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An Optimal Design of the Compact CRLH-TL UWB Filter Using  
a Modified Evolution Strategy Algorithm 

 
 

Seung-Hun Oh*, Chao Wu*, Tae Kyung Chung * and Hyeong-Seok Kim† 
 

Abstract – This paper deals with an efficient optimization design method of a compact ultra 
wideband (UWB) filter which can improve the characteristics of the filter. The Evolution Strategy (ES) 
algorithm is adopted for the optimization and modified to suppress the ripple by inserting an additional 
step to the ES scheme. The algorithm has the ability to control the ripple of an insertion loss in a 
passband as a modified approach. During the modified ES, a structure of initial shape is changed a lot, 
while includes the stepped impedance (SI) and the composite right/left handed transmission line 
(CRLH-TL). And an optimized filter satisfies the UWB specifications on the stopband and passband 
with an acceptable insertion loss. The filter achieves a much developed shape, the size of 15 x 14mm, 
the 3dB bandwidth from 2.7 to 10.8GHz, the flat insertion-loss less than 1dB, the wide stopband with 
12~20GHz, and an acceptable return loss. 
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1. Introduction 
 
Ever since the release of the UWB communication to 

the public, many researches have been carried out on 
components. As one of many researches, the band-pass 
filter has been developed. Most of the previous UWB 
filters have used the half- or quarter-wavelength method, 
which limits the size-reduction [1, 2]. 

CRLH-TL metamaterial UWB filters were proposed to 
resolve this limit in miniaturization [3-8]. These filters 
result from a feature that a size of the CRLH-TL resonator 
is just a fraction of the wavelength. 

Using the CRLH-TL resonator is helpful to making the 
entire geometry compact. However, elements in a small 
structure are too much complicatedly coupled, which turns 
out hard to control either a passband or stopband [3, 4]. 
There is no closed form for the design, and it makes the 
process complicated. 

The number of the elements increases such as higher 
order coupling and addition of a lowpass filtering block. If 
the filter is designed through the unsystematic process, a 
design time becomes longer and the unnecessary process 
occurs [5-8]. 

A conspicuous problem occurring from the unsystematic 
filter-design process is a ripple in the passband due to the 
impedance mismatch. The ripple is an unstable insertion 
loss in the passband, and will lead to the degradation in the 
overall system performance [9]. 

In order to design a filtering device automatically and 

optimally, a great number of optimization algorithms have 
been applied. Most of them take many sample points in the 
bandwidth to define a cost function [10]. In particular, 
when a very wide-band filter is in need, an extended 
number of sample points are taken in the band and their 
function values are averaged in handling the cost function, 
and it misses a few ripple points of the impedance 
mismatch. Therefore, the steps to check and treat the ripple 
points should be included in the wide-band filter design. 

This paper suggests an efficient optimization design 
method of a compact UWB filter by using a modified ES 
algorithm. The modified ES is achieved by inserting a new 
step of handling the slopes of the target graph to the 
conventional scheme to suppress the ripples in the band.  

 
 

2. SI-COMBINED CRLH-TL FILTER 
 

2.1 Design of the CRLH-TL UWB filter 
 
The CRLH-TL is a composite form between the right 

handed transmission line (RH-TL) as the conventional 
transmission line and the left handed transmission line (LH-
TL) with the negative propagation constant. Combining the 
LH and RH regions enables the CRLH structure to have a 
wideband. It can be modeled as follows [4-8]. 

Fig. 1(a) is the equivalent circuit of the conventional 
periodic CRLH-TL. Series inductance LR and shunt 
capacitance CR account for the RH-TL. Meanwhile, series 
capacitance CL and shunt inductance LL are essential to the 
LH-TL. The formulae of the important frequency points 
are summarized as eqn. (1), (2), and (3). 

In eqn. (1)~(3), f0, fL and fR mean the center frequency, 
and the negative first resonance and positive first resonance 
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frequencies. The LL, LC, CL and CC are the circuital 
elements of CRLH-TL. The periodic structure like Fig. 1(a) 
ends up being long in size, and the π-type unit-cell in Fig. 
1(b) is adopted as the basis for a size-reduced filter. 

 
 0 Series Shunt L Rf f f f f= = =           (1) 
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When Fig. 1(b) is physically realized, its preliminary 

form can be made as Fig. 2(a). The short-circuited stub is a 
good candidate for the shunt inductance and the inter-
digital line is chosen for the series capacitance and 
inductance [11]. There is the interdigital line composed of 
6 fingers and enclosed by a loop shorted at the bottom, 
which has the RH resonance far away from the LH region 
and the center frequency of 6 GHz. The frequency response 
of Fig. 2(a) is obtained by the full-wave simulator as 
shown in Fig. 2(b).  

 
2.2 SI as a lowpass filtering 

 
Seeing its S21 as in Fig. 2(b), the frequency response 

does not have the stopband at the frequency beyond 10.8 
GHz. If the upper segment of the shorted loop is modified 
to an SI path, it can work as a lowpass filter. 

Before accomplishing the ultimate UWB bandpass filter, 
a work is done first to obtain the stopband by handling the 

SI path [9, 12]. To use the SI path as a lowpass filtering 
block, it should be divided into segments as in the top-view 
of the SI path of Fig. 3(a). The segments correspond to 
inductance (L) and capacitance (C) elements in a lowpass 
filter as Fig. 3(b). Shunt C’s and series L’s are wide and 
narrow segments, respectively. Once the specifications of 
the lowpass filter are given, shunt C’s and series L’s can be 
calculated and they are converted to the physical 
dimensions by way of the transmission-line theory, or vice 
versa. 

 
2.3 The shape of the SI combined CRLH-TL and 

geometrical dimensions to be optimized 
 
The SI path is incorporated to the shorted loop enclosing 

the interdigital lines as follows to become a complete filter.  
Fig. 4 is an initial shape of the filter and the geometrical 

parameters will be optimized to have the satisfactory 
results of the passband and stopband. The widths and 

 
(a)                     (b) 

Fig. 1. Circuit models of the CRLH-TL (a) periodic circuit, 
(b) π-type unit-cell circuit  

(a) 

(b) 

Fig. 3. SI path of the CRLH-TL filter and its electrical 
meaning (a) Top-view of the SI path segmentation 
with lowpass filtering (b) Its equivalent circuit 

 
Fig. 4. The shape and physical dimensions for the optimized

design 

 

(a)                       (b) 

Fig. 2. Initially proposed shape and S-parameters; (a) 
Initially proposed shape; (b) S-parameters of the 
proposed shape 
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lengths of the nine segments in Fig 4 are obtained as (W, 
1.6mm), (W1, 1.6mm), (W2, 1mm) (W3, 1mm), (W4, 
0.6mm), (W5, 0.6mm), (W6, 1.2mm), (W7, 0.6mm), (W8, 
0.7mm), (L, 2.8mm), (L, 0.6mm), (L2, 0.6mm), (L3, 
0.5mm) and (L4, .1.2mm).  

 
 
3. Es Optimization Of Si-Combined Crlh Uwb 

Filter With Mitigating The Ripples 
 

3.1 Proposed step of suppressing the ripples in the 
pass-band 

 
Since the CRLH UWB filter structure has complicated 

electromagnetic interaction from one part to another, there 
is no analytic design formula. Moreover, the SI path and 
loop is added to the interdigital lines resulting in extra 
coupling, and the design becomes more complex and it is 
highly probable to have the passband ripples due to 
impedance mismatch. 

The ripple of S21 in Fig. 2(b) clearly shows the signal 
becomes weaker and the return loss increase at 7.8GHz. So, 
the ripple larger than 0.5dB should be spotted in the 
passband and mitigated. The shaded box in Fig. 5 presents 
the procedures to search the location and level of the ripple 
by detecting the change in the S21. 

The process is explained in detail as follows. The 
passband is segmented into sample points. The slope of the 
S21 curve is evaluated as the sample point progresses, and it 
stores |S21(fa)|dB at fa when the slope changes from negative 
to positive. Immediately after fa, when the slope varies 
from positive to negative, the location is stored as fb with 
| S21(fb) |dB. Simultaneously, | S21(fb) |dB and | S21(fa) |dB are 
compared and if their difference exceeds a certain level 
R0(e.g. 0.2 dB), it is sensed as the ripple which will be 
suppressed by the optimization of the filter. 

 
3.2 Filter optimization using the ES with suppressing 

ripples 
 
As the shape and inter-element coupling of the proposed 

filter have a high degree of complexity, it is hard to decide 
the optimal geometry and physical dimensions analytically. 
This motivates us to use a full-wave solver and combine it 
with an automatic optimization method. Though there are 
several stochastic optimization methods, in order to reduce 
the work time, the ES is chosen, which is simple to use and 
combine with the full-wave solver [13]. Particularly, (1+1) 
ES is adopted. The field and s-parameters are calculated by 
the HFSS, a commercial EM solver, and we write an 
EXCEL program linking the macro interactive function of 
the EM solver to the ES optimization framework [14]. 

The optimization of the present UWB filter should make 
low insertion loss (S21) and return loss (S11) in the passband 
and a high attenuation (S21) in the stopband. Therefore, this 
requirement is expressed as the objective function that 

consists of the passband insertion- and return losses and the 
suppression level in the stopband. 
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where α is the weighting factor. The weighting factor for 
the term with the largest value among the square terms in 
(4) becomes 1, and weighting factors for other terms are set 
such that each term can be almost equal to the largest value. 

The terms in eqn. (4) are given as 
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In eqn. (5)~(7), N is the number of the sample frequency 

f, S11( f) and S21(f) in Band1 mean the insertion- and return 
losses at the sample frequency f in the passband. And, 
S21( f) in Band2 is the level of suppression in the stopband. 
These s-parameter values are compared to the targets as 
SO1, SO2, and SO3. Band1 and Band2 range from f1 to f2, and 
from f3 to f4, respectively. Also, there are Ns11 and Ns21 
sample points in Band1 and Band2 in that order. In the 
cost functions, the target S-parameter values are set as 
SO1 = –1.3dB, SO2 = –10dB, and SO3 = –20dB with f1 = 3.1 
GHz, f2 = 10.6 GHz, f3 = 12 GHz, and f4 = 20 GHz.  

As is commonly done in other problems, the cost 
function in Eqn. (5)~(7) uses the average of all the errors 

 
Fig. 5. Flowchart of the modified ES 
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at the sample points. Because of this averaging, the 
optimization process possibly misses the ripples that occur 
off the sample points. If the ripples are not taken into 
consideration, the main purpose cannot be fulfilled. Hence, 
the step suggested in the previous section is inserted in the 
ES optimization to suppress the ripples after spotting their 
positions and levels, which is defined a modified ES 
algorithm in this paper. 

In Fig. 5, the modified ES algorithm governs the entire 
optimization where the s-parameters are calculated by the 
EM solver and evaluated in terms of the cost function in 
each iteration. Different from other approaches, the slope 
of S21 and ripple level are checked and controlled to meet 
the objectives.  

After the use of this algorithm, the initial shape of the 
SI-combined CRLH UWB filter has changed from Fig. 
6(a) to Fig. 6(b). Table 1 lists the physical dimensions of 
the initial structure, ES only optimization, and ES with 
suppressing ripples (SR). 

The positive effect of the proposed method is clearly 
seen, when the s-parameters of S21 and S11 as the frequency 
responses are plotted and compared between of the initial 
structure, genetic algorithm (GA) optimization, ES only 
optimization, and ES with suppressing ripples. The insertion 
loss of the initial filter is higher than 3 dB with many 
ripples, and its stopband attenuation is relatively very small 
as in Fig. 7(a). The ES and GA can somewhat improve the 
frequency response by decreasing the ripple level, and 
make a wider stopband. Nevertheless, only the ES and GA 
have still the maximum ripples that are 0.78 dB as in Fig. 
7(a). But the ripples can be completely removed by the 
modified ES optimization. Using the physical dimensions 
in the third column of Table 1, no ripple is observed from 
S21 in Fig. 7(b). Besides, the stopband and return loss are 

satisfactory as shown in Fig. 7(b). 
Another advantage is accelerating the optimization. This 

is presented by comparing the convergence of the cost 
functions of the conventional ES, GA and the proposed ES. 
The convergence takes place after the 43th iteration in the 
proposed ES approach. But, the objective function of the 
conventional ES starts to converge from the 54th iteration. 
This is interpreted that the proposed method with the ripple 
suppression achieves the goals faster than the conventional 

 (a)                     (b) 

Fig. 6. The initial shape changes by the proposed method 
(a) Initial (b) ES with the ripple suppression 

 
Table 1. Optimized Values of Parameters [unit : mm]  

State W W1 W2 W3 W4 W5 W6 
Initial 1.6 1.6 1 1 0.6 0.6 1.2 

Only ES 1.4 5.86 0.69 1.58 1.28 0.72 1.21
ES with SR 1.7 5.8 0.8 2.2 1.42 0.6 1.2 

State W7 W8 L L1 L2 L3 L4 
Initial 0.6 0.7 2.8 0.6 0.6 0.5 1.2 

Only ES 0.48 0.67 2.47 0.38 1.17 1.45 1.44
ES with SR 0.6 0.89 2.39 0.5 1 1.5 1.28

 

 
(a) 

 
(b) 

Fig. 7. S21 and S11 of the filters before and after optimi-
zation (a) Initial, GA and only the ES (b) Comparison
of measurement and result calculated by the 
proposed ES 

 
Fig. 8. Convergence of the objective function 
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technique with the ripples disturbing the steps to reach the 
targets. Finally, the optimized CRLH UWB filter is 
fabricated. Its photograph is given in Fig 9.  

The total size of the filter is , the size of 15 x 14mm. The 
s-parameters of the proposed SI-combined CRLH UWB 
filter are measured. The measurement is in a fairly good 
agreement with the simulation, and the outcome shows the 
the 3dB bandwidth from 2.7 to 10.8GHz, the flat insertion-
loss less than 1dB, an acceptable return-loss, and the wide 
stopband of 12~20GHz as shown in Fig. 7. 

 
 

4. Conclusion 
 
We proposed an efficient optimization design method of 

a compact UWB filter by using the modified ES algorithm. 
Compared to the general ES, the proposed ES successfully 
mitigated the ripple in the passband and accelerate the 
optimization. The optimized filter was prominently changed 
to the shape, which includes the SI and CRLH-TL. The 
optimized filter has the compact size of 15× 14mm, the 
3dB bandwidth from 2.7 to 10.8GHz the flat insertion-
loss less than 1dB, an acceptable return-loss, and the wide 
stopband of 12~20GHz. The proposed design scheme will 
be applicable to any wideband and compact filters. 
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