














12.6 Fully Differenticl Op Amps 847

To satisfy KCL, the sum of the currents flowing through M4, My, and M5 must equal
the sum of the drain currents flowing through M), and M. To satisfy KCL with all
transisiors active and to accurately set V,., CMFB is used. The CMC input could be
laken as the gate of M5, the gates of M3-My, or the gales of M\;-M) >, which is shown in
Fig. 12.31. With this last option, the CMFB loop contains less nodes than the other two
cases, and the gain a.p,, 1s provided by common-source #-channel transistor M| (or M2),
which has a larger g,, than p-channel M3 (or My) if (W/L),, = (W/L); because &, > k:u
and ID” > |ID3|-

The DM and CMFB feedback loops are compensated by the capacitances at the op-
amp outputs.

The folded-cascode op amp with active cascodes that is shown in Fig. 6.30 can also
be converted to a fully differential op amp.!? As for the folded-cascode op amp, there are
three choices for the CMC input.

12.6.4 A Differential Op Amp with Two Differential Input Stages

The fully differential op amps presented above have two input terminals that accept one
differential input. Those op amps can be used in the amplifier, integrator, and differentiator
shown in Fig. 12.32. To implement a fully diiterential non-inverting gain stage with a very
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large input impeduance, an op amp with four input terminals is needed. Two inputs connect
to the [eedbuck networks and the other two inputs connect to the differential signal source,
as shown in Fig. 12.33. Assuming the magnitudes of the op amp gains from vy, and vjy»
1o v,y are large, negative leedback forces viy = 0 and vy = 0. The two pairs of inputs
are produced by lwo source-coupled pairs, as shown for a two-stage op amp tn Fig. 12.34.
The two source-coupled paws, M -M» and M x-M>y, share a pair of current-source loads.
Assuming the input pairs arc matched, the dilfcrential small-signal vollage gain is the
same {rom cither inpul; therelore,

Vod = Quin(Vig) + Vigz) (12.90)

The CM input range [or the op amp must be large cnough 10 include the full range
of the input signals, Vi and Vo, because they connect directly to op-amp inputs. In this
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Figure 12.34. A simplificd schemalic of g two-stage op amp with twoe pairs ol inputs,
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op amp, the CMFB loop could adjust either 1, or I, by controlling the gate voltages of the

transistors that generate those currents.

12.6.5 Neulralization

In a fully differential op amp, a technique referred to as capacitive neutralization can be
used to reduce the component of the op-amp input capacitance due to the Miller effect (see
Chapter 7). Reducing the input capacitance increases the input impedance, which is de-
sirable. Neutralization is illustrated in Fig. 12.35a. The gate-to-drain overlap capacitances
are shown cxplicitly for M) and A,. First, ignore the neutralization capacitors C,. Then
the DM capacitance looking into either op-amp input {with respect to ground) is

Cian = Cg1 + Cei(1 — agmy)
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Figure 12.35. (a) An examplc of capacitive neutralization, (£) Using transistors M, and M, in

cutoft to implement the neutralization capacitors,
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where gz, 15 the low-frequency DM gain from the gate to drain of M :

Yl
(W.rl’fz}
w=1{

(12.92)

Uigml =

Because the op amp is balanced, the low-frequency voltage gain across each capacitor C,
1S —dyp1. Therefore, when C,, 15 included, the capacitance in {(12.91) becomes

Ca’dk = Cg.ﬁ'l + ng](l - adm]) + CIT(]- + adml) (1293}
If Cp = Caar, (12.93) reduces to
Ce’dh = Cg.vl T 2‘-r-:g.rfl (1294)

which is less than the value in (12.91) if la,, | = |. The Miller effect on C,q1 18 canceled
here when C, = C,;) because the gain across C,, 1s exactly the opposite of the gain across
Com. To set €, = Cyy1, matched transistors M) and M55 can be used to implement the
C,, capacitors as shown in Fig. 12.355.7% !¢ These transistors operate in the cutoff region
because Vgp) < V) and Vgpo < Vo since M| and M, operate 1n the active region. The
capacitance C, 1s the sum of the gate-to-drain and gate-to-source overlap capacitances.
Scuting €, = Cogy gives

Coql = CyW| = Cp = Coup) + Cp = 20, Wy (12.95)

where C, is the overlap capacitance per unil width. Thercfore, il Wy, = W4/2, €, =
Cen- Precise matching of C, and C.a 18 not crucial here. For example, il €, is slightly
larger than C,q, the capacitance Ciyp, Will be slightly less than the value in (12.94). A
drawback of this technique is that junction capacitances associated with Mz and Mas in-
crease the capacitances at the nodes where their sources and drains are connected, reducing
the magnitude of the non-dominant pole associated with those nodes.

12.7 Unbalanced Fully Differential Circuits'-2

In practice, every fully dilferential circuil 1s somewhat imbalanced, due to mismatches
introduced by imperfect fabrication. When mismatches are included, the models and
analysis of [ully differential circuits become more complicated because the mismatches
introduce interaction between the CM and DM signals. The DM-to-CM and CM-to-DM
cross-gain terms, as delined in Section 3.5.4, are

Ve
Ad‘m cHr = = { 12.96)
Vid v, —{l
Acon-dm = =2 (12.97)
" Vit = {

These cross gains are zero i a circuit is perfectly balanced and nonzero otherwise. as
shown in Section 3.5.4. In a feedback circuit such as the inverting amplifier in Fig. 12.324,
imbalance 1n the op amp or in the feedback network generates nonzero cross-gain terms.

= EXAMPLE

Compute the small-signal gains for the inverting amplifier shown in Fig. 12.32«4. For
simplicity, assume the op amp i1s balanced, has infinite input impedance, zero output
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impedance, a4,, — —% and @, = ~0.1. (This g}, is thc CM gain, including the effect
of the CMFB lcop.) The resistors across the op amp are matched with B3 = Ry = 5kQ,
but the resistors that connect to the signal source are mismatched with By = 1.01 k€} and
R; = 0.99 k(). Therefore, the only imbalance in this circuit stems {rom the mismatch
between K, and R;.

We will analyze this circuit using coupled half-circuits, which were introduced in
Section 3.5.6.9. The two conpled hall-circuits are shown in Fig. 12,36, The circuits are
coupled by the nonzero resistor mismatch

AR = Ry — Ry = 0.02k{}
The resistance R in the figure is the average value of the mismatched resistors

R+ R

R = = | k)
2
Letting @4 — —o in the DM half-circuit gives
Vod _ _Rafvie . AR
o ﬁ(7 ine ) (12.98)
Analysis of the CM half-circuit gives
_ _Rg B ind AR 1
Vor = ? (Vs(r 3 72 ) [ R+ R :| (1299]
(—am)R

From these cquations and the coupled half-circuits, exact input-cutput relationships could
be found. However, for small mismatches, the approximate method described in Section
3.5.6.9 simplifics the analysis and provides sufficient accuracy for hand calculations. The
key simplification in the approximate analysis is that the currents igy and ig,. are estimated
from their respective hatf-circuits, ignoring mismatch effects. If the mismatch is ignored
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Figure 12.36. Coupled {a} DM and () CM half-circuits for the gain stage in Fig, 12.32qa with a
balanced op amp and mismatch in the feedback network.
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in Fig. 12.36a (i.e., if AR = 0), then

since vig/2 = 0 (because a4, — —). Ignoring resistor mismatch in Fig. 12.365, we find

. -* Vee R; i
o T .= 1 - — .
tRe TR = PR, R 1+[R+R3] (12.101)
{_a:‘mJR
Using (12.101} in (12.98) gives
Vod Ry | v AR Ry 1 i
2 T RL2 “IRTRy)| 't R . [R_“L._‘?i_} (12.102)
(—agm)R
Substituting (12.100) into (12.99) gives
Ry AR 1
Voo = ?(Vﬁ'f 15':1@)1 . - R:i‘ R’g } (]2103)
(“‘ﬂ[-m]R
From (12.102),
VYo R?n 5
Agy = L R
g Ve R 1 °
=0
A V|  _ Ry AR [ R
v | . R+ Ry R ]ﬂ_ggrm}
“ ( —em )R
5 0.02 5 1
T a1 l+[1+5 = 0018
0.1¢1
From (12.103).
Voo R; 1 5 ]
A(,mm = ——_— == — s = —1.
ZL VPR E O EEL0 R R P EX1 .
(=aem)R 0.1(1)
Vaoe R3 &R | 3 002 1
A _ = —_— = —-—— ——— ———— _— — = .
dm—ca vaf R 4R [R+R3] 14(1)1+[1+5] 0.00041
" (“ac:ijr)R U ] ( 1)

The resistor mismatch causes nenzero cress-gain terms in the closed-foop amplificr. Exact

m  analysis ol this circuit gives essentially the same gain values as above,
A model for an op amp with mismatch {but assuming infinite wput impedance and
zero output impedance, for simplicity) 1s shown in Fig. 12.37. The equations corresponding
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¥i1 \> Vol
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+ i .
. Adm-cun¥id Figure 12.37. A simple small-
fme signal model of a fully dif-
n v [ercntial amplifier including
J__ e Cross-gain terms, assuming
infinite input impedance and
zero output impedance.
to this model are
Vod = gmVid + em—dmVic T Ceme dmVeme (12-104)
Voo = demVie T Qgm-cmVid + GemeVome “ 2. I{)S)

The cross-gain terms Qem—dms Gdm—cm- A Ggpe—gm are zero when the op amp is perfectly
balanced. If the CM-sense circuit is not perfectly balanced, its oulput v, which ideally
is proportional to the CM output, contains a component that depends on the DM output:

Vems = GemsVoe T Qdm—cmsVod (12.106)

Also, Veme = Vems when the CMFB loop is closed.

To illustrate the effect of feedback on the open-leop op-amp gains, consider the invert-
ing amplifier in Fig. 12.324 with a balanced feedback network (R, = R; and R; = Ry)
but with imbalances in the op amp. The circuit could be analyzed exactly to find the
closed-loop gains, but the analysis is difficult. Therefore, we will use the approximate,
coupled half-circuit analysis that was used in the last example. The coupled DM and CM
half-circuits are shown in Fig. 12.38. The imbalances in the op amp are modeled by the
Aem—dms Ogm—cms AN tpme . gm controlled sources in Fig. 12.38, based on {12.104} and
(12.103). To simplify the analysis, we will assume that the CM-sense circuit is balanced
(1.e., gm—cmy = 0). Under this assumption, (12.106) reduces to

Veme = Vems = OemyVor (12.107)
Substituting {12.107) in (12.104) and {12.105) gives

Vod = GdmVid F Gem—dmVic T Bome dmbems Voo (]2108)

Voo = GemVic t Qdm—cmVid T Gemelems Voo (12.109)
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Figure 12.38. Coupled {a) DM and (4) CM half-circuits for the gain stage in Fig. 12.32a¢ with an
unbalanced op wnp and a balanced feedback network.

To carry cut the approximate analysis. each half-circuit is first analyzed with the cou-
pling between the half-circuits eliminated. Then the results of these analyses are used
(o [ind the closed-loop cross gains. The coupling in the DM half-circuit is climinated
by sclling depm-un = 0 and dpme—un = 0. With these changes, analysis ol Fig. 12.38q

gives
. R 1 Vid
Vig = R_| L R] +R'3 A (12110)
(_adm)RI

Similarly, the coupling 1n the CM half-circuit 1s eliminated by sclling dgn om = 0. With
this coupling climinated, analysis of Fig. 12.38b gives

- ﬁnc R% l Ver .
}-‘,, = = — . e 12‘111
T A L 21y
(_acr'm')Rl
where
al, = Hem (12.112)

1+ ('* 'ﬂcmcacm.'.')
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Assuming Vi = vig, ¥ir = Vie. and v, = v, (12.110) and (12.111) can be used in
(12.108) to give

ks
R 1 a.. _ R+ R ;
v = — . Vs 4 cm—din 3 | v 12,113
od R] l N R] + R’} 5d - (_ﬂdm)R] (“"a:,m)H| i ( )
(—aam) K Ry + K&; R+ Rz
where
a:-m—a’m = dem—dm T a:jma{.‘fﬂ.?a(.'m(.' dm (12114)

This gain has (wo components. The first term i @, . 4, Which is the CM-to-DM gain of
the op amp. The second term is the product of three gains: 1) ¢, which is the gain from
vir to v, including the effect of the CMFB loop, 2) ¢4, which is the CM-sense gain from
Voo [0 Voms = Veme, and 3) epe—gin, which is the gain from v, to v,y (due to mismatch
in the op amp). Therclore, the second term in (12.114) is the gain through an indirect path
from vy, 10 vyy.

Again assuming vy = vig, Vie = Vie, and Vo = v, (121103 and (12.111) can be used
in (12.109) to give

a:'mR3 R3
Vor = Rl + 'RS Vor - adm—fm Rl + R3 Ve (12115)
|+ (_a'cm)Rl 1 + (_acm)Rl | + (__Ec_f_m)Rl
R+ R; R+ R R+ R;
where
U = o (12.116)

1+ (_arm('acms)

Equations 12.113 and 12.115 rclate the DM and CM source and output voltages for the
feedback amplifier. The open-loop-gain and cross-gain terms in (12.108) and (12.109)
have been modified by the feedback. To allow simplification of these gain terms, definc

_ (_adm)Rt
Tam = R, + Ry (12.117)
LY
Tom = —5~20— 12.118
) R] + R’% ( )
Trm_f'b = —emetloms (12.119

which are the loop gains around the DM, CM, and CMFB loops, respectively. Using
(82.117)—(12.119), the closed-loop gain terms in (12.113) can be written as

; R 1
Agm = ‘lf = —R—3 e —% (12.120)
Ved N 1 [+ 1
T
where |Ty,,| > 1 has been used, and
oy
. rin—dm | o ¥
Aemgm = 20| = TR (12.121)
S N f]. + ?a'm”l + Ic'm]
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A8 |T 4| increases, |Aq,—am| decreases. Therefore, [Tyl >3- 11s desired to reduce the mag-
nitude of the closed-loop CM-to-DM cross gain. The (1 + T,,,) term has little effect here
since (12.112) usually gives |a,,, | << 1; therefore, (1 + Top) = 1.

Using (12.116)—(12.119), the closed-loop gain terms in (12.115) can be written as

a::mR3 .
Vo Ri + Ry a::'mR.}
Ao = — = 2 e 12.122
em V.ﬂj v ],:O ] + T(_‘m Rl + R3 ( }
where (1 + 7., = 1 has been used, and
Rs
Ad B — vﬂ — a:fm—c.m Rl + RS
T v,y 1 Tem L+ Tum
a Rs
e e ———
_ "R Ry (12.123)

(U4 Tempp) (1 + Tam){l + Tom)

AS |Tam| of |Temysp| increases, |Agn— .| decreases, Therefore, the DM and CMFB loops
work to reduce the closed-loop DM-to-CM cross gain. Again, the (1 + T,,,) term has little
effect here since |1 + Tep| = 1.

The analysis in this section shows how the closed-loop cross-gain terms for the feed-
back amplifier in Fig. 12.32a are affected by imbalances in the op amp and feedback
network. In practice, the imbalances are usually caused by random mismatches between
components, and the effect of such mismatches on circuit performance is often evaluated
through SPICE simulations.

12.8 Bandwidth of the CMFB Loop

Ideally, a fully differential circuit processes a DM input signal and produces a purely DM
output signal. The clesed-loop bandwidth required for the DM gain is set by the bandwidth
of the DM signal. For example, consider the differential gain stage in Fig. 12.32a. To
avold filtering the signal, the closed-icop bandwidth of the DM gain must be larger than
the highest frequency in the applied DM input signal. Since the closed-loop bandwidth
is approximately equal to the unity-gain frequency of the DM loop gain (or return ratio),
this unity-gain frequency should be about equal to the required closed-loop bandwidth.
However, the unity-gain frequency required for the CMFB loop is not so easily determined.
Consider a fully differential feedback circuit that is linear and perfectly balanced. If no ac
CM signals are present in the circuit, the ac CM output voltage will be zero and the CM
output voltage is constant. In such a case, the bandwidth of the CMFB loop is unimportant
since it only operates on de signals.

In practice, there are many scurces of ac CM signals. For example, an ac CM signal
can be present in the signal source, or CM noise can be introduced by coupling from a
noisy power supply. Furthermore, even when the signal source is purely differential, an
ac CM signal can be created by circuit imbalance that causes DM-to-CM conversion.
Regardless of the source of an ac CM signal, the CMFB wotks to suppress the ac CM
output signal and to give a CM output voltage that is about constant. Suppression of the ac
CM output component is important for two reasons. First, if the CM output varies, the DM
cutput swing must be reduced to allow for the CM output swing. Second, if two feedback
amplifiers are cascaded, any ac CM output voltage from the first amplifier is a CM input
voltage for the second amplifier, and any imbalance in the second amplifier will convert
some of 1ts CM input voltage into a DM output voltage.
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Figure 12.39, A model for the CMFB

Vem = Q lﬁjﬂp with injected neise Vu.

To see how the CMFEB suppresses the ac CM output signal, consider the small-signal
block diagram n Fig. 12.39. Here, v, is a CM disturbance (for examplc, an ac signal on
the power supply). The signal v, which is the small-signal component of the applied
de voltage Vyy, 1s zero. Also, a, 1s the voltage gain from the CM disturbance to the CM
output voltage when the CMFEB loop is disabled. That is,

v Ve ]
g, = Joc = Vo (12.124)
pﬂ v?i‘
no CMFB Ve =L}
When the CMFEB is active, the small-signal gain [rom v, to v, becomes
Voo il
A, == n ’E ) (12.125)
v?’i with CMFB u(.‘ma‘ aCFH('

The CMFB gives |A,| << |a,| at frequencies where |@oms(—aeme)| 3> 1. Therefore,
| cms(—@eme)| 3 1 is desired at frequencics where a significant ac CM output voltage
would be generated without CMFEB. One possible objective is to satisfy this condition
over the bandwidth of DM input signal, or equivalently to make the unity-gain frequen-
cies of the DM and CMFB loops abeut equal.'” While desirable, this goal can be difficult
to achicve in practice because the CMFB loop often includes more transistors and has
more nondominant peles than the DM loop. In any casc, suppression of spurious CM
signals is an important consideration in determining the required bandwidth of the CMFB
loop in practical (ully differential amplifiers.

PROBLEMS

12,1 What are the swing limits for each out-
put of the differential amplificr in Fig. 12.27 Use
Voo = 0.2V foralltransistors and V,, = —V,, =
(Lo V. Assume Vi = Vey = 25V, V. = 0 and
¥ = 0. Also, assume that the common-mode [ecd-
hack ¢ircuil docs not limit the output swing. What

value of Vo gives the largest symmetric difteren-

tial oulpul swing? What 1s the peak value of V,,; in
this case?

12,2 Rcpeat 12.1 for the two-stage op amp in
Fig, 12.23. Assumc that switched-capacitor CMFB

is used, which does not limii the output swing. Use
the data in Probhlem 12.1,
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12.3 A balanced fully differential circuit dis-
plays only odd-order nonlinearity. Use SPICE to

verify this fact for the op amp in the exampie in
Section 12.6.1.

¢a) Either use SPICE 1o find the distorticn in
the oniput waveform for a low-frequency differen-
tial sinusoidal input, or use SPICE to plot the dc
transfer characteristic V,,; versus V; and verify
that the characteristic is odd.

(b) Repeat(a) with a 1% mismatch between W,
and W;. Observe that even-order nonlinearity now
cxists.

12.4 For the op amp in Fig. 12.2, use the de-
vice data and opcrating point from the first example
in Section 12.4.1. Assume all lransistors operate in
the active region,

{a) Find the element values in the two models
for the cutput ports in Fig. 12.7.

(b} Find the element values in the two models
for the input ports in Fig. 12.6. (The elements are
capaciters.) Use Cp = 1801F and Cpz = 201F.

12.5 For the op amp in Fig. 12.2, use the data
from Problem 12,4 except use Ips = 100 pA and
IV,,| = 0.1V for all transistors, Assume all tran-
sistors operate in the active region with C,, =
180 fFand C.; = 20 {F,

{@) Find the element values in the two maodels
for the output ports in Fig. 12.7.

(1 Find the element values in the two models

for the input perts in Fig. 12.6. (The elements are
capacitors.)

{cy Calculate the common-mode control
gajn Tern -
126 (o For the op amp in Problem 12.5,

calculate . Assume that the CMFB scheme in
Fig, 12.17 is nused and that ¢... = 1. Recall that

l

d., = Vacfvi. When the CMFEB loop is active.

(b) Use SPICE 1o plot |a!,| from 100 Hz 10
100 MHz.

12.7 Repeat Problem 12.5¢ when the gates of
M, and M, are the CMC input, and the gate of M;
conncets to a bias voltage.

128 The op amp in Problem 12.3 is con-
nected in feedback as shown in Fig. 12.32q. The
CMEB is as described in Problem 12.6. Compute
the low-frequency closed-loop gains Ay = Vealvig
and A = v(,{_.fvb.(. if R =R =R =Ry =
100 MK,

12.¢ Calculate the DM ouviput slew rate
dV ,/dr for the op amp in Fig. 12.2. Assume
Ins = 200 p A and a 5-pF capacitor is connected
from each op-amp output to ground.

1210 Calculate the CM output slew ratc
dv,fdt for the op amp in Fig. 12.2. Assume
Ips = 200 WA and a 5-pF capacitor is connected
from each op-atnp outpul 10 ground.

12.11 Compuie the output slew ratc 4V, /di
for the op amp in the example in Scetion 12.6.1.
Use the bias currents from the example and € =
1.39 pF.

1212 For this problem, usc the op amp in
Fig. 12.23 and the CMFB scheme in Fig. 12.17.
Use the complement of the amplificr in Fig. 12,164
as the CM-sense amplifier, modified 1o give a neg-
ative dc gain. Assume the source followers in
Fig. 12.17 have a low-frequency gain of 095
and R, = 13 k{}. Use the transistor and op-amp
operating-point data given in the example in Sec-
tion 12.6.1.

(@} Design the CM-sense amplifier s¢ that the
wtal low-frequency gain doo = Vol Ve =
—{0.71, which 1s the same value as in the examplc in
Section 12.6.1.

(b With this CMFB circuit, what are the swing
limits for each op-amp output voltage (V,,; and
V237 Assume that the biasing current source in
each source follower in Fig. 12.17 is implemented
with a NMOS transistor, and the current-source
and source-fellower transistors operate with Vg =
0.8V and V,, = 0.2 V. For simplicity, assume Vg5
is constant and take ¥ = {.

(¢} What value of V¢ gives the largest sym-
metric output swing?

() Verify that this CMEB circuit works cor-
rectly by running a SPICE simulation. Use the
value of Ve [rom part (¢).

12.13 Cempute the op-amp CM and DM lecad
capacitances for the output loading in Fig. 12.40a
and 12.405. Assumec the inverting voltage buffers
in Fig. 12.405 arc ideal.

12.14 (o) Forthe amplifierin Fig. 12.16b, cs-
timate the pole associaied with the RC time con-
stant at thc V., output node. Assume |Ipys5, =
G4 mA, Voo = 0.2V, and Ve = Ve, Ignore
all capacitances except C 3 in parallel with a fixed
capacitance of 90 {F. Take L, sy = 0.8 pm. Usc the
data in Table 2.3.

{b) Repeat {a) except use Upps| = 0.1 mA.

(¢} Compare the results in {a) and (b). Explain
the difference.

12.15 A differential amplifier with local CMEFB
is shown in Fig, 12,41, Use |V,| = 0.2 V for all
transistors, V,, = =V, = 0.6 V, Ips = 200 pA,
Van = 1V, [V, = 20V, and v = 0. Assume
V,D.[) - Vss = 2.5V and V,‘c- = 0.
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Figure 12.40. Output load networks for Problem 12.13,
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Figure 12.41. A ditterential amplificr with local commen-mode [cedback.
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VDD
My |,
V0 Vains — Vo
Vi °_|1:M1 ME:_Il_O Via
Figure 12.42. A difterential amplifier
Vs wilthoul a tail current source.

(@} What is the de common-mode output voll-
age of this amplifier?

(b) Compute the low-frequency gains a,,, and
ety Compare these gains with the gains calculated
in the first example in Section 12.4.1.

12.16 A ditferential amplifier that does not use
a lail current source is shown in Fig. 12.42.

(o) Computc the low-frequency gains a,, and
.. For all transistors, drain currents are [00 pA
and |[V,,| = 02 V. Also, V4, = 10V, and |V,,| =
20V '

(k) Compare these gains with the gains calcu-
laled in the first example in Scetion 12.4.1.

1217 () For the op amp in Fig. 12.2, as-
sumc the CM and DM load capacitances are
Cr = Cpy = 2 pF. Calculate the frequencies at
which |ag,(je), = 1 and |a.m.(jeo)| = 1, ignor-
ing other capacitors. Use |V, = .25 V for all
transistors, V,, = —V;, = 0.6 V, Ips = 200 pA,
Vie = 20V, |Va,| =25V, and ¥ = 0.

() Calculale the unily-gain frequencies in part
(it & = 2pFand Oy = 4 pF.

(¢) The unity-gain frequency for the CMC gain
can be made equal to the DM unity-gain frequency
in part {b) by splitting M5 as shown in Fig. 12.15.

Vn 1

How should the 200 p.A current be split between
Map and M5o7 Assume Vs, = Vs = 025V

12.18 For the CM-detector in Fig. 12.43, find
el = Vel Wy, (5), assuming the CM-scnsc
amplifier is ideal with unity gain. Then find a,,,,(5)
when a capacitor Co., is connecied in parallel with
each resistor B,.,. What is the effect of the C.; ca-
pacitors?

1219 A NMOS transistor is operating in the tri-
ode region. Find a formula for its transconduciance
gn = dJadV,, Compare it with g, in the active re-
gion at the same de drain current. Which is larger?

1220 For the fully differential circuit in
Fig. 12.32a, assume the op amp is ideal with R; =

oo R, =10, ay = —o, and a,.,, = 0. Find the
closcd-loop gains Ay, = VeufVu, Acn = VadVie,
Au’m—cm = V(J{:"Irvw’s and Acm—dm = vudfv.\'c- under

the following conditions.

@ R =R =1k} and R: = Ry = 5kil.

b R =101 K, R, = 099 k), Ry =
Re = 5kQ.

12.21 For the circuit in Problem 12.20q4, the
applicd scurce voltage is a single-cnded signal
with V,; = 0.2Vsin{100#) and V,; = 0. Assume
a CMFB loop lorces Ve = 0 What arc V,, (1),

op amp

T Youm

Flgure 12.43. Circuit for Problem 12.18.
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My | MWLIMS LK

i *
M,y |—{ l: Mg |—| l: M7
Fy

G { = 100 pA '
Mm:]J

Vi O_il: M, ME:]'_OV[Q

MMj'{ I':Mm MEE:]I T Il: Mas

T 4' -M;_q M22 I "'_' Mgg ‘M24

‘.I: My, —||: My

_V-SS = -1 .65V
Figure 12.44, Circ

Valt) V00, and V.0(#)? What are V; (1), V(1)
Viatr), and 'V ()7

12.22 Thec op amp in Problem 12.4 is used with
the CMFB scheme shown in Fig. 12.17. The cir-
cuil is perlectly balanced except that the CM-sense
resistors are mismatched with the upper resistor
R = 101 k) and the lower resistor R.: =
9.9 k2. Assume the source followers and the CM-
sense amplilier are ideal with gains of unity.

() Compute lhe gains @, 20d dgpe om0
(12.106).

{b) Compute ihe low-[rcquency op-amp gains
VaadVids Vard Vi, vioufvi., and v, /v, with the CMFB
active.

(c) Use SPICE to simulate these gains.

1223 A fully dillferential op amp with CMFB
is shown in Fig. 12,44, For M| M, M2, and My,
usc W/L = (64 pm)A0.8 pm). For M;-My, Mag-
Moz and My, WL = (96 nm)/(1.4 pum). For M, -
My, W/L = (6 pm)/(0.8 o). For M4, Mos, and
Msy, W/L = (16 pm)H0.8 pm). For M3, W/L =
(1.4 umy0.8 pm). Take Ve = —0.65 V.

(@) Choose W values for My; and M=, so thal
|I{J|_¥! = 20 MA. Use L = L& HLm for M5 and L =
1.4 pum lor M 2.

() Usc SPICE to find the low-frequency op-
AMP ZAINS Vod/ Vig, Vorf Vi ¥od ¥y, and v, /vy with
the CMFB active,

uil [or Problem 12.23.

(¢) Calculate the output slew rute oV, /de if a
4-pF capacitor is connected from cach op-ump out-
pul 1o ground.

(@) What iz the differential oulput vollage
swing of this op amp? Assume V. = Ve, and
ignore body cllect for this calculation.

(e} Repeal (b} when the input transistors are
mismalched with W, = 63 umand W; = 65 pm.
{Note: With mismalch, the op-amp oftset voltage is
Nt 7ero.)

(fy Repeat (b} when the load transistors are
mismatched with W2 = 95 pm and Wy = 97 pm.

12.24 The [cedback circuit in Fig, 12,45 is a
switched-capacilor circuit during onc clock phase.
Assumc the op amp is the folded-cascode op amp
in Fig. 12.31.

(o) Calculate the DM and CM outpul load ca-
pacilances, considering enly the capacitances in the
Fig. 12.45.

(®) I the op-amp bias currents are |[{p:] =
Ups| = 100 wA and |Ips| = 1oy = fnin =
200 pA, caleulate the DM output slew rate
av. /dt.

(c) If all transistors have |V,. = 0.15 V and
Vi = Vg = 2V, what is the maximum peak
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L L

+

el

Figure 12.45, Circuit for
Problem 12,24,

Vn'l

~Viy

Figure 12.46. A fully differential current-mirror op amp,

differentiat output swing? Assume Vggs and Vggy
arc chosen to give maximum swing.

12.25 In the switched-capacilor CMFB scheme
in Fig. 12.21,C, = 0.1 pFand (; = 0.5 pF

(&) With Vespas = —1 V, Voo = Ve =
0.5 V.IF Vg as changes to — 1.1 V, what is the new
value of Vo ? Assume |a.q..| == 1.

(b} Ignoring all cupacitors except Cp and s,
what are the CM und DM outpul load capacitors
when the ¢ swilches are on and the ¢ switches
are off?

() Repeat (b) when the > switches are on and
the ¢, switches are otf.

12.26 A current-mirror op amp is shown in
Fig. 12.46. Assumc all NMOS transistors are
matched and all PMOS transistors are matched. Use
|V, = 0.2V for all transistors, V,, = V,, =
0.6V, Tps = 200 pA, Vi, = 10V, [Vy, = 20V,
and ¥ = 0. Assumec Vpp = Vye = 163 V and
V;'c.- =0

(e Calculate the model parameters  in
Fig. 12.7a. Assumc the gates of Ms, M-, and My
connect Lo bias voltages.

(b) If the CMC input is the gate of M5 and the
gates of M7 and My connect to a bias voltage, com-
puw a('Jh‘L"

(¢} If the CMC input connects to the gates of
M7 and M, and the gate of M5 conpects 1o a bias
voltage, compute d,.,,,.

(d) What are the output swing limits for each
output? What value of V- gives the maximum
symmetric output swing?

12.27 Find the low-frequency value of a.,, for
the two-stage op amp in the cxamplc in Section
12.6.1. Use the data in that example. Recall that
a,, = va/vie When the CMFEB loop is aclive.

12.28 Assumc that the CMFB circuit in the ex-
ample in Section 12.6.1 is changed so that the
CM-sense amplifier has a low-frequency gain
l@cmso] = 2.5. Determine the compensation ca-
pacitor ¢ needed in the op amp to assurc that the
CMC and DM feedback leops in the example have
a phase margin of 45° or larger.

12.29 Neautralization capacitors €, are o be
added to cancel the Miller effect on Cpqy and Cop




in the two-stage op amp in the example in Section
12.6.1.

(@) Show how the C, capacitors should be con-
nected in the op amp. What value of €, should be
used?

(b} If these capacitors are coustrucied from
MOS transislors opcrating in the cutoff region,
what type of transistor and what device dimensions
should be used?

12.30 Meodify the CMFB  schemalic in
Fig. 1226 10 imject currents at the drains of M|
and M>, in a maunner similar to that shown in
Fig. 12.18. (rive a set ol bias current values on
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Index

Abrupt junction. 4

Aclive cascode, 211

Aclive-cascode op amp. 450

Active-device parameter summaty, 73

Active level shift, 444, 454, 471, 474,
484

Active load, 278, 425, 453, 454, 456. 457,

463, 532
common-cmitter amplifier, 279, 282,
284
common-mode rejection ratio, 293
common-source amplifier, 279, 282,
284
complementary, 279
current-mirror, 287
depletion, 282
diode-connected, 284
enhancement, 286
noise, 78%
offset voltage, 332
Advanced bipolar integrated-circuit
fabrication, 92, 106
All-npr output stage, 376
Amplifier:
current, 562
fully differential. 808, 813
operational, see Operational amplificr
thermocouple, 472
transconductance, 563
transresistance, 561
voltage, 55%
wideband, 512, 525, 375, 618
Amplifier stages:
Class A, 352, 576
Class AB, 364, 456, 688
Class B, 363
multiple-transistor, 202
single-transistor, 174
Analog multiplicr, 708, 712
Anncal, 87
Avalanche breakdown. 7, 22, 49, 121
Avalanche noise, 755
Average power, 348

Balanced circuit, 808
Balanced dillerential amplifier, 811

Balanced modulator, 716
Band-gap reference, 317, 323
curvature-compensated. 320
Bandwidth of feedback amplilicrs, 624
Base-charging capacilance, 28
Base-ditfused resistors, 116
Base diffusion, 90
Buse-emitter voltage temperalurc
coefficient. 13, 317
Base resistance., 32, 9%
Base transport factor, 13
Base width, 9
Beta, see Current gain
Bias-current cancellation, 477
Bias reference cireuit:
band-gap, 317, 323
bootstrap, 309
curreni rouling, 331
low-current, 299
proportional to absolute temperature,
322
self-biascd. 309
start-up circuil. 310, 312
supply-insensitive, 306
temperature-inscnsitive, 317
threshold-referenced, 309
Vype-referenced. 308, 314
voltage routing, 331
Vy-reterenced, 314, 316
BiCMOS, 150
amplifier, 251, 618, 806
cascode, 210
Darlington. 205, 206. 804
operational amplifier, 479
output stage, 380, 401
lechnology, 150
Bilaleral amplifier, 173
Bipolar transistor:
advanced technology, 92, 106
base-charging capacitance, 28
base resistance, 32, O8
base transit time, 28
breakdown voltage, 20, 88
in CMOS technology, 142, 148
collector-base resistance, 30
collector scrics resistance, 32, 100
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Bipolar transistor (continued)
current-mirrer matching, 327
culoll region, 46
ditfusion profilc, 91
fabrication, 88, 92
forward-active region, 45
frequency response, 34
heterojuncticn, 152
input rcsistance, 29
inverse-active region, 19, 43
large-signal modcls, ©
lateral. 143
neise, 757, 768
output characteristics, 16
output resistance, 29
parameter summary (functional), 73
parameter sammary (numetical), 100,

108, 112, 114
parasitic capacitance, 31, 102, 104,
105
reverse-active 1egion, see Inverse-
active region
saturation current, 11, 97, 318
saturation rcgion, 16
scll-aligned structure, 94
small-signal modcl, 26
SPICE model parameters, 163
transconductance, 27

Bird's beak, 139, 259, 430

Blackman’s impedance formula, 608

Body effect in MOS transistors, 53, 137

Boltzmann approximation, ¢

Bootstrap bias technique, 309

Breakdown, 6
in bipolar transistors, 20
in MOSFETS, 48
in superbeta transistors, 125

Breakdown voltage:
base-emitter, 23
collector-base, 20. 89
collector-emitter, 22
drain-substrate, 49
junclion-diode, 7
MOS (ransistor, 48
superbeta transistors, 125
Zener diede, 7

Buill-in potential, 2

Buried layer, B9

Bursl noise, 754

Capacitance:
base-charging, 28
base-collector, 31, 102
base-emitter, 31, 105
channel-substrate, 140
collector-substrate, 31, 104
depletion region, 3, 31, 54, 103, 140,
529
drain-body, 54
gate-body, 55
gate-drain, 51
gate-source, 31, 140
gate-substrate, see gate-body
overlap, 53, 140
sidewall, 141
source-body, 54
Capacitive neutralization, 849
Capacilors;
in bipolar intcgrated circuits, 120
lateral, 147
in MOS integrated circuits, 145
MOS transistors, 147
poly-poly, 146
vertical, 147
Capture range, 722, 729
Cascode configuration, 206, 208, 442,
444, 446, 525
active, 211, 450
Cascode current mirror, 263, 688
bipolar, 263
MOS, 266
Cascode frequency response, 525
Channel-length modulation, 43
Class A cutput stage, 352, 576
Class AB input stage, 688
Class AB output stage, 364, 456
Class B output stage, 363
Clipping, 347, 364
Closed-loop gain, 405, 554, 601
Clubhead, 117
CMFB, see Common-mode feedback
CMOS operational amplifier:
[ully differential, 835
with single-ended output, 425, 442,
444, 446, 450
CMOS output stage, 382
CMOS technology, 46, 127
Collector-base capacitance, 102
Collecter-base resistance, 30




Collector-series resistance, 32, 100
Common-base configuration, 183, 188,
190, 514, 525
Common-base frequency response, 514
Common-base stage noisc performance,
783
Common centroid geometry, 440442,
476, 477
Common-cellector—common-collector
coenfiguration, 202
Common-cellector-common-emitter
cenfiguration, 202
Commeon-collector configuration, 191,
503
Commuon-drain configuration, 195, 509,
591
Cominon-emitter—common-base
configuration, see Cascode
conliguration
Common-emitter conliguration, 175, 490,
494
Common-emitter frequency response,
490, 494
Common-emitict culput stage, 576
Common-gate conliguration, 186, 188,
190, 515, 525
Common-gate frequency response, 515
Common-meode feedback, 228, 288, 459,
816
circuits, 823
using a resistive divider, 824
using swiiched capacitors, 832
using transistors in the tiode region,
830
using two differential pairs, 828
Commeon-mede feedback loop, 818
bandwidth, 856
stability and compensation, 822
Commeon-meode gain, 223, 813
Common-mede half-circuit, 228, 241,
815
Common-mode input range, 838
Common-mode inpul resistance, 229
Common-mode rejection ratio, 224, 229,
230, 421, 431, 470
of active-load stage, 293
frequency response, 501
Common-mode-to-differential~-mode gain,
223

Inclex

Common-source amplifier, 179, 490, 497

Commen-sourcc—commen-gate
configuration, see Cascode
configuration

Common-source frequency response, 490,

497
Compensation:
of amplifiers, 633
capacitor, 537, 597, 637, 681
by fcedback zero, 676
methods, 637
of MOS amplifiers, 644, 652
nested Miller methed, 656
of 741 op amp, 639
theory, 633
Complementary load, 279
Complementary output stage, 362
Composite pap, 379
Conductivity, 80
Copper, 154
Corrclation, 759, 768, 801
Critical ficld, 7. 60
Crossover distortion, 363, 364, 371, 378,
387
Crossunder, 118
Crowding, 32,99
Current amplifier, 562
Current crowding, 32, 99
Current density, 429
Current-fecedback pair, 586, 676, 779
Current gain:
dependence on operating conditions,
23,110
forced, 17
forward, 12
inverse, 19
apn transistor, 105
pnp transistor, 110
short-circuit, 178
small-signal, 29
small-signal high-frequency, 35
temperature coefficient, 24
Currenl mirror, 253, 688
with beta helper, 260
cascode, 263, 260
current routing, 331
with degeneration, 262, 263
gain error, 254
general properties, 253
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Current mirror (continued)
high-swing cascode, 270
input voliage, 254
load, 287
matching, 327
minimum output veltage, 255
cutput resistance, 254, 256, 259, 262,
264, 266, 208, 275, 277
simple, 235, 257
Sooch cascode, 271, 272
voltage routing, 331
Wilson, 274, 277, 595, 610
Current routing, 331
Current source, 299, 300, 302, 303, 304,
306, 307
peaking, 303, 304
Widlar, 299, 302, 306
Cutoft, 46

Darlington configuration, 202, 205, 400,
467, 597, 804
dc analysis of 741 op amp, 457
Deadband, 363, 364, 365, 371, 378
Depletion-mode load, 282
Depletion region:
capacitance, 3, 32, 54, 103, 529
collector-base, 14, 89
of pn junction, 1
Design considerations for bipolar
monolithic op amps, 472
Deviation from ideality in rcal op amps,
419
Die, 91
Dielectric isolation, 123
Differential amplificr, 221, 408
perfectly balanced, 224
unbalanced, 238
Differential-mode gain, 223, 813
Differential-mode half-circuit, 226, 241,
815
Differential-mode input resistance, 229

Differential-mode-to-common-mode gain,

223, 850
Differential pair:
bipolar transistor, 215
with current-mirror load, 287, 532
MOS, 218
noise performance, 783
Dnfferential signal source, 812

Differential-to-single-ended conversion,
293, 454, 471, 474
Difterentiator, 410
Diffused-layer sheet resistance, 83
Diffused resistors, 115
Diffusion constan, 11
Diffusion current, 10
Diffusion of impuritics, 80
Diffusion profile of a bipolar transistor,
91, 92,95, 9060
Diode:
junction, 122
Zener, see Zener diode
Diode-connected load, 284
Diode-connected MOS transistor, 257
Distortion, 360, 399
in the source follower, 358
reduction by negative feedback, 555
Deminant pole, 493, 495, 498, 516, 521,
525
Doping, 79
Double-diffused nps transistors, 93
Double-diffused pap transistors, 126
Drift:
emitter-coupled pair, 234
operational amplifier, 474
source-coupled pair, 2338
Driver stage, 346, 354, 365, 369, 370,
372,373,374,377, 392

Early effect, 13, 21, 264
Early voltage, 15, 30, 44, 52, 257, 260
Ebers-Moll equations, 19
Economics of IC fabrication, 154
Effective channel length, 43, 137
Effective channel width, 139
Efficiency:
Class A, 350, 352, 353
Class B, 362, 365, 369, 378
Electromigration, 154
Emitter-coupled multivibrator, 732, 740
Emitter-coupled pair, 2153, 708, 785
emitter degeneration, effect of, 217
frequency response, 493
input offset current, 231, 235
input offset voltage, 231, 232
offset voltage drift, 234
small-signal analysis, 224, 238
transfer characteristics, 215




Emilter degencration, 197, 217, 262,
587
Emitter-diffused resistors, 117
Emitter lollower, 191
drive requircments, 354
[requency Tesponse, 503
noise performance, 784
outpul stage, 344, 576
power output and efficiency, 347
small-signal properties, 192, 355
terminal impedances, 505
transicr characieristics, 344
Emilter injection cfficicncey, 13
Emitter resistance. 32
Enhancement load, 286
Epitaxial growth, 85
Epitaxial resistor, 119
Equivalent ¢ircuitl ol an op amp, 424
Equivalent input noise generators, 768
Equivalent input neise resistance, 770
Equivalent input shot noise current, 771
Eiching, 84

Fabrication of integrated circuits, 78
Feedback, 4()5, 553

bandwidth, 624

common-mode, 228, 288, 459, 816

configurations, 557

effect on distortion, 555

effect on gain sensitivity, 555

effect on noise, 776

effect on terminal impedances, 559,

561, 562, 563, 607

ideal analysis, 553

latchup, 148

loading, effect of, 563

local, 228, 265

Ioop gain, 387, 405, 554

practical configurations, 563

relurn ratio, 599, 612

scrics-seres, 562, 569

series-shunt, 557, 579

shuni-scrics, 561, 583

shunt-shunt, 560, 563

single-stage, 587

table of relationships, 588
Fecdbhack-zero compensation, 676
Feedforward, 393, 646650, 660
Field-effect transistor, see MOS (ransistor

Index

Field region, 128
First-order phase-locked loop, 723
Flicker noise, 753
Flicker noise corner frequency, 757
Folded-cascode op amp, 446, 654
Forward-active region, 9, 26, 45, 112, 176
Free-running frequency, 721, 741
Frequency response:
bipolar transistor, 34, 57
cascode, 523
common-base, 514
common-drain, 509
common-emitter, 494
common-emitter cascode, 525
common-gate, 515
common-mode, 499
comimoen-source, 497
comimen-source cascode, 525
ol CMRR, 501
of current mirror, 256, 258
differentiai-mode, 493, 496
of differential pair with current-mirror
load, 291, 532
emitter follower, 503
MOS amplifier, 644, 632
MOS transistor, 55
multistage amplifier, 513
741 op amp, 537
single-stage, 488
source follower, 509
Full-power bandwidth, 690
Fully differential amphifiers, 808
cross gains, 856
Fully differential op amps, 808, 835
folded cascode, 846
telescopic cascode, 845
two-stage, 835

Gain-bandwidth preduct, 625

(Gain margin, 630

Gaussian distribution, 234, 246, 750
Generation, 79

Gilbert multiplier, 710
g-parameters, 583

Graded junction, 5

Guard ring, 150

Half-circuit;
of balanced amplifier, 226, 228, 815
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Half-circuit {continued)
coupled, 238
independent, 238
of unbalanced amplifier, 241, 242
Harmenic distortion, 360, 399
Heterojunction, 152
High-frequency equivalent circuit of the
741 op amp, 537
High-level injection, 36, 110
High-voltage integrated-circuit
fabrication, 88
Homojunction, 152
Hot carriers, 49
h-parameter, 579
Hybrid-# model, 30, 52

Ideal feedback analysis, 553
Impact icnization, 71, 210
[mpurity concentration, 79
Instability in amplifiers, 626, 665
Instantaneous power, 348-354, 367-369
Integrated circuit:
advanced bipolar fabrication, 92, 106
biasing, 253
capacitors, 120, 145
cost considerations, 154, 157
current mirrors, 253
device models, 1
economics, 154
fabrication, 78
fabrication yield, 154
frequency response, 488
mixed-signal, 222
neise, 748
op amps, 404, 808, §35
output stages, 344
packaging, 159
passive components, 115, 144
phase-locked loop, 720
resistors, 115, 119, 144
Integrator:
continnous-time, 410
switched-capacitor, 416
Interconnect delay, 153
Internal amplifier, 411
Intrinsic carrier concentration, 2, 79
Inverse-active region of bipelar
transistors, 19, 45
Inversion, 40
Inverting amplifier, 406

Ton implantation, 85, 87
Isolation diffusion, 90

Junction breakdown, 6, 49
Junction diodes, 122

KCL, 185
Kirk effect, 26, 36
KVL, 185

Large-signal model:
bipolar transistor, 8
MOS transistor, 45
Latchup in CMOS, 148, 344
Lateral bipolar transistor, 143
Lateral pnp transistor, 108, 371, 379, 456
Layout, 439, 476
Leakage current, 7, 18, 19
collector-base, 20
Level shifting, 195, 197, 444, 454, 471,
474, 484
Lifetime of minority carriers, 12
Line regulation, 595
Load line, 347354, 367, 368
Load regulation, 395
Local feedback, 587
Local oxidatien, 87
Lock range, 723,727,742
Logarithmic amplifier, 409
Loaop gain, 387, 405, 554
Low-current biasing, 299
Low-drift op amps, 474
Low-level injection, 9, 110
Low-permittivity dielectric, 154

Matching in transistor current mirross,

327

Miller capacitance, 490, 495, 498, 639,
844

Miller effect, 114, 488, 489, 495, 498,
849

Minimum detectable signal, 766

Minority-carrier lifetime, 12

Mismatch effects in differential
amplifiers, 231

Moat, 93

Moat etch, 123

Mobility, 80

Mobility degradation, 63




Model selection for IC analysis, 171
Modulator, 712
MOS transistor:

Index

source-coupled pairs, 218
source follower, 195
SPICE model parameters, 163

active region. 45

bird's beak, 139, 259, 430
body effect, 53, 137
breakdown voltage, 48
channel-length modulation, 43

complementary MOS (CMQS). 39, 46,

127
critical field, 60
current density, 429
current-mirror matching, 329
culoff region, 46
depletion-mode, 41, 142, 282
diode-connected, 257
ctlecive channel length, 43, 137
cllective channel width, 139
cnhancement-mode, 39, 127
fabrication, 127
fietd-effect transistor, 41
field region, 128
frequency response, 55
hot carriers, 49
impact ionization, 71
input resistance, 52
inversion, 40
junction breakdown, 49
large-signal model, 45
mobility, 42
mobilily degradation, 63, 134
moderate inversion, 69
x#-channel, 38, 131, 142
noise, 758, 773
chimic region, 44
operational amplifier, 425
oulput resistance, 52
outpul stages, 382
overdrive, 47, 182, 439
oxide breakdown, 49
parameter summary (functional), 74
parameter summary (numerical), 132,

133, 134, 135
parasilic clements, 54
p-channcl, 39, 141
punchthrough, 49
saturation region, 44, 45
short-channel effects, 58
silicon gate, 129
small-signal medel, 44

strong inversion, 65
substrate current, 71
subthreshold conduction, see weak
inversion
threshold temperature dependence, 47
threshold voltage. 40, 129, 132
transconductance, 50, 63
transfer characteristic, 38
triode region, 44
weak inversion, 63, 181
velocity saturation, 59
Multicollectlor Lateral prp, 456
Multiplication factor, 8
Multiplier circuits, 708
Muliistage amplifier frequency response,
513

Negative feedback, see Feedback
Neutralization, 849
NMOQOS, 38
Noise:
in active loads, 788
amplitude distribution, 750
avalanche, 755
bandwidth, 794
in bias-current cancellation circuits,
791
1n bipolar transistors, 757, 708
burst, 754
in capacitors and inducters, 759
circuit calculations, 760
common-basc stage, 783
differential pair, 785
in diodes, 756
in dircet-coupled amplificrs, 797
emiter follower, 784
equivalent input noise. 766
1/f,753
feedback, effect of. 776
figure. 799
Nicker, 733
generalor, 730
models, 756
MOS amplifier, 792
MOS transistor, 758, 773
operational amplifier, 788
popcorn, 754
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Noise (continued)
in resistors, 759
in 741 op amp, 788
shot, 748
spectral density, 749, 760
in superbeta circuits, 792
temperature, 802
thermal, 752
white, 749
in Zener diodes, 755
Nondominant pole, 493, 495, 498, 533
of 741 op amp, 540
Noninverting amplifier, 408
Nonlincar analog operations, 409, 702
Nonlinear functicn synthesis, 743
Nonlinearity, 346, 355, 356, 360, 371,
378, 396, 398,713
Nonoverlapping clock signals, 412
charge transfer phase, 412
input sample phasc, 412
Normal distribulion, see Gaussian
distribution
Nyquist criterion, 626, 666
Nyquist diagram, 627

Offset current, 420, 470
emitter-coupled pair, 231, 235
741 op amp, 470
Offset trimming, 475
Offset voltage, 421
differential pair with active load, 332
emitter-coupled pair, 231, 232
emitter-coupled pair with active load,
332
741 op amp, 470
source-coupled pair, 236
source-coupled patr with active load,
334
Open-circuit time constants, 533
see also Zero-value time constant
analysis
Open-loop gain, 403
Operational amplifier:
aclive-cascode, 45()
applications, 405
BiCMOS, 479
bipolar, 453
with cascodes, 442
CMOS, 425

commoen-mede input range, 421, 432
common-mode rejection ratio, 421,
431, 470
compensation, 424, 633, 675, 676
design considerations, 472
deviations from ideality, 419
differential amplifier, 408
effect of overdrive voltages, 439
equivalent circuit, 424
folded-cascode, 446, 654
frequency responsc, 424, 537
fully differential op amps, 808, 835
input bias current, 419
input resistance, 424, 426
internal amplifier, 411
inverting amplifier, 406
layout considerations, 439, 476
low-drift, 474
low-input-current, 476
MOS, 425, 442, 444, 446, 450
with MOS input transistors, 479
noisc, 788
noninverting amplifier, 408
offset current, 420, 470
offset drift, 421, 473, 474
offsct voltage, 421, 428, 470
open-circult voltage gain, 426
output buifer, 411
oulput resistance, 424, 426
output swing, 428
power-supply rejection ratio, 422, 434,
436
precision, 472
random offset veltage, 430
reetifier circuits, 702
scttling time, 415
725 op amp, 475
741 op amp analysis, 454
with single-ended outputs, 404
slew rate, 424, 680-690
small-signal characteristics, 426, 462,
469
supply capacitance, 436
systematic offset voltage, 428
telescopic-cascode, 444, 652
Oscillation, 628, 663, 679
Output buffer, 411
Output resistance of current mirror, 254,
256, 259, 262, 264, 266, 268, 275,
277




QOutput stage, 344
all-npn, 376
BiCMOS, 380, 401
Class A, 352, 576
Class AB. 364, 382, 456
Class B, 363
CMOS, 382
comuneon-drain. 356, 383
common-drain—common-source, 391,

393

common-cmilter, 576

common-source, with error amplifiers,

384
complementary, 362
Darlingion. 400
emitter tollower, 344
overload pretection, 380
parallel common-source, 394
push-pull, 362
quasi-complementary, 379, 380, 384,
387, 391
709 op amp. 370
741 op amp, 372, 460, 468
short-circuit protection, 380
source follower, 356, 383
Overdrive, 47
Overload protection, 38()
Oxidation, 84
Oxide breakdown, 49

Packaging considerations, 159
Parasitic clements:

bipolar transistor, 31, 98

MOS transistor, 54, 140
Passive components:

in bipolar integrated circuits,

115

in MOS technelogy, 144
Permittivity, 3
Phase detector. 712, 716, 731, 739
Phuse-locked loop:

busic concepts, 720

capture range, 722, 729

first-order loop, 723

560B analysis, 735

integrated circuit, 720, 731

lock range, 721, 728, 742

loop bandwidth, 723, 727, 742

root locus, 724, 726

sceond-order loop, 725

Index

Phase margin, 630, 639, 650
Photolithography, 84
Photoresist, 84
Pinch-off in MOSFETSs, 43
Pinch resistors, 118, 119
PMOS, 39
pr junction depletion region, 1
Poles and zeros of the 741 op amp, 641
Pole splitting, 639, 643
Polysilicon, 87, 94, 129
Popcorn noisc, 754
Power conversion efficiency, 350
Power dissipation, c[lect of packaging.
159

Power hyperbela, 351
Power output:

Class A, 347

Class B, 365
Practical Class B outputt stages, 369
Precision op amps, 472
Precision rectifiers, 702
Predeposition, 81, 85
Probability distribution, 246
Protection of output stages, 380
Pulse response, 542
Punchthrough, 49, 125
Push-pull output stage, 362

Quasi-complcmentary output stages, 379,
380, 384, 387, 391

Recipracity conditien, 19
Recombination, 9, 11, 79
Rectifiers, 702
References, 299
Regulated cascode, see Active cascode
Regulator, 593
Reliability of integrated circuits, 162
Replica biasing, 834
Resistivity, 80
Resistor:
base-diffused, 116
hase-pinch, 118
diffused, 144
emitter-diffused, 117
epitaxial, 119
MOS device, 145
in MOS technology, 144
polysilicon, 144
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Resistor {continued)
well, 144
Return ratio, 599
simulation of, 621
Reverse-active region, see Inverse-active
region of bipolar transistors
Reverse injection, 12
Rise time, 542
Root locus, 664
for dominant-polc compensation, 675
for feedback-zero compensation, 676
for three-pole transfer function, 664
Reoot locus rules, 667

Samration current of bipolar transistor,
11,97, 318
Saturatien region:
of bipolar transistor, 16, 176
of MOSFET, 44, 45 '
Scattering-limited velocity, 59, 133
Second-harmonic distortion, 360, 399
Second-crder effects in op-amp analysis,
470
Second-order phase-locked loop, 725
Sclf-aligned structure, 94
Seli-biasing, 309
Sensitivity 1o power-supply voltage, 306
Series-series feedback, 562, 569
Series-series triple, 572, 575, 583
Series-shunt feedback, 557, 579
Sheet resistance, 83
Short-channel effects in MOS transistors,
58
Short-circuit cirrent gain, 178
Short-circuit protection, 380
Short-circuit time censtants, 533
Shot noeise, 748
Shunt-scries feedback, 561, 583
Shunt-shunt feedback, 560, 563
Signal-to-noise ratio, 810
Silicide, 95, 144
Silicon dioxide, 84, 87
Silicon nitride, 87
Single-stage feedback, 587
Single-stage frequency response, 488
Slew rate, 680, 705
effect on sinusoidal signals, 690
improvement, 685, 686
Small-signal analysis of 741 op amp,
462

Small-signal model:
bipolar transistor, 26
MOS transistor, 49
operational amplifier, 469
Source-coupled pair, 218
frequency response, 496
input offset voltage, 236
offset voltage drift, 238
small-signal analysis, 224, 238
transfer characteristics, 218
Scurce degeneration, 200, 263
Source follower, 195, 509, 591
distortion, 358
frequency response, 509
output stage, 356
small-signal properties, 195
super, 213, 609
transfer characteristics, 356
Space-charge region, see Depletion region
Spectral density of noise, 749, 760
SPICE parameter summary, 163
Square-law characteristic of MOSFETS,
43
Square-law circuit, 743, 747
Square-root circuit, 743
Start-up circuit, 310, 312
Step coverage, 152
Stress migration, 154
Substitutional impurities, 80
Substrate contact, 150
Substrate current in MOSFETS, 71
Subsiraie prp transistors, 111
Subthreshold conduction, 134
see also MOS transistor: weak
inversion
Summing node, 418, 553
Summing-point constraints, 407,
408
Superbeta transistors, 124, 479,
792
Super source follower, 213, 609
Supply-insensitive biasing, 306
Sustaining voltage, 21
Switched-capacitor amplifier, 411
parasitic-insensitive, 415
Swilched-capacitor common-mode
fecdback, 832
Switched-capacitor filter, 416
Switched-capacitor integrator, 416
Symmetry:
mirror, 439




Symmetry (continued)
translational, 440

Taii current source, 215, 218
Telescopic-cascode op amp, 444, 652
Temperature coeftficient:
of band-gap reference, 321, 325
of base-emitter voltage, 13, 313, 317
of bias reference circuits, 313, 321
of bipolar transistor current gain, 24
effective. 321
of integrated-circuit resistors, 120
of threshold voltage, 47
ol Zener diodes, 121, 122
Temperature-insensitive biasing, 317
Thermal noise, 752
Thermal resistance, 160
Thermocouple amplificr, 472
Thin-film resistors, 127
Third-harmonic distortien, 361, 399
Threshold-referenced bias circuit, 309

Threshold voltage of MOS (ransistors, 40,

129,132
Threshold voltage temperature
dependence, 47
Time constant, 36
open circnil, 533
short circuit, 533
zero value, 517
Time response, 542
7 model, 183, 186
Transconductance amplilicr, 563
Transfer characteristic:
Class B stage, 363
common-emitter amplificr, 175
emitter-coupled pair, 215
emitter-coupled pair with cmiticr
degeneration, 217
emitter follower, 344
source-coupled pair, 218
source follower, 356
Transiion [requency fr., 34, 55, 64
Transit time, 28
Transresistance amplificr, 561
Trimming, 475
Tunncling, 8, 121

Index

Two-port representation, 172, 563, 583

Unbalanced fully differential circuits, 850
Uniform-base transistor, 9

Unilateral amplifier, 173

Unit devices, 256, 259, 430

Unity-gain feedback configuration, 634

Ve multiplier, 485
Vge-referenced bias circuit, 308, 314
VCO, 720, 732, 740
Velocity saturation, 59
Virtual ground. 408
Voltage amplifier, 559
Voltage-controlled oscillator, 720, 732,
740
Vollage gain, 176, 426
open-circuit, 178, 181
Voltage regulator, 593
analysis, 595
Vollage routing, 331
Vy-referenced bias circuit, 314

Wafer, 79

Well, 47, 128

Well contact, 150

White noise, 749

Wideband amplifier, 512, 525, 575, 618,
676, 779

Widlar current source, 299, 302. 306, 458

Wilson current mirror, 274, 277, 459,
595, 610

Yicld considerations, 154
y-paramcrers, 504

Zener diede, 8, 23, 121, 593, 565, 735,
744, 755
noise, 753
temperature coefficient, 121, 122
Zener-referenced bias circuil, 595, 735
Zero-valne time constant analysis, 517
Z-parameters, 564

875




I

In this Fourth Edifion of ANALYSIS AND DESIGN
OF ANALOG INTEGRATED CIRCUITS, Paul Gray
and Robert Meyer have feamed up with fwo
new coauthors—Paul Hurst and Stephen
Lewis—to provide a current, comprehensive,
and in-depth treatment of andlog integrated
circuit analysis and design. The authors com-
bine bipolar, CMOS, and BICMOS analog inte-
grated-circuit design Into ¢ unified presentation
that stresses their commonalties and highlights
their differences. Readers will gain valuable
insights into the relative sirengths and weak-
nesses of these important technologies.

The Fourth Edition features new and expanded
coverage of several key technologies and tech-
niques, including increased emphasis on CMOS
circuifs in Chapters 3 - 7; a new chapfer cover-
ing fully differential amplifiers and common-
mode feedback; new material on feedback
circuif analysis using return ratio in addition to
the two-port feedback analysis; and new cov-
erage of two-sfage MOS op-amp compensa-
tion, single-stage op amps, and nested Miller
compensation.
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Coverage of culling-edge fopics. The new
edition features more advanced CMOS device
electronics, including short-channel effects,
weak inversion and impact ionization.

Staie-of-the-ar IC processes. The fext shows
how modern Integrated circulfs are fabricated,
including recent issues like heterojunction bipo-
lar fransistors, copper interconnect, and low
permittivity dielectric materials.

Unified freatment of bipoiar and CHMOS cir-
cuifs. This format takes readers through each
step in designing real-world amplifiers in silicon,

Open-snded design probiems. A number of
open-ended design problems, included in the
problem sefs, exposes the reader o real-world
situations where a range of circuit solutions may
be found fo satisfy a given performance specifi-
cation.

Extensive use of SPICE. SPICE is on integral
part of many examples in the problem sefs.
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