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Figure 7.2 Schottky npn transistor. Figure 7.3 Differential amplifier.

7.2 Difference Amplifiers

7.2.1

Most operational amplifiers are comprised of a series of transistors, resistors,
and capacitors, which form a complete system on a single chip. The amplifiers
available today are highly reliable, small in size, and consume a small amount
of power.

The input stage of most op-amps is a difference amplifier, as shown in its
simplest form in Figure 7.3. The difference amplifier (or differential amplifier)
is composed of two emitter-coupled CE dc amplifiers with two inputs, v; and
V3, and three outputs, v,1, V52, and v,. The third output, v,, is the difference
between v,; and v,;. This can be verified by applying the superposition prin-
ciple to the circuit.

dc Transfer Characteristics

The difference amplifier does not operate linearly with large signal inputs. In
order to simplify the analysis, we assume that R is large, that the base resis-
tance of the transistors is negligible, and that the output resistance of the
transistors is large. The large Ry keeps the emitter resistor voltage drop constant.

We begin by writing a KVL equation around the base junction loop for the
circuit of Figure 7.3 under ac conditions:

V1 = Vg1 — Vpgx + U2 (7.1)

We solve the circuit for the collector currents, ic; and ic;. The base-emitter
voltage is given by the equation presented in Section 3.2.
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- iCl

Upgp1 = VT 11'1(8101) (7.2)
_ ics

UBgp2 — VT ln(BIOZ) (7.3)

Since the transistors are assumed to be identical, we have
Iol = IoZ

Combining equations (7.1), (7.2), and (7.3) yields

v — V—,—ln(é?l) + VTII'I(B’?Z) -V = 0
ol o

and

£.<_:_1 = exp|:v1 — UZ] (7.4)

We assume that ic is approximately equal to ig. Therefore,
IEE = ic1 + ic2 (7.3)
Combining equation (7.4) and equation (7.5), we have

IEE

far = 1+ exp [—(v1 — v2)/V] (7.6)

. _ z‘EE

T 1 T exp [ — vl V] (7.7)
Note that

Vo = (ic1 — ic2)Rc

An important observation can be made by viewing equations (7.6) and (7.7).
If v; — v, becomes greater than several hundred millivolts, the collector cur-
rent in transistor 2 becomes extremely small and the transistor is essentially
cut off. The collector current in transistor 1 is approximately equal to igg, and
this transistor is saturated. The collector currents, and therefore the output
voltage v,, become independent of the difference between the two input volt-
ages. Linear amplification occurs only for input voltage differences less than
approximately 100 mV. -
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7.22

In order to increase the linear range of the input voltage, small emitter
resistors can be added. This causes a negative feedback condition, resulting in
the reduction in the voltage amplification.

Common-Mode and Differential-Mode Gains

The difference amplifier is intended to respond only to the difference between
the two input voltages, v; and v,. However, in a practical op-amp, the output
depends to some degree upon the sum of these inputs. Thus, for example, if
both inputs are equal, the output voltage should be zero, but in a practical
amplifier it is not. We label the case when the circuit responds to the difference
as the differential-mode case. If the two inputs are made equal, we say the
circuit is in its common mode. Ideally we would expect the circuit to produce
an output only in the differential mode.

Any two input voltages can be resolved into a common and a differential
part. That is, we define two new input voltages as follows:

Vgi = V1 — U2
v + vy

Vei = 2

(7.8)

The voltage vy; is the differential-mode input voltage and it is simply the dif-
ference between the two input voltages. The voltage v,; is the common-mode
input voltage, and it is the average of the two input voltages. The original input
voltages can be expressed in terms of these new quantities as follows:

- vg + ZUC,'
! 2
_ v, — Vg
vy = 7 (7.9)

If we set the two input voltages equal, we have

V1 =V =V
and

Vagi = 0
Since the two inputs are equal and the transistors are identical, the emitter-
base junction voltages will be equal. Thus, the collector currents must also be

identical. Since the emitter currents will be equal, we analyze a half-circuit as
shown in Figure 7.4(a). Note that the emitter resistance has been doubled, since
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Figure 7.4
Differential-amplifier
analysis.
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the actual current in this resistor is twice that maintained by the illustrated
half-circuit. The output of the half-circuit is v,; or v,,. We define a common-
mode and differential-mode gain by resolving the output into two components,

Vo1 = Advdi + Acvci
The common-mode gain is found by setting the two inputs equal, since we

have forced vy; to be zero. Thus, assuming the 7, of the BJT is large and
hib << Rgpg, then

v ~R
A == ¢ 7.10a)
Vi  2Rgg (
In order to find the differential-mode gain, we again use the technique of
splitting the circuit in two parts and analyze the half-circuit of Figure 7.4(b).
We let

vy = —Uy
SO
Vg = 21)1 = —21)2

The ac current from one emitter flows directly into the other emitter, so the
voltage across the emitter resistor remains constant. Since the ac signal voltage
across the resistor is zero, it can therefore be replaced by a short circuit in the
ac equivalent circuit, However, the resistance, b;, remains in the base-emitter
loop of the transistor. The differential-mode gain is then given by

_ Vo1 _ ~Rc
Ay = T (7.10b)
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Note that the common-mode gain is defined in terms of only one of the two
outputs. The differential output, v,, should (ideally) cancel to zero. In the
practical circuit, parameter variations occur. If the common-mode gain is high,
these variations affect v, as well as the two individual output voltages. For this
reason, it is desirable for the differential-mode gain to be much larger than the
common-mode gain. The common-mode rejection ratio (CMRR) is defined as
the ratio of the differential-mode gain to the common-mode gain (usually
expressed in decibels).

| —R/2h;|
| = Rc/2RgE|

Rge

CMRR = 20 log dB = 20 log (—) dB (7.11)

hiv

It is desirable to make the CMRR as large as possible so that the amplifier will
react only to the difference between the input voltages.

Before we evaluate the differential-mode and common-mode gain, let us
look at the input resistance of the amplifier in both the differential mode and
the common mode. For the differential mode, we look into the amplifier at
the base of both transistors. This results in a complete circuit through the
emitter of both transistors, and the input resistance is

R(differential mode) = 25,

Now from the common-mode input, we look into the amplifier in Figure
7.4(a). Thus, the input resistance is

R;(common mode)} = 2BRgg

These results indicate that the input resistance of the common mode is much
higher than that of the differential mode.

Equation (7.11) shows that to make the CMRR large, we must make Rgg
large. Since large resistances are hard to fabricate on IC chips, we seek an
alternate approach. This is accomplished by replacing Rgg with a constant-
current generator, as we discuss in the next section.

Our differential-amplifier analysis is based upon BJTs as the transistor
building blocks. Junction field-effect transistors can also be used in differential
amplifiers, with the resulting advantages of reduced input bias current and
higher input impedance. However, the analysis of the differential amplifier
using JFETs is accomplished in the same way as that of B]T analysis.

Differential Amplifier with Constant-Current Source

In the previous section, we saw that it is desirable to make Rgg as large as
possible in order to reduce the common-mode output. An ideal constant-cur-
rent source has infinite impedance, so we investigate the possibility of replacing
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Figure 7.5
Differential amplifier
with constant-current
source.
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Rgg with such a current source. Figure 7.5 illustrates a differential amplifier
where the resistor, Rgg, is replaced with a constant-current source.

The closer the source is to the ideal constant current source, the higher the
CMRR. We therefore show a diode-compensated current source. The compen-
sation, as discussed in Section 5.4, makes the operation of the circuit less
dependent upon temperature variations. Diode D, and transistor Q3 are selected
so that they have nearly identical characteristics over the range of operating
temperatures.

In order to analyze the circuit of Figure 7.5(a) and find the CMRR, we
need to determine the equivalent resistance, Ry, the Thevenin equivalent of
the constant current source circuit. Looking at the equivalent circuit of the
current source as shown in Figure 7.5(b), we have

vy + v,y
RTH ="
ITH

Writing a KCL equation at node 1, we have

. . vy
try = Big + —
(o]

where 7, is the internal resistance of the transistor at the specified operating
point (see Section 3.1.2).
A KCL equation at node 2 yields
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but

v1 = (fra — Bip)ro
and

v, = —ig(h, + Rp)

Substituting v; and v, into the equation at node 2, we have

. . hie + RB : hie + RB)
—itn = ip + T —

RE Ig = iB (1 + RE
The Thevenin resistance is given by

hie + RB + ro[l + (hie + RB)/RE] + BTO
1 + (h;; + Rp)/Rg

Ry =

In order to maintain bias stability, we have used the guideline that
Rp = 0.1BRg

Substituting this value of Rp in the equation for Rty and dividing by B, we
have

b + 0.1Rg + 1o [UB + (b + 0.1RE)/Rs + 1]
1B + (hy + 0.1RZ)/Rg

RTH -
Since

1

1>>—

B

and

hp + 0.1Rg - 1
RE

we have

by + 0.1Rg + 7, [1 + (b + 0.1RE)/Rg]
(h + 0.1Rz)/Rg

Ry =
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7.2.4

and

. Rg
=Rp+r7,|1+—E——
R =Re + 10 [ T b+ 0.1RE]

Since the second term in this equation is much greater than the first, we can
ignore R to get

Re
=1 |1+ —E—
Rou = o [ hio + O.IRE:|

This equation can be further simplified if the following condition exists:
0.1Rg >> b,

In that case, we have the simple result
Rty = 117, (7.12)
Hence, if all of the approximations are valid, Ry is independent of B and

its value is quite large.

Differential Amplifier with Single-Ended Input and Output

Figure 7.6 shows a differential amplifier where the second input, v, is set equal
to zero and the output is taken as v,;.

We use a constant-current source in place of R, as discussed in the previous
section. This is known as a single-ended input and output amplifier with phase
reversal. The amplifier is analyzed by setting v, = 0 in the earlier equations.
The differential input is then simply

Ugi = U1 — Uy = U;
so the output is

—Rcy;
2b;,

Up = Vo1 = Aglai =

The minus sign indicates that this amplifier exhibits a 180° phase shift between
the output and input. A typical sinusoidal input and output are illustrated in
the figure.

If an output signal is to be referenced to ground but a phase reversal is not
desired, the output can be taken from transistor Q,, as illustrated in Figure



Basic of Electronics

> +
Ri (2]
N b
v; Q1 QZ =
= Vig = Ve
Vi Vo v; Vo2
l \V/ ” M/\ t -V o - \/ t
Figure 7.6 Single-ended input with phase reversal. Figure 7.7 Single-ended input with in-phase output.

7.7. In order to show that the output of the circuit of Figure 7.7 is the inverse
of that of Figure 7.6, take the mirror image of the first circuit. That is, suppose
vy = 0 and v, = v; in the original differential amplifier of Figure 7.3. The
differential-input voltage is then

Vgi =V — Uy =

Thus, the output is the negative of that found earlier, and no phase reversal
occurs.

Example 7.1 Differential Amplifier (Analysis)

@ Find the differential voltage gain, the common-mode voltage gain, and the
CMRR for the circuit shown in Figure 7.3. Assume that R; =0,
RC =5 kﬂ, VEE =15 V, VBE = 0.7 V, VT = 26 mV, and REE = 25 kQ. Let

v, = 0 and take output from v,;.

SOLUTION The current in the current source is found at the quiescent con-
ditions. Since the base of Q, is grounded, the emitter voltage is — Vgg = — 0.7
V, and

I _ Ves = Ve _ 15 - 07
EE Ree 25,000

= 0.57 mA

The quiescent current in each transistor is one-half of this amount



10 Lecture 11
ICl = ICZ = "i_ = 0.29 mA
Since
Vr 26
hio = 7. =029 =00
the differential voltage gain in each transistor is
—Re 5000
= _ ,—_— = 8
A= b 200" 72
The common-mode voltage gain is
A _ —Ro_=S000
2Rgg 50,000
The common-mode rejection ratio is then given by
_ 144 _
CMRR = 20 log 7y = 49 dB -

Example 7.2

»)

For the differential ambliﬁer described in Example 7.1, design a current source
to replace Rgx and determine the new CMRR for the differential amplifier,
with 7, = 105 kQ, Ve = 0.7 V, and B = 100.

SOLUTION We place the transistor operating point in the middle of the dc
load line.

-V 15 — 0.7
VCEQ=VEE2 e _ 1D 5 =715V

Then, referring to the current source of Figure 7.5a,

715V

REE
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Drill Problems

For bias stability,
Rp = 0.1 BRge = 0.1(100)(12,540) = 125.4 kQ

Since 0.1Rg >> by, (i.e., 1.25 kO >> 90 (), then from equation (7.12), we
have

RTH = 111’0
so the equivalent resistance and CMRR are given by

Ry = 11 (105 kQ) = 1.155 MQ

1.155 x 10°¢

90

CMRR = 20 log (il*) = 20 log (
ib

) = 82.2 dB -

7.3

D7.1 What are the differential- and common-mode gains of the amplifiers
of Figure 7.3 if Rc; = R = 5 k) and Rgg = 20 kQ)? Assume that V¢ =
12V, Vge = 0.7V, V;r = 26 mV, and Vgg = 12 V.
Ans: A = —0.125; A, = —53.8

D7.2 What are the differential- and common-mode gains of the amplifier of
Figure 7.6 if Rcy = Rez = 5k, Ve = 15V, Vg = 15V, Vg = 0.7V,
and Vr = 26 mV? Assume that Vgg/Ryy is a constant-current source with
RTH = 10 kQ.

Ans: A, = —-0.25;A, = —-69

D7.3 For the constant-current source shown in Figure 7.5, determine Rg, Ry,
and R,, where Vgg = 10V, Igg = 2 mA, and Vgg = 0.7 V. Also assume that
Vr = 26 mV and B = 200.

Ans: Rg = 233 k{}; R; = 93kQ; R, = 93k

Current Sources, Active Loads, and Level Shifters

In this section we explore alternate methods of simulating a constant-current
source to replace the emitter resistor. One type of source was discussed in
Section 7.2.3, where a compensated transistor current source was used.
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7.3.1  Widlar Current Source

Due to the high gain of an operational amplifier, the bias currents must be
small. Typical collector currents are in the range of 5 pA. Large resistors are
often required to maintain small currents, and these large resistors occupy
correspondingly large areas on the IC chip. It is therefore often desirable to
replace these large resistors with current sources. One such device is the Widlar
current source [63], as illustrated in Figure 7.8. The two transistors Q; and
Q, are identical. We sum the voltages around the base loop of the two tran-
sistors to get

VBer — Vg2 — Ic2R; = 0 (7.13)

We saw in Section 3.2 that

VBE)
Ic = Bl exp{ —
c=8B P( Vo

Solving this for Vg yields

VBE = VT lﬂ(Bii") (7.14)

Substituting the expression of equation (7.14) into equation (7.13), we obtain

VT ln(ic-l) - VT ln(Iﬂ) - Icsz =0

Bl Bl,
Vee
Rl J IRef
Ies
I
I
Ql " QZ
+ +
- Vaes Vegs —
R,

!

Figure 7.8 Widlar current source.
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We assume that the two transistors are matched so that I, B, and Vr are the
same for both transistors. Thus

VT ln(b) = IczR)_ (7.15)
Ic,

For design purposes, I is usually known, since it is used as the reference,
and I, is the desired output current. This allows us to solve equation (7.15)
for the required value of R;.

We use an example to illustrate how a current source can be designed to
provide a small constant current while using resistors that are easily fabricated
on an IC chip.

Widlar Current Source (Design)

»)

7.3.2

Design a Widlar current source to provide a constant current of 3 pA with
VCC =12 V, R1 =50 kﬂ, and VBE =07V,

SOLUTION Use the circuit of Figure 7.8. Apply KVL to the Q; transistor to
obtain

12 — 0.7
Icy = I = 50000 0.226 mA

From equation (7.15) we have

0.226 x 1073 e
0.026 IH(W) =3 X 107°R;
and
R; = 37.5 k) G

Since R, is less than 50 k{), it can be fabricated on an IC.

Wilson Current Source

The Wilson current source [65], as shown in Figure 7.9, uses three transistors,
and its operation is almost independent of the internal transistor characteris-
tics. Negative feedback from the collector to the base of Qj; increases the output
resistance of this current source.
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Figure 7.9
Wilson current source.
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We solve for I, to illustrate the usefulness of this circuit. Applying KCL
at the emitter of Q, yields

Ig, = Ic3 + IB3 + Ipgp “« (716)

Using the relationship between collector and base current yields,

Ip; = Ics(l + %) + I_§1 (7.17)

Since all three transistors are assumed to be identical,
Va1 = Vg3

and
B1 =B2=Ps

With identical transistors, current in the feedback path splits equally between
the bases of Q; and Qs, leading to the result that

Ici = I

Thus, equation (7.17) becomes

2
IEz = Ic3(1 + E)
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7.3.3

The collector current of Q, is

Ig:B _ Ic3(1 + 2/B)B
B+ 1 B+ 1

Icz =

Solving for I3 yields

_ I _ p+1
lo =G5 epia+p - s +2 (7.18)
Summing currents at the base of Q,, we find
I
ICl = IRef - %2
or
Ica = Bllret — Ic1) (7.19)

Since Ic; = Ic3, we substitute I3 from equation (7.18) for I, in equation
(7.19) to get

1
Icy = Blres — E’%l_—z—) I

and solving for I¢;,

B +28
B2 + 28 + 2 R

2
- (1 - m) Inet (7.20)

Equation (7.20) shows that B has little effect upon I, since, for reasonable
values of B,

Ic; =

2

S <<
B2+ 2B +2 !

Current Mirrors

The circuit shown in Figure 7.10 is known as a current mirror. It is used in
op-amp circuit design to reproduce a current from one location to one or more
other locations. In this circuit, Q; is in the linear mode, since the collector
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Figure 7.10 Current mirror. Figure 7.11 Multiple-curtent mirrors.

voltage (output) is higher than the base voltage. The transistors Q; and Q;
are identical devices fabricated on the same IC chip. The emitter currents are
equal, since the emitters and bases are in parallel. If we sum the currents of
Q,, we obtain

i3+ic=iE

. i _ Bis
CTE B+1 B+1

fo
Summing currents at the collector of Q, yields

(B 2 \. p+2.
m—(B+1+B+1)m—B+1m

The current gain of the mirror is given by

pofo_ Bip B+ 1
Tin B+1(B+2de 1+ 28

If B is much larger than 1, this current gain is approximately equal to unity,
and the current mirror has reproduced the input current.

This concept is extended to several other circuits, as shown in Figure 7.11.
The current input of Q; is mirrored into several other transistors, Q5, Qs, .. .,
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Q... The errors in base current accumulate when multiple outputs are used, and
the current gain tends to deviate from unity.

Current Sources as Active Loads

In the conventional differential amplifiers of Section 7.2, the collector loads
consist of resistors. The differential gain is

A = zi.- = _RC = _RCICQ
Yoy b Vr

In order to achieve a large voltage gain, the product Rclcg must be large. This
requires large values of either resistance or power supply voltage. Since the
power supply size is usually fixed, large resistors are required. The preceding
sections illustrate several alternate forms of almost-ideal constant-current sources.
We now show that these are equivalent to large resistors.

The Widlar circuit can be used to simulate a high resistance. The small-
signal equivalent circuit is shown in Figure 7.12. Since this circuit has no
independent sources, it is equivalent to a single Thevenin resistance. To find
the value of this resistance, we assume a current, #ryy, find the resulting voltage,
and take the ratio. We start by summing currents at node 1,

. . v
irs = Bigz + = (7.21)

o

and at node 2,
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Bigy + % = 1’;—‘2 +ipy =0 (7.22)
From equation (7.21), we have

vy = (fru — Bis2)to (7.23)
Also

vi = —igh'se (7.24)
where

hie = hie + (hallR1)
Substituting equations (7.23) and (7.24) into equation (7.22) yields

. . h'ie
~ITH = 132(1 + Rz) (7.25)

Using the relationship

Ry = -2
'TH

yields

Roy, = TelL+ B+ PR + b

1+ h',/R,

Since

ro>> b
we have

e[S ]

In order to simplify this result, assume that

b’
—Z>>1
R,
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7.3.5

and
hie = Eﬁ
ICQ
Then
_ B
Ry =1, |:1 + h,e/RZ:I
BR,Ic ]
=1, |1+ =20
[ BVr
Finally,
Rmy=r1, [1 + I—CVQ%] (7.26)

Equation (7.26) shows that Ry depends upon IcoR3, which is the dc voltage
drop across R,. The larger the voltage drop, the higher the output resistance.
Generally, the output resistance of a simple current source is increased by the
addition of resistances (R, in Figures 7.8 and 7.12) in the emitters of the
current-source transistors.

We perform a similar analysis for the Wilson current source. This analysis
is like that used for the Widlar source, so we simply state the result here. The
equivalent resistance is given by

o
Rru = %— _ (7.27)

We now examine two applications of the constant-current circuits. Figure
7.13(a) illustrates a CE amplifier with an active load as the collector resistor.
In Figure 7.13(b), a differential amplifier is shown using active loads, Widlar
current sources, and current mirrors. Similar circuits of this type are found in
many ICs, since large resistors are avoided in the fabrication process. Transis-
tors Q; and Q, are the differential-amplifier transistors, Q3 and Q4 are the
active loads for the amplifier, Q3, Q4, and Q¢ form the current source with
current mirrors, and Qs and Q- form a Widlar current source.

Level Shifters

Amplifiers often produce dc voltages at the output. Even if the input has an
average value of 0 V, the output usually has a nonzero average voltage due to



20

Lecture 11
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Figure 7.13 CE amplifier with active load.

biasing effects. These dc voltages can cause difficulties at the output, since they
cause an undesired offset.

In Chapter 6 we study the Class B power amplifier, which provides a method
of reducing the offset voltages in the output stage. However, we cannot always
use Class-B amplifiers, so another technique is necessary. Level shifters are
amplifiers that add or subtract a known voltage from the input in order to
compensate for dc offset voltages.

Since the op-amp is a multistage dc amplifier with high gain, unwanted dc
voltages are always a source of concern. That is, a small offset in an early stage
can saturate a later stage. For this reason level shifters are included in the
design of op-amps.

Figure 7.14 illustrates a simple level shifter. We show that this shifter acts
as a unit-gain amplifier for ac while providing an adjustable dc output. We
begin the analysis by using KVL in Figure 7.14(a) and letting v; = 0 to get

VBB = IBRB + VBE + IcRE + Vo
Since

IB=I_C

B
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Figure 7.14
Level shifter.
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(c) Small-signal ac equivalent circuit

we solve for the dc value of output voltage, V,:

Rglc

Vo=VBB" B

- ICRE = Vae

(7.28)

This equation shows that by selecting a value of Rg, V, can be set to any
desired dc level less than Vgg — Vpg. Since Vip is the dc level acquired from
the previous stage, this amplifier is used to shift the level downward (to a lower
value). If upward shifting is required, a similar circuit is used, but psp transis-
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Example 7.4

tors are substituted for the npn transistors. A complete circuit with active
current sources is shown in Figure 7.14(b).

We examine small-signal ac signals. Figure 7.14(c) illustrates the ac equiv-
alent circuit. Note that Bl is the collector current in the active current source,
and we assume it to be a constant. Because the ac value of the current is zero,
this current source is replaced by an open circuit in the following equations.
We write the ac equations using KVL:

v; = iblRB + iblhiel + icRE + Vo (7.29)
and
Up = zIcrOZ
. Vo
.=
To2

UORB + Uohiel UORE

BrOZ BrOZ ¥o2

Vin = + v

Finally, the ratio of ac output to ac input is

Vo _ 1
v; 1+ (Rg/B + h,J/B + Rg)iroz (7.30)

Equation (7.30) shows that as r,, becomes large, the ratio of output to input
approaches unity, and the level shifter acts like an emitter follower to ac. This
is the desired result.

)

Two direct-coupled CE amplifiers are placed in series to achieve the desired
voltage gain. Design a level shifter to be placed in between the two CE ampli-
fiers to provide a dc voltage sufficiently low to prevent the second CE amplifier
from saturating. Do this by providing a 1 V bias to the second stage. The
collector voltage, Vc, of the first amplifier is 4 V, and the Rc of that amplifier
is 1 kQ. Design the level shifter to have an Icg of 1 mA using dc power of
+10 V. Use a current source of the type shown in Figure 7.5 with transistors
having B = 100, Vgg = 0.7 V,and Vy = 0.7 V.

SOLUTION The level shifter is shown in Figure 7.14(b). We need to find the
values of Rg, Ry, R,, and R’g. Since the first amplifier has a Vc of 4 V, the



