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Abstract—The optimized OP-AMPs resulting out of a tradi-
tional flows, although may meet the given specifications after
consuming significant design cycle time, do not guarantee an
optimal system performance. In this paper, a three-step polyno-
mial metamodel-assisted OP-AMP optimization flow is proposed
to address these issues. The flow incorporate polynomial meta-
modeling, Verilog-AMS integration, and a customized Cuckoo
Search optimization. To the best of the authors’ knowledge,this
paper for the first time presents such a design flow for state-
of-the art OP-AMP optimization. Highly accurate and ultra- fast
(∼17000× speedup compared to traditional methods) polynomial
metamodels are generated to estimate OP-AMP performance. An
OP-AMP meta-macromodel is constructed and is integrated into
a Verilog-AMS module (called Verilog-AMS-POM) to facilitate
fast time-domain simulations. The core optimization module is a
customized Cuckoo Search algorithm which produces promising
optimized results. The OP-AMP power dissipation is reduced
from 252.8 µW to 65.5µW (3.86× improvement).

I. I NTRODUCTION AND CONTRIBUTIONS

In order to achieve high performance and high yield, an
analog/mixed-signal (AMS) system must be optimized at both
system and circuit levels. For a top-down design approach,
this starts with designing and optimizing the system with sub-
block models at high levels of abstraction. The specifications
for each sub-block that lead to the best system performance are
then obtained. Each sub-block is then designed and optimized
toward these specifications. The issue with this approach is
that generating an accurate model, if it is even feasible, takes
significant effort. Therefore some characteristics of the sub-
blocks are ignored at the high-level simulation. This makes
the obtained sub-block specifications less reliable.

To address the aforementioned issues,a three-step opti-
mization flow is proposed in this paper using an OP-AMP
as a case study. The proposed flow is assisted by POlynomial
Metamodels (POMs) to significantly reduce the design opti-
mization cycles. In the first step, based on the specifications
from high-level simulations, an optimized OP-AMP design
is obtained by ultra-fast POM-assisted optimization. This
optimized design serves as the starting point for constructing
an OP-AMP meta-macromodel in the second step. The meta-
macromodel is then integrated into a Verilog-AMS module-
which is used at system-level simulations and can greatly
reduce the computation time. The third step performs opti-
mization at the system level. The computation time is greatly
reduced due to the use of theVerilog-AMS POlynomial
Meta-macromodel (which is calledVerilog-AMS-POM in this

paper). The meta-macromodel is the polynomial metamodel
generated from the macromodel (i.e. transfer function or
SPICE macromodel). Since the optimization is performed at
system-level with the circuit-level metamodel based on the
OP-AMP design, the resulting final OP-AMP design has a
much higher chance of meting the system requirements and
attaining much higher performance. For the optimization a
customized Cuckoo Search algorithm is used for the first time
for OP-AMP optimization through Verilog-AMS-POM.

The rest of this paper is organized as follows: Section II
discusses previous research relevant to OP-AMP macromod-
eling and behavioral implementations. Section III describes
the two-stage op-amp design used through out the study of
the proposed optimization flow. Section IV presents the POM-
assisted proposed optimization flow. Section V concludes this
research and discusses future research.

II. RELATED PRIOR RESEARCH

Macromodeling is a popular technique to generate simpler
circuit representations for reducing simulation time. In [1], the
OP-AMP to be modeled was first divided into basic building
blocks and then these blocks, based on their functionality,were
replaced with appropriate simplified models composed of ideal
circuit elements. A symbolic expression relating the inputand
output response can be generated through algebraic or graph-
based methods [2]. Traditionally symbolic analysis is suitable
for modeling the small-signal behaviors, not for the large-
transient responses such as the OP-AMP slewing and settling.
A method was proposed in [3] to overcome this shortcoming.

In [4] and [5], Verilog-A OP-AMP behavioral models was
used to estimate the specifications used in a switched-capacitor
filter. In [6], the continuous-time transfer function of an OP-
AMP under voltage follower configuration was discretized and
modeled using VHDL. A VHDL-AMS OP-AMP behavioral
model was proposed in [7].The VHDL-AMS OP-AMP model
in [8] was based on a three-stage model. In [9], a framework
for extracting circuit parameters was proposed.

III. T HE CASE STUDY CIRCUIT:
AN OP-AMP FOR BIOMEDICAL APPLICATIONS

The schematic of the case-study OP-AMP design is shown
in Fig. 1. This two-stage OP-AMP consists of a folded-cascode
operational transconductance amplifier (OTA) for high gain
and a common-source amplifier as output stage for low output



resistance. A Common-Mode FeedBack (CMFB) circuit is
used to regulate the output common-mode voltages. The two-
stage OP-AMP is compensated using Miller capacitorsC1

and C2. M21 and M22 act as resistors to remove right-half
plane zero. A fully differential implementation is used in
order to suppress common-mode noise and thus the even-order
harmonic distortion. A 90 nm CMOS process with 1 V power
supply is used for this design. The input devices of the OTA
are a pair of PMOS transistors.

Fig. 1. The schematic of the OP-AMP.

The OP-AMP drives a 50 kΩ resistor and a 1 pF capacitor.
For the given application, the required DC gain and bandwidth
are at least 43 dB and 40 kHz, respectively. The transistor
sizing is based on thegm/ID method [10] in order to
maximize the current efficiency. The simulated performance
together with the specifications are shown in Table I. The
transistor sizes for the baseline design are listed in TableII.
The simulated DC gain is 52.3 dB, the bandwidth is 58 kHz,
the phase margin is92.5o, and the gain margin is -25 dB.
The baseline design satisfies the gain-bandwidth and stability
requirements. in addition, this design requires the slew rate to
be greater than 4 mV/ns.

TABLE I
CHARACTERISTICS OF THEOP-AMP.

Performance Specifications Baseline

A0 (dB) 43 52.3

BW (kHz) 40 58

PM (degree) 65 92.5

SR (mV/ns) 4 5.1

PD (µW) minimized 252.8

IV. T HE PROPOSEDPOLYNOMIAL METAMODEL-ASSISTED

DESIGN OPTIMIZATION FLOW

A. High-level Design Optimization Flow

The proposed design optimization flow is shown in Fig. 2.
The compete optimization flow can be divided into three step.
This work studied and implemented the first two steps. Step
1 starts with the baseline OP-AMP design and generates an
optimized op-amp design which serves as the starting point of

Step 2 where an op-amp Verilog-AMS meta-macromodel is
constructed. Assuming the op-amp is a sub-block of an AMS
system, the original op-amp transistor-level netlist is replaced
with the Verilog-AMS meta-macromodel in Step 3 to enable
fast AMS simulations. The sub-blocks including the op-amp
design can then be further optimized toward better system
performance.

Metamodels are used in both Step 1 and Step 2. In Step 1,
a set of metamodels are generated to predict the OP-AMP
characteristics such as gain, bandwidth, phase margin, and
slew rate. This allow the optimizer to process this information
without conducting actual circuit simulations. The elimination
of the need of performing transistor-level simulations saves
a huge amount of simulation time. This is studied in Sec-
tion IV-C. In Step 2, a set of OP-AMP parameter metamodels
are generated which are necessary for constructing the OP-
AMP meta-macromodel. The procedures of generating the OP-
AMP characteristic metamodels and the OP-AMP parameter
metamodels are the same and are presented in Section IV-B.

B. Metamodel Generation

The OP-AMP characteristics and the parameters that are
used in Section IV-D are modeled using polynomial functions.
The polynomial metamodels used have the following format:

f(x) =

NB−1∑

i=0

βi

ND−1∏

j=0

x
pij

j , (1)

wheref(x) is the op-amp parameter to be modeled,NB is
the number of basis functions of this polynomial metamodel,
βi is the coefficient for thei-th basis function,ND is the
number of design variables,xj is the j-th design variables
andpij is the power term for thej-th design variable in the
i-th basis function. For example, assuming that the design
variables are the width and length of a NMOS and a PMOS
(x := {LN , LP ,WN ,WP }), thenND = 4. As an example, the
polynomial metamodel for the DC gain is the following:
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whereA0(x) consists of 4 basis function and is a 2nd order
polynomial. The basis function coefficients are:β0 = 4.5 ×
102, β1 = 0.8× 109, β2 = −1.2× 1015, andβ3 = 0.3× 1016.

The design variables in this paper are transistor widths,
lengths, and the bias current generated in the bias circuitry.
There aresixteen design variables in total(ND = 16).
The design variable values and the associated devices for the
baseline design and their ranges are shown in Table II. This
table also presents two sets of the optimized values OptimalSCH
and OptimalPOM which are discussed in Section IV-C.

The metamodel generation flow with the OP-AMP param-
eter metamodelsA0(x), I0+(x), I0−(x), gm0(x), b(x), and
a(x) is shown in Fig. 3. The use of these parameter metamod-
els is discussed in Section IV-D. The OP-AMP characteristics



Fig. 2. The proposed ultra-fast circuit-aware OP-AMP design optimization flow.

metamodels areBW (x), PM(x), SR(x), andPD(x) for the
bandwidth, phase margin, slew rate, and power dissipation,
respectively. They are generated using the same procedure
as that of OP-AMP parameter metamodel generation. The
goal is to find βi and pij in Eqn. 1 for each OP-AMP
parameter in the POM. First,N samples of design variables
are generated using the Latin Hypercube Sampling (LHS)
technique. For each sample, transistor-level simulationsare
performed and the resultant OP-AMP parameter samples are
extracted. Then, givenN design variable samples andN OP-
AMP parameter samples, polynomial regression is done to
find βi and pij . If the resulting POM does not satisfy the
accuracy requirement, the order of the polynomial function
and/or the sample number can be increased. Increasing the
sample number results in longer simulation time. Increasing
the polynomial order increases the complexity of the function,
which results in longer initialization time when performing
simulation using the POM. Experiments show that the second
order POM constructed using 200 samples provides high
accuracy without noticeably increasing the initialization time.

The mean (µ) and the standard deviation (σ) of the per-
cent error and the root-mean-square error (RMSE) for each
OP-AMP parameter are listed in Table III. The POMs for
BW, PM, SR, and OP-AMP power dissipationPD are not
used for Verilog-AMS integration which will be discussed
in Section IV-E, but they are employed in the metamodel-
assisted optimization flow proposed in Section IV-C. Most
POMs have a mean percent error less than 1% except PM
whose RMSE is still relatively. When the parameter samples
exhibit large nonlinearity, the standard deviation of the percent

Fig. 3. The proposed flow for OP-AMP metamodel generation.

error increases since polynomial regression does not handle
large nonlinearity well. The standard deviations of the percent
errors of PM, SR, andPD are all over 10% but less than 15%.
However, their RMSEs are all very small.



TABLE II
SUMMARY OF THE OP-AMP DESIGNVARIABLES.

Design Baseline Minimum Maximum OptimalPOM OptimalSCH Devices

Variables (µm) (µm) (µm) (µm) (µm)

LinOTA 0.180 0.090 0.270 0.090 0.090 M7, 8

LnpOTA 0.270 0.225 0.315 0.275 0.255 M1−6, 9−16, 25, 26, 29, 30

LinCS 0.090 0.090 0.270 0.213 0.135 M23, 24

LnCS 0.090 0.090 0.180 0.151 0.147 M17−20

LinCMFB 0.180 0.090 0.270 0.249 0.131 M27, 28

LC 0.180 0.090 0.270 0.145 0.123 M21, 22

WinOTA 49.950 25.000 75.000 59.094 33.902 M7, 8

WnOTA 9.000 4.500 13.500 13.500 13.500 M1−6

WpOTA 18.000 9.000 27.000 9.000 9.000 M9−16

WinCS 72.000 36.000 144.000 88.525 36.000 M23, 24

WnCS 36.000 18.000 72.000 18.000 18.000 M17−20

WinCMFB 5.400 2.700 8.100 8.100 3.842 M27, 28

WnCMFB 1.800 0.900 2.70 2.681 0.900 M25, 26

WpCMFB 3.600 1.800 5.400 4.233 1.800 M29, 30

WC 0.90 0.450 1.350 1.282 1.350 M21, 22

IBIAS 0.500µA 0.100µA 1.000µA 0.986µA 1.000µA -

TABLE III
METAMODEL ACCURACY OFOP-AMP PARAMETERS.

Op-amp µ σ RMSE

Parameters % Error % Error

A0 0.27 4.33 1.51 V/V

gm0 0.13 1.5 0.07µA/V

I0+ 0.18 1.30 6.11 nA

I0− 0.13 2.86 8.05 nA

BW 0.53 5.42 40.21 Hz

PM 2.86 14.65 0.83o

SR 0.11 10.73 0.02 mV/ns

PD 0.77 11.74 0.70µW

C. Metamodel-Assisted Optimization

Electronic devices for biomedical applications usually re-
quire ultra-low power dissipation. In this section, the OP-AMP
design presented in Section III is optimized using a POM-
assisted Cuckoo Search algorithm [11]. The POMs developed
using the flow presented in Section IV-B are used to estimate
the op-amp characteristics for each possible solution. Another
optimization result using the same Cuckoo Search algorithm
but with the aid of the op-amp schematic netlist is also
presented. In this schematic netlist based optimization, the
op-amp characteristics for the possible solutions are obtained
by running transistor-level simulation. The optimized op-amp
designs and the computation time of the two optimization
approaches are compared. The POM-assisted Cuckoo Search
is shown in Algorithm 1.

The objective of the optimization is tominimize the OP-
AMP power dissipation with the gain, bandwidth, phase
margin, and slew rate as the constraints. The objectivePD,min,
the initial number of solutionsn and the maximum num-

Algorithm 1 POM-assisted Cuckoo Search optimization.

1: Initialize n designsxk (k = 1, 2, ..., n);
2: Niter ← 0;
3: EvaluatePD(xi) (k = 1, 2, ..., n);
4: Find PD,min among current designs;
5: while (PD,obj < PD,min) and (Niter < Niter,max) do
6: Get a new designxi randomly by Lévy flights;
7: EvaluatePD(xi);
8: Choose a design amongxk (sayxj) randomly;
9: if PD(xi) < PD(xj) then

10: Constraint1 ← A0(xi) > A0min;
11: Constraint2 ← BW (xi) > BWmin;
12: Constraint3 ← PM(xi) > PMmin;
13: Constraint4 ← SR(xi) > SRmin;
14: if All constraints metthen
15: Replacexj by xj ;
16: end if
17: end if
18: EvaluatePD(xk) (k = 1, 2, ..., n);
19: Rankxk based onPD(xk) (k = 1, 2, ..., n);
20: Abandon a fraction (pa) of worst designs;
21: Generate new designs randomly by Lévy flights ;
22: Find PD,min among current designs;
23: Niter ← Niter + 2n;
24: end while

ber of iterations allowedNiter,max are tentatively set to
be 65µW, 10, and 1200, respectively. The POMA0(x),
BW (x), PM(x), andSR(x) are used to estimate the OP-
AMP performance and thus to determine if the constraints
are met. The POMPD(x) is used as the objective function
to predicate the OP-AMP power dissipation for each possible



solution. The optimized designs generated using the POM-
assisted and schematic netlist based Cuckoo Search optimiza-
tion are shown in Table II which are denoted as OptimalPOM
and OptimalSCH, respectively. With the optimized designs,
the corresponding OP-AMP performances are obtained by
running actual transistor-level simulations. The constraints and
objective, and the performance of the optimized OP-AMP
designs are summarized in Table IV, which shows that the
OP-AMP performance has been greatly improved. Table V
compares the performance of OptimalPOM and OptimalSCH.
The power reduction reported is with respect to the baseline
design. In the maximum allowed number of iterations, both
optimizations achieve significant power reduction. However,
OptimalPOM completes the optimization in 2.6 seconds while
the OptimalSCH uses more than 12 hours to finish the process.
In this case, themetamodel-assisted optimization is 17120
times faster than the traditional method. The iterations of the
Cuckoo Search algorithm optimizations are shown in Fig. 4.

TABLE IV
OPTIMIZATION RESULTS FOR THE OP-AMP DESIGN.

Performance Constraint OptimalPOM Optimal SCH

A0 (dB) > 43 56.4 52.8

BW (kHz) > 50 58.9 85.5

PM (degree) > 70 84.4 87.7

SR (mV/ns) > 5 7.1 8

Objective

PD (µW) ∼ 65 65.5 68.1

TABLE V
COMPARISON OFOP-AMP OPTIMIZATION

Performance OptimalSCH OptimalPOM

Power Reduction ×3.71 ×3.86

Number of iterations 1200 1200

Computation Time 12.5 h 2.6 s

Normalized Speed 1 ×17120
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Fig. 4. The iteration of the Cuckoo Search optimization.

D. Meta-macromodeling

A complete OP-AMP behavioral model should not only
model its small-signal behavior but also the large-signal be-
havior. The signal transfer function of an OP-AMP obtained

from AC analysis can describe the small-signal behavior,
but it does not account for the large-signal characteristics
including the slewing and settling behaviors. In [12], an OP-
AMP macromodel was proposed in order to analyze these
behaviors. The model is redrawn in Fig. 5 and is customized
to be used as the baseline of the OP-AMP meta-macromodel.

Fig. 5. The OP-AMP macromodel for transient analysis.

The model consists of two stages. The first stage describes
the transfer characteristic of the OP-AMP input stage due to
the limited maximum available positive and negative currents
I0+ and I0−. A0 is the open-loop DC gain of the OP-AMP.
gm0 is the transconductance of the OP-AMP input stage. The
second stage is the OP-AMP small-signal transfer function.In
[12], the circuit was assumed to be properly designed and
thus no zero and only two poles were presented to form
the transfer function. This assumption is most likely invalid
when performing design exploration. The numbers of poles
and zeros are not limited in order to attain high fidelity. For
simplicity, the following is defined:

b := {b0, b1, b2, ..., bM−1},
a := {a0, a1, a2, ..., aN−1}.

(3)

The OP-AMP circuit parametersA0, I0+, I0−, gm0, b,
anda directly affect the model accuracy. In traditional sym-
bolic macromodeling, these parameters are extracted from
transistor-level simulations. When exploring the design space,
the extraction has to be redone whenever the values of the
design variables are updated. This approach is inefficient.With
the proposed meta-macromodeling technique, no extractionis
required during design exploration. Prior to design exploration,
the OP-AMP parameters are sampled and their metamodels are
generated. In metamodel-assisted design exploration, when the
optimization algorithm updates the design variable valuex, a
new set of OP-AMP parameters will be computed using the
parameter metamodels without performing circuit simulations
and extraction. The new set of OP-AMP parameters can be
directly used in the macromodel and thus greatly improves
the optimization flow.

E. Verilog-AMS-POM

Transient analyses for complex circuits at transistor-level
may take long time. For example, simulating an analog-to-
digital converter with high-order delta-sigma modulator may
takes hours or days if layout parasitics are included. Thus,
it is desired to replace transistor-level blocks with behav-
ioral models as much as possible to reduce the simulation
time. Thus, the construction of a Verilog-AMS module for
the developed polynomial meta-macromodel (Verilog-AMS-
POM) of the OP-AMP is needed. The designed module reads



a text files storing theβi andpij for each OP-AMP parameter
POM and the given design variable values. The OP-AMP
parametersA0, I0+, I0−, gm0, b, anda are then computed. An
analog process implements the models seen in Fig. 5. The
Verilog-AMS-POM can be easily scaled for different numbers
of design variables and/or polynomial orders.

The AC analysis results of transistor-level schematic, the1st
and 2nd order Verilog-AMS-POMs for the baseline OP-AMP
are shown in Fig. 6. It can be seen that both the 1st and 2nd
order POM results match those of the schematic quite well
at lower frequencies. At higher frequencies (∼ 200 MHz) the
1st order POM exhibits noticeable errors while the 2nd order
POM still attains good match. Thus the 2nd order POM is
adopted in this paper. The OP-AMP response for step inputs
under the unity-gain configuration is shown in Fig. 7. The
mismatch seen in the step responses is due to the fact that
the large input signal causes the poles and zeros of the OP-
AMP to deviate from their original location. One solution is,
as suggested in [3], to extract two sets of poles and zeros under
different bias conditions of interest. Two transfer functions can
thus be constructed from different signal levels. However,this
is out of the scope of this paper.
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Fig. 6. AC analysis of the OP-AMP.
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Fig. 7. Transient simulation of OP-AMP with a step input.

In order to decide whether to use the OP-AMP Verilog-
AMS-POM or the traditional macromodel in the optimization
of a large-scale mixed-signal system that requires long tran-
sient analysis times, it is necessary to compare their computa-
tion time. Assuming that the Verilog-AMS-POM is constructed
using 200 samples, that the optimization takesNi = 1200
iterations, and that extracting the op-amp parameters for each
design takes 60 seconds, the computation time reduction by
using the POM based technique istD ≈ 16.7 hours.

V. CONCLUSION AND FUTURE RESEARCH

A proposed POM-assisted OP-AMP optimization flow has
been presented. The OP-AMP characteristic POMs can ac-
curately predict the op-amp performance with ultra-high
speed. The OP-AMP meta-macromodeling technique has been
discussed and the Verilog-AMS integration approach has
been presented for time-domain simulations. The customized
Cuckoo Search algorithm shows promising optimization re-
sults. Future research includes studying system-level optimiza-
tion using the developed OP-AMP meta-macromodel.

REFERENCES

[1] Y. Wei and A. Doboli, “Systematic development of analog circuit
structural macromodels through behavioral model decoupling,” in Proc.
42nd Design Automation Conf, 2005, pp. 57–62.

[2] R. A. Rutenbar, G. G. E. Gielen, and B. A. Antao,Computer-Aided
Design of Analog Integrated Circuits and Systems. New York, NY,
USA: John Wiley & Sons, Inc., 2002.

[3] H. Zhang and G. Shi, “Symbolic behavioral modeling for slew and
settling analysis of operational amplifiers,” inProc. IEEE 54th Int
Circuits and Systems (MWSCAS) Midwest Symp, 2011, pp. 1–4.

[4] E. Lauwers, K. Lampaert, P. Miliozzi, and G. Gielen, “High-level design
case of a switched-capacitor low-pass filter using Verilog-A,” in Proc.
IEEE/ACM Int Behavioral Modeling and Simulation Workshop, 2000,
pp. 16–21.

[5] Y. Wang, Y. Wang, and L. He, “Behavioral modeling for operational
amplifier in sigma-delta modulators with verilog-a,” inProc. IEEE Asia
Pacific Conf. Circuits and Systems APCCAS 2008, 2008, pp. 1612–1615.

[6] G. Di Cataldo, R. Mita, G. Palumbo, and M. Pennisi, “Modeling of
feedback analog circuits with VHDL,” inProc. 13th IEEE Int. Conf.
Electronics, Circuits and Systems ICECS ’06, 2006, pp. 882–885.

[7] K. K. Sabet and T. Riad, “A generic vhdl-ams behavioral model
physically accounting for typical analog non-linear output behavior,” in
Proc. IEEE Int. Behavioral Modeling and Simulation Workshop BMAS
2007, 2007, pp. 105–109.

[8] S. Baccar, T. Levi, D. Dallet, V. Shitikov, and F. Barbara, “A behavioral
and temperature measurements-based modeling of an operational ampli-
fier using VHDL-AMS,” in Proc. 17th IEEE Int Electronics, Circuits,
and Systems (ICECS) Conf, 2010, pp. 343–346.

[9] P. Benabes and C.-A. Tugui, “Effective modeling of CT functions for
fast simulations using MATLAB-Simulink and VHDL-AMS applied
to sigma-delta architectures,” inProc. IEEE Int Circuits and Systems
(ISCAS) Symp, 2011, pp. 2269–2272.

[10] F. Silveira, D. Flandre, and P. G. A. Jespers, “A gm/ID based method-
ology for the design of cmos analog circuits and its application to the
synthesis of a silicon-on-insulator micropower OTA,”IEEE J. Solid-State
Circuits, vol. 31, no. 9, pp. 1314–1319, 1996.

[11] X. Yang and S. Deb, “Engineering optimisation by CuckooSearch,”
International Journal of Mathematical Modelling and Numerical Opti-
misation, vol. 1, no. 4, pp. 330–343, Jan. 2010.

[12] C. T. Chuang, “Analysis of the settling behavior of an operational
amplifier,” IEEE J. Solid-State Circuits, vol. 17, no. 1, pp. 74–80, 1982.


