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Abstract ─ A novel circuit is proposed to design filtering 

power dividers (FPDs) with bandpass filtering responses 

and out-of-band rejection performances. The presented 

circuit is constructed of two transmission line sections, 

four short-circuited sections and one resistor. Based  

on the introduced novel circuit, FPD1 is designed by 

selecting transmission line sections and short-circuited 

sections as quarter-wave transmission lines. The FPD2  

is proposed to realize more compact size, enhanced 

bandpass selectivity and improved out-of-band rejection 

performance by replacing the quarter-wave transmission 

lines in FPD1 with dual transmission lines. The 

corresponding equations are derived to calculate the 

initial parameter values of FPD1 and FPD2 by adopting 

even-odd mode method. For verification, two FPDs 

centered at 2.0 GHz are designed and fabricated. The 

measured 3-dB fractional bandwidths of FPD1 and FPD2 

achieve up to 63.2% and 52.3%, while the measured 

rejections with the level better than 20 dB extend to 2.4𝑓0  

and 4.0𝑓0, respectively.    

 

Index Terms ─ Filtering response, high selectivity, out-

of-band rejection, power divider.   

 

I. INTRODUCTION 
Power dividers and bandpass filters play important 

roles in modern microwave systems. By integrating two 

functions of power division and filtering response in  

only one component, the passband insertion loss and 

construction size can be reduced effectively. Recently, 

many efforts have been done to realize dual functions in 

only one component, i.e., filtering PDs [1-8]. Various 

stub-loaded resonators are utilized in [1-5] to design 

FPDs. In [6], Wilkinson PD integrated with bandpass 

filter is presented to design FPD. Source-loading coupling 

is adopted in [7] to generate transmission zeros, ensuring 

high bandpass selectivity. Moreover, FPD is proposed  

in [8] based on right-/left-handed transmission line 

resonators, which can not only split the microwave 

signals, but also provide filtering performance. 

In modern communication system, out-of-band 

rejection performance is greatly demanded to suppress 

the interferences, i.e., intermodulation signals from 

nonlinear components. Thus, many studies [9-14] have 

been done to design PDs integrated with harmonic 

suppression performances. Open-circuited stubs are 

employed in [9-10] to build PDs with enhanced spurious 

suppressions. In addition, coupled lines and non-uniform 

transmission lines are introduced in [11] and [12] to 

obtain harmonic suppression performances. In [13-14], 

low-pass filter and front coupled tapered compact 

microstrip resonant cell (FCTCMRC) are inserted  

into quarter-wave transmission lines of conventional 

Wilkinson PDs to realize good out-of-band rejections. 

From the discussion above, PDs integrated with 

filtering responses and out-of-band rejections are 

popular and desirable. Some efforts [15-19] have been 

made to design FPDs with out-of-band rejections, which 

could suppress the unwanted high-frequency signals. 

The structure proposed in [15] is embedded with dual-

mode resonators to obtain out-of-band rejection, and the 

filtering response is obtained by combining the filter 

with the power divider together. In [16-19], stub-loaded 

resonators are introduced to create transmission zeros 

(TZs) in stopband, resulting in good out-of-band 

rejections. The structure presented in [17] achieves the 

best out-of-band rejection performance among the five 

structures introduced in [15-19], where the upper 

stopband extends to 2.7 𝑓0  with the level better than  

23 dB. Thus, simple design method for FPDs with better 

out-of-band rejections is demanded.  

In this work, FPD1 and FPD2 are proposed based on 

the designed basic FPD circuit.  The upper stopband of 

FPD1 (FPD2) extends to 2.4𝑓0  (4.0𝑓0 ) with the level 

better than 20 dB. Even-odd mode method is adopted to 

analyze the operating mechanisms of FPD1 and FPD2, 

and the corresponding equations are derived to calculate 

the initial parameter values of FPDs. Based on the 

mentioned above, two FPDs with good out-of-band 

rejections are designed based on simple design methods. 
 

II. STRUCTURE AND THEORY 

A. Analysis of basic FPD circuit 

The schematic of the proposed basic FPD circuit is 

shown in Fig. 1. Even-odd mode method is adopted to 

explain the operating mechanisms of basic FPD circuit. 
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Under even-mode excitation, the power input from port 

1 will be totally transmitted to port 2 and port 3 with no 

current flowing through insolation resistor R. Thus,  

the even-mode equivalent circuit of basic FPD circuit  

is exhibited in Fig. 1 (b). The symmetrical plane can be 

seen as virtual ground under odd-mode excitation, and 

the odd-mode equivalent circuit of basic FPD circuit is 

described in Fig. 1 (c). 
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Fig. 1. Proposed basic FPD circuit: (a) the schematic of 

basic FPD circuit, (b) even-mode equivalent circuit of 

basic FPD circuit, and (c) odd-mode equivalent circuit of 

FPD circuit.  
 

Define 𝑍𝑇1 = 1 𝑗𝑋𝑇1⁄  and 𝑍𝑇2 = 1 𝑗𝑋𝑇2⁄ . From the 

even-mode equivalent circuit shown in Fig. 1 (b), the 

𝐴𝑒𝐵𝑒𝐶𝑒𝐷𝑒 matrix can be deduced as equation (1). Based 

on transmission line theory and equivalent even-mode 

circuit displayed in Fig. 1 (b), the input impedance in 

port 1 (𝑍𝐼𝑁𝐸) can be derived as equation (2). Thus, 𝑆11 

and 𝑆21 can be expressed as equation (3): 
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The expression 𝐴𝑜𝐵𝑜𝐶𝑜𝐷𝑜  matrix can be derived  

as equation (4) based on odd-mode equivalent circuit 

depicted in Fig. 1 (c). According to equations (4) and 

transmission line theory, the input impedance in port 2 

(𝑍𝐼𝑁𝑂) can be calculated as equation (5). Thus, 𝑆22 can 

be expressed as equation (6): 

 

2

1 0 1 0

1 2
1 1

o o TL TL

o o TL TL

T

A B A B

C D C D
jX R

   
                

    

, (4) 

 2

2 ( 2 )

TL T

INO

T TL TL TL

B X R
Z

X A R B jB R


 
, (5) 

 
0

22

0

INO

INO

Z Z
S

Z Z





. (6) 

 

B. Analysis of FPD1 

Based on basic FPD circuit, FPD1 is presented by 

selecting TL section, 𝑍𝑇1  and 𝑍𝑇2  as quarter-wave 

transmission lines. The schematic of FPD1 is shown  

in Table 1, which consists of two quarter-wave 

transmission lines ( 𝑍1, 𝜃 ), four short-circuited 

transmission lines (𝑍2, 𝜃) and one isolation resistor (𝑅1), 

and all electrical lengths (θ) of transmission lines are 

selected as π/2 at the center frequency (𝑓0). According 

to the schematic of FPD1, 𝐴𝑇𝐿𝐵𝑇𝐿𝐶𝑇𝐿𝐷𝑇𝐿  matrix,  

𝑋𝑇1  and 𝑋𝑇2  can be expressed as equation (7). The 

expressions of 𝑍𝐼𝑁𝐸 and 𝑍𝐼𝑁𝑂 can be derived as equation 

(8) by submitting equation (7) into equations (2) and  

(5). In a specific case, 𝑍𝐼𝑁𝐸  and 𝑍𝐼𝑁𝑂  in FPD1 can be 

simplified as 𝑍1
2 𝑍0⁄  and 𝑅1 2⁄  at 𝑓0, respectively. Thus, 

the initial value of 𝑍1  should be chosen as √2𝑍0  to 

realize good impedance matching in port 1 under even-

mode excitation, and the initial value of 𝑅1  should be 

selected as 2𝑍0 to obtain good impedance matching in 

port 2 under odd-mode excitation. Thus, the initial values 

of 𝑍1 and 𝑅1 are calculated as 70.7  and 100  when 

𝑍0 is adopted as 50 : 
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Table 1: Summary of proposed FPD1 and FPD2 
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Transmission zeros could be obtained when 𝑆21 = 0. 

According to the equations (3) and (7), the frequencies 

of TZs in FPD1 can be summarized as equation (9): 
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To further explain the operating mechanisms of 

FPD1, the normalized frequency responses with various 

values of 𝑍1  and 𝑍2  are shown in Fig. 2. As observed  

in Fig. 2 (a), the return loss of FPD1 can be optimized  

by choosing proper value of 𝑍1 , which has a good 

agreement with equations (8a). According to Fig. 2 (b), 

the 3-dB fractional bandwidth (FBW) can be adjusted by 

tuning the value of 𝑍2, which agrees with equations (8a).  
 

C. Analysis of FPD2 

In order to further improve the upper stopband 

rejection and miniaturization performances, FPD2 is 

presented by replacing the quarter-wave transmission 

line (Fig. 3 (a)) in FPD1 with the harmonic suppression 

dual transmission lines (Fig. 3 (b)), and dual transmission 

lines have been analysed in our previous work [20]. The 

schematic of FPD2 is depicted in Table 1, where six  

pairs of dual transmission lines (( 𝑍𝑆, θ1 ;  𝑍𝑆, θ2 ), 

( 𝑍𝑃 , θ1; 𝑍𝑃, θ2)) are employed, and the electrical lengths 

of dual transmission lines are chosen as 𝜃1 = 𝜋 3⁄   

and 𝜃2 = 2𝜋 3⁄ . Based on the equations (1-7) exhibited 

in paper [21], the 𝐴𝑇𝐿𝐵𝑇𝐿𝐶𝑇𝐿𝐷𝑇𝐿  matrix of dual 

transmission lines can be deduced as equation (10a), and 

𝑋𝑇1, 𝑋𝑇2 can be expressed as (10b), (10c) respectively: 
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In FPD2, the detailed expressions of 𝑍𝐼𝑁𝐸  and  

𝑍𝐼𝑁𝑂 can be obtained by substituting equation (10) into 

equations (2) and (5), and the specific expression of  

𝑍𝐼𝑁𝑂 is shown in equation (11). In a particular case, 𝑍𝐼𝑁𝐸 

and 𝑍𝐼𝑁𝑂 can be simplified as 3𝑍𝑆
2/16𝑍0 and 𝑅2 2⁄  at 𝑓0. 

The initial value of 𝑍𝑆 should be selected as 4√2 3⁄ 𝑍0 

to obtain good impedance matching in port 1 under even-

mode excitation, and the initial value of 𝑅2  should be 

chosen as 2𝑍0  to realize good impedance matching in 

port 2 under odd-mode excitation. Thus, the initial values 

of 𝑍𝑆 and 𝑅2 are calculated as 163.3  and 100  when  
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𝑍0 is adopted as 50 . 
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Fig. 2. Normalized frequency responses of FPD2 with 

various: (a) 𝑍1 and (b) 𝑍2. 
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Fig. 3. Schematic of: (a) conventional quarter-wave 

transmission lines, and (b) dual transmission lines. 

 

Transmission zeros could be obtained when 𝑆21 = 0. 

The frequencies of TZs in FPD2 can be summarized as 

equation (12) based on the equations (3) and (10): 
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To further explain the operating mechanisms of 

FPD2, the normalized frequency responses with various 

values of 𝑍𝑆 and 𝑍𝑃 are displayed in Fig. 4. As observed 

in Fig. 4 (a), the return loss in FPD2 can be optimized by 

choosing a proper value of 𝑍𝑆 , which has a good 

agreement with equations (2-3) and (10). It can be seen 

from Fig. 4 (b) that 3-dB FBW can be adjusted by tuning 

the value of 𝑍𝑃, which agrees with equations (2-3) and 

(10). 
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Fig. 4. Normalized frequency responses of FPD2 with 

various: (a) 𝑍𝑆 and (b) 𝑍𝑃. 
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Fig. 5. Normalized frequency responses of different PD 

structures. 

 

The normalized frequency responses of the 

conventional Wilkinson PD, FPD1 and FPD2 are plotted 

in Fig. 5. By comparing with conventional Wilkinson 

PD, good bandpass filtering response can be obtained  

in FPD1 and FPD2. Three additional TZs (𝑓𝑇𝑍1, 𝑓𝑇𝑍3 

and 𝑓𝑇𝑍5) in the upper stopband are introduced in FPD2 

by comparing with FPD1, which can greatly enhance the 

passband selectivity and improve out-of-band rejection 

performance. Transmission zeros depicted in Fig. 5 

agree well with equations (9) and (12). 

ACES JOURNAL, Vol. 34, No. 1, January 2019144



Based on the analysis above, the design procedures 

of the proposed FPD1 is described as following: 

1) Given specific center frequency (𝑓0), FBW and out-

of-band rejection performances of FPD1.  

2) Calculate the initial values of 𝑍1  and 𝑅1 based on 

equation (8). 

3) Adjust the value of 𝑍2 to obtain required FBW.  

4) Tune the value of 𝑅1  to realize a good isolation 

between port 2 and port 3. 

5) Optimize return loss in port 1 by changing the value 

of 𝑍1. 

6) Return to step (3) until designed FPD1 meets the 

requirement required in step (1). 

The detailed design procedures of FPD2 is 

summarized as following: 

1) Given specific center frequency (𝑓0), FBW and out-

of-band rejection performances of FPD2.  

2) The initial values 𝑍𝑆  and 𝑅2  are adopted as 

4√2 3⁄ 𝑍0 and 2𝑍0, respectively 

3) Adjust the value of 𝑍𝑃 to realize required FBW.  

4) The good isolation between port 2 and port 3 can be 

obtained by tuning the value of 𝑅2.  

5) Optimize return loss in port 1 by tuning the value of 

𝑍𝑆. 

6) Return to step (3) until designed FPD2 satisfies the 

requirement given in step (1). 

 

III. SIMULATION AND MEASUREMENT 

RESULTS 
Based on design procedures listed above, FPD1 and 

FPD2 are fabricated at a center frequency (𝑓0) of 2.0 

GHz. The substrate used herein has a dielectric constant 

of 2.55 and a thickness of 31 mil. The layouts and 

specific dimensions of FPD1 and FPD2 are exhibited in 

Table 1. Figure 6 shows the photographs of fabricated 

FPD1 and FPD2, where size miniaturization can be 

observed in FPD2 compared with FPD1. 
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Fig. 6. Photographs of proposed FPD1 and FPD2. 
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Fig. 7. EM-simulated and measured results: (a) FPD1 

and (b) FPD2. 

 

Table 2: Performance comparisons between proposed 

FPDs and the published works 

References FBW Insertion 

Loss 

(dB) 

Out-of-band 

Rejection 

Performance (dB) 

[15] 7.2% 4.2 >20 dB (2.9 0f ) 

[16] 70% 3.3 >13 dB (2.7 0f ) 

[17] 8.3% 3.9 >20 dB (2.7 0f ) 

[18] 5.8% 4.6 >20 dB (1.5 0f ) 

[19] 6.5% 3.99 >35 dB (2.5 0f ) 

FPD1 63.2% 3.4 >20 dB (2.4 0f ) 

FPD2 52.3% 3.7 >20 dB (4.0 0f ) 

 
The EM-simulated and measured results of FPD1 

and FPD2 are demonstrated in Fig. 7. As shown in  

Fig. 7 (a), the measured FPD1 operates at the center 

frequency of 1.9 GHz with the 3-dB FBW of 63.2%. The 

measured passband return loss is better than 22 dB and 

the minimum insertion loss is 3.4 dB, including 3 dB 

power splitting loss. The measured isolation in FPD1 is 

better than 12 dB ranging from DC to 10 GHz which can 

be observed in Fig. 7 (a). The upper stopband extends up  
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to 4.8 GHz (2.4𝑓0) with the rejection level of better than 

20 dB. As demonstrated in Fig. 7 (b), the measured 

minimum insertion loss in FPD2 is 3.7 dB, including 3 

dB power splitting loss. The measured passband in FPD2 

is centered at 1.97 GHz with the 3-dB FBW of 52.3%, 

while the return loss is better than 20 dB. The upper 

stopband in FPD2 extends up to 8 GHz (4.0𝑓0) with the 

rejection level of better than 20 dB. The isolation in 

FPD2 is better than 12 dB ranging from DC to 10 GHz.  

For comparison, Table 2 lists some major 

performances of the published and proposed FPDs. It can 

be seen from Table 2 that the presented FPDs demonstrate 

low insertion losses, deep out-of-band rejections and 

wide upper stopband suppression bandwidths. 
 

IV. CONCLUSIONS 
In this paper, a novel basic FPD circuit is introduced 

to design FPDs. To achieve more compact size, enhanced 

passband selectivity and improved out-of-band rejection 

performance, FPD2 is presented by replacing the quarter-

wave transmission lines in FPD1 with harmonic 

suppression dual transmission lines. The designed FPDs 

have the advantages of good filtering responses, wide 

upper stopband rejections and simple design procedures, 

which are suitable for practical FPD design. 
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