Practical Application of Space Mapping
Techniques to the Synthesis of CSRR-Based
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Abstract Artificial transmission lines based on metamaterial concepts have been
attracting increasing interest from the scientific community. The synthesis process
of this type of artificial line is typically a complex task, due to the number of design
parameters involved and their mutual dependence. Space mapping techniques are
revealed to be very useful for automating the synthesis procedure of these kinds of
structures. In this chapter, a review of their application to the automated synthesis
of microstrip lines loaded with complementary split ring resonators (CSRRs), either
with or without series capacitive gaps, will be presented. The most critical points
related to the implementation of these space mapping techniques are discussed in
detail. Different examples to illustrate and prove the usefulness of this synthesis
methodology are presented.

Keywords Aggressive space mapping - Computer aided design (CAD) - Planar
microwave circuits - Complementary split resonators - Artificial transmission lines

1 Introduction

Space mapping (SM) techniques and SM-based surrogate (modeling) have been
widely used in the design of many microwave components [1], but their application
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to the synthesis of artificial transmission lines is still marginal. Metamaterial trans-
mission lines can be a very interesting alternative to conventional lines for many
practical microwave devices [2, 3], since more compact solutions (compatible with
planar manufacturing processes) with higher degrees of design flexibility can be ob-
tained. Furthermore, metamaterial transmission lines can also provide many other
unique properties not achievable with conventional lines, which include negative or
low values of permittivity, permeability, and index of refraction, controllable disper-
sion, and tailored characteristic impedance values [4]. Their commercial impact is
still not very relevant, due the complexity of the related synthesis procedures used
nowadays. These procedures are mainly based on the engineer’s experience with the
help of full-wave electromagnetic (EM) simulators and parameter extraction meth-
ods. Hence, the motivation of this chapter is to review some promising advances
made recently in the field, which can simplify and speed up the process of artificial
line synthesis, and that it is hoped will be of interest to the readers.

There are two main approaches for implementing metamaterial transmission
lines. One strategy consists in loading a host transmission line with series capac-
itances and shunt inductances and, as a result, presenting a composite right/left-
handed behavior. In order to have propagation, the series and shunt reactances of
the equivalent circuit model have to present opposite signs. Depending on the fre-
quency range, either the loading elements (capacity gaps, strips, vias) or the host
line will determine the propagation characteristics. The mushroom structure, origi-
nally introduced by Sievenpiper et al. [5] and used often in low-profile antennas in
order to improve the gain and directivity, is a good example of this strategy, which
is usually known as the CL-loaded approach. The CL-loaded term means that the
host transmission line is loaded with series capacitances and shunted inductances.

The alternative technique to obtain metamaterial transmission lines consists of
etching electrically small (subwavelength) resonators to the host transmission line
(TL): this is called the resonant-type approach [6]. All these artificial transmission
lines are also identified as composite right/left-handed (CRLH) lines, since they ex-
hibit left-handed (backward) wave propagation at low frequencies and right-handed
(forward) wave propagation at high frequencies [7]. Depending on different aspects,
such as the kind of resonator, how it is coupled to the line, and the additional el-
ements it is combined with, it is possible to design many different transmission
lines [6, 8]. The split ring resonator (SRR) is probably the most widely used com-
mon element, and it is basically composed of two concentric metallic rings with
splits at their opposite ends [9]. A periodic array of SRRs was used for the first
actual demonstration of a negative index refraction medium [10]. Other electrically
small (subwavelength) particle elements inspired by the split ring resonator, such
as the complementary split ring resonator (CSRR) [11], and the recently proposed
use of open particles (i.e., the open split ring resonator (OSRR) and its complemen-
tary OCSRR) can be applied as well as the loading elements of a host transmission
line [8]. The present chapter focuses on the automated synthesis of CSRR-based
resonant-type artificial TLs, but there are works on the direct extension to other
loaded lines, too.

The chapter is organized as follows. First, the CSRR-based artificial transmission
lines are introduced and explained in detail. Starting from the physical topology of a
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single unit cell, the EM behavior, its equivalent circuit, and the related characteristic
electrical parameters are obtained in a straightforward way. From a practical point of
view, this is very interesting, since this approach, which is based on SM techniques,
greatly reduces the computational time related to the optimization process. Next,
the implemented aggressive space mapping (ASM) technique is outlined, as well
as its application to the automated synthesis of these lines. Finally, some examples
illustrating the potential of this SM technique, along with the main conclusions and
future directions in this area of research, are briefly discussed.

2 CSRR-Based Artificial Transmission Lines

In this type of artificial transmission line, the CSRRs usually appear etched on the
metalized ground plane of the substrate, and the host line is typically implemented
in microstrip technology. Other planar configurations are also possible. The first
line under study has a simple geometrical topology that has been widely studied in
the literature [12, 13]. ASM techniques have proven to be a suitable synthesis tool
for these lines, and similar strategies can be extended to more complex topologies.
The layout of a single unit cell is depicted in Fig. 1(a); it consists of a microstrip
line with a CSRR etched on the ground plane just beneath the conductor strip. The
geometrical dimensions are the width of the microstrip line W, the external CSRR
radius rex;, the width of the slots ¢, the distance between them d, and the split of
the rings ssplit. This structure presents a stop-band response, over a narrow band, as
shown in Fig. 2(a). One of these unit cells, or some of the cells after cascading, can
be practically used to implement a notch (or stop-band) filter [14, 15].

The second type of artificial transmission line considered is called a CSRR-gap-
loaded line to make a clear distinction between it and the previous line. In this type,
a simple series gap of length s is introduced in the conductor strip line. This gap is
centered with respect to the CSRR locations, as illustrated in Fig. 1(b). Among other
applications, there are practical applications of this type of artificial transmission
line related to dual-band or enhanced bandwidth components. A slightly different
version of this line which presents the series gap with a T-shaped geometry is also
often used. This geometry allows an increase in the capacitance value for some
practical applications [16, 17].

As the size of the loading elements, the CSRRs, is much smaller than the op-
erating wavelength, the response of these two CSRR-based TLs can be accurately
described by equivalent lumped circuit models [12, 13] in the region where these el-
ements are operating. In Fig. 1, the equivalent model for each unit cell is presented
as a reactive element, since the CSRR is modeled by the parallel tank composed of
C. and L. In the first case (Fig. 1(a)), L represents the line inductance and C the
coupling capacitance between the line and the CSRR. We note that the ohmic losses
of the CSRR could be easily taken into account by just including a parallel resistance
in the model [12]. In the second case, L also represents the line inductance, while
C and C,; model the gap and the coupling with the transmission line, respectively.
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Fig. 1 Layout and equivalent circuit model of a unit cell of a CSRR-loaded line without (a) and
with (b) series gap. The ground plane is depicted in light gray

This T-model is achieved after a transformation of the standard s -network [13] that
models a series gap in a microstrip line [18]. The values of the circuit elements
shown in Fig. 1 can be directly extracted from the EM simulation of these struc-
tures (see [12] for the details). The parameter extraction (PE) process is a crucial
step in SM techniques, since it directly affects the convergence speed of these algo-
rithms [19]. The agreement between the circuit simulation of the extracted values
and the corresponding EM simulation is excellent, as illustrated with the two exam-
ples in Fig. 2. The process we have followed is briefly explained for completeness
in the following paragraphs.

Two frequencies can be easily identified, by observing Figs. 1 and 2. The fre-
quency that nulls the shunt impedance is represented by f,, and the one that nulls
the shunt admittance is represented by fj:

1
SN/ e .
1
TN ey @

The representation of the magnitude of the transmission coefficient, i.e., Sz1,
allows us to identify clearly the transmission zero at f,. On the other hand, the
shunt branch becomes an open circuit for the value of fj, which causes the reflection
coefficient S to be intercepted with the unit resistance circle in the Smith chart.
Moreover, at an angular frequency of —m/2 (/2 for the CSRR-gap-loaded line
case), the series and shunt impedances of the T-circuit model of the structure should
be equal with opposite signs:

Zs(w—n/Z) = _Zp(a)—n/Z)- 3)
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Fig. 2 Typical magnitude and phase of the transmission coefficient of the CSRR-based artificial
transmission lines shown in Fig. 1. The plots (a) and (c¢) correspond to the CSRR-loaded line;
(b) and (d) to the CSRR-gap-loaded line. EM and electrical simulations are depicted in bold and
dotted lines, respectively

Hence, for the first line all the parameters are determined just by solving the
equation system given by the previous expressions. In the CSRR-gap-loaded line,
an additional condition is needed to fully determine the complete circuit, which has
one more parameter (Cg). This extra condition is given by the resonance frequency
of the series branch as follows:

s “4)

1
2 /LG,
which is simply derived from the interception of S1; with the unit conductance
circle, when the impedance on the series branch is rendered closed-circuit.

3 Application of SM Techniques

The main advantage of SM techniques is that they shift the optimization load from
an expensive “fine” model to a cheaper “coarse” model. In the microwave area, fine
models are often based on full-wave EM simulations, while coarse models usually
employ equivalent circuits of the structures under study. After a reasonable number
of fine model evaluations, SM algorithms lead in general to the construction of a
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mapping between “fine” and “coarse” models providing a satisfactory solution in
the accurate (“fine”) simulation space.

The ASM method was originally introduced by Bandler et al. in 1995 [20]. It
is one of the successive enhanced techniques that have been proposed in the liter-
ature since the appearance of the first SM approach [21]. In order to automate the
synthesis procedure of CSRR-based artificial lines, the constrained version of the
Broyden-based linear SM [22] is selected. Our approach uses constraints to avoid
the instabilities of the Broyden-based linear SM algorithm, as well as to avoid reach-
ing unwanted (from a practical realization point of view) solutions.

Each SM-based design strategy tries to find a mapping (P), which relates the
design parameters of the EM model, denoted from now on as vector Xem, and the
coarse model parameters, vector x:

X. = P(xem) (5)
such that the different model responses, Rem (Xem) and R.(x.), are aligned,
Rem(Xem) ~ RC(P (xem))v (6)

in the region of interest. The solution x7, is found via the inverse transformation
of P:

Xen =P (x7), M

where x' is the optimal coarse solution which provides the desired target response
R:(x}). In the problems we considered, the coarse model parameters are the ele-
ments of the corresponding equivalent lumped circuit models. For the EM models,
the dielectric characteristic of the substrate and its related thickness are known data,
and the geometry dimensions are the design parameters. See Fig. 3 for each of the
considered cases. The model response is related to the device behavior, so the scat-
tering parameters are evaluated in a predefined frequency range.

Of course, the goal of ASM is to find the solution x¢y which approximates the
optimal coarse model response x*. This means, expressed in mathematical terms,
that we must solve the following set of nonlinear equations:

f(xem) = P(xem) — x: =0, ®)

where f is a suitable error function. Since ASM is an iterative algorithm, we will
add a superscript to the notation in order to indicate the iteration number. Thus,
xé{g indicates the j-th approximation to the solution layout. The next solution is
predicted by applying a step £/ to the previous one in the quasi-Newton direction,

xeh ) =xh + 0V, ©)
which is calculated as follows:
BWRWD — —f(j), (10)

where B/ is called the Broyden matrix [20, 22], which is properly updated in each
iteration. Since the calculation of /) requires the inverse of B/} according to (10),
it is more convenient to have the same number of parameters in each model; as a
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Fig. 3 Conceptual diagram of space mapping techniques for the two cells to be synthesized

result, BY) is a square, nonsingular matrix. Hence, the split of the CSRR sgpj;¢ is
considered a square gap of side ¢, and the length of the line [ is fixed to the diameter
value of the CSRR external ring. This is a reasonable assumption due to the fact that
larger/smaller lengths of the line would lead to different equivalent circuit models,
and on the other hand the CSRR sensitivity on the split size is not very high.

In the constrained approach, k) is decreased in the same quasi-Newton direc-
tion by a shrinking factor §, when the new solution xé{g is not within the acceptable
established limits. Dimensions that are too small may be impossible to implement
due to technological limitations. Moreover, the equivalent circuit model used for
the PE stage might be inaccurate for very extreme dimensions, which is a critical is-
sue for ASM convergence. The algorithm continues with normal evolution once the
quasi-Newton step is properly adjusted; see Fig. 4. Convergence is achieved when
the norm of the error function /) given by:

|7 = () = L) 4 () — ) 4 (L — L2) + (¢ —cz)* )

is smaller than a fixed positive value < 1. In the case of CSRR-gap-loaded lines
the stopping criterion is slightly modified to || flfér)mn < np and/or || fO| < n,
where the normalized error function is defined as:

) LU 2 Folt) 2 L(j) 2 C(j) 2
() c ¢
||fnérm||=\/(1— L*> +(1— C*) +<1— L;*) +<1— c:) (12)

and where 11, 2 are small positive numbers close to zero, 1 < 72 < 1.

For the algorithm initialization, given an ideal target frequency response char-
acterized by x}, an initial layout x£}3 needs to be inferred. This is done by using
well-known analytical formulas that link the electrical parameters with the geomet-

rical dimensions of the host line and the CSRR resonator separately, thus not taking
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Fig. 4 Flow diagram of the proposed constrained ASM algorithm

into account the coupling between them. For the host line, different models are used
depending on the presence or absence of the gap. In the simplest case (i.e., without
the gap, see Fig. 1(a)), the characteristic impedance can be approximated by:

L L*
ZO = pUI I —* (13)
Cpul C

where Lpy and Cpy are the per-unit-length inductance and capacitance of the mi-
crostrip line, respectively. For a given impedance value and known dielectric con-
stant &,, the ratio of the width W over the substrate height & can be calculated as:

W eZS/fiz for (W/d) <2,
d 2[B—1-Q2B — 1)+ % {In(B — 1) +0.39 — %814} for (W/d) > 2
(14)

and hence the initial width is estimated [23]. The terms A and B are given by:

Zo ler+1 & —1 0.11
=—\— 0.23 ,
60 2 +er—i—1< + &r )

B 377
C2Z05
A host microstrip line with a gap, according to [18], can be modeled by means
of a 7 -circuit composed of three capacitors (Cy for the series branch and C), for the

parallel capacitance). Those values, depicted in Fig. 5, can be connected with the
ones of the w-circuit model in Fig. 1(b) through the following expressions:

15)
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Fig. 5 Equivalent circuit to the simplified model of Fig. 1(b), proposed in [12]
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The parallel capacitance C), is defined as:

Cp=Cr+Cyp, (18)

where Cp, and C s are the line and the fringing capacitance, respectively. Typically,
C) is dominated by the line capacitance; therefore, we can neglect the fringe ca-
pacitance in a first-order approximation, and consider that the parallel capacitance
is equal to the line capacitance. Knowing Cy and L*, the characteristic impedance
of the host line is obtained following a similar procedure to (13), and consequently
the initial width can also be determined for the line [23].

Now, in order to estimate the CSRR initial dimensions, we need to perform a very
simple optimization process. Analytical formulas for the approximate characteristic
electrical parameters of a given topology are known (see [24]). In this case, we fix
one of the CSRR geometry parameters to a constant value (typically ¢) to ease the
optimization process followed to find a deterministic solution for the initial layout.
Therefore, we find the optimal values of r and d that minimize the error function
between the electrical parameters of the real structure (L., C.) and the target ones
(LE, CX):

V(Le = LE2+ (C. — C¥)2

ferror = (sz)z T (C:)z

The procedure followed for the initialization of the Broyden matrix B is based
on a finite difference scheme. Although the identity matrix is typically chosen for
initialization, a different approach was proposed in order to help the algorithm con-
verge faster, considering that the design parameters are completely different in each
model, i.e., physical versus electrical ones. To this extent, each geometrical param-
eter is slightly perturbed from the estimated initial value, the new layout is sim-
ulated, and then the corresponding electrical parameters are extracted. Thus, the
initial Broyden matrix is calculated as follows:
oL/OW  OL/0rexy 9L/0c OL/dd
aC/dW  9C/drexy 9C/dc  0C/od
oL./OW 9L /0rexx 0L./0c OL./9d
0C./OW 9C./0rexy 9C./0c 3C./dd

19)

B = (20)
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To conclude this section, some aspects regarding the practical implementation of
the proposed SM method are discussed (further details can be found in [25]). The
core of the program (the ASM algorithm) has been implemented in MATLAB [26].
External calls to a microwave engineering CAD suite that allows full-wave simula-
tions are done using scripts. After each layout simulation, MATLAB recovers the
control and makes use of the S-parameters to extract the electrical parameters in a
straightforward way, as was previously explained. Next, the norm of the error func-
tion is evaluated (11)—(12). Normal ASM execution continues if convergence is not
reached, or if the maximum number of EM simulations N (established by the user)
is not exceeded; see Fig. 4. Thus, a fully automated tool [27-29] that makes it pos-
sible to synthesize these artificial transmission lines is available. As a consequence,
the design process is shortened from many hours/days to several minutes/hours, and
does not require the user to have special designing skills.

4 Validation Examples

In order to demonstrate the capabilities of the proposed synthesis technique, differ-
ent examples (one for each cell of study) are presented. The optimal coarse solutions
for both cases are taken from [12], with the aim of checking whether the proposed
synthesis method provides final layouts close enough to the ones already given
in [12]. The selected substrate is Rogers RO3010 with a thickness of 7 = 1.27 mm,
a dielectric constant of &, = 10.2, and loss tangent tan § = 0.0023. Dielectric losses
were not taken into account for the EM simulations, and metal parts were consid-
ered as perfect conductors (since we did not include a resistance in the equivalent
circuit model). For each example we have made use of a different commercial EM
solver: Ansoft Designer [30] was used in the first case and Agilent Momentum [31]
in the second one.

4.1 Example of a CSRR-Loaded TL

The optimal target solution x} (see Table 1) has a transmission zero at f; = 1 GHz.

The initial layout, xg,),, is quite shifted from the target response (see Fig. 7), but it
can still be considered a good starting point for initiating the algorithm. Neverthe-
less, it is obvious that a better initial point (smaller value of || f(1||) would lead to a
faster convergence of the algorithm. In Fig. 6 one can clearly see the evolution of the
error function with the execution of the ASM algorithm; it becomes rather small af-
ter just ten iterations. The final synthesis was obtained in iteration 17, which means
a CPU effort of approximately 30 min (using a standard computer with 3 GB of
RAM and a 2.86 GHz clock processor).

A good matching for the responses of the optimal coarse solution x* and the final
optimum layout x}, can be clearly seen in Fig. 7. The dimensions of the final unit
cell are summarized in Table 2, where the initial layout is also included.
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Table 1 Coarse solutions and norm of the error function
L [nH] C [pF] L. [nH] C. [nH] LAl
Target x* 5.080 4.430 2.980 4.060
Initial x " 8.201 2.793 2,672 4.109 3.5377
Final x{'” 5.076 4.420 2.986 4.063 0.0124
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Fig. 6 Evolution of || f|| versus iteration number for the first example
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Table 2 Layout dimensions

Text [mm] ¢ [mm] d [mm] W [mm] lstrip [mm]
Initial x()) 6.39 0.25 0.95 2.43 12.78
Final x, 5.67 0.33 0.34 4.93 11.34

Table 3 Layout dimensions

Fext [mm] ¢ [mm] d [mm)] W [mm] s [mm]
Initial x()) 5.46 0.25 0.33 1.14 0.11
Final x%,, 5.62 0.31 0.19 3.90 0.31

4.2 Example of a CSRR-Gap-Loaded TL

The target parameters of the circuit model for this example are L* =4.92 nH, C* =
35.87 pF, L7 =3.41 nH, C = 3.85 pF, and C; = 1.05 pF. Note that the requested
value for the coupling capacitance C* is big due to the presence of the gap, and since
its magnitude is much larger than the rest of the circuit parameters, the norm of the
normalized error (12) has been used for the stopping criterion. The final synthesis
data (see Table 3) were obtained after 25 iterations, which means around 90 min of
CPU time, and it can be seen that they are really close to the ones provided in [12]
(which were derived via a manual optimization procedure).

The agreement between the circuit simulation of x} and the final EM simulation
x}, is indeed very good, as it can be see in Fig. 8. There is a slight discrepancy
between the measurements and simulations attributed to the tolerances of the fabri-
cation process.

5 Enhancements

In order to increase the robustness and accelerate the convergence rate of the algo-
rithm, some other enhancements have been implemented. For instance, a line search
(LS) technique has been introduced in the ASM update stage, with the aim of avoid-
ing abrupt variations in the error norm evolution || f|| [32]. Introducing LS causes
|| f || to follow a global decreasing behavior until convergence is achieved. See Fig. 9.

When the error function is enormously increased with respect to the previous
iteration, taking the full Newton step i'/) is a bad choice. The length of the step is
controlled with LS in the same Newton direction by means of a factor A:

xS =x 0 D, 0<a<1. @21

First, A is chosen equal to unit (i.e., the normal evolution of the algorithm), and

if the solution xgnﬂ) does not meet the following criterion:

Fe™) < ) 4o VF(xeh) - hY withe=107%, (22
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Fig. 8 Magnitude (a) and phase (b) of the transmission coefficient of the structure previously pub-

lished in [29]. The initial solution xélﬁ, final solution x 7, target response x, and measurements

are drawn with blue dotted, red dotted, red solid, and solid blue lines, respectively

several backtracks along the Newton directions are applied until the error func-
tion is decreased, or xé{}f“ is equal to xé{g For the first backtrack, the error func-
tion is modeled by a quadratic polynomial function, and in the following ones by
means of a cubic polynomial approach; see [33] for more details about the LS tech-
nique. One example where LS results in a clear improvement is the one shown in
Fig. 10. The synthesized cell corresponds to the first type of lines (Fig. 1(a)) with
a target response given by L*[nH] = 4.860, L.[nH] = 2.180, C*[pF] = 1.640, and
C’[pF] = 2.890. The number of EM simulations needed to find the final synthesis is
decreased from 29 to 18, hence reducing the computational time significantly. The
initial layout and the corresponding final synthesis dimensions are summarized in
Table 4. The ASM constrained approach used a shrinking factor of § = 0.4.
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Table 4 Layout dimensions and error function values

Text [mm] ¢ [mm] d [mm] W [mm] A1l
Initial x5 4.83 0.25 0.93 0.99 3.105
ASM x%, (8 =0.4) 4.02 0.42 0.15 1.95 0.048
ASM +LS x%, (8 =0.4) 4.03 0.43 0.16 1.99 0.050
35 : -
- ASM
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[
vl

L
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—
— in

0.5p
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13
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Fig. 10 Evolution of || f|| versus iteration number, using ASM with § = 0.4 (solid blue line) and

ASM + LS (dashed black line)

After applying the LS algorithm to several examples, we have found that the
introduction of LS does not always provide the expected positive effects. In some
cases, we have observed that the convergence of the algorithm with LS can be-
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Fig. 11 Evolution of || f|| versus iteration number, using ASM (solid blue line), ASM + LS
(dashed black line), and ASM + LS modified (dotted green line)

Table S Layout dimensions and error function values

Text [mm] ¢ [mm] d [mm] W [mm] Al
Initial x{! 4383 0.25 0.93 0.99 3.1053
ASM x* (5§ =0.3) 4.02 0.40 0.18 1.93 0.0104
ASM +LS x (5§ =0.3) 4.03 0.38 0.19 1.95 0.0137
ASM +LSmod x¥, (§=0.3)  4.02 0.40 0.18 1.93 0.0104

come slower than without it. Each backtrack performed implies an additional EM
simulation. If the error is high (far from the final synthesis) it has no sense to per-
form several backtracks when previous iteration presents an error of the same order.
Many backtracks will have a high cost and not a real benefit, it is enough to apply a
small correction in order not to slow the progress of the algorithm. Therefore, only
one backtrack is performed while the norm of the error (or normalized error for
the case of CSRR-gap loaded lines) is still far from the stopping criterion for the
ASM algorithm. In Fig. 11 this fact is illustrated using the same target response as
tested previously but a different shrinking factor: § = 0.3. The algorithm is forced
to continue until 70 iterations to clearly appreciate the softer evolution of the algo-
rithm when standard LS is applied. For the modified LS algorithm, convergence is
already achieved at iteration 13, whereas the normal execution of ASM (6 = 0.3)
converges at iteration 44. All solutions for this last example are collected in Table 5.
It is remarkable that sometimes choosing a bad value of § can also lead to a slow
convergence of the algorithm, and this modified solution of LS can help to minimize
that effect.
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6 Conclusions

In conclusion, it has been demonstrated that SM techniques are very valuable when
used for the automated and efficient synthesis of CSRR-based artificial transmis-
sion lines. A robust method, which provides very good agreement between the tar-
get response and the EM simulation of the final layout solution, has been success-
fully proposed. This work opens a promising path towards the application of similar
methodologies to synthesize other artificial transmission lines, as well as more com-
plex passive devices based on them.
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