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Implicit Space Mapping for Variable-Fidelity
EM-Driven Design of Compact Circuits

S. Koziel, Senior Member, IEEE and A. Bekasiewicz, Member, IEEE

Abstract—Space mapping (SM) belongs to the most successful
surrogate-based optimization (SBO) methods in microwave
engineering. Among available SM variations, implicit SM (ISM)
is particularly attractive due to its simplicity and separation of
extractable surrogate model parameters and design variables of
the circuit/system at hand. Unlike other SM approaches, ISM
exploits a set of preassigned parameters to align the surrogate
with the high-fidelity EM model. However, application of ISM is
challenging if equivalent network model of the structure is
unavailable or of poor quality. In this letter, a modified ISM that
exploits variable-fidelity EM simulation models is proposed.
Here, preassigned parameters are introduced in the coarsely-
discretized EM surrogate by dividing the substrate below selected
components of the structure into segments with different
permittivity and common thickness. The proposed method has
been verified (also experimentally) using a rat-race coupler and
favorably compared with state-of-the-art SBO methods.

Index Terms—EM-driven design, compact couplers, surrogate
modeling, implicit space mapping, substrate segmentation.

. INTRODUCTION

ONTEMPORARY microwave structures are often
characterized by complex and densely arranged
geometries with considerable electromagnetic (EM)
cross-couplings [1]. Therefore, full-wave EM simulations are
the only tools for reliable evaluation of their performance. Due
to high evaluation cost of EM models, utilization of
conventional algorithms for optimization of modern structures
is computationally challenging [1], although some of recent
developments make them more suitable for RF design [2].
This problem can be mitigated using adjoint sensitivity
techniques, where cheap derivative information speeds up
gradient optimization [4]. Surrogate-based optimization (SBO)
is another class of methods that can be utilized to reduce the
design cost of microwave circuits [5]. The key idea behind
SBO is to shift the optimization burden to the fast surrogate
model which is iteratively corrected using high-fidelity
simulation data [6]. The SBO concept is the basis for methods
such as space mapping (SM), manifold mapping, and various
response correction techniques [5]. Arguably, SM belongs to
the most popular SBO techniques in microwave engineering.
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Implicit space mapping (ISM) is a variation of SM that
exploits so-called preassigned parameters to align the low-
fidelity model with the high-fidelity one [7]. Typical ISM
parameters for microwave circuits are height and permittivity
set for the selected structure segments [5]. ISM is well suited
for constrained optimization problems because adjustment of
preassigned parameters do not alter the domain of the low-
fidelity model. Moreover, the method is simple to implement.
Nonetheless, its applicability is limited to geometrically
simple structures with reliable equivalent circuit models.

In this letter, generalization of ISM to design of complex
circuits represented using coarsely-discretized EM surrogates
is proposed. The method exploits variable-fidelity EM models
with substrate divided into segments of different permittivity,
yet with the same thickness (necessary to ensure consistency
of the computational model). Our considerations are illustrated
using a compact rat-race coupler. We investigate the effect of
the number of preassigned parameters on EM-based ISM
performance. The method is compared against state-of-the-art
SBO algorithms. Experimental results are also provided.

Il. EM-BASED IMPLICIT SPACE MAPPING

In this section, we briefly recall the SM methodology [5].
Then, we explain the concept of dividing the substrate into
segments and describe implementation of the proposed
variable-fidelity EM-based ISM. Numerical results and
experimental validation are provided in Section III.

A. Space Mapping

Let R¢(x) be a response of the high-fidelity EM model at the
design x and U be an objective function. The design
optimization problem can be formulated as [7]

X" =argminU (R, (X))

@)
SM generates a series x”, i = 0, 1, ..., of approximations to
the optimal design x” by solving
(i+D) _ i 0
X" =argminU (R," (x
gminU (R (x)) -

Here, R, is an ith surrogate constructed by correction of the
coarse model R.. For SM, the R.") model can be rewritten as

Rs(i)(x) = R:(X, p(i)) (3)

with R being a generic SM surrogate with parameters p®
obtained through the parameter extraction (PE) process

p® =argmin || R, (x") ~R{ (x", p) |
p )
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Note that PE in (4) is performed only for the latest design x
but multi-point extraction is also possible [7].

B. Substrate Segmentation for EM-based ISM

ISM is a space mapping variant where the parameters p
utilized in PE are not, in general, associated with design
variables x [5]. Instead, ISM introduces a separate set of
degrees of freedom which are adjustable in the surrogate, yet
fixed for the fine model. For planar structures, these are
normally the substrate parameters (height h and permittivity &)
of the selected segments identified in the equivalent circuit
model of the structure at hand [5], [7].

In this work, we propose ISM implemented at the level of
coarsely-discretized EM model where preassigned parameters
p are implemented by dividing substrate into segments with
varying permittivity (cf. Fig. 1) and with common (yet
adjustable) thicknesses. Clearly, arrangement of the segments
is performed based on engineering experience. Investigations
related to their composition will be considered elsewhere.

C. EM-Based Implicit SM

The EM-based ISM proposed here is combined with
frequency SM (FSM) and output SM (OSM) because both
approaches have no effect on computational cost of the PE
process [5], [7]. The surrogate model is defined as

RY()=R.(x,p",F(@)+d" ©)
where p = [ ... & h]" with N being the number of segments
(cf. Fig 1). Note that R, explicitly depends on preassigned
parameters p and the frequency sweep Q = [@; ... @y]. Here,
we use notation Ry(x,p,2) = [Re(X,p, @) .. Re(X,p, )]

Evaluation cost of the coarse-mesh EM model R is high
compared to that of the equivalent circuit model. Thus, the
number of R, evaluations during PE (4) and surrogate
optimization (SO) must be low. In order to ensure this, the
ISM parameters p are extracted iteratively as follows

6 Zag min IR, ()~ LG, p )|

Pl (6)

where
LY = Re(x?,p™,Q) + 3, p" . 0)-(p - p™)  (7)
Here, p™, k=0, 1, ..., is an approximation of p® (note that

pt® = py and J,(x¥,p"M,Q) is an approximation of the
Jacobian of R, with respect to p obtained through finite
differentiation (FD). The PE process (6) is embedded in a trust
region (TR) framework [8]. The TR radius &% is updated
using standard rules [8]. Low cost of PE (only a few
simulations of R;) is ensured by keeping J, unchanged
throughout the iterations of (6).

The FSM is implemented by using a polynomial scaling of
the following form FO(w) = fy; + fo;@ + fy,; ¢ with f, obtained
through minimization of [|R(x®” — R(x®,p®,F(€2))|. The cost
of the process is negligible because the frequency scaled R, is
interpolated (from Q to FO(Q)).

The term d© is obtained as d” = R(x® — R.(x® p® F(Q)).
It ensures R,"(x?) = R«(x") at the beginning of each iteration.

The SO is performed by generating a series X" k=0, 1,
..., of approximations to X" (here, x***% = x?) as

X(i+1.k+1)

=arg  min UG (x))
Ix-x <ol ®)

with Gs(i.k)(x) — Rs(i)(x(i+l.k) + JRC(X(Hl.k)’p(i)’F(i)(Q)).(X _ X(i+l.k)).
Similarly as in (6), Jg. (obtained w.r.t. x using FD) is not
updated during iterations of (2) to maintain a low cost of SO.

I1l. CASE STUDY

Our design example is a 3-dB rat-race coupler (RRC) shown
in Fig. 2(a) [1]. The structure is implemented on a 0.762 mm
thick Taconic RF-35 substrate (& = 3.5, tand = 0.0018). The
design variables are x=[w; l; w, I, ws]". The relative
parameters I3 = 19wy + 18w, + ws— Iy, I, = 5wy + 6w, + 1, + ws,
Is = 3wy + 4w,, and w, = 9w, + 8w, ensure consistency of the
design (all in mm). Dimension wg = 1.7 mm. Design
objectives are: (i) ||Sa1| — [Sa1l| < 0.1 dB at 1 GHz frequency, as
well as (ii) |S11| < —20 dB and |S,| < —20 dB in 875 MHz to
1.135 GHz band. The starting point for the optimization is x®
=[0.35 4.0 0.35 2.0 0.35]" (chosen arbitrarily for the purpose
of demonstrating performance of the proposed algorithm; see
Fig. 2(b)).

The structure is implemented in CST Studio. Note, that 3D
solver is required to divide substrate into segments with
different permittivity. The high-fidelity model R; consists of
~330,000 cells and its average simulation time on a dual Intel
Xeon E5540 machine is 24 min. The low-fidelity model R,
has ~42,000 cells and its simulation time is 120 s. The R;
model is configured so that substrate permittivity below the
selected RRC segments can be set individually (cf. Fig. 1).

We consider different substrate partitioning schemes with
three (R¢1), five (Re,), and seven (R¢3) segments (cf. Fig. 1). A
comparison of the high-fidelity model responses at the
selected design with the responses of adjusted 1SM surrogates
(enhanced by FSM) is shown in Fig. 3. The results indicate
that the models with five and seven substrate segments
provide very good approximation of R;. The coupler has been
optimized using the ISM surrogate model with five substrate
segments (with h fixed to 0.762 mm). The optimized design,
obtained in three iterations of the algorithm of Section II, is
x" =[0.39 5.47 0.21 1.64 0.81]". Responses of the structure at
the initial and optimized designs are shown in Fig. 2(b).

The numerical cost of the design optimization process
corresponds to about 15 Ry model simulations with the typical
cost of PE and SO being about 14 and 25 R, model
evaluations, respectively. For the sake of comparison (see
Table 1), the coupler was also optimized using conventional
SM approaches that exploit equivalent circuit models, i.e., two
variants of ISM [7] and a sequential space mapping (SSM) [9].

@ (b) (©)

Fig. 1. Conceptual illustration of substrate partitioning for a compact rat-race
coupler with varying substrate permittivity g and common substrate height h
(not shown) for: (a) three, (b) five, and (c) seven segments.
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It should be noted that faster convergence of the EM-based
ISM results from better correlation of the EM coarse model
compared to equivalent circuit models utilized by benchmark
methods. Also, the proposed approach exploits the same
solvers for evaluating R; and R.. This results in simpler
implementation compared to conventional SM techniques.
Note also, that for the considered RRC, the cost of the EM-
based ISM is lower than for ISM and SSM (see Table 1), yet
this may be due to using a combination of ISM, OSM, and
FSM.

The photograph of the manufactured RRC, as well as
comparison of its simulated and measured frequency
characteristics is shown in Fig. 4. The results are in acceptable
agreement. The measured response is slightly shifted down in
frequency and features broader —20 dB bandwidth compared
to the simulated one. Phase shift, although not considered in
the optimization, is also acceptable. Visible discrepancies
between characteristics are due to fabrication tolerances and
utilization of a simplified EM model that lacks the SMA
connector.

3

10 Tw, 3
It If E‘
—»Isk— ’1 B
(2}
ki i
4 [«5)
2 Wi w4 §
wi ] ]
I, =3
| | E N

Frequency [GHz]
@) (b)

Fig. 2. Considered compact rat-race coupler [1]: (a) geometry and (b)
frequency characteristics at the initial (gray) and the optimized design (black)
obtained using EM-based ISM with Rc,.
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Fig. 3. Fine (thick lines) and coarse (thin lines with markers) models
responses at a selected RRC design: (a) Rc, (b) R, (€) Rez, (d) Res.

TABLE |
RRC DESIGN: NUMERICAL COST
Method Number of model evaluations Design cost
SO PE Total R, Ry Total Ry Total [h]

ISM¥ - - 6.3 x Ry 10 - -
1SM?2 - - 8.8 x Ry 14 22.8 9.1
SSM? - - 7.3 x Ry 11 18.3 73
Thiswork 98 xR, 42xR. 11 xRy 4 15 6

1 Six parameters — substrate thickness
2 Twelve parameters — substrate thickness and permittivity
# Termination due to divergence
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Fig. 4. Comparison of simulated (gray) and measured (black) frequency
responses of the RRC: (a) S-parameters and (b) phase difference between
ports 2 and 3.

IV. CONCLUSION

In this letter, an EM-based implicit space mapping (ISM)
for design of complex microwave circuits has been proposed.
The method exploits variable-fidelity EM simulations and
substrate segmentation. Low-cost surrogate-based
optimization and parameter extraction is ensured using trust-
region-based framework that keeps derivatives of the structure
response unchanged throughout iterations. The method
provides better reliability at lower CPU cost compared with
conventional SM approaches exploiting an equivalent network
coarse models.
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