15.1 So far, we have discussed separately the analysis;and design of transistor amplifiers, dif--
Introduction ferential amplifiers, and output stages. An operatié’nal amplifier normally consists of these
stages. In this chapter, we will examine the interna%j‘;i circuitry of ten commercially available
op-amps. Much of the circuitry will be closely related to that of other ICs. We will analyze
in detail one of the oldest but most popular amplifiers, the LM741.
The learning objectives of this chapter are as follows:

* To understand the internal structure and types of op-amps and the effects of ampli-
fier configurations on op-amp performance '

* To study the parameters of the internal design that affect op-amp performance (i.e.,
offset voltage, offset current, and unity-gain frequency)

* To learn the typical values of performance parameters for different types of op-amps

* To analyze op-amp circuits to determine the dc biasing conditions and the perfor-
mance parameters

_ 15.2 The general configuration of an op-amp is shown in Fig. 15.1. All stages are direct
Internal Structure coupled—that is, there are no coupling or bypass capacitors. Since capacitors and resistors
d of over 50 k{2 occupy large areas on IC chips and exhibit parasitic effects, they are usually
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FIGURE 15.1
General configuration of
an op-amp

CHAPTER 15 > OPERATIONAL AMPLIFIERS

+Vee

G

avoided in ICs. Therefore, op-amp circuits are designed using transistors with matching"
characteristics. Mismatches do exist, however, and cause offset voltages.

The voltage gain of each of the differential and gain stages is normally in the range
from 300 to 1000. The output stage is an emitter follower, and its gain is unity. Thus, the
overall open-loop voltage gain of an op-amp is on the order of 10° to 10°, The output stage
provides a low output impedance so that it can drive a load with relatively low values of-
load resistance. It is normally operated in class AB mode to reduce crossover distortion. In
general, BJT op-amps have a larger voltage gain, whereas FET op-amps have higher input
resistances. . ‘

For stability of the op-amp, the phase shift of each stage is kept to a minimum. Since
each stage contributes to the phase shift, the total number of stages is generally limited to
three. A compensation capacitor C, is normally connected across the second stage.

~Vee

KEY POINT OF SECTION 15.2

Lle Ilnk.’e'nefz'il‘;‘a\ amp circuit con st
- stage, and protection circuitry. Each stage ts

15.3
Op-Amp
Parameters

FIGURE 15.2
Equivalent circuit of an
op-amp

Most op-amps contain a differential-coupled pair as an input stage. Practical op-amps
exhibit characteristics that deviate significantly from the ideal characteristics. These devi- -
ations are discussed in detail in Chapter 6. Here we will consider some parameters that de-
pend on the internal design of the op-amp. The effects of deviations from the ideal can be
incorporated in the equivalent circuit of the op-amp, as shown in Fig. 15.2.

Vos+
1
Tyias = Iy _g_s_ 2R = 2R;.
VB2 o—

Thias = laé 2Rgm = 2Ry,
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The input biasing current I is defined as the average of the two dc input currents to the
bases of Q; and Q,. That is,

In; + 1
Bl B2
p=—— (15.1)
Ic lq
= = (for BJT input stage only) (15.2)
Br 2B

The polarity of Iy is shown for an npn transistor mput stage in Fig. 15.2. For a pnp input
stage, Iy would ﬂow out of the amplifier terminals. Transistors in an ideal op-amp are as-
sumed to have a large value of B, tending to mﬁmty, and to draw zero dc input current.
In a practical op-amp, however, B has a finite value. Thus, I has a small but finite value.
The typical magnitudes of the biasing currents are 10 to 100 nA for BJT input devices and
1 to 10 pA for JFET input devices. This input biasing current will cause a small dc output
voltage when the external input voltage is zero.

The dc input currents will be equal only if the two transistors have equal current gains
(betas). However, even two theoretically identical transistors right next to each other on an
IC chip will not be exactly identical. Geometrically identical devices on the same IC die
typically display a mismatch that is normally distributed with a standard deviation of 5 to
10% of the mean value. This mismatch in the two biasing currents is random from circuit
to circuit and is described by the input offset current /g, which is defined as the differ-
ence between the two base currents of the transistors:

Ios = |15 — Ip2| (15.3)

15 arises from mismatches in the area and B of the transistors. Beta and collector current
values typically deviate by 10% and 1%, respectively. Thus, [5g can be found approxi-
mately from

= (0.1 + 0.01)I/Bg = 0.1 IIQ/ZBF = O.OSSIQ/BF (15.4)

Because of mismatches, an output voltage will exist even when the external input is zero.
The differential voltage that must be applied to the input terminals of an amplifier to drive
the output to zero is called the input offset voltage V5. This input offset voltage is a func-
tion of temperature. The rate of change of the input offset voltage V5 per unit change in
temperature is known as the thermal voltage drift, and it is expressed as

D AVos . . L |
y= "y @V/°0) (15.5)
BIT Amplifiers The difference in the base-emitter voltages will cause an offset voltage.
Using Egs. (13.84) and (13.85), we can express this offset voltage as

, t 1 : :
Ig, s2 \Is1 ’c2 : '

Since the mismatch in the collector current is generally small (that is, i) = i,), we can
find the input offset voltage Vg from

Ve = Vol I
~Yos T VBEl T Vg2 T YT in I, (15.7)

Thus, the saturation current I is the prime contributing factor to V(g in a BJIT amplifier
and is proportional to the transistor base width Wy. Its value can vary from one transistor
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to another. Assuming that Wy - = Wy and Wy, = Wy + AWy are the base widths of tran-
sistors Q, and Q,, respectively, Eq. (15.7) becomes

Wy + AWy , AWy :
Vos = Vrln (T =Vrlnfl+ _W—/; (15.8)
For Wy >> AWy, which is usually the case, Eq. (15.8) can be approximated by

AW, |

~ The beta of a transistor is inversely proportional to the base width Wg. Therefore, any
change in Wy will cause an almost equal change in beta. That is, ABg/Bg = AWy /Wy
Since the change in the base width is generally within 10%, the offset voltage can be found
approximately from

Vos = 0.1V (15.10)

For BJT input devices, this value is typically 2 to 5 mV (for compound devices) and can
often be nullified with an external potentiometer.

The ratio AWy /Wy is relatively independent of temperature. Since Vo =kT/qg,
dVy/dT = k/q =-V1/T. Thus, we can find the thermal drift from Eq. (15.9) as follows:

b - Pos =_V_T_(AWB)E Vos

= 11
oY dr T\ Wy T (510
For example, if Vog = 2.6 mV and T = 25°C = 273 + 25 = 298 K,

D, =2.6mV/298 = 8.72 wV /K
JFET Amplifiers  From Eq. (13.133), the transconductance of a JFET is given by

2
P

If the drain currents of JFETs differ from the quiescerit value by a small amount A/}, then

a small gate differential voltage (that is, AV = Vos) must be applied between the two
gates to cancel the difference AIL. Thus, '

Al = g5 AVgs = 8mVos
which gives the input offset voltage Vos 8s

v, V = (Vp> 5.13 |
oS~ T Ao\ 5 : (15.13)
Iplpgs \ 2 ‘
If the transistors are biased at Vgs =0, then Iy = Ings and Eq. (15.13) becomes
Al v ’
_ DSS P .
VOS = “(T“—)(—‘Z—) (15.14)
DSS

The variation in the drain current Ipss is generally within 1%. Thus, Vos can be found ap-
proximately from

Vs = ~0.005V, (15.15)

Since | Vp | >> V1, the offset voltage of JFET amplifiers is generally considerably larger
than that of BJT amplifiers. : :
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For JFETs, the ratio AIDSS / Ipss is relatively independent of temperature. However,
the pinch-down voltage V is primarily frequency dependent. Thus, from Eq. (15.14), we
get the thermal drift D, as

p = os _ _(Albss v 15.16

vV dV
- ( 0s )( — ) (15.17)

Since de/dT is generdlly about 1 mV /°C, Eq. (15.17) becomes

Vos) .
D, = (in mV /°C) . (15.18)
Vp .
For example, if V = —4V, then V55 = 0.005 >< 4 = 20 mV and D, = 0.02 mV /4 =

5uV/°C.

CMOS Amplifiers From Eq. (13.158), the transconductance of a MOSFET is given by

2y

Vas = i

If Al is the difference between the drain currents of MOSFETSs, an input offset voltage
AVGS Vg must be applied between the two gates to cancel the difference. Any increase
in AVgg will cause an increase in Al,. However, any differential increase AV, in the
threshold voltages will cause a decrease in drain current. That is,

8m m

Al = ZH(BVgs — AV) = TH(Vgs =~ AV)

which gives the input offset voltage Vyq as
Al .
VOS = AVt + K(VGS - V‘) . (15.20)

The ratio Al,/I, will depend on any change in the W/L ratio of the MOSFET. Thus,
Eq. (15.20) can be written in terms of the W/L ratio: ,

AW/L)
VOS = AVt + W—/L

In CMOS amplifiers, the value of AV, alone, which is absent in BJTs, can be as high as
2 mV-—a magnitude larger than Vg for BITs. The value of (V, Gs — V) is usually much
greater than V. Thus, the offset voltage of CMOS amplifiers will generally be consider-
ably larger than that of BJT amplifiers. In order to have a low value of V55, MOSFETS
should be operated with a low value of (Vgs — V)

For MOSFET amplifiers, thermal drift cannot be correlated with the offset voltage. Its
magnitude will be on the same order as that for JFETs. The thermal drift of AV,/dT can
be quite significant.

(Vgs =W , (15.21)

The CMRR, which is defined as the ratio of the differential voltage gain to the common-
mode voltage gain, may also be defined as the change in input offset voltage per
unit change in common-mode voltage. Let v;, = 0, and apply v,4 to drive the output
voltage to zero. vy should thus be equal to the input offset voltage Vos- If we keep -
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V4 constant and increase v;, by an amount Av,., the output voltage will change by an

amount ‘
Avg = A, Av,, (15.22)
To drive the output voltage to zero, we have to change v;q by an amount Av, ;, where
Av A Av,
9] ¢ e
Av., = = = AV, : (15.23)
d (ON] .
l Ad Ad

Equation (15.23) indicates that any change in Vic causes a corresponding change in Vyq.
From Eq. (15.23), we get

CMRR = 24 = BVe| | BV | OV
A Bvgly=0 AVos Vos|,, -

(15.24)

c

which shows that the input offset voltage is deperi@em on the CMRR and the common-
mode signal. For CMRR = 10° (or 100 dB) and Av, = 15V, the change in the input off-
set voltage will be AVyg = 150 pV.

Input Resistance The input resistance for an FET input stage is very high, in the range of 10° to 10'2 Q). For
a BJT input stage, however, the input resistance is typically in the range of 100 k( to
1 M(}. Usually, the voltage gain is large enough that this input resistance has little effect
on the circuit performance. In some differential amplifiers, a compound transistor config-
uration known as a Darlington pair is used to give a much higher input resistance and a g
much lower input biasing current than a single transistor would provide. A Darlington pair
is shown in Fig. 15.3. The effective base-emitter voltage is

I I
- — Cl C2

St S2
' Il
= VyIn (—9&> . (15.25)
Ig1s, >
Since [~ = Iy = Brlcys Eq. (15.25) becomes ..
1% |
Vo = Voo ln <———C—) (15.26)
BE T BFISIISZ

Solving for /-, we get

"
AT BE
Ic = VBglgls, exp (2VT)

v
= I exp <—~@> » | (15.27)

FIGURE 15.3
Darlington pair
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where g =V Bplg,lg, = effective saturation current
Vi = 2V} = effective thermal voltage

The collector current I, can be related to Iy, by

Ic = Iy = Bplgy, = (1 + Bp)lcy = Be(1 + Bplg,

= g2r, (15.28)
Thus, the effective input resistance of the compound pair is given by
Vs 2V.
r=—"L=p T : (15.29)
Iy, Ic

which will be 28 times greater than that for a single device. For a single transistor, r; =
2Bgr,. Thus, if I = 200 pA, Bg = 100, and V4 = 26 mV,

1= BeVp/le = 100 X 26 mV /200 pA = 13 k2
for a single transistor and
rio = 100 X 2 X 26 mV /200 pA = 2.6 MQ

for a Darlington pair. The input offset voltage Vos, however, will increase (generally
V/2 times) as a result of the increase in the effective thermal voltage.

EXAMPLE 15.1 *

SOLUTION

Finding the effective parameters of a Darlington pair The Darlington pair shown in Fig. 15.4
is biased in such a way that the collector biasing current /-, of Q, is 1 mA. The current gains of the
two transistors are the same, B = Bg, = Bg = 100, and the Early voltage is V, = 75 V. Calculate
(a) the effective input resistance r_, (b) the effective transconductance g,_, (c) the effective current
gain Brefry and (d) the effective output resistance r,.

FIGURE 15.4 Two FIGURE 15.5 Equivalent model of Darlington pair
transistors connected ; ;
as a Darlington pair C B e - o
: : + .
Biy;
pfo B w3 g
- EmVbe
: "
(2) E
(b)
N 1
Voel Tt o1 = ;
_ 8mi1Vbei ¢
- C
Vb
Voe2 € 2 Em2Vbe2 To2
_ v

(c)

The two transistors in Fig. 15.4 can be replaced by an equivalent transistor, shown in Fig. 15.5(a),
which may be regarded as the subcircuit of the two transistors and can be modeled by the circuit in
Fig. 15.5(b). Replacing each transistor by its model gives the small-signal equivalent circuit of a
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Darlington pair shown in Fig. 15.5(c). Let us assume that ry = . The two collector and base cur-
rents of the transistors will be different. According to Eq. (5.8), r._ depends inversely on the collec-
tor current. Thus, the small-signal input resistances 1 and r_, of the transistors will be different.

Assuming we have VT = 25.8 mV,
8m2 = lcy/Vr=1mA/258 mV = 38.76 mA/V
Tm2 = Br/8ma = BeVr/Icy = 100 X 25.8 mV/1 mA = 2.58 kQ)
Iy, = Ig; = Icy/Br = 1 mA /100 = 10 pA
roa = Va/lcy = 75/(1 mA) = 75 k)
Iey = IgyBe/ (1 + Bp) = 10 pA X 100/(1 + 100) = 9.9 pA
8mi =11/ Ve =99 pA/258 mV = 383.7 pA/V
o1 = Bp/8m1 = 100/(383.7 nA) = 260.6 k2
ot = Va/lcy = 75/(9.9 nA) = 7.6 MQ
(a) Figure 15.5(c) is similar to Fig. 5.11(b). Thus, Eq. (5.28) can be applied to Fig. 15.5(c) if r.. and

R, are replaced by r,_| and Iy Tespectively. Replacing Ry in Eq. (5.28) with r.o gives the input
resistance

P =T H(1+ BF)rTr2 || Tol (15.30)
= 260.6 k + (1 + 100) X 2.58 k] 7.6 MQ = 521.2kQ

(b) The voltage Vpeo in Fig. 15.5(c) is identical to v, in Fig. 5.11(b) provided I is substituted for
Rg. Thus, v, can be related to the input voltage v, by Eq. (5.35):

(I + Bgpra,
Vy oy = v
be2 b
om0+ B,
The collector current i, of the second transistor can be found from

=g =g (1 + Brra, y f
T Em2Vbe2 T 8m2 b j
© TR M L+ Bepry,

(15.31)

which gives the equivalent transconductance 8m as E’

_ e A+ Beray 1
Em b gmzrwn +(U+ Beryy, ST Tt/ (L Bppr.o

Since the emitter current I, of Q, is equal to the basé current Ig, 0f Q,, the biasing base current Igy
of Q, will be related to the biasing base current Igy of Q; by

Igg =1Ig; = (1 + Belgy = (1 + By,

According to Eq. (5.8), r., is inversely proportional to the biasing base current Ig. Thus, r_jandr_,
will be related by rm = (1 + Bgr, 5. Therefore, Eq. (15.32) can be simplified to

(15.32)

- Em2

8m 5 ) (15.33)
= 38.76/2 = 19.38 mA/V
(c) The collector current iy of 0, can also be written as
ic = Bralny
Since gy = + ﬁFl)ibl’

le = Braivy = Bpy(1 + Bgpiy,

Thus, the effective current gain BF(eff)’ which is the ratio pf i 0 iy, is

i ’
Brem = TC‘ = Bpy(1 + Bgy) (15.34)
bl
= Bry(L + Bgy) = 100 X (1 + 100) = 10 100
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(d) The effective output resistance r is

r=r (15.35)
=75k

Thus, a model that can represent the two CC or CE transistors is shown in Fig. 15.5(b).

The output stage is usually an emitter follower in class AB operation, and hence it gives a
low output resistance, on the order of 40 to 100 (2. This resistance is low enough that it
does not strongly affect performance. If Ic(ouy i the collector biasing current of the out-
put stage, then r._ of the output transistor becomes r,_ = BgVr/ Ieouy which, if converted
to the emitter terminal, will give approximately the output resistance of the op-amp.
That is, o

R oo P'r "
S Ioeuy + B Ty

The collector biasing current of the output stage (which is in mA) is generally much
greater than that of the differential stage (which is in wA). For example, if Bg = 100,
Vr =26 mV, and Icouy = 1 MA, R, = 26 mV/1 mA = 26 (1.

(15.36)

out

Because of the parasitic capacitances and the minority carrier charge storage in the devices
within the op-amps, the voltage gain decreases at-high frequency. The frequency at which
the open-loop voltage gain falls to unity is defined as the unity-gain bandwidth, and it is
in the range of 1 to 20 MHz. The differential stage in Fig. 15.1 can be represented by a
voltage-controlled current source, as shown in Fig. 15.6(a). C, is the effective capacitance
due to the output capacitance of the differential stage and the input capacitance of the sec-
ond stage. R is the effective resistance due to the output resistance of the differential stage
and the input resistance of the second stage. G, is the transconductance of the differen-
tial stage. , ‘
The second stage generally has a common-emitter or common-source configuration
with an active load for a large voltage gain. It can also be represented by another voltage-
controlled current source, as shown in Fig. 15.6(b). G, 1s the transconductance of the sec-

. C
| 4—2:- Ir i
; i i |
<! A | :
! t
+ i + Bl
!
Ve Ry <1> kg c== 1% o *
Gmivid : Yo } Yo
o - S| by
. . I . !
Differential stage ! Gain stage i Output stage
(a) Small-signal equivalent circuit of op-amp
<—i9' A <—‘—°- |Cit B
+ 11 +
Gmivid R, Ci== Vor GmVoi R& C==y,

(b) Small-signal high-frequency equivaleht circuit
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FIGURE 15.7

Simplified high-frequency
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ond stage. C, and R, are the effective capacitance and the output resistance of the second
stage, respectively. A , is the voltage gain of the second stage and is negative—that is,
Av = —G".‘ZRT . . . .

The gain of the output stage is generally unity: A3 = 1. Since the gain of the second
stage is negative, the capacitance C, will exhibit Miller’s effect and split the poles.

Also, C, will influence both the frequency response and the slew rate considerably. From -

Egs. (10.126) and (10.127j, we can find the new poles:

|
W= (15.37)
P ngCleRZ
ngCx
W _, = (15.38)
PLC1C, + C(Cy + C,)
If C, >> C, and C,, Eq. (15.38) can be approximated by
8. ,C
m2-X Em2 (15.39)

w == =
P2 C(C +C) € +C,
The first pole is due to the Miller capacitance
CM = Cx(I + ngRZ) = ngmZRZ

which is much larger than C ;- To make w_; act as the unity-gain frequency w,, We can se-
lect the appropriate value of C,. Since the values of C, and C, are small, the second pole
©p) will become very large and move to the left, provided the value of g, is large enough.

Effects of C, on Unity-Gain Bandwidth 1In order to determine the effect of C, on
the bandwidth, let us consider Fig. 15.7, which is a simplified version of Fig. 15.6(b)
in which R, and R, are treated as open-circuited over the frequency range of interest. Un-
der these assumptions, w j moves to the extreme left—that is, w_, = 0—and does not give
the unity-gain bandwidth. Using KCL at the input node of Fig. 15.7, we can write the node
voltages as

(Vo = Vo )UwC,) = GpVig T vo1(oC)) - (15.40)
where G| = 1Q / 2V is the transconductance of the differential stage.

. * Node . c Node
qiﬂ A 4.,2 I B
+ j + l io2

Gm]Vid<l> C;% Vg =0 v, Gmavoi == C,

2

Substituting v, = —A ,v,_, (that is, Vo1 = ~Vo/A,,) into Eq. (15.40) and simplifying,
we get the overall voltage gain Ay

Ajw) = ~2 = Omi (15.41)
° vig  (L+1/A)(0C) + (juC)/A,, )
G (JoC

= mi/ GG (15.42)

(L+1/A,) +(C/CY/A,,
For A, >> 1, which is usually the case, Eq. (15.42) can be simplified to

. G 1 ‘

A jo) = —2 (15.43)

JjoC

X
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At the unity-gain frequency w, |A(jw)| = 1|Thus, w, is given by

(15.44)

which gives the corresponding frequency (that is, the unity-gain bandwidth) fyas

— Gml
27C,

o
4V C,

£, (15.45)

(15.46)

Thus, f, is directly proportional to the biasing current I of the differential stage and in-
versely proportional to the compensating capacitance C,- A specific value of C, is pur-
posely added to the circuit, either on the chip for compensated op-amps or as an external
capacitor, in order to set the desired value of f,- For example, if IQ =20 pA, V3 =26 mV,
and C, = 50 pF, we get f;, = 1.22 MHz.

Effects of C,, on Zeros | The capacitance C, also has a Miller’s effect on the output side
of the second stage, given by

1
Cy=CJll1+ = C
- N x( gm2R2) X

and introduces a right-half-plane zero on the transfer function. J[l'he zero w, can be found
from Fig. 15.8 by making the output voltage v, = 0, as shown in Fig. 15.8(a). We get

Gm2vol = (vol - vo)(jwcx) = vol(j‘bcx)

which gives the zero frequency w, as

(15.47)

If G, is large, which is usually the case for BJT amplifiers, then the zero will be at a very -
high frequency. However, if G, is of the same magnitude as G,,1» Which is generally the
case for CMOS amplifiers, the zero frequency will be close to the unity-gain frequency W,

FIGURE 15.8 Equivalent circuit for determining zeros

S
+ liw *+
GmiVia <l> ng Cy== Vol sz"ol<l> vo=0  GmVig <l> R,§ C,==
(a) Finding zero (b) New zero location

Since a zero introduces a phase shift, the phase margin of the amplifier will be de-
creased, affecting the amplifier stability. However, it is possible to remedy the stability -
problem by adding a resistance R, in series with C,, as shown in Fig. 15.8(b). The com-
bination of R, and C, can move the zero and make w, a very large frequency. The zero fre-
quency w, can be found by making the output voltage v, = 0. That is,

X X

. 1 . 1
szvo1 = (v01 - vo)(ja)Cx + —R—) = vol(ijx + R—>
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which gives the new zero frequency w, as

1
w =
‘ Cx(l/GmZ —R)

(15.48)

Thus, by selecting R, = 1/G,_,, we can make the zero frequency w, infinite. It is impor-
tant to note that, by making R, > 1/ G »» We can locate the zero frequency at the nega-
tive real axis, which will increase the phase margin.

According to Eq. (15.39), the second pole wpy may be close to the unity-gain fre-
quency w, for alow value of g_,. As aresult, w » may introduce an appreciable phase shift
and thus decrease the phase margin. This problem can be resolved by increasing the value
of C, in order to split the poles further.

Op-amps are limited by the slew rate (SR), which specifies the maximum rate at which the
output voltage can change without introducing any significant amount of distortion. That
is, SR = (dv,/ dn), .- Like the unity-gain frequency, the SR depends on the capacitance
C,. Figure 15.7 illustrates that the current i, through the capacitor is related to the output
voltage v, by

. d
i.=C, T (Vo = Vo1) | (15.49)

d v
=C ——(v + -2 )
*dt\° A,
(since vy = —v /A ,), which gives dv_/dt as
dv, I

A (1 + 1AL

(15.50)

Let us assume that A , >> 1 and that i, can be approximated by the output current of
the differential amplifier (that is, I, =iy; = G v;¢)- Then Eq. (15.50) can be approxi-
mated by

—0 =t = 0 ; (15.51)

Consider the unity-gain follower shown in Fig. 15.9(a). If a step input vy =V_
(say, 10 V) is applied to it, in zero time the output will not change, as shown in
Fig. 15.9(b). Thus, Vin will appear as the differential voltage between the two input termi-
nals, and the differential stage in Fig. 15.1 will be overdriven. Transistors Q; and Qg in

FIGURE 15.9 Unity-gain follower FIGURE 15.10 Integrating model of an op-amp

Vi

(a) Unity-gain follower

Vo Ay

vo=SR X ¢ i°|=IQ(>v°,‘=O +

t
(b) Waveforms — - _.
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Fig. 15.1 will carry the whole biasing current Iy, and transistor Q, will be cut off. Qg4, how-
ever, is the mirror of Qj, and it will produce a current of I, which will flow into the sec-
ond stage.

The biasing current limits the maximum value of the output current i, of the

differential stage to the value I, in one direction and the value —IQ in the other

direction. That is, iol(max) = i-IQ. Thus, the slew rate corresponding to iol(max) is given
by
dv iol(max) IQ
SR =—2 ==+ (15.52)
dt max CX CX

Like the unity-gain frequency Jfu» the slew rate is directly proportional to IQ and inversely
proportional to C,- If the gain of the second stage is large, then the op-amp behaves as an
integrator, as shown in Fig. 15.10.

Relation Between SR and f, | Substituting Iq = 4mViC,f, from Eq. (15.46) into Eg.
(15.52), we can relate the positive SR (known simply as SR) to f,. That is,

4mrV..C
R = 1% _ 4V f, (15.53)
CX
or
SR
- 15.54
fu AV (15.54)

Thus, there’is a direct relation between the slew rate and the unity-gain frequency of an
op-amp. For example, if 1Q =20 pA, Vi =26 mV, and C, = 50 pF, thenfu = 1.22 MHz
and

SR = Io/C, = 20 pA/50 pF = 0.4 V /s

KEY POINTS

OF SECTION 15.3

v

¥

15.4
JFET Op-Amps

JFET op-amps are generally hybrid-type amplifiers, using a pair of JFET transistors for the
input stage differential amplifier and bipolar transistors for the rest of the circuit. Thus,
JFET op-amps are often called BiFETs. This configuration allows a high input resistance
and low input biasing currents while giving high gain through bipolar transistors. We will
consider four examples.


alejandro
Rectangle

alejandro
Rectangle

alejandro
Rectangle


’ R 0

780

FIGURE 15.11
Simplified schematic for
op-amp LH0022
(Courtesy of National
Semiconductor, Inc.)

JEET Op-Amp LH0022

TABLE 15.1
Parameters of op-amp
LH0022
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The simplified schematic of the LH0022 op-amp is shown in Fig. 15.11. The LH0022 is
designed to operate from a *15-V power supply. It is capable of a peak output voltage
swing of about 12 V into a 1-k{) load over the entire frequency range of 1 MHz. The
circuit can be divided into a differential stage, a gain stage, an output stage, overload
protection, and a dc biasing circuit. Some parameters of the LH0022 are listed in
Table 15.1.

Differential Stage  The differential input stage consists of Q through Q. Transistors Q,
and Q, are n-channel JFETs that operate in a common-drain (or source-follower) config-
uration. These JFETs drive transistors Q; and Q,, which operate in a common-base con-
figuration. The current mirror, consisting of transistqrs Qs, Qg and Q, acts as the active
load.

The combination of common-drain and common-base configurations provides a very
high input resistance and a very low input biasing current from the JFETs while giving
a large voltage gain from the BJTs. Also, the common-drain configuration performs

dc supply voltages Vs +15 v
Input offset voltage Vyq 6.0 20 mV
Thermal drift D, 10 pv/°C
Input biasing current I 15 50 PA
Input offset current /g 2 10 PA
Differential input resistance Ry, , 10'? Q
Common-mode input resistance R;. 1012 Q
Output resistance R 75 Q
Input capacitance C; 4.0 pF
Open-loop voltage gain A 25 100 V/mV
Common-mode rejection ratio CMRR 70 80 dB
Unity-gain bandwidth f, 1.0 MHz
Slew rate SR 1.0 3.0 V/us
Power supply rejection ratio PSRR 70 80 dB
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the function of shifting voltage levels toward the negative supply voltage — VEE so that the
output signal can be shifted upward in the positive direction in the following stages. Note
that the dc level of the output voltage of this stage will be approximately

~Vee * Ve * Vg7 =~V + 12V

Gain Stage The gain stage has the common-collector and common-emitter configura-
tions forming a Darlington pair made up of Q6 and Q. This arrangement offers a high
load resistance to the differential stage and hence provides a large voltage gain. Capacitor
C, is the pole-splitting compensating capacitor connected in shunt-shunt feedback, and it
controls the unity-gain bandwidth and the slew rate.

Output Stage - The output stage is a complementary class AB push-pull circuit consisting
of transistors Q, 4 and Q,q- Diode-connected transistors Q,g and Q,4 provide the biasing
voltage for class AB operation in order to reduce crossover distortion.

Protection Circuitry  Transistors Qs and Q,, act as the current booster. Resistors R, ; and
R, provide short-circuit protection by turning on Q,5 and Qj,; so as to limit the currents
through Q,, and Q,, respectively.

Biasing Circuitry  The complete schematic, including the biasing circuitry, is shown in
Fig. 15.12, which has an extra protection circuit (consisting of transistors Q,3 and Q,4) to
short the input terminal of Q¢ (in the gain stage) to ground through Q,3. Transistors Q,,
and Q;, form a Widlar current mirror, which biases transistors Q; and Q, of the common-
base configuration. The current source consisting of transistors Q;, and Q5 biases the gain
and output stages. The reference current I . can be found from

;= Yec® Vee ~ Veen ~ Ves

s Arer 3 (15.55)

- Transistor Q4 is a multicollector lateral pnp device. Its geometry is shown in
Fig. 15.13(a), and its symbol is shown in Fig. 15.13(b). The collector ring has been split
into two parts—one part faces on three-fourths of the emitter periphery and collects the
holes injected from that periphery, and the second one faces on one-fourth of the emitter
periphery and collects the holes from that periphery. The structure is analogous to two pnp
transistors whose base-emitter junctions are connected in parallel, one with an I that is
one-fourth that of a standard pnp transistor and the other with an Ig that is three-fourths
that of a standard pnp transistor. This electrical equivalence is shown in Fig. 15.13(c).
Thus, the currents ]Q2 and IQ3 are three-fourths and one-fourth of the reference current I
respectively. That is,

ef?

3 ¢ I

The simplified schematic of the LF411 op-amp is shown in Fig. 15.14. Its internal struc-
ture is similar to that of the LH0022 op-amp. The differential input stage consists of
p-channel transistors J; and J,, with a current mirror load. This stage has low offset, low
drift, and a high unity-gain bandwidth. The complete schematic appears in Fig. 15.15,
which shows in detail the biasing circuitry. There is a resistor R; in the drain of J,,, but none
in that of J,. JFET J, operates in a common-source configuration, whereas JFET J | oper-
ates in a common-drain configuration. This type of arrangement gives a lower voltage gain
but a wider bandwidth.
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FIGURE 15.13 E E
Electrical equivalent for I
multicollector lateral pnp Isy = 0.751
transistor Isy = 0.25[5
» s » —F—
I I
30 |1 ol e
GG G G
(@ S ® ©
A large value of dc biasing circuit I (in mA) can be used for JFET differential am-
plifiers without significantly affecting the input biasing currents. On the other hand, for
BJT differential amplifiers IQ is kept small (in wA) in order to have a low input biasing
current or high input resistance. Some parameters of the- LF411 op-amp are listed in
Table 15.2.
TABLE 15.2 P R T al | Masdius
Parameters of op-amp LF411 v Faramelter 7% | Typical || Maximumi
dc supply voltages Vg +18 \Y%
Input offset voltage Vg 0.8 2.0 mV
Thermal drift D, 7 20 nv/°C
Input biasing current /g 50 200 PA
Input offset current /g 25 100 pPA
Differential input resistance R, 1012 Q
Common-mode input resistance Ry, 10!2 0
Output resistance R, 75 Q
Input capacitance C; 4.0 pF
Open-loop voltage gain A | 25 200 V/mv
Common-mode rejection ratio CMRR 70, 100 dB
Unity-gain bandwidth f, 2.7 4.0 MHz .
Slew rate SR 8.0 15 V/ps
Power supply rejection ratio PSRR 70 100 dB

1
Differential stage

FIGURE 15.14 +Vee

Simplified schematic
for op-amp LF411
(Courtesy of National
Semiconductor, Inc.)
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FIGURE 15.15  Schematic for op-amp LF411 (Courtesy of National Semiconductor, Inc.)
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—Vee
JFET Op-Amp LH0062

Differential stage Gain stage ¢ Output stage
dc Biasing The zener diode Z, allows stable dc'biasing with thermal compensation -
by diode D, and resistor R4 With JFET J5 acting as a current-regulator diode (see
Sec. 13.4), the current through zener diode Z, is kept constant at Iyge. If V,, is the zener
voltage, then

V, = Voo — V. :
Z BEl6 D2
Ler = R (15.56)
4

which in turn sets the dc biasing currents IQl and IQZ'

Thermal Protection  Transistor Q)9 is normally off. If the temperature rises, VeEie Will
fall because of the negative temperature coefficient of Q¢ and the zener voltage V, will
rise because of the positive temperature coefficient of zener diode Z5. As aresult, the volt-
age at the emitter of Q,¢ will rise; thus, the voltage at the anode of D, will also rise. If the

temperature rise is adequate, Q,¢ and Qg will turn on and reduce the gain and the output
voltage of the amplifier. !

The simplified schematic of the LH0062 op-amp is shown in Fig. 15.16. The internal struc-
ture is similar to that of op-amp LH0022.

Differential Stage ~ The differential input stage consists of n-channel transistors Q, and
Q, with an active load. This is a normal source-coupled differential pair with a difference
output, which gives a lower gain but a wider bandwidth. The input resistance is very high .



1

FIGURE 15.16
Simplified schematic for
op-amp LH0062
(Courtesy of National
Semiconductor, Inc.)

JFET Op-Amp LH0032
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Differential stage

R R,
20k 20kQ)

Second differential stage Output stage

—QVO

, AN
-

s s oune oy ot s o ] — Ty — -~

for the JEET input stage. The dc biasing current IQ is set by the current source consisting
of transistor Q5 and zener diode D,. Thus,

V, =V

- _Z BE3 =
IQ = —————RS (15.57)
12-06 _

600 L mA

Gain Stage  The gain stage is a common-emitter coupled pair, which drives a current mir-
ror load consisting of transistors Qg and Q;-The single-ended output gives a larger volt-
age gain. The biasing current IQ] can be found from

R,I
_Rq
IqiR3 + Vepy = 7
That is, "
R,1./2 —V
_ Ry EB4 )
20k X 0.5 - Q.
2 GIZ“A 06 _ | 6ma

The collector current of Q; is the mirror of that of Q¢- That is, 1QZ is the mirror of I,, and
IQ2 = IQl = 1.6 mA, which is also the biasing current for the output stage. The;‘hig gain
and wider bandwidth are obtained by cascading two differential stages. The slew rate is
also high because of the higher dc biasing current. Some parameters of the LH0062 op-
amp are listed in Table 15.3.

The LHO0032 is an ultrafast op-amp. Its schematic is shown in Fig. 15.17. The internal
structure is similar to that of op-amp LH0062, except that the second differential
stage uses common-base cascode BJTs for a higher voltage gain. The zener diode D;,
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TABLE15.3 . Parameter | Minimum “Typical | Maximum | - Units .
Parameters of op-amp !
LH0062C dc supply voltages Vg *+18 \%
Input offset voltage Vg 10 15 mV
Thermal drift D, 10 35 nv/eC
Input biasing current I 10 65 PA
Input offset current /g 1 5 pA
Differential input resistance R,, 10'2 Q
Common;mode input resistance R;, 1012 Q
Output resistance R, 75 Q
Input capacitance C; 4.0+ pF
Open-loop voltage gain A 25 160 V/mV
Common-mode rejection ratio CMRR 70 90 dB
Unity-gain bandwidth f, , 15 MHz
Slew rate SR » 50 75 V/us
Power supply rejection ratio PSRR 70 90 dB

gives a stable reference voltage for the biasing circuit consisting of transistors Qg and
Qq. In general, a differential stage with a difference output (i.e., the first differential
stage) gives a lower voltage gain but a wider bandwidth. A differential pair with a
single-ended output (i.e., the second differential stage) gives a higher voltage gain
but a lower bandwidth. However, the common-base cascode connection gives a wider
bandwidth.

The LH0032 op-amp has very high gain, a very large slew rate, and a very large band-
width. Note that there is no compensation capacitor. As a result, the bandwidth is widened.
Some parameters of the LH0032 op-amp are listed in Table 15.4.

FIGURE 15.17 Schematic for op-amp LH0032 (Courtesy of National Semiconductor, Inc.)

=

0

|

1 ! !
Vo = +12V 1 I ,
c 1 i 5
! { ;
R é Rzé 1 Ry I l
3 ] !
Balance/ ' - : o
aancel : Q Qs | 4
compensation | 4 ! ! 2 Output ‘
i : compensation
5 K I o Q% |
Invert inpulvs—‘E]Q; Q; 4 : i%
‘ I 3
! - 5
rﬁ(' |/ v
Noninvert input 6 : i Qi
HEE I }
: ] R,
I : 11
: { +Output
1 : Ry
: { Yo
}
I | Q
1
! L -
I
I
]
1
41
4

. e e e -

b Vg =10V

i
!
¥ CR, :
|
i
i

(Differential) gain stage Output stage



TABLE 15.4
Parameters of op-amp
LHO0032A

SECTION 1§.5 > CMOS Op-AMPS 787

“4' . Parameter imum - i/ Typical | .Ma in 1 :
dc supply voltages Vs *18 v
Input offset voltage V¢ 1.0 20 mV
Thermal drift D, 15 30 pv/°C
Input biasing current /g 50 150 pA
Input offset current J5g 10 » 30 pPA
Differential input resistance R, 102 | ! Q
Common-mode input resistance R, 102 Q0
Output resistance R 750, Q
Input capacitance C, 40 | pF
Open-loop voltage gain A | 60 70 dB
Common-mode rejection ratio CMRR 50 60 dB
Unity-gain bandwidth f, 70 . MHz
Slew rate SR 350 500 V/ps
Power supply rejection ratio PSRR 50 60 dB

KEY POINTS OF SECTION 15.4

15.5
CMOS Op-Amps

CMOS Op-Amp
MCi4573

1 TABLE 15.5
o Parameters of op-amp
MC14573

CMOS amplifiers can have either two or three stages. The gain and output stages are com-
bined into a single stage. This type of amplifier has a very high input resistance, and the
voltage gain is generally comparable to that of other types of amplifiers. In this section we
will conslder two CMOS amplifiers.

The 51mphﬁed schematic of op-amp MC14573 is shown in an 15.18. Its internal struc-
ture can be divided into a differential CMOS stage, a gain stage, and a biasing circuit. This
op-amp has a very high input resistance, but the gain is lower than that of other op-amps,
as expected. Some parameters of the MC14573 op-amp are listed in Table 15.5.

dc supply voltages Vg *18 v
Input offset voltage V;q 160 600 v
Thermal drift D, i pv/°C
Input biasing current Iy, : 1.0 nA
Input offset current /g 200 PA
Differential input resistance R, 102 : Q
Common-mode input resistance R, 1012 Q
Output resistance R 50 Q
Input capacitance C; 1.0 pF
Open-loop voltage gain A 90 dB
Common-mode rejection ratio CMRR 75 95 dB
Unity-gain bandwidth f, 70 MHz
Slew rate SR 2.5 V/us
Power supply rejection ratio PSRR 75 97 | dB
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FIGURE 15.18
Schematic for op-amp
MC14573 (Copyright of
Motorola. Used by
permission.)
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Differential Stage  The input stage is a PMOS differential amplifier consisting of transis-
tors Q; and Q,. Its load is a current mirror consisting of NMOS transistors Qs and Q.

Gain Stage  The gain stage is also the output stage. It is a common-source amplifier with
Qg as the active load. C, is the compensation capacitor connected to Q,.

dc Biasing The differential stage is biased by transistors Qs and Qg as a current source.
An external resistance R sets the dc biasing current IQ, which can be found approxi-
mately from

Viory + Vee — V,
I. = DD SS SG . _ (15.59)
Q Rref

_ 2
= Kp(Vgs = V)

Transistor Qg serves as the load to the output stage. Since the gate voltages of Qs, Qg and
Qg are the same, the biasing current Qg equals IQI = IQ.

EXAMPLE 15.2 ‘

Analyzing the CMOS op-amp MC14573 The CMOS amplifier in Fig. 15.18 is operated at
a biasing current of IQ =40 pA. The parameters of the MOSFETs are K, = 10 p,A/Vz,
| Vmanmosy] = Vnemos) = 70V, V, = 0.5V, and W/L = 160 um/ 10 wm, except for Q;, for which
W/L = 320 pm/10 pm. Assume V= —Veg =5 V.

(a) Find Vi, g, and r for all MOSFETs.
(b) Find the low-frequency voltage gain of the amplifier A, .
(c) Find the value of the external resistance R ¢

(d) Find the value of compensation capacitance C, that gives a unity-gain bandwidth of 1 MHz and
the corresponding slew rate,

(e) Find the value of resistance R, to be connected in series with C, in order to move the zero fre-
quency to infinity. :
(f) Find the common-mode input voltage range.
() Find the output voltage range.
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(@) Kp, Vgs» 8 and r,, are calculated using the following equations:

KW

K, =2 15.60
p=" (15.60)

ID
Vos =V, + 7{; ' (15.61)
8m = 2Kp(Vgs — V) = 2VK, 1, : (15.62)
v,
o= 1l (15.63)
ID

Their values are shown in Table 15.6.
(b) The voltage gain of the first stage with the active load is given by

Ayl = —8malroa I ros) - (15.64)
~113.1 p X (3.5M|3.5M) = —198

The voltage‘gain of the second stage with the active load is given by
AVZ = _gm7(ro7 ” r08) (15.65)
=2263 w X (175 M| 1.75 M) = ~ 198
Thus, the overall voltage gain is A=A, A, =198 X 198 = 39204 (or 91.87 dB).
(c) From Eq. (15.59), we get the value of the external resistance R s as
Rees = (Vpp + Vss = Vgss)/Ig = (5 + 5 = 1)/(40 pA) = 225 kQ

1

(d) Forf, = 1 MHz, Eq. (15.45) gives the value of compensation capacitance C, as

Cy = Gy /27fy, = g,n/27f, = 113.1 p./(27 X 1 MHz) = 18 pF
From Eq. (15.52), we get the slew rate as

SR = IQ/CX =40 nA/18 pF =222V /us
(e) From Eq. (15.48), the value of resistance R, is

Re=1/Gpy= 1/g7 = 1/(2263 p) = 442MQ -

(f) Transistor Qg will leave saturation when the common-fnode input voltage becomes

Vietmax) = VDD ~ |vGSG.| + V| = [Vgs1l =5~ 1+05-0854=3646V

Transistors Q; and Q, will leave saturation when the common-mode input voltage falls below the
voltage at the drain of Q; by | V,|—that is, when

Vieminy = — Vs + |VGS3| -V =-5+1-05=-45V

TABLE 15.6 Calculated values for Example 15.2

O | QR QI Qs [ g il

W/L (in pm/pm) | 160/10 | 160/10 160/10 | 160/10 | 160/10 | 160/10 | 320/10 160/10

Kp (in p,A/Vz) 160 160 160 160 160 160 320 160
Ip (in pA) , 20 20 20 20 40 40 40 40
Vgg (in'V) 0.854 0.854 0.854 0.854 1 1 0.854 1
&m (n nA/V) 113.1 113.1 113.1 113.1 160 160 226.3 160

r, (in M) 3.5 35 35 35 1.75 .75 ] 1.75 1.75
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CMOS Op-Amp
TLCI078

TABLE 15.7
Parameters of op-amp
TLC1078
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Thus, the common-mode input voltage range is ~4.5 V to 3.646 V.
(8) Transistor Qg will leave saturation when the output voltage becomes

Voumao) = Voo = [Vosgl + [V| =5-1+05=45V

* Transistor Q; will leave saturation when the output voltage becomes

Vormi) = ~Vss T 1 Vgs7| — |Vi| = =5+ 0854 — 0.5 = ~4.646 v
Thus, the output voltage range is —4.646 Vto 4.5V,

The simplified schematic of the TLC1078 op-amp is shown in Fig. 15.19. Its structure is
similar to that of op-amp MC14573. The internal structure can be divided into a differen-
tial CMOS stage, a gain stage, an output stage, and a biasing circuit. Some parameters of
the TLC1078 op-amp are listed in Table 15.7.

Differential Stage ~ The input stage is a PMOS differential amplifier consisting of transis-
tors Q; and Q. Its load is a current mirror consisting of NMOS transistors Q, and Q,,
which have sources R, and R, to give high output resistances.

Gain Stage The gain stage uses NMOS Q, in a common-source configuration with
PMOS Qg as the current source active load. The combination of C, and Ry is a pole-zero
circuit, which can reduce the lowest pole or break frequency to a low value to ensure sta-
bility. Also, it can produce a zero to cancel out one of the second poles of the amplifier’s
open-loop frequency response.

Qutput Stage  The output stage consists of a pair of NMOS transistors that operate in the
class AB push-pull mode. Transistor Qg is the source follower, sourcing current to the load
during the interval when the signal at the output of Q; goes up above the quiescent value.
Transistor Qg acts as the common-source amplifier, sinking current from the load during
the interval when the signal at the output of the differential stage goes down below the qui-
escent value. : »

A decreasing signal at the output of the differential stage will be amplified by Q, with
a phase shift of 180° and then will appear through the source follower of Qg as an in-
creasing signal to the load. However, an increasing signal will be amplified by the
common-source amplifier of Qg with a phase shift of 180° and then will appear as a

dc supply voltages Vg 18 v
Input offset voltage Vy¢ 180 600 pv
Thermal drift D, 1 pv/eC
Input biasing current I;; 0.7 pPA
Input offset current /g 0.1 pA
Differential input resistance R 1.5 TQ
Common-mode input resistance R, 1.5 TS
Output resistance R | 50 Q
Input capacitance C, 1.0 pF
Open-loop voltage gain 4 110 4 120 dB

* Common-mode rejection ratio CMRR 5 4 97 dB
Unity-gain bandwidth f, 4 110 MHz
Slew rate SR 47 V/ms
Power supply rejection ratio PSRR 75 97 : dB
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FIGURE 15.19  Schematic for op-amp TLC1078 (Reprinted by permission of Texas Instruments)

Differential stage Gain stage Output stage

decreasing signal to the load. Thus, the voltages applied to the gates of Qg and Qg will be
phase shifted by 180°. The voltage gain through the two paths will be the same, however.

dc Biasing The differential amplifier is biased by transistors Q; and Qg as a current
source whose gate voltage is set by the voltage divider circuit consisting of transistors Q1o
through Q,,. All of the transistors are identical, except for Qo and Q,3, whose channel
widths differ from that of the others.

EXAMPLE 15.3 ‘

SOLUTION

Analyzing the CMOS op-amp TLC1078 The CMOS amplifier in Fig. 15.19 is operated at
a biasing current of lQ =40 pA. The parameters of the MOSFETs are K, =10 uA/VZ,T
IVM(NMOS)I = Vaemosy =70V, V= 0.5V, and W/. L =160 pm/10 um, except for Q,, for
which W/L = 40 um/ 10 pm. Find the value of the resistance R;. Assume Vi, = — Voo =5V.

We have
Kp=K,W/L =101 X 160/10 = 160 nA/V? for all MOSFETs except Q;,
Kpio = K,W/L =101 X 40/10 = 40 pA/V?2  for Q,,
For IQ = 40 pA and Kp =160 p,A/Vz, Eq. (15.61) gives
 Vgs = Vo + VIp/Kp =05+ V407160 = 1 V
Thus,

, Voss = Vass = Vosit = Vosi = 1V
Also,

Ipy = Ing = Ipy = Ip1y = Ipjg = Ipjz = I
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The drain current /5 of Q5 is given by

— 2
Iy = Kp3(Vgsis — W) (15.66)
Since V510 = Vgsi3 — IQR7, the drain current Iy, of Q,, is given by
- 2 _ 2
1Ipio = Kp1oVasio — Y0 = KpioVasis ~ IgR7 — W) (15.67)
The Vg values of Q,, and Q,, are different, but their drain currents are equal. That is,
Ip13 = Ipyo ,
2 _
and Kp13(Was13 = V0" = Kp1oVesia — IgRy = W)
which relates R, to IQ as follows:
| Vesia= Vo [ (Kppz\/? '
R, = Yos TN, ( m) ] | (15.68)
IQ Kpio
Since Kp is proportional to the ratio W/L, Eq. (15.68) can be expressed as
Voss = Vi [ [ Wy \1/2
R, = G513 ty __( 13) ] (15.69)

which, for Ig= 40 pA, Wi =40 pm, W3 =160 pum, V53 =1V, and V, =05V, gives
R, =13 k{}. Thus, the ratio V Wl3/wlo sets the value of resistance R, or IQ.

KEY POINTS OF SECTION 15.5

e
S

15.6
BiCMOS Op-Amps

BiCMOS Op-Amp
CA3130

TABLE 15.8
Parameters of op-amp
CA3130

BiCMOS op-amps contain both CMOS and BJT transistors on the same chip. This -
arrangement incorporates the advantages of both BJTs and MOSFETsS to achieve desirable
characteristics such as high input resistance, low offset, large gain, and wide bandwidth.

The simplified schematic of the BICMOS op-amp CA3130 is shown in Fig. 15.20. The in- -
ternal structure can be divided into three stages: a differential MOS stage, a gain stage, and
an output stage. Some parameters of the CA3130 op-amp are listed in Table 15.8.

r aramiet
de supply voltages Vg .
Input offset voltage V5o 8.0 15.0 mV
Thermal drift D, ‘ 15 30 pv/°C
Input biasing current Iy 5 50 pA
Input offset current /¢ 0.5 30 pA
Differential input resistance Ry, 1.5 TQ
Common-mode input resistance R, , 1.5 TQ
Output resistance R 75 Q
Input capacitance C; 4.3 : pF
Open-loop voltage gain A 50 320 V/mV
Common-mode rejection ratio CMRR 70 90 ’ dB
Unity-gain bandwidth f, 15 MHz
Slew rate SR 10 V/us
Power supply rejection ratio PSRR 70 90 dB




FIGURE 15.20

Simplified schematic for
op-

amp RCA-CA3130
(Courtesy of Harris
Corporation,

Semiconductor Sector)
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Differential Stage  The input stage is a PMOS differential amplifier consisting of transis-
tors Qg and Q. This stage is biased by a current source of I, and it drives a current mir-
ror load consisting of BJT transistors Qg and Q,,,. Although a BJT active load offers high
resistance, the voltage gain is only about 5 because of the relatively low transconductance
of MOSFETs.

Resistors Ry and R allow offset voltage adjustment (in the range of iR5IQ/ 2="
1 kX 100 p = £100 mV) through an externally connected potentiometer (typi--
cally 10 k{)) across terminals 1 and 5. Also, resistor R6 increases the output resis-
tance of the active load and hence the voltage gain. Zener diodes D4 and Dg protect
the thin gate-oxide of the MOSFETs from excessive voltage spikes and static dis-
charge, which could cause breakdown of the oxide layer and hence damage the
transistors. :

GainStage  The gain stage is a common-emitter amplifier consisting of transistor Q;; and
has an active current load for a large voltage gain (about 6000). Note that the absence of a
compensation capacitor gives a high bandwidth (15 MHz).

Output Stage  The output stage is a CMOS push-pull stage consisting of PMOS Qg and
NMOS Q,. If the voltage at the collector of Qy increases by a small amount above the
quiescent level, then NMOS transistor Q5 turns on and PMOS transistor Qg remains off.
On the other hand, if the voltage goes down by a small amount, then PMOS transistor Qg
turns on and NMOS transistor Q,, remains off. The voltage gain of the output stage is
about 30.

The simplified schematic of the BICMOS op-amp CA3140 is shown in Fig. 15.21. Its in-
ternal structure is similar to that of op-amp CA3130, except for the output stage and the
addition of a compensation capacitor C, in the second stage. The voltage gain of the dif- -
ferential stage is about 10. The offset voltage adjustment is in the range of *Rsly/2 =
%500 X 100 p = =50 mV. C, provides feedback stability, but it reduces the bandwidth.
The Darlington npn emitter follower in the output stage increases the effective load resis-
tance seen by transistor Q5 in the gain stage and hence increases the voltage gain to about
10. The voltage gain of the gain stage is about 10,000. Some parameters of the CA3140
op-amp are listed in Table 15.9.
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TABLELS.S | " Parameter 7 | Minimum | Typical | Maximum | Units
Parameters of op-amp : . : I AR
CA3140 dc supply voltages Vg +18 \'%
Input offset voltage Vg 8.0 15.0 mV
Thermal drift D, 10 30 pv/°C
Input biasing current Iy 10 50 PA
Input offset current I g 0.5 30 PA
Differential input resistance R, 1.5 TQ
Common-mode input resistance R;_ 1.5 TQ
Output resistance R 50 9]
Input capacitance C; 1 pF
Open-loop voltage gain A | 20 100 V/mv
Common-mode rejection ratio CMRR 70 90 dB
Unity-gain bandwidth f, 4.5 MHz
Slew rate SR 9 V/us
Power supply rejection ratio PSRR 76 80 ' dB

Output Stage  The Darlington emitter follower offers a lower than average output resis-
tance and a high resistance to the gain stage. If the voltage at the collector of transistor Qi3
goes up in the positive direction above the quiescent value, transistor Qg Will drive the
load and source current of 1Ql 5 (2 mA). However, if the current of Q 4 falls below the level
of IQI 5 (2 mA), the voltage across the load will go down below the quiescent level. Tran-
sistor Qg will always remain on. This will cause MOSFET Q,, to turn on. Since the col-
lector current of Q, ¢ will be the mirror of the drain current of MOSFET Q,,. transistor Q¢
will sink the load current.

FIGURE 15.21 1 +Vee
Simplified schematic for 200 pA 200 pA (b
opramp RCA-CA3140 |
(Courtesy of Harris 1 '/Qn
Corporation, - | I l : }\
Semiconductor Sector) D, —d — I e KQ
x 18
Q9 QIO ; 12 pF
D4 1 Qa
N {

Ql6 ‘L
D ‘%,

Output stage

Gain stage
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15.7
BIT Op-Amps

BJT Op-Amp LMI24

TABLE 15.10
Parameters of op-amp
LMI124

Like FET op-amps, BIT amplifiers have three stages: a differential stage, a gain stage, and
an output stage. They have the disadvantages of a lower input resistance and a higher in-
put biasing current. However, BJTs provide higher voltage gain. In this section we will
consider two popular op-amps.

The LM124 op-amp is designed to operate from a power supply of 16 V, but it can op-
erate from a single power supply as low as S V. The simplified schematic is shown in
Fig. 15.22. Some of the parameters of LM 124 op-amps are listed in Table 15.10.

K Param “Typical || Maximum' || Units
dc supply voltages Vg : *16 Vv
Input offset voltage V5g 1.0 2.0 mV
Thermal drift D, 100 200 pv/°C
Input biasing current I ' 20 50 nA
Input offset current /g 2.0 10 nA
Differential input resistance R, 2 MQ
Common-mode input resistance R, 2 MQ
Output resistance R 75 0
Input capacitance C; : ; 40 | pF
Open-loop voltage gain A 50 100 V/mv
Common-mode rejection ratio CMRR 70 85 dB
Unity-gain bandwidth f 1.0 MHz
Slew rate SR 3.0 V/ps
Power supply rejection ratio PSRR 650 100 dB

Differential Stage ~ The differential input stage consists of bipolar transistors Q, through
Q- They are connected in Darlington pairs to give high input resistances and low input bi-
asing currents. These BJTs drive the current mirror load consisting of transistors Qg and
Qq for a high differential gain.

FIGURE 15.22 Simplified schematic for op-amp—i;M 124 (Counesylof National Semiconductor, Inc.)
+Vee

1
PO

e ——

Gain stage

Output stage
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BJT Op-Amp LM741

TABLE 15.11
Parameters of op-amp
LM741

CHAPTER 1§ > OPERATIONAL AMPLIFIERS

Gain Stage ~ The gain stage is a common-emitter amplifier consisting of pnp transistor
Q| (with an active load), which is followed by a Darlington pair consisting of transistors
Q,; and Qy,. The beta of a pnp transistor is generally low. The Darlington pair offers a
high load to transistor Q,,. This arrangement ensures a high voltage gain (100 dB). The
number of poles in the op-amp increases with the number of transistor stages. C, is used
for feedback compensation.

Output Stage  The Darlington emitter follower consisting of transistors Q5 and Qg offers
a lower than average output resistance and a high resistance to the gain stage. If the volt-
age at the collector of transistor Q;, goes up in the positive direction, transistor Qg will
drive the load and source current of / 3 (50 pA). However, if the current of Qg falls below
the level of /55 (50 wA), transistor Qg will be off, and the voltage across the load will go
down below the quiescent level. This will cause transistor Q3 to turn on and sink the load
current. Transistor Q, together with resistor Rgc, provides short-circuit protection by lim-
iting the current through Q. This is done by turning Q; on if the voltage across Rq( ex-
ceeds the base-emitter voltage VBET-

The LM741 op-amp is familiar to students because its characteristics are commonly used
in illustrating' the applications of op-amps. This op-amp was first introduced in 1966 by
Fairchild Semiconductor, Inc. It is relatively simple. It has a large voltage gain and a large
CMRR. The range of common-mode and differential input voltages is wide. The schematic
is shown in Fig. 15.23. The op-amp circuit can be divided into five parts: a dc biasing cir-
cuit, an input stage, an amplifier stage, an output stage, and overload protection. Some of
the parameters of the LM741 op-amp are listed in Table 15.11.

¢ . Param | Minimum | Typical | Maximum | Units "
dc supply voltages Vg . +22 \%

Input offset voltage Viy¢ 1.0 5.0 mV
Thermal drift D, i 15 wv/eC
Input biasing current /g 80 550 | nA
Input offset ‘current /¢ 20 200 nA
Differential input resistance R,y 0.3 2 MQ
Common-mode input resistance R, 2 MO
Output resistance R | —~ 75 Q
Input capacitance C; 4.0 1 pF
Open-loop voltage gain A 50 200 | V/mV
Common-mode rejection ratio CMRR 70 90 dB
Unity-gain bandwidth f;, 1.0 MHz
Slew rate SR 0.5 V/us
Power supply rejection ratio PSRR 70 90 dB

Differential Stage  The differential input stage consists of bipolar transistors Q, through
Q4- They form common-emitter and common-base configurations (see Fig. 13.33) for
higher bandwidth and gain. This stage is biased by the current source consisting of Qg, and
it drives the current mirror active load consisting of Qs. Qg, and Q4. The biasing feedback
loop formed by Qg and Q stabilizes the biasing currents in each of the input transistors at
approximately one-half of the collector current of Qo

Gain Stage  The gain stage consists of a common-emitter Darlington pair amplifier made
up of transistors Q¢ and Q. Transistor Q,, drives an active load consisting of tran-
sistor Q5 for high gain, and it is followed by the pnp transistor Q,3 in common-emitter
configuration, The extra emitter on Q,3 prevents Q, from saturating by diverting the base
drive current from Q, when Vg of Q7 reaches zero volts. This arrangement eliminates
the possibility of a high current condition that could damage Q 16 Q3p acts as the dc feed-
back so thgt V16 — Yc17 = Vipasg- Cy is used for frequency compensation.
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Qutput Stage  The output stage is a push-pull output stage and operates in class AB mode
to reduce crossover distortion. It is biased by a Vg multiplier circuit (see Fig. 15.24) con-
sisting of transistors Q,4 and Qio

Protection Circuitry  Resistors R¢ and R, provide short-circuit protection, turning on Qs
and Q,, to limit the currents through Q4 and Q,, respectively. Turning on Q,, also turns
on transistors Q,, and Q,, thereby shorting the input signal to the base of Q¢ in the gain
stage.

y ,Mr."? s ""'""*“; -.(@ m bt
ntial stage, a gain stage, and an,output

offset voltage (1 mV), a low input
nA y proyid

15.8
Analysis of the
LM741 Op-Amp

dc Analysis

As an example, let us carry out a complete analysis of the LM741 op-amp shown in
Fig. 15.23, finding the dc biasing currents, the small-signal gain, the input and output re-
sistances, and the unity-gain bandwidth. The analysis can be divided into three sections:
dc analysis, ac analysis, and analysis of frequency response.

The dc analysis to determine the quiescent operating currents and voltages of the transis-
tors can be simplified by making the following assumptions:

1. The output resistances of the transistors are very high and do not affect the currents
flowing in the circuit. Usually, this assumption results in a 10 to 20% error in the
calculated currents. '

2. The output voltage is maintained at a constant specified value by the internal feed-
back loop. Let us assume that the output voltage is zero. This assumption is nec-
essary because of the very high gain, typically 10°, which results in a very low in-
put voltage. If the output voltage is calculated with two input terminals grounded,
any change in the beta or output resistances could cause a large change in the out-
put voltage and the transistors could be operating in the saturation region rather
than in the active region as expected.

. The npn transistors have large betas; let us assume ﬁlF(np 0 = 250.

- The betas of pnp transistors are much lower than those of npn transistors; let us as-
sume BF(pnp) = 50.

& W

Biasing Circuit  The currents in the biasing current sources of Q,p and Q3,5 can be cal-
culated from Fig. 15.24. Let us assume that all transistors are operating in the forward
active region, the base currents are negligible, Vo =26 mV, and Vg = 0.7 V. The refer-
ence current can be calculated as follows:

I Vee = Vee ~ VBen ~ Vesn

ref — R, (15.70)

15+ 15-2%07
B 39 k)

The transistors Q and Q;; form a Widlar current:source. Using Eq. (13.16), we can find
the output current /; from :

= 0.73 mA

I
f
Vrln —;‘f— =RJ, (15.71)

0.73 mA
Vpln= =Sk Xy




FIGURE 15.24
Biasing circuit for the
LM741 op-amp

FIGURE 15.25
The LM741 op-amp with
biasing current sources
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Vee = +15V
Qi Qi3 A
B
RS 121 l lJ
39 kN

Vgg = —15V

which, by trial and error, gives I; = 19 pA.
Transistor Q5 is a multicollector lateral pnp device. Thus, currents I, and 1; are three-
fourths and one-fourth of the reference current I g, respectively:

I, =(3/4) X 0.73 mA = 0.55 mA
I;=(1/4) X 0.73 mA = 0.18 mA

If we replace the biasing circuit in Fig. 15.24 by the equivalent current sources of /,, 1,
and /3, the circuit in Fig. 15.23 can be simplified to that in Fig. 15.25.

5

550 pA

1
¥
I
|
!
i
I
I
I
!
I
!
1
|
|

Ve = —15V

|
!
i
|
|
|
1
1

Differential stage

Gain stage Output stage
Input Stage  The input stage provides a high input resistance for differential and common-
mode input signals, the differential-to-single output, and some voltage gain. The input
stage of the LM741 with biasing current sources is shown in Fig. 15.26. Since the npn tran-
sistors have large values of beta, the base currents are neghglble compared to the collector
currents. For identical transistors, g = I~g

The current Iy, which is the sum of Ig plus the base currents of Qg and Qg, can be
found from ;

2
Ip=1Ig + 1Bg + 159 1C9<1 + o )) (15.72)
. | prp
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FIGURE 15.26
Input stage of the LM741
op-amp
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f
19 pA

where BF(pnp) is the curr'ent gain for pnp transistors. Neglecting the base currents of Q, and
Q,, we find that the emitter currents of Q; and Q4 are

Iy I/ 2

The sum of the base currents of Q; and Q4 and the collector current of Qg must be equal
to the biasing current of /; = 19 p.A. Thus, :

I I 1+2/B
L=log+—B 4 B4 1C9[1 + ——Toop) (15.74)
I+8 F(pnp) I+B F(pnp) 1 _(BF(pnp)
Substituting I~y from Eq. (15.74) into Eq.(15.72) yields
Ip= 11(1 + L ) (15.75)
F(pnp)
= (19 pAY(1 + 1/50) = 19.38 pA
Then
Iy = Iy = 1938 pA/2 = 9.69 pA
'BF(pnp) 50
Iy = =TT a g T T X969 pA =95pA
C3 C4 E3
1+ BF(pnp) 1+ 50
and Ies = Icg =~ I3 = 9.5 pA

Because of the biasing feedback loop formed by Qg and Q, the biasing currents in each
of the input transistors Q, and Q, are approximately one-half of the collector current of
Qpr o1 1, /2.




FIGURE 15.27
Gain stage
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The emitter current of Q; is the sum of the base currents of Q5 and Qg plus the cur-
rent into resistor Ry:

Igy = Ips + Igg + Ip3 = Ip,
Assuming I = I5 and Igg =~ I, the voltage across R, is

VR3 = Vggs + Rilgs = Vpgg + Rylgg

— v (fes) 4 g ‘ (15.76)
=Vrln Is tlEs : .
. 9.5 pA C an-

The collector current of Qy is

Iy = Ig; = Vgs/Ry = 547 mV/50 k1 = 10.9 pA

Gain Stage  The gain stage provides a high voltage gain with a very high input and out-
put resistance. The amplifier stage is shown in Fig. 15.27. Since it is assumed that the out-
put voltage of the amplifier is zero, the base current of Q,4 is zero and the collector cur-
rent of Q5 is Iy =1, =550 pA. The voltage at the base of Q,, is equal to the
base-emitter voltage of Q,; plus the voltage drop across resistor Rg. Assuming Iy 5 =
Icy7, the voltage at the base of Q,; with respect to — Vi is

VB17 = VBE17 + Relgys

I .
_ Cl17
= V. In (—78——) + Relg 7 15.77)
= Vo n (.515(‘)’_*1”5‘) + 100 X 550 A = 642 mV + 55 mV = 697 mV

The current through Ry is

V) 697 mV
Bi7 .
Ig = = = 13.94 pA
RO~ "Ry T 50kQ w
The base current of Qg is
I 550 wA
_ a7 _._ -

BF(npn) 250

The collector current of Q4 is

Icie = Igie = Ip;7 + Ipg = 2.2 RA + 13.94 p = 16.14 pA

VEE= -15V
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FIGURE 15.28

Output stage

13
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Output Stage  The output stage supplies a high load current and offers a low output re-

‘sistance. This stage is shown in Fig. 15.28. Assuming that the base currents are negligible,

the collector current of Q3 is /o3 = I3 = 180 pA. Further assuming that the circuit is
connected with feedback in such a way that the output voltage is driven to zero and the
output current is also zero, /-, and Iy are approximately equal in magnitude. Thus,

Ic1a = Icao - (15.78)
Iget us estimate that Vgpis = 0.6 V and the collector current of Qg is given approximately
y .

1~ YBEIE _ 06
€19 "R,  40kQ

=15 pA

Then
Torg = loys = Ioig = 180 — 15 = 165 pA

Now we can calculate a more accurate value for VBEI 8

I
= cigl _ 165 nAY _
S 10
The collector current of Q,4 is
1 V 165 pA  611.7 mV
1C19 — _Cis8 + BEI8 _ M m = 15.6 pA
BF(npn) R[() 250 40 k()

and

Iojg =180 u — 15.6 = 164.4 pA

which is very close to the original estimate of 165 A, If there had been a significant dif-
ference between this value and the original estimate, we would have used this value to find
?ew (;'alues of VaE1s Icgr and Ic1g continuing thg iterations until the desired value was
ound.

Using KVL around the loop formed by Q4 on,‘ng, and Q,q in Fig. 15.28, we get

Vee1s * VBE19 = VBE1s + | Vi

L d) 1c14l
I

180 pA
! m }\QM

’cnal

=t &+
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which can be written as

I I I I
Vypln (ﬂ) + Vpln (—C‘—g) = Vp 1n-(—c—“1) + Vpln [-S2 (15.79)
I ‘ I ¥ 1
Si8 S19 Sl14 520
For an output voltage of vy = 0 and ﬁF(npn) >>1,
lcial = eyl (15.80)
and Eq. (15.79) can be simplified to
Il 12
ciglcio _ _‘cl4 (15.81)
Isiglsio  Isi1als20
from which we get
Tci4d
- /7 [fs14's20
Icis = Ico = Vicigler (15.82)

I 181519

Thus, the collector currents depend on the Ig values, which depend on the physical geom-
etry of the transistors. Q, 4 and Q, are normally designed to carry much larger current than
other transistors. The specific geometries used by different manufacturers may be differ-
ent, but the I5 value of Q,, and Q, is typically three times that of Q¢ and Q,q- Thus,

Is1a = Is30 = 3515 = 3519 (15.83)
Substituting /g, , from Eq. (15.83) into Eq. (15.82) yields
Tcia = Icao = 3Viciglcig (15.84)

=3 X V(164.4 nA)(15.6 nA) = 151.9 pA

Overload Protection  Transistor Qs (in Fig. 15.23) turns on only when the voltage across
R¢ exceeds 550 mV at an output sourcing current of 550 mV/R¢ = 550 mV /27 =
20 mA. When Q5 turns on, it limits the current to the base of Q,4 and the output current
cannot increase further. Thus, Q, 5 provides shon-cf;rcuit protection, preventing damage to
the op-amp due to excess current flow and power dissipation. These problems can occur if
the output is shorted to a negative power supply. Similarly, transistors Q,1> Qyp, and Q,,
protect transistor Qg in the case of sinking current. When Q,, turns on, it protects Qyq by
limiting the current to the base of Q,p- thereby turning on Q,, and Q,,.

If the inverting terminal were overdriven such that its voltage became more positive
than that of the noninverting terminal, Q; would turn off. As a result, Q¢ would also be off
and the current into the base of Q¢ would be /. = 19.4 wA. This current would be am-
plified by the beta of Q,¢, which could be as high as 1000, giving a collector current of
I = 1000 X 19.4 pA =~ 19.4 mA that would flow into the base of Q;;. Q,; would thus
become saturated. Saturation would result in a power dissipation in Q¢ of

Ieg(Vee + Vep) = 19.4 mA X 30 V =~ 580 mW

The extra emitter on Q,, prevents Q, from developing a high current condition that could
damage Q.

Small-signal analysis is performed to determine the input resistance, the output resistance,
the transconductance, and the voltage gain. The op-amp circuit may be broken up into
three stages: the input stage, the gain stage, and the output stage. Since the op-amp may
be considered as three cascaded stages, we shall represent the input and gain stages by
their transconductance equivalents to simplify the analysis to determine the overall gain.
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Notice’ from Eq. (15.24) that the CMRR is the change in the common-mode
voltage per. unit change in the input offset voltage AVg, which can be determined
from Eq. (15.23) if A, is known. Thus, we need to determine only A ;. The small-signal
parameters of the transistors are ;

_ BV _ 250 X 26 mV

= 403.7 k2

e T Ty 16.1 pA
V. X \Y
Fa17 = il = 250 X 26 m = 11.82 k(}
BesVr 250 X 26 mV
= = = 36.1 k()
3T Ty 180 pA
1 I I 9.5 pA
- _ _ _lca s Mo _
f 180 pA
_ _ CI3A _ _
8mi3a = 8m23 = Ve | 26mv 6.92mA/V
: f 550 pA
- . Cl17 _ _
gm133—gm17'—"—VT = emv =21.15mA/V
The output resistance r, is given by
1% 1% 1
"o = A=A (15.85)

- IC B VTgm h Th8m
where o = VT/ V, is a transistor constant. Assuming N, = 3 X 10~ for pnp transistors,
Eq. (15.85) gives
_ 1
o Bma 5 X 10°% X 365.4 pA/V
| 1
o3 T o T T X100 x 692 mAyy 2 KO
R 1
ol T s S X 104 X 21.15 mA/V
Assuming 1, =2 X 104 for npn transistors, Eq. (15.85) gives
_ 1 1
o6 T gms 2 X 10-% X 365.4 pA/V
‘ 1 1
ol T e 2X 10-% X 21.15 mA/V

= 5.47 M{}

= 94.56 k()

= 13.68 MQ)

=236.4kQ

Input Stage  Let us assume that Ve = 0 and only v;,;/2 is applied. The ac equivalent cir-
cuit for the differential-mode signal is shown in Fig. 15.29(a). The input voltage to tran-
sistor Q, is +v,4/2, and that to transistor Q, is —v;4/2. Assuming that the transistors are
identical and the circuit is balanced, an increase in voltage at the base junction of Q; and -
Q4 due to +v,,/2 will be compensated by an equal decrease in voltage due to ~v,;/2. The
voltage at the base terminals of pnp transistors Q; and Q, will not vary at all. As a result,
the bases of Q, and Q4 are effectively at ground potential. k

The transconductance of the input stage can be found by shorting the output to the
ground and calculating the resulting current. Since i 5 = i.s and i ¢ is the current mirror o
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FIGURE 15.29
ac equivalent of input
stage with differential

input

(a) ac equivalent circuit (b) Simplified circuit

I.s, the current in the active load circuit (i.g) Will be equal in magnitude to the collector
current of Q4 (i 4). That is,
ig = i3 (15.86)
Thus, the output current under short-circuit conditions is _
Iy =g~ g =iy = i (15.87)
Under these conditions, Fig. 15.29(a) can be reduced to Fig. 15.29(b), which has two iden-

tical sides. The half-circuit ac equivalent is shown in Fig. 15.30(a), and its small-signal
equivalent circuit is shown in Fig. 15.30(b), which can be simplified to Fig. 15.30(c).

FIGURE 15.30
Half-circuit ac equivalent
for differential input

(a) Half circuit (b) Small-signal circuit (c) Simplified circuit

From Fig. 15.30(b),

Yid
2

Summing the currents at the emitter junction, we get

= v, +v, (15.88)

8miV1 T i} = &mava T i3 (15.89)
Substituting for i, and i3, we get

Em1V1 gm3v3
8miV1 + = &m3Y3 +
Bri ' Br3

1 1
or gmlvl[l + E};‘l—] = gm3v3[1 + "@] (15.90)
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where Bp, is the small-signal current gain of the ith transistor. Since IICII = ]IC3|,
8m1 = 83 Assuming that B >> 1 and Bgz >> 1, Eq. (15.90) is reduced to

VI =V, (15.91)
and Eq. (15.88) becomes

5y m =2
2 V1T V3T V3T V3T oy
V.
or v, = -4 (15.92)
4
Using Eq. (15.92), we can find the collector current of Q;:
: 8ma¥id
3 = 8m3V3 = —n%-ﬂ (15.93)
From the symmetry of the circuit in Fig. 15.29(a), we get
V.
g = ~lg = ____ng < (15.94)

Substituting i 4 from Eq. (15.93) and i.4 from Eq. (15.94) into Eq. (15.87), we get the out-
put current as :

i = EmdVid | 8m3Vid _ 8m3Vid

0= R (15.95)
which gives the transconductance of the input stage as
io 8m3
=9 __ °omj 15.9
G vy 2 (15.96)
_des  95pA _ 1

=8 . oA = 1827 pA/V
2V 2x26mv | saTkq, [82TeA/

Q; can be replaced by the equivalent resistance Req seen looking from the emitter of Qs
as shown in Fig. 15.30(c). Req can be found from

V3 1 1
R = = = (15.97)
b Byt va/ray gmyt 1/ray gma(l+ 1/Bgy)
~ Ll _m_ Tm (15.98)
8m3  PBrs  Br ‘
Using Eq. (5.28), we can relate V;q to i; as follows:
vi./2
=+ Reg(1 + Bgy) (15.99)

i

1 :

Substituting Req = r‘n’I/BFI from Eq. (15.98) into Eq. (15.99) gives the input resistance as
% r, 1

Ryg=—= [’m o+ BFI)]
| Pri

B, V. 250 X 26 mV
Fl T=4X

= 2.68 M(
Ic 9.69 nA

(15.100)
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Notice from Eq. (15.100) that the input resistance is four times the input resistance of the
input transistors. Also note that when v;4 changes, the output voltage changes and produces
feedback to the input through the output resistance of Q- As a result, the input resistances
seen from the two input terminals will not be exactly the same. This effect is neglected in
the derivation of R,.

The output resistance R, can be determined by setting the input voltage to zero and
applying a test voltage v,, as shown in Fig. 15.31(a). The analysis can be simplified by
making the following assumptions:

1. Thevenin’s equivalent resistance Ry at the base of Qg is very small compared
to 7 of Qg so the base of Q4 is grounded. In reality, the voltage at this point
is very small, and this point may be considered a virtual ground without greatly
affecting the results. That is, vge =~ 0. Figure 15.31(a) can be viewed as shown in
Fig. 15.31(b). :

2. The output resistance of Q, is large and does not affect the results.

Figure 15.31(b) can be further simplified to the half circuit shown in Fig. 15.31(c). If
Q, is replaced by 1/g, ., Fig. 15.31(c) can be represented by the equivalent circuit in
Fig. 15.32(a). If RQ4 and R ¢ are the effective resistances seen from the collectors of Q 4
and Qg, respectively, Fig. 15.32(a) can be represented by Fig. 15.32(b). Using Eq. (13.31),
we get

g 1+ 1
Ros=r, 04[ a1/ 8ma) ] (15.101)
1+ g4/ Bra8ma
=~ 2r04
=2 X 547 M) = 10.94 MQ
't 1+ g.6R2 ]
and Roc=r o (15.102)
s 06[1 + 8meRa/ Brg

_, 1 +365.4 pA/V X 1 kQ }_13&
o8| 1 +365.4 pA/V X 1 kQ/250 o6
= 1.36 X 13.68 MQ = 18.65 MQ)

FIGURE 15,31 Test circuit for calculation of R

(a) ac equivalent circuit (b) Simplified circuit (c) Half circuit
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FIGURE 15.32
Two-port equivalent of
the input stage

FIGURE 15.33
Small-signal ac equivalent
circuit for the gain stage
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Gmivia = 182.7 X 1076 X vy

Rid G..\v: Rol
2.68 MO} mi%id 6.9 MQ
(a) Equivalent half circuit (b) Equivalent (c) Two-port equivalent

The output resistance of the input stage is
R, = RQ4 I RQ6 = 10.94 M 18.65 M) = 6.9 M}

The two-port equivalent circuit of the input stage is shown in Fig. 15.32(c).

Gain Stage ~ The ac equivalent for the gain stage, shown in Fig. 15.33(a), can be re-
presented by-the equivalent circuit shown in Fig. 15.33(b). If Reql is Thevenin’s equiva-
lent resistance seen looking into the base of transistor Q,7. Fig. 15.33(a) can be reduced to
the form shown in Fig. 15.33(c). From Eq. (5.28), we can find the input resistance of a
common-emitter amplifier with a resistance in the emitter as follows:

Regt = iz + (1 + Bry)Rg (15.103)
11.82k) + (1 + 250) X 100 = 36.9 kO

i

Vo2
50 k1 | ‘ + fo
Via Ri Gmaviy € Rep Vo2~ S0k

— cql -

(a) Circuit (b) Two-port equivalent ' (¢) Simplified circuit

The input resistance of the stage is

Rip = rnis + (1 + Brg)(Regq | Ry) (15.104)
= 403.7 kQ + (1 + 250)(36.9 k2 || 50 k) = 5.73 MQ




FIGURE 15.34

ac equivalent circuit for
calculation of R,

SECTION 5.8~ »  ANALYSIS OF THE LM74] Op-AMp 809

Assuming that the voltage gain of the emitter follower Q¢ is unity, the transconductance

G of this stage is that of the common-emitter amplifier of Q,7 with resistance in the
emitter:

8m17

G .= ——omi (15.105)
"2 1+ goqRg

21.15mA/V

| +21.15mA/V X 100 147 Q0

= 6.79 mA/V

The circuit for determining the output resistance is shown in Fig. 15.34(a). The
small-signal ac equivalent is shown in Fig. 15.34(b). If RQBB and RQl7 are the ef-
fective resistances seen from the collectors of Q3 and Q,;, respectively, Fig. 15.34(b)
can be represented by the equivalent circuit in Fig. 15.34(c) and

Using Eq. (13.31), we get

1+ R :
Emi78 ] (15.106)

R = ro”[ I+ gni7Rg/ By
-, [ 1 +21.15mA/V X 100 ]= 309
°l7l 1 + 21.15mA /V X 100/250 ol7
=3.09 X 236.4 k) = 730.5 kQ

The output resistance of the gain stage is

Rz = Rquzp | Rqiy = 9456 k2 || 730.5 kQ = 83,72 kQ

(a) Circuit (b) Small-sigqal circuit (c) Equivalent circuit

Output Stage Since Vg of transistor Qg is the sum of the Vg voltages of Qg and Q,q,
transistors Qg and Q4 can be replaced by diodes, as shown in Fig. 15.35(a). The output
could be either sourcing or sinking, depending on the output voltage and the load. As a re-
sult, the input and resistances of this stage greatly depend on the particular values of out-
put voltage and current. We will make the following assumptions:

1. The output is sourcing—that is, the output current is flowing out of the output
stage.
2. The load current is ii =2 mA at R; = 5k(}.
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FIGURE 15.35
ac equivalent circuit for
the output stage
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— +Vee
Q4
Qa0 Ry
— — Ve Ry =
(a) ac equivalent circuit (b) Small-signal equivalent circuit

3. Transistor Q,, is in the active region.

4. Transistor Q, is conducting a very small amount of current and is considered to
“ be off.

The small-signal ac equivalent of Fig. 15.35(a) is shown in Fig. 15.35(b). Notice that
the circuit consists of two emitter followers in series and that the voltage gain is approxi-
mately unity. Thus,

Ay=1 (15.107)
Since Q4 carries the load current iy and a no-load dc biasing current of 151.4 pA,

Icis =2mA + 1514 pA = 2.15mA
Thus,

Bra¥Vt 250 X 26 mV
4T Ty T alsmA 3.02 kQ

Since Q,5 and diodes D g and D4 operate at a current of 180 pA,

VT 26 mV
a8 = 19 = 7T
I ;g 180 pA

=144 ()

If Req2 is the resistance seen looking at the base of Q,4, we can use Eq. (5.28) to find Req23
Req2 =Troat (I+ Bpm)RL (15.108)

=3.02 k) + (1 + 250) X 5k = 1258 k()
Thevenin’s equivalent resistance seen looking from the emitter of Q,3 can be found from
Reqs = ra1s + Ta1g T To13a | Rega (15.109)

=144 O + 144 Q + (289 k1 || 1258 kQ) = 235.3 k)

Using Eq. (5.28), we can find the input resistance of the stage:
Ri3 = rpp3 + (1 + BppRegs ‘ (15.110). -
= 36.1 kQ + (1 + 50) X 235.3 k{) = 12.04 MQ

Notice that the input resistance of the output stage (12.04 M) is much larger than the out-
put resistance of the preceding stage (83.72 k{1). As a result, the overall gain of the am-
plifier is not affected by the variations in external load resistance.




FIGURE 15.36
ac equivalent circuit for
calculation of R |

i"AnaIysis of Frequency
i Response
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The output resistance of the output stage can be determined from the ac equivalent cir-
cuit shown in Fig. 15.36(a), which includes the output resistance R, of the preceding
stage. Converting R , at the base of Q,, to its emitter gives the equivalent resistance seen
looking from the base of Q,, toward Qy3:

R, +r
2 m23
Rogy = raig + rgpo + ——7== (15.111)
€q 1+ Beys
72 k) + 36.1 k()
= 144 + 144 + 83.7 36 = 2.64 k()
1+ 50
The resistance seen looking from the base of Q4 to the left is
Reqs = ror3a ll Rega (15.112)
= 289 k1 2.64 kQ = 2.62 k)
The resistance seen looking into the output terminal is
R _+r
Ry = —2 ™4 (15.113)
ou 1 + ﬁF]4 .
2.62 k) + 3.02 k() &
= =225
1 + 250

The current-limiting resistance R must be added to R, to find the actual output resistance
of the op-amp:

Ry =R, + Rg (15.114)
=225+27=495Q

The two-port equivalent circuit of the output stage is shown in Fig. 15.36(b).

(a) ac equivalent circuit (b) Two-port equivalent

For Gn;l = 182.7 and C, = 30 pF, Eq. (15.45) gives the unity-gain frequency (or band-
width) as

G 1827
27C, - 2w X 30 pF

X

= 969.2 kHz

fu=

From Eq. (15.53), the slew rate is
SR =4nVrf, =4m X258 m X 969.3k = 0.314 V/ps
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‘Small-Signal
Equivalent Circuit

FIGURE 15.37
Small-signal equivalent
circuit for the LM741
op-amp
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The manufacturer-specified values are fo = 1 MHz and SR = 0.5 V /ps. The discrepancy
between the calculated values and the manufacturer-specified values is caused by the fact
that Eq. (15.53) gives an approximate value of SR and does not take into account the in-
put and output resistances of preceding and subsequent amplifier stages.

The small-signal equivalent of the complete circuit is shown in Fig. 15.37. The voltage

gain is
A, =G (R, |l RG, »(R; | Rp) (15.115)
= 182.7 nA/V X (6.89 MQ || 5.73 MQ) X 6.79.mA/V X (83.72 kQ || 12.4 MQ)
= 571.5 X 564.6 = 323 000 ‘

Resistances are

R, = 2.68 MQ)
R, =495
RO
+ + ¥ n
Vil R“ Rol Via Ri2 Roz Vi3 Rn Via

Gmivit Gnavia : -

NOTES:

1. The input stage and the gain stage contribute about the same gain: 571.5 and 564.6, respectively.
The gain stage loads the input stage and reduces its gain by about half. This loading makes
the op-amp beta-dependent, causing the gain to vary with temperature and fabrication-process
tolerances.

2. The output stage does not significantly load the gain stage, and the voltage gain is almost inde-
pendent of the external load resistance.

3. Although the results of the analysis are approximate, they give insight into the operation and per-
formance of the op-amp.

4. The output resistances of transistors were neglected in the dc analysis. If these were taken into
consideration, the biasing currents would change, thereby changing the small-signal output resis-
tance and the results. .

5. The variation in the transistor beta was neglected. But the transistor current gain falls at low col-
lector current levels because of recombination in the emitter-base space charge layer.

KEY POINTS OF SECTION IS 8

15.9
Design of
Op-Amps

An operational amplifier is a complete integrated circuit that is expected to meet certain
specifications with respect to input resistance, output resistance, gain, CMRR, and band-
width. An op-amp is designed at the system level. The process involves designing the am-
phfymg stages and protectlon c1rcu1try and requ1res the following steps:
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Step 1. Identify the important specifications: the voltage gain A 4» the CMRR, the input re-

sistance R, 4, the output resistance R , the unity-gain bandwidth, and the dc supply voltages
Vee and Vgg (or Vpp and Vsg)-

Step 2. Select the type of op-amp (bipolar, BiFET, CMOS, or BICMOS).

Step 3. Choose the circuit configurations and stages.

Step 4. Determine the biasing current requirement 1Q for the desired speciﬁcations

Step 5. Choose the type of current source (BJT or MOSFET) and determine its compo-
nent ratings.

Step 6. Choose the active load with a current mirror (BJT or MOSFET) in order to obtain
the desired voltage gain, and determine its component ratings.

Step 7. Choose the type of gain stage (BJT or MOSFET), and determine its component
ratings.

Step 8. Choose the type of output stage (BJT or MOSFET), and determine its component
ratings.

Step 9. Choose the type of frequency compensation (pole or “pole-zero circuit), and deter-
mine its component ratings.

Step 10. Determine the voltage, current, and power ratings of active and passive com-
ponents.

Step 11. Analyze and evaluate the complete differential amplifier to see that it meets the
desired specifications.

Step 12. Use PSpice/SPICE to simulate and verify your design. If it would be imple-
mented with discrete devices, use standard values of components, with tolerances of,
say, 5%.

The internal structure of an op-amp usually consists of differential, gain, and output stages. There
are many possible combinations of op-amp stages, depending on whether the amplifier is a bipolar,
JFET, or CMOS op-amp. In general, an FET op-amp gives a very high input resistance but less gain,
whereas a bipolar op-amp gives a higher gain but lower input resistance. A Darlington BJT pair is
commonly used for high current gain and input resistance. A difference output of a differential stage
gives less gain but yields wider bandwidth.

Op-amps exhibit offset voltages and currents, which can be minimized by appropriate internal
design. The input offset voltage is dependent on the CMRR and the common-mode signal. A pole or
pole-zero compensation circuit is commonly used for frequency compensation, but the compensa-
tion comes at the expense of unity-gain bandwidth.

The small-signal voltage gain and the input and output resistances of the LM741 op-amp can
be determined for various load conditions. Since the voltage gain is very high, the amplifier offers
offset voltages and currents because of variations in the transistor parameters and circuit resistances.
Although the analysis required to derive equations describing the characteristics of current sources
and differential amplifiers can be simplified with some assumptions, computer-aided analysis is gen-
erally required to evaluate the actual performance of an op-amp at the final design stage. The analy-
sis of other op-amps would be similar to the analysis of the LM741 op-amp in this chapter.
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Review
Questions
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What are the main stages of an op-amp? 4
What is the input biasing current of an op-amp? ’ o
What is the input offset current of an op-amp and what factors influence its value? -
What is the input offset voltage of an op-amp and what factors influence its value?
What is the CMRR of an op-amp?

What factors influence the unity-gain bandwidth of an op-amp?

What factors influence the slew rate of an op-amp?

What is the relation between slew rate and unity-gain bandwidth?
What is pole-zero compensation of an op-amp?

What circuit configurations are used for ultrafast op-amps?

What are the advantages and disadvantages of JFET op-amps?
What are the advantages and disadvantages of bipolar op-amps?
What are the advantages and disadvantages of CMOS op-amps?
What are the advantages and disadvantages of BICMOS op-amps?

What is the function of short-circuit protection in op-amps?

What are the typical values of input resistance, output resistance, and voltage gain for the LM741
op-amp?

Problems

15.1

15.2

15.3

15.4

155

The symbol I8 indicates that a problem is a design problem. The ‘symbol [l indicates that you can
check the solution to a problem using PSpice/SPICE or Electronics Workbench.

15.3  Op-Amp Parameters

The Darlington pair shown in Fig. 15.4 is biased in such a'way that the collector biasing current /.,
of Q, is 400 wA. The current gains of the two transistors are the same, Br1 = Bgy = 80, and the
Early voltage is V, = 50 V. Calculate (a) the effective input resistance r... (b) the effective transcon-
ductance g, (c) the effective current gain B emry and (d) the effective output resistance To

15.4 JFET Op-Amps

The JFETSs of the op-amp in Fig. 15.11 have Ipps = 500 pA and ‘Vp = —4 V. The biasing current is

Iy =200 pA.

(a) If the input biasing current is Iy = 1.0 nA at 25°C and doubles for every 10°C temperature rise,
find the input biasing current Ig at 75°C, 100°C, and 125°C.

(b) If Iypg changes by 2%, find the input offset voltage Vos and the thermal drift D,

The biasing current for the JFET op-amp in Fig. 15.11 is 1Q = 200 pA, and the compensation ca-
pacitance is C, = 30 pF. Find (a) the slew rate SR and (b) the unity-gain bandwidth f,.

15.5 CMOS Op-Amps

The CMOS of the op-amp in Fig. 15.18 has K, = 10 pA/VZ W/L =160 pm/10 p,m; and V, = ‘
0.5 V. The biasing current is Iy = 40 wA. If V, changes by 2% and W/L by 1%, find the input off-
set voltage Vyq.

The CMOS amplifier in Fig. 15.18 is operated at a biasing current of Iq =50 pA. The
parameters of the MOSFETs are K, =10pA / Vz, IVM(NMOS)I = VN(PMOS) =60V, Vi=1V,and .
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W/L =280 um/10 pm, except for Qq, for which W/ L=160 pm/10 pm. Assume Vpp =
~Vss=5V.

(@) Find Vg, g, and r_ for all MOSFETs.

(b) Find the low-frequency voltage gain of the amplifier A,

(c) Find the value of the external resistance Reo '

(d) Find the value of compensation capacxtance C that gives a umty gain bandwidth of 1 MHz and
the correspondmg slew rate.

(e) Find the value of resistance R, to be connected i in series with C, in order to move the zero fre-
quency to infinity.

(f) Find the common-mode input voltage range.
(g) Find the output voltage range.

» 15.7 B]TOp-Amps

15.6 The BITs for the op-amp shown in Fxg P156 have ﬁFn pn) = 100, Beon p = 0, VA(pnp)
VA(n ) = =80V, Vg = 0.6V, and Ig=10" 4 A. Find (a) the input biasing current I, (b) the input
resistance R;, (¢) the unity-gain bandwxdth £, and the slew rate, and (d) the overall low- -frequency
voltage gain A o Assume V. = Vg =15V

FIGURE P15.6 Vee = +15V
I
20 pA
O
—Q Q 200pA "
N Vig Cx
" - 10 pF
Il
‘ I/ 1
Q

w
i & +

QJi 30kQ -

15.7 The BITs for the op-amp shown in Fig. P15.7 have ﬁF(n ny = 100, By pnp) = 30 V.

VA(n n) =80V, Vgeg = 0.6 V, and Ig =107 14 A. Find (a) the input biasing current IB, (b) t[}xl(eplllg)put
resistance R;, and (c) the overall low -frequency voltage gain Ao Assume Vi =15V.
FIGURE P15.7 Vee=+15V
. Q
Qg
~Vee Q
T
Qi ° |
b (0 ——1 Q1o =
Vid

Veg = 15V
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15.9
15.10

15.11
15.12
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The BJTs for the LM124 op-amp shown in Flg 15.22 have /3F (npn) = 100, BF( ap = 50, VA( ap) =

=80V, Vg = 0.6V, and Ig =107 14 A. Assume Vee = 12V Find (a) the input blasmg cur-
rent 7B' (b) the input resistance R;, (c) the unity-gain bandwidth J,, and the slew rate, (d) the overall
low-frequency voltage gain A, and (e) the value of RSC for a short-circuit current limit of 25 mA.

15.8  Andlysis of the LM741 Op-Amp

Calculate the gain of the LM741 op-amp in Fig. 15.23 if Ryg is reduced from 100 (1 to 0.

Calculate the gain of the LM741 op-amp in Fig. 15.23 if the current gain for npn transistors is
changed from B = 250 to 1.1 X 250 = 275.0 and the saturation current is changed from I =
107 A t01.05 X 10714 A,

Calculate the gain of the LM741 op-amp in Fig. 15.23 if all resistances are increased by 1%.
Calculate the gain of the LM741 op-amp in Fig. 15.23 if all resistances are decreased by 1%.




