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ABSTRACT

This study examines several previously used instrumentation
amplifier circuits to find limitations and possibilities for
improvement. One general configuration is then analyzed in detail
and methods for improvement are enumerated.

An improved amplifier circuit is described and analyzed with
respect to common mode rejection and noise. Experimental data
are presented showing good agreement between calculated and
measured common mode rejection ratio and equivalent noise resistance.

The new amplifier is shown to be czpable of common mode
rejection in excess of 140 dB for a trimmed circuit at frequencies
below 100 Mz and equivalent white noise below 3.0nv/v/ Hz above

1000 Hz.
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CHAPTER T

INTRODUCTION

Instrumentation Amplifiers

An instrumentation amplifier is an electronic signal conditioning
device designed to detect and amplify the difference of two electric
signals. Instrumentation amplifiers find use in biomedical measure-
ments, thermocouple temperature measurcments, audio microphone
amplification, analog computers, and many other data gathering and
measurement instruments.

The most useful property of instrumentation amplifiers 1s their
ability to amplify the difference of twe signals while rejecting any
signals common to the two inputs. Thlis property is called "common mode
rejection” and is quantified by the common mode rejection ratic (CMRR).
The CMRR is defined as the ratio of differential gain to common mode
gain., In a quality instrumentation amplifier this ratlo will reach
values of 10° and higher at low frequencies.

The common mode rejection property allows low level gignals to
be transmitted over a length of cable and be received with only slight
increases in noise due to electromagnetic pickup on the cabre. If the
two signal lines in the cable running from the sensor are ~lose to
each other the electromagnetic pickup will be approximately a common

mode signal and will be rejected by the amplifier.



Purpose of Study
The purpose of this study was to examine the characteristics
of commonly used instrumentation amplifier cirecuits to determine the
relationships governing signal to noise ratio (S/N) and CMRR, A new
amplifier was developed, using these governing relationships and
low noise circult design theory to give state of the art performance
in a low noise high common-mode~rejection Instrumentation amplifier.
In systems designed to measure a parameter over many orders of
maguitude such as pulse rebalance accelercmeters [1] dynamic range
of the system can be limited by preamplifier noise. Therefore, in
suck applications the S/N of the preamplifier must be maximized. This
study will develop the design equations for the maximizaticn of S/N
and CMRR for one type of instrumentation amplifier. The amplifier is

a low noise implementation of a well proven approach [2}, [3].

Guidelines
The following guidelines were used in the amplifier development.

1. The differential wvoltage of the amplifier shall be set by
a single resistor selection to have a value between five and
five-hundred. The tolerance and stability of this gain
shall depend only on the tolerance and stability of the
resistor used.

2. The gain nonlinearity shall not exceed 0.1 % over the
entire dynamie range.

3. The output dynamic range shall be such that a ten-volt peak
sine wave at the output shall show no indication of over-

load distortion when applied across a2 10 k2 load.
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11,

The small signal 3 dB bandwidth of the amplifier shall be
in excess of 100 kHz.

The input impedance of the amplifier shall be in excess of
100 M2 in both the differential and common modes.

The output impedanece shall be¢ less than 200 Q.

The amplifier shall be operable over a range of power
supply voltages from + 10 V to 4+ 18 V.

The input DC offset shall be less than 10 mv,

The output signal slew rate shall be in excess of 3 V/us.
The common mode rejection ratio shall be in excess of 100 dB
for frequenciles below 100 Hz and grcater than 60 dB at

20 kHz.

The input referred equivalent noise voltage (6] ) shall not
exceed 10 nV/Y Bz, and shall preferably be less than

4 nV/Y Hz for differential gains above 20.



CHAPTLR II

PRIOR WORK

Introduction

Several circuits commonly used as Iinstrumentation ampliflers
will be dignussed in this chapter. The derived equations governing
nolise and common mode rejection will be presented. These equations
will be used as the basis for a comparison of the circuits for typieal

amplifier gain and component matching.

Subtracter Circuit

The most popular and £ p.¢ (ontiguration used in instrumentation
amplifiers is the single opecativnal amplifier (OUp-Amp) subtracter

clrecuit shown in TFigure 2-1,

v, O

Figure 2-], Simple Subtracter Circuit.

From this circuit the output veltage <con be shown to equal that

of Equation (2-1).



Vi Rp!
AL——"T——‘“*T—
vy = Ry’ + R

i

1 _ V2 R
[l L “CHRR ] Ry + Ra ]

Ri
Al——-*-———-Rz 1 ] + 1

The differential input voltage is defined as

Vd E Vi = YVa,
Assuming
Rl' = .—BJ-_.
R21 RZ 1
and CMRR = o,
it can be shown that
Rz _
Vo — A[ R2 + Rl ]
Vd R
Al e
If A > 1,
then
Vo o R2
Vd R]. L]

VCITI

(2-1)

(2-2)

(2-3)

(2-4)

(2-5)

(2-9)



To maintain clarity the sources of error leading to a finite
common mode rejection ratio will be analyzed and presented separately.
If each error is small, the i&teracticn of errors will be a second
uvrder effect., The effect of each error souw sz will be presented as an
equivalent common mode rejection factor (CMR) assuming that all other
sources of error have zero effect., As the errors can be either
additive oy subtractive depending on vandom selection of eircuit
components, a good approrimationr of the total error can be obtained by
a square root of the sum of the squares combination of all the errors

such as that of Equation {2-7).

-

£ 1 )] )

N -
_ oE] _

Thor common mode rejection factor is defined as the ratio of differen-
tial mode gain to common mode gain. Solving for the common mode
rejection factors for the simple subtractor the following equations are

obtained. TFor error due to mis-match in feedback resistors

- R1/Rs Ro_+ Ry -
CMR1 [ ARy /Ra ] R; . (2-8)

For error due to finite op-amp common mode rejection

CMRZ = CMRQp_amp . ( 2"'9 )



For error due to source ilmpedance mis-match

N Rg R, + R, + Rg
CMR; = [ IRq ] [ Re . (2-10)

This common mode rejection 1s limited by the resistor mis-
match to about 100 dB using 0.1% tolerance resistors with a balanced
source and gain of 100. The CMRR is seriously degraded however, by
unbalanced source resistance.

Each resistor has a thermal noise source associlated with it
which can be represented by either of the two ey ralent noise sourcer

showu in Figure 2-2 (a and b).

eHZ

o

(a) (b)

Figure 2-2. Resistor Equivalent Noise Models,



In Figure 2-2

2 = —‘*—IJ‘—T— A% Mz, (2-11)
and ‘en = 4 KT R V?/Hz, (2-12)

where k is Boltzmann's constant (1,38 x 10 2% J/K) and T is the
absolute temperature in Kelvins. One of these noise models will be
substituted for each of the resistors in Figure 2-1 and the analysis
will be performed to obtain equations for the total noise due to the
resistors.

The noise model of the op--amp appears in Figure 2-3.

Figure 2-3. Operational Amplifier Noise Model.

The equivalent noise sources used in this model must be taken from

manufacturers specificarion sheets, calculated from the amplifiers



circulit configuration or measured, The model of Figure 2-3 will be
placed into the circuit of Figure 2-1 to derive the total noise due to
the op—-amp., Similar to the common mode analysis, the noise of each
noise source will be analyzed separately and represented by an
equivalent nolse resistance an at the input of the amplifier, then the

total equivalent noise resistance will be given by
m
R, = & Rpj . (2-13)
J

For each source in the simple subtracter circuit the following
equivalent noise equatlions were derived. For the thermal noise due to

Ri, B2, R1' and Ry' together

N ] (2-14)

For the equivalent noise voltage (E;z) of the op-amp

. en’ Ry + Rs 2 _
Bnz 7 [ Ry ] (2-15)

For the noise due to the equivalent input noise current of the op-amp

252
R.. = n

— 2 -
na GLT Ri%. (2-16)

The noise of the simple subtracter is at present limited to
about 6 kQ (about 10 nv/v Hz ) by the equivalent noige voltage of the

currently available low noise integrated circuit operational amplifiers.
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Buffered Subtracter Circuilt

The most severe handicap of the simple subtracter circuilt is the
low input impedance. This c¢an be eliminated by buffering the inputs

with voltage followers [4] as in Figure 2-4.

Figure 2-4. Buffered Simple Subtracter.

The gain of each voltage follower can be shown to be

v Ay + 1 CMR;y

v A 1
VT 1 [”‘ ] (2-17)

The differential mode transfer function is given by Equatiom (2-18), if

the ecircuit is matched,

Vo o [ A ] R; + R (2-18)
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If A >> 1,
and Ay 2> 1,
then
Vo . _Re_
V¢  Ri . (2-19)

The following error equations were derived for common mode

rejection. For mis~match in feedback resistors

amy = (R S 2-20

For finite CMR of op-amp 2
CMR2 = CMRy2. (2-21)

For gain mis-match of op-amps Aj; and Ap'

CMR; = ['"A_ii“] Ay, (2-22)

Tor finite CMR of op—amp A
CMRy = CMRy, (2-23)

For finlte CMR of op-amp A;'
CMRs _ CMR, . (2-24)

For gains below 100 the CMRR is limited by resistor mis-match a 1 for
gains above 100 by the CMR of the op-amps used. Matching of the input

op—amps is necessary at high frequencies where the op-amp gain falls off,
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The nolse of the buffered subtracter includes all the sources of

the simple subtracter plus the equivalent noise sources of the two input

op-amps.,

For noise due to resistors

The following equivalent neoise resistances were derived.

= Rt Ry -
TFor noise due to op-amp Az noise voltage
P N
. nz Ry + Ry -
Rn, AKT [ R, ] (2-26)
For noise due to op-amp Az noise current
Por o2
Rpz = AT Ri1°. (2-27)
For noise due to op-amps A; and A)' noise voltage
2e—m2
Rnu A . (2-28)

For noise due

source resistance

R
ns

Linear Gain Control

to op—amps A; and A:'

noise current, where R is the

11 RS

(2-29)

A linear gain control can be added to the circuit of Figure 2-4

with no degradation of CMRR and only slight increase in nolse by adding

an op—amp as in Figure 2-5.
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¥igure 2--5. Luffered Subtracter With !incar fain Control,

The CMR equations for this circuit are the same as Lquations (2-20)
through (2-24). The noise equations are the same as Lquations (2-25)

through (2-29) with the addition of the following:

S ]’ 1
= 3 ¢ -
Rn& l 4kT + kT R ) 7\? (2-30)
for noise ol op-amp As;
R, = Ra|l+—13 L (2-31)
n Rg Adz

for the thermal noise of R and Rg, where Ag 1s the differential gain
given by
R, R

U 7 S - 2 -
Ad R, . (2-32)
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Three Op—Amp Instrumentation Amplifier

Another op-amp configuration [5] incorperates gain into the input
stage while at the same time providing single resistor gain selection,

This circuit is shown in Figure 2-6.

Figure 2-6. Three Op—Amp Instrumentation Amplifier.

The differential output voltage of the first stage is given by

Equation (2-33).

ViAdr Vo A ‘ o 1
[1+A1 1 + As [“3+R"‘+R3J
Ry Raf
Rg+l+A1 +]+A2

vi' o~ vg!

(2-33)

If the two input op-amps are matched the differential output for a
common mode input is zero indicating that none of the other parameters

affect the common mode rejection. Thus any mis-match between Rz and
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Ra' has a second order effect on common mode rejection., Assuming

matched components the differentilal gain of the circuit is

w )
Vo = [ Ay ] f P:g + 2R3 ] Ri + Re (2_34)
\VE| A + 1 l Rg Ry
Az [ R + Rz ] 1
If Ay 22 1,
and A »> 1,
then
Vo - Rg + 2R3 Ro (2-35)
Vd Rg Ry j.

The input circuit has 2 unity common mode gain giving a common mode

rejection for the inpub stage of

Rg + 2R
CMRipput = gRé———i-

(2-36)

This property tends to improve the effect of mis-matches in circuit
components following the input stage. The unity common mode gain is not
to be confused with common mede to differential mode trausfers
attributable to component mis-matches. The following common mode error

equations were derived. For R)/Rz mis-match

[ Ri/R2 ] Rz + Ry ] Rg + 2R, ] _
CMRy = | ARy/z e Ry ) (2-37)
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For finite CMR of op-amp Ay

R 1
MR, = CMRAz(—%wé—] (2-38)
g *

For op-amp Ay and A;' mis-match

CMR3 = [ & ] A1_ (2-39)

For finite CMR of op-amp A;
CMRy = CMR, . (2-40)

For fanite CMR of op~amp A,
CMRs = CMRpp (2-41)

The following noise equations for this configuration were

derived. Tor thermal noise of Rg, R3 and Rj’

= —2Rs Rg -
Rnt Rg + 2R3 . (2-42)

For thermal noise of Ri, Ri', Rz and Rp'

= Ry Re 2 -
an - 2R1 [l + R2 ] [ Rg + 2R3 ] . (2 43)

For noise of op-amps A; and Ay' where Ry is the source resistance

Zeq, 2 21n,”

L omy 2 2 _
Bny * —Zer— t e (Rs® * Ra?), (2~44)
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for noise of op~amp An

. enp? R) 2 Rg 2
Rny Ak { Ro + 1] [ Rg + 2R, +
A T
T M (Rrow ) (2-45)

Totum Pole Instrumentation Amplifier

Another configuration [5] of interest because of its simplicity

is the two op~amp “totum pole" circuit of Figure 2-7.

Vi (3
> o
Ra
<
Va O + Ry
Ayt
Rp!
<
Ri'!

Figure 2-7. "Totum Pole" Instrumentation Amplifier.
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The exact expression for the output volta 2 of this configuration

is

Aj 1
Vo = V2 [1—- cz»mm]
14+ AR
Ry + Rap
Ro Arf
1 Ry + Rg
Vi [1 + ] _
CMR, , e (2-46)
Ri" + Rz' |,
For the differential mode this reduces to
Vo - Rz
Vg 1+ R, (2-47)

The followling CMR equations were derived from Equations (2-46) and

(2-47). For error due to finlte gain of op-amp A’

1
CMR; = B Ra

R1 + Ra . (2~48)
Tor mis-match in resistors
R
Ro
CMR, = [ R1R+ R ] (2-49)
1 .
A .._Ih....

5
For finite CMR of op-amp A,

CMR3 = CMRy,. (2-50)
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For finite CMR of op-amp A’
CMRy = CMRy,t. (2-51)

A one resistor gain control can be added to the circuit by the

addition of Ry as shown in Figure 2~7. Then the gain changes to

Vo Ra ZRo
Vd 1 + Ry + Rg " (2-52)

The common mode galn does not change, however, resulting in a higher

CMRR given by CMRR',
GMER' = OMRR + 20 log (L + 32— [R][R.]). (2-53)
g

Notice that the voltage output of op—amp A;' is higher than the
common mode input voltage by a factor of (Ry + Rz)/Rz. This fact
restricts the common mode input swing for low gains,

The following noise equations for the amplifier were derived.
For thermal noise of all resistors including Ry

- 2R 'y
Rnl —“""""Ad . (2 5 l)

For noise of op-amps

2852 Zi—n"?- 2 Rs 2
TRF + IR Rs + ~1igz— (2-55)

Rnz
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Bipolar Input Instrumentation Amplifier

The bipolar transistor differential amplifier operated oieun loop
with unbypassed emitter resistance has been used [6], [7] as an

instrum:ntation amplifier. The most basic circuit is that of Figure 2-8,

Figure 2-8. Bipolar Differewtial Instrumentation Amplifier.

If Re = RE + re

and if the circuit is balanced, then

= ] (2-56)



The

For

For

For

Yor

For

For

CMR ervor equations are as follows:

mis-match in Re

R
CMR, = (—-E—] [2 Res 1]

Mg

mis-match in source resistance

CMR»

Rg Res
[ ARg J 2 Rs

mis-mateh in ¢ransistor beta

CMR 3

- B Res
B [ AB ] 28 Rg

mis-match in feedback resistors

CMRy =

( Rllle ] Res
A[RIIIRZ] J Re

error due to transistor outpult resistance mis-match

CMR 5

e mis-match

CMRg

the error due to a finite

CMR

For low distortion the

- Tce frce
Arce Re

- Fob Teh
Areh Re

CMR of the op—amp

Reg
Re

CMR

value of Ry should be at least 100

times the value of the emitter dynamic resistance re [8].

21

(2-57)

(2-58)

(2-59)

(2~60)

(2-61)

(2-62)

(2-63)
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The hybrid-m nolse model for the bipolar transistor is shown in
Appendix A and the basic analysis of the bipelar transistor noise is
presented there,
The nolse equations for the circuit of Figure 2-8 are as
follows:

For the noise due to the base spreading resistance rp of the tranmsistors
R,y = 2rp. (2-64)
Tor noise of both emitter resistors

Rn, = 2Rg. (2-65)

For the collector shot noise of both transistors

R 2
Rps r, + —%—-Re + == ] (2-66)

B

For the base shot noise of both tramsistors

an = Bi‘- (re + 2Re + Rs)z. (2"67)
e
For the neoise of Ry, Rz, R;' and R,

Rpy = —=rih—- (2-68)

For the noise of the op-awmp

ep? [ R + By ]2 [ Re ]2 . 2ip?

2 —
Rng = 7 % Re®  (2-69)
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The noise is dominated by the large value of emitter resistor requilred
to give low distortion. For this circuit both common mode rejection and
nolse performance are improved by lowering the value of R at the
expense of liaearity.

It has been shown [8] that the magnitude of the third harmonic
distortion component of the bipolar differential amplifier can be
approximated hy

2 V4?2 . 100%
- q o -
HD3 [ kT ] 48 {1 + Re/re)’ . (2-70)

when the expression for the iransistor dicde static Volt-Ampere

characteristic is

I. = Ig [exp {-gmgﬁgLJ - l}’ (2-71)
where I, = collector current in amperes,
Vhe = Dbase-emitter voltage in volts,
q = electron charge,
Iz = reverse diode saturation current,
Vg = differential input voltage,
and re = diode dynamic resistance.

If the input stage dynamic range is not to be exceeded, Inequality (2-72)

must hold,
V@ < I 2Re. (2-72)
Recalling that

Re = Rg + 7, (2-73)
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and that

re = 1. (2-74)

Equations (2-71), (2-72), (2-73), and (2-74) can be combined to give

1 Te

<
HD; < T

1 x 100%. (2-75)

oS )

For a resistance ratio of 100:1 the distortion would he about 0.083%.
The resistance ratio should therefore he held to a ratio of about

100:1 for low distortion. If

Vd = ZRE I, (2-76)
then
r
HD; = —%-2_ =S % 1007, (2-77)
a

This indicates that less distortion is obtained for a fixed input at
high bilas currents, however, the noise performance may be degraded

for high currents.

Bipolar Input With Single Resistor Gain Selection

A slight modification of the circuit of Figure 2-8 yields single

resistor gain selection as shown in Figure 2-9, If

Rg = Rg' + 2rg, (2-78)

and
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then the gain is given by

Tq = Rg (2-79)
-§ +v
cc
Rz
3 §Rv A
>— T l s,
A v
o
+
Vi Va2
R L
Q Q' ?
Rg' )
>
R R
cs cs
-V
ce

Figure 2-9. Open Loop Bipolar Instrumentation Amplifier With
Single Resistor Gain Selection.

The third harmonic distortion is given by

1 2re
H —_— o -
Dy < 7 R x 100%. (2-80)

The common mode error equations are as follows:

For error in current source output resistance matching

_ Res 2Resg
CMR; = ( FRes ] [ Rg ]_ {2-81)



For

For

For

For

For

For

For

For

transistor mis-match in emitter dynamic resistance
- re ZRCS 2 i
CD{RZ . [ Are ] [ Te Rg .

mis-match in feedback resistors

RelRs ] 2Rcs

CMRs = (A(RlHRz) Rg -

finite CMR of op-amp

2R
CMRy, = CMRy [—i-]
Rg

mis-match in transistor beta

CMR 5 = (_A.B__] ZB RCS

mis-match in source resistance

Rg ] Res
CMR = 2 —
6 [ARS B R
roe Mis-match
Toe IZBrCe
oms - [
7 Arce Rg

transistor base to collector resistance mis-match

Ich ] 2Rcb

CMRg = [ X Rg

The noise equations are as follows:

thermal noise of Ri, Rz, Ry', Re'y, 1f Ry' = R; and R,' = R,,
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(2-82)

(2-83)

(2-84)

(2-85)

(2-86)

(2-87)

(2-88)



For

For

for

For

For

For

distortion operation.
sources to insur:

values of Rg the noise of the current source could be dominant.

A
! 2(R1||Ra)

op-amp noise
Rpy = .ézz [ Rgz ] + _f-_;i
2kT 4(R1[[R2)T ) 4T
thermal noise of Ry
Ry, = Ry,
noise of current source,
Ry, = Ei 2Ro%.
collector shot noise of the transistors
S Nk ke o
base shot nolse of the transistors
Ry, = —2— (re + Ry + Ry)Z.
Bre &

noise of base spreading resistance

Rp; = Z2rp.
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(2-89)

(2-90)

(2-91)

(2-92)

(2-93)

(2-94)

(2-95}

The total noise is dominated by the thermal noise of Ry' for low

high output impedance and low noise.

Care must be taken in designing the current

For high



Bipelar Input With Current Mirror
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Another modification of the basic bipolar differential amplifier

uses a current mirror to replace resistors R; and R;' as in Figure 2-10.

Figure 2-10. Bipolar Instrumentation Amplifier With Current

Mirror.

The common mode error equations are as follows:

For Q2 Beta mis-match

- B2 28> Res
CMR, [ R ] &
For finite beta of Q2
MRy = -B2 Res

(2-96)

(2-97)
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For Qs emitter resistance mis-match

e 2Reg
CMR; = [ Are ]2 R . (2-98)
For mis-match in Ry
- Ry Ro ZRCS 29—
For finite CMR of op-amp
2R
UMRs = CMR, —o (2~100)
g .
For Qi emitter mis-match
CMRS [ Are ]1 rele . (2"'1-01.)
For current source mis-match
CMR, = Reg 2Reg (2-102)
For rpe mis-match of Q)
_ | tees 2BTce _
CHRg = [ Ftoot ] Ry ' (2-103)
For r.p mis-match of Qi
- Teby 2repm -
CMRg = ( Afep ] Rg . (2--104)
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Tor Q) beta mis-match

_ B, 2B8; Res -
CMR; ¢ [AB], ] Rg ) {(2-105)
For source mis-match
CMR11 [ ARe ] Ry ) (2-106)
The noise equations are as follows:
For thermal noise of Rz and R:'
Ro?
Rp, = "E%;“ . (2-107)
For thermal nolse of Rg
Rn, = Ry (2-108)
For collector shot noise of Q) and Q1'
Ry, = —% b gy Rs ) (2-109)
nE T rgy tel B Br | .
For base shot noise of Q) ard Q'
_ 1 2 _
Rpy = ""é';;—' (rel - Rg + Rg)". (2-110)

For nolse of current source

in” 2
Rps = T ZRg . (2-111)
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For noilse of op-amp

=2 2 -7 2
_ en Rg 2111 Rg
Rng = "7y AL A 4 . (2-112)
For base and collector shot noise of Qz and Q3'
R.2
Rpy = —o— (2-113)

4re2 .

The noise is dominated by the noise of Q2 and Q2' and is excessive being
in the range of 250 k (63 nv/vHz ). The noise of the current mirror
can be lowered by adding emitter resistors to Q2 and Qz'; however, this
new modified configuration would have the same characteristics as the
cireuit of Figure 2-9 (p. 25) and would have more noise than that
eircuit, therefore, the current mirror 1s not recommended for a

low noise amplifier design.

Bipolar ILnput With Feedback

Another bipolar circuit proposed [9] uses feedback into the
emitter circuit as in Figure 2-11. The differential gain of this
circuit can be shown to be

Ag = 1 + -—-ﬁ—f—— (2-114)

The common mode equations for the dominant sources of common mode
error are as follows:

For mis-match in collector resistors

CMR; = [w] Ag- (2-115)
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Figure 2-11. Bipolar Amplifier With Feedhack.

For mis-match in feedback resistors
CMR, = (—~52—] Ad- (2-116)

For transistor emitter mis-match

CMRy = [ Aie ] [ Rf ] + 1. (2-117)
e

For transistor beta mis-match

CMR, = [—Eﬁd} m%_ Ag. (2-118)

This circuit exhibits very poor common mode rejection.
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The noise analysis ylelds for the dominant nolse sources,
the following:

For thermal noise of Rz, R2', Rg and Ry’
Rmy = 2Ky || 5 (2-119)

For noilse of R; and R;!

2(2RE|[R2/2)2

R, = R; . (2-120)
Tor collector shot noise of two transistors
2R [ |Ra/2 2
1 Rgj|Ra R |
R = — + 2-121
ns Te [re B i B) . (2-121)
For kace shot noise of the transistor
- 1 - 2
Ry = gy (Te ¥ 2RE'| P2/2 + B2, (2-122)

The total noise of this circuit is comparable to the noise of the other

bipolar input circouits.

Amplifier Comparison

The equations presented previocusly can now be used to compare the
relative merit of each circuit, Each cirecuit was analyzed for the same
gain, bias, component matching tolerance and source resistance. This
comparison is valid for one set of conditions only: however, all the
circuits are characterized by increases in CMRR and/or decreases in
noise for corresponding increases in gain, improvement in component

matching, and reduction in source resistance. Therefore, the comparison

presented here should prove useful.



Parameters for each circuit are chosen to give a differentilal
gain of 100, harmonic distortion less than 0.l1%, source resistance of
100 2, source resistance mis-mateh of 10 ©, resistor mateching of
1,0%, matching of all transistor parameters to 1.0%, op~amp gain
matching of 1.0%, an op~amp galp greater than 10,000, and op-amp
CMRR of 100 dB.

Table II-1 presents the calculated CMRR and equivalent noise

34

resistance of each circuit indicated by the appropriate Figure number.

TABLE II-1

Nolse and CMRR Comparison of Several
Tustrumentation Amplifiers

Figure CMRR (dB) Rn (kR)
2-] 77 8.2
2-4 80 18.4
2-5 86 12.2
2-6 86 12,2
2~7 80 15.2
2-8 108 10.3
2-9 107 37.0

2-10 107 243.0

2-12 72 37.0




CHAPTER III

A NEW APPROACH

Introduction

The purpose of this chapter shall be to set down the general
ideas for improving the performance of differential amplifiers, to
present one method of improving noise a?d common mode rejection and ta

puktline a circuit capable of realizing these improvements.

The General Circuit

The input device for a differential stage can ba represented by
the model of Figure 3-1 (a)} for low frequencies. The device will have
an input resistance ¥y,, transconductance gm, output resistance r,, and

input to output resistance ry,.

io

r
rin ')V ng 0 I
(L c
c

{a) (b)

Figure 3-1. Basic Device Model
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The symbol of Figure 3-1 (b) will be used to represent the general input
device, The circuit for the general differential amplifier is shown

in Figure 3-2.

V. O [l_in VIAN— > f_f] Q v

{
]
d
% Pes Res

L

—

—

Figure 3-2. General Differential Amplifier.

This circuit allows for single resistor gain selection by setting Ry
to give desired gain. R;g and Rgg' are used to simulate required
current scurces. Substituting the general device model into the
eircuit of Figure 3-2 and solving for the differential and common mode
gains, the following results are obtained. Tor the differential

gain

1

(3-1)




For the common mode rejection factor due to mis-match in device

transconductance

CMR; =2 [ ﬁ:m ] gm(ro||Reg)

For mis-mateh in device output resistance

For mis-match in device input resistance

. Tin 2
CMRS = [ Afj_n ] Rg gn Tin (rDI IRCS)'

For mis-match in device imput to output resistance

Tio
Brig

CMRy = [ J RZ gmz Tig,

For mis-match in source resistance

Rs 2 s
CMRs = [ AR, J Ry Ko gm rin® (ro||Reg).

For mis~match in current source output resistance

Reg 2
CMRg = [ AR, ] Rg Reg
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(3-2)

(3-3)

(3-4)

(3-5)

(3-6)

(3-7)

These approximations are subject to the assumption that ry;, rgs and

Rpg are much larger than Rg, Ry, and 1/gm. This poses the restriction

that Ry must have a relatively small value (typically less than 10 k2).

Notice that increased common mode rejection can be obtained in gvery

case by increasing the relatively high rasistances (rin, Tgs Tigs Rcs)
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and decreasing the relatively small resistances (Rg, 1/gm, Rg) providing

Parameter matching can be maintained. The common mode rejection can

also be improved with better compouent matching.

For low distortion in a circuit of this type the resistance Rg
should be kept at least 100 times greater than 1l/gm [8]. This causes
the input differential voltage to be impressed across Ry causing a
current I to flow. This current is limited to the value of the
qulescent bias current. Assuming that the differential output current
of the stage will be transformed into a single ended output voltage and
that the input  .age should not saturate before the output reaches its
maximum swing, the value of Rg is limited by the expression

VO max

> —— -

where V, max is the maximum output voltage swing, Ay is the differential
gain, and Iq is the input stage bias current. In most applications this
restriction will cause Rg to be the dominant source of electronic

noise for low values of gain. The noise resistance of an amplifier in

which Rg 1s the dominant noise source would be given simply by
Rn = Rg. (3-9)

This limitation would hold in most cases until the value of Ry became
less than about 1000 & to 500 &. A decrease in Rg will dictate an

increase in bias current to maintain dynamic range and an increase in
transconductance to maintain low distortion. Fortunately an increase
in current is consistent with an increase in transconductance in both

the bipolar and field effect transigstors. The increased current is
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conslstent with lower noise in the FET but not necessarily so with
the bipolar transistor.

The most advantageous parameter change in the input device for
low nolse and high common mode rejection would be to increase the
transcondu~tance allewing lower values of Rg and therefore lower noise
while at the same time increasing common mode rejection as predicted
by Equations (3-2) through (3-7).

A composite ir 1t device has been proposed [2], [3] to solve the
distortion and common mode rejection problems simultaneously. In these
cilrcults several bipolar devices are connected together to obtain a
composite device of very high transconductance and very high output
resistance, The common mode rejection obtained with these circults is
excellent; however, the circuits are bilased at low cur-ents requiring
high values of Ry to avoid saturation of the input stage. The nolse
performance is therefore limited.

From the previcus discussion the FET would seem to be the ideal
input device. It has very high input resistance, low noise for high
current, and very low equivalent input noise current. FET's do how-
ever have a relatively low transconductance, low output resistance,
and are generally more difficult to mateh than bipolar transistors.
Therefore, let us consider a composite device with an FET input stage
to achieve low noise, high dynamic range and high common mode re-

jection all in one circuit,

The Composite Input Stage

To first understand the concept of a composite input stage the

cireuit of Figure 3~3 is helpful. The op-amp causes the input voltape
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in

Figure 3-3. Precision Voltage Controlled Current Source.

to be matched by a similar voltage at the top of the resistor Rg
causing a current i, = Vin/R; to flow. This current must flow through
the FET to the output, The output resistance of this circuit is
approximately equal to the FET input resistance [9]. The op-amp and

FET above form a composite input device with a transconductance of
Gm = A gm. (3-10)

Two of these devices can be combined to form a differential input stage
as in Figure 3-4. Using dual monolithic op-amps, common mode re~
jection can be achieved with this circuit equivalent to the common mode
rejection of the op-amps alone; il.e., approximately 100 dB. The noise
1s dominated by the op-amp noise and is limited to about 12 k§2 noise

resistance using an RC4136 quad op-amp.
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i i!
0 0

v, O——F F——0 v,

Figure 3-4. Precision Differential Input Stage,

A low noise input stage can be added to this circuit giving a
new composite device as shown in Figure 3-5. The composite device

model parameters for this circuit using the model of Figure 3-1 (p.35) are

gm = gm; Ry A gma, (2-.1)
To = Tds2 (3-12)

rip ® (3-13)

Iin = UTggi+ {3~-14)

As pointed out in Equation (3~7), the matching of current sources is
important in achieving high common mode rejectiomn., If the polarity of

the output transistor is changed and this transistor turned around
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+Vce

R

d A
io

Vref .Qz

Current Source 8%

cec

Figure 3-5. Low Noise Input Circuit,

the current source can be eliminated as shown in Figure 3-6. This
configuration was chosen as the input stage for the amplifier to be

developed in this study.
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+v
cec

Va

Figure 3-6. Low Noise, High Common Mode Rejection Input Stage.

The Output Stage

Several methods have been proposed to transform differential
current signals intc single ended output voltages [2], [3], [6], [9].
The simplest of these circuits is illustrated by Figure 3-7. For an
amplifier input common mode voltage swing to within 80% of the negative

power supply, the two inputs of Ay in Figure 3-7 must be biased at a
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voltage at least 80% of the negative supply. Minimization of the
amplifier noise requires relatively low value resistors for Ry
(typically 2500 @) and the maximum value possible for R and R'.
However, 1f the two inputs of Ay are at -0.8 VCC then high bias
currents If and 1f' must flow through R and R' along with high input
stage bias currents I. Therefore by Ohms law the values of R and R'
are low (typically 400 Q) limiting noise performance. The bias
current Iy also could cause unwanted heating of the op-amp chip and

restriect output voltage swing.

1]

cc

Figure 3~7. Simple Output Stage.
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An improved version of the circuit in Figuce 3~7 uses two current
mirrors to turn the differentisl current around allowing large reslstors
for R and R' while eliminating the required bias curreut from the out-
put amplifier. This circuit is shown in Figure 3-8, The current
mirrors used [10] have very good current matching between input and
output, wvery high output resistance and excellent linearity.

Another modification to the circuilt of Figure 3-8 yilelds an
extra degree of versatility in that two new control input terminals are
created, [11] termed "output reference" (usually tied to the output
elreuit ground) and "output sense' (usually tied to the output terminal).

This circult is shown in Figure 3-9.

+V .
cc i

ér{' Rf

-
T I\

AN
Az
\ SAVAVAS

%R
) -
=

/

Figure 3-8, Output Stage With Curvent Mirrors.



46

Figure 3-9. Output Stage With Sense And Reference Terminals.

This circuit again tequires the inputs of Ay to be biased to at least

80% of Vcc supply voltage, although there is no bias current required

from the output of As.

The Complete Circuit

The circuit offering the best overall performance as suggested by

this study appears in Figure 3-10. The output stage was chosen to



Figure 3-10.

New Instrumentation Amplifier,
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eliminate the need for operating the inputs of Ay at high bias
voltages. The circuit will be analyzed and compunent values assigned
in subsequrnt chapters. The differential mode gain of this amplifier

is given by

2 Rf

Ad = (3~15)



CHAPTER IV

NOLSE ANALYSIS OF THE NEW INSTRUMENTATION AMPLIFIER

Introduction

In this chapter the dominant noise sources of a specifice
implementation of the new low noise instrumentation amplifierx
configuration will be quantitatively discussed and the circuit

parameters will be optimizzd for minimum noise.

The Basic Parameters

There are four parameters of the amplifier in Figure 3-10
(p. 47) affecting electrunic noise. These are maximum output voltage
range, maximum input commiza mode range, input stage bias current and
amplifier differential gain. For a quality op—amp the output

range approaches the supply voltage that is
Vo max = + Vge. (4-1)

The input common mode range is limited approximately to the Q) drain
voltage in the positive direction and to the Qi drain voltage in the

negative direction.
VD2 = Vem 2 Vpi, (4-2)

These voltages are controlled by the values of Ip, V.c, Rp -

that

VDl = Vcc - ID RDI . N L

49
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and

The values of Rp and Rg; can now be defined in terms of the basic

parameters.

R = Vee - Vem max

Vee ~ Vem max - 2Vpe
Ip .

Re (4-6)

Rg should he minimized to achieve the lowest noise; however, its value
is limited to some minimum value if the input stage is not allowed to
saturate before the output voltage elips. This minimum is given by

Vo max

Z TRg1q . (4-7)

Rg

vhere Ag is the differential gain. The value of Ry is thus limited
by three of the major parameters.
R and R' are selected to set the inputs of Az near zero volts.

Vee
Ip -

(4-8)

Rg is defined to make the output voltage reach its limit just

as the input stage saturates.

Vo max

R
£ 2Iy

(4-9)

The transconductance of the input FET's is approximately
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gmy = [_ELEEEE_} VIg . (4-10)
Vp

The noise of Q; 1s directly related to the transconductance and will
be discussed in detail later,

Now all the amplifier parameters affecting noise have been
defined in terms of four major parameters. The noise performance will
later be optimized with respect to these parameters and the design

trade~offs will be defined.

Noigse of Input FET's

The amplifier will have an absolute minimum noise limited by
the noise of the input transistors selected. This minimum noise due to

each FET is

Ta
w - [ B

where Tj is the transistor chip temperature, T, is the ambient
temperature, and ¢ is a factor varying between one and two depending on
the particular process used to make the transistor 112}, [13].
Normally the temperature ratio is unity; however, at high bias currents
and voltage, device heating can cause an increase in output noise, The

chip temperature is given by
Ty = Tg + Bja Ig Vyg, (4~12)

where 8ja is the thermal resistance between chip and ambient, and
Vgg is the drain to source voltage. If the FET's are operated near

I4gg for minimum noise, Vds will be approximately Vp, as in Equation (4-3).



The transconductance is also dependent on temperature and

varies as the fourth root of temperature [13], for I near Iggg.

gm

- [ 2/T3ss ) \/fEZ_

52

(4~13)

The noise of two transistors Q; and Q:' din the same package can then

be written in terms of the major parameters.

Ry, = 2|1+ T v,

Other Noise Sources

2I4 V L23 I
Bja d d] (2 dSS] /ﬂ-

(4-14)

Using common circuilt analysis techniques the other significant

noise sources were found to be given by the following:

For noise of A; and Ay’

R 2 ena
Rp, = 2{ g . 1 Rg? nai

For noise of Rg

For noise of Ry and Rq'

1

Rg 2
an = 2 Rd 2 + ,

gm

For noise of all four resistors Rg

(4~15)

(4-16)

(4-17)

(4-18)
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For noise of the current mirror transistors

2R
Rns = "'é;'LB"‘ . (4"'19)

For noise of the output op-amp

(4-20)

__epa,? 1.5 |2
Rny = kT :

All these noise sources can be rewritten in terms of the four major
parameters V.., Vgoy max, Ig and Ag.

At this point a computeyr becomes handy in that all the noise
sources and the total noise can rapidly be evaluated relative to the

four major parameters,

Fvaluation

Using specifications of the 2N5565 dual monolithic FET for
Q; and Q3" and typical low noise op-amp specifications (see Appendix B)
Figure 4-1 shows the predicted equivalent noise resistance of the
instrumentation amplifier of Figure 3-10 (p. 47) as a function of
Ag and Ig with Vem max and Vep fixed. The noise has a minimum value
for each gain within a narrow band of drain currents between 3 ma and
4 ma.

For a given gain this minimum noise changes with V., max as
shown in Figure 4-2. Tigure 4-2 indicates an engineering trade-off
between noise and available common mode range.

A bias current of 3 ma would give low noise for a ramge of
gains according to Figure 4-1. Using this bi 3, Figure 4-3 gives the

predicted noise as a function of gain.
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Figure 4~1. Egquivalent Noise Resistance as a Function of

Figure 3-10 (p. 47).

Drain Current and Gain for the Circuit of
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Figure 4-2.
Figure 3-10 (p. 47).
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CHAPTER V

COMMON MODE ANALYSIS OF NEW INSTRUMENTATION AMPLIFIER

Introduction

The basic sources of common mode error are discussed and a
simple method for reducing the effeet of these errors is presented.
A technique for trimming the circult to minimize common mode gain is

proposed,

Basic Error Sources

The sources of common mode error in a differential amplifier
were dlscussed in Chapter IIT (pp. 35,48). A composite input
circuit was proposed to reduce these sources of error mainly by in-
creasing the effective trunsconductance. Using the Equations of
Chapter TII and the parameters of the composite device listed in
Equations (3-11) through (3-14) (p. 41), the common mode rejection
should be very high, about 150 dB for low frequencies. However, the
analysis of Chapter III did not include error effects inside the
compasite device. Inecluding these effects, the primary source of
common mode error becomes the non-infinite drain-source resistance of
the input transistor.

There are three effects on common mode rejection. Commor mode
input signals generate an error current in each side of the input

stage,

I error = ———0 (5-1)
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The degree of match between these two error currents and their

magnitude govern the common mode rejection as follows:

Tds,
CMR, = [ Ards;—] dg; &ml,
= gm
CMR, = ["Eéﬁi“) rds; &M,
1
and
R
CMR; = [—AR—:"] 2rgs, gm1.

The effect due to mis-matches in Rq is not a direct
in Ry will cause mis-matches in the transistor bias

differences in transconductance.

Agmy |' _ 1 (_ARd
gm 2 Rq }.

The prime on the first term in Equation (5-5) is to

the transconductance error at equal bias currents.

(5-2)

(5~3)

(5-4)

effect, A mis-match

current causing

(5-5)

distinguish it from

This effect could

be used to advantage in that an error in transconductance could be

compensated by a negative error imposed by an appropriate trimming of

Ry4.

Since all the common mode factors are proportional to rgg,, the

most effective method of inereasing common mode rejection would be to

increase Rdg,. A cascode circuit has been proposed

an iaprovement in CMRR. This same technique can be

[14] to accomplish

used with the

composite device as illustrated by Figure 5-1, where Q; of Figure 3-10

(p. 47) has been replaced by two FET's.
P P v
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Ov

Qs

Q1

c O—»

O

S

Figure 5-1. Cascode Input Transistor,

The output resistance of this cascode circuit is approximately

rgy = (rdss gma) Tdgy - (5~-6)

The common mode factor equations then become

It

CMR)

To
L‘Aro: ] S Ty, (5-7)

CMRy = [‘Z‘Sﬁ‘f‘] EM1 Tgy, (5-8)

and

R4
CMR3; = {*KEE—J Zgmi roys (5-9)

An exact analysis reveals three other sources of error that

become important at higher frequencies where the op—-amp gain decreases.
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- gml

CMRy = [ Aom ] 2gm1 Ry Ar, (5-10)
Ay 2

CMRs = [ T } ko Ra b (5-11)
Rg} 2

CMRs = [ e TRy Ra M (5-12)

Notice that CMRs and CMRs depend on Rg and therefore vary with pain,
These equations can be combined with Equations (5-7) through (5-9) to
form four common mode factor equations that describe the dominant

sources of common mode error. These are

MRy = ~ox

1 = Btgy M) Tg, (5~13)
CMRp = [——-Egl—;-i—-] (gm rs, t 2gm Ry A1), (5-14)

S .1 b2
MRy = ARg gmy Tgy Rg Rg M1, (5-13)

and
CMRy = [ e } [ 2 4 Al] . (5-16)
&

The complete circuit diagram for the new instrumentation amplifier
now appears in Figure 5-2 with component values given for optimum
noise and CMRR performance. The common mode rejection ratio predicted
by Equations (5-13) through (5-16) is plotted in Figure 5-3 versus
frequency. The op-amp Aj; is assumed to have a gain bandwidth product of
3 MHz, @, and Q3 are assumed te be 2N5565 transister pairs biased at

a drain current of 3 mA. All component matching is assumed to be 5Z%.
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Values Indicated.
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A Problem With The Cascode Circuit

It should be pointed out that the input transistor operates

at 8 drain-source voltage equal to the source-gate voltage of the

cascode trangistor. Obviously the circuit cannot be operated at

currents approaching the ILggs of the cascode transistor,

The cascode clrcuit adds a noilse source equal to

2 1
- 3 gmz . (5"'19)

_ 1 |
Bne [ rdg, gm3 + 1 j

The factor in parenthesis is very small 1f Q; is blased at sufficient
voltage to keep rgg; high. This requires a voltage of at least 2
volts. The pinch~off voltage Vp of the cascode transistor must then be
greater than two volts; dn fact, the cascode transistor must be

specified such that

vid
(1 - - Idss] Vp 2 2 (5-20)

to insure that the noise and CMRR are not limited by biasing Q; inm the
triode region.

In the eircuit of Figure 5-2 it is assumed that A; does not
limit the bandwidth or compromise the noise. Typically, an LM-118

op-amp or equivalent would be used for Aj.



CHAPTER VI

EXPERIMENTAL RESULTS

Introduction

Results of experimental tests on the instrumentation amplifier
of Figure 5-2 (p.61 ) are presented in comparison with predicted

results. The limitations on further improvements are pointed out.

The Circult
4 dual monolithic FET pair 2N5565 was chosen as the input and
cascode tramsistors. The transconductance of two devices was

measured and found to be approximately
gmy = 0.18 \/fg. (6-1)

The noise for each FET above 1000 Hz was also measured to be

approximately

2.0
gm)

Ry = (6-2)

LA)IN

for Ty = Ta. The vascode transistor was found to add very little
nolse to the circuit and did not decrease gm,.

The op-amps A; and A;' were quad monolithie RC-4136 amplifiers.
The noise of these devices was measured at 10 nv/v/Hz above 1 KHz, and
gain bandwidth product was 3.2 MHz. Transistors Q2 and Qz' were un-
matched 2N5462 P channel FETS. The current mirrors were CA3183 NPN
transistor arrays, with betas measured to be approximately 90.

The output op-amp was a TP-1322 high speed amplifier. All
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resiscors were 1% metal film. The eircuit was biased to allow

+ 12 Vv common mode swing,and the drain current was 3 mA.

Amplifier Noise

Figure 6-~1 indicates the measured amplifier input noise above
1KHz versus gain along with that predicted by the Equations in Chapter
IV. Figure 6-2 shows the measured input nolse spectral density as a

funetion of frequency for gain of 20 and 100.

Common Mode Rejection

The common mode rejection ratio was measured for three cases,

1. without cascode transistors,

2, with cascode transistors, and

3. Ry trimmed for maximum CMR.
Figure 6-3 is a plot of measured and and calculated CMRR for all three
cases at a gain of 100, The CMRR is proportional to gain above the
3dB breakpoint; that is, 1f the gain is reduced 10 dB the CMRR will be

reduced 10 dB. Gain does not affect CMRR below the 3 dB break point.

Other Characteristics

The gain of the amplifier was found to be within + 0.5% of the

predicted gain of

2Rf
R

Ag = (6-3)

g

The gain had a usable range from 0.1 to 1000 by changing Rg. Gain
nonlinearity was estimated to be less than 0.5%. Output dynamic range

was measured to be
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-1V < Y, < 13V, (6-4)

The small signal rise time was measured as

Trg = 110 ns, (6-5)

giving

BWg = 3.18 MHz,

for an overshoot of 30%Z. The small aignal bandwidth was therefore
limited only by the gain bandwidth product of A; and A,'. TFor an
output square wave going from -10 volts to +10 volts the large signal

rise time was measured to be

Trg £ 6 us . {6-6)
The input offset voltage was measured to be

Vg = 17 mv (6=7)

and was primarily due to input transister matching. The temperature

dependent drift should also be dominated by input transistor drift,



CHAPTER VII
DISCUSSION AND CONCLUSIONS

Analytical studies presented in previous chapters demonstrated
the inability of commonly used instrumentation amplifier circuits to
give high common mode rejection, low noise and low distortion
simultaneously. The limitailons were outlined, and methods were
demonstrated to improve bHoth noise and common mode performance. A
new amplifier was developed and evaluated. The tests indicate that ‘e
analysis presented accurately described the physical phenomena.

As a result of this study the new amplifier of Figure 5-2
{p. 61) has lower noise and higher CMRR than any instrumentation
amplifier now commercially available. This amplifier does, however,
lack the convenience of the monolithic instrumentation amplifiers
such as the Analog Devices AD-521. The usefullness of the amplifier
could ve improved if a hybrid version were built allowing a smaller
size and better temperature tracking of resistors, Table VII-1 is a
comparison of the new amplifier with a few quality instrumentation
amplifiers currently available. The noise 1s 10 Hz to 10 KHz input
referred, and CMRR is at 60 Hz. Differential gain is 100 V/V.

The speed and noise performance of the new amplifier could
be improved if low noise high speed discrete transistor circuits
vere substituted fc. the op-amps. This would further complicate the
circuit, however, making the component matching problem more difficult.
An ultimate performance instrumentation amplifier could pe built using
the general ideas of this study if several very carefully matched
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TABLE VII~1
Comparison of New Instrumentation Amplifier

With Commercially Available Units
for Gain of 100

CMRR (dB) en (V)
Manufacturer Model @ 60 Hz 10Hz - 10KH=z

New Amplifier 1 135 0.30
Analog Devices [15] AD520K 110 2.92
Analog Devices [16] ADS21K 114 1.24
Burr Brown [17] 3670K 94 3.30
Burr Brown [18] 3660K 100 2.30
Analog Devices {19] 606M 100 1.70

high transconductance FET's were paralleled to form the ipput devices,
discrete circuits were used for the op-amps, and all circuit
resistors were trimmed to minimize the common mode gain,

An amplifier could possibly be built having as low as 20 &
noise resistance and as high as 100 dB common mode rejection at

10 KHz.
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APPENDIX A
BASIC NOLSE ANALYSIS OF ACTIVE DL"7TCES

It will be the purpogse of this analysls ro find the equival’
putput noise of an active device and its assoclated components. Most
all active devices can be represented by the model in Figure A-1l, Here

canductricey are used instead of impedances to simpliiy the analysis.

5

. . thc
+2
Y1 gm‘J Y3 1o
!
Ya

N
‘._{4

— Device

Va

Figure A~1., Active Device Model With Associated Circuitry.
Y,, Yy and Y, are representative of the associated input and output
circuitry. The analysis can be simplified without loss in exactness
if Y4 is lumped into Yy giving the model in Figure A-2. Any noise
sources in the device <an be simulated by an appropriate combination

it

of the noisn cu rent sources i, ip, and i..
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Vb 1 Ve

Yy

1y Y v Y1 gmv Y3 Ye ic

= v, = =

1a ; Ya

Figure A-2., Simplified Active Device Model With Noise Sources.

Given the model in Figure A-2 the node equations are

Vb(Yb + Yl + Y2) - Va(Yl) = VC(YZ) = ib:
~Vp(Yy + gm) + Va(gm+ Yg + ¥ + ¥3) - Ve(¥5) = 1,, °
ansd (a-1)

~Vp (Y2 - gm) - Va(¥s + gm) + V. (Yo + Y2 +Y¥3) = L.

To salve for the Norton equiv lent noise at the output node C
{(collector of Bipolar transistoxr or drain of an TET), as shcwn in
Figure A-3 the output admittance Y,. and Norton curient source must
be found, Y,, can be found from Equation (A-1) by letting

Yo = 0
iz = 0

ipb, = 0
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Figure A-3. Norton Equivalent Noise Model at Node C.

and solving for io/Ve = Ygo. Making these substitutions and

gsolving by Cramers rule, Equation (A-2) is obtained.

oc — Ypem + Y, ¥, + Yp¥; F Y95 + Y1Y, + Yiva T

(A-2)

+ Y1iYaY, + Yata¥, + Ya¥aY, + 2¥a1Ya¥a + YaY gm
+ Yogm + Yo¥, + Y Y2 + Ya¥3

The collector shot noise of a bhipolar transistor or the drain
channel noise of an FET appears in the model as a noise current source
i) in the moadel of Figure A-4, This model can be made to fit the
general node equation if

i, = 0,
i = =-i1, -
and

+1i;.

[N
(3
It



79

Vbl | e T : ch
\ll 1 J » L
Y
' v |y ng 1 14| ¥3 Ye
. -
Ya

Figure A-4., Active Device Model With One Noise Souzce.

The Norton equivalent output current scurce can be found by
finding the short circuit cutput current or the open circuit output
voltage times the output admittance. The latter is easier to find
using the node equation. Making the above substitution the Norton

equivalent output current is given by Equation (A-3).

(YbYa + YbYl + YlYa + YzYa)
in (YbYa + Yy + Y Y, + YaYgq)

(A-3)
ii
+ YpYa + Y3¥3 + Yogm + Y1Ys + Yo¥3

For low frequencies the model admittances can be approximated

as in Table A-1. Making these substitutions into Equation (A~3) for

the bipolar transistor gives
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TABLE A-1

Low Frequency Equivalents to Model Admittances

Admittance Bipelar FET
Y -——-—1--—-- = -—.——-;'_—__.... 1
1 Th'e B+ vy Tgs
Yo 0 )
Y3 l/tce 1/rgs
1 1
b Rp + rp Ry
1 1
*a Re Rg
1 1
Ye Re Rd
Em B — B gm




PI
[(B+1> L= 1] i)
e e
in, = - " (A-4)
lowft Te Te b b
B+ 1) [rc + Re]+1 + - + R
assuming
g>>1,
Fee”>ta,
Brce>>Rgs
and o i1 = i,
Equation (A-4) reduces to
inc N Fre + Re + Rp
ie T BRe * ra) t Ry (&-3)
lowf
In the common base configuration
Rp = 0O
Re>>fBrs.
Then
inc = -.-.-1'.— (A._a)
te lowf B . I
CEh
In the common emitter configuration
Re = 0,
then
i
o = 1. (A-7)
c lowtf

CE



For the differential amplifier case

Re = Te + Rb/B'

Then
ine - 1
i Lowf 2
diff

82

(A-8)

Making the appropriate substitution into Equation (A-3) for the low

frequency FET MODEL gives, with i1 = 4,

(A-9)
ind RgRs RoTog raghs
i4 lowE 1 1 1 gm 1 1
1f rgs>?Ra,
and rgs>>R5
then Equation (A~9) reduces to
, 1
ind
—na_ o (A-10)
id Lowf l+ gm Rg +
For the common gate case:
Rg = rdg
>>
Rg p
ind_ y —r (A-11)
ig gm lg
lowf

CG



For the common source case!

Rg = 0,
{ !
— nd - l
1d lowf
C5
For the differential amplifier
1
Rg = pral
Rg << rgg
ind LA
14 lowf 2

83
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(A-13)



APPENDIX B
PARAMETERS OT OP-AMPS AND FET'S

The foliowing is a partlal listing of specifications on the
RG4136 quad op-amp [20]:

1. Galn-bandwidth product -~ 3 MHz,

2. DC gain - 300,000 V/v.

3. Input noise voltage above 1000 Hz - 10 nv// Hz.

Input noise current above 1000 Hz - 0.5 pA/Y Hz.

The following is a pariial listing of the specifications of
the dual N-channel FET number 2N5565 for Vgg = 15V, and Ig = 2 mA
f21].

1. gmgg - 1B mmhos

2. Igss — 15 mA.

3. Vp~ 1.8V

4. Qutput resistance - 66 ki,

5. Gate current - 15 pA.

6. Input noise voltage - 4.5 nv/V/ Hz.

7. Drift in Vgg - 9 uv/°C.

8. Vgs mis-match - 8 mv.
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APPENDIX C

COMMON MODE REJECTION AND NOTSE MEASURUMEFT

An experimental apparatus was used to measure common mode

gain and noise as in Figure C-1l.

1k

+ - .
IA Ay "//r\\ ,K_‘

- e —
e e

S1 Twin-T True RMS
= Low Noise Filter Volt Meter

Amplifier Set

Sine Wave Instrumentation
Source amplifier

Figure C-1. Amparatus for Measuring Common Mode Gain and
Noise.

The switech &5 was used to switch from the common mode gain tn
noise measurement. The amplifier A) had an equivalent noise resistance
of 10 & and a gain of 240. The twin-T filter set had a @ of about
10, a gain at midband of 40, and a calibrated noise bandwidth.

To obtain CMRR the ratic of differential ‘n to common mode gain
at a particular frequency is taken.

To measure noise 8 is closed to short both inputs of the
amplifier under test te ground. To obtain the eguivalent input noise

voltage the meter reading was divided by the {ilter gain, the square-
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root of filter bhandwidth, the Ay amplifier gain and the differential

gain of the amplifier under test.
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