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Abstract ─ In this paper, a miniaturized microstrip-based 

Bailey power divider is proposed by incorporating split 

ring resonators. New analytical design equations are 

derived for predefined power split ratios. To validate the 

proposed design methodology, two miniaturized dividers 

with 5:1 and 20:1 split ratios at 600 MHz are simulated, 

fabricated and measured. Simulated and measured results 

agree very well and show input port matching better than 

-15 dB and -20 dB at the design frequency, for the 5:1 

and 20:1 dividers, respectively. The desired high split 

ratios are achieved with transmission parameters, S21 and 

S31, of -1.9 ± 0.1 dB and -8.9 ± 0.5 dB for the 5:1 divider, 

and -0.9 ± 0.1 dB and -13.9 ± 1.5 dB for the 20:1 divider, 

respectively. Furthermore, a size reduction better than 

65% is achieved as compared to conventional footprints. 

 

Index Terms ─ Bailey power divider, high split ratio 

power dividers, miniaturization, split ring resonators, 

slow wave effect. 
 

I. INTRODUCTION 
Power dividers find many applications in modern 

wireless communications systems, such as antenna 

feeders, radars, and amplifiers. Consequently, power 

dividers with enhanced electrical properties (e.g., high 

power-split ratio, multi-band operation) and physical 

characteristics (e.g., compact circuitry, ease of fabrication 

complexity/cost) are of utmost importance. To split 

power unequally at the output ports of a divider built 

with microstrip technology, a combination of printed 

circuit board (PCB) lines of high and low impedances are 

used. However, the design of high-split ratio dividers 

usually imposes microstrip lines with impractical widths. 

T-junctions, Wilkinson power dividers (WPDs), and 

Bagley power dividers (BPDs) are commonly utilized 

dividers for power division. A less known one, yet an 

attractive substitute, is the Bailey power divider [1]. 

The WPD uses lumped elements (i.e., resistors) to  

improve output ports isolation. Nevertheless, high-split 

ratio WPDs require narrow lines. In [2], a new design 

method of an unequal WPD using arbitrary resistor value 

was presented, where line impedances were evaluated 

after the resistor value was arbitrarily chosen. In [3], a 

dual-band 1:10 WPD was designed by replacing the 

impractical high impedance line in the conventional 

design with cascaded dual band T-section structures 

based on derived analytical equations. 

The BPD, which is usually used for equal splitting, 

suffers from several drawbacks, such as its large size, 

inconvenient ports arrangement, and unmatched output 

ports. In [4], T- and π-shaped networks were utilized to 

design compact dual-band unequal-split BPDs. 

Unlike other dividers, when high ratios of splitting 

are of interest, the Bailey power divider does not require 

lines with impractical high characteristic impedances. 

Unequal splitting with different ratios using this divider 

can be easily obtained by only varying the input port 

position according to an analytical design equation. The 

main drawback of this divider, however, is its large 

physical area. Recently, many miniaturization techniques 

have been introduced to overcome the large area occupied 

by transmission lines [5-9]. In [10], stepped impedance 

sections were used to minimize the length of the quarter-

wave arms of a coupler, which is an integral part in the 

Bailey power divider. In [11], the low impedance line, 

with high width, was substituted by equivalent parallel 

high impedance lines, while avoiding the impractical 

thin lines. In [12], the reduction was achieved by using 

T- and π-sections.  

Split ring resonators (SRRs) are widely used to 

reduce the size of microwave components. In [13], two 

rose-shaped resonators were etched under every line in a 

hybrid quadrature coupler, and an algorithm to modify 

the width of the lines to compensate the effect of these 

resonators was presented. In [14], a hybrid branch line 

coupler was miniaturized by loading its lines with 
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square-split ring resonators. In this work, the effect of 

etching multi-ring SRRs is studied, and applied to the 

transmission lines (TLs) forming the Bailey power 

divider to achieve miniaturization. 

The rest of this paper is organized as follows: In 

Section 2, the Bailey power divider is presented. In 

Section 3, the effect of etching SRRs with different 

number of rings is studied and applied to a hybrid 

quadrature coupler. Measurements and simulation 

results of a Bailey power divider loaded with SRRs are 

introduced in Section 4. Finally, conclusions are given in 

Section 5. 

 

II. BAILEY POWER DIVIDER 
The unequal-split Bailey power divider is mainly a 

hybrid quadrature line coupler excited at its two input 

ports with equal amplitudes but different phases. At the 

output ports, the output signals are the superposition of 

two input signals fed to a hybrid coupler. The signals 

combine at the output ports such that the output 

amplitude ratio can be any desired value, while 

maintaining an in-phase relationship at the output [1]. To 

excite the two input ports of the hybrid coupler, a simple 

T-junction with unequal line lengths is connected to the 

inputs to produce the required phase difference, as 

illustrated in Fig. 1. 

At the design frequency, 𝑏 = 𝜆/4, where 𝜆 is the 

wavelength. The power ratio at the output ports of the 

splitter is given as: 

 2

3 2/ tan ( / 2 ).P P a b  (1) 

Therefore, the power split-ratio (at the design frequency) 

is simply determined by the position of the input port (i.e. 

the ratio a/b).  

Figure 2 shows the layout of 600 MHz equal-split 

Bailey power divider (a/b = ½) using a 1.5 mm-thick  

FR-4 substrate with a dielectric constant of 4.4. As can 

be noticed, the divider occupies a very large area. A 

miniaturization technique, using SRRs will be discussed 

in the following section, and applied to reduce the Bailey 

power divider area. 

 

 
 
Fig. 1. Layout of the conventional Bailey power divider. 

 
 

Fig. 2. Layout of 600 MHz equal-split Bailey power 

divider. 
 

III. SPLIT RING RESONATORS 
Meta-materials are synthesized materials, in which, 

electron oscillations over electrically small inclusions 

can result in new electromagnetic properties. SRRs  

are artificial magnetic metamaterials (AMMs). A 

conventional single split ring resonator cell has a pair of 

enclosed loops with splits at opposite ends. Etching an 

AMM in the ground plane under a microstrip TL 

generates a high magnetic coupling between the line and 

the rings. The SRR cell has a resonance (i.e., stopband) 

frequency that depends on its dimensions [15]. Loading 

a TL with an SRR causes a Slow Wave Effect, where the 

loaded TL has the properties of a longer one, which can 

be exploited to reduce the size of microwave components 

formed by these TLs. 
 

A. Slow-wave effect 

A schematic diagram of a microstrip TL loaded  

with an electrically small 2-ring resonator etched in  

the ground plane is presented in Fig. 3. The resonance 

frequency and the effect of this resonator on the TL 

depend on its dimensions and number of rings. Adding 

another cell with the same resonance frequency will 

increase the effect on the TL. As the radius of the etched 

resonator increases, its stopband frequency decreases. A 

fine tuning can be also obtained by changing the width 

of the rings and the gaps between them. 

 

 
 

Fig. 3. Microstrip TL loaded with a two-ring SRR. 

 

A 50 Ω microstrip TL is designed to exhibit a 90° 

phase shift at 600 MHz in the absence of the resonator.  

Different resonators with different stopband frequencies 

are loaded to the TL, and more rings are added inside  
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these resonators to study their effect on the line.  

Figure 4 illustrates a 4-ring SRR. The dimensions of the 

used SRRs are indicated in Table 1 considering the 

previously mentioned FR-4 substrate. 

 

 
 

Fig. 4. 4-ring SRR. 

 

Table 1: SRRs dimensions and their corresponding 

stopband frequencies 

SRR Rings 
R 

(mm) 

W 

(mm) 

g 

(mm) 

Stopband 

Frequency 

(GHz) 

A 2 5.5 0.15 0.20 1.8 

B 2 7.5 0.25 0.25 1.4 

C 4 7.5 0.25 0.25 1.1 

D 2 8.5 0.50 0.50 1.1 

E 4 8.5 0.50 0.50 1.0 

F 8 8.5 0.50 0.50 0.9 

 

Table 1 shows the relation between the resonators 

dimensions and their stopband frequencies obtained 

through full-wave simulation. As the number of the rings 

increases, the resonance frequency decreases. SRRs C 

and D have the same resonance frequency, even though 

they have different dimensions. The extra rings and the 

narrow rings width in SRR C compensated the greater 

radius of SRR D. This fact can be taken into consideration 

to avoid the large area that may be occupied by the 

resonator when lower stopband frequencies are desired. 

The slow-wave effect caused by these resonators 

can be determined by examining the transmission 

parameter phase [13]. Figure 5 (a) shows the phase of S21 

for the microstrip lines with the resonators in Table 1 

etched in the ground plane. For the unloaded TL, a 90° 

shift occurs at the design frequency 600 MHz. However, 

for the loaded lines, the 90° phase shift occurs at lower 

frequencies. This implies that the loaded line performs 

as a longer one and can be shortened. As the resonance 

frequency of the etched SRR decreases, the slow-wave 

effect on the loaded line increases, as shown in Fig. 5 (a). 

For further shortening, two cells can be etched 

under the same line. The results of adding an extra  

cell are illustrated in Fig. 5 (b). The transmission 

parameter of the designed line has a phase of 90° at  

0.46 GHz when two cells of SRR F are applied. In other 

words, the resulting line has the electrical parameters of 

a conventional 91 mm length line, while its actual length 

is 68 mm. 

 

 
   (a) 

 
    (b) 

 

Fig. 5. The slow-wave effect using: (a) a single cell SRR, 

and (b) two cells SRRs. 

 

The factor by which the line can be shortened is 

initially calculated by [13]: 

 / 90 ,F     (2) 

where ϕ is the phase of S21 (in degrees) at the design 

frequency after loading the resonators. The length can be 

then tuned to achieve the desired transmission 

properties. 

 

B. Hybrid coupler with SRRs 

Firstly, SRRs are applied to a hybrid coupler with  

a design frequency of 600 MHz, as it is the main part  

of the Bailey power divider. Two 8-ring SRRs (with 

dimensions of SRR F in Table 1) are etched under each 

TL in the coupler, then, the line is shortened to obtain the 

same transmission properties of the original one. The 

layout of the loaded coupler is shown in Fig. 6. 

The coupler in Figure 6 has an area of 17.5 cm2 as 

compared to 47.6 cm2 occupied by the conventional 

design. In Fig. 7, the simulated scattering parameters of 

the reduced size coupler show that it operates properly at 

the design frequency, with input port matching better 

than -35 dB and isolation parameters better than -20 dB. 

The transmission parameters, S21 and S31, are in close 

proximity to -3 dB. 
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Fig. 6. Hybrid coupler loaded with 8-ring SRRs 

(dimensions in mm). 

 

 
 

Fig. 7. Simulated S-parameters of the miniaturized 

coupler using SRRs. 

 

IV. MINIATURIZED BAILEY POWER 

DIVIDER 

A. New formulation 

As the arms of the SRR-loaded coupler in the Bailey 

power divider are shortened, the expression in (1) cannot 

be used. In this subsection, a new formulation based on 

the miniaturized coupler is derived. Figure 8 represents 

the layout of a reduced size Bailey power divider. 

The lengths x and y need to be calculated to achieve 

a specific splitting ratio. The design equation is derived 

based on transmission line theory. Referring to Fig. 8, at 

the design frequency, the incident voltage waves at the 

input ports of the coupler are given as follows: 

 
1 ,j xV V e 



    (3a) 

 
4 ,j yV V e 



    (3b) 

where β = 2π/λ at the design frequency. The scattered 

voltages at the output ports of the coupler can be 

calculated as the superposition of the response of a 

hybrid coupler to two input signals, as follows: 

 1 4
2 ,

2 2

V V
V j

 
    (4a) 

 4 1
3 .

2 2

V V
V j

 
    (4b) 

After some mathematical manipulations, one can derive 

the following expressions for the magnitudes of the 

output voltages: 

  
1 2

2 1 sin ( ) ,V V x y      (5a) 

  
1 2

3 1 sin ( ) .V V x y      (5b) 

The power at the output ports can be written as 

follows: 

  

2 2

2

2 1 sin ( ) ,
2 2

V V
P x y

Z Z



 



 

      (6a) 

  

2 2

3

3 1 sin ( ) .
2 2

V V
P x y

Z Z



 



 

      (6b) 

Thus, the design equation of the miniaturized Bailey 

power divider, with a split ratio of 𝑅 =  𝑃3
− 𝑃2

−⁄  is: 

  
 

1 sin ( )
.

1 sin ( )

x y
R

x y





 


 
 (7) 

Equation (7) shows that the split ratio depends on 

the difference between the lengths of the two arms 

feeding the coupler input ports. It also applies to the 

conventional design where (1) is a special case when  

x + y = λ/4. 

 

 
 

Fig. 8. Layout of the reduced size Bailey power divider. 

 

B. Experimental results 

Figure 9 shows the layout of a 5:1 (P2 : P3 = 5 : 1) 

SRR-loaded 600 MHz Bailey divider. Using equation 

(7), the difference between the two arms should be  

0.116 λ at 600 MHz (33 mm), and tuned to be 34 mm. 

The input arm of the divider is also shortened by etching 

two 8-ring SRRs. The designed divider is fabricated on 

the previously mentioned FR-4 substrate. The S-

parameters are measured using an E5071C ENA 

Keysight vector network analyzer and compared with the 
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simulated ones in Fig. 10, which shows measured input 

port matching better than -15 dB. The transmission 

parameters, S21 and S31, are measured to be -1.9 dB and  

-8.3 dB, at the design frequency, respectively. Such 

values are close to the theoretical calculations, -0.8 dB 

and -7.8 dB, respectively. 

 

 
 

Fig. 9. Layout of the 5:1 miniaturized Bailey power 

divider. 

 

 
 

Fig. 10. Simulated and measured results of the 

miniaturized 5:1 Bailey power divider. 

 

Instead of using SRRs at the input arm, it can be 

meandered as shown in Fig. 11. The input arm is 

positioned to obtain a 20:1 split ratio. The difference 

between the coupler feeders is 0.18 λ at 600 MHz (49.3 

mm). Measured and simulated results are shown in  

Fig. 12. The measured input port matching is better than 

-20 dB at the design frequency. Simulated transmission 

parameters, S21 and S31, are -0.9 dB and -13.9 dB, 

respectively, which are in a good agreement with the 

theoretical values, -0.2 dB and -13.2 dB, respectively. 

The small discrepancies between the simulated and 

measured results are thought to be due to conductor 

losses, and the soldering of the connectors to the lines. 

A photograph of one of the fabricated dividers is 

illustrated in Fig. 13. The SRRs are etched in the ground 

plane exactly under the coupler TLs. The fabricated 

divider has an area of around 35% of the one occupied 

by the conventional divider. 

 
 

Fig. 11. The fabricated 20:1 miniaturized Bailey power 

divider (dimensions in mm). 

 

 
 

Fig. 12. Simulated and measured results of the 

miniaturized 20:1 Bailey power divider. 

 

 
 

Fig. 13. Photograph of the fabricated 20:1 Bailey power 

divider with SRRs. 

 

V. CONCLUSION 
In this paper, the Bailey power divider was 

presented as a high split ratio divider which tackles the 

problem of the high impedance thin lines problem. A size  

reduction technique based on SRRs was studied, where 

the slow-wave effect resulting by these resonators was 

utilized to shorten the microstrip transmission lines. 

Adding more rings inside the resonators increased the 

slow-wave effect allowing for further size reduction. The 
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miniaturization technique was applied to reduce the large 

size of the Bailey power divider. Two prototypes of the 

miniaturized divider were fabricated and tested. High 

splitting ratios of 5:1 and 20:1 were achieved. The 

fabricated dividers have an area of less than 35% of the 

one occupied by the conventional 600 MHz Bailey 

power divider. 
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