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Abstract: One of the major challenges in the design of compact microwave structures is the necessity of simultaneous
handling of several objectives and the fact that expensive electromagnetic (EM) analysis is required for their reliable
evaluation. Design of multi-band circuits where performance requirements are to be satisfied for several frequencies at
the same time is even more difficult. In this work, a computationally efficient design of dual-band microstrip couplers is
demonstrated by means of an adaptive response scaling (ARS) technique. ARS is a surrogate-assisted method that
exploits a fast surrogate of the high-fidelity EM-simulation model of the coupler at hand constructed from its corrected
equivalent circuit. ARS identifies nonlinear frequency and amplitude response scaling that accommodates the
misalignment between the low- and high-fidelity models. Due to exploiting the knowledge embedded in the low-fidelity
model ARS surrogate exhibits excellent generalisation capability. It is demonstrated here by optimisation of a dual-
band microstrip coupler with enhanced bandwidth, working at 1 GHz and 2 GHz frequencies. The optimised design has
been obtained at the cost of just a few high-fidelity EM simulations of the structure. Numerical comparisons indicate

superiority of ARS over competitive surrogate-assisted techniques. Experimental validation is also provided.

1 Introduction

There are three fundamental difficulties in design optimisation of
compact microwave structures. The first is the necessity of
simultaneous handling of several objectives (such as matching,
power split, port isolation, in case of coupler structures [1]). The
second is a potentially large number of geometry parameters that
need to be adjusted [2]. This gives rise from complex circuit
topologies, e.g. being a result of replacing conventional
transmission lines (TLs) by slow-wave compact cells (typical cell
is described by four to six parameters against two for a TL) [3-5].
Finally, reliable performance evaluation of miniaturised circuits
requires full-wave electromagnetic (EM) analysis [1, 2, 6], which
is a result of EM cross-coupling effects that are present in highly
compressed layouts. These effects, if strong, cannot be adequately
represented at the level of equivalent circuit models; therefore,
EM-driven design closure is mandatory for compact structures. On
the other hand, increased dimensionality of the design space as
well as high cost of the structure analysis does not allow for
utilisation of conventional numerical optimisation algorithms
[1, 29] for geometry parameter adjustment due to prohibitive
computational cost they incur. Consequently, majority of designs
reported in the literature (e.g. [4, 5, 7, 8]) are obtained by means
of interactive approaches such as parameter sweeps. Clearly, such
methods are very laborious, involve considerable human
supervision, and are unable to identify truly optimum circuit
dimensions.

There have been several techniques proposed over the last two
decades or so to speed up EM-simulation-driven design. Majority
of these methods rely on a surrogate-based optimisation (SBO)
paradigm [9, 10, 29]. According to SBO, direct optimisation of an
expensive computational model is replaced by iterative
construction and re-optimisation of its cheaper surrogate. In
microwave engineering, the most popular SBO algorithm are those
involving so-called physics-based surrogates, i.e. constructed from
an underlying low-fidelity model (e.g. equivalent circuit). The
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popular approaches include different versions of space mapping
(SM), e.g. [9, 29], response correction techniques [10],
feature-based optimisation [1, 11], artificial neural networks [12,
13], as well as simulation-based tuning and tuning SM [14, 15].
On the other hand, availability (although still limited) of cheap
adjoint  sensitivities ~ permitted = computationally  feasible
gradient-based optimisation, also in connection with SBO [16, 17].

Despite their considerable potential, surrogate-assisted techniques
have not yet been widely accepted in microwave engineering
community. Seemingly, the most important bottleneck
(particularly pertinent to physics-based surrogates [6]) is that
successful application of SBO may not be straightforward without
certain working knowledge of numerical optimisation. Moreover,
because most of SBO methods are derivative-free, they are not
globally convergent [18], whereas existing convergence results
(e.g. [19, 20]) are based on stringent assumptions upon low- and
high-fidelity model correlations that are difficult to be verified
beforehand [18]. Many SBO techniques require a rather careful
implementation and problem specific knowledge. Furthermore,
selection of an appropriate surrogate model setup (especially
important for SM algorithms) is not always trivial [29]. Other
methods such as simulation-based tuning tend to be more robust
but limited in terms of possible range of applications and software
requirements. In case of shape-preserving response prediction
(SPRP) [10], specific assumptions concerning the shape of the
system response have to be satisfied for the method to work properly.

The purpose of this work is to demonstrate a simple yet robust
approach to design optimisation of compact microwave structures.
The adaptive response scaling (ARS) technique proposed here is
founded on tracking the changes of the underlying low-fidelity
model (e.g. an equivalent circuit) that are a result of surrogate
model optimisation. The response change tracking is realised
through non-linear spline-based scaling of both the frequency
sweep applied to the low-fidelity model and the response level.
The frequency scaling is also conducted to establish relationships
between the low- and high-fidelity models. A composition of the
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aforementioned scaling functions permits prediction of the
high-fidelity model response at a design of interest. ARS does not
make any assumptions concerning the shape of the response being
handled. Therefore it is generic and applicable to a wide class of
structures. In this work we consider design closure of a
miniaturised wideband dual-band microstrip rat-race coupler
(RRC). The presented results indicate that ARS outperforms
several benchmark SBO methods including several variations of
SM algorithms.

2 Optimisation using surrogate models

To make the paper more self-contained and accessible for the readers
with limited experience in surrogate-assisted optimisation, in this
section, a brief introduction to SBO is provided, including
explanation of basic concepts and properties. Subsequently, an
exposition of ARS technique is given in Section 3.

The design optimisation problem to be solved can be formulated
as

x" = argmin U(Ry(x)) (M

where R¢(x) is a response of the EM-simulated (high-fidelity) model
of a device under design (typically, S-parameters against frequency),
X is a vector of adjustable (geometry) parameters, and U encodes
given design specifications; x* is the optimum design to be found.
A common situation is that the high-fidelity model is
computationally expensive so that direct solving of (1) is
impractical or even prohibitive because it may involve a large
number of EM simulations.

In SBO [29], direct solving of (1) is replaced by an iterative
procedure

XD = arg min UR?(x)) )

where x® i=0,1, .., isa sequence of approximations to x*, and
RY is a surrogate model at iteration i. The surrogate is a fast
representation of R constructed using the low-fidelity model R.(x),
e.g. an equivalent circuit.

Although there are numerous SBO algorithms developed over the
years and available, majority of them share the same principle of
iterative enhancement and optimisation of the surrogate. The
primary difference between various SBO algorithms is in the way
of constructing the surrogate model. Here, we focus on
physics-based methods; however, it should be mentioned that SBO
methods with data-driven surrogates (e.g. involving kriging
interpolation with sequential sampling [21, 22]) is an important
class of techniques, popular in many areas such as structural or
aerospace engineering [23, 24].

Low-fidelity model corrections can be applied at the level of the
model domain (e.g. input SM [9]), additional (preassigned)
parameters of the model (e.g. implicit SM [9]) or by correcting the
model response (e.g. output SM [9], ARC [25], SPRP [10]).
The simplest response correction method is output SM where
Ry(x)=R.(x)+ A, where A is typically a constant vector, e.g. A=
R(x”) - R.(x")). This type of correction ensures zero-order
consistency between the surrogate and the high-fidelity model (i.e.
Rf(x(i))=R§i)(x(i))), however, it also becomes problematic when
handling highly non-linear responses [25]. Some of the problems
pertinent to aforementioned response correction techniques can be
overcome by the proposed ARS introduced in the next section.

3 Adaptive response scaling
In this section we give an exposition of the ARS technique. First, we
introduce the ARS concept then discuss the frequency and amplitude

scaling functions, and, finally describe the ARS surrogate model
prediction process. Here, ARS is explained using a dual-band
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coupler example, utilised later in the paper for demonstration
purposes.

3.1 Adaptive response scaling concept

Here, we formulate the ARS technique as a method for constructing
the surrogate model for the SBO algorithm (2). As demonstrated in
Section 4, ARS exhibits very good generalisation capability which
translates into fast convergence of the ARS-based optimisation
process.

The purpose of ARS is to construct the surrogate model that

preserves zero-order consistency (i.e. ensures Rg)(x("))=Rf(x(")))
and exhibits good generalisation. This is achieved by following
both frequency and amplitude changes of the low-fidelity model
responses while solving the problem (2).

The concept and operation of ARS is explained using the example
compact dual-band coupler considered in Section 4. Fig. 1 shows the
high- and low-fidelity model responses (here, |S4,|) at the reference
design x® and at another design x. The important assumption is
that the models are well correlated although their absolute
misalignment may be substantial. This is observed in Fig. 1:
although the discrepancy between the low- and high-fidelity model
is significant (in absolute terms), the changes of the model
responses are similar both in terms of the frequency shifts and the
response level changes when moving from one design to another.
The core of ARS is to exploit this model correlation in the process
of surrogate model construction.

3.2 Frequency and amplitude scaling

The scaling process is carried out for complex S-parameter
responses, separately for the respective real and imaginary parts,
and, in case of dual-band couplers, separately for each band. The
first step is to identify the frequency relationship between the low-
and high-fidelity model at the reference design x, i.e. the most
recent design found by the algorithm (2). This relationship is
described by non-linear frequency scaling function F, which is
retrieved by solving

@max

F)(w) = arg mFinj [, w) — (7, F(w)|do  (3)

@min

Here, the function F' is implemented using cubic splines with 20
control points within the frequency range of interest (separately for
each band of coupler operation); r¢ and r. are the high- and
low-fidelity responses of interest (e.g. Re(Sy,), etc.); F @ minimises
the discrepancy between the characteristics within the frequency
range of interest @, t0 ®m.x. The extraction process (3) is

-5

S, [dB]
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%,8 085 09 095 1 1.05 1.1 115 1.2
Frequency [GHz]

Fig. 1 Responses of the compact dual-band microstrip coupler of Section 4:
/S4] at a reference design x® (—) and another design x (- - -); High- and
low-fidelity models shown using thick and thin lines, respectively
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constrained to ensure monotonicity of the scaling function F®
within the entire interval [@min, ®max]-

The second step is to determine the frequency relationship
between the low-fidelity model responses at the reference design
x® and at the design of interest x. We have

Flx, @) = argmin mex I, 0) — 16, Fo|do (4)

@min

Furthermore, the amplitude changes of the low-fidelity model are
computed as (the symbol + denotes component-wise division with
respect to frequency)

Ax, 0) = [ro(x, 0) + 1] + [, Flx, w) + 1] (3)

The shift by +1 is necessary to avoid division by zero and to avoid
the scaling function getting to high values (for frequencies for which
r(x®, F(x, w)) reaches the level of —1).

It should be noted that the frequency scaling function F© is
calculated only once per SBO iteration (2). On the other hand, the
scaling functions F and A4 are calculated for each evaluation of the
ARS surrogate. The cost of finding both F and F is very low
because the scaled low-fidelity model is evaluated by interpolating
the known values at the original frequency sweep. In particular,
that cost is negligible compared with evaluation of the
high-fidelity model.

3.3 ARS model prediction

The three scaling functions described above permit prediction of the
high-fidelity model response at the design of choice x. The
prediction procedure works as follows:

e Scale the reference high-fidelity model response r(x®, ) in
frequency using F(x, w) to account for the changes of the
low-fidelity model when moving from the design x to design x.
e Scale the amplitude scaling function A(x, ) in frequency using
FO(x, ») to accommodate the frequency relationships between the
low- and high-fidelity model at the reference design.

e Use the scaled function 4 to correct the surrogate model response
in amplitude.

The surrogate model is thus defined as
r(x, ) = A, FO@) o [, Flx, 0) + 1] =1 (6)

where ° denotes component-wise multiplication.

Frequency [GHz]

Fig. 2 Responses of the compact dual-band microstrip coupler at x© (—)
and x (- - -) (cf. Fig. 1): Ry (thick lines) and R, (thin lines); surrogate model
response determined by (6) shown using circles
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In plain words, the prediction involves two-fold transformation of
the high-fidelity model response at the reference design: first, it is
scaled in frequency using the information on how the low-fidelity
model changed when moving from the reference design x® to the
evaluation design x; then, it is transformed in amplitude (again,
using the information from the low-fidelity model change).
However, the amplitude correction function is first scaled in
frequency in order to account for the frequency relationships
between the low- and high-fidelity models.

As mentioned before, the scaling function F) is computed only
once per iteration (2). However, (4) and (5) are calculated for each
evaluation of the surrogate model.

Fig. 2 shows Re(Sy4;) of the responses shown in Fig. 1 and the
response of the ARS surrogate. Note that the prediction power of
the model is very good. Fig. 3 shows how this translates to |[Sy]
prediction. At the same time, the quality of the conventional
output SM prediction is much worse as it does not account for
model response changes in frequency.

4 Case study: dual-band compact microstrip
rat-race coupler

In this section, the operation and performance of the ARS technique
is demonstrated using compact dual-band microstrip RRC.
Simulation results are validated through measurements of the
fabricated coupler prototype.

4.1 Coupler structure

Consider a microstrip dual-band equal-power split RRC with
enhanced operational bandwidth shown in Fig. 4. The structure is
based on the conventional dual-band design of [26]. The circuit
consists of six transmission line sections with stepped impedance
stubs. In this work, each section is folded to the interior of the
coupler which allows obtaining more compact geometry.
Moreover, the high-impedance sections of the coupler have been
meandered as it allows for notable reduction of the coupler size
(with respect to design with unfolded geometry) without
significant effect on its performance characteristics. It should be
noted that the miniaturised design is characterised by increased
number of degrees of freedom with respect to conventional
structure, so as to enable bandwidth enhancement.

The RRC is implemented on a 0.762 mm thick Taconic RF-35
dielectric substrate (g.=3.5, tan6=0.0018,). The circuit is
represented by an 18-parameter vector x=[l1 , I3 Iy Is ls 17 Ig Iy
Lo w1 Wa W3 W4 Ws Wg Wy Wy w9]T. The dependent variables are:
l41 = 5152 + 15W2 + w3 + 0.5W8, 142 = 2W3 + 05(]4 - 141) - 2]52), 143
2W3 +05(l3 - 5W3) and 151 = W4+0,514 —0.5W3 +152, whereas 152:
1 and /53 =30 remain fixed. The unit for all parameters is mm.

The high-fidelity model of the coupler has been implemented in
CST Microwave Studio [27]. It consists of ~120,000 mesh cells

S, [dB]

5 09 095 1 .05 1.1 115 1.2
Frequency [GHz]

Fig. 3 High-fidelity model response at x (thick line), and surrogate model
responses obtained using ARS (o) and conventional output SM (*)
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Fig. 4 Geometry of the compact dual-band microstrip RRC with enhanced bandwidth

and its typical simulation time on a dual Intel Xeon E5540 machine
with 6 GB of RAM is 60 min. The low-fidelity model is an
equivalent circuit model of the structure implemented in Agilent
ADS [28].

Assumed design specifications of the miniaturised coupler
structure are as follows:

e Operating frequencies: f; =1 GHz and f; =2 GHz.
e Equal power split.
e Bandwidth: 200 MHz for Sy;| <-18 dB and |S4| <-18 |dB.

4.2 Optimisation results and comparisons

The coupler of Fig. 4 has been optimised using the ARS algorithm.
The initial design x@ =[29.39 20.72 33.46 31.91 5.99 28.45 14.47
29.66 11.45 23.34 1.78 0.79 0.25 0.20 2.65 1.74 0.87 3.98]" mm is
the optimum of the equivalent circuit model. The optimised design
x*=[29.53 20.36 32.62 33.94 7.64 27.92 13.87 29.76 12.08 23.33
1.98 0.83 0.40 0.21 3.31 1.42 0.20 3.64]" mm has been obtained
after five iterations of ARS. Note that the coupler response at the

Table 1 Optimisation cost: ARS against benchmark methods

Optimisation algorithm Design optimisation cost

Number of EM simulations Total cost®
ARS (this work) 6 6.4
implicit SMP 13¢ 16.3
implicit SM® 9 12.6
frequency + output SM 3d 3

2Cost including low-fidelity model evaluations, expressed in terms of the
equivalent number of EM filter simulations

PSeven implicit parameters related to substrate permittivity

°14 implicit parameters related to substrate height and permittivity
dAlgorithm terminated due to divergence
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initial design exhibits considerable power split error (around 1.5 dB)
at the upper operating frequency as well as considerable violation
of the bandwidth requirements at both operating frequencies (see
Fig. 5a).

The optimised structure features much better characteristics: the
power split error is <0.15dB at 1 GHz and <0.3 dB at 2 GHz;
moreover, the maximum level of in-band matching and isolation
characteristics is about —19 dB which satisfies requirements
(Fig. 5b).

ARS has been compared with several variations of the SM
algorithm. For fair comparison, each algorithm has been executed
in an unattended manner. The results gathered in Table 1 indicate
that ARS outperforms SM both with respect to the computational
complexity and reliability. Except ARS, the only technique that
converged was implicit SM with 14 preassigned parameters. Both,
a seven parameter realisation of implicit SM and a combination of
frequency and output SM algorithms were terminated due to
divergence.

4.3 Experimental validation

The optimised RRC design has been fabricated and measured.
Photograph of the prototype is shown in Fig. 6, whereas
comparison of its responses in terms of S-parameters and phase
shift between Ports 2 and 3 is provided in Fig. 7. The results are
in a very good agreement. Nonetheless, the measured power split
error for the frequency f is slightly worse than the simulated one.
The measured phase difference is well aligned with the simulated
one. It should be noted that for frequency f> measured response is
even better than the simulated one (1° instead of —3° obtained for
simulated design). Moreover, the losses within measured structure
are slightly higher as compared with simulations. The
discrepancies between the results are mostly because the EM
model involved in the optimisation process lacks connectors. To
some extent, misalignments are also the result of the fabrication
process tolerances.
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Fig. 5 Dual-band coupler responses

a At the initial design
b At the design obtained using ARS

A more detailed comparison of performance data between
simulations and measurements is provided in Table 2. For the
measured responses of the coupler, the bandwidth BW |, defined as
the frequency range where both return loss |S1;| and isolation [S4;|
are below -18dB level, is 16.7 and 16% for f; and f,
respectively. The relative bandwidths have been calculated with
respect to 1.5 GHz frequency. Moreover, the measured bandwidth

Fig. 6 Photograph of the fabricated prototype of the optimised dual-band
coupler
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S-parameters [dB]

Phase difference [deg]

1.5 1.7
Frequency [ GHz]
b

Fig. 7 Comparison of simulated (grey) and measured (black)
characteristics of the considered RRC structure

a S-parameter response
b Phase difference between ports 2 and 3

Table 2 Simulated against measured responses of considered RRC
coupler

Simulation Measurement
fi f fi f

Sq4 [dB] -19.37 -18.39 -19.65 -18.50
S,q [dB] -3.01 -3.40 -3.37 -3.27
Sz [dB] -3.19 -3.73 -3.25 -3.51
Sy [dB] -24.21 -20.54 -21.43 -24.38
BW, [GHz] 0.90-1.12 1.89-2.12 0.88-1.13 1.88-2.12
BW; [GHz] 0.91-1.02 1.95-2.01 0.90-1.04 1.98-2.07
BW, [%] 22 11.5 25 12
BW, [%] 1 3 14 45
£(S31 = S31) [°] -1.76 -2.69 -1.46 1.03

BW,, defined as the frequency range for which | [Sy1]| — [S31] | <
0.3dB, is 9.3% for 1GHz frequency and 6.7% for 2 GHz
frequency. For the simulated response, BW; is 14.7 and 15.3% for
/1 and f; frequencies, whereas BW, is 7 and 4%, respectively. It
should be noted that the percentage-expressed bandwidth has been
calculated for the frequencies f; and f, respectively. At the same
time, the measured phase difference between Ports 2 and 3 (see
Fig. 4) is -1.5° and 1.0° for 1 and 2 GHz frequencies,
respectively, whereas values obtained from simulation are —1.8°
and -2.7° for f| and f>.

5 Conclusion
In this work, cost-efficient design optimisation of compact wideband

dual-band microstrip couplers has been demonstrated using the ARS
technique. By exploring correlations between the equivalent circuit
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and the EM simulation model of the structure, ARS permits reliable
handling of highly non-linear coupler responses and controlling
multiple design goals even though the absolute model
misalignment is significant. Model correlations are represented by
appropriately extracted scaling function, concerning both
frequency and amplitude relationships. Numerical comparisons
indicate that ARS outperforms competitive surrogate-based
optimisation algorithms, including several variations of SM.
Validity of the proposed design optimisation method has also been
confirmed experimentally with good agreement between the
simulation and measured circuit characteristics.
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