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INTRODUCTION

The advantages in noise reduction and power dissipation « tained by
operating a differential amplifier at lov;( coSlector currents have been recog~
nized and described by several author {1, 2] The lack of commercially
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 associ-
ated power dissipation is possible,

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
less than 3uV/°C over the operating temperature range of -300C to +75°C
was built, It's performance and the advantages of low level operation are
discussed below, '

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. l)as(l)
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with the extrinsic resistances included in Ry and R,, the current gain assumed
to be a constant and R1,({r.. 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 tempe#gature range and a high long~term stability,
the parameters of the two transistors must have similar temperature and aging
effects,

The difference in the base~emitter voltages of the two input transistors
is the predominant factor in the overall amplifier drift performance, In the
amplifier of Fig. 2 this différence 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 input
drift, 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 I¢ = 5uA and Vg = 1. 5v dissipates
approximately 7,5 uW, raising the junction temperature (thermal resistance
300°C/ W) 0,00230C compared with the common operating conditions of high
level input stage operating conditions of I = 100uA and VCE = 5v for a power
dissipation of 502 uW and a junction temperature rise of 0, 151°C, 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 (VBEI'VBEZ) 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 I~ = 100uA and Vg = 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 Vggtg and thus increases the
probability of lower voltage differences. A typical value of individual Vg in
the 21K5 is 0,47V at I = 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 1uV/9C, Several unselected 21K5 units are -

_plotted in Fig. 3.
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Drift is 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 hpp of 80 at I = 5uA, Vg = 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 hpy 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 resistagce of 10k would produce, for example,
+ 0.5uv/°C ElO4 x 0.5 x 109 x (+ 10%)] drift as a result of hpg mismatch

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

The third cause of drift is the collector=base leakage current IcgQ-
This current is typically 0, 1nA at room temperature, and it doubleswith
every 110C rise in temperature, Thus the drift caused by the leakage currents
can be neglected for operating temperatures up to 75°C if the source resis=
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 resis~
tors produced by the collector=base 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, L

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 reésistance is greater than 600k, The output resistance is '
O 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, (Fig. 8)
With the voltage gain set for 300 the output voltage is within + 1% from -20°C to
+600C, 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~

N 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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FIG. 1 DIFFERENTIAL AMPLIFIER INPUT STAGE
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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 inéorporating
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 drifts
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 thé output function is given by:’

~ 4 Ru + %2 Rea] (B - Ba) * (Ve - Vam)
Bz = B0 = A
S V.. ,R. R
EE [ Rb1 Fp2
o, R +aOR][RI - Rl + ( - + R -R)]
Lt T et (Rp1 o = Rz Icoz) R_\"P; Bz  "E1 - FE2
A
[ P
* |'co1Rr1 = ez RLZ] . M
Rp1 . Roa . RpiRug

where A = R, + R, + + +
. el e2 B1 B2 P1 P2 L

and where it is assumed that & is constant, RL <« r ¢ and the device extrinsic resistances are included in

Rel’ Rez ’ Rbl s W sz : ;

To obtain the initial balance, that is when E20 - Elo and En - E2i are both zero, the remainder of
Equation (1) must sum to zero. The term relating to vEE may be made small if R w18 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 VBE and ICO 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 el and Rea at the e;xpense of unequal emitter currents.

ovu
4 <
SRy 3R
Ry 5 .i i Ryg
€y ; Egy
En Rer Ree £

“Vee A

Fig. 1 The generalized transistor differential stage.
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The primary factors responsible for drift of operating point are well known; specifically the thermal
BO' From Equation (1) it is seen that if Rbk_’ 0,
the effects of Pk variations are small. This, however, tends to restrict operation to very low séurce im-

effects on the emitter-base voltage, current gain, and Ic

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 Rbk small is to minimize ICBO effects. However, for the planar transistors mentioned pre-
viously , the magnitudes and distribution of I

CBO(

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 15 the matching of the magnitude and temperature coefficient of the

emitter-base voltages, as both of these quantities are a function of current gain, emitter current, doping

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

100 ; : 30
2N1893
§ Vc.-SOVoln
|
3 W 28>
& e \
3 1 S
4 150°C LI S~
2 ] .——-.—-__—--—-*‘"‘— | \ \
‘é Moximum
g g o
g 0.01 z %0%
' 22 on"
’5 o 25°C ", ; \ Minimum
20
00002 5 0 20 040506070 0 % % 9 995 10 100 1000
PERCENTAGE OF UNITS LESS THAN ORDINATE Ig - pA
Fig. 2 (a) A typic.l distribution of Fig. 2 (b) A typical distribution of
- ICBO as a function of temperature, Base-Emitter voltage temperature coefficient.

for the planar ‘ransistor.

From experimental data it has been observed that the best tracking of emitter-base voltages (that

is, |Vge1 - VBE2

temperature and loading. Since it is quite evident this requirement cannot conveniently be satisfied by the

=~ 0) is obtained when the collector currents are maintained constant with respect to

circuit of Figure 1, ‘an alternate af)proach 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 Ql' ICl’ is given by

I + 1 (2)

c1 1

where IBZ is the base current of Qz, V1 is the voltage across Rl’ and I(.'.1 < Ic2 assumed. Further,

V, = V.. +V

1 D1 BE2 |

= Vpi(T) + Vpga(M =
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For a P-N junction in avalanche breakdown, the voltage is a function of temperature as given by

Vg = Vpo + YR(T-TO)

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

andl.a,
Tt KR OV) (K> 0) -'

where KR ~ 1.1 mv/°C/Vand V' = V' (I.R)' = 4,6 to 5.0 volts. Since the temperature coefficient of voltage
of a forward biased junction is given by

Ve = Veo + Y (T '”‘To)

where TF = YF I, and YF < 0 at the operating levels of interest, then it is immediately apparent that V,
can be made to increase, decrease, or remain constant with temperature by the proper selection of D
Equation (2) may be written :

1

0

(VBEz + leo) + (YR + YF)'(T -To)
Icy = I (T) + R :

1

For ICl to remain constant with temperature,

MCI asz TR + TF

3T - ot * B )
)
where 3T is usually a negative quantity as current gain normally increases with temperature. Thus, by

the proper selection of Dl
Upg TR VE o
oT Ry -

The compound block also hasa considerably higher current gain than the single transistor stage. Referring
to Figure 3; ;

xb-11+12-11 (1+ 92)132
and
Cl/ B, = (I + Ipy / B
therefore, .
B2
T 14+ p,—B2—| | (4)
P' = Ic Fl[_lel+IBz:|
Then, if Rl is chosen such that Ic1 < Ic2 by an order of magnitude, l'B is proportionately reduced compared

to what it would be for the single transistor case. The reduction if IBl compared to the circuit of Figure 1
permits operation from high source impedances if this is desired. : ,

c.
-

-
-

.
O
)

O
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An extension of the PNP/NPN compound block having higher current gain is shown in Figure 4. The

"O three-terminal current gain of this circuit is readily found to be
N Pa(l + P3)Tpy "
P = Pl 1+ I + 1 ( )
‘ B2 1

ICl is maintained constant as before, but for a given I, lﬁz is smaller than for the twotransistor block

and hence ICI may be reduced considerably. While the latter circuit results in very small input biasing

currents the limitation on source impedance is again determined by ICBO temperature considerations.
et

Loc’ _oc*

1,1 R LT Rl

BIO___KQI B*O—_KQ‘ Re

A ‘ —O F' - OE*

Fig. 3 The PNP/NPN compound block. Fig. 4 An extension of the compound block,
O having higher gain.

Previously, only the electrical aspects of the amplifier have been considered. In packagingan 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 vBE temperature coefficients are from
2 mV/°C to 3 mV/ °C in magnitude, than a AT of 0.01°C represents an apparent signal inputof 20 puVto30uV.
To overcome this very serious obstacle, units have been fabricated using two selected devices in asingle
TO-5 package, which under worse conditions gives small gradients having short duration. A further con-
sideration concerns the device dissipation and thermal resistance. g For all practical junctiondevices where
emitter and collector junctions are close together, the device collector dissipation and thermal resistance
determine the temperature at the .e.mitter. 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. ° 2

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 transistorsprovide equivalentinput drifts in the range of 3 uV/°Cto 5uV/°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 £ 124V with a 330 ohm source impedance and £ 16 4V for a 2500 ohm input and the three-transistor

block drifts are halved. The circuit is insensitive to power supply vgrlati_ons. No selectionis required

‘ " with respect to Vo of the PNP units. Operation is improved, however, if the current gains are somewhat -

‘-O” matched. :

N ¢
"

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

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

THE AMPLIFIER SMALL-SIGNAL CHARACTERISTICS

. Solving for R o’

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 insensitiveto 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):

-h.R
A f L

X [h1 + (1 + h) Re] + RL(Ah +hR)

(6)

where common emitter h-parameters arellmplled, and RL and R e are the collector and emitter resistances,
respectively. For an ideal transistor (re~ L 0, Ty mee, 0= 1.0) the voltage gain is givenby the ratio
RL/R x To determine how closely the actual galn{ approaches this number, Equation (6) is written
hf 1
Av'3(1+hf)'1+x
R, T
where g --Te- , the ideal transistor gain, and

h »
: 1 i h
Sl h‘(gReho tR, v EA )

The voltage gain will approach the ideal value as hf —» o0 and A —= 0, It is obvious that A may be mini-
mized by an optimum R 2 which is readily obtained

h .
dh 1 ( 1)
gh -—=)=0
dRO 1+hf (4] Rez

1/2 . - e
hy e
R, (opt.) -(ﬁ:) : A s )

o

Q
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A design criteria is thus established which permits the greatest independence of transistor parameters for

a specified stage gain. Although A v <8 the difference is normally quite small, and RL 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
II. Figure 7 is a family of curves (calculated) of g o V5 B for the single transistor and the compound blocks

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

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

This is related by (see Appendix I):
2 h
h, + (1 +n )R, + R (AP + h R, )

RN = T+ bR (8)
o L

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

R, = R, (opt.) and R = 0.05R, (opt.).

.9999 T : 0t
H) == Rq= R (0p!) ; = Re= R
Ree THA,V I -= Re= 0705 Re (opt) . : - R: - O'O(g%'e) (opt)
SISy, 4 Meosured values for the circuit of fig.5 Meosured values for the circut of fig.6
T R g, [Re = 0.05Rq (0pt)] ' (Re = 0.05Re (opt.]]
\?% L0k | * Meosured volues for the circuit of fig.6 10 T"”?EE -
999 ISTon g [Re = 0.05 Rq (0pt)] . r”‘Ws/
. "“‘IHREE r"\‘% h Two Tha STor 80, ok
=R, ’ it NS):
- rw[; ~28s70p B \\ 10 TR T Nflof Blocy
B Rz hl S S~ ‘ F==me e | 100 gl 0% BLOCK I~
99 I o OIE‘BLOCK -~ - ~ L‘ |o( e -~Eﬂ~$lqmﬁjurx = —
__WIET*"*NS'W‘?M.\ Sl - .| NS e
=~ - 3l e L e
m e e ONE TRt s Sl 10° 1 STOR Blopk ~~~d_
“--JETOR BLO, \ P~ -
—~cy, K —_— ~~.._9'i[ TRAN ‘ \
Y I Ml L A ey e R I SISTOR BLOCK \
= ‘""--~—, 1o g —r= _——
0 ) 10*
10° 10" 10! 10 100 10' 10? 10*
9 ' 9
Fig. 7 Normalized gain, go, Fig. 8 Input resistance as a function of g
as a function of g (g = Ry, Re) for for Rg = Ry (opt.) and Ry = .05 Re (opt.).

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

Experimental data obtained with the sing}e-ended equivalent stage are in good agreement with the predicted
behaviour. It should be noted that the optimum Re for the circuit examples of Figures 5 and 6 was not se-
lected for practicalreasons. Forthe circuit of Figure 6 with a desiredvoltage gain of 100, R o (opt.)=1.03 KQ
and RL = 103 K. Since Iz: ~ 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 that the gain performance is degraded by using Re <«< R A (opt.). The advantage of the multi-transis-

tor block is quite evident in this respect, as g 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 ICO 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 plahar units allows one to achieve this quite well.

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

tive characteristics making feasible a production type matching selection,
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In addition, the Early effect in the transistor must be kept small to minimize h o and hr' This is
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 P units are not
desirable as high P implies narrow base width and an increased Early effect sensitivity.

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. ' ;

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 105 cps, but by rolling off at lower frequencies, equivalent input noise may be reduced con-
siderably.

The writer gratefully acknowledges the many 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 series emitter resistance may be characterlzedbyan eqnivalent set
% of h'-parameters as given by

i

. h .

! h,,_hi+R(1+h+A hl

i 1+ h R

h, - hoR
h" -_‘——j—
f 1 + hoRe

.h + h R
1+h°Re
h
1 + hR

o e

=Y

hO" =

! wheré Re is the series emitter resistance and common emitter parameters are implied. For the transis-
tors used in the amplifier, it is noted : :

hr <<< 1, and hoRe << 1,

Then, h" = h + (1 + hf)Re A (A1)
i he" = by ' : | (A2)
1 ' = .
i hr' hr +h°Re (A3)

] ' "
C hy" = By A (a0

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

i Av - -thL
i h
) v h, + (a )RL
1 where Ah = h‘ho - h‘h - Substituting in the h" parameters obtained above:
“Ber,
A = h
v hy + (1 +hf)Re + RL(A + hORe) (A5)

A

The input resistance of the common emitter resistance is given bry:6

h, + (ah R,

RN ® 1+hRL

! With the h" parameters substituted, this becomes:

Rm . - (1 + hf)Re + RL (Ah + hoRe)

| (A6)
! : 1+ hoRL

O .

Y >
i
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APPENDIX II

The three-terminal n-transistor block may be characterized by an equivalent set of h'-parameters. @
Consider the circuit of Figure 3, having the block diagram shown in Figure 10 (a). To simplify ‘the dia-
gram, R1 and the dynamic impedance of D1 are included in the h parameters of Q2 such that

Ry (hy + hoRps)

hi, = (A7)
i2 R1 + h12 + hIZRDl
R1 (
and h!, = h, 5——— : A8)
2 12 R1 + hiz

The signal flow graph7 corresponding to Figure 10 (a) is shown in Figure 10 (b). From the flow
graph, the following relationships are obtained by inspection: pd

hig (L + hyyhip) - Byghyghly

g T+ hyh,
By “heihip
A

1 + holhiz
B = hrlhrz :
r" T+ b, \ Oj)

v\ o Rt

b o Jo2 (1 +ho1hip) = hpghighog

/ ]
, °© . L+ hghy
Since from the d-c operating bias conditions ICI = (0.1 ICZ' then it follows that h01 <h 02’ and as a conse-
quence h olhiz << 1. Further, since hii,> hm, hﬂh el << 1, and (l» « h x'2) <<< 1, then the h' notations
may be simplified to: - :

hi = by, (A9)
\R‘ A

hy = -h bty (A10)

hy = h g (A11)

. (A12)

o = Doz “Pia Pot

It must be noted that hkl parameters used are for the common emitter configuration, and hkz imply com-

mon collector.

oy S,
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Fig. 10 (a) The block diagram of the two-transistor circuit of Fig, 3.
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hit hot hiz 7 Ahge
2 . ’
v i v v by V.
VO - ol . i ) Ll S Oy

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

The circuit of F;ggg 4 is analyzed in a similar manner, (See F‘fgure 11). The complete expressions
for the h*-parameters are found to be:

hyy (D) - h%, [hn“n (L + hozh'xa)] - h*, [hflhrl (1 + b)) (2 - hrz)]

h*, = >
e i [y (1 + B¥gg) - hogh*is]
{ D
Wt = by [hrz (1 - hx'3)'+ h.g * hozh'w]
e w03 (D) + hyy [(1 + b (1 - hr3)] - by [“'fz“rz (1 + h¥gq) (1 - hr3)]
0 v

D

heegheg (14 h%g) (1 - hyp)
D

where D=1 + h_, [h*m (1 + hozh*w) + hg (1 * h*fz) (1 - hrz)] + h ph* o

and h‘iz and h‘fz are determined by the relationships given in Equations (A7) and (A8) respectively. Fur-
ther, h"‘3 and h‘ts are modified to include Rz. Using similar assumptions concerning relative magnitudes

a

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

* =
W%

h‘f =

* =
hr

h*

by

“hey [h'fz (O h'fs)]

hrl

o = Bog + By (1+1h%;) - hol[hfz(

1 + h*

fs)]

(A13) °

(A14)
(A15)

(A16)

where hkl and hk3 parameters are for the common emitter configuration and hkz are common collector,

LN
i
O

i

)

V,,‘f Vlt _LC.E. _)Vz V3L

I2
—

Q
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—
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3
—
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C.E.JVS
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|

Fig. 11 (a) The block diagram of the three-transistor circuit.
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Fig. 11 (b) The signal-flow-graph
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