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Abstract. This paper presents the miniaturization of power 
dividers using asymmetric compact-microstrip-resonant-
cell (CMRC) structures employing low-cost materials based 
on a quarter-wave-like transformer (QWLT). The proposed 
CMRC-based QWLT power divider is intended for operation 
at a frequency of 2.4 GHz, utilizing the FR-4 print circuit 
board (PCB) with a dielectric constant of 4.3 and a substrate 
thickness of 1.6 mm. The CMRC dimensions include a width 
of 5.32 mm and a length of 8.52 mm. It is found that a sig-
nificant 50% size reduction of length is achieved compared 
to a conventional power divider, while maintaining an in-
sertion loss (IL) of 3.3 dB, as well as achieving the return 
loss and isolation loss of 20 dB. 

Keywords 
Power divider, quarter-wave transformer (QWT), 
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1. Introduction 
The size of a conventional power divider (PD) depends 

on an operating frequency [1]. Thus, the traditional PD con-
figuration is cumbersome and unsuited for modern commu-
nication systems. A multi-frequency PD has been proposed 
to enhance the performance of PDs, such as increasing band-
width and miniaturizing their configuration. In this design, 
stubs are integrated to broaden the frequency band [2]. In 
addition, the bandwidth control is achieved through the uti-
lization of diode technology and a DC power source [3]. Fu-
thermore, a coupled line configuration in [4] is incorporated 
to further enhance the bandwidth. The techniques presented 
in [2–7] were employed to decrease losses of PDs. However, 
the physical dimensions of PDs in those prior studies re-
mained unchanged. Various research works have been pro-
posed to address the challenge of reducing the size of PDs. 

In [8], an effective miniaturization technique of quar-
ter-wave transformers (QWTs) was proposed based on the 
quarter-wave-like transformer (QWLT) theory. Note that 
QWLTs are implemented using multi-section transmission 
lines (TLs). In addition, multi-section QWLT characteristics 
are derived analytically and solved via appropriate optimi-
zation algorithms for associated TL parameters. It is found 
that QWLT prototypes yield acceptable return loss without 
significant bandwidth reduction, comparing to the QWT 
result. 

Previous research works have focused on minimizing 
the PD size through the utilization of cost-effective FR-4 
print circuit boards (PCBs) [9], [10]. In [9], the approach in-
volves the application of multi-section transmission lines for 
implementing QWLTs in PDs, leading to a significant 25% 
size reduction compared to that of the traditional PD config-
uration. An alternative method for size reduction involves 
the implementation of a compact microstrip resonant cell 
(CMRC) [11], yielding a total size reduction of 40% in com-
parison to that of the conventional TL structure [11–14].  

Several types of symmetric CMRCs that differing in 
shape, dimension, and transmission characteristics were pro-
posed. In [15], this proposed configuration facilitates 
a 33.6% area reduction of PDs. On the other hand, as pre-
sented in [16], the miniaturization of PDs exceeds 50% in 
terms of area. It is noted that, similar to [15], this approach 
also involves three-element chips. However, installing and 
soldering the chip elements onto PDs are challenging due to 
the tiny area allocated for the installed chip elements. In the 
approach presented in [17], employing an open stub resulted 
in a size reduction of over 30% for PDs at the frequency of 
1.65 GHz. This solution employs a single chip element and 
a simple structure for fabrication. As reported in [18], the 
finite defected ground structure (FDGS) achieves a size re-
duction of 32% for PDs at the frequency of 2.5 GHz. The 
solution outlined in [19] employs the substrate integrated 
waveguide (SIW) to decrease the size of PDs, resulting in 
a size reduction of 10%. 
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The studies conducted from [16] to [18] demonstrate in 
the miniaturization of PDs. These solutions exhibit the po-
tential to reduce the PD area ranging from 30% to 52%. In 
the case of [16], it employs a simple structure with a cost-
effective material, incorporating two chip elements in the 
circuit. Moreover, this solution achieved a smaller size re-
duction of 33.61% compared to other approaches. The re-
search works in [17] and [18] achieved the PD miniaturiza-
tion of 32–35% using a single chip element. It is noted that 
the references [17–19] utilize RT/Duroid and Roger materi-
als, which are relatively expensive. Some previous research 
works are complicated in the fabrication and installation of 
chip elements and measurements. In contrast, in terms of 
a size reduction of conventional PDs, these previous studies 
achieved a size reduction lower than 40% at the operating 
frequency. For these reasons, this paper proposes the minia-
turization of PDs by employing the QWLT-based PD intro-
duced in [9]. The proposed approach is achieved by modify-
ing the structure from a symmetric CMRC [11] to 
an asymmetric CMRC configuration in order to further de-
crease the size of associated TLs for PDs. 

The rest of this paper is organized as follows. Section 2 
presents brief theories of QWLTs and PDs. In addition, Sec-
tion 3 shows results and discussions of the proposed CMRC-
based QWLT PDs. Finally, conclusions are provided in 
Sec. 4. 

2. Brief Theories of QWLTs and PDs 
In this section, the theories of QWLTs and PDs are 

presented in brief, where the QWLT theory is given first. 

2.1 Brief QWLT Theory 
In [10], the derivation and properties of QWLTs are 

presented in details. The theory of QWLTs is briefly sum-
marized below. Figure 1(a) illustrates the QWLT matching 
circuit, where Zin and ZL denote the input and load imped-
ances respectively, where Zin and ZL are real. In addition, 
Figure 1(b) shows the QWLT model, where Z0

+ and Z0
 – are 

the characteristic impedances of the QWLT for the forward 
and backward propagation directions respectively, and θc is 
the electrical length of the QWLT. Note that Z0

± are complex 
conjugates of each other, which can be readily derived from 
the associated ABCD parameters of actual circuits to imple-
ment QWLTs [10], which can be written compactly as 
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where 0
±Z  can be readily expressed in the polar form as 

 j
0 0 e .Z Z φ± ±=   (2) 

Note that |Z0
±| and ϕ in (2) are the magnitude and argument 

of Z0
± respectively, and are defined in the following range:  

–90° ≤ ϕ ≤ 90°. In addition, the effective propagation con-
stant β of the QWLT can be obtained from its ABCD param-
eters as [10] 

 ccos
2

A Dθ +
=  (3) 

where θc = βd and d is the physical length of the QWLT. By 
definition, the slow-wave factor (SWF) of the QWLT de-
pends on the wavelength λ0 of a conventional TL and the 
wavelength λ of a slow-wave TL structure as follows: 

 
0

SWF λ
λ

=  (4) 

where λ can be determined from β defined in (3) as 

 2 .πλ
β

=  (5) 

Note that a higher SWF results in a more size reduction of 
TL structures compared to that of the conventional TL. 
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Fig. 1. (a) The QWLT matches an arbitrary real load 
impedance ZL to a specific real input impedance Zin. 
(b) The QWLT model. 
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Fig. 2. Conversion of the scattering parameters to the ABCD-
parameters for the QWLT-parameter calculation. 



RADIOENGINEERING, VOL. 33, NO. 3, SEPTEMBER 2024 351 

 

In [14], it is shown that the electrical length θc of the 
QWLT is given by 
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where the reflection coefficient Γf,L in (6) is defined as 

 L in
f,L

L in
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Z Z

−
Γ =

+
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In (7), Zin and ZL are both real values and given for a specific 
impedance-matching problem. In addition, it is shown in 
[14] that |Z0

±| can be compactly expressed as 

 0 in L .Z Z Z± =  (8) 

In this paper, the asymmetric CMRCs are implemented 
by using asymmetric structures with the required conditions 
of QWLTs given in (6) to (8), where the ABCD-parameters 
in computing Z0

± and β of QWLTs can be obtained from the 
associated scattering parameters of QWLTs using the 
standard conversion of two-port parameters as shown in 
Fig. 2 [1]. 

To design a QWLT for given Zin and ZL, it is more con-
venient to employ the following formulation to obtain valid 
ABCD parameters of actual circuits to implement the desired 
QWLT, and then compute the QWLT parameters from the 
known ABCD parameters. Note that the relationship be-
tween Zin and ZL in Fig. 1(a) can be written as follows [8]: 

 L
in

L

AZ BZ
CZ D

+
=

+
 (9) 

where A, B, C, and D in (9) are the ABCD-parameters of the 
QWLT matching circuit. Using (9) under the condition of 
reciprocal QWLTs (AD – BC = 1) and real Zin results in the 
following simple relationships [8]: 
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L
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Note that the required conditions in (10) and (11) are more 
convenient to solve and easy to calculate associated QWLT 
parameters via (1) and (3). 

2.2 Brief Theory of PDs 
In this section, the theory of both conventional and 

CMRC-based QWLT PDs is discussed in brief. 
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Fig. 3. The schematic diagram of the conventional PD. 

2.2.1 Conventional PDs 

The conventional PD is designed by using two standard 
QWTs [1]. Figure 3 shows the schematic diagram of the 
conventional PD, where λ is the operating wavelength, 

 / 4,θ λ=  (12) 

 02 ,Z Z=  (13) 

 02 .R Z=  (14) 

Note that θ is the electrical length of QWTs, Z is the charac-
teristic impedance of QWTs, R is the isolation impedance of 
the conventional PD, and Z0 is the port impedance. Conven-
tional PDs are simple to design and fabricate; however, their 
dimensions are determined by the operating wavelength, 
usually resulting in larger sizes for lower frequencies. In ad-
dition, traditional PDs cannot be readily changed in their 
shape or reduced in size. 

2.2.2 CMRC-based QWLT PDs 

This subsection shows the concept of CMRC-based 
QWLT PDs. Figure 4 illustrates the schematic diagram of 
CMRC-based QWLT PDs, where Z0

± are the characteristic 
impedances of QWLTs, θc is their electrical length and 
ZS,CMRC is the isolation impedance. Note that Z0

± and θc can 
be readily determined using the even-odd mode analysis [1], 
[9] and ZS,CMRC is readily calculated based on the principle 
outlined in [9]. It should be noted that, with this approach, 
the CMRC-based QWLT for the even-mode analysis pro-
vides that the load impedance ZL = 2Z0 is matched to the in-
put impedance Zin = ZL. Based on these impedances and 
a certain value of the argument ϕ defined in (2), the results 
of minimizing the divider design depending on the QWLT 
parameters are calculated according to (6) to (8). As pointed 
out in [9], the ABCD-parameters of the QWLT in terms of 
Z0

± and θc are useful in the derivation of ZS,CMRC as given 
below:  
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Fig. 4.  The schematic diagram of the CMRC-based QWLT PDs. 
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In the next section, associated results of both 
conventional and CMRC-based QWLT PDs are provided. In 
addition, comparisons and discussions are also given. 

3. Results and Discussions 
The core concept of this paper involves modifying 

a symmetric CMRC to an asymmetric CMRC through an ap-
plication of QWLTs. Figures 5 and 6 illustrate the symmet-
ric and asymmetric CMRC structures, respectively. The goal 
of this study is to achieve a 50% size reduction at the oper-
ating frequency of 2.4 GHz. Note that the prototype of the 
proposed CMRC-based QWLT PD is shown in Fig. 7(b), 
where its structure is compact and simple for implementa-
tion. The conventional and proposed PDs are designed on 
a lossless FR-4 substrate material with a dielectric constant 
of 4.2 and a thickness of 1.6 mm. The conductor is assumed 
to be a perfect electric conductor (PEC) to ensure lossless 
TL characteristics. This study compares the performance of 
the two PDs at 2.4 GHz. Note that the isolation resistance Rs 
in Fig. 7(a) for the conventional Wilkinson PD is obtained 
as shown in [1], while the isolation impedance ZS,CMRC in 
Fig. 7(b) for the proposed CMRC-based QWLT PD is de-
signed according to [9]. 

The conventional Wilkinson PD is shown in Fig. 7(a), 
where the length of each TL is equal to λ/4 (QWT) and the 

 
Fig. 5. A symmetric CMRC structure [11]. 

  

 
Fig. 6. An asymmetric CMRC structure modified from the 

structure in Fig. 5. 
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Fig. 7.  (a) Conventional Wilkinson PD. (b) The proposed 
CMRC-based QWLT PD. 

 

Parameter Dimension (mm) 

W1 3.16 

W2 2.51 

W3 0.40 

W4 0.40 

L1 6.08 

L2 11.48 

L3 0.48 

Tab. 1.  Dimensions of the CMRC-based QWLT PD. 

isolation impedance RS is given in (14). In addition, the char-
acteristic impedance Z1 of two QWTs is provided in (13). 
Note that λ/4 is equal to 22.96 mm at 2.4 GHz in Fig. 7(a) 
and the length L2 of the proposed CMRC-based QWLT PD 
is equal to 11.48 mm in Fig. 7(b). The QWLT based on an 
asymmetric CMRC structure in Fig. 7(b) can be found using 
the even-mode analysis as detailed in [1]; i.e., the QWLT 
transforms the load impedance of 2Z0 to the input impedance 
of Z0, where Zin and ZL in (10) and (11) in this case are equal 
to Z0 and 2Z0, respectively. Note that the ABCD parameters 
in (10) and (11) are determined numerically by simulation 
of the proposed asymmetric CMRC structure in Fig. 6 using 
the CST-MW Studio [20] for desired characteristics. By 
solving (10) and (11) simultaneously to obtain the ABCD pa-
rameters, each optimized asymmetric CMRC structure is 
shown in Fig. 7(b), where its parameters are given in Tab. 1. 
Once the ABCD parameters are known, the QWLT parame-
ters can be computed using (1) to (3) and each QWT of the 
conventional Wilkinson PD can be replaced by the QWLT 
as shown in Fig. 7(b) [11]. 
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Area of the Conventional PD
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Area of the Proposed PD
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Fig. 8.  The circuit area and dimension of (a) the conventional 
Wilkinson PD and (b) the proposed CMRC-based 
QWLT PD. 

In [9], after straightforward manipulation, ZS,CMRC can 
be expressed compactly as 

 
2

c c
S,CMRC 0 02

sin sin 2
2 j 2

coscos
Z Z Z

θ θ
φφ

= −  (17) 

where θc  of each QWLT is equal to 69.26° (using (6)), ϕ of 
each QWLT in Fig. 7(b) and using Tab. 1 is chosen to be 
7.2° [9], and |Z0

±| = 70.71 Ω (using (8) with Zin = Z0 and 
ZL = 2Z0). Using (17), it is found that ZS,CMRC is equal to 
(88.86 – j47.20) Ω, which can be implemented using the re-
sistor of 88.70 Ω and the capacitor of 1.45 pF at 2.4 GHz. 

Figures 8(a) and 8(b) show the circuit dimension of the 
conventional Wilkinson PD and the proposed CMRC-based 
QWLT PD. In addition, Table 2 presents a comparison of 
the circuit dimension between two PDs. It is found that the 
total area of the conventional Wilkinson PD in Fig. 8(a) is 
equal to 679.20 mm², while that of the proposed CMRC-
based QWLT PD in Fig. 8(b) is equal to 450.30 mm². In ad-
dition, the PD areas of the conventional Wilkinson PD and 
proposed CMRC-based QWLT PD as shown in Fig. 8 are 
equal to 126.87 mm² and 90.35 mm², respectively. Thus, it 
is obvious that both areas of the proposed PD are signifi-
cantly smaller than those of the conventional one. 

Table 3 shows the QWLT parameters of the asymmet-
ric CMRC structure in Fig. 7(b), computed using (1) to (8) 
by the ABCD-parameters obtained as a result of converting 
the optimized scattering parameters. The magnitudes of 
characteristic impedances |Z0

+| and |Z0
–| are equal to 77.62 Ω 

and 77.64 Ω respectively, which are slightly different. In ad-
dition, their phases, ϕ+ and ϕ–, are equal to –8.65° and 8.60°, 
respectively. Note that Z0

+ and Z0
–are almost complex con-

jugate of each other as expected. 
 

Parameter Dimension (mm) 

LS1 30 

LS2 40 

LA1 8.52 

LA2 17.38 

WS1 15.01 

WS2 16.98 

WA1 10.63 

WA2 7.30 

Tab. 2.  Dimension comparison between the conventional 
Wilkinson PD and the proposed CMRC-based QWLT PD. 

 

QWLT parameter Value 

0
+Z  77.62 Ω 

0
−Z  77.64 Ω 

φ+  –8.65° 

φ−  8.60° 

SWF 3.66 

Tab. 3.  The QWLT parameters of the asymmetric CMRC 
structure in Fig. 7(b) using Tab. 1. 

Port 2 Port 3

Port 1

Port 2 Port 3

Port 1  
Fig. 9.  The fabricated prototypes of the conventional 

Wilkinson PD (left) and the proposed CMRC-based 
QWLT PD (right). 

Figure 9 shows the fabricated prototypes of the 
conventional Wilkinson PD and the proposed CMRC-based 
QWLT PD. From Fig. 9, the size comparison reveals that the 
PD length of the latter is about 50% of that of the former, 
where the latter provides a significant size reduction indeed. 

Figure 10 illustrates the simulated and measured fre-
quency responses of the CMRC-based QWLT PD compared 
to those of the conventional Wilkinson PD. Note that Port 1 
is the input port, while Ports 2 and 3 represent the output 
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ports. Note that Figure 10(a) shows the magnitude of S11 
(|S11|), while Figure 10(b) illustrates the isolation results 
(|S23|). It is found that |S11| and |S23| are below –25 dB and  
–20 dB at 2.4 GHz, respectively. It is found that the simu-
lated and measured results are in good agreement. However, 
there is a slight discrepancy in resonant frequencies between 
the measured and simulated results for both conventional 
and CMRC-based QWLT PDs. In addition, Figure 11 shows 
a comparison of |S21| and |S31| of simulated and measured re-
sults for both conventional and CMRC-based QWLT PDs. 
It is found that the slight discrepancy in magnitude of about 
0.5 dB at 2.4 GHz between simulated and measured results 
is obtained. 

In addition, Table 4 compares the proposed CMRC-
based QWLT PD with other PDs selected from previous re-
search works, emphasizing key parameters such as the 
length reduction, the number of chip elements used, the sub-
strate material, the operating frequency, the circuit size, and 
the S-parameters given at the lowest frequency for each ref-
erence. Note that the PDs in [2–7] did not achieve any size 
reduction. Furthermore, PDs in [3], [6], and [7] utilized both 
resistor and capacitor chips, leading to complex structures. 
In [9] and [15–19], the size reduction of PDs can be achieved 
as shown in Tab. 4. Note that the PD in [16] incorporated 

 
(a) 

 
(b) 

Fig. 10. Simulated and measured frequency responses of the 
conventional Wilkinson PD and the CMRC-based 
QWLT PD: (a) |S11|, (b) |S23|. 

 
(a) 

 
(b) 

Fig. 11. Simulated and measured insertion losses of the 
conventional Wilkinson PD and the CMRC-based 
QWLT PD: (a) |S21|, (b) |S31|. 

more than two chip elements in the circuit, and the PD in [19] 
has no chip element but its size reduction is lower than 20%. 

To demonstrate the flexibility in controlling the pass-
band by adjusting the center frequency, the total length of 
the CMRC-based QWLT PD (LA1) and the total length of the 
conventional Wilkinson PD (LA2) defined in Fig. 8 are var-
ied to see their effects on the frequency responses of |S11|, 
|S21|, |S31| and |S23| as shown in Fig. 12. In this paper, both 
PDs are designed at 2.4 GHz, where LA1 and LA2 are equal to 
8.52 and 17.38 mm (the designed values) as shown in 
Tab. 2, respectively. It is found that as LA1 and LA2 are de-
creased from the designed values, the center frequency is 
shifted towards the higher frequency and vice versa as ex-
pected. Thus, the CMRC-based QWLT PD is flexible to 
control the passband by adjusting the center frequency in-
deed. Finally, it should be pointed out that the described ap-
proach in this paper can be applied to systematically design 
similar power dividers and other microwave circuits if they 
possess the quarter-wave transformers (QWTs) in their cir-
cuits by replacing the QWTs by the corresponding QWLTs 
based on asymmetric CMRC structures. Note that the 
QWLTs can be systematically designed by using the brief 
design procedure outlined in Sec. 3 (see the description of 
Fig. 7(b)). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12.  Effects of LA1 and LA2 to the frequency responses of the CMRC-based QWLT PD and the conventional Wilkinson PD, respectively:  
(a) |S11|, (b) |S21|, (c) |S31|, (d) |S23|. 

 

Ref. Substrate material Number of 
chip elements 

Length reduction 
compared with λg/4 (%) 

Operating 
frequency (GHz) 

Circuit size 
(λg × λg) 

|S11|, |S21|,  
|S31|, |S23| (dB) 

[2] RO4350B 0 0 2.0, 4.4 and 5.0 2.15 × 2.15 –20.00, –4.44,  
–3.10, –7.39 

[3] RO4350B 11 0 2.4 2.03 × 1.37 –20.00, –1.12,  
–14.90, –13.70 

[4] RT/Duroid 5880 1 0 1.0-7.0 1.96 × 2.09 –36.00, –3.24,  
–3.24, –29.00  

[5] RT/Duroid 5880 0 0 14.5 2.55 × 1.68 –33.00, –3.20,  
–3.20, –22.00 

[6] FR-4 9 0 3.5 3.41 × 2.56 –25.00, –3.00, 
–3.00, –52.00 

[7] Material (dielectric 
constant of 2.94) 1,5 and 8 0 10.5 2.11 × 2.11 –21.00, –3.30, 

–3.30, –20.00 

[9] FR-4 2 25 2.4 0.77 × 0.74 –22.00, –3.60, 
–3.60, –30.00 

[15] FR-4 2 0 2.4 1.74 × 1.51 –26.73, –3.67, 
none, none 

[16] Roger 4003C 3 0 2.4, 5.9 0.73 × 0.73 –26.10, –3.05, 
–3.30, –28.00 

[17] RT/Duroid 5880 1 28.76 1.65 0.71 × 0.47 –31.00, –3.04*, 
–3.04*, –43.00 

[18] RT/Duroid 5880 1 31.73 2.75 1.80 × 0.63 –31.00, –8.00 
–10.00, –35.00 

[19] RT/Duroid 5870 0 10.71 3.47, 4.73 and 6.31 0.12 × 0.24 –27.89, –4.16, 
–3.88, –11.20 

This 
work FR-4 2 35.21 2.4 0.48 × 0.60 –25.00, –3.40, 

–3.47, –40.10 
λg is the guided wavelength of the substrate material. 
The S-parameters are given at the lowest frequency for each reference, and the superscript * denotes the results obtained from simulations.  

Tab. 4. Comparison of key parameters of the proposed CMRC-based QWLT PD and selected PDs in previous research works.
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4. Conclusions 
In this paper, a novel PD is miniaturized using asym-

metric CMRC structures with low-cost materials based on 
QWLTs. The results showcase a remarkable miniaturization 
of 35.21% compared with λg/4 and approximately 50% com-
pared to the length of the conventional PD at 2.4 GHz, while 
maintaining good performance. Comparisons between sim-
ulated and measured results demonstrate good agreement, 
with the isolation |S23| and magnitude of reflection coeffi-
cient |S11| below 20 dB. The insertion loss |S21| and |S31| are 
at 3.3 dB. In addition, the proposed PD model is simple and 
straightforward to fabricate. In the future, the research will 
explore other asymmetric CMRC structures for additional 
size reduction of various microwave devices. 
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