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Abstract—Two wideband filtering out-of-phase power dividers 
are designed and analyzed. The initial design is composed of a 
quarter-wavelength slotline resonator and two microstrip-to-
slotline transitions. Three transmission poles are produced to 
form the passband. Excellent matching and isolation are 
achieved using extra matching network. Based on the initial 
design, a pair of stepped-impedance open stubs are shunted at 
the output ports to improve the passband selectivity. The designs 
have been verified through experiment. The tested results show 
that the proposed devices have achieved 60% operating 
bandwidth, 1.8 dB insertion loss, 1.2° phase error and excellent 
in-band matching and isolation.  
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I. INTRODUCTION 
Power dividers are critical microwave components in 

various kinds of wireless communication systems, such as 
power amplifiers, mixers, reflectometers, and feeding 
networks for antenna arrays [1]. In terms of the phase between 
output signals, power dividers (PD) can be categorized into 
two types: in-phase type [2]-[4] and out-of-phase one [5]-[8]. 
The in-phase power dividers have been widely investigated; 
however, the out-of-phase ones are usually ignored due to the 
inverted phase between two output ports. Dual-band and 
wideband performance were obtained in [5] and [6] using 
doubled-sided parallel striplines and microstrip to slotline 
transitions. A further design was then proposed in [7] to 
achieve ultra-wideband by adding extra isolating network at 
output ports. Filtering responses were introduced in an out-of-
phase power divider design in [8] based on multiple broadside 
coupled lines in low-temperature co-fire ceramic technology.  

Although a filtering out-of-phase PD was successfully 
realized in [8], the design is suffered from narrow bandwidth 
and complicated fabrication process. This paper mainly 
focuses on developing a new type of planar filtering out-of-
phase power divider with wide operating band. Similar to [5] 
and [7], this work also adopts the slotline resonator and 
microstrip-to-slotline transitions due to their multiple 
resonances and phase inverting property. The design is built 
using microstrip lines on the printed circuit board, and the 
related geometries are derived from equivalent circuit analysis. 
Finally, after fabricating and testing two prototypes, the design 
approach is successfully verified through experiment.  

II. DESIGN AND ANALYSIS 

A. Wideband Out-of-phase Power Dividers 
 

 
Fig. 1. Layout of the initial design. 
 
Fig. 1 shows the configuration of the presented out-of-phase 
power divider (PD) with a wide operating and isolation band. 
The input port 1 is connected with a microstrip-to-slotline 
transition which can coupled the signals from microstrip lines 
to the slotline, while a slotline-to-microstrip transition is used 
to split the input power into two paths. Compared with the 
design presented in [5], this design uses two extra 
transmission lines and a lumped resistor to achieve wide 
isolation bandwidth, considering the fact that the isolation of 
the design in [5] is only -8 dB. 

The design can be modelled using a transmission-line 
equivalent circuit, as given in Fig. 2. The microstrip-to-
slotline transition can be modelled using a transformer with 
turns ratio of ns. The microstrip line open stub and slotline 
short-ended stub are (𝑌𝑌𝑠𝑠𝑠𝑠 ,𝜃𝜃𝑠𝑠𝑠𝑠) and (𝑌𝑌𝑠𝑠 ,𝜃𝜃𝑠𝑠) , and the slotline 
resonator is (𝑌𝑌𝑠𝑠𝑠𝑠 ,𝜃𝜃𝑠𝑠𝑠𝑠) . The output port 2 and port 3 are 
connected with two transmission lines (𝑌𝑌1,𝜃𝜃1)  and (𝑌𝑌2, 𝜃𝜃2) , 
and a resistor 𝑅𝑅 is grounded at the end. The microstrip line 
open stub and slotline short-ended stub are required to be 
quarter-wavelength at the centre frequency, while 𝜃𝜃𝑠𝑠𝑠𝑠, 𝜃𝜃1 and 
𝜃𝜃2 are set to be 90°, 180° and 90°, respectively.  

To investigate the performance of the three-port network, 
even- and odd-mode analysis method is adopted to simplify 
the circuit. Fig. 3(a) and (b) show the even- and odd-mode 
transmission-line equivalent circuit, respectively. For the 
even-mode case, the centreline of the slotline can be regarded 
as a perfect magnetic-wall, which will prevent the signals 
propagating from the slotline to the microstrip lines. 
Consequently, in Fig. 2, the second transformer will be open-
circuit in the middle point, which lead to completely open 
circuit at the end point of the transmission line of (𝑌𝑌1, 𝜃𝜃1). The 
input admittance of the even-mode circuit can be expressed as: 

𝑌𝑌𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 = 𝑗𝑗𝑌𝑌1 tan𝜃𝜃1 + 𝑌𝑌2
𝑌𝑌2+𝑗𝑗

1
2𝑅𝑅 tan𝜃𝜃2

1
2𝑅𝑅+𝑗𝑗𝑌𝑌2 tan𝜃𝜃2

                 (1)  



 
Fig. 2. Equivalent circuit of the initial design. 
 

  
(a)                                                        (b) 

Fig. 3. Even- and odd-mode equivalent circuit: (a) even-mode; (b) odd-mode. 
 

 
Fig. 4. Layout of the wideband filtering PD with TZs. 
 
To match the output port to 𝑌𝑌𝑜𝑜 and provide ideal isolation at 
center frequency 𝑓𝑓𝑜𝑜 , it is required to have 𝑌𝑌𝑜𝑜 = 𝑌𝑌22 ∙ 2𝑅𝑅 . 
Therefore, the value of 𝑅𝑅 should be chosen as 𝑍𝑍22 2𝑍𝑍𝑜𝑜⁄ . In this 
design, 𝑍𝑍2 is selected as √2𝑍𝑍𝑜𝑜 and thus 𝑅𝑅 is equal to 𝑍𝑍𝑜𝑜. For 
the odd-mode circuit, the input admittance can be written as: 

𝑌𝑌𝑖𝑖𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜 = −𝑗𝑗𝑌𝑌2 cot𝜃𝜃2 + 𝑌𝑌1
𝑌𝑌1+𝑗𝑗𝑌𝑌𝑙𝑙1 tan𝜃𝜃1
𝑌𝑌𝑙𝑙1+𝑗𝑗𝑌𝑌1 tan𝜃𝜃1

               (2)  

where    

         𝑌𝑌𝑠𝑠1 = −𝑗𝑗𝑌𝑌𝑠𝑠𝑠𝑠 cot𝜃𝜃𝑠𝑠 + 𝑌𝑌𝑠𝑠𝑠𝑠
(𝑌𝑌𝑜𝑜2 −𝑗𝑗𝑌𝑌𝑠𝑠𝑠𝑠 cot 𝜃𝜃𝑠𝑠)+𝑗𝑗𝑌𝑌𝑠𝑠𝑙𝑙 tan 𝜃𝜃1

𝑌𝑌𝑠𝑠𝑙𝑙+𝑗𝑗(𝑌𝑌𝑜𝑜2 −𝑗𝑗𝑌𝑌𝑠𝑠𝑠𝑠 cot𝜃𝜃𝑠𝑠) tan 𝜃𝜃1
     (3)   

𝑌𝑌𝑠𝑠𝑠𝑠 = � 2
𝑖𝑖𝑠𝑠
�
2
∙ 𝑌𝑌𝑠𝑠                                     (4)  

Considering (2)-(4), one can find that condition for 
achieving perfect matching at both input port and output port 
is 𝑌𝑌𝑜𝑜2 = 2𝑌𝑌𝑠𝑠𝑠𝑠2. In this case, the impedance of the slotline should 
be chosen as 𝑍𝑍𝑠𝑠𝑠𝑠 = √2𝑍𝑍𝑜𝑜. Moreover, other parameters such as 
𝑌𝑌1  and 𝑌𝑌𝑠𝑠  should be determined based on the bandwidth 
requirement. 

B. Wideband PD with Transmission Zeros 
To further sharpen the selectivity of the filtering PD’s 

passband, it is desired to introduced more transmission zeros 
(TZ) at two edges of the passband. To that end, a pair of 
stepped-impedance open-circuit stubs is shunted at feeding 
point of output ports, as shown in Fig. 4. Fig. 5 displays the 
equivalent circuit of the wideband out-of-phase PD with 
transmission zeros, where the SIOSs are taped at port 2 and  

 
Fig. 5. Equivalent circuit of the wideband filtering PD with TZs. 
 

 
(a) 

 
(b) 

Fig. 6. S-parameters of two PDs based on the equivalent circuits: (a) |S11| and 
|S21|; (b) ) |S22| and |S32|.  
 
port 3. The lengths of each stage of the SIOS (𝜃𝜃𝑠𝑠1 and 𝜃𝜃𝑠𝑠2) are 
fixed at quarter-wavelength at 𝑓𝑓𝑜𝑜 . The shunted SIOSs can 
introduce a pair of TZs and also more resonant poles to the 
transmission coefficient of the PD. The input impedance of the 
SIOS can be expressed as: 

𝑌𝑌𝑠𝑠𝑖𝑖𝑜𝑜𝑠𝑠 = 𝑌𝑌𝑠𝑠1
𝑗𝑗𝑌𝑌𝑠𝑠2 tan𝜃𝜃𝑠𝑠2 + 𝑗𝑗𝑌𝑌𝑠𝑠1 tan𝜃𝜃𝑠𝑠1
𝑌𝑌𝑠𝑠1 − 𝑌𝑌𝑠𝑠2 tan𝜃𝜃𝑠𝑠1 tan 𝜃𝜃𝑠𝑠2

                     (5) 

To yield transmission zeros at certain frequencies, it is 
required to have 𝑌𝑌𝑠𝑠𝑖𝑖𝑜𝑜𝑠𝑠 = ∞ . If we define 𝑌𝑌𝑠𝑠1 𝑌𝑌𝑠𝑠2⁄ = 𝐾𝐾 , it is 
easy to have 𝐾𝐾 − tan2𝜃𝜃𝑠𝑠𝑡𝑡 = 0. Solving this equation, one can 
find the positions of the transmission zeros  𝑓𝑓𝑠𝑠𝑡𝑡 are located at: 

                      𝑓𝑓𝑠𝑠𝑡𝑡1 = 2
𝜋𝜋

(arctan√𝐾𝐾)𝑓𝑓𝑜𝑜,   

and                      𝑓𝑓𝑠𝑠𝑡𝑡2 = (2 − 2
𝜋𝜋

arctan√𝐾𝐾)𝑓𝑓𝑜𝑜 
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Fig. 7. Simulated and measured results are the wideband PD without TZs: (a) 
|S11|, |S21| and |S31|; (b) |S22|, |S33|, |S32| and phase difference. 
 
It is obvious that 𝑓𝑓𝑠𝑠𝑡𝑡1  and 𝑓𝑓𝑠𝑠𝑡𝑡2  are located at the upper and 
lower edge of the passband, which help to improve the 
selectivity of the filtering band. To depict the performance of 
two different PDs, the S-parameters are plotted in Fig. 6. It is 
seen that compared with the first wideband filtering PD, the 
second design have similar in-band characteristics but feature 
two TZs and a sharper skirt selectivity. Both two devices have 
ideal output matching and perfect matching across the same 
band range with the filtering passband. The phase difference 
in two designs is constant at 180° due to the intrinsic out-of-
phase property of the microstrip-to-slotline transition. 

III. EXPERIMENT AND RESULTS 
To verify the design, simulations have been conducted on 

the models displayed in Figs. 1 and 4 using EM simulator 
ANSYS Electronics Desktop version 17.2. The substrate used 
in both designs is Rogers RO4350B with dielectric constant of 
3.48 and thickness of 0.76 mm. The relevant dimensions in 
these two figures are listed as: 𝑙𝑙1 = 13, 𝑙𝑙2 = 11.7, 𝑙𝑙3 = 48.6, 
𝑙𝑙4 = 14.5, 𝑙𝑙5 = 4, 𝑙𝑙6 = 15.8, 𝑙𝑙7 = 15.8, 𝑙𝑙8 = 15.3, 𝑙𝑙9 = 15.7, 
𝑤𝑤1 = 4.5 , 𝑤𝑤2 = 1.3 , 𝑤𝑤3 = 1.6 , 𝑤𝑤4 = 1.5 , 𝑤𝑤5 = 1.6 , 𝑠𝑠1 =
0.12 , 𝑠𝑠2 = 0.64 , all in millimeter. Besides, the isolation 
resistor 𝑅𝑅 is chosen as 50 Ω. 

 

 
(a) 
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Fig. 8. Simulated and measured results are the wideband PD with TZs: (a) 
|S11|, |S21| and |S31|; (b) |S22|, |S33|, |S32| and phase difference. 
 
Finally, two prototypes have been fabricated and tested. Figs. 
7 and 8 show the comparison between the measured results 
with the simulated ones, where a photograph of two 
prototypes is also embedded. The performance of the first 
wideband power divider is displayed in Fig. 7, where a flat 
band is formed with three poles. Considering the matching and 
isolation at the outputs, the operating band range is from 2.15 
GHz to 3.98 GHz (fraction bandwidth is 59.7%). For the 
power divider with TZs, the band range is from 2.1 GHz to 3.9 
GHz (fraction bandwidth is 60%). In both cases, the in-band 
insertion loss is around 1.8 dB, and the phase difference 
between port 2 and port 3 is around 3° and 1.2°. Two 
transmission zeros are located at 1.46 GHz and 4.98 GHz, 
respectively. In both designs, the output matching (|S22| and 
|S33|) is less than -15 dB, and the measured isolation (|S32|) is 
less than -20 dB. Compared with previously presented works, 
this work has achieved wideband out-of-phase power dividing 
performance with filtering response and excellent matching 
and isolation. 

IV. CONCLUSION 
Wideband filtering out-of-phase power dividers have been 

investigated. The design is developed on a single substrate 
using microstrip lines and slotlines. Excellent output port 



matching and isolation are realized due to the matching circuit, 
which guarantees a wide operating bandwidth. The proposed 
devices integrated the functions of filtering and power 
splitting, which are very useful in the miniaturization of 
communication systems. 
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