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1

Simulation Optimization Systems Research Laboratory, Department of Electrical and
Computer Engineering, McMaster University, Hamilton, Ontario, Canada L8S4K1
2
Department of Electronics, Systems and Informatics, Instituto Tecnológico y de Estudios Superiores
de Occidente (ITESO), Tlaquepaque, Jalisco 45090, Mexico
Received 25 June 2007; accepted 19 September 2007

ABSTRACT: We demonstrate an implicit space mapping (ISM) method for microwave ﬁlter
design that is enhanced and assisted by a tuning procedure. This procedure helps us to
select design variables as well as suitable preassigned parameters for an ISM implementation. It also aids us in the convergence of our ISM algorithm. We investigated and solved a
microstrip notch ﬁlter using this technique. This shows that tuning-aided sensitivity analysis
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process, such as dielectric constant and substrate
height. Changing the values of some of these parameters, however, is expected to have a similar impact on
the responses of the microwave components as does
changing the designable parameters. In each iteration,
we calibrate these preassigned parameters in the
coarse model against the ﬁne model (where the preassigned parameters are always ﬁxed). A reoptimization
is carried out on the calibrated coarse model (surrogate). The new design parameter values are then
assigned to the ﬁne model. These steps are repeated
until the speciﬁcations are satisﬁed.
Tuning is a built-in functionality of Agilent ADS
[5]. When a coarse model is designed in ADS, its parameters could be set as tunable. Each tunable parameter is provided with a slider bar. These slider bars
can be moved up and down to alter the corresponding
parameter values. The resulting graphic and numerical value changes in the responses are observed
instantaneously.
In connection with ISM optimization, a question
frequently asked is how to choose appropriate preassigned parameters for parameter extraction in the
coarse model. We can use a tuning-aided ISM proce-

I. INTRODUCTION
Space mapping (SM) technology [1] addresses the
issue of reducing unnecessary time-consuming fullwave electromagnetic (EM) simulations of microwave structures in device modeling [2] and design
optimization.
SM assumes the existence and exploitation of
‘‘ﬁne’’ and ‘‘coarse’’ models. The ‘‘ﬁne’’ model may
be a CPU-intensive EM simulator that provides high
accuracy. The ‘‘coarse’’ model is a simpliﬁed representation, typically an equivalent circuit with empirical formulas.
Implicit space mapping (ISM) has been demonstrated to work both in the design [3] and modeling
[4] arenas. ISM [3, 4] optimization techniques exploit
available preassigned parameters in the coarse model.
The preassigned parameters are a set of parameters
that are normally ﬁxed during the design optimization
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dure to determine this. In the ADS coarse model, we
tune the design and preassigned parameter candidates, e.g., substrate heights and dielectric constant
values. This tuning allows us to note graphically how
the parameters affect the responses. If we ﬁnd out
that one particular parameter tends to cancel the
effect of varying certain design parameter(s), it could
be a good ISM preassigned parameter. With tuning
we can break down or split the uniformly-assigned
parameters and examine their effects. For example,
we can split the uniform substrate height into several
individual heights, each height corresponding to that
of one component of the microwave structure. These
heights then can be tuned independently to determine
if they are useful preassigned parameters for ISM.
The splitting of preassigned parameters may generate
a better match of the surrogate to the ﬁne model during parameter extraction. In the same manner, we can
use tuning to test if the design parameters can be split
to create more ﬂexibility in the coarse models and
thus yield a better design solution. If the test result is
true, we can split the ﬁne model design parameters
the same way as in the coarse model, and a better
ﬁne model solution is likely to be obtained.
Except for data from external ﬁne models such as
Sonnet em [6], our tuning-aided SM process is implemented entirely in the Agilent ADS system. A microstrip notch ﬁlter is designed using this technique. In
two iterations, an accurate design solution is
obtained. The implementation takes full advantage of
the Agilent ADS tuning technology.

II. IMPLICIT SPACE MAPPING
Our goal is to design a ﬁne model
xf ¼ arg min UðRf ðxf ÞÞ
xf

ð1Þ

Here, the ﬁne-model response vector is denoted by
Rf [ Cm, e.g., S11 at selected frequency points, where
m is the number of sample points. The ﬁne-model
design parameters are denoted xf [ Rn, where n is the
number of design parameters. U is a suitable objective function. For example, U could be a minimax
objective function with upper and lower speciﬁcations. Vector xf denotes the optimal design to be
determined.
We take the following model as our initial surrogate model
Rs ðxf ; x0 Þ ¼ Rc ðxf ; x0 Þ

ð2Þ

where x0 [ Rp represents the initial preassigned parameter vector and p is the number of preassigned pa-

rameters. Here, Rs [ Cm and Rc [ Cm represent the
surrogate model and the coarse model response vectors, respectively. To match the surrogate to the ﬁne
model, in the kth parameter extraction process, we
extract the preassigned parameters
ðkÞ

ðkÞ

xðkÞ ¼ arg min jjRf ðxf Þ  Rs ðxf ; xÞjj
x

ð3Þ

We then ﬁx xðkÞ in the surrogate model and reoptimize the surrogate to obtain the next prediction of the
ﬁne model solution
ðkþ1Þ

xf

¼ arg min UðRs ðxf ; xðkÞ ÞÞ
xf

ð4Þ

III. TUNING-AIDED IMPLICIT SPACE
MAPPING
Tuning can help us in two ways when working with
SM. It can be used for testing the sensitivity of the
surrogate model responses to the design variables
and/or preassigned parameters; and it can also be
used to ﬁnd a good starting point for direct surrogate
model optimization and/or parameter extraction.

A. Investigating the Surrogate Model
Sensitivity to Parameters
The sensitivity test using tuning determines how the
responses vary with respect to changes in the design
parameters. We expect to ﬁnd that certain variables
may signiﬁcantly change the bandwidth and others
shift the frequency. If two variables have the same
effect on the response, it could mean too many
degrees of freedom and we should probably keep one
of the variables constant. If one variable is more sensitive than the other, we may want to retain the less
sensitive one. Sometimes altering the value of a variable has a limited effect on the responses. This could
result in insufﬁcient ﬂexibility in the model and thus
we may be prevented from obtaining an optimal solution. We can consider using extra or split parameters.
Tuning can indicate whether more ﬂexibility is
needed. Checking the objective function after optimization with extra or split parameters will tell us
whether a model is actually more ﬂexible. We expect
that the inequality
min ðUðRs ð½xf 1 ;xf 2 ;...;xf n ;xf ðnþ1Þ ;...;xf ðnþjÞ T ;xÞÞ

xf 1 ;...;xf ðnþjÞ

 min ðUðRs ð½xf 1 ;xf 2 ;...;xf n T ;xÞÞ ð5Þ
xf 1 ;...;xf n

holds, where the left-hand side of (5) has more ﬂexibility than the right-hand side and xf(n11),...,xf(n1j) are
j split or extra parameters.
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To choose suitable preassigned parameters, the
following criteria could be used.
Rc Rc ðxf þ½0:::;Dxf i ;:::0T ;
x0 þ½0:::;Dxj ;:::0T Þke ð6Þ
or
ðRc þDRci DRcj ÞRc e

ð7Þ

where x0 is the default preassigned parameter value
and xf and Rc are the optimal coarse model solution
and the optimal coarse model responses, respectively.
e is a user-speciﬁed small number. DRci and DRcj are
the response changes caused by the disturbance to the
ith element Dxﬁ in the design parameter vector and
the jth element Dxj in the preassigned parameter vector, respectively. The approximation tells us that for
any small change [0...,Dxﬁ,...0] in the coarse model
design parameters, we can ﬁnd a corresponding
change [0..., 2Dxj,...0] in the preassigned parameter
vector that tends to cancel out the change in
responses. This means that changes in the design parameters can be compensated by changing certain
preassigned parameters. For split design parameters,
depending on their sensitivity, we may split a preassigned parameter to compensate each split design parameter individually or use a uniform preassigned parameter value to accommodate any changes in split
design parameters. We can also use multiple or split
preassigned parameters to restore changes caused by
a single design parameter. In short, the preassigned
parameters and design parameters do not have to be
one-to-one pairs as long as the changes can be
restored. In our implementation, ADS tuning is used
to check the criterion (6).

B. Finding a Better Starting Point for
Optimization or Parameter Extraction
In the surrogate model optimization and parameter
extraction procedures, when the starting point is far
from the solution, the optimization engine may be
trapped in a local minimum. We can use parameter
tuning to move the starting point closer to a better solution. Especially in the case of frequency misalignment, a simple shift of the response using tuning can
help the parameter extraction process escape from a
local minimum. Normally, a shift in the dielectric
constant can move the response to a good starting
point. We call this procedure a ‘‘jump-start.’’ The
process is also workable for coarse model optimization or surrogate model optimization.

Figure 1. Flowchart for tuning-aided ISM optimization.

In Figure 1, we show the ﬂowchart of our tuningaided ISM procedure. We start by investigating the
sensitivity using available tuning. The design parameter values and preassigned parameter values are
determined according to (5) and (6). We optimize the
surrogate model with respect to the design parameters, jump-starting the process using tuning, if necessary. If the ﬁne model is snapped to a grid, we need
to supply the ﬁne model with on-grid parameters. We
then snap one design parameter to the grid in the surrogate model. The snapping procedure disturbs the
responses. We then optimize the surrogate model
again with the snapped parameter ﬁxed. Then we
snap the second design parameter to the grid and
reoptimize. We proceed in this fashion until all the
design parameters are snapped to the grid. These
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The parameterized dimensions of the ﬁlter are
shown in Figure 2. Lo is the length of the open stubs,
Lc is the length of the coupled lines, and Sg is the separation gap. The width W50 is the same for all the sections as well as for the input and output lines, of
length Lp. A substrate is used with thickness H and
relative dielectric constant er. The initial optimization
variables are xf 5 [Lc Lo Sg]T. The remaining parameter values are H 510 mil, W50 5 31 mil, er 5 2.2
(RT Duroid 5880, with loss tangent 5 0.0009). The
design speciﬁcations are |S21|  0.05 in the stopband
and |S21|  0.95 in the passbands, where the stopband
lies between 13.19 GHz and 13.21 GHz, and the
passband includes frequencies below 13 GHz and
above 13.4 GHz.
Figure 2. Microstrip notch ﬁlter with mitered bends [7].

A. Coarse Model
design parameter values are then supplied to the ﬁne
model. After an accurate on-grid ﬁne model simulation is obtained, we proceed with parameter extraction. We can now tune and extract the preassigned
parameters so that the surrogate is aligned with the
ﬁne model. The tuning is especially necessary at the
ﬁrst iteration of SM optimization, when the ﬁne
model is far from the initial surrogate model. The
extracted preassigned parameter values are ﬁxed in
the surrogate. The new surrogate is then reoptimized
with respect to the original design parameters.

IV. MICROSTRIP NOTCH FILTER
EXAMPLE
We use a microstrip notch ﬁlter [7] example to illustrate the tuning-aided ISM design optimization procedure.

The coarse model is implemented in Agilent ADS as
shown in Figure 3. It uses the built-in ADS microstrip
circuit models available for transmission lines,
coupled lines, and bends. The coarse model uses Lp
5 31 mil.

B. Fine Model
The ﬁne model implementation is in Sonnet em (see
Fig. 4). We use a cell size of 0.5 mil 3 0.5 mil, with
Hair 5 60 mil (see the 3D view in Fig. 5). All the
metals, including Sonnet’s metallic box, are considered lossless. We optimize the coarse model using
the Agilent ADS minimax method.
In the ADS coarse model, we make variables Lc,
Lo, Sg, substrate height H, and dielectric constant er
tunable. We can now move the tune slider bars up
and down to see how the response changes with the
variables. The ﬁrst observation is that Lc and Lo have

Figure 3. Agilent ADS coarse model of the microstrip notch ﬁlter. [Color ﬁgure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
International Journal of RF and Microwave Computer-Aided Engineering DOI 10.1002/mmce
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Figure 4. Sonnet em ﬁne model. [Color ﬁgure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

an almost identical effect on the responses; they both
shift the frequency. So we ﬁx Lo at 160 mil and use
Lc as a design variable. Now we tune the design variable Sg. It veriﬁes that Sg controls the bandwidth of
the responses. Our tuning experiment shows that its
effect on the bandwidth is limited and this may result
in low attainability of a good solution. Since Sg
affects the coupling between the resonators, we
decide to split Sg into the three variables Sg1, Sg2, and
Sg3 and assign them to the microstrip gaps in each
subsection, as shown in Figure 3, Sg1 for the ﬁrst
microstrip coupled line ‘‘CLin1,’’ Sg2 for ‘‘CLin2,’’
and Sg3 for ‘‘CLin3.’’ With three variables instead of
one, the bandwidth can vary over a larger range. We
conducted an experiment to show the bandwidth
change. In our experiment, the coarse model is opti-
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mized using the split Sg and uniform Sg, against the
original speciﬁcation. A better performance is
obtained for the split Sg (Table I). We double the
bandwidth of the stopband speciﬁcation while keeping the passband speciﬁcation intact. Again we obtain
a better solution (shown in Table I). The experiment
tells us that splitting Sg yields a more ﬂexible model
and a better chance of convergence to a good solution. This conclusion should be true for the ﬁne
model too.
The original design methodology [7, 8], i.e., the
design using uniform Sg, trades the ﬂexibility of the
design for fewer design variables. More design variables normally mean a more difﬁcult direct optimization or tuning of the ﬁne model. This is the justiﬁcation for using a minimal number of design variables.
In SM technology, however, the optimization burden
is shifted to the coarse model, so that increasing ﬂexibility (using more design variables) will introduce
less difﬁculty to the problem than direct optimization
or tuning of the ﬁne model. It is justiﬁable to use
more variables for SM in which the added ﬂexibility
increases the probability of obtaining a good coarse
model solution and thereby a better ﬁnal ﬁne model
solution.
We can see the effect of the preassigned parameters using the ADS tuning capability too. By moving
the slider bars of the Tune Parameters dialogue box,
see Figure 6, we determine that the dielectric constant
er can compensate for the frequency shift and that the
substrate height H can compensate for the bandwidth
change. While this may be an advantage sometimes,
here there seems no need for extra or split preassigned parameters.
The SM scheme is then determined as follows.
The design parameters are Lc, Sg1, Sg2, and Sg3. We
use ISM with preassigned parameters er and H (uniform in the whole structure).
We show the initial (on-grid) coarse model and
ﬁne model solutions in Figure 7. In two iterations
(three ﬁne model simulations), a good solution is
obtained. Figure 8 shows a comparison between the
results obtained by our method and those obtained by

TABLE I. Speciﬁcation Errors for Coarse Model
Optimization

Figure 5. Sonnet em ﬁne model in 3D view. [Color ﬁgure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Uniform Sg
Splitting Sg into
Sg1, Sg2, and Sg3

Original
Speciﬁcation

Doubled
Stopband
Bandwidth

20.03063

20.01639

20.03695

20.02951
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Figure 6. Agilent ADS tuning parameter dialogue box. [Color ﬁgure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

applying a constrained Broyden-based linear-input
SM algorithm [7] to the same problem (the coarse
model used in [7] is implemented in APLAC;
APLAC Version 7.91, APLAC Solutions Corporation, Finland, 2004). A detailed stopband ﬁne model
simulation is shown in Figure 9. It is seen that our
approach yields a wider stopband in both the surrogate (coarse) model and the ﬁne model, because of
the introduction of nonuniform separation gaps (Sg1,
Sg2, and Sg3). We show the evolution of the speciﬁcation error in Figure 10. Table II summarizes the solutions obtained by both methods.
As soon as we obtained a good ﬁnal solution using
our tuning-aided ISM optimization, the ﬁnal surrogate is now available as a better surrogate than the
original coarse model. It can be used for other pur-

poses such as yield estimation and optimization. We
run an ADS yield estimation on the ﬁnal surrogate
using a uniform distribution of 60.2 mil for each parameter. After estimating 1250 random points, a yield
of 97.4% is obtained. We now apply yield optimization using ADS. With only minor changes in the parameters, the ADS yield optimization engine is able
to drive the yield to 100% (Fig. 11). The optimal
yield solution is [Lc, Sg1, Sg2, Sg3]T 5 [142.09, 10.43,
4.52, 8.01]T.

Figure 7. Coarse (—) and ﬁne (---) model responses at
the initial optimal coarse model solution. Note that the
coarse model used in [7] is closer to the ﬁne model than
the coarse model used in this work.

Figure 8. Fine model optimal response comparison
between the tuning-aided ISM optimization (—) and the
constrained Broyden-based linear-input SM approach (---)
[7].

V. DISCUSSION ON TUNING
Tuning is a commonly used engineering procedure.
In our approach, we use tuning to aid SM to ﬁnd
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TABLE II. Solution Comparison Between the TuningAided Implicit Space Mapping and the Constrained
Broyden-Based Linear-Input Space Mapping

Figure 9. Fine model optimal response stopband detail
comparison between the tuning-aided ISM optimization
(—) and the constrained Broyden-based linear-input SM
approach (---) [7].

appropriate design variables and implicit preassigned
parameters. It also helps in the convergence of the
ISM optimization algorithm. Since other space-mapping related methods can be seen as special cases of
ISM [9], tuning can be of assistance in all types of
SM too.
Tuning is widely applied in the microwave and RF
component and device design process. For example,
Rautio [10] discussed a tuning methodology to design
an LTCC quad band receiver, and Swanson and Wenzel [11] presented a comb-line ﬁlter design using a circuit simulator tuning. Their idea is to obtain multiport
S-parameters from EM simulation results of a structure
with tuning ports. The obtained S-parameters form an
S-parameter ﬁle component with ports. The tuning
ports of the S-parameter ﬁle component are connected
with appropriate variable circuits. This circuit-appended S-parameter ﬁle model is then optimized in a
circuit simulator with respect to the added circuit parameter values to satisfy the design speciﬁcations. The
parameter values are converted back to corresponding
dimension values of the structure in the EM simulator.

Figure 10. Evolution of the tuning-aided ISM speciﬁcation error.

Error
Lc
Lo
Sg1
Sg2
Sg3

Initial
Solution

After
First
Iteration

After
Second
Iteration

Initial
Solution
[7]

Final
Solution
[7]

0.942
135
160
9
5
10

20.009
142
160
8
5
10

20.017
142
160
8
4.5
10.5

–
143
158
8
8
8

20.012
143.5
159
8
8
8

If we assume the circuit-appended S-parameter ﬁle
model is an enhanced coarse model (or surrogate) and
the EM simulation of the structure is the ﬁne model,
we can see the similarity between their tuning methods
and our tuning-aided SM. In both methods, tuning is
applied in a circuit simulator and the optimization of
the circuit model is used as a way of determining values for the design parameters. The design parameter
values are then applied to the ﬁne model.
A sensitivity analysis option in the ADS optimization algorithm is available. It may be used for our further investigation of the possibility of automating the
preassigned parameter selection process, i.e., ﬁnding
a set of preassigned parameters that has a cancel-out
effect on certain design parameters automatically
using sensitivity information provided by ADS.

VI. CONCLUSIONS
In this article, we discuss a tuning-aided ISM optimization procedure. It utilizes the ADS tuning tool to
estimate the sensitivities of various parameters. On

Figure 11. Yield estimation of the ﬁnal surrogate using
1250 random points after Agilent ADS yield optimization.
[Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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the basis of this tuning process, we provide a guideline for choosing design variables or preassigned parameters, as well as for ﬁnding a good starting point
for direct surrogate optimization and for parameter
extraction of the surrogate. The proposed guideline
increases the chances of an ISM algorithm to converge to a good ﬁne model solution. We show that
our method works well with a microstrip notch ﬁlter
design.
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José Ernesto Rayas-Sánchez was born in
Guadalajara, Jalisco, Mexico, on December
27, 1961. He received the B.Sc. degree in
electronics engineering from the Instituto
Tecnológico y de Estudios Superiores de
Occidente (ITESO), Guadalajara, Mexico, in
1984, the Masters degree in electrical engineering from the Instituto Tecnológico y de
Estudios Superiores de Monterrey (ITESM),
Monterrey, Mexico, in 1989, and the Ph.D. degree in electrical
engineering from McMaster University, Hamilton, Ontario,
Canada, in 2001.
Since 1989, he has been Full Professor in the Department of
Electronics, Systems and Informatics, ITESO. In 1997, he began
a sabbatical leave with the Simulation Optimization Systems
Research Laboratory, McMaster University. In 2001, he returned
to ITESO. He currently leads the Research Group on ComputerAided Engineering of Circuits and Systems (CAECAS) at ITESO.
Since May 2005, he has been Profesor Numerario (honorary distinction) with ITESO. His research focuses on the development of
novel methods and techniques for computer-aided and knowledge-based modeling, design, and optimization of high-speed
electronic circuits and devices (including RF, microwave, and
wireless circuits), exploiting highly accurate but computationally
expensive simulators.
Dr. Rayas-Sánchez serves on the Editorial Boards of the IEEE
Transactions on Microwave Theory and Techniques, the International Journal of RF and Microwave Computer-Aided Engineering
(Wiley InterScience), and of the IEEE Latin America Transactions. He is also a member of the Technical Program Committee
of the IEEE Microwave Theory and Techniques Society International Microwave Symposium (MTT-IMS), and a member of the
IEEE Microwave Theory and Techniques Technical Committee
on Computer Aided Design (MTT-1). During 2004 and 2005 he
was the IEEE Mexican Council Chair, as well as the IEEE
Region 9 Treasurer.
Dr. Rayas-Sánchez was the recipient of a 1997–2000 Consejo
Nacional de Ciencia y Tecnologı́a (CONACYT) scholarship presented by the Mexican Government, as well as a 2000–2001 Ontario Graduate Scholarship (OGS) presented by the Ministry of
Training for Colleges and Universities in Ontario. He was also
the recipient of a 2001–2003 CONACYT Repatriation and Installation Grants presented by the Mexican Government. He is the recipient of a 2004–2007 SEP-CONACYT Fundamental Scientiﬁc
Research Grant presented by the Mexican Government. He is a
member of the Mexican National System of Researchers, Level I.

International Journal of RF and Microwave Computer-Aided Engineering DOI 10.1002/mmce

