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Design Procedure for Two-Stage CMOS Opamp With
Flexible Noise-Power Balancing Scheme

Jirayuth Mahattanakul, Member, IEEE, and Jamorn Chutichatuporn

Abstract—This paper presents a basic two-stage CMOS opamp
design procedure that provides the circuit designer with a means
to strike a balance between two important characteristics in
electronic circuit design, namely noise performance and power
consumption. It is shown in this paper that, unlike the previously
reported design procedures, the proposed design step allows
opamp designers to trade between noise performance and power
consumption with greater flexibility. In order to verify the via-
bility of the proposed design step, SPICE simulation results of the
opamp designed by the proposed procedure, under a variety of
temperature and process conditions, are given.

Index Terms—CMOS analog integrated circuits, frequency com-
pensation, operational amplifier, poles and zeroes.

I. INTRODUCTION

MOS opamps are ubiquitous integral parts in various

analog and mixed-signal circuits and systems. The
two-stage CMOS opamp shown in Fig. 1 is widely used be-
cause of its simple structure and robustness. In designing an
opamp, numerous electrical characteristics, e.g., gain-band-
width, slew rate, common-mode range, output swing, offset, all
have to be taken into consideration. Furthermore, since opamps
are designed to be operated with negative-feedback connection,
frequency compensation is necessary for closed-loop stability.
Unfortunately, in order to achieve the required degree of sta-
bility, generally indicated by phase margin, other performance
parameters are usually compromised. As a result, designing an
opamp that meets all specifications needs a good compensation
strategy and design methodology.

The simplest frequency compensation technique employs the
Miller effect by connecting a compensation capacitor C, across
the high-gain stage. A design procedure for this type of opamp
can be found in [1]. However, due to an unintentional feed-for-
ward path through the Miller capacitor, a right-half-plane (RHP)
zero is also created and the phase margin is degraded. Such a
zero, however, can be removed if a proper nullifying resistor
is inserted in series with the Miller capacitor [1]-[5]. A design
procedure for the zero-nullification opamp can be found in [2].

It will be shown in Section III that the value of C., is an im-
portant factor when determining noise and power, e.g., by de-
creasing C., power consumption can be reduced but at the ex-
pense of noise performance. Unfortunately, one of the neces-
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Fig. 1. Basic two-stage CMOS opamp.

sary imposing conditions of the design procedure in [2] is C,
being much larger than the parasitic capacitance associated with
the input node of the high-gain stage. This condition thus re-
duces one important degree-of-freedom in analog circuit design,
namely the tradeoff between noise and power consumption.

In this work, it has been shown that by employing such a
technique, the value of the compensation capacitor, C,., can be
made much smaller than when employing other techniques. As
such, the flexibility of choosing a wider range of C. provides
the designer with a greater degree of freedom to optimize the
opamp in terms of noise and power.

II. BASIC OPAMP EQUATIONS

For simplicity, both the mobility reduction due to the normal
field and the velocity saturation effect associated with MOS de-
vices will be neglected. The following MOSFET, strong-inver-
sion, square-law equations:

pnsCox (W 12
Ip = 5 ( i ) Vi (H
w
2Ip
Im = 3

where Vg = Vigs — Vi, for nMOS and Veg = Vsa — |Vypl
for PMOS, will be used throughout the paper. Strong inversion
typically requires values of Vg greater than approximately 200
to 250 mV for bulk MOSFET’s at room temperature.

The equations for determining various opamp characteristics
can be shown as follows [1]-[4].

A. Gain and Bandwidth

According to the equivalent circuit shown in Fig. 2, under
typical conditions g,,6 Rg > Cys6/Ce, gmeRa > Cr/C. and
R, < R4, Rp, the small-signal transfer function of the CMOS
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Fig.2. Small-signal equivalent circuit of CMOS opamp in Fig. 1 where R4 =
Tas2/[Tasa and Rp = Tas6/Tast.

opamp in Fig. 1 can be shown as (4), shown at the bottom of the
page, where A, = g,n19meRaRp is the opamp dc gain.

The opamp’s dominant pole frequency and unity-gain band-
width, also commonly known as gain-bandwidth, can be found
to be

1
& 5
“r gmeRaRBC. ©)
and
~ Imi1
Wy = Aowpl = FC (6)
respectively.

It can also be shown that for, w > w1, (4) can be approxi-
mated as

1 - sC, (L —RC)

9mé
956CL+Cy56C+C.CL
gme6Cle

Wy
S 1+C

A(s) = R.Cy:6Cr 2° O

S
gm6

s+

B. Output Swing

By defining Vi3 as the opamp headroom voltage at output,
i.e.,

V]-c])i?l{t—i— = VDD - ‘/out(max) and VI-CI)}?u{t_ = Vout(min) - VSS
according to Fig. 1, it is easy to show that

VERT = Vesre ®)

VR = Vegr. 9

C. Common-Mode Range

If we define V}%“ as the opamp head room voltage of the
input common-mode range, i.e.,

VES = Vo — Verr(max) and VER"™ = Versmin) — Ves

according to Fig. 1, it can be shown that

1509

D. Internal Slew Rate

The slew rate associated with C, can be found to be

Ips
SR = . 12
C. (12)
E. External Slew Rate
The slew rate associated with C, can be found to be
Ip7 —Ips
SR= —————. 13

o (13)

Combining (12) and (13), we obtain
Ip; = SR(CC—{—OL) (14)

Combining (3), (6), (12), and Ips = 2Ip; = 2Ips yields

SR
Vo120 = —.
Wy

15)

F. Offset Voltage Minimization

Systematic offset is caused by current imbalance in the output
stage, i.e., between I pg and I p7, when there is no input voltage.
Under such a condition, Ip3 = Ips = Ip5/2 and Vgpy is
thus forced to be equal to Vsps. Since Vsgg = Vsps and
Vsps = Vsags, we then have Vsgs = Vsgg, which implies
that IDG/I[)g = 2ID6/ID5 = (W/L)G/(W/L)g

Now considering M5 and M7, we have Ip7/Ips =
(W/L)7/(W/L)5. As a result, the current imbalance in the
output stage can be minimized by the following condition:

() ().
2(0),, (D), 1o

which can be used to minimize the offset voltage.

G. Input-Referred Thermal Noise Spectral Density

The input-referred thermal noise spectral density of the
two-stage opamp in Fig. 1 can be shown to be

S (f) :4I<;T{2< 2 )} [1+ M} Can
39m1,2 Im1,2
From (3), (10), and (12), we obtain
C.SR (18)

g 3:/—-
(VT + Vi)

Substitute (6) and the above equation into (17) yields

2 SR
,, S.(/f :4kT{2< )} 1t / .
VEMY =Vegs — Vi (10) () 3w, C.. wu (VST 1 Vi)
VERT™ = Vegts + Vig + Vi1 2. (11) (19)
1
Vout _ 1 B SCC (g"7 B Rp) (4)
Via 1 + gmeRARBC.s + RARB(CgSGCL + CgsGCc + CCCL)SZ + RARBRCCgSGCCCLS3
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Fig. 3. Noise-spectral density versus power consumption.

III. NOISE VERSUS POWER TRADEOFF

In this section, we will consider in detail the noise and power
tradeoff encountered in the opamp design. The quiescent power
consumption of the two-stage opamp shown in Fig. 1 can be
found to be

P = (2Ips + Ip7) Ve (20)

where Vi, = Vpp — Vss. Substitute (12) and (14) into the
above equation gives

P = SR(3C. 4+ CL)Vaup- @21)

According to (19) and (21), Fig. 3 illustrates conflict between
noise and power consumption in two-stage CMOS opamp de-
sign. For example, by decreasing C.., power consumption can be
reduced at the expense of the noise performance. Consequently,
the compensation scheme that allows a wider range of C,. would
provide a higher degree of freedom in noise and power tradeoff.

It should be highlighted that one of the necessary conditions
of the design procedure in [2] is that C; > Cys6. This condi-
tion would clearly reduce the degree of freedom in the tradeoff
between noise and power consumption.

IV. COMPENSATION SCHEME AND PHASE MARGIN CONTROL

It can be shown that Fig. 4(a) is a circuit that corresponds to
the transfer function (7), i.e., it is a small-signal circuit of the
opamp in Fig. 1 in the higher frequency range where w >> wy1.
Under the condition

1 CL>
Ro=—(1+
9me < Cc

it can be shown that (see Appendix A) the circuit of Fig. 4(a)
can be transformed into that of Fig. 4(b) where Cy 6 and R, are
effectively connected in parallel. It is thus easy to show that

Vout _ (wu) 1
via  \ s 1+ sR.Cys

where w,, = gm1/C. is the unity-gain frequency of an opamp.
Equation (23) indicates that the condition of (22) results in a
system with only one nondominant pole
1 9meé6 Oc
Pnd = — = -
RCCgSG CgsG (Cc + OL)

and no finite zero.

(22)

(23)

(24)
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Fig. 4. High-frequency small-signal equivalent circuit of CMOS opamp
in Fig. 1.
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Alternatively, the above compensation scheme can be viewed
as a mean to locate the extra zero and pole of the system at ex-
actly the same location. This can be explained as follows. By
substituting the condition (22) into (7), which is a transfer func-
tion of the opamp for w > w1, the zero of the transfer function
can be easily identified as

9Ime
=——= 25
z . (25)
and the nondominant poles are the roots of a polynomial
C Cys6 (CL + C.
D(S):H(_LJFM)s
gme gmGCc
C Cys6 (CL + C.
+ (—L> <—-" 6 (G + )>s2 (26)
gme gmeCe
which are exactly
9Imé
- == 27
D2 o, (27
m CC
Imsé (28)

It can be seen that the condition (22) results in the cancellation
of po and z. Also, ps is identical to the pole expressed in (24).
It should be pointed out here that, unlike the analysis presented
elsewhere [1]-[5], the pole location shown in (28) are the exact
solutions of the second-order polynomial and no approximation
is involved.

The phase margin of an opamp with one nondominant pole,
considered for 100% feedback, can be shown to be

dar = tan~! [Pnal (29)
w’lt
From (24) and (29), we obtain
wTe C.
t )= — | —=——
an(¢ar) o <Cc n CL> (30
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Fig. 5. Two-stage CMOS opamp.
where
o = 1 = gZ—gVegs 31)

is a transition frequency of M6 and Ve = Vsage — Vil [3].
Combining (8), (30) and (31), we find that

Io_ 3 ;LPV}‘;ﬁHCC
T\ 2w, (Ce + CL) tan(¢n)

is a necessary condition in our opamp design.

It is important to note that as opposed to the method in [2]
the condition C,. > (' is not necessary for the compensation
scheme presented in this section. Furthermore, for Cp, > C., it
can be shown that

C.|

(32)

[2] > C(“|proposed method
~ zquL tan(ng)
3 VR

method in

L

which indicates that, compared to [2], the proposed method al-
lows the use of smaller C.,.

V. DESIGN PROCEDURE

A design step for two-stage opamp (Fig. 5) can be constructed
as follows.

Step 1) From (19), we have

_ 16kT SR (33)
7 3w, Sa(f) wy (V@™ + Vi)
Step 2) Calculate Ip7 from (14)

Ip7 = SR(C. + Cy). (34)

Step 3) Using (32) to calculate Lg

3, VRt C,
L= Polur e (35)
2wu(Cc + CL) tan(qﬁM)

Step 4) Calculate Vg6 from (8) and use the result to calcu-
late (W/L)¢ from (1) yields

2SR(Ce+C1) |

W = — e T L) (36)
tpCox (V}‘I)F{H)

Step 5) Calculate Ip5 from (12)
Ips = C.SR. 37

Step 6) Calculate g¢,,,17 from (6) and use the result with
Ipy = Ips = Ips/2 to calculate (W/L)q 5 from
(2) yields

K B wiCc
L), "~ unCoxSR’

Step 7) Calculate Vg5 from (11) and (15) and substitute the
result into (1) gives

(38)

w 25RC,
5.8 lj/noox (V}?}{M_ - 1/tn - %)
Step 8) Calculate (W/L)7; from the basic relation
(ID7/ID5) = ((W/L)7/(W/L)5) in conjunc-

tion with (12) and (13) yields

w _ C.+CL w
(2).-C&H) (%), @
Step 9) Calculate (W/L)3 4 from (16)
w (‘s <W>
—) =Ll (). (41)
<L>3,4 2(0) \ L /ss

Step 10) Calculate R, from (22) and use (3), (14) and the
triode equation

1
.u'pcox (%)9 I/:eﬁ'g

where Vegg = Vpp — V}CI’]‘%H' — 2|Vyp| to calculate
(W/L)g gives

( [) B 20,5R
L]y mpCoViER™ (Vop = Viin ™ = 2|Vipl)

(42)

The design steps outlined above can be summarized as shown
in Table I.

VI. SIMULATION RESULTS

For the process parameters shown in Table II and opamp
specification shown in Table III, design parameters of opamp
in Fig. 4 are obtained from our proposed procedure (Table I)
and the procedure proposed in [2]. These parameters are shown
in Table IV for C, = 2.5 and 0.5 pF. HSPICE simulation results
of the designed opamps are shown in Tables V and VL.

It can be observed from Table V that for C. = 2.5 pF, the
characteristics of both opamps meet all the specifications. How-
ever in the case for C. = 0.5 pF, while the characteristics of the
opamp designed by the proposed procedure pass all the specifi-
cations, such is not the case for those of the opamp designed by
the procedure in [2], notably the phase margin.

It should be noted that, as expected, by using the same value
of C,, there is no improvement in terms of noise performance
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TABLE 1
OPAMP DESIGN STEP

Step 1 A6k | SR
‘ 30,S,(f) @y (V[gll;/l+ +Vin)
Step 2 Ip7 =SR(C.+Cy)
Step 3 e
* V2o,(C +C )anlg,)
Step 4 +
G
Step 5 Ips =C.SR
Step 6 2
w.C
(W / L)I,Z = —
:Lln C()X SR
Step 7 2SRC,
(W/L)s,x = oM 3
:u;z Cox (VHR - V;n - SR/C()“)
AN 2D B TP
C
Step 9 o/ L)()
W /L = w/L
005 = 5 e O s
Slep 10 (W/L)‘) = out+ ZC‘SR out+
lupCm'VHR (VDD - VIIR - 2IV/p )
TABLE 1I
PROCESS PARAMETERS (0.5 MICRON HP’s CMOS14TB) [6]
Process NMOS PMOS
parameters
,Ll(cmZ/V-s) 506.0 115.6
7, (m) 9.6x107 | 9.6x107
v, (V) 0.711 -0.901
TABLE III
SPECIFICATION OF CMOS OPAMP
Electrical parameters Expected
Supply voltages +25V
Load capacitance: C, (pF)
DC gain: 4, (dB) >80
Unity-gain frequency: f, (MHz)
Phase margin: ¢,, (deg) 65
Slew rate: SR (V/psec) +5/-5
Input common range: CMR (V) +1/-1
Output swing: 0S (V) +2/-2

when using the method proposed. However, by using the pro-
posed method, the value of C.. can be made much smaller than
the method in [2] without affecting the phase margin. This pro-

TABLE IV
DESIGN PARAMETERS

Procedure From [2] Proposed Unit
Cc 25 0.5 2.5 0.5 pF
(WIL)1 2 4/1 11 4/1 /1 | pm/pm
(WIL)34 12/1 4/1 31 1/1 pm/pm
(WIL)s 3 1.5/1 1/3 1.51 1/3 | pm/pum
(WIL)s 143/2 | 195/2 | 110/4.5 | 31/2.5 | um/pum
(WIL), 4/1 3N 4.5/1 3N pm/pum
(WIL)o 20/1 26/1 10/1 12 | pm/um
TABLE V
SIMULATION RESULTS FOR C. = 2.5 pF
Design procedure From [2] Proposed

A, (dB) 83.9 83.1
Jfu (MHz) 5.4 5.44
#ys (deg) 66 67
SR (V/psec) 6.24/-5.42 | 6.37/-5.36
CMR (V) 2.1/-2.2 2.2/-2.12
os (V) 22/-2.2 2.2/-2.19
Input-referred noise 21 nV/¥nz | 18 nV/ iz
@ 1MHz
Total area (um?) 1040 1220
1,5(uA) 15.35 15.35
1,,(nA) 4297 48.40
Power consumption 367 pW 394 uW
TABLE VI
SIMULATION RESULTS FOR C. = 0.5 pF
Design procedure From [2] Proposed
A, (dB) 85.4 85.1
f« (MHz) 4.74 6.0
oy (deg) 46 65
SR ( V/usec) 5.62/-5.2 6.0/-5.2
CMR (V) 2.15/-22 | 2.1/-2.18
os (V) 2.3/-2.25 2.16/-2.2
Input-referred noise 44 nV/ynz | 38 nV/Viz
@ 1MHz
Total area (um2) 571 234
Ips (LA) 3.03 3.03
Ip7 (LA) 3533 3533
Power consumption 207 uW 207 uW

vides the designer with a higher degree of freedom to optimize
the opamp in terms of noise and power.

Fig. 6 shows a two-stage opamp with robust bias part [4].
For (W/L)lo = (W/L)ll = (W/L)12 = (W/L)13 and
(W/L)g/(W/L)13 = (W/L)7/(W/L)s, it can be shown that

Vette = Vetro = Vesrr0-13. (43)
If (W/L)14 is chosen to be 4(W/L)s, we have
1
Rp = (44)
240 Cox (%)s C.SR
L)y 1+&-
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Fig. 6. Two-stage CMOS opamp with robust bias circuit.

TABLE VII
DESIGN PARAMETERS OF OPAMP IN FIG. 6
C, 0.5 pF
Ry 62 ko
(W/L)12 1/1 wm/pm
(WIL)3 4 1/1 pm/pm
(W/L)s s 1/3 um/pm
(WIL)s 31725 pm/pm
(WILY; 31 wm/pm
(WIL)9 1/1 pm/pm
(W/L)]().]} 1/1 pm/pm
(WIL)14 2.5/2 wm/pm
TABLE VIII
PROCESS AND TEMPERATURE VARIATION
Parameter Typical Slow Fast
variation
Supply voltages (V) +2.5 +2.25 +2.75
Temperature (°C) 25 100 0
7, (nm) 9.6 10.17 9.02
c. (pF) 0.5 0.47 053
v, (V) 0.711 0.8 0.6
v, (V) -0.901 -1.0 0.8
TABLE IX
SIMULATION RESULTS FOR PROCESS AND TEMPERATURE VARIATION
Design procedure Typical Slow Fast
A, (dB) 85 84.2 86
f. (MHz) 6.15 5.61 6.57
#y (deg) 65 62 65
SR ( V/usec) 6.21/-5.25 10.1/-7.3 4.88/-4.4
CMR (V) 2.0/-2.2 1.5/-1.82 2.31/-2.4
os (V) 2.15/-2.15 1.76/-1.75 | 2.45/-2.46
Input-referred noise | 44 nV/viz | 50 nV/Ji; | 42 nV/ iz
@ 1MHz

Design parameters of the opamp designed by our pro-
posed design step, complete with robust bias part, is shown in
Table VII. HSPICE simulation results of such an opamp under
a variety of process conditions and parameters (Table VIII) are
shown in Table IX where its robustness is evident.
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Fig. 7. Network transformation.

VII. CONCLUSION

The design procedure for two-stage CMOS opamp has been
presented. Simulation results confirm that the proposed design
step is more flexible than the one proposed in [2]. This is due
to the fact that condition C, > Cs is not required in the
proposed step. The Proposed procedure thus provides circuit
designers with a higher degree-of-freedom to optimize their
opamps in terms of noise performance and power consumption.
Furthermore it has been shown that with proper biasing circuit,
the opamp designed from the proposed procedure is tolerant to
various process and temperature variation. However, since the
pole/zero cancellation scheme seems to be more susceptible to
variations than other compensation techniques, further investi-
gation might be necessary to ensure suitability of the proposed
procedure for particular applications. It should also be pointed
out that although this paper does not concern power-supply
rejection ratio, mismatched offset and 1/ f noise contribution,
these quantities can be improved by increasing the device area
(i.e., increasing W L) while maintaining the W/ L ratio.

APPENDIX
NETWORK TRANSFORMATION

For a network shown in Fig. 7(a), it can be shown that if

Yy = —(Y +Yy) (AD)

where Yx = 1/Zx and Yy = 1/Zy, such a network can be
transformed into that shown in Fig. 7(b) where the voltage Vp
is found to be

Z

Vg =-Vaiz.

7 (A2)

Hence, under the condition (Al), the current flowing through
Zx in Fig. 7(a) is

. Yx 7
u:—%?m. (A3)
Substituting (A1) into (A3) yields
1+ %
u_(+yym. (A4)
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According to (A4), it is apparent that under the condition of
(A1), the network shown in Fig. 7(a) can be transformed into
that shown in Fig. 7(c) where

(1+ %)
m = A5
g i (AS)
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