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Abstract: Design closure of compact microwave components is a challenging problem because of 

significant electromagnetic (EM) cross-couplings in densely arranged layouts. A separate issue is a 

large number of designable parameters resulting from replacement of conventional transmission 

line sections by compact microstrip resonant cells. This increases complexity of the design 

optimization problem and requires employment of expensive high-fidelity EM analysis for reliable 

performance evaluation of the structure at hand. Consequently, neither conventional numerical 

optimization algorithms nor interactive approaches (e.g., experience-driven parameters sweeps) are 

capable of identifying optimum designs in reasonable timeframes. Here, we discuss application of 

feature-based optimization for fast design optimization of dual- and multi-band compact couplers. 

On one hand, design of such components is difficult because of multiple objectives (achieving 

equal power split as well as good matching and port isolation for all frequency bands of interest). 

On the other hand, because of well-defined shapes of the S-parameter responses for this class of 

components, feature-based optimization seems to be well suited to control multiple figures of 

interest as demonstrated in this work. Two-level EM modeling is used for further design cost 

reduction. More importantly, we develop a procedure for automated determination of the low-

fidelity EM model coarseness that allows us to find the fastest possible model that still ensures 

sufficient correlation with its high-fidelity counterpart, which is critical for robustness of the 

optimization process. Our approach is illustrated using two dual-band compact couplers. 

Experimental validation is also provided. 
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1. Introduction 

Microstrip branch-line couplers (BLCs) are important microwave/RF components widely used 

in various systems such as Butler matrices [1], [2], circular polarization antennas [3], [4] or 

crossovers [5], [6]. Conventional coupler structures are four-port devices implemented using four 

quarter-wavelength transmission line sections. The typical performance specifications of BLCs are to 

provide equal power split and 90-degree phase shift between the transmission and the coupling ports 

at a given operating frequency [7]. Additionally, they should ensure sufficient matching and isolation 

at and around the operating frequency, which is enforced by simultaneously imposing requirements 

for 20 dB bandwidth for S11 and S41 [8]. For dual- and multi-band couplers, the aforementioned 

requirements are supposed to be fulfilled for several operating frequencies at the same time [9]-[11]. 

An important drawback of traditional BLCsjust as majority of other circuits constructed using 

conventional transmission linesis their large footprint [12], [13]. There have been several methods 

developed over the years for reducing BLC sizes [8], [12]-[16]. Perhaps the most efficient strategies 

are those based on replacing the transmission lines of the conventional circuit with their 

corresponding slow-wave structures [13]. Other interesting techniques employ ground plane 

perforations [15], or modifications of the transmission lines by means of fractal geometries [16]. 

Utilization of unconventional topologies may result in over 85 percent miniaturization rate [15], [17]. 

However, size reduction is achieved at the expense of performance degradation. Typically, a reduced 

operational bandwidth is observed, as well as deviations from the ideal phase shift and/or equal power 

split. Consequently, the practical designs are normally trade-offs between the structure size and its 

electrical performance [8], [18]. 

Clearly, BLC design process becomes even more challenging (especially in terms of the size 

reduction) for multi-band couplers. In particular, the miniaturization techniques developed for single-

band circuits cannot be adopted for multi-band structures in a straightforward way. This is mostly a 

consequence of low-pass properties of the transmission line modifications [15]. The compact dual-

band BLC designs proposed in the literature (e.g., [19], [20]), are usually based on local alterations in 

the form of the circuit bends or stepped impedance resonators and they do not lead to considerable 

miniaturization rate. It seems that significant size reduction requires global BLC geometry 

modification, i.e., realized at the level of the entire circuit rather than locally, i.e., at the level of the 

individual transmission lines. Such modifications should be dedicated to the coupler structure at hand 

and formed to densely fill the interior of the BLC [15], [18], [19]. 
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Selecting an appropriate miniaturization method and development of a coupler topology is just one 

of the necessary steps of design process. Another, just as important step, is adjustment of the structure 

dimensions. It is challenging because of the necessity of fulfilling many requirements concerning 

matching, power split, port isolation, bandwidth, etc., independently for each operating frequency. As 

mentioned earlier, compact designs introduce multiple cross-couplings within the structure. Some 

important consequences affecting the design process are [8], [17]: (i) equivalent circuit models are not 

reliable, (ii) accurate evaluation requires full-wave EM analysis, (iii) parameter-sweep-based 

procedures are inefficient and prone to failure. A recommended approach is automated design 

through simultaneous numerical optimization of all relevant geometry parameters. However, 

conventional optimization algorithms may be impractical due to excessive computational cost [21]. 

Design speedup can be obtained using surrogate-based optimization (SBO) [21]-[24]. One of the 

most popular SBO methods in microwave engineering is space mapping (SM) [21], [24]. 

Unfortunately, its application to compact circuit design is limited because of poor generalization of 

the surrogate model constructed from equivalent network representations [21]. 

Recently, feature-based optimization techniques have been introduced for handling expensive 

EM-driven design problems [25], [26], where close-to-linear dependence of the suitably defined 

characteristic points of the response on geometry parameters results in considerable cost 

reduction compared to directly optimizing the original responses of the structure (S-parameters 

versus frequency). In [11], feature-based optimization has been successfully demonstrated for a 

dual-band BLC. Here, we extend the work of [11] in two different ways: (i) we implement 

feature-based BLC design in a variable-fidelity EM simulation setting, and (ii) develop a 

procedure for automated selection of low-fidelity EM model discretization level. While (i) leads 

to further design cost reduction compared to [11], (ii) results in the best possible speedup while 

ensuring robustness. Numerical examples illustrate the benefits of variable-fidelity feature-based 

design and the importance of appropriate model coarseness adjustment. Experimental validation 

is also provided. 

 

2. Feature-Based Optimization of Compact Couplers with Automated Model Fidelity 

Selection 

In this section, a variable-fidelity feature-based optimization scheme for compact multi-band 

BLC design is formulated. Its important part is an automated procedure for model coarseness 
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adjustment. It is based on correlation analysis of the feature spaces of EM models of various 

fidelities and allows us to select the fastest possible simulation setup that still ensures design 

robustness. 

 

2.1. Response Features for Multi-Band Couplers 

In the design of coupler structures, the design objectives are normally formulated in terms of 

the scattering parameters and include (i) achieving equal power split (i.e., |S21| = |S31|) as well as (ii) 

minimization of |S11| and |S41|. Both objectives are to be simultaneously fulfilled for one (for single-

band couplers) or several operating frequencies (for multi-band couplers), denoted here as fk, k = 1, 

…, Nf, The second objective is often formulated in terms of obtaining sufficient 20 dB bandwidth 

for both |S11| and |S41|. 

The typical responses for a compact dual-band coupler are shown in Fig. 1. These are the actual 

characteristics of the structure considered in Section 3. One can notice that the responses are highly 

nonlinear as functions of frequency, therefore, difficult to optimize. Here, we utilize the concept of 

response features and feature-based optimization [25] to accelerate the optimization process. 

Because we are interested in ensuring equal power split as well as good matching and isolation at 

all operating frequencies fk, the features of interest are selected as local maxima of |S21| and |S31| and 

minima of |S11| and |S41| around f1 and f2. Some of these points are marked in Fig. 1. Each feature 

point is characterized by the two coordinates: frequency (F) and level (L). Figure 2 shows a family 

of coupler responses of Fig. 1 corresponding to designs along certain line segment in the design 

space. Note that despite of highly nonlinear dependence of S-parameters on the coupler geometry, 

behavior of the feature points (cf. Fig. 3) is close to linear. Consequently, expressing the design 

goals in terms of the feature points and using feature-based surrogates is expected to speed up the 

optimization process considerably. 

 

2.2. Design Problem Formulation in Feature Space 

The coupler design problem is formulated in the feature space as [25]:  

* arg min ( ( ), ( ))
x

x F x L xU                            (1) 
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Fig. 1. Typical responses of a dual-band coupler [11]. Selected feature points are marked with the circles (here, 

corresponding to the maximum of |S21| around the lower operating frequency f1, maximum of |S31| around the higher 

operating frequency f2, as well as the two minima: of |S41| around f1, and of |S11| around f2). 

 

 
Fig. 2. Family of coupler responses corresponding to its geometries along certain line segment in the design space 

showing highly nonlinear behavior of S-parameters on geometry variables of the circuit. 

 

 
Fig. 3. Selected feature points (as marked in Fig. 1) corresponding to coupler geometries along the same line segment 

parameterized by t as in Fig. 2. Note that dependence of feature coordinates on coupler geometry is close to linear. 

 

where U is the objective function formulated in terms of the feature vectors F(x) and L(x) (i.e., 

frequency and level coordinates of the respective feature points). The objective , where x is a vector 

of geometry parameters to be adjusted. The objective function is defined as the maximum of the 

feature point levels corresponding to the minima of |S11| and |S41| at all operating frequencies with 
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added penalty terms that are proportional to the deviations between the frequency coordinates of all 

feature points and the respective operating frequencies. Thus, the primary objective is to improve 

matching and isolation at all the operating frequencies fk, k = 1, …, Nf, and move the points of equal 

power split as close to the respective frequencies fk as possible. The objective function is given as 

2 2

11. 41. 1 11. 0. 2 41. 0.
1,...,

1 1

( ( ), ( )) max { , } ( ) ( )
f f

f

N N

k k k k k k
k N

k k

U l l f f f f 


 

     F x L x

 (2) 

where l11.k and l41.k are feature point level coordinates of the feature points corresponding to matching 

and isolation minima, whereas f11.k and f41.k are frequency coordinates of the same points; f0.k are 

required operating frequencies of the coupler. We also consider the following equality constraints: 

( ( )) 0, 1,...,k fc k N L x                                (3) 

which are formulated in terms of the feature point level coordinates, i.e., ck = l21.k – l31.k, where l21.k 

and l31.k are the feature point levels corresponding to the maxima of |S21| and |S31| around the operating 

frequency fk. The constraints (3) allow for enforcing equal power split at all frequencies. In practice, 

they are also handled through penalty terms similar to those utilized in the objective function. 

2.3. Variable-Fidelity Feature-Based Optimization Algorithm 

The feature points can be extracted from the known S-parameter response of the coupler. 

However, direct solving of the problem (1) would still be expensive when executed using 

conventional methods (although cheaper than minimizing objectives formulated in terms of the S-

parameters vs. frequency). Instead, we carry out the following iterative procedure 

( ) ( )

( 1) ( ) ( )

|| ||
arg min ( ( ), ( ))

 


x x
x F x L x

i i

i i i

S S
r

U                       (4) 

 

with the constraints 

( ) ( )( ( )) 0, 1,...,i i

k S fc k N L x                             (5) 

In the above formulation, the sequence x
(i)

, i = 0, 1, …, approximates the solution x
* 

to the 

original problem (1). The functions FS
(i)

 and LS
(i)

 are linear approximation models of the feature 

point vectors F(x) and L(x) established at the current design x
(i)

 using n perturbed designs around 

x
(i)

 and the corresponding feature points. In order to further reduce the design cost, the perturbed 

designs are obtained at the level of the low-fidelity EM simulation model, denoted as Fc(x) and 

Lc(x) for the feature point frequencies and levels, respectively. More specifically, we have  
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( ) ( )

( ) ( ) ( ) ( )
( )1

( ) ( )

( ) ( ) ( ) ( )
... ( )

i i

S

T
i i i i

ic c c n c

h h

 

    
   
 

F x F x

F x h F x F x h F x
x x

    (6) 

and 

( ) ( )

( ) ( ) ( ) ( )
( )1

( ) ( )

( ) ( ) ( ) ( )
... ( )

i i

S

T
i i i i

ic c c n c

h h

 

    
   
 

L x L x

L x h L x L x h L x
x x

    (7) 

where hk = [0 … 0 h 0 … 0]
T
 with h at kth position is obtained based on sensitivity analysis. 

Thus, construction of the models FS
(i)

 and LS
(i)

 requires a single EM simulation of the coupler 

structure at the high-fidelity (original model) level, and n evaluations of the low-fidelity EM 

model (here, n is the number of designable parameters). Note that because of the model definition 

the surrogate (6), (7) agrees exactly with F(x) and L(x) at the current design x
(i)

, i.e.,  F(x
(i)

) = 

Fs
(i)

(x
(i)

) and L(x
(i)

) = Ls
(i)

(x
(i)

).  

As mentioned before, due to only slightly nonlinear dependence of the feature points on x, 

generalization capability of the linear expansion models (6) and (7) will be very good so that the 

number of iterations (4) (thus, the overall optimization cost) is expected to be low. It is also 

worth noticing that the constraint functions (5) are approximated through the linear expansion 

model for L(x), however, upon convergence of the optimization process, they converge to the 

“true” constraints by definition of LS
(i)

. 

The algorithm (4) is embedded in trust-region framework [27] with the search radius r
(i)

 

updated using the standard rules [27]. 

2.4. Automated Low-Fidelity Model Selection through Correlation Analysis 

Because of using the low-fidelity model for computing the linear part of the surrogates (6) and (7), 

it is critically important that the low-fidelity models Fc and Lc are sufficiently well correlated with the 

high-fidelity model F and L. Because the low-fidelity model is only present in (6) and (7) through its 

estimated sensitivity, the absolute alignment between the low- and high-fidelity models is not of 

concern. The emphasis is put on sufficiently good alignment of the feature point gradients with 

respect to the designable parameters, both for the frequency and the level components. In this section, 

we develop a simple yet automated procedure for determining an appropriate discretization level for 

the low-fidelity model. 
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Let xa be an arbitrary design (e.g., an initial design) and xb be its perturbation (in arbitrary direction 

but small). Normally, perturbation size of up to three percent of the design space size is sufficient, 

however exact values have to be determined based on sensitivity analysis. We define the following 

vectors: 

( ) ( )b a  F F x F x ,      ( ) ( )b a  L L x L x             (8) 

( ) ( )c c b c a  F F x F x ,       ( ) ( )c c b c a  L L x L x        (9)     

which describe the changes of the feature points (frequency and level components) for the high- 

model and the low-fidelity model, respectively. Subsequently, the linear regression of the data 

sets {F, Fc} and {L, Lc} is calculated, and the coefficient of determination r
2
 [28] is 

computed for both sets. The coefficient r
2
 describes how well the low- and high-fidelity data sets 

are correlated, in other words, what is the confidence level when using the low-fidelity model 

(instead the high-fidelity one) for sensitivity estimation in (6) and (7). Perfect correlation 

corresponds to r
2
 = 1.0. Here, we take r

2
 = 0.9 as sufficient correlation level. 

In practice, a family of low-fidelity models with various (increasing) discretization levels is 

considered. In this work, we utilize CST Microwave Studio [29] for EM analysis, and the LPW 

parameter (lines per wavelength) is selected for setting up the discretization level of the model. The 

high-fidelity model corresponds to LPW = 40. We use LPW = 8 and up for the low-fidelity models. 

Figure 4 shows the scatter plots Fc versus F and Lc versus L, along with the regression 

lines, for the coupler of Section 3 for the three values of LPW: 10, 16, and 26. It can be observed 

that the model with LPW = 10 is clearly too coarse, especially in terms of the level components. 

Alignment is greatly improved for LPW = 16; however, the deviations from the regression line 

seem still too large for the level components. The model with LPW = 26 exhibits very good 

correlations with the high-fidelity model.  

Figure 5 shows the r
2
 plots for the range of LPW values from 8 to 40. The value of r

2
 is very 

low for LPW smaller than 15 and stabilizes for LPW > 20. Obviously, r
2
 = 1 for LPW = 40. It 

can also be seen thatespecially for higher values of LPWcorrelation is better for the level 

components than for the frequency components. An important aspect is that the values of r
2
 

exhibit large fluctuations, particularly for small values of LPW. This is partially the effect of the 

numerical noise (decreasing with the increase of the discretization density) but also an arbitrary 

choice of the reference design. Therefore, for the sake of the model selection, we calculate the 
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moving average of the r
2
 values (calculated for the three consecutive points along the 

characteristic) and then consider the mean of the frequency and the level characteristics. As 

indicated in Fig. 5, the mean is much smoother than the “raw” characteristics. For the acceptance 

level for r
2
 equal to 0.9, the threshold value of LPW = 22.  

Based on the considerations above, the procedure for low-fidelity model selection can be 

summarized as follows: 

 Evaluate the EM model at two designs xa and xb as described above for the preselected 

range of LPW; 

 Obtain the mean of the correlation parameters characteristics r
2
 for the data sets {F, 

Fc} and {L, Lc} for all LPW values; 

 Select the low-fidelity model for which the mean r
2
 is larger than 0.9. 

 

 

(a) 

 
(b) 

 
(c) 

Fig. 4. Scatter plots Fc versus F (left) and Lc versus L (right) for the three low-fidelity models defined with 

LPW = 10 (a), 16 (b), and 26 (c). The black solid lines denote the linear regression function; the red lines are 

regression functions for the reference data sets {F, F} and {L, L}. 

-0.06 -0.04 -0.02

-0.06

-0.04

-0.02

 F (GHz)


 F

c (
G

H
z)

-0.05 0 0.05

-0.02

0

0.02

 L (dB)


 L

c (
d

B
)

-0.06 -0.04 -0.02
-0.08

-0.06

-0.04

-0.02

 F (GHz)


 F

c (
G

H
z)

-0.05 0 0.05
-0.04

-0.02

0

0.02

 L (dB)


 L

c (
d

B
)

-0.06 -0.04 -0.02

-0.06

-0.04

-0.02

 F (GHz)


 F

c (
G

H
z)

-0.05 0 0.05

-0.05

0

0.05

 L (dB)


 L

c (
d

B
)

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

Fig. 5. r
2
 plots for the {F, Fc} and {L, Lc} data sets versus model discretization level (here, determined by the 

LPW parameter). Original data plotted using dotted (frequency components) and dashed lines (level component). 

Moving averages plotted with continuous line, whereas the frequency/level mean plotted using thick line with star 

markers. Acceptable confidence level (0.9) is marked using a horizontal line. 

 

It should be noted that the procedure is computationally cheap because coarse-discretization EM 

simulations are considerably faster than the high-fidelity ones (the overall cost corresponds to just a 

few evaluations of the high-fidelity EM model). The procedure is fully automated. The examples 

discussed in Section 3 and 4 indicate the importance of an appropriate low-fidelity model setup both 

from the point of view of the reliability of the optimization process and its computational cost. 

 

3. Design Case I: Compact Dual-Band BLC I 

In this section, we discuss a compact dual-band branch-line coupler structure designed for the 

two operating frequencies f1 = 0.92 GHz and f2 = 1.9 GHz. Description of the coupler structure is 

followed by the numerical results and comparison with the benchmark methods, including single-

fidelity feature-based optimization. Experimental validation is also provided. 

 

3.1. Coupler Structure 

Consider a compact dual-band branch-line coupler shown in Fig. 6 [11]. The circuit is 

implemented on Taconic RF-35 dielectric substrate (h = 0.762 mm; εr = 3.5; tanδ = 0.0018). The 
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structure is constructed using the transmission lines of three different characteristic impedances with 

equal electrical lengths [9]. The compact design is based on conventional dual-band BLC realization 

and modified so that the interior of a coupler is filled as much as possible. The BLC geometry is 

described by seven independent adjustable parameters x = [w1 w2 w3 l1 l2 l3 l31]
T
. The dependent 

variables are l1m = 0.2∙|l3 + 3w3 + 3l3m – 4w1|, l2m = 0.2∙(l3 + w3 + l3m + 0.5w1 – 4.5w2) and l32 = w1 + 

l1 – w3, whereas l3m = 0.2 and w0 = 1.7 (the unit is mm). The area occupied by the coupler is defined 

as A × B rectangle with A = 2∙(l1 + 2w1) + 5w3 + 6l3m and B = 2∙(5w1 + 5l1m) + w3. The high-fidelity 

EM model of the structure is implemented in CST Microwave Studio (~500,000 mesh cells; LPW = 

40). Its average simulation time is 15 min.  

The following design objectives are considered in the optimization process: (i) equal power split 

between the transmission and the coupling ports (i.e., |S21| = |S31|), (ii) minimization of the return loss 

|S11|, and (iii) minimization of isolation |S41|. The assumed operating frequencies are f1 = 0.92 GHz 

and f2 = 1.9 GHz. The physical consistency of the circuit geometry is ensured by imposing the 

following lower and upper bounds for design variables: l = [0.7 0.3 0.5 6 6 4 10]
T
 and u = [1.7 1.3 

1.5 10 10 8 14]
T
. 

The low-fidelity model has been selected by considering various values of LPW in the range 

from 8 to 40. The selected scatter plots as well as the r
2
 plots have been presented in Figs. 4 and 5, 

respectively. Based on this analysis, the model with LPW = 22 has been selected as the low-fidelity 

model for the variable-fidelity feature-based optimization as described in Section 2. 

3.2. Numerical Results. Low-Fidelity Model Selection Impact 

The initial design x
(0)

 = [1.39 0.58 0.99 8.66 9.19 5.02 12.73]
T
 mm has been obtained by 

optimizing the equivalent circuit model of the circuit. Figure 7 shows the responses at x
(0)

 

indicating non-equal power split at both operating frequencies as well as the frequency shift for 

matching and isolation characteristics for f2.  

The final design x
*
 = [1.45 0.55 0.87 9.01 9.82 5.16 12.04]

T
 mm has been obtained after three 

iterations of the algorithm (4), (5). The footprint of the coupler is 29.3 × 34.2 = 1002 mm
2
. The 

circuit responses are shown in Fig. 8. It can be observed that they are well centred around the 

operating frequencies, and almost equal power split has been achieved (|S21| – |S31| < 0.03 dB for 

f1, and |S21| – |S31| < 0.1 dB for f2). 

For the sake of comparison, direct optimization (from x
(0)

) of the coupler structure at the level 
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of S-parameters vs. frequency has been conducted using a pattern search algorithm (setup: 

minimum grid size 0.01 mm, grid reduction factor 3, perturbations obtained based on sensitivity 

analysis) [30]. A design of a similar quality has been obtained, however, at a much higher 

computational cost of 122 evaluations of the EM coupler model. 

The importance of the low-fidelity model selection has been illustrated by executing a single-

fidelity feature-based optimization (or, equivalently, the low-fidelity model of LPW = 40, i.e., 

identical to the high-fidelity one), as well as variable-fidelity optimization with the low-fidelity 

model of LPW = 10 (i.e., too coarse according to the correlation analysis of Section 2.4. In the 

first case, a similar final design was obtained, however, at a much higher computational cost. In 

the second case, the algorithm started diverging already after the first iteration (cf. Fig. 9), 

indicating that the low-fidelity model with LPW = 10 does not provide reliable estimation of the 

feature point gradients. 

The cost breakdown for all considered optimization approaches has been gathered in Table 1. 

 

 
Fig. 6. Geometry of a compact dual-band branch-line coupler (BLC I). 

 

 

Fig. 7. Responses of the compact dual-band coupler at the initial design. Operating frequencies f1 = 0.92 GHz and f2 

= 1.90 GHz are marked using vertical lines. 
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Fig. 8. Responses of the compact dual-band coupler at the design obtained by feature-based optimization using the low-

fidelity model with LPW = 22. Operating frequencies f1 = 0.92 GHz and f2 = 1.90 GHz are marked using vertical lines. 

 

 
Fig. 9. Responses of the dual-band coupler after first iteration of the feature-based optimization using the low-fidelity model with LPW = 10. 

Divergence towards a poor design can be observed indicating that the low-fidelity model is too coarse to provide reliable estimation of the feature 

point gradients. 

 

 

Table 1: Dual-Band Coupler I Optimization. Design Cost 

Algorithm 

Number of Model 

Evaluations 
Optimization Cost 

Low-

Fidelity 

High-

Fidelity 

Absolute 

[hours] 

Relative to 

High-Fidelity 

Model  

Variable-Fidelity Feature-

Based (Low-Fidelity Model 

with LPW = 22) 

24 4 2.3 9.3 

Single-Fidelity Feature-

Based (Low-Fidelity Model 

with LPW = 40) 

- 25 6.25 25.0 

Variable-Fidelity Feature-

Based (Low-Fidelity Model 

with LPW = 10) 

N/A (algorithm divergent) 

Pattern Search [30] - 122 30.5 122.0 
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3.3. Experimental Validation and Comparisons 

The optimized coupler structure has been fabricated and measured. A photograph of the 

manufactured circuit is given in Fig. 10, whereas Fig. 11 shows comparison of the simulated and 

measured characteristics. The agreement between the results is acceptable. Small frequency shift 

for the upper operating frequency is due to using simplified EM model of the structure that lack 

SMA connectors. 

Performance characteristics of the coupler are gathered in Table 2. It should be noted that the 

power split level is slightly lower for the measured coupler responses, which is due to higher 

losses introduced by the connectors, as well as tolerance of the fabrication process. On the other 

hand, the power split imbalance is similar to the simulated results. For the measured structure, the 

bandwidth BW1, defined as the frequency range where both return loss |S11| and isolation |S41| are 

below –20 dB level, is 6.5% and 3.5% for f1 and f2, respectively. The bandwidth BW2 (defined as | 

|S21| – |S31| | ≤ 0.2 dB) is 12% for 0.92 GHz and 3% for 1.9 GHz. 

4. Design Case II: Compact Dual-Band BLC II

Here, we present the second example, which is also a compact dual-band branch-line coupler, 

designed for the two operating frequencies f1 = 0.9 GHz and f2 = 2.0 GHz. Numerical results are 

accompanied by experimental validation of the fabricated coupler prototype. 

Fig. 10. Photograph of the fabricated prototype of the dual-band branch-line coupler of Fig. 6 (Coupler I). 

Table 2: Simulated vs. Measured BLC I Responses 

Simulation Measurement 

f1 f2 f1 f2 

S11 [dB] –26.1 –31.1 –38.0 –37.1 

S21 [dB] –3.03 –3.08 –3.24 –3.42 

S31 [dB] –3.07 –3.23 –3.34 –3.76 

S41 [dB] –25.8 –27.0 –25.2 –24.5 

BW1 [GHz] 0.89 to 0.94 1.88 to 1.93 0.87 to 0.93 1.84 to 1.91 

BW2 [GHz] 0.86 to 0.97 1.83 to 1.96 0.84 to 0.95 1.89 to 1.95 
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Fig. 11. The measured (black line) and simulated (gray dashed line) scattering parameters of the compact dual-band 

branch-line coupler (BLC I). The simulation has been performed using LPW = 40. 

 

4.1. Coupler Structure 

Consider a novel compact dual-band branch-line coupler shown in Fig. 12. The circuit is 

implemented on Taconic RF-35 dielectric substrate (h = 0.762 mm; εr = 3.5; tanδ = 0.0018). The 

structure is constructed using three types of transmission lines. The miniaturized design is based on 

conventional realization of a dual-band branch-line coupler with quarter-wave open circuit stubs [10]. 

The introduced geometry modifications include folding sections and meandering of the stubs, both to 

the interior of the circuit. The structure is described by a vector of nine adjustable parameters: x = [l1 l2 

l3 s1 s2 s3 w1 w2 w3]
T
. The dependent parameters are l11 = 4w3 + 4s3 + s1, l21 = max{l3 + s3 + s2 + 2w3, w1 

+ l1} + s2, whereas w0 = 1.7 mm to ensure 50 Ohm input impedance (all parameters are in mm). The 

coupler footprint is defined as A × B rectangle where A = 2(l21 + w2 + w1) + s2 and B = 2(w2 + s3 + w3 + 

l11 + w1) + s1. The high-fidelity EM model of the structure is implemented in CST Microwave Studio 

(~860,000 mesh cells; LPW = 40). Its average simulation time is 18 min.  

The design objectives are the same as for the first examples: (i) equal power split between the 

transmission and the coupling ports (i.e., |S21| = |S31|), (ii) minimization of the return loss |S11|, and (iii) 

minimization of isolation |S41|. The assumed operating frequencies are f1 = 0.9 GHz and f2 = 2.0 GHz. 

The following lower and upper bounds are assumed for the design variables: l = [4.0 4.0 4.0 0.2 0.2 

0.2 0.5 0.5 0.5]
T
 and u = [9.0 9.0 9.0 0.6 0.6 0.6 2.0 2.0 2.0]

T
. 

The low-fidelity model has been selected by considering various values of LPW in the range from 8 

to 40. The r
2
 plots are presented in Fig. 13. Based on this analysis, the model with LPW = 20 has been 

selected as the low-fidelity model for the variable-fidelity feature-based optimization as described in 

Section 2. Note that the condition r
2
 > 0.9 is satisfied even for LPW = 16, however, a slightly higher 

value has been selected to ensure sufficient accuracy of the coupler model. 
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4.2. Numerical Results. Low-Fidelity Model Selection Impact 

The initial design x
(0)

 = [8.71 4.00 8.00 0.60 0.47 0.20 1.60 0.92 0.97]
T
 mm has been obtained 

by optimizing the equivalent circuit model of the coupler. Figure 14 shows the responses at x
(0)

. It 

should be emphasized that the response is severely detuned with respect to the assumed design 

specifications. Also, this indicates poor agreement between the equivalent circuit model and the 

full-wave EM simulation one. 

 

 
Fig. 12. Geometry of a compact dual-band branch-line coupler (Coupler II). 

 

 
Fig. 13. r

2
 plots for the {F, Fc} and {L, Lc} data sets versus model discretization level (here, determined by the 

LPW parameter) for Coupler II. Original data plotted using dotted (frequency components) and dashed lines (level 

component). Moving averages plotted with continuous line, whereas the frequency/level mean plotted using thick 

line with star markers. Acceptable confidence level (0.9) is marked using a horizontal line. 
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The final design x
*
 = [4.42 6.35 5.51 0.20 0.60 0.21 1.67 1.14 1.69]

T
 mm has been obtained 

after seven iterations of the algorithm (4), (5). The footprint of the coupler is 25.8 × 26.9 = 694 

mm
2
. The circuit responses are shown in Fig. 15. They are perfectly centred at the operating 

frequencies. Furthermore, nearly perfectly equal power split has been obtained (|S21| – |S31| < 

0.025 dB for f1, and |S21| – |S31| < 0.12 dB for f2). 

Direct optimization of the coupler structure at the level of S-parameters vs. frequency has been 

conducted using a pattern search algorithm [30] yields a slightly worse design at a much higher 

cost of 160 evaluations of the EM coupler model. 

Similarly as for the previous example, feature-based optimization was also conducted for the 

low-fidelity model set to LPW = 40 (i.e., single-fidelity optimization), and for LPW = 10. In the 

first case, the final design was obtained at six iterations of the algorithm (the cost of 55 high-

fidelity model evaluations). In the second case, the algorithm was convergent due to limited 

accuracy of the low-fidelity model. The cost breakdown for all considered optimization 

approaches has been gathered in Table 3. 

4.3. Experimental Validation and Comparisons 

The optimized BLC II has been fabricated and measured. A photograph of the manufactured 

circuit and comparison of the simulated and the measured responses are provided in Figs. 16 and 

17, respectively. Detailed data concerning coupler is provided in Table 4. The obtained 

simulation and measurement results are in good agreement, however a slight frequency shift for 

the upper operating frequency can be observed. Moreover, the power split level for the measured 

structure is slightly lower than for the EM model responses. Nonetheless, the results obtained by 

means of simulation exhibit similar power split imbalance. The discrepancies between 

simulations and measurements result from inaccuracy of the fabrication process, as well as from 

utilization of the EM model which lacks connectors. The measurements indicate that the 

bandwidth BW1 where |S11| and |S41| are both below –20 dB level is 4.5% and 1.5% for 0.9 GHz 

and 2 GHz, respectively. At the same time, the bandwidth BW2 (defined as | |S21| – |S31| | ≤ 0.2 

dB) is 10% for f1 frequency and 2% for f2 frequency. 
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Fig. 14. Responses of the compact dual-band coupler (BLC II) at the initial design. Operating frequencies f1 = 0.9 

GHz and f2 = 2.0 GHz are marked using vertical lines. 

 
Fig. 15. Responses of the compact dual-band coupler (BLC II) at the design obtained by feature-based optimization using 

the low-fidelity model with LPW = 20. Operating frequencies f1 = 0.9 GHz and f2 = 2.0 GHz are marked using vertical 

lines. 

 
Fig. 16. Photograph of the fabricated prototype of the dual-band branch-line coupler of Fig. 12 (BLC II). 

 

 
Fig. 17. The measured (black line) and simulated (grey dashed line) scattering parameters of the compact dual-band 

branch-line coupler (BLC II). The simulation has been performed using LPW = 40. 
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Table 3:  Dual-band coupler ii optimization. Design cost 

Algorithm 

Number of Model 

Evaluations 
Optimization Cost 

Low-

Fidelity 

High-

Fidelity 

Absolute 

[hours] 

Relative to 

High-Fidelity 

Model  

Variable-Fidelity Feature-

Based (Low-Fidelity Model 

with LPW = 20) 

63 8 5.2 17.3 

Single-Fidelity Feature-

Based (Low-Fidelity Model 

with LPW = 40) 

- 55 16.5 55.0 

Variable-Fidelity Feature-

Based (Low-Fidelity Model 

with LPW = 10) 

N/A (algorithm divergent) 

Pattern Search [30] - 160 48.0 160.0 

Table 4: Simulated vs. Measured BLC II Responses 

Simulation Measurement 

f1 f2 f1 f2 

S11 [dB] –24.9 –28.4 –21.3 –27.4 

S21 [dB] –3.08 –3.08 –3.28 –3.67 

S31 [dB] –3.11 –3.27 –3.34 –3.76 

S41 [dB] –25.3 –25.9 –24.8 –21.1 

BW1 [GHz] 0.87 to 0.92 1.98 to 2.02 0.89 to 0.93 1.97 to 2.00 

BW2 [GHz] 0.86 to 0.93 1.87 to 2.04 0.86 to 0.95 2.00 to 2.04 

5. Conclusion

Utilization of variable-fidelity feature-based optimization for rapid design closure of compact 

multi-band microstrip couplers has been demonstrated. We exploit surrogate-assisted 

optimization with the surrogate model constructed (of both objective function and constraints) 

from critical points—both frequency- and level-wise—of the highly nonlinear responses of the 

structure (i.e., S-parameters versus frequency). Design speedup has been achieved due to only 

slightly nonlinear dependence of the feature point coordinates on the geometry variables of the 

structures at hand. Further cost reduction has been obtained by using variable-fidelity EM 

models. An automated procedure for low-fidelity model setup has been proposed and 

implemented. As verified using the two case studies, it permits selecting the fastest low-fidelity 

model that still ensures robustness of the optimization process. Numerical results have been 

validated by physical measurements of the fabricated coupler prototypes. 
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