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Abstract

Robust analog ICs fulfill the design requirements

for a range of operating conditions and manufactur-

ing process variations. A combination of a particular

manufacturing process variation and values of oper-

ating conditions is also known as a corner point. It is

common practice in the design phase to evaluate the

circuit only for corner points that represent extreme

variations of the manufacturing process and operat-

ing conditions. But even this simplification means

that every candidate circuit must be evaluated sev-

eral ten or even several hundred times, making au-

tomated robust design virtually impossible. A simple

approach utilizing multiple optimization runs where

corner points are gradually added to the set of exam-

ined corner points is presented and illustrated with a

sample automated differential amplifier design. The

results show that the final result is obtained in much

shorter time than it would be obtained in a single run

including all corner points.

1 Introduction

Automated robust design of analog ICs [1] is be-
coming more and more important as the market re-
quires from IC designers to obtain solutions faster.
One of the main obstacles in automating this pro-
cess is the fact that the computer must evaluate a
large number of circuits in order to come up with a
feasible solution. The main guide for a designer is
the set of design requirements (e.g. gain above 60dB,
bandwidth above 10MHz, area below 1000µm, ...). A
solution is considered to be robust if the design re-
quirements are fulfilled not only for the nominal val-
ues, but for a given range of process variations (e.g.
worst power, worst zero, etc.) and operating condi-
tions (e.g. temperatures between −50◦C and 150◦C,
supply voltage between 1.6V and 2.0V, ...).

This requirement is usually relaxed in the design
process by making sure the circuit fulfills the de-
sign requirements only for extreme combinations of

process variations and operating conditions (corner
points). But even by resorting to this simplification
the number of corner points can be quite large. Take
for instance a design that must fulfill the design re-
quirements at 4 extreme process variations, temper-
ature range (2 extreme values), supply voltage range
(2 extreme values), and load resistance (2 extreme
values). The total number of corner points in this
case would be 32. This means that every candidate
circuit must be evaluated (simulated) 32 times before
one can say anything about its robustness. If we con-
sider that automated design by means of optimization
evaluates several thousand candidate circuits before
it finds a solution we quickly arrive at the conclusion
that the process of automated design would simply
take too long.

We propose an approach where the circuit is de-
signed in multiple optimization runs. In a single run
only a subset of the complete set of corner points
is accounted for. After every such run the resulting
circuit is evaluated in all corner points (full evalua-
tion). The next run accounts for a few corners more,
depending on the outcome of the full evaluation per-
formed after the previous run.

The remainder of this paper is organized as follows.
First the robust design problem is formulated math-
ematically. The multiple run strategy in described.
Finally a sample design of a differential amplifier is
presented and the results discussed.

2 Robust design

The set of corner models describes the extreme
values of process variations. We denote this set
C = {c1, c2, ..., cm0

}. Let ei, i = 1, 2, ..., r denote
the r parameters that specify the operating condi-
tion (e.g. temperature, supply voltage, ...). Every
operating condition parameter has a set of values
Ei = {e1

i
, e2

i
, ..., emr

i
} that are of some interest to the

designer. Usually such a set comprises the nominal,
minimal, and maximal value of the parameter.



A corner point is a r+1-tuple where the first com-
ponent is a corner model and the remaining r com-
ponents are values of operating condition parameters.
There is a total of

∏r

i=0
mi corner points defined by

the set of corner models and available values of op-
erating condition parameters. Let Utotal denote the
set of all corner points. On the other hand we denote
the se of all corner points that are of some interest to
the designer by U0. Of course U0 ⊆ Utotal.

The performance of the circuit is described by cir-
cuit characteristics yi ∈ R (e.g. gain, bandwidth,
area, ...). We restrict ourselves to sizing circuits with
predefined structure. Only the values of circuit pa-
rameters xi, i = 1, 2, ..., N (e.g. widths and lengths
of MOS transistors, values of resistors and capacitors,
...) are allowed to change.

The circuit characteristics depend on the values of
the circuit parameters and on the corner point for
which the circuit is evaluated. We denote this by
yi(x,p) where x = [x1, x2, ..., xN ] and p ∈ U0.

The goals that must be achieved by the design pro-
cess are specified by means of design requirements ex-
pressed as lower (bi) and upper (Bi) bound on circuit
characteristics. Usually one doesn’t want to bound a
circuit characteristic from above and below. Take for
instance gain. In order to require gain above 60dB
one must set b to 60 and B to ∞. On the other hand
the requirement that delay should be below 10ms im-
plies b = −∞ and B = 0.001.

A circuit corresponding to the parameter vector
x is considered to be robust across the set of corner
points U ⊆ U0 if the following relations hold

bi ≤ yi(x,p) ≤ Bi i = 1, 2, ..., n ∀p ∈ U (1)

Requirements (1) can be transformed into a scalar
cost function (CF) fU (x) [1] for which fU (x) = 0
holds if the circuit is robust across the set of cor-
ner points U and fU (x) 6= 0 otherwise. This way
the search for the set of circuit parameters x that re-
sults in a robust circuit is transformed into the search
for fU (x) = 0. In practice such search can be im-
plemented by means of optimization algorithms (e.g.
[2]).

In practice the circuit must be evaluated once for
every member of U in order to obtain the value of
fU (x). As the number of corner points that are being
considered in the process of robust design can be quite
large, the evaluation of fU (x) can take a significant
amount of time.

An optimization run starts with an initial point
x0 in the circuit parameter space and searches for x

where fU (x) is as low as possible or in other words
searches for a circuit that satisfies all design require-
ments in all corner poitns from U .

After every optimization run the resulting circuit
is checked across all corners points. Particularly in-
teresting are those circuit characteristics that fail to

fulfill the design requirement in at least one corner
point from U0. Let A denote the set of indices corre-
sponding to these circuit characteristics (failed circuit
characteristic indices).

For every circuit characteristic yi that fails to ful-
fill the design requirement there is a corner where yi

reaches its worst value. Formally this corner can be
expressed as

qi = arg max
p∈U0

max(yi(x,p) − Bi, bi − yi(x,p)) (2)

Let B denote the set of corners that correspond to
the worst values of circuit characteristics that fail to
fulfill the design requirements.

B = {qi : i ∈ A} (3)

Using the notation presented above we can formu-
late the algorithm that gradually increases the num-
ber of corner points accounted for in subsequent opti-
mization runs, until a circuit satisfying the design re-
quirements across all corner points from U0 is found.

3 The Algorithm

The algorithm starts with an initial set of corner
points U1. Usually this set contains only the nominal
corner point.

1. Set i := 1.

2. Choose an initial set of corners U1.

3. Choose an initial point xi−1 in the circuit pa-
rameter space.

4. Minimize fUi
(x), use xi−1 as initial point.

5. Evaluate the resulting circuit across all corner
points from U0.

6. Form the set of failed circuit characteristic in-
dices (A) and the corresponding set of corner
points (B).

7. Let Ui+1 := Ui ∪ B.

8. Let i := i + 1.

9. If i ≤ imax and B 6= ∅ go back to step 3.

The algorithm finishes after at most imax optimiza-
tion runs. Every optimization run is followed by an
evaluation of the resulting circuit across the complete
set of corner points U0. In case a circuit is found that
after evaluation results in an empty set B, the algo-
rithm has found a solution to the design problem.

The proposed algorithm has one major advantage
when compared to a single optimization run that ac-
counts for all corner points in U0. It attempts to
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Figure 1: A simple amplifier.

pinpoint the n corner points corresponding to worst
values of individual circuit characteristics. Usually
these corner points remain unchanged when x moves
in the vicinity of a solution. The vicinity of a solu-
tion is often found in the first optimization run when
only a small number of corner points is accounted for
(usually only the nominal corner point). Therefore
one can expect to obtain a circuit that satisfies all
design requirements by using only a small subset of
U0 in the optimization runs. This subset is deter-
mined automatically by the algorithm.

4 Example

The algorithm is demonstrated on a sample de-
sign of a differential amplifier. The topology of the
amplifier is depicted in figure 1. The corresponding
testbench circuit is in figure 2.
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Figure 2: Testbench circuit.

The goal was to design a robust circuit with re-
spect to 2 corner models (FF and SS), temperature
range 0◦C−125◦C, supply voltage range 2.7V−3.3V,
and bias current range 8µA − 12µA. These require-

ments define 16 extreme corner points (p1−p16). Be-
side the extreme corner points a nominal corner point
p0 (corner model TT, 27◦C, 3.0V, and 10µA) was also
used in the process of automated design.

6 circuit characteristics were subject to optimiza-
tion: area (goal < 5000µm2), DC supply current
(goal < 150µA), DC swing where differential gain
is above 50% of its maximal value (goal > 2.0V),
small signal differential gain (goal > 60dB), unity
gain-bandwidth (goal > 15MHz), and phase margin
(goal > 45◦).

The characteristics were measured in a closed-loop
testbench circuit (figure 2). The circuit characteris-
tics were evaluated from the ratio of amplifier output
(node out) to amplifier input (nodes inp and inn).
Such a testbench circuit compensates for DC offset
voltage and eliminates the need for a very fine DC
sweep across a wide input voltage range. The fol-
lowing values were chosen for the testbench circuit:
Rin = Rfb = 100MΩ, Rload = 10MΩ, Cload = 2pF,
Vcom = 1.5V.

To reduce the number of circuit parameters sub-
ject to optimization, the following matching informa-
tion was specified (transistors with same width and
length: (Mn1b, Mn1, and Mn4), (Mn2, and Mn3),
and (Mp1, Mp2, and Mp3). The width of Mn1c
and Mn2c was identical and also subject to optimiza-
tion. Mn1s and Mp1s act as switches and are left
unchanged in the process of design. The initial point
was chosen to be 5µm/0.5µm for all transistors sub-
ject to optimization.

Another requirement imposed on the circuit was
that VGS − VT and VDS − VDSAT at the operating
point remain positive for all transistors subject to
optimization, except for Mn1c and Mn2c.

In the first run U1 = {p0}, whereas in all sub-
sequent runs the nominal corner point p0 was not
accounted for in the optimization. It was however in-
cluded in the check performed after every run. This



i ncorners neval trun [s] nfailed tcheck [s]
1 1 82 31.0 1 6.0
2 1 144 53.2 2 6.0
3 3 284 311.9 1 6.1
4 4 322 470.0 1 6.0
5 5 242 446.2 0 6.1

Table 1: Run summary. ncorners, neval, trun, nfailed,
and nchecked represent the number of corner points in
Ui, the number of CF evaluations, the optimization
runtime, the number of corners in B, and the time
spent for evaluating the resulting circuit, respectively.

can be justified by the fact that the the circuit’s per-
formance is worst at extreme corners and thus there
is no need to optimize across the typical corner point.
The circuit that was obtained as a result of the i-th
run was used as the initial point for the next opti-
mization run.

The algorithm was implemented and SPICE
OPUS was used as the circuit simulator [3]. Table
1 summarizes the 5 optimization runs needed to ob-
tain a solution that satisfies all design requirements
in all 17 corner points (16 extreme and one nominal).

Vin [V]

Vout[V]

-0.004 -0.002 0 0.002 0.0040

1

2

3

Figure 3: Initial DC response of the amplifier.
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Figure 4: DC response after automated design.

The total time needed for these 5 runs was 1343s.

One cannot simply add up the CF evaluations from
different runs, as an evaluation across 2 corner points
takes twice the time of an evaluation across one cor-
ner point. It is more appropriate to add up the num-
ber of corner point evaluations. In 5 runs from table
1 a total of 3661 corner point evaluations took place.

On the other hand if only one run is performed
with 16 extreme corner points, it takes 6213s to find
a solution. The CF is evaluated 572 times. Since
16 corner points are accounted for in the process of
optimization it takes a total of 9152 corner point eval-
uations. This clearly shows the advantage of the pro-
posed approach.

The DC response of the initial circuit across all
17 corner points is depicted in figure 3 along with
that of the the final circuit in figure 4. The graphs
show that automated design makes sense. The final
circuit’s performance is better and varies less across
corner points.

5 Conclusion

An algorithm for optimizing analog circuits across
a large number of corner points was presented. The
main idea of the approach is to gradually increase the
number of corner points used in successive optimiza-
tion runs. Its efficiency was demonstrated on a design
example of a differential amplifier. The comparison
with a single run including all corner points showed
that the proposed approach is significantly faster.
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