“it is convenient to analyze a differential
amplifier using this particular model . . .”
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by
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Abstract

This paper presents a practical circuit approach in the analysis of an emitter-
coupled differential amplifier pair. Development and analysis center around
parameter keywords like differential gain (AD), common mode gain (AC) and
common mode rejection ratio (CMRR).The Ebers-Moll Model is used to derive a
“T” transistor model for signal analysis.

Introduction

The differential amplifier forms an essential gain stage in today’s operational
amplifiers. Its ability to amplify and separate minute signals riding on large
" baseline potentials is made possible by virtue of its differential mode and coin-
mon mode rejecting ratio (CMRR). This means that the output depends only on
the difference between the input voltages and is not dependent in the magnitude
of either input voltage. Thus interferring noise like 60 HZ hum is effectively
rejected, electro-cautery potentials superimposed on ECG monitor signals are
suppressed. The amplifier can perform down to direct current while retaining
drift free performance. High gains are achieved by having tandem differential
stage. This is typically 104 times.

Large Signal Transistor Model
A large signal model for a transistor was given by Ebers and Moll in 1954.

The model they presented was for a P-N-P transistor. The Ebers-Moll model
shown here is for an N-P-N transistor (Figure 1).
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apsaN = Inverted and normal transport carrier ratio Ico’ IE o = reverse satu-
ration currents (typically ~107 A for Si)(~10 A for Ge) the saturation currents
IEO and Ico are related by:

aflco = anNlgo

Manufacturer’s data sheets often provide information about a(=ay) IC o and
I; o so that o may be determined. For many transistors, I, lies in the range

0.5 Ico to I, (1) Wenowreplace the model in a typical circuit below. (Figure
2).

Active Region Model

If we bias a transistor in the active region we note that for an N-P-N, the
collector base junction reversed bias and the base emitter junction is forward
biased.

R
" i
L c
ZRC ' Z-_:;
alp VcB = Ve T -
B D1
AY - <
+ +
D2 4 L/
VBE = VE ] -
2 1Re ol -
/ i RE
° .y

FIGURE 2



28 PHILIPPINE ENGINEERING JOURNAL

hence we could simplify the Eber’s-Moll since Dj is off and D9 is on.

We now simplify the model:
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From Figure 1 we solve for the current IE:

Ig = -a; I, -1I' EQ. A

Ic = -0y IE - I EQ. B
Substitute EQ. B into EQ. A.

IE = -0 (—aNIE -I") -1

I (1 - o aN) o I" - 1"

aII" -1
1 -al aoN

Substituting for I' and I" from equation defined in Figure 1:

ve/vT VE/VT
arllgo (E777-1) ) = Tgo(E000 - 1)

I =

(1 - oI aN)
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Since Vc is the reverse bias voltage Vcg Ve = — VB And since

lv 1> vo = 26mv the term gmVe/VT

T drops out

Hence:
VE/VT
oy ICO- IEO (E -1)
IE ~

1 -a5 oN

When the saturation current is small, Ic0 drops out and VE>> VT’ EVE/VT

is large.

i VE/VT)

Igo (E
I x
E 1 - al aN

can simply be written as

I
IE = -IES (EVE/VT) . IES = _EO_
1 -al aN

Small Signal Model

We note from the previous section that I is opposite the assumed direction
thus 2 reversing I we can write Figure 4.
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; ; ; . _ VE/VT
Linearize diode D: IE = IESE
dI I
E 1 E
.__=(I EVE/VT) — = — = Gm
dv ES v
E T T
Y1 26m v
orr=-—=—-= hence the dynamic resistance
Gm IE IEQ

where IEQ = quiescent emitter current

depends on the emitter current. We could now form the small signal model
suitable for small signal analysis.

c
i. = i/B
i qD ai rc "T" transistor model
B VC is the reverse resistance
B ' of the diode D,
| 26mV
i 3 rd = I_ ~ tens of Meg ohms
EQ
. o E

B = Common emitter current gain

Using the Model on A Differential Amplifier
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DC analysis ckt:
+V = 10 V=+10
5k 5k by KVL we can find VR
+ Ql G-
.6|\_ g
+
I V.2 RE = 4.7k
-V = -10V
r
I = ——
0 4.7

-0.6 - (-V) -.6+10

= 2 ma

0 RE 4.7k
I I 2ma

. "l =—=1ma

Q o, 2
hence

26 mv
d1 = rd2 = = 269
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AC analysis
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We can superpose VSl and VSz to lTook for Vo. However, we may define
Vd vd

VSl as equal to Vc + 7; and VSz as equal to Vc - 7; . Now, we superpose using the

common mode voltage Vc and the differential mode voltage Vd.

Hence,
Vsi * Vs

> s1 7 's2

- 2
l e
v
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Note Ipc = 0 since we have a balanced bridge:

+
vd
2
+
vd
"2_ -
_ Ve _
HenceAd-W- vd vd
P —
2 2 vd
Vo = i5%, i = ——mm = —
26 + 26 (52)
Vo 5k 5k
Ad=—=—=——=206.2

Common Mode Gain, AC:

Set vd = 0 .'.VSl=VC,V52=VC
: l 5
ai
/"AB .
A B

, V » 2b 8 ) Eern )
Ve l — C) Ve
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By KVL, note VAB = +Vc - Vc = ) volts hence 26Q are effectively in parallel

Vc Vc
:Hence i = =
4.7 k + (26 // 26) 4.713k
Ve
AC = e =?
ve
vo = -5k i/2
-5k (Vc / 4.713k)/2 5Kk /2
. Ac = = = -0.53
v 4.713k
c
Ac = -.53
Both Modes:
Vo = Advd + Azvc
Vo = 96.2 vd + (-.53) vc
-.53
Vo = 96.2 vd (1 + ) ve)
CMRR
AD 96.2
CMRR = | — | = | — | =182
Ac -.53

CMRR

20 log |CMRR| = 20 Tog 182 =| 45.2 dB.

For Example

+10k

5k 5k

Vo

4.7k Vo = OV

-10v
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If VSl = 10mvsin wt, Vo = ? .
Thus
vd = VSl - V52 = VSIIOnv sin wt
vsl + VsZ
Ve = = Vs1/2 = Smysin wt
2
vo = Ad vd + Ac vc
vo = 96.2 (10mysin wt) + (-.53) Smvsin wt
vo = 962mVv sin wt - 2.65mv sin wt
vo = 0.959 sin wt |
Conclusion

The ““T” transistor model was derived from the linearized Ebers-Moll
active region assumption. Note the ease with which to analyze a differential
amplifier using this particular model. In an experiment I have performed, the
model is accurate to within 4% at best and 11% at worst case to the actual
laboratory measurements. .
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