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 

Abstract—A new class of in-phase and out-of-phase power 

dividers with constant equal-ripple frequency response and wide 

operating bandwidth is presented in this paper. The proposed 

design is based on microstrip-to-slotline transitions and slotline 

resonators. A slotted T-junction is adopted to split the power into 

two parts and obtain wideband isolation between the two output 

signals at the same time. The characteristic impedance of the 

transitions and resonators determines the operating bandwidth 

and in-band magnitude response. By reversing the placement 

direction of the slotline-to-microstrip transition, the electrical 

field is reversed, thus resulting in out-of-phase responses between 

output ports. Thorough analysis of the relations between the 

structure and the characteristic functions are provided to guide 

the selection of parameters of the structure in order to meet the 

design objectives. In the structure, Simulation and measurement 

are conducted to verify the design method. For both in-phase and 

out-of-phase cases, more than 110% bandwidth has been achieved 

with excellent matching at all ports and isolation of output signals. 

Constant in-band ripple is obtained within the operating band of 

the power dividers, indicating that the proposed design can realise 

minimal power deviations, which is extremely desired in wireless 

systems. 

Index Terms—In-phase, microstrip-to-slotline transitions, out- 

of-phase, planar, power divider, slotline resonators, wideband. 

I. INTRODUCTION 

OWER dividers are crucial microwave components, which 

have been widely used in various parts of wireless 

communication systems, such as RF front-ends, feeding 

networks for antenna arrays, power amplifiers, mixers and 

reflectometers. To increase the capacity of wireless systems, a 

wide bandwidth is typically required, thus resulting in high 

demand of wideband power dividers. To achieve wideband or 

even ultra-wideband performance, many techniques have been 

proposed, such as stepped-impedance open-circuit stubs [1], 

short-circuit stubs [2], slotline resonator [3], broadside coupled 

structure [4], three-line coupled-line [5] and dual-resonant 

-mode impedance transformer [6]. Modified structures of the 

Gysel power divider were illustrated in [7] and [8], where a 

wideband operating bandwidth was obtained with high power 

dissipating capability. In a RF front-end, power dividers are  
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Fig. 1. Layout of the microstrip-to-slotline transition. 
 

usually cascaded with bandpass filters to get rid of undesired 

signals. Since the cascading devices leads to bulky overall 

circuit and large losses, it is desirable to include filtering 

function in power dividers [9]-[15]. Nevertheless, a wide 

operating bandwidth is always a crucial target in the 

development of power dividers. 

For wideband power dividers, there are two main issues to 

be focused on: magnitude and phase responses. For the phase 

response, in-phase [1]-[8], [16]-[18] and out-of-phase [19]-[23] 

states are the most useful types in microwave systems. To 

achieve 180° phase difference at two output ports, double-sided 

parallel striplines [19], substrate-integrated waveguide [20], 

slotlines [21], [22], and hybrid structure [23] were used. 

Regarding magnitude response, equal in-band ripple levels are 

extremely important and demanded to ensure that the 

magnitude frequency response of the output signals can be 

highly balanced over a wide operating bandwidth. Therefore, 

equal in-band ripple level responses were investigated and 

widely used in various microwave devices like filters [24]-[26], 

couplers [27], [28], baluns [29], phase shifters [30], impedance 

transformers [31], [32], etc. In [24], parallel-coupled lines with 

Chebyshev passbands were synthesized based on the 

insertion-loss functions. With the specification of the cut-off 

frequencies and ripple-levels, specific in-band equal-ripple 

responses can be realised. Since the microstrip-to-slotline 

transitions are able to provide strong coupling between the  
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Fig. 2. Electrical-field distribution of the microstrip-to-slotline transition 

(right-side view). 

 

         
     (a)                                                    (b) 

Fig. 3. Transmission line equivalent circuit of the microstrip-to-slotline 

transition (a) original model; (b) simplified model.  

 

microstrip lines and the slotlines, they are extremely attractive 

in wideband wireless applications [33]-[35]. This kind of 

structure can realize equal-ripple in-band magnitude responses, 

so the slotline resonator and the synthesis approach were 

widely investigated and used in designing various microwave 

components and devices. Although equal-ripple response is a 

very attractive feature and realized in many microwave devices, 

to our best knowledge, however, no wideband power dividers 

with in-band equal-ripple responses has been reported. 

In this paper, a new class of in-phase and out-of-phase 

power dividers with constant equal-ripple in-band response and 

wide isolation band is proposed. The proposed design has 

achieved the following distinctive features: (1) wideband and 

constant equal-ripple frequency response is achieved and the 

in-band ripple-level can be easily controlled; (2) a new 

structure composed of microstrip-to-slotline transitions and 

multi-mode slotline resonators is proposed to realize the wide 

operating bandwidth; (3) in-phase and out-of-phase responses 

are realized without affecting the magnitude response using the 

same structure; (4) thorough synthesis and analysis are given to 

show how to control the bandwidth and ripple-level using the 

proposed structure; (5) wideband isolation is achieved using a 

slotted T-junction, which guarantees more than 100% operating 

bandwidth. Two design prototypes of the wideband power 

divider with in-phase and out-of-phase response are 

constructed and simulated in the EM environment. Finally, the 

synthesis approach and the simulated results are verified 

successfully by experiments. 

II. MICROSTRIP-TO-SLOTLINE TRANSITIONS AND SLOTTED 

T-JUNCTIONS 

A. Microstrip-to-Slotline Transition 

Fig. 1 depicts the configuration of the microstrip-to-slotline 

transition using a short-circuit via-hole. On the ground plane, a 

slotline is positioned perpendicularly to the microstrip line on 

top with a short-ended circular slot at one end with radius Rs. 

The coupling occurs between the microstrip line and the 

slotline by means of the magnetic field [36]. The circular slot 

can be regarded as a short-end stub with uniform impedance 

and a certain amount of electrical length. Its impedance can be  

 
Fig. 4. Layout of the slotted microstrip T-junction. 

 

roughly calculated using the integration method on the circular 

slot, and the equivalent electrical length was found to be ls = 

0.75 Rs [37], [38]. Fig. 2 shows the electric-field distribution at 

the transition position between the microstrip and slotline. The 

metal via-hole serves as an electric wall to localise the field 

within the substrate and convert the electrical field in the 

vertical direction on the microstrip to the horizontal direction in 

the slotline, thus providing the coupling between the microstrip 

and the slotline in the ground. Although the via-hole can be 

replaced by a quarter-wavelength or an open-circuit circular 

microstrip stub as used in [24]-[26] and [33]-[35], the via-hole 

is more favoured in achieving bandwidth improvement and the 

flatness of in-band ripple response.   

The microstrip-to-slotline transition can be modelled using a 

series inductive load L and a parallel short-circuit stub with 

electrical length of θs and characteristic impedance of 𝑍𝑠 [39], 

[40]. Due to the existing discontinuity of the slot and mutual 

coupling between the slotline and the microstrip, a transformer 

with turn ratio of ns is required, as shown in Fig. 3(a). The 

parallel short-circuit stub and the cascaded transformer can be 

simplified using a short-circuit stub with the same electrical 

length and characteristic impedance of 𝑍𝑠𝑠 of 𝑛𝑠
2 × 𝑍𝑠 (in terms 

of admittance 𝑌𝑠𝑠 = 𝑌𝑠/𝑛𝑠
2). Besides, since the inductance of L 

is so small and thus can be neglected, the equivalent circuit of 

the transition can be modified as shown in Fig. 3(b). In this 

case, the transition can be simplified as a shunted short-ended 

stub with electrical length of θs and characteristic impedance of 

𝑍𝑠𝑠 . This structure is very simple and suitable designing 

wideband microwave components.  

B. Slotted Microstrip T-junction 

For wideband power dividers, it is challenging to maintain 

excellent isolation across a wide band. Efforts have been made 

to increase the isolation bandwidth of power dividers as 

illustrated in [41], [42]. The typical method is to include 

lump-elements in circuits like series RC, series RCL or parallel 

RCL isolation networks [43]-[45]; however, these techniques 

are not applicable to designing wideband power dividers, since  
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Fig. 5. Layout of the proposed wideband in-phase power divider. 
 

they are frequency-dependent and cannot perform well across 

such wide bandwidth. 

To tackle the problem, a kind of slotted microstrip 

T-junction with loaded resistor is introduced for designing 

wideband power dividers, as shown in Fig. 4. Compared with 

the traditional microstrip T-junction, the proposed structure 

includes a narrow slotline stub and a circular slot on the ground. 

The circular slot with radius of Rs is connected with the narrow 

slot line at the centre of the T-junction, which is located just 

underneath the microstrip T-junction. The structure was 

initially used in de Ronde’s coupler to achieve high isolation of 

a coupler [46] because it prevents the current from one arm of 

the T-junction flowing to the other one, which greatly increases 

the isolation between two arms. Since the slotline is 

frequency-independent, this slotted microstrip T-junction can 

work properly across a wide frequency range providing high 

isolation. Due to this reason, it is adopted here for isolation 

improvement of the power divider. Moreover, to further 

increase the isolation between two arms of the T-junction, a 

chip resistor is loaded across the slot at the position of the 

connecting point of the circular slot and the slotline stub. The 

resistor can absorb the power transfer of the T-junction from 

one arm to another. As a result, the isolation between two arms 

of the T-junction has been increased dramatically thus 

achieving wideband isolation. This kind of structure can 

effectively increase the isolation between output ports within a 

power divider, which will be introduced in the next section. 

III. ANALYSIS OF THE WIDEBAND POWER DIVIDER 

Based on the techniques presented above, a wideband 

power divider using microstrip-to-slotline transitions with 

via-holes and slotline resonators is shown in Fig. 5. Two 

microstrip-to-slotline transitions are shunted with the slotted 

microstrip T-junction at the input port, and another two 

transitions are connected in series with two output ports. On the 

backside of the substrate, two slotlines working as multi-mode  

 
(a) 

 
(b) 

      
(c) 

Fig. 6. (a) Transmission line equivalent circuit of the proposed power divider; 

(b) even-mode equivalent circuit; and (c) odd-mode equivalent circuit. 

 

resonators are connected between two microstrip-to-slotline 

transitions. An isolating resistor is loaded on the ground plane 

across the slotline stub underneath the microstrip lines. The 

design is aimed at obtaining wideband equal power division 

(3-dB) with constant in-band equal-ripple and in-phase 

frequency response.  

Using the equivalent circuit displayed in Fig. 3(a), the 

wideband power divider can be treated as a three-port network 

using equivalent transmission-line model shown in Fig. 6(a). 

Due to the symmetricity of the structure, it can be analysed 

using even/odd-mode decomposition technique. Fig. 6(b) and 

(c) show the even- and odd-mode equivalent transmission-line 

circuit when the even- and odd-mode excitations are applied. 

Similar to the microstrip-to-slotline transition, in order to have 

a simple and concise synthesis procedure, the cascaded 

transformers and paralleled inductors can be regarded as 

short-circuit and the paralleled transformer can be merged into 

the shunt stub with a modified value. Therefore, the even- and 

odd-mode circuit can be simplified as shown in Fig. 7. 

On the other hand, the S-parameters of a power divider can 

be expressed by: 

𝑆11 = 𝑆11𝑒                                                       (1) 

𝑆21 = 𝑆31 =
𝑆21𝑒

√2
                                          (2) 

𝑆22 = 𝑆33 =
𝑆22𝑒 + 𝑆22𝑜

2
                             (3) 

𝑆32 =
𝑆22𝑒 − 𝑆22𝑜

2
                                        (4) 

For a power divider, the following equations should be 

satisfied:  |𝑆11| = |𝑆22| = |𝑆33| = 0 ,  |𝑆21| = |𝑆31| = 1 √2⁄ , 

and |𝑆32| = 0. These equations ensure perfect matching at all 

three ports and perfect isolation between output ports. For the 

transmitted signals, equal power and identical phase should be 

obtained at two output ports. In the following parts of this  
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(a) 

 
(b) 

Fig. 7. Simplified transmission line equivalent circuit: (a) even-mode; (b) 

odd-mode. 

 

section, the matching and isolation as well as the wideband 

response with constant in-band ripple level will be discussed. 

A. Matching and Isolation 

In Fig. 7(a), the even-mode excitation is applied, which 

means the central symmetrical plane can be seen as a perfect 

magnetic wall. In this case, the input port impedance is doubled 

as 2𝑍𝑜. From (1) it is seen that the matching at the input port is 

only related to the S11 of the even-mode circuit. Therefore, to 

get perfect matching at all three ports, it is required to get 

perfect matching at port 1 and port 2 for the even-mode circuit, 

in other words,  

𝑌𝑖𝑛,𝑒1 = 𝑌𝑜/2,  and   𝑌𝑖𝑛,𝑒2 = 𝑌𝑜                            (5) 

From Fig. 6(c), it can be found that 

𝑌𝑖𝑛,𝑒1 = 𝑌1

𝑌𝑒1
′ + 𝑗𝑌1 tan 𝜃1

𝑌1 + 𝑗𝑌𝑒1
′ tan 𝜃1

                                    (6) 

𝑌𝑖𝑛,𝑒2 = 𝑌2

𝑌𝑒2
′ + 𝑗𝑌2 tan 𝜃2

𝑌2 + 𝑗𝑌𝑒2
′ tan 𝜃2

− 𝑗𝑌𝑠𝑠 cot 𝜃𝑠              (7) 

where 

𝑌𝑒1
′ = 𝑌2

𝑌𝑒
′ + 𝑗𝑌2 tan 𝜃2

𝑌2 + 𝑗𝑌𝑒
′ tan 𝜃2

− 𝑗𝑌𝑠𝑠 cot 𝜃𝑠                    (8) 

𝑌𝑒
′ = 𝑌𝑜 − 𝑗𝑌𝑠𝑠 cot 𝜃𝑠                                                (9) 

𝑌𝑒2
′ = 𝑌1

𝑌𝑜/2 + 𝑗𝑌1 tan 𝜃1

𝑌1 + 𝑗𝑌𝑒1
′ tan 𝜃1 /2

− 𝑗𝑌𝑠𝑠 cot 𝜃𝑠             (10) 

As mentioned above, the electrical length of the shunted 

stubs is quarter-wavelength at the center frequency 𝑓𝑜. Since 

the slotline would work as a multi-mode resonator, the 

electrical length of the slotline is chosen as half-wavelength at 

𝑓𝑜. Besides, 𝜃1 is selected as quarter-wavelength to make port 1 

virtual short-circuit seen from the slotline resonator. In a 

nutshell, the related electrical lengths for all the transmission 

lines are: 𝜃1 = 90° , 𝜃2 = 180°  and 𝜃𝑠 = 90° . Combining 

(5)-(10), one can find that 𝑌1 affects the matching of all ports, 

while 𝑌2 and 𝑌𝑠𝑠 have no effect on the even-mode circuit at 𝑓𝑜. 

To get perfect matching at 𝑓𝑜 , 𝑌1  should be selected 𝑌𝑜/√2, 

such as in classic Wilkinson designs; however, for wideband 

power dividers, this value may vary to some extent. 

When the odd-mode excitation is applied as shown in Fig. 

7(b), the symmetrical plane can be regarded as virtual electrical 

wall, which makes port 1 become short-circuit to the ground.  

 
(a) 

 
(b) 

Fig. 8. (a) |S21| of the power divider with different ns; (b) resonance distribution 

against 𝑌3 𝑌2⁄ . 

 

As indicated in (3) the matching properties at port 2 and port 3 

are related to both of the even-mode and odd-mode circuits. 

Meanwhile, since the isolation resistor only exists in the 

odd-mode circuit, the matching of odd-mode circuit is also 

related to the isolation performance of the power divider, which 

requires that 𝑍𝑖𝑛,𝑜2 = 𝑍𝑜. From Fig. 7(b), it can be calculated 

that 

𝑌𝑖𝑛,𝑜2 = 𝑌2

𝑌𝑜
′ + 𝑗𝑌2 tan 𝜃2

𝑌2 + 𝑗𝑌𝑜
′ tan 𝜃2

− 𝑗𝑌𝑠𝑠 cot 𝜃𝑠                (11) 

where 

𝑌𝑜
′ = −𝑗𝑌𝑠𝑠 cot 𝜃𝑠 + 𝑌1

2 𝑅⁄ + 𝑗𝑌1 tan 𝜃1

𝑌1 + 𝑗 2 𝑅⁄ tan 𝜃1
             (12) 

By solving 𝑌𝑖𝑛,𝑜2 = 𝑌𝑜, the value of the isolating resistor can 

be determined as 𝑅 = 2𝑌𝑜 𝑌1
2⁄ , which guarantees a perfect 

matching at port 2 and 3 at  𝑓𝑜. In summary, to get perfect 

matching at all three ports and perfect isolation between port 2 

and port 3, the electrical length should be 𝜃1 = 90°, 𝜃2 = 180° 

and 𝜃𝑠 = 90° , and the isolating resistor  𝑅  is selected as 

2𝑍𝑜.The admittance of 𝑌1 is related to both of matching and 

transmission characteristics, which should be taken into 

consideration at the same time.  The admittances of 𝑌2 and 𝑌𝑠𝑠, 

though have no effect on the matching and isolation of the 

power divider, will affect the resonance as well as the in-band  
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Fig. 9. Relation between 𝜃𝑐 and FBW/𝛼. 

 

magnitude response of the power dividers, which will be 

discussed in the next section. 

B. Resonances 

In this design, slotline resonators are used as multi-mode 

resonators to realize wideband performance. The slotline 

resonator is described as a transmission line ( 𝑌2, 𝜃2 ) with 

uniform admittance as well as two short-ended stubs (𝑌𝑠𝑠, 𝜃3) in 

Fig. 7. The lengths of 𝜃2 and 𝜃3 are fixed at half-wavelength 

and quarter-wavelength at the center frequency, respectively. 

As indicated in (1b), the power transmission is only related to 

the even-mode circuit, which is depicted in Fig. 6(b). In this 

design, since the slotline works as a three-mode resonator, 

when the resonator is weakly coupled (ns = 0.1), the three 

resonator poles can be easily observed. A wideband and 

constant passband can be obtained by increasing the coupling. 

When ns = 0.1, a flat and constant magnitude can be realized. 

Since the resonator is symmetric, it is possible to find the 

positions of all the resonances by calculating its odd-mode and 

even-mode resonances, respectively. For the odd-mode 

resonance 𝜃𝑜𝑑𝑑, o 

𝑌𝑜𝑑𝑑 = 𝑗
𝑌2

tan(𝜃𝑜𝑑𝑑)
= 0                                 (13)            

and thus, 

 𝜃𝑜𝑑𝑑 = tan−1 ∞ = (
1

2
+ 𝑛) 𝜋                       (14) 

For the even-mode case, the slotline resonator operates as a 

half-wavelength stepped-impedance resonator. The input 

impedance of the resonator can be written as: 

   𝑌𝑒𝑣𝑒𝑛 = 𝑗𝑌2

𝑌2 tan 𝜃2 tan 𝜃3 − 𝑌3

𝑌2 tan 𝜃3 + 𝑌3 tan 𝜃2
                 (15) 

To find the even-mode resonances, one has 𝑌𝑒𝑣𝑒𝑛 = 0 , 

which  leads to 𝑌2 tan2 𝜃𝑒𝑣𝑒𝑛 − 𝑌3 = 0. The positions of two 

even-mode resonances are thus given by: 

𝜃𝑒𝑣𝑒𝑛1 = tan−1 √𝑌3 𝑌2⁄ + 𝑛𝜋                      (16) 

        𝜃𝑒𝑣𝑒𝑛2 = 𝜋 − tan−1 √𝑌3 𝑌2⁄ + 𝑛𝜋.             (17) 

Since the centre frequency 𝑓𝑜 is located at 𝜋/2, the three modes 

of the slotline resonator are located at the following positions: 

 𝑓𝑒𝑣𝑒𝑛1 =
2𝑓𝑜

𝜋
tan−1 √𝑌3 𝑌2⁄                             (18) 

 
(a) 

   
(b) 

Fig. 10. Relations between function coefficients and 𝜃𝑐 when LA is 0.05 dB, 0.1 

dB and 0.2 dB: (a) |k1| and (b) |k2|. 

 

𝑓𝑜𝑑𝑑1 = 𝑓𝑜                                                         (19)  

   𝑓𝑒𝑣𝑒𝑛2 =
2𝑓𝑜

𝜋
(𝜋 − tan−1 √𝑌3 𝑌2⁄ )                  (20) 

It is found from (18)-(20) that, the odd-mode resonance is fixed 

at 𝑓𝑜 while two even-mode resonances vary with the admittance 

ratio of 𝑌3 and 𝑌2. The resonance distribution is plotted in Fig. 

8. When the ratio of 𝑌3 𝑌2⁄  increases, the first and third mode 

will move closer to the center frequency, which may result in a 

smaller bandwidth of the passband. To meet the bandwidth 

requirement, it is necessary to select an appropriate admittance 

ratio 𝑌3 𝑌2⁄  during the design process. The selection of 

resonances is also determined by the objectives of bandwidth 

and in-band ripple levels, which will be discussed next. 

C. In-band Magnitude Response 

As mentioned before, for a wideband power divider, it is 

required that |𝑆21| = |𝑆31| = 1 √2⁄ . However, for wideband 

applications, it is practical to make the output response the 

same for every single frequency. To minimize the difference 

within the band, it is favorable to have equal in-band ripple 

level. Therefore, it is possible to predict the in-band 

performance of the power divider by investigating 𝑆21𝑒 . To 

calculate the S-parameters of the two-port network, the 

ABCD-matrix of the whole circuit can be considered by 

multiplying the cascaded ABCD-matrix of each part of the 

circuit: 
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Fig. 11. Value of z1 and 𝐿𝐴 against 𝜀. 

 

        [
𝐴 𝐵
𝐶 𝐷

]
𝑒

= 𝑀1𝑀𝑠𝑀2𝑀𝑠                

           = [
cos 𝜃1

𝑗 sin 𝜃1

𝑦1

𝑗𝑦1 sin 𝜃1 cos 𝜃1

] ∙ [
1 0

−𝑗𝑦𝑠𝑠 cot 𝜃𝑠 1
]       

∙ [
cos 𝜃2

𝑗 sin 𝜃2

𝑦2

𝑗𝑦2 sin 𝜃2 cos 𝜃2

] ∙ [
1 0

−𝑗𝑦𝑠𝑠 cot 𝜃𝑠 1
]     (21) 

The electrical lengths of 𝜃1 , 𝜃2  and 𝜃𝑠  are simplified as 

𝜃1 = 𝜃𝑠 = 𝜃2 2⁄ = 𝜃 . Meanwhile, the squared magnitude of 

the scattering parameters can be expressed by 

|𝑆21𝑒|2 =
1

1 + |𝐹𝑚|2
,     |𝑆11𝑒|2 =

|𝐹𝑚|2

1 + |𝐹𝑚|2
            (22) 

where 

𝐹𝑚 =
𝐵 − 𝐶

2
   

 𝐵 = −𝑗 [(1 +
𝑦𝑠𝑠

𝑦1
) ∙

2

𝑦2
+

1

𝑦1
] ∙

cos4 𝜃

sin 𝜃
    

+𝑗 [(1 +
𝑦𝑠𝑠

𝑦1
) ∙

2

𝑦2
+

3

𝑦1
]

cos2 𝜃

sin 𝜃
− 𝑗

1

𝑦1 sin 𝜃
     

 𝐶 = −𝑗 [(1 +
𝑦𝑠𝑠

𝑦2
) 𝑦1 + 𝑦2 + (2 +

𝑦𝑠𝑠

𝑦2
) 𝑦𝑠𝑠] ∙

cos4 𝜃

sin 𝜃
 

    +𝑗 [2 (1 +
𝑦𝑠𝑠

𝑦2
) 𝑦1 + 𝑦1 + 2𝑦2 + 2𝑦𝑠𝑠] ∙

cos2 𝜃

sin 𝜃
+ 𝑗𝑦1

1

sin 𝜃
 

Therefore, 𝐹𝑚 can be expressed as: 

𝐹𝑚 = 𝑗
1

sin 𝜃
(𝑘1 cos4 𝜃 + 𝑘2 cos2 𝜃 + 𝑘3)            (23) 

where 

𝑘1 = (𝑦1 + 𝑦𝑠𝑠) (1 +
𝑦𝑠𝑠

𝑦2
) + 𝑦2 + 𝑦𝑠𝑠 − (1 +

𝑦𝑠𝑠

𝑦1
) ∙

1

𝑦2
+

1

2𝑦1
  

   (24) 

  𝑘2 = (1 +
𝑦𝑠𝑠

𝑦1
) ∙

1

𝑦2
+

3

2𝑦1
− (1 +

𝑦𝑠𝑠

𝑦2
) ∙ 𝑦1 −

𝑦1

2
− 𝑦2 − 𝑦𝑠𝑠    

     (25) 

𝑘3 =
1

2
(

1

𝑦1
− 𝑦1)                                (26) 

In order to achieve equal in-band ripple level, it is possible 

to use a polynomial of 𝜀 cos(𝑛𝜙 + 𝑞𝜉) to replace 𝐹𝑚 and write 

the squared magnitude of 𝑆21𝑒 as: 

|𝑆21𝑒|2 =
1

1 + 𝜀2 cos2(𝑛𝜙 + 𝑞𝜉)
                                

=
1

1 + 𝜀2[𝑇𝑛(𝑥)𝑇𝑞(𝑦) − 𝑈𝑛(𝑥)𝑈𝑞(𝑦)]
          (27) 

where 𝜀  is ripple constant which is related to the specified 

in-band ripple level; 𝑇𝑛(𝑥)  and 𝑈𝑛(𝑥)  are the Chebyshev 

polynomial functions of the first and second kinds of degree 𝑛. 

The coefficients of 𝑛 and 𝑞 are required to be fixed as 1 and 3. 

To describe the bandwidth of the passband, it is possible to 

define a variable 𝛼 = 1 cos 𝜃𝑐⁄ , where 𝜃𝑐 is the lower cut-off 

frequency of the passband. Correspondingly, the higher cut-off 

frequency is (180° − 𝜃𝑐) , the fractional bandwidth of the 

passband is (180° − 2𝜃𝑐) 90°⁄ , and 

cos 𝜙 = 𝛼 cos 𝜃                                               (28) 

cos 𝜉 = cos 𝜙 √
𝛼2 − 1

𝛼2 − cos2 𝜙
                       (29) 

Fig. 9 shows the relation between 𝜃𝑐 and FBW as well as 𝛼. 

The value of 𝜃𝑐 determines the FBW and 𝛼, which affects the 

impedance of the structure. Based on the aforementioned 

relations, the item of 𝜀 cos(𝑛𝜙 + 𝑞𝜉) can be written as 

  𝜀 cos(𝑛𝜙 + 𝑞𝜉) = 𝑗
1

sin 𝜃
[−𝜀 (4𝛼2 + 4𝛼3√𝛼2 − 1) cos4 𝜃  

− 𝜀 (5𝛼2 + 3𝛼√𝛼2 − 1) cos2 𝜃 + 𝜀]   (30) 

Comparing (24) with (17), the functions coefficients of 𝑘1, 𝑘2 

and 𝑘3 can be expressed as 

𝑘1 = −𝜀 (4𝛼2 + 4𝛼3√𝛼2 − 1)                    (31) 

𝑘2 = −𝜀 (5𝛼2 + 3𝛼√𝛼2 − 1)                     (32) 

𝑘3 = 𝜀                                           (33) 

By equating (24)-(26) with (31)-(33), the related parameters 

of 𝑦1, 𝑦2 and 𝑦𝑠𝑠 can be determined with specific given value 

of 𝜀 and 𝛼. Since the bandwidth of the passband and in-band 

ripple level are related to 𝜀 and 𝛼, it is possible to obtain a 

desired bandwidth and in-band ripple level by selecting 

appropriate value of 𝑦1, 𝑦2 and 𝑦𝑠𝑠. With different selections of 

𝜀  and 𝛼 , the function coefficients of 𝑘1 , 𝑘2  and 𝑘3  are also 

different. The ripple level 𝐿𝐴 is related to the ripple constant by 

𝜀 = √10𝐿𝐴 10⁄ − 1. When the in-band ripple level is given, the 

values of to 𝜀 and 𝛼 are fixed, which means that 𝑘1, 𝑘2 and 𝑘3 

can be determined using (31)-(33). Then, the related value of 

admittances  𝑦1, 𝑦2 and 𝑦𝑠𝑠 can be solved from (24)-(26). Since 

𝛼 is related to 𝜃𝑐 and 𝜀 is related to 𝐿𝐴, the relations between 

𝑘1 , 𝑘2  and 𝜃𝑐  are shown in Figs. 10(a) and (b), where 𝐿𝐴  is 

selected as 0.05 dB, 0.1 dB and 0.2 dB, respectively. 

Apparently, both of 𝑘1 and 𝑘2 are negative, and the absolute 

value of 𝑘1 and 𝑘2 will increase when a larger value of 𝐿𝐴 or 𝜃𝑐 

is selected. 
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(a)                                                             (b) 

Fig. 12. Two different configurations of slotline-to-microstrip transitions (Top 

view): (a) original placement; (b) Reversed placement. 

 

 
Fig. 13. Electrical-field distribution of the slotline-to-microstrip transition 

when the via-hole is reversely placed (right-side view). 

 

 
Fig. 14. Equivalent circuit of the proposed wideband power divider with 

out-of-phase response. 

 

On the other hand, by observing (26) and (32) one can find that 

the ripple constant 𝜀 determines the value of the admittance of 

𝑦1 . Therefore, when the value of 𝜀  is determined, the 

impedance of 𝑧1 can be calculated by 

𝜀 = √
𝑧1

2 − 1

2𝑧1
                                          (34) 

𝑧1 = 𝜀 + √𝜀2 + 1                                   (35) 

Fig. 11 shows the relation between 𝜀 and 𝐿𝐴 as well as 𝑧1. 

The value of 𝜀 will drop when a smaller value of  𝐿𝐴 is used. It 

is seen from (35) that 𝑧1 is always larger than 1, and 𝑧1 will be 

larger when 𝜀 increases. In this design, the target of an example 

prototype is set as 𝐿𝐴 = 0.1 dB, which means 𝜀 = 0.1526. In 

this case, 𝑧1 should be chosen as 58.2 Ω. When 𝑧1 is found, 

equations (24) and (25) are reduced to two quadric equations 

with two variables 𝑦2 and 𝑦𝑠𝑠, which are very easy to solve. 

The value of 𝑦2  is the admittance of the slotline resonator, 

while the admittance of the short-circuit slot stub 𝑦𝑠  can be 

found using 𝑦𝑠 = 𝑛𝑠
2 ∙ 𝑦𝑠𝑠. The turn ratio value 𝑛𝑠 is also related 

to the ripple level and bandwidth; a larger 𝑛𝑠 will lead to a 

wider bandwidth. 

IV. SYNTHESIS OF WIDEBAND IN-PHASE AND OUT-OF-PHASE 

POWER DIVIDERS 

A. In-phase and Out-of-phase Responses 

The aforementioned analysis has demonstrated that the 

proposed structure can realize constant ripple level frequency 

response regarding to the magnitude of output signals. In 

regards to the phase response, since the proposed structure  

 
Fig. 15. Layout of the proposed power divider with out-of-phase response. 

 

shown in Fig. 5 is fully symmetrical, the phase and magnitude 

responses are identical as well. However, in some cases, the 

out-of-phase response is also required, which means the output 

signals should have the same frequency response in magnitude 

while having opposite signs in phase.  

In this work, it is possible to realize out-of-phase response 

using different configurations of slotline-to-microstrip 

transitions, as illustrated in Fig. 12. In Fig. 10(a), it is assumed 

that the signal is propagating in the slotline with the same 

electrical-field distribution compare with Fig. 2. In this case, 

the electrical-field in the microstrip will have the same amount 

of field lines and the same direction as displayed in Fig. 2. If the  

position of the via-hole and the microstrip line are reversely 

placed at the opposite side across the slotline, as indicated in 

Fig. 12(b), the direction of electric-field lines will be reversed. 

As indicated in Fig. 13, the produced electrical-field will have 

the same amount of field lines compared with the original 

method of placement shown in Fig. 12(a), indicating that the 

phase responses of two cases are opposite while the magnitude 

is the same. Therefore, it is possible to apply these two types of 

transitions to different signal paths in the design of out-of-phase 

power dividers, resulting in a 180° phase difference between 

two output ports. 

The reversely-placed slotline-to-microstrip transitions can 

be used in the design of out-of-phase power divider. Fig. 14 

depicts the transmission line equivalent circuit used in the 

modelling and synthesis. The transformer at port 3 is reversely 

placed compared with port 2, which results in 180° phase 

difference. In this case, the turn ratio value of the 

slotline-to-microstrip transition at port 3 becomes -ns in 

equivalent, which provides a negative sign to reverse the phase. 

It is noted that the out-of-phase power divider still has the same 

isolation and matching properties and the same in-band ripple 

levels with the in-phase one. This is because although the phase 

response is reversed by the different placement of the 

slotline-to-microstrip transitions, it does not bring any effect on 

the magnitude response of the structure.  
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(a)                                                    (b) 

Fig. 16. Synthesized S-parameters of the propose power divider when 𝜃𝑐 equals 

to 30˚, 45˚ and 60˚: (a) |S11| and |S21|; (b) |S22| and |S32|. 

 

  
(a)                                                      (b) 

Fig. 17. Synthesized S-parameters of the propose power divider when 𝐿𝐴 is 

selected as 0.05 dB, 0.1 dB, and 0.2 dB: (a) |S11| and |S21|; (b) |S22| and |S32|. 

 

Fig. 15 shows the layout of the proposed out-of-phase 

power divider using two different configurations of slotline-to- 

microstrip transitions. Compared with the in-phase wideband 

power divider in Fig. 5, the out-of-phase structure adopts 

exactly the same slotted microstrip T-junction and slotline 

resonators, while the only difference is the direction of the 

slotline-to-microstrip transition connected with port 3. In other 

words, the via-holes and microstrip lines at port 2 and port 3 are 

placed at the opposite sides of two slotlines in the out-of-phase 

power divider, which create 180° phase difference between two 

output signals. In the following part of this section, the in-phase 

power divider is used for synthesis of the proposed design’s 

magnitude of the frequency response with variable bandwidths 

and in-band ripple levels. 

B. Bandwidth and Constant Magnitude Response 

As mentioned before, the proposed power divider is able to 

achieve flexible fractional bandwidth (FBW) and controllable 

constant in-band ripple-level at two output ports at the same 

time. To verify the design approach, several design prototypes 

are investigated with different fractional bandwidths or in-band 

ripple levels. Figs. 16(a) and (b) show the scattering parameters 

of three cases which have equal in-band ripple level and 

different operating bandwidths. When  𝜃𝑐 is equal to 30˚, 45˚, 

60˚ and the in-band ripple level is fixed at 0.1 dB, the 

coefficient of 𝑘1 and 𝑘2 can be found, and thus the value of 𝑧2 

and 𝑧𝑠𝑠  can be solved. It is observed that to obtain a wider 

bandwidth, a larger value of 𝑧2 and a smaller value of 𝑧𝑠𝑠 is 

required. Meanwhile, when FBW is varied, the matching 

properties at two output ports and the isolation between two 

output ports are also affected. When the FBW is extended, the 

matching and isolation become worse as the maximum 

reflection and isolation point become larger. When the FBW is 

narrowed, the matching and isolation become better as the 

maximum reflection and isolation point become smaller. So for 

a certain in-band ripple level, the FBW and output matching as  

 
(a) 

         
 (b) 

Fig. 18. Layout of two designed prototypes with different phase responses: (a) 

in-phase state; (b) out-of-phase state. 

 

well as isolation are a kind of trade-off and can be balanced as 

required. 

On the other hand, the in-band ripple level can be flexibly 

controlled without changing the FBW. As a design example, 

the FBW is selected as 100% as 𝜃𝑐 equates to 45˚. To obtain 

different in-band levels of 0.05-dB, 0.1-dB and 0.2-dB cases, 

different values of 𝑧2 and 𝑧𝑠𝑠 can be solved by putting 𝐿𝐴 equal 

to 0.05, 0.1 and 0.2, respectively. Figs. 17(a) and (b) depict the 

calculated scattering parameters for the three investigated cases 

with the same FBW and different in-band ripple-levels. When 

the ripple level is equal to 0.05 dB, the return loss of S11 and S22 

are quite small at the same time; while when the ripple level 

increases, the S11 and S22 will be deteriorated so some extent. In 

terms of the isolations, when different ripple-levels are 

selected, the isolation levels for all the cases remain almost the 

same, which indicates that it is rarely affected by the ripple 

level and mainly decided by the FBW. 

V. EXPERIMENT RESULTS AND DISCUSSIONS 

A. Design and Results 

Based on the analysis above, two design prototypes with 

in-phase and out-of-phase responses are fabricated and tested 

for verification. The design example is aimed at 𝜃𝑐 = 45° , 

𝐿𝐴 = 0.1 dB and 100% operating bandwidth. To that end, the 

relevant parameters are found to be 𝑍1 = 67.2 Ω, 𝑍2 = 55.6 Ω,  
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(a) 

  
(b) 

Fig. 19. Simulated and measured results of the in-phase power divider: (a) |S11|, 

|S21| and |S31|; (b) |S22|, |S33| and |S32|. 

 

and 𝑍𝑠 = 41.2 Ω. The center frequency is selected as 6 GHz 

and thus the prospective band range is from 3 GHz to 9 GHz. 

The substrate employed in this design is Rogers RO4350B with 

a dielectric constant of 3.48 and thickness of 0.76 mm. The 

simulation and optimization of the EM model is done using the 

commercial full-wave simulation software ANSYS Electronics 

Desktop v.17.2. Figs. 18(a) and (b) show the layout of the 

prototypes with in-phase and out-of-phase response. Owing to 

the fabrication tolerance, the impedance of the slotlines is 

modified in the full-wave simulation based on the synthesized 

values. Optimization is also done on the overall performance of 

the device. The final dimensions shown in Fig. 14 are listed as: 

𝑙1 = 5.7, 𝑙2 = 14.5, 𝑙3 = 1.6, 𝑙4 = 1.8, , 𝑙5 = 5.7, 𝑙6 = 17.2, 

𝑤1 = 0.53, 𝑤2 = 0.2, 𝑟𝑠 = 4.2, all in mm. A chip resistor 𝑅 

with 100 Ω is embedded across the slot on the ground in both 

structures. The overall size of each circuit is around 32.4 mm × 

25.9 mm. 

The fabricated prototypes are finally tested using vector 

network analyzer. The simulated and measured results are 

shown in Figs. 19-21. For the in-phase case, Fig. 19 shows the 

measured and simulated performance. It is observed from Fig. 

19(a) that the measured return loss is below -11.2 dB, compared  

 
(a) 

 
(b) 

Fig. 20. Simulated and measured results of the out-of-phase power divider: (a) 

|S11|, |S21| and |S31|; (b) |S22|, |S33| and |S32|. 

 

 
Fig. 21. Simulated and measured phase difference (∠S21-∠S31) between port 2 

and port3 of two prototypes. 

 

with the simulated -13.5 dB from 2.5 GHz to 10 GHz. The 

measured insertion loss is around 0.8 to 2 dB, which is very 

close to the simulated one. Fig. 19(b) shows the simulated and 

tested isolation and matching properties at output ports. Within 

the band range, the isolation is below -15 dB across the whole 
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TABLE I  
COMPARISON BETWEEN THE PROPOSED DESIGNS WITH OTHER WORKS  

Ref. Type RL (dB) IL (dB) 
Isolation 

(dB) 
FBW Equal-ripple 

Microstrip 

compatibility 

[1] In-phase -10 0.4-1.2 -10 97% No Yes 

[3] In-phase -10 1-2 -10 105% No No 

[4] In-phase -14 1-3 -12 109% No No 

[5] In-phase -13 0.6 -10 109% No Yes 

[6] In-phase -10 N.P. -14 54% No Yes 

[18] In-phase -15 0.66 -15 104.5% No Yes 

[19] Out-of-phase -10 0.5 -10 105% No No 

[20] Out-of-phase -10 2.5 -9 40% No No 

[21] Out-of-phase -10 0.5 -8 109% No Yes 

[23] Out-of-phase -10 N.P. -16 66% No Yes 

This 

work 

In-phase -11 0.8-2 -13 110% Yes Yes 

Out-of-phase -12 1-2.2 -15 110% Yes Yes 

RL: return loss; IL: insertion loss; FBW: fractional bandwidth; N.P.: not provided. 

 

 
Fig. 22. Comparison of |S21| between the three-pole and four-pour design. 

 

 
Fig. 23. Effect on |S32| when the resistor is located at different positions. 

 

band range. Besides, excellent matching properties can be 

observed as the measured return loss at output ports is all less 

than -11.5 dB. For the out-of-phase design, the simulated and 

measured results are displayed in Fig. 20. Less than -12 dB 

return loss at the input port is achieved from the measurement, 

compared with -13.8 dB from simulation. The insertion loss is 

around 1.0 to 2.2 dB, which is close to the simulated one. Good 

matching and isolation properties are obtained as well: the 

return loss at output port is less than -11 dB from 2.8 GHz to 

more than 10 GHz, while the isolation is below -13 dB across 

the same band range. 

Fig. 21 shows the simulated and tested phase difference 

between port 2 and port 3 (∠S21− ∠S31) of both prototypes. The 

measured phase difference is found to be less than ±2.0° and 

±2.4° degree, compared with ±0.2° and ±0.8° from simulation, 

respectively. This demonstrates the proposed power dividers 

have excellent linearity of phase across an extremely wide 

operating band range. Considering the overall performance of 

two prototypes, around 109.7% bandwidth (from 2.8 GHz to 

9.6 GHz) can be claimed from the tested results of both designs. 

The photos of two fabricated prototypes have been included in 

Figs. 19(b) and 20(b). Since the focus of this work is mainly on 

the bandwidth and in-band magnitude performance of the 

design, the out-of-band result is not displayed. It is notable that 

due to the radiation of transmitted signals at high frequencies 

(from 6 GHz and above), the insertion loss is slightly increased, 

which can be observed from the tested results of both 

prototypes. This extra loss can be prevented by adding a 

metallic shield enclosing the board, which is important when 

the circuit is integrated and utilized in systems.  

B. Discussions 

To demonstrate the advantages of this work, a comparison 

is given in TABLE I. From TABLE I one can find that, this 

work realized ultra-wide operating bandwidth with excellent 

isolation performance. The proposed design is the first work to 

realize equal and constant in-band ripple for the magnitude 

response using multi-mode resonators. Besides, it is also the 

first work to realize both in-phase and out-of-phase responses 

with ultra-wide bandwidth using a simple structure. 

As mentioned earlier, due to the limitation of fabrication 

tolerance, the smallest realizable value of the impedance is 

64 Ω using the adopted substrate. Accordingly, the related 

values for the model is modified in the full-wave simulation. 

Using very narrow width of slotlines (𝑤2 = 0.05 mm), a 

three-pole response can be obtained. In the current design, 

the width of 𝑤2 is selected as 0.2 mm, and thus the second 

transmission pole will be split into two, resulting in a four-pole 

response within the operating band. The comparison of |S21| 

between the three-pole and four-pole responses is shown in Fig. 
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22. It is seen that the return loss levels are almost the same in 

two cases, while the four-pole design has a slightly wide 

bandwidth than the three-pole case. To maintain a constant and 

equal in-band ripple magnitude response as well as excellent 

isolation performance within the passband, the whole structure 

is optimized as the final step in the design procedure. 

Another issue to be noted is the isolation performance of 

the design, which is also an advantage of this work. The 

design can realize excellent isolation across ultra-wide band 

range, which is largely attributed to the loaded resistor on 

the slotted ground. The resistor should be placed at the 

connecting point of the circular slot and the slotline stub. To 

investigate the effect of the resistor location on the isolation, 

multiple simulations have been done as shown in Fig. 23. 

Here ∆𝑑  refers to the distance that the resistor is moved 

away from the original place along the slotline on the 

backside of the feed. It is seen that when ∆𝑑 is less than 1 

mm, |S32| remains exactly the same. When ∆𝑑 is increased to 

3 mm or even 5 mm, the isolation becomes less balanced at 

lower and higher frequencies. In all simulations, the highest 

response level in |S32| appears at 3.5 GHz and 8.5 GHz, 

which are in line with the resonant frequencies of the power 

divider. This phenomenon can also be observed in the 

synthesis, which demonstrates that the proposed design can 

achieve high isolation across the entire band. 

VI. CONCLUSION 

A planar wideband power divider has been presented and 

verified via theoretical analysis and experiments. Microstrip- 

to-slotline transitions and slotline resonators have been used to 

achieve equal in-band ripple response. To investigate the 

relation between the structure and the achievable FBW and 

in-band ripple-level, the proposed power divider has been 

synthesized using its transmission line equivalent circuit. Based 

on the analysis, the structure can achieve constant in-band 

magnitude response and flexible bandwidth by controlling the 

dimensions of microstrip-to-slotline transitions and the slotline 

resonator. Based on proposed design approach, a wideband 

power divider has been built, simulated and optimized via full- 

wave simulations. The experimental results have demonstrated 

that excellent matching and isolation and wide operating 

bandwidth can be obtained. In-phase and out-of-phase 

responses are achieved for wideband applications using one 

structure. A constant in-band magnitude response and minimal 

insertion loss imbalance have been obtained, which is highly 

desired in wireless communications systems. 
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