against Rg gives a value for Ty + é%—'whemathe
curve cuts the Ry axls (see section 1.7). It can bﬁ thwn that
for an amplifier to have a noise fipure of less than 2 (ie 34B)

at a source impedance of SOohms, r, must itself be no more than
50ohms. This in fact assumes that all current noise in the

device 1s neglected. For this reason, several configurations of
input transistor were considered in an attempt to decrease Ty

It is well known that an interdigitated structure for the base-
emitter junction tends to minimise the effect of the parasitig

ryx because the ratio of perimeter to surface area of the emitter
region is increasedgo. Several NPN transistor layouts are shown
in figure 15(a) and the mecasurements 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 15(b)
and its performance tabulated in ficure 16.

Finally, three types of resistor were tested prior to circuit

design. These are

(a) Low valued diffused resistor formed by emitter (nt) 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 15(c), and their values in figure 16. In
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Figure 15. Layout of test devices for parameterization
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T T2 T3 T4
01mA I 80 75 85 10
BETA § 1mA I, 100- 90 100 7
0 mA I¢ 150 170 - 130 05
fes - 20 20 20 400
o (at I=1mA) 10K 10K 10K 7K
Cy (pF) (at Ic=1mA) 340 335 339 526
Cu (pF) 0-4 35 68 16
My 220 154 45 —
{a) transistors
~ approximate number of approximate sheet
value {ohms) - squares resistivity of
diffusion {ohms/square)
R1 10 2 5
"‘R2 2-:6K 24 100
R3 15K 22 -—
(b} resistors
Figure 16. Typical measured values of test device parameters
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measuring a diffused n+ resistor of the type Rl as shown in
figure 15, it is necessary to ensure that the surrounding silicon
'land' is p-type to avoid shorting the resistér 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 typeé (R2

énd R3) éince the substrate is weakly n-type to begin with.

5.2 CIRCUIT DESIGN CONSIDERATIONS f

Because the nolse 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 sﬁbwn 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 hsalf the voltage
gain of the common emitter. Transistors with a base sovreading
resistance of 25 ohms at the very most would be required for the
long tailed pailr input noise requirement, but a common emitter
transistor could have an ry 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 50 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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(b} 3-stage DC coupled amplifier
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(c) 3-stage DC coupled amplifier with biasing network

Figure 17. Amplifier circuit designs
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equation 23 with respect to g; yields

from which
Tegpg= KTB/aRg (69)

Assuming a source impedance of 50 ohms and a current gain of 80
we expect the nolse figure to be a minimum when Ic/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 voitage gain of such a stage

obtained by nodal analysis gives

AV = - RL ( 70 )./

Re*-17gm

and the expression for the input impedance is
Zin= r_+BR, o (71)

If the supply voltage,Vee,is set to 1.5V in order to keep power
consurption 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 V., and ground) in order to maximise the output AC
slgnal 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,R,, can now be fixed.
Gain stability is improved by increasing R, but equation (30)
shows that Rg effectively adds on to rx when the noige fipure of

the stage is evaluated, Clearly,we cannot afford to make Re
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larger than about 5 ohms. When Re is 5 ohms, the voltage gain of
the stape, given by equation (70), is approximately 22, or

€748B, and the input impedance, given by equation‘(Wl), 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 DCK This requir-
ement cannot be achieved exactly for a common emitter input
because some form of AC 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, DCVCoupling is
possible with bipolar transistors because in the forward active
region,Vpe is always larger ﬁhan the minimum value of Vee
corresponding to saturation. For Instance, for silicon npn's,
Vpe™ 0.7V whereas Vog(sat)=0.2V. This relationship is true for
any blpolar because the base-emitter voltage is across a forwarad
biased diode, whereas collector saturation voltare is the DIFFER-
ENCE between two forward biased diode drops. For the amplifier
to supply 60dB of gain, it 1s possible to cascade two stages
each with voltage gains of 304B, or thrée stages each with 204B,
The three stage amplifier has to be used because it is not
possible to achieve a voltage gain of 30dB with local series
currvent feedback in the stagelO, Moreover,in the three stage
design, there is ample gain (each load resistor could be as 1ow\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) is
shown in figure 17(b).

The next important stenv is to fix the values of R3,Rl,R5
and R6 for the second and third stage. [ach 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 deéided
to run stages 2 and 3 identically at a collector cprrent of
lmA each, and to have R3 =R5 =10 ohms and Rl =R6==6§O 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 1s shown in figure 18(a). It can be seen from thisrdiagram
that when the phase drops to zero, the magnitude of thé voltage
gain 1s 53dB at 36MHz. From the specifications, the amplifier has
to be stable down to a voltage gain of L64B, 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 36MHgz.

Nodal analysis of the network soon makes 1t apparent that
the dominant high frequency time constants in the circuit are in
the middle stage.Firstly, Cp for the second transistor was
'artificially! increased by adding extra external capacitance
across the base-collector junction., This was in an attempt to
lower fp for the second stage, Cu was altered from its original
value of O,4pnF to 20pF, The frequency response of the new
configuration was evaluated by computer as before, and the result
is shown in figure 18(b). Note that the open loop gain is now
approximately 50dB when the net phase shift is zero., This ocecurs

at a frequency of 26MHz. So increasing Cu has little effect on
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reducing the gain in the neighbourhood of @~>O; It has merely
shifted the responses further down the frequency axis,

Stability was finally achieved by runningvthe second stage
at 0.1mA rather than ImA, This in fact also helps to keep the
power consumption down, Now R3 =100 ahd Rt = 6,8K from the
voltage gain requirements, The dominant time constant is now
set by Rl and Cp in the third ﬁransistor. In increasing Rl 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 1s now 394B (7dB dowﬁ
from 6dB) when the net phase shift is gzero at 32MHz, This
implies that signal regeneration cannot occur around the loop
for any amount of negative feedback between the closed loop
gains of LL6dB and 60dB, Hence the amplifier is stable, When the
open loop gain is in fact 46dB, the phase shift is 220, This is
quite small and causes slight peaking in the closed Loop

response of l46dB, This is shown in figure 18(4d).
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 Vg, 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 Q3 will switch to either Vee
or zero, Clearly, some control over the base drive of Ql is
required,

Figure 17(c) 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 nesatively to Q1. Now any drifts in the base
current of Ql are immediately sensed at the output and fed back
accordingly to compensate. The capacitor G2 is required to
prevent slgnal feedback occuring around this loop and hence
destroying the gain. The time constant set by R7 and C2 must be
small enough to ensure that all low frequencies of interest are
shorted to ground via C2 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 ‘grive Q3 towards cutoff

(The current through R7 is the same irrespective of what value
R7 takes), Also,large values of C2 are bulky and expensive.

Fipure 19 shows the proposed amplifier with two modificat-
ions., The base current for Ql is now supplied via the current
mirror formed from Q5 and Q6. If the Vpe matching of these
transistors is good, then their collector currents will be
equal. This means that the base current of Ql is equal in mag-
nitude to the collector current in Qlt which is beta times
bigger than the current drawn from the output via R7. R7 can
now be safely increased to 100K ohms without interfering with
the collector current of Q3. The second change is that C2 is
now comnected to the collector of Q8 rather than to ground, Q5
and Qkaorm a current mirror supplying Q8 with the same base
current as Q1 éo that the collector current in Q8 is almost
equal to that in Ql. This stage provides Miller magnification
of €2, thus improving the low frequency response further, The
value of C2 will be magnirfied (14-ngL) times, This turns out to
be about 34 times,

The circuit was constructed on breadboard from diécrete

components using BC182L transistors for all NPN types and BC21L1,
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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 C3 had to be connected across the base-collec-
tor junction of Q8 to reduce the fp of this transistor and
avoid oscillation of the Miller stage. It was found that 25pF
was adequate for this,

Gain control is achieved by applying overall feedback for
AC signals around the three stages. A resistor is gonnected

between the emitters of Ql and Q3 thus providing series current

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

brings the total gain down to L6dB,

5.4 LOW FREQUENCY RESPONSE

The behaviour of the low frequency resvonse of the amplifier‘
may be examined by evaluating a transfer function for the
equiﬁalent circuit., The relevant parts of this equivalent circuit
are shown in figure 20(a). Wote that Cp is the Miller magnified
value of C2 and hence takes a value of approximately 1600QuF,

The current generator gV1 represents all transistér action
feeding current back to the base from the outout through Ql, Q5
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),

(72)

Vg-Vy 1/sCp
= -gh -8V
Rg+ 1/sCy [R7+]/sq?

(73)
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However,

Vi—"'-'- VO/A‘V | ('7}4)

Direct substitution of equation 7l into equation 72 leads to

| AysCy (1+ sCpRey )
Byt - vsCy it (75)
s2(C10pRy ) + s(Cq + AyBCIRg) +Ayg

The poles of the amplifier will then be given by setting the
denominator equal to zero, and solving the resulting quadratic

equation:
8%(C1CpRy )+ 5(C1+ A C1R )+ Ayg = O (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 S; and So 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 high pass filter. The poles
of such a filter are complex conjugates and lie on a semicircle
in the real-imaginary s~p1ane11. 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(2a).

This curve was in fact obtained by the linear analysis on
computer as before, In practical terms, 1t 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 1Hz)., The
condition is commoﬁly known as BOUNCE. Furthermore, wvhen 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 mich imvroved,
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Reducing the low frequency veaking 1s equivalent to moving
the natural poles of the system further down the semi-circle to
meet one another,because the imaginary or oscillatory component
of the poles then becomes negligible. One way of acheiving this
situation without altering existing component values is to
introduce a damping resistor Rg in series with Cp. The express-

ion for the gain transfer function now becomes

AVSC]_(SCFRr]'F SCFRd'I"' 1) ;

Avt::: .
32(0F01R7+-CF01Rd4-AVgCFclRSRd) + S(C14‘Angs01*’--f

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,

2
Ra? (AyeCy )2-Rq(24y8C10p + Ay 2P0 CR )+ ...

...*.(0124.Av2g28390124.2AngSle~uAvgclcFR7) = 0 (78)

This is a quadratic equation in Ry with solutions Rg="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 S3 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 3l X712 2K ohms in
series with Co 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 L 63B, the peaking is found to be even

more pronounced as shown in figure 21(c). In this case, it can be
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shown that a resistor of approximately 9Kohms 1s required to

critically damp the response. This is shown in figure 21(4).

5.5 CIRCUIT LAYOUT OF 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 interdigitated. The base spreading resista-
nce should be appreciably lower than that of T3 shown in figure
15(a); the perimeter to surface ratio of the base-emitter
junctlion is almost an order of magnitude greater. R2,Rl and
R6 are all p-type diffused resistors produced simultaneously
with the transistor bases, and resistors R1,R3 and R5 are all
emitter (nt) diffused resistors, Ideally, the nt resistors
should be surrounded by v-type land, but since their value is
so low, the effect of the surrounding epitaxial land can be
ignored. R7 is a vinch resistor formed by an n* diffusion on
top of a p-type diffused resistor. Q2,Q3,Ql and Q8 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
Vees input, output, the emitters of Ql and Q3 for feedback control,
C2,C3(and hence Rq) and earth, Note that Cl,C2,Rq and C3 (if
required) are external components. A test resistor and NPN
transistor are also included on the chiv, 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 dicde action., Buried layers(not shown) are incorporated
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under all transistors to minimise collector series resistance.

5.6 EXPERIMENTAL MREASUREMENTS 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 BC182L
transistors for all NPN ¢ypes and BC214L transistors for all
PNP 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 1Hz region. Instead,a step voltage was
applied to the input, and the resulting exponentially decaying
sinusoid recorded on moving paver chart at the output. It can

be shown that this output is of the form
£(t) = Vocoswyt,e Kb (79)

vhere w, is the frequency of the oscillation and k 1s 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)

By(w) = ~ (80)

(S+‘k)2+—w02

where s is defined by equation 73, A plot of this equation
using the measured values for wy and k then exhibits the low
frequency veaking 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 BC182I, transistors wired in parallel for the input
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stage, This is a well known technique for decreasing the effective
T, in the first stagelu. In measuring the noise figure, input
stages comprising of one BC182L, five BCl82L and ten BC1l82L were

considered. The freq.band f the noise measurements was 19-21kHyz,

The entire freqguency response is shown in figure 23. Note that
the solid lines show the evaluatéd response by computer analysis
for the open and closed loop cases, Measurements are shown as. a
series of data points scattered around these linesr The measured
noise figures are shown in figure 2, Note that the required
noise performance of less than 3dB at a source impedance of
50chms 1is 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 éxactly like
the test transistors and resistors that were used for the
measurement of the device parameters., The main reasons for this
seem to be dué 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 figuré 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 BC18ZL transistors
wired in parallel, which turns out to be approximately 1l8ochms,
For this reason,it is expedted that the integrated amplifiers

meet the required nolse 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
aﬁd 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 (ie,
nolse figure 1s 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 (ie. 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
1oadbwas also considered,

A low noise amolifier was designed for specific use with
values of source impedance in the 30-50 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 ry= 180 ohms) running at a total
collector current of approximately 2.5mA, the noise figure
measured with a 50 ohm source resistor was 2.43B, Measurements
on an interdigitated transistor showed that this had a value of
ry> 12 ohms and consequently, the estimated noise figure for the
integrated amplifier used with a source impedance of 50 ohms is
approximately 2dB,

At thls stage,it is worth considering 1/f noise. The basic

properties of 1/f noise have alrrady been outlined in 1.3 but, as



77

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 nolise can be very
important, especially if 1little care is taken in the processing

of the devices, A lovw temperature annealing stage was introduced
into the standard bipolar vnrocess at Southampton University in

an attempt to reduce the number of surface states. Measurements
on the low frequency noise figures of NPN transisto;s appear to
have been improved by this stev. (

In measuring the nolse 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 1kHz) they would have had higher values
due to the prescence of 1/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 1/f noise can be modelled like base shot
noise with a frequency dependant current generator of magnitude
inp connected across the input impedance, Ty , 0 the device,
Hence, all of the long talled pair theory previously described
could easily be modified to accomodate 1/f noise by adding two
extra contributions from ipe in Q1 and ine in Q2, The actual
terms would be identical to the base shot terms but with ie
replacing i,,.

The measurements of the noise figure of the low noise
amplifier were shown in fipure 2l, If the noise figure of a
transistor with identical base spreading resistance and a series

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

measured carefully, the result would be slightly lower than that
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shown in figure 2li, This 1s because some additional nolse 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
current from the mirror.

The gain of the three stage amplifier has been shown to be
easily variable between l168B and 60dB, In the computer linear
analysis for the frequency response of the circuit,certain

!

f
values of base-collector feedback capacltance, C, ,were assumed,

K
These values were taken from measurements made on our own
integrated transistors. The measurements were made at a Vee OF
1V which meanstthat 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 ;nd the associated capacitance of the junction is cons-
iderably higher., Hence more phase shift is introduced through-~
out the three stages and care has 1o 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

speclfication. 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 L/gm ohmg where gy 1s 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 50 ohms, and
voltage feedback could be applied to lower this value even

further, {

1/f noise properties,

As has been already mentioned, 1/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.

Temperature and vower 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 san 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 25. Transforming
the Norton current source i, into an equivalent voltage source
1nRg leads to the equivalent circuit of figure 25(b). Summing

the nolse contributions at the output gives

2 2

Avpg? + av® + a1,%Rg A

F o= S (81)
Avyg 1

which leads to

- 2 5 2n 2
V< o+ in RS
F = 1 + 5 (82)

Vne

and inserting the thermal noise of the source,we have

vnz + in2R32
F = 1 + (83)

UxTRgOL
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v,

(a) Equivalent circuit

Vns Vi inRs

OO -

(b) Thevenin equivalent

Figure 25. Relation between noise figure and
equivalent noise generators.
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