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INTRODUCTION

The advantages in noise reduction and power dissipation «tained by

available transistors with high current gain in the microampere region in
addition to the other required characteristics for low drift performance, i,e.,
low leakage and base-emitter voltage matching and temperature tracking has,
however, in the past limited the input stage collector current to about 100
microamperes, Now with the recently announced low level NPN and PNP
planar transistors, a further reduction in operating currents and the associe
ated power dissipation is possible,

lector currents have been recogeoperating a differential amplifier
lo$3 2nized and described by several The lack of commercially

Such a differential amplifier with a total power dissipation of less
than one milliwatt, a voltage gain of 60 db, and an equivalent input drift of
was built, It's performance and the advantages of low level operation are
discussed below,

less than 3uV/°C over the operating temperature range of -30°C to +759C

AMPLIFIER DRIFT :

The most serious criterion of a differential amplifier is its drift
performance, Drift voltage in the amplifier input is indistinguishable from
the signal and hence, the minimum detectable signal is determined by the
drift,

Amplifier drift is attributed to the difference in the base-emitter
voltages of the two transistors, their d.c, current gain, and their collec-
tor-base leakage currents. The terms containing these parameter
differences appear in the amplifier output as an error Signal, Okada has
shown this output voltage of a single differential amplifier stage (Fig. lJas(1)
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with the extrinsic resistances included in R, and R,, the current gain assumed
to be a constant and RLZ< re. The desired zero output voltage for a zero input
can always be obtained at any one operating temperature by making Rel and
Re2 adjustable at a sacrifice of equal emitter currents, In order to obtain a
reasonably wide operating tempefrature range and a high longeterm stability,
the parameters of the two transistors must have similar temperature and agingeffects,

The difference in the base-emitter voltages of the two input transistorsis the predominant factor in the overall amplifier drift performance, In the
amplifier of Fig. 2 this difference has been minimized both in the production of
the dual unit 21K5 and in the circuit by keeping the collector current and the
collector-emitter voltage low,

EFFECT OF LOW LEVEL OPERATION ON AMPLIFIER DRIFT:
Since the base-emitter voltage is extremely temperature sensitive with

a thermal coefficient of about -2. 3mV/°C, a temperature difference between
the transistors of even a fraction of a degree would produce intolerable inputdrift. In the 21K5 unit, both transistors are mounted in close proximity on the
same TO-5 header. Thus the temperature differential between the transistors
is minimized, This mounting technique is common to all dual units intended
for high or low level differential input stages, and in itself does not make the
advantages of low level operation obvious until the power dissipation is conside
ered, A transistor with a hpp of 50 at Ic = 5uA and Vcr = 1. 5v dissipates
approximately 7,5 uW, raising the junction temperature (thermal resistance
300°C/ W) 0,0023°C compared with the common operating conditions of highlevel input stage operating conditions of Ic = 100uA and VCE = 5v for a power
dissipation of 502 uW and a junction temperature rise of 0,1519C, Since only
a 1/1000°C temperature difference between the two junctions would produce an
equivalent input drift of 2.3uV, the probability of error signals being generated
by unequal junction temperatures is reduced by low level operation, This
problem is more severe in high level input stages when the collector current is
deliberately mismatched to obtain zero output,

Low level operation reduces the absolute value of the base-emitter
voltage difference in another way.

During the manufacturing process of all dual units,no accurate measure-
ments of the base-emitter voltage is possible until the transistors have been
mounted, The normal procedure is to select and match transistors for other
characteristics and to rely on the process uniformity to produce units with low
base-emitter voltage differences, A common specification is a maximum
difference of 5mV at Ic = 100uA and Vcr = 5v for a high level dual unit, The
fact that the base-emitter voltage is a function of the collector current reduces
the absolute magnitude of the individual transistor VBE's and thus increases the
probability of lower voltage differences, <A typical value of individual VBE in
the 21K5 is 0,47V at Ic = 5uA as compared with .58v at 100uA for a high current
unit. The temperature tracking of the difference voltage is also improved at low
levels giving a typical change of luv/%C. Several unselected 21K5 units are -

plotted in Fig. 3.
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Drift ais also produced by the difference in d,c, current gains of the
input transistors and its variation with temperature, The transistors in the
21K5 dual unit have a typical hyp of 80 at Ic = 5uA, VcE * 1. 5v and their
maximum mismatch is 10%, The variation in beta at this operating point is
about 1,5%/°C; it is fairly linear with temperature as shown in Fig. 4.
Since the collector current is kept constant at 5uA by the current generator,
the change in results in a decrease of base current of about .5nA for
each degree rise in temperature. This low base current change is another
advantage of low level operation allowing higher source resistances to be
used with less drift, A source resistance of 10k would produce, for example,

of 10%, For the same reason, a greater unbalance in the source resistances
is permissible,

x 0.5 x 1079 x (+ 10%)) drift as a result of hrf mismatch

The third cause of drift is the collectorebase leakage current ICBO.
This current is typically 0, InA at room temperature, and it doubleswith
every 11°C rise in temperature, Thus the drift caused by the leakage currents
can be neglected for operating temperatures up to 75°C if the source resise
tance is less than 1000 ohms,

AMPLIFIER DESCRIPTION
The differential amplifier of Fig. 2 was constructed using low level

planar transistors in all stages, The dnput stage, using a 21K5 dual unit
(2 matched 2N2524's) is biased at a collector current of 5uA and a collector~
emitter voltage of 1.4v. Constant emitter current to this stage is supplied
by a 2N2524 transistor in the common base configuration. The 500 ohm
potentiometer in the emitter circuit of the first stage allows compensation
for base-emitter voltage differences af up to 1.5 mV, which is more than
the worst case voltage spread shown in Fig. 2, The choice of the 5uA
collector current level allows high resistances to be used in the collector
so that even at a supply voltage of 3 volts high enough voltage gain is
realized to confine practically all the drift to this stage.

The second stage consists of two 2N2605 PNP transistors, This
complementary stage arrangement allows the output level to be returned to
ground potential in the emitter follower output stage. Thus the usual inter-
mediate voltage divider networks which would be required if thansistors of
the same type were used throughout the circuit are eliminated, At the collector
current of 10uA, high voltage gain is also obtained in this stage for an overall
amplifier open loop gain of about 1400, Feedback resistors from the collectors
of the second stage to emitters of the input stage provide means for gain control,
An arrangement as shown in Fig. 5 provides gain control from 600 to 1100,
Other resistor combinations could be substituted for lower amplifier gain,
although for circuit gain of less than 200 additional resistor changes in the
current generator may be necessary to enable the output adjustment to be set
for zero output at elevated temperatures,

The output stage is an emitter follower. The output level potentiometer,
shunted by a silicon diode for improved temperature tracking, provides about
400 millivolt adjustment range, This amplifier was built on a printed circuit
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board using conventional construction techniques, Special attention was,
however, given to the input stage by keeping the length of the conduttors and
the connections symmetrical because unequal thermally generated voltages in
the base circuit can produce drifts at least as severe as those of the transistor,
AMPLIFIER PERFORMANCE

The performance of the amplifier just described was checked with four
sets of unselected transistors, Very good drift performance was achieved in
all cases, The equivalent input drift with balanced somrce resistances of 10 k
was less than 2,5 uV/°C from -30°C to +75°C as shown in Fig. 6. The limiting
factor at the high end is the difference in voltage drops across the input resise~
tors produced by the collectorebase leakage currents at the elevated temperature,
The temperature range could be extended by reducing the source resistances,
The low temperature range is limited by the hpp falloff at low temperatures and
the associated deviations from the current gain match,

The long term equivalent input drift of the amplifier with the same source
resistances is less than 20uV over a 72 hour period,

The total power dissipation of the circuit is approximately 500uW with a
current drain of 105uA from the negative three volt supply and 60uA from the
+3v supply.

The input résistance is greater than 600k, The output resistance is
about 7k, The maximum differential input signal of the amplifier is + 1.4 mV
peak with the maximum undistorted output of + 1.4v peak into a 200 k load and
+ 0, 5v into 20 k,

The gain is flat from d.c. to 300 cps with a 3 db point and 4000 cps. as
shown in Fig. 7. The gain is also flat with source resistances up to 20 k, tFig. 8)
With the voltage gain set for 300 the output voltage is within + 1% from -20°C to
+60°C, The variations are somewhat greater with higher gain,

The common mode rejection is greater than 80 db from 0 to 100 cps, and
greater than 70 db to 1 kc.

The low noise characteristics of the 21K5 transistors and the I = 5uA
operating point assures low output noise, The typical noise voltages referred to
the input for noise bandwidths of 125 cps, 390 cps and 1570 cps versus balanced
source resistances to 100 k are shown in Fig. 9.

CONCLUSIONS

Certain advantages in differential amplifier drift performance, output
noise, and input resistance can be achieved by operating the input stage at low
collector currents, These advantages, precluded by the lack of suitable tran-
sistors in the past, can now be realized with the use of matched low level planar
transistors, An amplifier using the low level characteristics of these transis-~
tors has been constructed and its performance described.
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A NEW D-C TRANSISTOR DIFFERENTIAL AMPLIFIER
By David F. Hilbiber

The stable amplification of low-level signals of less than 1 millivolt magnitude has usually been done
with a carrier-type feedback amplifier employing a complex modulation-demodulation system incorporating
a short-lived and bulky mechanical chopper. The much simpler all-transistor d-c differential amplifier,
however, has not been suitable due to drifts in gain and operating point during aging and temperature varia-
tions. The purpose of this paper is to relate improvements in both of these respects as a result of using
planar silicon transistors described by Hoerni' and a compound transistor circuit. Equivalent input drifte
of 3uV/°C to 5uV/*C have been attained over the temperature range of -70°C to +125°C, with negligible gain
variations. This circuit also offers single-ended as well as differential output capabilities.

ESTABLISHMENT OF THE D-C OPERATING POINT

Okada? has shown for the conventional differential stage, Fig. 1, that the output function is givenb

Bag * Fig |

[= Rui + R a) (pee 1)
A

R R
R (Rot Icon R R) R \oy R + EE/ bi

Li El E2+ :

A
*

[Foot Rui loge RL2 (i)

bi. Roo . bl "ba
Bi Bo Ba Ba Ree

and where it is assumed that Wis constant, Ry, <a r and the device extrinsic resistances are included in

where As + Rog +el

Rei. Rog Rbi' and Rio
To obtain the initial balance, that is when Foo -E,0 and Ei, - Eo; are both zero, the remainder of

Equation (1) must sum to zero. The term relating to Ver may be made small if Ree is sufficiently large
which is readily accomplished by employing the impedance gain of a transistor operated as a current source.

Then, for transistors ideally matched with respect to Var and loo the conditions of balance are fulfilled.
Since such selection of units is not feasible on a production basis, the alternative is to vary the relative

magnitudes of R,, and at the expense of unequal emitter currents.

"Vee

le ts

Ver

Fig. 1 'The generalized transistor differential stage,



TP-16

The primary factors responsible for drift of operating point are well known; specifically the thermal
effects on the emitter-base voltage, current gain, and I From Equation (1) it is seen that if Ry" 0,
the effects of P, variations are small. This, however, tends to restrict operation to very low source im--
pedances and limits the usefulness of the stage. It is possible to alleviate this condition to a certain extent
by operating at collector currents as low as possible commensurate with the output loading. A further rea-
son to keep Rix small is to minimize lopo effects. However, for the planar transistors mentioned pre-
viously}, the magnitudes and distribution of logo (as shown by Figure 2(a)) are such that their effects may
be neglected to temperatures as high as 100°C to 125°C for source impedances of 103 ohms to 104 ohms.
The most difficult obstacle to overcome is the matching of the tude and temperature oefc ent othe
emitter-base voltages, as both of these quantities are a function of current gain, emitter current, doping

CBO'

magni

densities of the emitter and base at the junction and the relative magnitudes of diffusion and space-charge
region recombination-generation currents. 3,4 Ithas been found, however, that the uniformity of charac-
teristics inherent in the planar-diffused transistors lends to selection methods for optimum temperature
matching. A typical group distribution is shown in Figure 2(b). ;

30

20010S
5 9 96 99995 0 1000

PERCENTAGE OF UNITS LESS THAN ORDINATE Ip - pA

Fig. 2 (a) A typicil distribution of Fig. 2 (b) A typical distribution of

21893
Veg 30 Voits

:

a :

= 28

3 26

24
0.0

30%
Medium
10%2

25ec

20 3 40 50 60 70 8 90

Base-Emitter voltage temperature coefficient.
for the planar 'ransistor. .

CBO as a function of temperature

From experimental data it has been observed that the best tracking of emitter-base voltages (that
is, Vsr1 - Var2 & 0) is obtained when the collector currents are maintained constantwith respect to
temperature and loading. Since it is quite evident this requirement cannot conveniently be satisfied by the
circuit of Figure 1, 'an alternate approach is used where the single transistors are replaced by equivalent
three-terminal PNP/NPN compound transistor blocks. The basic circuit is shown in Figure 3. The col-
lector current of Q,, Ip4, is given by

Io, * Ing + 1 (2)
1

where Ine is the base current of Qo, V, is the voltage across Ry, and Toy < Tog assumed. Further,

+

0 "Vit + VpgtT)

3

€

D1 BE2
:
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For a P-N junction in avalanche breakdown, the voltage is a function of temperature as given by

VR * Yao + Yr (T -

where is the temperature coefficient of the reverse breakdown voltage. Also, YR is a function of VR
and Ip,

YR KW-V') (KR > 0) :
where K, = 1.1 mv/*C/V and V' = V' a) = 4.6 to 5.0 volts. Since thetemperature coefficient of voltage
of a forward biased junction is given by

Ve * Veo + p(T - 7,)r

F and Yy < 0 at the operating levels of interest, then it is immediately apparent that v,where Y
can be made to increase, decrease, or remain constant with temperature by the proper selection of D,.1
Equation (2) may be written :

+ ) * ("a *
Ye)(F- T,)Di0

:

For Igy to remain constant with temperature,

the proper selection of
Dd,

The compound block also has a considerably higher current gain than the single transistor stage. Referring
to Figure 35

and
+ )

therefore,

B2

Then, if R, is chosen such that IC1 < Ing by an order ofmagnitude, isproportionately reduced compared
to what itwould be for the single transistor case, The reduction if 'compared to the circuit of Figure 1

permits operation from high source impedances if this is desired, a

alo, B2 (3)
+ xR F

a negative quantity as current gain normally increases with temperature. Thus, by

61B2 YR +
=0

1 + (1 + Pa) Iy9I! 2 1

1
1

(4)Pi 1 I + I
1

:

:

4
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An extension of the PNP/NPN compound blockhaving higher current gain is in Figure 4. The
three-terminal current gain of this circuit is readily found to be

1 7
Pe (2 + Bs) 'ba (5)I +Ip* Py B2

Io1 is maintained constant as before, but for a given ly Ina is smaller than for the twotransistor block
and hence I may be reduced considerably. While the latter circuit results in very smail input biasing
currents the limitation on source impedance is again determined by IoBo temperature considerations.

c*

E'

having higher gain.

E*

ZN 0,ZS Dy

Ig,
Kee

Qo

Q3

Fig. 3 The PNP/NPN compound block. . Fig. 4 An extension of the compound block,

Previously, only the electrical aspects of the amplifier have been considered. In packaging an as-

sembly where the input transistor pairs are thermally separated such that temperature differentials could

readily exist, the following effects will be present. Since the Vor temperature coefficients are from

2 mV/°C to 3 mV/ °C in magnitude, than aAT of 0.01°C represents an apparent signal input of 20 nV to 30 KV.

To overcome this very serious obstacle, units have been fabricated using two selected devices in a single

sideration concerns the device dissipation and thermal resistance. 5 For all practical junctiondevices where

emitter and collector junctions are close together, the device collector dissipation and thermal resistance

determine the temperature at the emitter. Hence low frequency signals create temperature variations at

the emitter. These temperature changes associated with the emitter-base voltage temperature coefficient

result in a thermally generated feedback voltage. This phenomenon is minimized by operating at low col-

lector currents and voltages.

TO-5 package, which under worse conditions gives small gradients having short duration. A further con-

Specific examples of these amplifiers are the circuits shown in Figures 5 and 6 using the two-tran-

sistor and three-transistor blocks, respectively, which have been designed for optimum d-c performance,

Matched input transistors provide equivalent input drifts in the range of to 5pv/°c which have been

attained over the range of -70°C to +125°C. Eight hour stability for the two-transistor block is approxi-

mately with a 330 ohm source impedance and + 16yV for a 2500 ohm input and the three-transistor

block drifts are halved. The circuit is insensitive to power eupply variations. No selectionis required

matched.

:

with respect to V Operation is improved, however, if the current gains are somewhat
BE
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*225 +225

SK 25K SK

69

5500 300>

Ty =2.1mA

2N2060
(Ye) (Ye)

201893

t Veit Zener pins toe

1 t a
20893 2893 22060

won

6AK

33K 93 TJV

Fig. 5 The improved differential amplifier Fig. 6 The improved differential amplifier
using the two-transistor block. using the three-transistor block.

THE AMPLIFIER SMALL-SIGNAL CHARACTERISTICS

In addition to d-c stability criteria for the amplifier discussed, the designer must consider the in-
cremental or small-signal behaviour, It is desired to make the circuit voltage gain insensitive to device
parameter variations. The amplifier is analyzed here on the basis of the single-ended equivalent stage and

a new method of determining optimum circuit resistance values is given.

Employing the conventional h-parameter notation, the voltage gain of common-emitter transistor
stage with series emitter resistance is given by (see Appendix I):

hyRy, (6)hv
[hy + R + Ry (A +h R_)

A

where common emitter h-parameters are implied, and Ry and R, arethe collector and emitter resistances,
respectively. For an ideal transistor (rs aryb

0, r 200 1.0) the voltage gain is given by the ratio

R,/R To determine how closely the actual gain approaches this number, Equation (6) is written
c

h 1

A, *
1 +a

where g"= , the ideal transistor gain, and
e

R

i : p,
(6 Rh +-3- 6Ai h

eo R +

The voltage gain will approach the ideal value as hy
oo and A 0. It is obvious that A may be mini-

mized by an optimum Ry which is readily obtained

h
+

adn» 1
dR 1+h Re

1

)

Solving for R,, 1/2 :

>

(opt.) (2)
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A design criteria is thus established which permits the greatest independence of transistor parameters for

a specified stage gain. Although Ay the difference is normally quite small, and Ry may be increased

slightly to achieve the desired gain. It is apparent that this optimization is also applicable to the three-

terminal PNP/NPN compound blocks using the appropriate simplified h-parameters developed in Appendix

Ul. Figure 7 is a family of curves (calculated) of g9 vs. E for the single transistor and the compound blocks

assuming R, = R, (opt.) and R, = 0.05 R, (opt.), using a typical 2N1893, where g, = A./g.

The input resistance is also of interest since this determines the loading placed upon the source.

This is related by (see Appendix I):

The input resistance (calculated) corresponding to a given g is shown by the curves of Figure 8, for

h + (1 +h ) R +RL (Ah (8)+hR*
+ h

R, = R, (opt.) and R, = 0.05 R, (opt.).
- Re Re {opt}

9999
Re 0.05 Re (opt)
Re Rp Re 005 Re lool}:

r 4Ns;So,
Meosured volues for the circuit of

Measured valves tor the circuit of fig.6

[Re =

TraNisTor
Measured volves for the circuit of

99
[Re 0.05 Rg (opt.j} NSisTor

TRa

LRan Iwo r
OR

Ria

B

B og

{0 10? 10° 10° 10?

10°
5 10!

9
§

Fig. 7 Normalized gain, go, Fig. 8 Input resistance as a function of &

as a function of g (g = Ry, Re) for for R, = Rg (opt.) and Rg = .05 Re (opt.).

Rg=Re opt.) and Rg = .05 Ry (opt.).

Experimental data obtained with the single-ended equivalent stage are in good agreement with the predicted

behaviour. It should be noted that the optimum R, for the circuit examples of Figures 5 and 6 was not se-

lectedfor practical reasons. For the circuit of Figure 6 with a desired voltage gain of 100, R (opt.) = 1.03 KQ

and Ry 103 K. Since IL, «1 ma, the required collector supply would be 115 volts. The schematic values

shown were selectedto permit operation from reduced supply voltages. The curves of Figure 7 indicate the

extent thatthe gain performance is degraded by using R, (opt.). The advantage of the multi-transis-

tor block is quite evident in this respect, as Bo decreases much less than for the single transistor case.

TRANSISTOR CHARACTERISTICS FOR AN OPTIMIZED D-C AMPLIFIER

From Equation (1), it is immediately apparent that lag must be small, the base-emitter voltages

must be well matched (essential to realize equal input-transistor collector currents), and the transistors

must have similar current gains. One necessary condition in realizing these requirements is that surface

effects be kept small. The oxide protected surface on planar units allows one to achieve this quite well.

The planar diffused junction transistor has an excellent uniformity with respect to emitter and base sensi-

tive characteristics making feasible a production type matching selection,
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andh.. This isIn addition the Early effect in the transistor must be kept smallto minimize h
best realized by having the collector doping much lighter than the base (ideally an abrupt junction), such
that the depletion layer variations occur primarily in the collector. For this reason high 6 units are not
desirable as high 8 implies narrow base width and an increased Early effect sensitivity,

r

CONCLUSION

The amplifier described compares favorably with many commercially available chopper types with
respect to temperature drift and gain stability The circuit is extremely simple 'and easily packages as
shown by Figure 9

a :

: : : :

:

:

:

Fig. 9 Printed circuit board version of amplifier shown in Fig. 5.

While optimum gain behavior has been stressed, it is possible to effect compromises such as in-
creased input impedance with an increased transistor dependence, The maximum bandwidth is of the order
of 104 cps to 10° cps, but by rolling off at lower frequencies, equivalent input noise may be reduced con-
siderably.

The writer gratefully acknowledges themany helpful discussion with Drs. V.H. Grinich and C.T. Sah
and the patience and care of Messrs, R. Robson and E. Oliver in fabricating the devices and circuits used.
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APPENDIX I

The common-emitter stage with seriés emitter resistance may be characterizedby an equivalent set

of h'-parameters as given by:
°

h + R (1.+ h + A r)
1 + hR

:

h hR :

+ hR
h + hR
1 + hR

___

1 + hR
h

where R, ig the series emitter resistance and common emitter parameters are implied, For the transis-

tors used in the amplifier, it is noted

kh,
<<< 1, andhR, << 1. o

Then, (1+ hy)
R (Al)

h," hy
(A2)

h," h, +hR a8)

hg" = hy

h +

(A4)

Further, the voltage gain of a transistor, stage is given by:
®

hyRy,

h, + (Ah)R

where A hh, - hh... Substituting in the h'' parameters obtained above:

AR,
(AS)A," (1 +h.)R_ + R, (A" +

The input resistance of the common emitter resistance is given by:
®

h + 0a) R,,
4 :

1+ hoRy,
4

With the h" parameters substituted, this becomes:

h, + (2 + hy)R, +R, (48 + bRe)
1+hoF,

(A6)*

w
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APPENDIX I
The three-terminal n-transistor block may be characterized by an equivalent set ofh'-parameters.

Consider the circuit of Figure 3, having the block diagram shown in Figure 10 (a). To simplify the dia-
gram, R, and the dynamic impedance of D; are included in the h parameters of Q, such that

:

1 {2 1)
hig (A7)

R h +h R
+ hig +hR2 Di1

R,
+and h!

2 {2 h! (A8)
i2

The signal flow graph' corresponding to Figure 10 (a) is shown in Figure 10(b), From the flow
graph, the following relationships are obtained by inspection:

by (1
+ Boyhig)

- beh,hig
olhig

1+h

h'

1 +h!

h h!fl {2
h!ol i2

h hrl r2
4 r h!ol i2

(1 + hort) °
hy2h,ohoy2h4

i 0 leh h!
h'

i2

Since from the d-c operating bias conditions oy Io» then it follows that hoO1<h02? and as a conse-
quence h hia << 1, Further, since

h,ia}
> h << 1, and (1.

- h <<< 1, then the h' notations

may be simplified to:
ol i2' f1

(A9)

hy "herbie (10)

h' bes (A11)

Mo hog -h2 Pol (A12)

h! il

:

parameters used are for the common emitter configuration, and hye imply com-It must be noted that
mon collector

10
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ip i lg louri

VourC.E
V3

C.CVint

Fig. 10 (a) The block diagram of the two-transistor circuit of Fig, 31

lour4

g is Nee ig

Aho hie hoe:

vy he Ve V3 hee Vq
Vin Your

Fig. 10 (b) The associated signal-flow-graph.

The circuit of F 4 is analyzed in a similar manner, (See Figure 11). The complete expressions
:

for the h*-parameters are found to be:

:

fl [ns{2 (1
+ bY) -

>
o2h*

h* =

rl [>r2 (1 his) + hs * hh h*

Dp

[@
+

h%ss) (1
-

bs))]
. ho [>tava (1

+
(1
-

3)
Q

hg (D) +h-02
D

h* hr3 (1+ bY) (1
- h )

D
fe r2

where D=1 + by, [» *i2 (i + h+h (1 +
43+h i3 f2) (2

- h 2) 02 13 :

and and b*ro are determined by the relationships given in Equations (A7) and (A8) respectively. Fur-

ther, h* andh* are modified to include R,. Using similar assumptions concerning

4
< ry

11
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as for the two-transistor case, the h*-parameters may then be reduced to:

hy (A13)

bt, oh, -42 (1 + h*
3) (A14)

h*,= hy (Ais)

h*, hog + Bop (i + h*,3)
- Boi [ora (2 + bts) (A16)

where and hs parameters are for the common emitter configuration and hye are common collector.

2 i3 ig 6 i our

Qe Q3

Vint nt + Vo
C.C. C.E. {Your

V3 V5

Fig. 11 (a) The block diagram of the three-transistor circuit,

lout

Vour

Ney ip Nee ig Ig Nes ig

ha Hei hie hoe his hes

bry lve V3 hee Va V5 hes Vg
Vin

Fig. 11 (b) The signal-flow-graph

s

12 :




