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CMOS Op-Amp Sizing Using a Geometric
Programming Formulation
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Abstract—The problem of CMOS op-amp circuit sizing is The main reason for this is that the number of performance
addressed here. Given a circuit and its performance specifications, functions in an analog circuit is much larger than that in a dig-
the goal is to automatically determine the device sizes in order jq circuit. Further, analog performances are very sensitive to

to meet the given performance specifications while minimizing a . . [P
cost function, such as a weighted sum of the active area and IOOWerthe design variables and variation in the performance across the

dissipation. The approach is based on the observation that the first d€Sign Space is quite high. In other Words, the analog Qesign
order behavior of a MOS transistor in the saturation region is such  problem is a complex tradeoff problem that is knowledge inten-
that the cost and the constraint functions for this optimization sive. However, the research community has been aggressively
problem can be modeled as posynomial in the design variables. Theworking for computer-aided analog design. A good survey of
problem is then solved efficiently as a convex optimization problem. recent analog synthesis techniques is available in [1].

Second order effects are then handled by formulating the problem Existi h f ST broadl
as one of solving a sequence of convex programs. Numerical xisting approaches of automatic circut sizing are broadly

experiments show that the solutions to the sequence of convex pro-classified into three main categories, nametpwledge-based
grams converge to the same design point for widely varying initial optimization, simulation-based optimizatioand analytical
guesses. This strongly suggests that the approach is capable okquations-based optimizatiodn this context, we note that,

d]?tem;i”ingthe9'Obé"."¥.°pti.mi'hso'”.ﬂ9”tOthe probI?m.f\ccure:cg unlike in the digital domain, the standard cell based approach
of performance prediction in the sizing program (implemente [2] is quite restrictive in the analog domain
in MATLAB) is maintained by using a newly proposed MOS . . . . o
transistor model and verified against detailed SPICE simulation. Since analog design requires detailed circuit knowledge, a
major approach of implementing an analog synthesis tool has
been the knowledge-based approach. Some of the existing tools
which follow this approach are BLADES [3], OASYS [4], and
IDAC [5] and [6]. However, the application of this approach has
I. INTRODUCTION been limited due to requirement of having to codify extensive
T HE CURRENT trend in microelectronics is to integratg'rg“r':tt':]neovglﬁ;j?i::g dISEIEInGrllIe'IL'JgSI;II(?E [7], ASTRX/OBLX
a complete system that previously occupied one or m Eﬁ FRIDGE [9] MAELSTROM [1'0] and AN,ACONDA [11]

boards on one or a few chips. Although most of the function--" . ! L .

L : . - o Use the simulation-based optimization approach. This approach
ality in an integrated system is implemented in digital C|rCU|try0 s not require much circuit knowledae. Hence. the main
analog circuits are needed to interface between the core digﬂ 9 ge- ’

X . a%vantage of this approach is that a wide range of circuits can
system and the real world. Therefore, to realize an integra . S
e synthesized. However, the basic limitation comes from the

system ona smglg c_h|p, the_dlgltal and analog (_:|r.cuns: are co quirement of costly circuit simulation in each iteration of the
bined together. This integration of analog and digital circuits re timization algorithm

sults in so called mixed-signal integrated circuits which have gTo reduce the CPU tﬁne of optimization-based techniques, the
large mf”‘”‘e‘ of apphcathns in the telecom, consumer prOducllﬁ'rd approach is analytical equations-based optimization, where
computing, and automotive sectors. th

f desi lexi d h , q circuit performances are evaluated using analytical equa-
Increase of design complexity and, at the same time, demapghs opaSYN [12] uses simple analytical equations of op-amp

of design cycle time reduction due to highly competi.tive mark,%terformance. OPTIMAN [13] uses a symbolic simulator, ISAAC
can be managed only by the use of computer aided desigfly (4 get the analytical models of the ac performances of a
Though in an integrated system, the analog circuitry occupiggcyit. However, in [13], analytical models for dc and transient
a small physical area compared to the digital counterpart afgrformances have to be provided by an expert designer. In
becomes the bottleneck in design time reduction. circuit sizing, the use of a single weighted cost function [12] is
inadequate since sizing is a constrained optimization problem
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constraints. If this is not done, the method may fail to provide Linear Vas3
even a feasible design point. Further, any optimal point that is | region __

provided is only a local optimum design point. Thus, the objec- - _ Saturation region
tive of this work is to propose an analytical equation-based con- // Vs
strained optimization method that is fast, robust, and provides

the globally optimal design point.

The main purpose of developing an automatic sizing tool is ol
that the design space of a circuit will be quickly explored to ‘
find a design point at which the circuit satisfies the required
specification and, at the same time, some cost (e.g., area, power) VDSAT3

is minimized. This places a number of stringent requirements on Vos
the tool, which are enumerated below. Fig. 1. MOS transistor characteristic.
* In order to support an iterative design methodology, the
tool should be fast. characteristic of a transistor into its linear region of operation.
* The final solution point should be independent of the iniFhe use of the extrapolated transistor characteristic results in a
tial guess. design formulation that is simple and robust.

* The optimization technigue should be extremely robust. The second idea on which our sizing technique is based is that
In particular, the designer should not be burdened with thige first-order and higher order behavior of the MOS transistor
task of tuning the optimizer. have been separated. With the first-order model, it is shown that
In this paper, a circuit sizing method for CMOS op-amps ige constraint functions and the objective function for the design
proposed, which meets these three requirements as verifiedgfi@imization problem that has been addressegasynomials
a prototype implementation applied to a number of two-stage the design variables, namely transistor sizes and biases. In
op-amps. The effectiveness of the method is due to the usiier words, with the first-order model, the op-amp synthesis
of convex optimization techniques via a geometric programroblem is formulated as a geometric programming problem.
mlng formulation. It is similar to the recent work described |N/V|th a |Ogarithmic transformation, a geometric programming
[16]-{19], which appear to have been done independently agghhlem becomes a convex optimization problem.
in parallel to this work [20]. However, compared to [16], our Finally, the higher order effects are handled by iteratively
tgchnlque addresses second-order effects gnd is far less resiiirating the first-order model parameters using the higher
tive in terms of the range of MOS models it supports. This igrger transistor models, and by solving a sequence of convex
because, unlike [16]—where the problem is solved as a singlg,qrams. The technique of iteratively updating the first-order
geometric program—we show that it is necessary to formulgig, je| parameters is elaborated in Section IV. The parameter
and solve the problem as a sequence of (convex) geometric RiBgate is based on iteratively refining the dc operating point.

grams. In other words, the formulation of [16] is just the firsEe ion 111-A describes a systematic approach for finding the
step of our approach. This difference is crucial in the context q operating point.

submicrometer technology, since the models necessary to sup-

port our methodology need to support the geometric progral- Extrapolated Transistor Characteristic
ming paradigm only in their first order effects, while the models v t ist . | ircuit biased in th
of second order behavior can be arbitrary. The sequential conve sually transistors in an analog circuit areé biased in the

programming formulation is made possible by judiciously co _a'iuratmn rek?llor? Where} the dralnTchondlchtan:e 1S Icl)w, ;"h',Ch
bining various techniques, most notably relaxed dc formulatig}§'PS 10 9et high ac performance. Therefore, for analog design

[15] and casual dc analysis [22] with the powerful geometrﬁ”alySiS' one can use only the saturation region characteristic.
programming paradigm [23]-[25]. Systematic use of the saturation region characteristic is pictori-

The organization of the rest of this paper is as follows. @lly illustrated in Fig. 1. The continuous curves are the actual

Section II, the basic approach of op-amp sizing is described. jg—Vps characteristic curves of a transistor with differéag.
Section I1l, with the first-order Shichman—Hodges (S—H) model n€ dotted line divides the whole region of operation into two
the op-amp sizing problem is formulated as a convex prograRf'ts, linear (Ieft) a_nd saturation (rl_ght) regions. The dotted line
ming problem. Section IV describes how the higher order effe@4ts @ characteristic curve at a point whéfg is equal to the

can be captured through an iterative approach. In Section V, ff&in saturation voltagépsar. By extrapolating the saturation
sizing technique is applied on a large number of op-amp circuifggion characteristic curves into the linear region, as shown by
Experimental results are provided in Section VI. By the use 1€ dashed lines in Fig. 1, a set of artificial characteristic curves
a new accurate MOS model, the accuracy of performance pfé€e obtained. These characteristic curves are simple and smooth
diction has been increased in Section VII. Section VIl provide@ver the entire region of operation. For analog design analysis,

a discussion, while Section IX summarizes the work that is deather than using the actual characteristic curves, these artificial
scribed in this paper. characteristic curves can be used. However, to ensure that at

the final design point the transistors are actually in saturation,
it is necessary to satisfy the constralfijs > Vpsar for all
transistors. In the following section, we propose a systematic

The proposed op-amp sizing technique is based on three bagproach of circuit analysis for finding a set of design space
ideas. The first one is that of extrapolating the saturation regioanstraints which helps to satisfy the constrainfigy.

Il. THE BASIC APPROACH
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If the S—H model is used for the extrapolated device char- Vdd
acteristic curves, over the entire region of operation transcon-
ductancey,,, drain conductance;, and effective gate-to-source
voltageVgr (=Vas—Vr) are, respectively,

1974 1/2 \
m = 2 k/ID f (1 + )\VDS)

:¢ A proportionality constan
gd L+ \Wos)’ < prop y
12 - Vdd
Ip
andVgr =

Fig. 2. Simple op-amp, a running example.

K — (14 AV]
L( + AVps)

@ Ill. SIZING FORMULATION WITH A RUNNING EXAMPLE

Note that, assuming constaft+ AVpg), the device model pa-  Various steps of op-amp sizing are described here by using a
rametersg,,, g4, and (Vgs—Vr) are product of power (PoP) simple running example, shown in Fig. 2. Consider the design
functions of W/L, L, andI. A PoP function is the product optimization problem as
of a positive coefficient and various variables that are raised to
some power (any real number). This is the key information on minimize a weighted sum of gate area and power while
which our sizing formulation is based. low frequency gainA(0) > Aspgc
The extrapolated device characteristic curves and the design . . -
. . L . unity gain frequencyl/ GF > UGFsprc
space constraints are used in our proposed sizing technique.
slew rate,SR > S Rspgc

B. Geometric Programming Problem common mode range, CMR CMRspga
A geometric programming problem is of the following form: Win £ Wi £ Whax

o Ly < L; < Lpax.
minimize fo(,’L') min =~ 44 > Lmax

subjectto g;(z) <1 3. (2)

and z; >0 In this design probleml andW/L of the transistors and the

bias currenf;, are the design variables. In the op-amp,, M-

The objective functionf,(z) and each one of the constrain@ndMs, M, are matched pairs. The various intermediate steps
function g; () are posynomials of the design variabless. In  ©f the design formulation follow.
equation form, a posynomial function is
A. DC Analysis
= Z C; H w}xij ) In this step, the circuit is analyzed to determine analytical
i J equations that give its dc operating point. These equations are
solved to get the dc operating point, which is then used for pre-
glcpng its performance.
0It is observed that in a CMOS analog circuit, various node
voltages can be defined by the gate-to-source voltages of various
transistors. Further, the gate-to-source voltages of the transistors
can be determined by its size and its dc current. Finally, the dc
current through all the transistors can be essentially determined
by only a few transistors, which we refer to as current source
_ OO0 i) transistors.
1) = Z Cie @ An exception to the approach described above is the output
node, whose voltage usually cannot be determined from the
wherez; = Inx;. It can be easily shown thdt(z) is a convex Vgg's of various transistors. However, in actual applications,
function [23] of the transformed variableg’s. Therefore, op-amps are used in a closed loop configuration, where the
with the logarithmic transformation on the design variablesutput node voltage is stable at a predetermined value (usually
the geometric programming problem becomes a convesro) [22].
programming problem. In the following, it is shown that the In the example op-amp, the bias stage curredy iand the
op-amp sizing problem is a geometric programming problemirain current of the current source transistds is
As a result, the op-amp design problem becomes a convex
programming problem. The well known property of a convex; _ _ ./ <Wo> 1+ )VVDS')[ I, <£)}
programming problem is that any of its local minimais alsoa =~ °\ L PRGN+ AoViso) \Wo /|
global minimum. (5)

whereC;’s are positive coefficients and;;'s are arbitrary real
numbers. Note that in the above equation there are a numbe
PoP terms. The coefficiert; is referred to as the constant of
the corresponding PoP term. For anyhe corresponding;;’s
are referred to as the powers of thike PoP term. With a loga-
rithmic transformation on the design variables, the posynomi@l
function is

5
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TABLE |
Vbs AND Vg OF VARIOUS TRANSISTORS

Transistors Vbs Vse
M, M, W©i-Vs  Va+Vu
Ms, M, Ve — Wi 0.0

M Vi—(-Vw) 00
M, Vi—(-Va) 00

The currentlp; determines the current through the other

transistors. Since the transistor pals, M, and M3, M, are
matched, their drain currents are

Ips

Ipy=Ips=1Ips=1Ips=

(6)

From (1), the gate-to-source voltage of all transistors can

written as
()]

Li
W;

Ip;

1+ A Vo) (")

Vasi = Vi + [

Now, using a casual dc analysis which is described in [22],

various node voltages are expressed in ternigg@f's and var-
ious biases.

The analysis starts from the positive supply and moves to-

ward the negative supply rail. Consider the transidtir. The
drain-to-source and gate-to-source voltages of the trangigior
areg

Voss = Vass = Vaa — V1.
Therefore,
Vi = Vaa — Viass. 8

Note that the node voltagd§ andV., are the same, sindé,,;

andVi,» are assumed to be at the same dc bias. Now consider

the transistord/; andAf;, respectively,

Vs =Vin1 — Va1 ()]
and

Vi =—Vaa + Vass- (10)

These node voltages are now used to expresdihe's and
Vsgi's of the various transistors as given in the Table I.

25

Device

model

be

[VDS VsB_ 'V VT]

Fig. 3. Iterative approach of finding dc operating point.
currents are then used to find the current through the remaining
transistors in the circuit.

In the next stepVs;’s are determined fromp;’s, W, /L;’s,

(1 4+ AVbs;)'s, andVr;’s of the transistors. In the subsequent
step, from thé/gs;’s, various node voltages are determined by
using (5)—(10). In the final stepps;’'s andVsg;'s are evaluated
using their equations, which are given in Table I.

The values of thdpg;'s and Vag;'s, which are obtained at
the end of each iteration, are then used in the next iteration to
ﬂ]et a more accurate estimate of the dc operating point. The ter-
mr%ating condition is that all node voltages in two consecutive
iterations are very close. It is found that this formulation re-
sults in a highly contractive fixed-point scheme that converges
very fast. This is because, across the design space, the value
of (1 + AVpsg;)’s are close to one and the back bias depen-
dency function of the threshold voltage is strictly monotonic
with small slope.

B. Design Space Constraints

The above analysis shows that (5)—(10) and Table | represent : ) i .
a complete set of nonlinear equations whose solution providedi€re we find the design space constraints by which all the

accurate node voltages. An effective way of solving this set

yansistors are kept in saturation, i.e., away from subthreshold

nonlinear equations is through a fixed-point scheme. The over@ild linéar regions. To keep all the transistors away from the

method of finding node voltages is shown in Fig. 3.

subthreshold region with a margin efyp, the constraints to

In the first step, channel length modulation factol€ Satisfied are

(1 + AVps;), and threshold voltageyr, of various tran-
sistors are updated based on #gs; and Vsg; values in the
previous iteration. Note that in the first iteratiqd,+ AVnps;)'s
are assumed to be one and all tig,’s are taken to bé/r,.

Next, the drain current of all current source transistors in th
circuit (e.g., Ips in the example circuit) are found. These

Whss andVags represent, respectively, the magnitudes of drain-to-source

and gate-to-source voltages of the p-transistor.

€,
SUB <.

11
Vari (1)

On the other hand, to keep a transistor away from the linear
rggion, we require

Vp > Vg — Vipsar for n-type
or Vp < Vg + Vrsar for p-type
whereVrgar = Vas — Vpsar.

(12)
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Note that in the S—H MOS modélrsar is equal toV. How- The negative common mode range of the op-amp is CMR
ever, this new notation is introduced for ease of extending thé/ 4 + Vaso + Vas: — Vrsars. Note that CMR has negative
design formulation for any other MOS model, such as the orealue. Therefore, to get the specified CMR

described in [20].

In the example circuit, the gate and drain voltages of the tran- —Vaa + Vaso + Vast — Vrsats < —CMRsprc
sistorsi; andM, are the same. Therefore, these two transistoos
are always in saturation. However, to kdep (and M) in satu- (Vero + Var) <1 (19)

ration, we requird’; > Vin1 — Vrsar:. In quiescent condition, (Vyg — Vg — Vit + Virsars — CMRspre) —
Vin1 = 0. Further, from (8)V; = Vyqq — Vass. Therefore, the

design inequality is On the other hand, the positive common mode range is

CMRY = V4 — Vass + Virsar1, Which should be greater than

(Vaa — Virs + Vrsar) = Vars CMRspgc. In other words
or Vars
<1. 20
1 Vars < 1. (13) (Vaa = Vrs + Vr1 — CMRsprc) — (20)

(Vaa — Vrs + VrsaT1) . o . .
) i ) ) The objective function is a weighted sum of total effective
Tokeep transistak/; away from linear region, we requit¢ > gate area (in micrometers micrometers) and total quiescent
Vi—Vrsars. Using the expressions 8% andV, in (9) and (10), cyrrent of the op-amp (in microamperes), which is given by
we get

W; 9
Vint — Vas1 2 —Vaa + Vass — Vrsars fo=w Z <L_z> Li +wa(Iy + Ips). (21)

Vaors + Var:t £Vaa + Vinl — V1 — Vs + Vrsars _ ] -~ )
In this equationyw; andw, are two specified weights.

(Vers + V1) <1. (14) To summarize the formulation which is given in this sec-
Vaa + Vinr — Vw — Vs + Vrsas tion, an op-amp design problem is a constrained optimization
Note that, assuming constarit;'s andVrsar;’s, (11), (13), Problem of the following form:
and (14) are posynomial functions & 7;’'s, which are con- P
. . minimize  fo
strained to be less than or equal to one. As will be made clear subject to g; < 1 } . (22)
in the following sections, this is an important step toward our gi =
formulation. The objective function is given in (21) while various constraint
Finally, to keep the transistor sizes within the specified limifunctions are provided in (11) and (13)—(20). It is observed that,
the following inequalities should be satisfied: assuming constanifr, Vrsar and (L + AVpg), the constraint
functionsg;’s areposynomial®f Vg7, ¢, g4, @ndIp of var-
)W <1 ious transistors. Further, the objective functifinis a posyn-

omial of W/L, L, andI, of the transistors. With the same as-
< L; ) Whiin <1 sumption, itis also found thdy, of the transistors are PoP func-

w,) L, ~ (15) tions of the design variable$i{/ L, L, and the bias curret).
L; ) Therefore, with the extrapolated S—H model where the device
Lo <1 parameterg,,, g4, andVgr are also PoP’s in the design vari-
I ables, the objective and the constraint functions are posynomials
< of the design variables. With logarithmic transformation, the op-
Li ’ timization problem becomes a convex programming problem.
C. Performance Constraints and Objective Function IV. FORMULATION OF OP-AMP DESIGN AS A SEQUENCE OF
The low frequency gain of the op-ampds.1 /(ga1 + gas)- CONVEX PROGRAMMING PROBLEMS

Therefore, to meet the gain specification In the last section, assuming constaat, Visar, and(1 +

gd1 + Asprc - g3 (16) )\VDS),the'op—amp synthesis problem is formulated as a convex
Il Gy T programming problem. Here, to account for the effect of vari-
ations inVr, Vrsar, and(1 + AVpg), the overall method is
shown in Fig. 4. The various steps of the method are as follows.

Step 0) Accept the designer specifications and the circuit
Cr. - UGFsprc <1 (17) to be sized. The user may provide an initial design

Gm1 - point, which is optional. By default, the initial de-
sign point is taken as the minimum feature size for
all the transistors. Using two iterations of the dc
analysis technique described in Section IlI-A, an
Cr, - SRsprc approximate dc operating point at the initial design
— <. (18) i

Ips point is found.

[

Asprc -

The unity gain frequency of the op-ampjis; /Cr,. So to get
the specified/GF

Slew rate of the op-amp ifp;/Cr. So the constraint to get
the specified slew rate is
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Specifications Initial pass, to get the updated valuesief;’s, Var:'s,
and Circuit ’ Design Point andVr;’s, the values o hg;’'s andVgg;'s are taken

\ / from the operating point at the solution point in the
previous iteration.

Find approximate Step 5) In this step, the convergence of the sequence of so-
D.C. operating poin{ Device lution design points and node voltages are checked.
{ el If the design points and the node voltages of the last
Find constants and mmode two iterations are very close, then the op-amp netlist
and powers of - with sized transistors is provided. Otherwise, we go
Ip, gy 24> Var back toStep 1.
Find Vi, Vgar Note that within an iteration, the values Bfg;'s andVr;’s,
which are used ifstep 1to determine the convex programming
Find f,(z) problem, are not mathematically consistent with the solution
and g;(z) point. However, as the iterations proceed and when the sequence
* of solution points converges and the node voltages converge, the

inconsistency becomes negligible. Such an approach is in spirit

Solve convex similar to the relaxed dc formulation, which is described in [15].

programming problem

V. TwWoO-STAGE CMOS OP-AMP SIZING

Update D.C. The op-amp sizing technique, which is described in the
operating point last two sections, is applied here for designing a number of
two-stage op-amps. For ease of referencing, in Section V-A,
the op-amp topologies are characterized by five binary vari-
ables. While details of the design formulation of the two-stage
op-amps are available in [20], a summary of dc analysis of

Converged ?

Yes the op-amps, design space constraints, and the performance
constraints are provided, respectively, in Sections V-B-V-D.
Sized netlist . AR .

The design formulation is similar to that of the running example

op-amp, which is given in Section lll.

Fig. 4. Op-amp sizing method through sequential convex programming.

Step 1)

Step 2)

Step 3)

Step 4)

A. Characterization of Two-Stage Op-Amps

In this step, the constants and powers of the PoP rep4n the class of two-stage op-amps, there is a basic structural
resentation of the various,;'s are determined. The similarity, namely the hierarchical structure of different config-
values ofVpg;’s, which are used to determine theurations is the same. It is only the subcircuits, which are the
constant, come from the previous iteration. For thieaf cells of the hierarchy, that are different across the various
example circuit, refer to (5) and (6) for the relevantopologies [29].

PoP functions. Similarly, the constants and powers A two-stage op-amp consists of an input stage, a second stage,
of the PoP representation of the varigus’s, g«;'S, and a compensating circuit. The input stage has three parts:
andVgr;'s are also determined. Using the values afurrent source, differential pair, and current mirror. The second
Vsgi's, which come from the previous iteration, thestage has two parts: transconductance amplifier and active load.
threshold voltage of the transistors are also eval&ach one of the four subcircuits, namely differential pair, current
ated here. mirror, transconductance amplifier, and active load, can be either
From the constants and powers @f.;'s, g#'S, Simple orcascoded. Foracascoded current mirror, a level shifter
Veri's, Ipi’s, and the values o¥r;’s, the objec- is required between the input stage and the second stage. The
tive function and the constraint functions in thecompensating circuit consists of a capacitor and a resistor. Fur-
log transformed design space are derived. Both tliker, the transistors in the differential pair can either be n-type or
objective function and the constraint functions arp-type. The choice of polarity of the transistors in the differential
convex functions. pair also determines the polarity of the transistors in the other
The convex programming problem is then solvedubcircuits. Allthe possible op-amp topologies are characterized
to find the global optimal solution of the currentby five binary variables, which are defined in Table II. With
iteration. n-type differential pair transistors, the supercircuit [29] of the
In this step, the dc operating point is updated for theonsidered set of op-amps is given in Fig. 5. In the same figure,
new solution design point. The method of findinghe relation among the binary variables and the subcircuits is
the dc operating point is the same as the iterativadso indicated by naming the enclosed subcircuits by the corre-
method described in Section IlI-A. The key differ-sponding binary variables. So, from the supercircuit, depending
ence, however, is that only one pass of the flown the values of the binary variables, other topologies can be
graph shown in Fig. 3 is executed. In the singleonstructed by selectively including the enclosed subcircuits.
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Fig. 5. Supercircuit of the two-stage op-amps.

TABLE 1l
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However, a simple way to g&f 3 = V1, is that the sizes of tran-

DEFINITION OF THE TOPOLOGY CHARACTERIZING BINARY VARIABLES

sistorsM;7 and M~ are equal, the length of the two transistors
M andM; are the same, and their widths satisfy the following

Variables | ‘0’ ‘1 -
01 simple input differential pair cascode input differential pair constraint:
az simple input stage load cascode input stage load Ws (1 _ Wie
+ AsVpss) = —— (1 4+ A16Vbs1e)- (25)
as simple second stage trans. amp. | cascode second stage trans. amp. L5 7 7 L 16
a4 simple second stage load cascode second stage load Now with V13 — V12’ the current thl’OUgh the transistdbﬁlg
as input transistors are n-type input transistors are p-type and M17 are
. I = Ip17 = Ipg/2. 26
B. DC Analysis p16 = Ip17 = Ipo/ (26)

DC analysis includes finding drain currents through varioughe gate-to-source voltages of all the transistors are determined

transistors, determinind/as;’s of the transistors, expressingby
various node voltages in terms ®;s;'s, and, finally, writing

Vbs:i's and Vgp;'s in terms of the node voltages. The current
through the input stage and the second stage are, respectivenjere

Vasi = Vi + Vo

1/2
Wy )
Ipg = k| — } (1 4+ XV Ip;
D9 9< Lo ) ( 9Vpso) Ve = D = 27)
N7 < Ly )} F(L+ MVos:) (L—)
Lk6(1+ AoVpso) \ Wo 23) i
[ Wia Through a casual dc analysis, which is discussed in Sec-
andlpiz = ky, <L—12> (14 A12Vpsi2) tion 11, various node voltages are expressed in termggf;'s
r I, Lo and bias voltages
[FG(1+ Ao Vbso) <WO>} ] Vi = Vi — Vi1 — Ve )
The current through the other transistors are Ve = —Vaa+ Vro+ Varo
; Vi = Ve =V — Vrz — Vars
: Vis = Voo — Vs — V4
Ip; = 22 fori=1,2,---,8 15 b2 — V113 — VG113 (28
2 (24) Vi =Vis = Vis = Vaa — Vir — Vorr (8)
Ip;, = ID12, fori=13, 14, 15 ‘/9:‘/10 = ‘/ll_VTo_VGTS
The sizes of transistors in the level shifter are so chosen that = Yaa = Vrr = Vorr = Vs = Vers
Via = Vi + Va4 Varia J

the node voltage®is and Vi, are equal. WithV;3 = V4, the

balance equation (39), which helps to achieve small systematiode 16 is the output node of the op-amp. As described in Sec-
offset, remains simple even with fully cascode first stage. Thetien Ill, this node does not have a well defined equation. How-
are a number of possible ways by which this can be achieveder, in actual application, op-amps are used in close loop con-
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figuration, and in this configuration the output node voltage ignd for cascode differential pair, the required inequality is
usually, stabilized to zero. It may be noted thgf; = Vo =

0.0. (Vo = Vors — Vrs) 2 —Vrsar
The back bias of the transistors in the op-amp in terms bg.
various node voltages are as follows: (Vi — Vrsar1)/Vio + Vars/Vio < 1. (33)
Vspi = 0.0, fori =0,7,8,9,12, 15, 17 In cascode differential pair, the transistdis (andM.,) are
Vspr = Vsp =Vs - V5 kept in saturation by the inequality
Veps = Vspa=Vr— V3
Vsps = Vspe =Vi— V11 - (29) Vad — Vor? — Vo7 — a2Vars — a2Vrs 2 Vo — Vrsars
Vspiza = Vis— V3 ie.
Vepra = Va— Vi 1
Vepie = Vi—Vis 7 (Vaa — Vr7 — a2Vrs + Vrsars)
Finally, drain-to-source voltages of the transistors are expressed x (Varr + a2Vars + Vio) < 1.
in terms of the node voltages as follows (34)
Vbso = Ve— Vs ) The transisto\y is kept in saturation by the inequality
Wos1 = Vbs2 = (1 —a1)(1—a2)V11
+az(l —ay)Vo + arasVe. — Vs —Vor: — Vr1 2 —Vaa + Voo + Vro — Vrsate
Vbsz = Vpsa = (1 —ax)Vi1 + a2V — V57 i.e.
Vpss = Vpse = Vi1 — Vo 1
Varo+ Vo <1.

VDS? = VDSS = V4 - Vll (Vdd — VT1 — VTO + VTSATQ) ( Gro GTl) -

Vpsg = Vs — V3 . (30) (35)
Wosi2 = (1 —ay)Vig +ayVis —Va _ . . .
Vpsizs = Vie — Vis In th_e secoqd stage, the transisfdi, is kept in saturation
Vosia = Via— Vig by the inequality
1‘222 z “23_—(%/3_ a?’)vlﬁ et a4(—|Vb2| - Veriz — VT13)

Vistr = Vi— Via ) . > —Vaa + Varo + Vro — Vrsarie
Note that the expressions of so@s;’s include the binary €. 1

variablesa;’s. This is because thedg,s;’s are topology de-
pendent. Therefore, the binary variables are used to define the
Vbsi’s across the various op-amp topologies.

(Vaa — asVir1s — Vo + Vrsariz)
X (a4 Vi2| + Varo + aaVariz) < 1 (36)

and the transistak/; ; is kept in saturation by the inequality

. . . .. 1
The design space constraints include the technology limits v v v v
of the transistor sizes and the constraints on design variables, (Vaa = asVr1a — V7 + Vrsaris)
which help to bias the transistors in saturation. The constraints X (asVo1 + Varr + asVaria) < 1. (37)

corresponding to the te(_:h_nolo_gy limits are straight forwar_d, a"l’fhuation (37) is derived based on the assumption thatthe-
hence they are not explicitly given here. Recall from Section i, | The design of the level shifter to get this biasing condition
that the inequalities that keep the transistors away from t|lealready discussed in Section V-B. Note, finally, that the re-

C. Design Space Constraints

linear region are given by maining transistors in the supercircuit are automatically biased
Vi > Vi — Virsar for n-type in the saturation region.
orVy, < Ve + V. for p type} (31) All the transistors in the op-amps are kept away from the sub-
D >=VY@E TSAT -

whereVrsar — Vas — Visar. threshold region by the inequalities,
€SUB
Using the appropriate values of the node voltages from (28) in Ver:
the above inequality, we get the required constraints.
Consider the input stage of the supercircuit. To keep the tI’EHJ'
sistor My (and M,) in saturation, the required inequality for
simple differential pair is

<1 (38)

Along with the various inequality design space constraints,
ere are two equality constraints also. One of them is given in
(25), which is related to designing the level shifter to ggt =

V13. The other equality constraint is the balance equation, which
is given by

(14 A15Vps1s) (14 Ao Vbso)
. (1+ A2Vpsi2) (1+ A7Vhsr)

v, Vers) < 1
(Vaa — Vrz — a2Vrs 4 Visars) (Vorr +azVers) < % <W1°> <%> <£> <£> =1. (39)
(32) Lis Lo Wiz ) \ W~

Vaa = Varr — Ve — a2Vars — aaVirs > —Vrsars
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The balance equation is necessary to keep the systematic ofdetthe other hand, when the active load is cascoded 1),

small [27]. the negative output swing constraint is
The concluding remarks about the design space constraints B
are that they are posynomial¥fyr;'s if the Vi;'s andVygar's (|0Ssprc| — Vrsaris)/|Vez| < 1. (46)

are a_ssumed o be constant. With a further simplifying assUMste that the magnitude of the bias voltakjg, rather than its
tion, i.e., constanfl + \;Vps; ), the Vor;'s are PoP funCtlonSdactual value, is taken as the design variable
e- ’ :

O.f the design vanaples for the S—H model. Theref_ore, th_e To meet the slew rate specification, the following two inequal-
sign space constraints are posynomials of the design varlablﬁg,S should be satisfied

Finally, the equality constraints are PoP functions of design vari-

ables. Therefore, each one of the equality constraints can be SHspecCc <1

translated into two PoP terms less than or equal to one. Ipg - (47)
SRsprcCr 1

D. Performance Constraints and Objective Function Ipio -

This section provides analytical expressions of various per-2) AC Performances:The low frequency gain of an op-amp
formance functions of the op-amps. Performance constraints are
then derived by constraining the performance expressions by G Grmis
their respective specified value. The analytical expression of the Ag=—"—
objective function is also given here. Jot 8oz

1) DC and Transient Performancesfor simple input dif- Where output conductances of the two stages are

ferential pair ¢; = 0), the positive common mode range is gas 1% gas 1%
CMRY = Vyq — Vasr — a2Vass + Vrsari . Therefore, to meet goi = gd1 [ } + Gar [ }
its specification, the constraint is m3 . gms . (48)
gaz | gdis |°
1 Jo2 = Jda12 + a1
T gm13 Omi14
(Vaa = V7 — a2Vrs + Vrsars — CMRgppc) To satisfy the gain specification, we require
X (Varr +a2Vars) < 1.
ASPECT01902 <1
On the other hand, for cascoded input differential pair e~ Im19mis
1), CMR" = Vjo—Vgrs—Vrs+Vrsar: and the corresponding i.e.
performance constraint is t bty tts by <1 (49)
(CMRpre — Vrsart + Vrs)/Vio + Vars/Vio < 1. (41)  where
14 r Ja1 qaq
The negative common mode range is given by CMR= 1= M Jds. Jdis.
—Vaa + Vaso + Vas1 — Virsare, and to meet its specification gm1gm1s _gmz: _gmlg:
. b Asprcgaigats | g4z |7 [ gaia 1™
, = PPRCId1Idl5
— Im19m1is L Im3 | L Im14 |
(Vaa — Vro — Vo1 + Vrsato — |CMRgppel) A e : Sas
x (Varo + Var1) < 1. (42) by = SPECYd79d12 | 9d5 gd13
Im19m1is LIm5 | L 9m13 |
V\_/i_th simple output t_ransconductance amplifier & 0), the _ Asprcgargass [ 9as 1% [ gara ]®
positive output swing i€ST = Vyq — Vasr + Vrsaris and ty = P —
Im19m1is LIm5 | L Im14 |

the required constraint to meet specification is

Transfer function of a two-stage compensated op-amp can be
1 well approximated with its low frequency gain, one zero and
Vor7 < 1. (43) : ; : :
Vaa — Vo + Vrsaris — OS3hpe three poles. With appropriate choice of the compensating re-
sistor R. (=1/gm15), the zero of the transfer function of the

On the other hand, when the transconductance amplifier is cap-amp can be placed at very high frequency [27]. The three

coded (i.e.,a3 = 1), the positive output swing i©®St = poles of the transfer function are well approximated by

Vi1 + Vrsari4 and to meet its specification we require

Go1902
P o= ===
+ gmlSOC
(OSgppc — Vrsaria)/Ver < 1. (44) G5
P = ol . (50)
With a simple second-stage active load, to meet the negative g Ll
output swing specification, we require andP; = C—O
gslb
1 . . .
Voro <1. (45) In order to have a transfer function that is well approximated

Vad — Vo + Vrsariz — |OSsprel by a single pole system in the frequency range of interest, the
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second pole should be beyond the gain bandwidth prodwdhere

(=g9m1/Cc), i.e., the following should be satisfied

gmi1s 9ml
CrL Co’

For a true single pole behavior, unity gain frequency (UGF) is
equal tog,,1 /Cc. However, with the approximate single pole
behavior that we get by (51,,1/Cc well approximates the
UGF. Hence, the specified UGF can be achieved by

UGFsprcCe
gm1l

<1

The phase margin is

PM = 90 — arctan(UGF/P,) — arctan(UGF/ Ps).

To meet phase margin specification

arctan(UGF/Pz) + arctan(UGF/Ps) <90° —

or
UGF UGF
P * P
arctan 2723 <90° —
1 UGF
PP
or
UGF UGF
tan(90° PMSPEC
or

tan(90° PMSPEC

gml Cr, Cgsm

< 1.
97271150%

+

The low-frequency CMRR of an op-amp is

Alg
CMRRy =
Ro CMGl1,
where
CMG1, = 22 <£ 41 )
2 gms gm7
and
Alo — 9ml
go1
i.e.

L Gao <a2 1 )
CMRRO 2,9771,1 Ims 9m7

gd “

3

X <9d1 { } + gar {
gm3 g

To meet its specification, we require

CMRRsprc <1
CMRR, —

ts +ts+tr+1ts <1

|: rnlCL grnngslf)
grnloCC grnlf)CC

r> (54)

b =

CMRRspEca2941 a9 { ga3 } “
2.97711.97715 gm3

_ CMRRspRcgd1 gds [%} “
2grnlgrn7 9m3

ty = CMRRsrrca2g47gao [st rz
2,9771,1,9771,5 gms

CMRRspEcgargas [&} “
2grnlgrn7 Ims

Note that the above equation for CMRR—which, as our
results in Section VII show, matches SPICE simulation
well—does not include the effect of mismatch. Therefore, for
a more realistic estimate of CMRR, the effect of statistical
mismatch variations should be routinely incorporated in SPICE
simulation and in analytical techniques such as ours.

3) Objective Function:In the optimization formulation, a
weighted sum of the total gate area of the transistors and the
power dissipation is taken as the objective function to be mini-
mized.

The total power dissipation is

8 =

PD =2Vaa(Ily + Ipg + Ip12 + a2lpi7)
=2Vaady + Ipo(l+ a2/2) + Ip12)

and the total effective gate area is

EFFAREA

W Ws
- Z L? + a2 L3
. p - Lz L3
i=0,1,2,7,8,9,12,15
W= Wl(; W17
2( =) L2 —= )12 L3
+a2[ <L5> °+<L16> 16+<L17

Wi Wis
I? LZ..
+a3<L14> 14+a4<L13> 13

Note that all the performance constraint functions are posyno-
mials in the device paramete¥g;'s, Ip;’s, gm:'S, andgy;'s
These device parameters are PoP function of design variables.
Therefore, the performance constraint functions are posynomials
in the design variables. Further, the power dissipation and the
total effective gate area are posynomials of the design variables.
Aswith the design space constraints, the performance constraints
are expressed in terms of device parameters, which are in turn
functions of the actual design variables.

VI. SIMULATION RESULTS

The CMOS op-amp sizing technique that has been described
so far has been implemented in MATLAB [30] for the class
of two-stage CMOS op-amps. In the implementation, each
convex programming problem is solved by using the sequential
quadratic programming method, which is available in the op-
timization toolbox [30]. This was done in the interest of quick
prototyping in order to provide a proof of concept. As our exper-
imental results show, this implementation is very fast in spite of
the fact that we did not use any of the far more efficient special
purpose techniques that exist for convex optimization [25].
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TABLE Il

SIMULATED PERFORMANCES AT THEFINAL DESIGN POINT OF THE OP-AMP

TABLE V

OPTIMAL DESIGN POINT OF THE FIRST EXAMPLE

IN THE FIRST EXAMPLE Variables values it
Perf.(unit) Spec. | S-H model pred. | Spice simul. Wo/Lo | 2.4000/2.0441 | p/p
A(0) (dB) 70 70 59 Wi/L, | 2.4000/3.5361 | u/u
UGF (MHz) 10 10 9.6 Wo/Ly | 2.4000/3.5361 | u/p
PM (deg.) 60 65 71 Wr/Ly | 3.8246/1.9246 | u/p
BW (kHz) - 3.3 10.6 Wa/Ls | 3.8246/1.9246 | u/p
CMRR (dB) 60 79 7 Wy/Ly | 2.4000/2.0889 | u/p
CMR (V) -2.5,2.5 -2.8,5.0 -3.84.7 Wia/L1y | 7.1581/1.6000 | u/p
08 (V) -3,3 47AT 48438 Wis/Lis | 21.5914/1.6000 | u/p
SR (V/psec) 20 20 19.3 Ce 0.1830 pF
PD (mW) - 0.27 0.39 Ib 3.3468 A
Total gate area (X u) - 87.6 -

TABLE VI
COMPARISON OF THEFOUR FINAL DESIGN POINTS OBTAINED BY STARTING
TABLE IV FROM FOUR INITIAL GUESSES IN THEFIRST EXAMPLE

OPTIMIZATION STATISTICS FOR THEFIRST EXAMPLE BY STARTING FROM

SMALL SIZES OFALL THE TRANSISTORS MaxDiff in L; (4)

Comparison points MaxDiff in W; (g) | MaxDiff in V,, (V)

FDa vs. FDb 0.0001 0.0005 0.0000
It.no. | CPU time(sec) | MaxErr in L; (u) | MaxErr in W; (u) | MaxErr in V,, (V) FDavs. FDe 0.0001 0.0005 0.0000
9.5100 - - - FDa vs. FDd 0.0001 0.0009 0.0000

0.2005
0.0305
0.0048
0.0008

1.6499
0.2664
0.0048
0.0006

0.2339
0.0166
0.0008
0.0001

7.8800
7.1000
5.2300
5.1600

(total 34.8900)

and the maximum difference in the node voltages was less than
1 mV. With the other three initial guesses, the convergence be-
havior was essentially the same. The sequence of convex pro-
grams converged in less than 50 s of CPU time with at most five

iterations.

A number of two-stage op-amps were sized for ajlnftech- The four solution design points, which were obtained by
nology. The experimental results are given in this section. Thestarting from the four initial design points 1)-4), are denoted
results include CPU time required to find the final design poinby F D1, FD2, FD3, and F D4, respectively. The solution
the convergence behavior of the method, and a comparisompofnt F' D1 is given in Table V, while Table VI reports the
predicted performances with SPICE simulations based on ttifferences among the four solution design points. Note that
level two MOS model. all four solution design points are essentially the same. It

Example 1: The topology for the first example was theshould also be noted in this context that in this and the other
simplest op-amp (all subcircuits were simple). The set of peaxamples in this paper, we have reported the details of the
formance specification of this example is given in the secoiritgrative process with precision in the millivolt range for node
column of Table IlI. voltages and in the nanometer range for device sizes. This has

The circuit was sized by starting from four different initialbeen done in order to demonstrate that our technique converges
design points. The four initial design points are: 1) small size a consistent dc operating point and that the final solution is
(minimum feature sizd = 1.6 um, W = 2.4 um) of all the the same even with very different initial guesses. However, this
transistors; 2) small size of the input-stage transistors and ladpes not mean that the transistors have to be sized this precisely
size (L = 5.6 yum, W = 50 pum) of second-stage transistorsto get the reported performance.

3) large size of the input stage transistors and small size of theAn expert designer would pick a nonminimum channel length
second-stage transistors; and 4) large size of all the transistéosthe input stage transistors to get high gain. On the other hand,
The optimization statistics in case 1), i.e., starting with smdtbr the second-stage transistors, in order to achieve high slew
size of all of the transistors, is shown in Table IV. In the tableate, he/she would choose minimum channel length with large
the first column indicates the iteration number of the sequent@iannel width. The optimal design point given in Table V is
convex optimization algorithm. The second column gives thualitatively similar to such a choice.

CPU time (IBM RS/6000, running AlX) required for solving The various performances at the optimal design point as
the convex programming problem using sequential quadraticedicted by the program using the S—H model and the corre-
programming. The last three columns of the table provide tBponding SPICE simulations (using the level two MOS model)
maximum difference in transistor lengths and widths, and nodee given in the last two columns of Table IIl.

voltages at the two-solution design points in two consecutive it- Note that while the S—H model based predictions satisfy the
erations. The iteration process was stopped when the maximsjpecifications, many of the performances as actually measured
difference in the lengths and the widths was less than @82 in SPICE (using level two model) do not. The inaccuracies are

[0 N VU R




MANDAL AND VISVANATHAN: CMOS OP-AMP SIZING USING A GEOMETRIC PROGRAMMING FORMULATION 33

TABLE VII VII. | MPROVING DESIGN ACCURACY USING ACCURATE
OPTIMAL DESIGN POINT IN THE SECOND EXAMPLE MOS MODEL
Variables values unﬂ In the previous section it has been demonstrated that the pro-
Wo/Lo | 2.4000/3.4674 | u/u posed sizing method is robust and it has the capability of picking

the optimal design point. However, in the implementation of

the technique, the S—H MOS model was used, which is not an
accurate model for small-channel length transistor. Therefore,
at the design points, which were obtained by the design op-

Wi/Ly | 2.4000/2.6598 | u/p
Wo/Ly | 2.4000/2.6598 | u/p
Wy/L; | 2.5782/2.6109 | p/p

Ws/Ls | 2.5782/2.6109 | u/p timization, the op-amps could not meet some required perfor-
We/Ly | 2.4000/4.0244 | u/p mances. To improve the design accuracy, in the second version
Wia/Liy | 8.1017/2.6000 | p/u of the prototype, the S—H model was replaced by a newly pro-

posed MOS modeh—A (alpha—Analog). While the details of

Wis/Lis | 27.9688/2.6000 | u/u ’ \ i ; ;
the model are available in [20], in the following section the key

Ce 0.2943 PF equations are provided. Section VII-B provides some modified
Ib 67618 | pA equations compared to those in Section V, which are required
for replacing the S—H model by the-A model. Simulation ex-
TABLE VI amples are provided in Section VII-C.

SPECIFICATIONS S—H MODEL BASED PREDICTED PERFORMANCES AND o
SPICE SMULATED PERFORMANCES AT THEOPTIMAL DESIGN POINT OF A. The Model Description

THE SECOND EXAMPLE . . .
The a—A MOS model is an extension of the simplepower

Perf. (unit) Spec. | S-H model pred. | Spice simul. law MOS transistor model proposed by Sakurai and Newton
A(0) (dB) 70 70 67 [31]. It may be noted that, sinc_e in the_povyer model the drai_n
conductance over the saturation region is taken as zero, it can
UGF (MHz) 10 10 9 ) oS .
not be directly used for analog circuit analysis.
PM (deg.) 60 66 61 A summary description of the—A model is given below.
BW (kHz) - 3.2 43 As the model is intended for use in analog circuit design, the
CMRR (dB) 60 81 82 model description is only for the saturation region of operation.
CMR (V) 2525 25,48 34,48 A transistor is in the saturation region when
0S (V) -3,3 -4.4,4.5 -4.44.7
SR (V/usec) 20 20 18.4 Vas > Vr and Vps > Vpsar. (56)
PD (mW) - 0.51 0.54
Total gate area (1 x 1) _ 137.99 - The threshold voltage and the drain saturation voltage are, re-
spectively,
due to the inadequacy of the S—-H MOS model in the short Vr = Vro+ Vrp - VTL} (57)
channel regime. However, for long channels the model is quite andVpsar = KyvVor” :

accurate. To demonstrate this, in the following example we re-

strict the channel length of the transistors to be more than 3fhe saturation region, drain current, transconductance, and

pm and do the design optimization. _ drain-to-source conductance are, respectively,
Example 2: This example is the same as the first example

except that the lengths of the transistors were restricted to be
more than or equal to 2.6m (though the technology limit is Ip = Kc<
1.6 um). The solution design point is given in Table VII. The
predicted performance of the op-amp at the final design point (a—1)/a 124 Lo

is given in Table VIII. Note that at the final design point, the ~ 9m = Ip Kc| 7 ) (1+AVps)

predicted performances using S—H MOS model is close to those ¢ = Ip-BpL - fy-fs

of SPICE simulation. However, the total gate area and the power (58)
dissipation at the solution design point obtained in this example

are, respectively, 57% and 38% more than those at the solution ] ] ]
design point obtained in the first example. It is therefore clear N (57), Vo is the zero back bias threshold voltage, while
that the S—H model is inadequate for synthesis tools targeted ap @nd Vrr. represent dependencies of threshold voltage on
modern short-channel processes. So, we need a MOS model AgfPack biadsp and the channel length, respectively. The

is accurate in the short-channel regime. To increase the deigRendency functions are

accuracy in the prototype, the S—H model is replaced by a newly

proposed MOS model. The corresponding simulation results are Vrs = ayreiVss +avrez - Vs
provided in the following section. andVyr, = 1+ By L7V ’

W
f) VEr(1+ AVps)

(59)
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In the same equation (57), the paramet&ks and3 are given TABLE IX
SPECIFICATIONS NEW MODEL BASED, AND S—H MODEL BASED PREDICTED

as PERFORMANCES ANDSPICE SMULATED PERFORMANCES AT THEFINAL
- . TRV DESIGN POINT OF THE OP-AMP IN EXAMPLE 3
Ky, Agv + BrvL } . (60) | -
/3 — A,@ + B’8L7/3 Perf. (unit) Spec. | New model pred. | Spice simul. | S-H model pred.
A(0) (dB) 60 60 58 68
For along-channel transistor drain curref,is proportional  [var () 10 10 0 9
to V3, i.e.,in (58)xis two. However, in [31] itis shown that the [y (deg) 60 65.4 623 56.7
value of« is dependent on the channel length and in the smi gy (xm,) _ 10 12 37
channel length regime, the value is quite close to one. We fou| cmrr (dg) 52 68 66 75
that the parameteK'« in the equation fod;, also depends on | cur (v) 2525 -3.0,4.9 3.84.85 285.0
the channel length. For the two parameters the following mod¢| os (v) 33 4847 4.8,4.85 47,47
are taken: SR (V/psec.) 20 20 173 12.4
KC _ AKC + BKCL,YKC PD (mW) - 0.28 0.28 0.198
} i (61) Total gate area (u x p) - 55.32 - 55.32
a = A, + B,L"=

The transconductanag, [in (58)] is obtained by taking the voltages of the transistors are different. The current through the

derivative ofIp with respect td/zr. input and the second stages are, respectively,
Now we consider the drain conductangg. In the S-H W
model,gq o ID_/L._ Using t_h|s mformatl_on, we have taken the Ipg = Kby <—9> (1+ XoVDgo)
model ofgy which is given in (58). In this model3 s, and~v;; Ly
are constant while the terrfy represents the dependencies of ag/ag
on Ver andVsg. The model off; is as follows: [ b <L )}
ga S rer i /21 e Keo(1+ AoVpso) \ Wo (64)
gd ~ra , Wio
fo = ——= AfQ + BfQVGT andIp;p = Ko — (1 + )\12VD512)
Ip-fi Ly
wherefy = % =B L - (62) { I <L0 )} a1z/a0
v KLo(1+XoVbso) \ Wo ,

B> andyy, are second-order polynomials &g
and the effective gate to source voltages of the transistors are
The termfs in g4 (58) represents the dependencyobn Vps.
Over the saturation region of operation, the function can be well I L; /e
approximated by an exponential function. The model we have Ver: = [m <W>} . (65)
taken for f5 is i $vDsi ¢

fy = — 94 C. Simulation Results
Ip-fi- /2 Example 3: In this example, the topology is the same as that
= 14 By exp[-CpsVar" (Vbs — Vpsar)”®] L. in Example 1 (Section VI-A), i.e., simple op-amp. The specifi-
whereCys, vr31 andv 3o are second-order cation set of this example is shown in Table IX. Like the other
polynomials ofVsp andL example, here the op-amp was designed by starting from the fol-

(63) lowing four initial design points:
The model parameter extraction procedure is given in [20]. 1) small size of all the transistors;
2) small size of the input-stage transistors and large size of
B. Application of the New Model second-stage transistors;
The new MOS model, which is described in the last section, 3) large size of the input-stage transistors and small size of
is used for op-amp design automation. In the new model, (58) the second-stage transistors;
provides the first-order models @b, g,,., andgy as function 4) large size of all the transistors. Further, the op-amp was
of biases and transistor sizes. These first-order models are PoP designed by starting from 25 random initial guesses that
functions. This property of the new model helps to use it in are uniformly distributed in the space of design variables.
design optimization through sequential convex programminghe optimization statistics for case 1) is given in Table X. In
In the sequential design optimization, (58), which provides firsthe table, the maximum constraint violation reported for each
order models, is used within the main convex programming (CRgration is reported by the SQP in MATLAB at the start of the
optimization. For the iterative to update from one CP to the nesoblution process corresponding to that iteration. Note that all the
CP in the optimization, the higher order effects are captured byecs have been normalized to have a value of one. Thus, a con-
using (57) and (59)—(63). With the new model, all the desigstraint violation of two is a 200% violation, while a constraint
equations provided in Section V remain the same. However, thielation of 0.002 is a 0.2% violation. The final solution design
expressions of the drain currents and effective gate-to-soupm@nt is given in the Table XI.
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TABLE X TABLE Xl
OPTIMIZATION STATISTICS FOREXAMPLE 3 BY STARTING FROM SMALL SIZE SPECIFICATIONS NEW MODEL BASED, AND S—H MODEL BASED PREDICTED
OF ALL THE TRANSISTORS IN THEOP-AMP PERFORMANCES ANDSPICE SMULATED PERFORMANCES AT THEFINAL
DESIGN POINT OF THE OP-AMP IN EXAMPLE 4
It.no. CPU time MaxErr | MaxErr MaxErr | MaxConst
. . . ) . Perf.(unit) Spec. | New model pred. | Spice simul. | S-H model pred.
(sec) inL; () | in W; (p) | in V, (V) | violation A(0) (@) 20 %0 N ppo
1 10.1400 - - - 2.0742 UGF (MHz) 10 10 9.5 9.7
2 7.0300 0.5704 4.2527 0.4248 0.1804 PM (deg) 60 66 68 55
3 7.0200 0.3932 | 1.0228 | 0.0692 | 0.1572 BW (Hz) - 10 u 14
4| 52300 0.0629 | 0.6738 | 00594 | 0.0376 OMRR (4B) i % 1% 19
CMR (V) -2.5,1.0 -2.9,1.0 -3.0,1.5 -2.7.0.24
5 5.0100 0.0775 0.8558 0.0128 0.0104 08 (V) 22 22 2123 23,22
6 4.4400 0.0365 0.2491 0.0112 0.0103 SR (V/pusec) 20 20 19 12.6
7 4.3600 0.0123 0.1183 0.0021 0.0053 PD (mW) - 0.33 0.32 0.25
8 2.8400 0.0066 | 00466 | 0.0011 | 0.0032 Total gate arca (ux p) | - 11059 - 110.59
9 3.7900 0.0041 0.0058 0.0004 0.0019
(total 49.8900) TABLE XlII
OPTIMIZATION STATISTICS IN EXAMPLE 4 BY STARTING FROM SMALL SIZES
OF ALL THE TRANSISTORS IN THEOP-AMP
TABLE XI
THE OPTIMAL DESIGN POINT IN EXAMPLE 3 It.no. | CPU time(sec) | MaxErr in L; (u) | MaxErr in W; (p) | MaxErr in V, (V)
1 39.0100 - - _
Variables values unit 2] 15.3200 0.3908 4.3405 0.3503
Wo/Lo | 2.4000/2.9025 | p/u 3 10.6200 0.7167 1.6212 0.1707
Wi/Li | 2.4000/3.1213 | u/n 4 9.1900 0.3055 0.8367 0.1422
5 7.8300 0.1308 0.6928 0.0797
Wa/Ls | 2:4000/3.1213 | p/p 6 7.9100 0.0691 0.6532 0.0510
Wz/L; | 2.4000/1.6000 | p/p 7 7.9400 0.0388 0.5257 0.0279
Ws/Ls | 2.4000/1.6000 | pu/p 8 9.3000 0.0207 0.4044 0.0147
Wg/Lg 2.4000/1.8484 /i/ll 9 7.8200 0.0122 0.2852 0.0077
Wia/Liz | 4.8551/1.6000 | /s 10 11.5400 0.0078 0.1970 0.0038
11 8.0200 0.0052 0.1327 0.0017
Wis/Lis | 11.8890/1.6000 | /s 12 7.8100 0.0035 0.0895 0.0011
Ce 0.2408 pF 13 7.9700 0.0025 0.0604 0.0008
Ib 3.2032 wA 14 5.7000 0.0018 0.0412 0.0006
15 5.9300 0.0013 0.0285 0.0004
16 5.8300 0.0010 0.0200 0.0004
For each of the other 28 cases, the required CPU time [ 7 6.6800 0.0009 0.0143 0.0004
less than 60 s and the required number of iterations are 8 (total 174.4300)

11. Note that in this example, the required CPU time is more
than that in Example 1. All the solution points, which are ob-
tained by starting from the four deterministic and 25 randopoint with all transistors at minimum sizes are provided in
initial guesses, were compared. It is found that in these sollable Xlll. Note that because of the circuit complexity, the
tion points, the maximum deviation iW;’s and L;’s are, re- required iteration number is high. However, it converges
spectively, 0.0077:m and 0.0032:m. The performance of the steadily to the final solution point and the required CPU time
circuit at the final design point was predicted using the neis less than three minutes. The final solution design point is
model, SPICE simulation, and the S—H model, which are givgiven in the Table XIV. The design optimizations, by starting
in Table IX. Note that the predictions based on the new modsith the other initial design points, also converge to the final
and SPICE simulation are quite close to the specifications, whdesign point within five minutes CPU time and with less than
the S—H model based prediction overestimates some of the [@&9-iterations. All the solution points, which are obtained by
formance metrics. starting from the four deterministic and 25 random initial
Example 4:In this example, the topology is the mosguesses, are very close to each other. It is found that in these
complex op-amp among the considered class of op-ampslution points, the maximum deviation W;’s and L;’s are,
Both the first and second stages of the op-amp are cascodegpectively, 0.013xm and 0.0032:m. The performance of
The design specifications are shown in the second colurtire circuit at the final design point was predicted using the
of Table XII. Like the other examples, here the op-amp wasw model, SPICE simulation, and the S—H model, which are
designed by starting from the four widely varying deterministigiven in the Table XIlI. In the same table, the second column
initial design points and 25 uniformly distributed randonprovides the specifications. Like the previous example, here the
initial design points. The optimization statistics for the startingredictions based on the new model and SPICE simulation are
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TABLE XIV we would only use a standard model in the “device model” box
THE OPTIMAL DESIGN POINT IN EXAMPLE 4 and the only technology in the “find constants and powers ..."
Variables Values Units box would t_)e linear-response surface modeling. Spec_:ifically,
one would first model thd of the current source transistors

Wo/Ly | 2.40000 /23731 | u/n and then model th&gr, ¢, and g4 of the other transistors

Wi/Ly | 240000 / 2.6992 | p/p using the standard device model for function evaluation. While
Wa/L, | 2.40000 / 2.6992 | u/p doing this modeling, the quantitid3,s andVsg would be kept

Wi/Ls | 2.40000 / 2.2437 | u/p at the values determined in the previous iteration of the SCP.

Note in this context that for a PoP model [i$ is a PoP func-
tion of Vg, W, andL, then so isVg7 of Ip, W, andL, i.e.,
Ip andVgr are completely interchangeable. Further, as the it-

Wiy/Ls | 2.40000 / 2.2437 | u/u
Ws/Ls | 4.80000 / 2.0728 | u/u

We/Ls | 4.80000 / 2.0728 | u/u erants of the SCP proceed to convergence—as indicated by the
We/L; | 2.6335 / 1.60000 | u/u proximity of the solutions and the reduction of the maximum
We/Ls | 2.6335 / 1.60000 | u/u constraint violation (see Table X)—the region over which the

PoP response surface is built can be shrunk, resulting in a better
fit with the standard model. Note that this approach is reminis-
cent of the iterative simulate-approximate-optimize strategy of

We/Lg | 2.40000 / 2.1607 | u/u
Wia/Lia | 3.4874 / 1.60000 | p/p

Wis/Lis | 2.4000 / 1.60000 | p/u CENTER [35].
Wis/L1s | 2.6260 / 1.60000 | u/u There is one cautionary note, however. As the independent
Wis/Lis | 15.2867 / 1.60000 | u/p variables are varied in order to build the response surface, it is

important that the device model stays in the domain (e.g., satura-
tion) in which a PoP model is a good approximation. Thus, tradi-
tional fractional-factorial design [33], [34], which places sample

Wie/Ls | 2.5870 / 2.0728 | u/u
Wir/Lir | 2.6335 / 1.60000 | u/u

Ce 0.2891 pF points at the corners of the experiment-design box, should be
Ib 4.2128 pA avoided. Instead, Latin-hypercube sampling [36] should be used
Vb0 1.3468 \Y% since it spreads the samples more uniformly in the box [35].

Vbl 0.2962 v Furt.her, thosg samples that dp not fall in the required regime of
Vb2 L1623 v device operation, i.e., saturation, should be discarded.

It should be noted that the approach outlined above, though
promising, has not yet been implemented. It remains to be

quite close to the specifications, while the S—H model bas&fe" whether this approach of using only standard models will

prediction overestimates some of the performance metrics. COVer9e to the same final solution from widely varying initial
guesses, as has been demonstrated in this paper for-the

model.
The next issue that we will address is that of restricting the
The results presented so far have left a few questions undevices to operate in the saturation region. We do this because
swered, while also opening up new avenues of research. We iadstandard CMOS op-amp design, the mosfets that are used as
dress these points in this section. loads or amplification devices are biased in the saturation re-
The key concept in our approach is that the CMOS op-angion for, among other reasons, the lgwthat is achievable in
sizing problem can be formulated as a sequence of (convéixis region [28]. There are of course specific exceptions to this
geometric programs. This is achieved by modelitg-, g,., rule, e.g., when a parallel connection of an NMOS and PMOS
and g4 as a PoP function of the transistor sizes and the bidgvice is used to build a resistor, or the common mode feedback
current at a “relaxed” estimate of the dc operating point [sé&nsistor in a fully differential two-stage op-amp. At this time,
(1) and (58)]. Because of this iterative formulation, as the itve handle these situations as special cases that we can fit into
erants proceed and approach convergence, the coefficient andparadigm. However, the question remains as to whether the
powers of the first-order PoP model are made accurate via th€P approach can be applied to MOS circuits without any con-
use of second order model functions, such as those describeth about the region of operation of the individual devices, or
in (59)—(63) for then—A model that we have introduced. Whileeven for bipolar circuits. The answer depends on how well the
such an approach maintains convexity in each optimization st@prative model-optimize approach that we have outlined in the
the need for a special model (e.g=A) that will have to accu- context of using a standard model can be extended to these sit-
rately mimic a standard model (e.g., BSIM3) could be viewed asitions. Essentially, what we require is that the derived device
a drawback. Therefore, we now outline an approach to sequearameters, e.gy,, andgq, be modeled as PoP functions of the
tial convex programming (SCP) that does not use any spedialiependent design variables and that these PoP models become
models. accurate approximations of the original device models as the it-
The key observation is that withlag transformation, a PoP erants converge.
function becomes a linear function whose coefficients can beA requirement of our approach is that the performance
easily determined using linear least-squares curve fitting teadonstraints have to be manipulated into the form of an upper
niques [33]. Thus, in the inner loop of the flow graph of Fig. 4pounded posynomial. While we have shown that this is indeed

VIIl. DISCUSSION
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possible for a large class of CMOS op-amps and a large numbetthe analog circuit sizing problem within the framework of
of specifications, this is nevertheless a restriction. Indeed, aequential convex programming would be a worthwhile area of
investigations with complex folded-cascode op-amps shaesearch.

that it is very simple to cast performance specifications asFinally, since we have formulated the performance metrics for
signomialg(unlike posynomials, these are sums difterences the class of two-stage op-amps in the notation of [29], we trust
of PoP terms). We would then have a “signomial programmirigat it is obvious that their results can be enhanced by replacing
problem” (where the direction of the constraint inequality itheir integer-nonlinear programming by the more powerful in-
not an issue). This can be solved as a sequence of geomdager-convex programming.

programs [23] and would fit directly into our existing sequential
convex programming approach.

The various issues discussed so far in this section have also
served to highlight the superiority of our approach over that An efficient technique for sizing CMOS op-amps has been
of GPCAD [16]. Since the approach in [16] is that of approxProposed. In this method, the op-amp sizing problem is formu-
imating and solving the CMOS op-amp sizing problem aslated as a sequential convex programming problem. Such a for-
single geometric program, i.e., one pass of the loop shownfiilation has two major advantages as enumerated below.

Fig. 4, their approach could be viewed as a first-order-approx- 1) Since the convex programming problem is very well un-
imate globally optimal solution. Further, none of the possible  derstood, it is very straight forward to solve it in a robust
extensions discussed so far in this section are applicable to [16], and computationally efficient manner.

since these ideas are predicated on our sequential convex pro2) The sequence of solutions generated is a sequence of
gramming formulation. Thus, it would be fair to say that our global optimal of convex programming subproblems.
approach is more general than that of [16]. Intuition therefore suggests that the point to which this

Note also that the SCP provides a sequence of iterants that sequence converges is the globally optimal solution
are globally optimal solutions of convex subproblems. Further,  of the original problem. This belief is supported by
our computational results show that this sequence convergesto experimental results, where it is shown that the method
the same final solution for widely varying initial guesses. While converges to the same final design point for widely
these are very appealing features, it should be borne in mind  varying initial guesses.

that this does not guarantee that the final solution is the globgle method has been prototyped in MATLAB and applied to
optimum of the original sizing problem. a number of two stage CMOS op-amps. The experimental re-
Not withstanding the extensions described above, there mgyits highlight the robustness and computational efficiency of
remain certain performance metrics like settling time, whide technique. Further, the optimal design point is qualitatively
cannot be modeled as a suitable analytic function. Nor is it likelymijar to one that would be picked by an expert designer.
that symbolic analysis [14], which is excellent for generating €x- Although in the initial version of the implementation the S—H
pressions for ac performance metrics, would provide a solutigy oS model was used, in the short channel length regime the ac-
While itis possible to meet a given settling time specification b&’uracy of performance prediction was not very good. To address
suitably constraining slew rate, unity gain frequency, and phaggs problem, in the second version of the prototype a new MOS
margin (which are modeled as posynomials), this neverthelggggel, called thec—A model, has been used to replace the S—H
requires user intervention. Indeed, as has been observed in {8qe|. A number of op-amps were sized using the new model.
even the one-time user effort required to derive analytic expregye experimental results show the accuracy of performance pre-
sions of performance metrics (for a new op-amp) is a barrier §tion at the final design point. Further, the results demonstrate

the widespread use of techniques such as ours. This is & kgt with the accurate model the sizing technique maintains its

rier worth breaching in order to bring the major advantages gipystness.

convex optimization into a truly automated circuit-sizing tool.

The best bet for achieving this is response surface modeling.

The idea is essentially the same as the one previously outlined

for accommodating standard device models. The differenceThe authors would like to thank J. Fishburn for bringing the

is that instead of building PoP functions based on modgbrk of Hershensoet al. to their attention and K. Singhal for

evaluations, we would need to build posynomial or signomigharing her insights into response surface modeling. The author

models of the circuit performance metrics (e.g., settling tim@ould also like to thank the anonymous reviewers for their com-

in terms of the independent design variables using standafénts that have helped improve this paper.

circuit simulation for the “experimental measurements.” Unfor-

tunately, the rich history of response surface modeling [34] has

been focused on modeling polynomials rather than the more

complex posynomials or signomials. In particular, determining [] L. R. Carley, G. G. E. Gielen, R. A. Rutenbar, and W. M. C. Sansen,
. . “Synthesis tools for mixed-signal ICs: Progress on frontend and backend

the optimal number of PoP terms for the posynomial model and strategies,” irProc. DAC, June 1996, pp. 298—303.

picking the correct powers for these terms without requiring [2] M. J. S. Smith, C. Portmann, C. Anagnostopoulos, P. S. Tschang, R.

prior analytical knowledge of the physical quantity being  Rao. P. Valdenaire, and H. Ching, “Cell libraries and assembly tools

g . L for analog/digital CMOS and BiCMOS application-specific integrated
modeled are difficult problems for which only limited results circuit design,”IEEE J. Solid-State Circuitsvol. 24, pp. 14191432,
are available [37]. Extending these results and applying them  Oct. 1989.

IX. SUMMARY
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