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ABSTRACT: This paper presents a power divider that combines broadside coupling and coplanar waveguides. This structure enables
tuning the coupling coefficient by changing the microstrip line width on the top and bottom surfaces and the slot spacing between the
line and ground plane. The developed power divider can be easily fabricated using a single-layer structure without requiring the complex
multilayer manufacturing of a printed circuit board. To verify the effectiveness of this proposed structure, simulations and measurements
were performed at a center frequency of 2 GHz. The measurement results of the implemented power divider were in good agreement

with simulation ones.

1. INTRODUCTION

As power dividers are the most essential passive components
in modern wireless systems, their integration and mini-
mization have been extensively researched. Most power di-
viders are based on quarter-wavelength transmission lines and
are used in antennas, amplifiers, and mixers in wireless sys-
tems.

Power dividers using coupled transmission lines have been
extensively studied. Wideband filtering power dividers with
open or short-circuited stubs [1-3] as well as power dividers
with multiconductor coupled lines [4,5], compact wideband
unequal in-phase structure [6], three unequal-width coupled
lines [7], and filtering function [8—10] have been developed.
Most coupled-line power dividers are difficult to implement us-
ing microstrip technology because the spacing between coupled
lines and the line width are extremely small (on the order of sev-
eral hundred micrometers).

We propose a power divider using broadside-coupled
coplanar waveguides placed on the upper and lower surfaces of
a printed circuit board (PCB). Unlike conventional broadside-
coupled coplanar waveguide and edge-coupled power dividers,
the proposed structures achieve stronger field interaction
through vertical conductor coupling, allowing higher coupling
coefficients, reduced circuit size, and enhanced layout flexibil-
ity. Consequently, these structures are well suited for compact
and high-performance radio frequency (RF)/microwave com-
ponents. The adjustable coupling mechanism enables flexible
control of power distribution between multiple output paths.
By varying the coupling strength through the proposed geome-
try, the delivered power can be dynamically adjusted according
to the load demand and coupling conditions. This tunable
power-distribution capability makes the proposed structure
potentially useful for near-field wireless power transfer and
adaptive energy routing systems [11]. The proposed divider
allows the coupling coefficient to be adjusted by varying the
line width and slot spacing between the line and ground plane.
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Furthermore, the isolation between output ports was im-
proved using resistors. Fig. 1 shows the three-dimensional
structure of the developed power divider. The proposed device
achieves the desired coupling coefficient and solves problems
related to the line width and spacing of the coupled lines of ex-
isting couplers. Based on the devised structure, two-way power
dividers with 1 : 1 (equal) and 1 : 2 (unequal) power-splitting
ratios were designed at a center frequency of 2 GHz. Their per-
formance was verified through S-parameter characteristics for
power splitting, input and output matching, and isolation.

2. THEORY

Figure 2 shows a schematic of the proposed power divider using
broadside-coupled coplanar waveguides. The Z-parameters of
the coupled line constituting the power divider can be formu-
lated as follows:

Wi Zy1 Zis Zi13 Zia I
Vo | | 221 Zo2 Zoz 2o I 1
V3 Z31 Zza Z3z Z3 I3
Vi Zyn Zyz L4z Ly 1y

where the matrix elements can be expressed as follows:

211 = Zog =233 =Ly =—] <Zoe —; ZOO) cot 6
Zig = Zoy =234 = Zy3=—J <Z082200> cotd
Z13 = Z31 = oy = Zys = —j <Zoe;ZOO> csc
214 = Zyg = Zo3 = Lzp = —J <ZO€;ZOO> cscd

The developed two-way power divider cannot be analyzed
using conventional even-odd mode analysis because power-
splitting ratios at output ports are different (1 : 1 and 1
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FIGURE 1. Three-dimensional configuration of the proposed power divider
based on broadside-coupled coplanar waveguides.
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FIGURE 2. Schematic of the proposed power divider based on

broadside-coupled coplanar waveguides.
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FIGURE 3. Equivalent circuits of the proposed power divider: (a) Port 1 excitation and (b) Port 2 excitation.

2). Hence, it must be analyzed using a scattering parameter
method.

Figure 3(a) depicts the equivalent circuit when a signal is ex-
cited at Port 1. The power-splitting ratio between output ports
is k?(= P3/P), and no current flows between output ports. In
addition, Fig. 3(b) depicts the equivalent circuit when a signal
is excited at Port 2. The degree of isolation between the output
ports can be determined using this circuit.

Considering the equivalent circuit shown in Fig. 3(a), by ap-
plying the conditions I3 = 0 and Iy = 0O for the coupled-line
analysis between ports 1 and 2 to Eq. (1), the equation can
be rewritten as follows by converting the Z-parameters into

ABCD parameters [12]:
Vs
I3

iy _

L )
Furthermore, by converting ABC D-parameters in Eq. (2)
into S-parameters, conditions for matching and power division

between ports 1 and 2 in case of port 1 excitation were obtained
as follows:

A B

C D 2

AZy+ B —CZijp1Zo — DZ;ip

e2 — 3
Sne2 = A B+ 2o+ Do ®)
S o 2 \Y Zinl V Zo (4)
T AZy+ B+ CZip1 Zo + DZi:
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—AZy+B—-CZip1Zo+ DZipa

S =
22e AZ() + B + CZinIZo + DZznl

)

where the parameters can be expressed as Z;,,1 = (14 k2) A

S-parameters, such as Sq1e3, S31e, S33¢, can be derived by
applying the same excitation condition used at port 1 to the
network between ports 1 and 3, where the input impedance
Zing = (1 4+ k?)/k? - Z, is used.

The isolation between ports 2 and 3 was calculated using the
equivalent circuit shown in Fig. 3(b). Based on the conditions
of the equivalent circuit, namely I, + Iop, =0, I, =0, V1, =
Vib = —Zo(I1a + 11p), and (Vaq — Vap) /Riso = T2y = —I2a,
the relationship between ports 2 and 3 can be derived as follows:

Vaa\ _ (2110 Z12a)) (I3a

Vsp Zota  Z22a) \3b
By converting Z-parameters of Eq. (6) into S-parameters,
isolation S51;5, between ports 2 and 3 is obtained. Using Egs.

(3)—(6), S parameters of the proposed power divider are ex-
pressed as

(6)

S11e2 + St1e3

Si1 = 3

, S21 = S21e, S31 = S31e (7a)

Sa2 = S22¢, 533 = S33¢, S23 = So1is0 (7b)
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FIGURE 4. Effect of the line width and slot spacing on the coupling
coefficient of the broadside-coupled coplanar waveguides.

Using Egs. (3)-(6) and MATLAB 2015b, the even-mode
impedance Z,., odd-mode impedance Z,,, and isolation re-
sistance R;s, of the proposed coupler were determined to sat-
isfy S-parameter requirements in Eq. (7), including a minimum
15 dB return loss and isolation and an ideal power splitting ratio
at the output ports.

The even- and odd-mode characteristic impedances (Z,. and
Zoo) characterize electromagnetic coupling in the broadside-
coupled topology. The coupling coefficient is determined by
the impedance difference between the two modes, and thus pre-
cise control of these impedances is critical for designing the
coupled structure. From the above considerations, even- and
odd-mode characteristic impedances of the broadside-coupled
topology can be expressed as [13—16]

1+ k.

Zoe = Zo Les 8
1- kcoup ( a)
11—k,

Zoo = Zgy | ———L 8b
1+ kcoup ( )

where k.o 1S the coupler’s coupling coefficient, and Z, is the
characteristic impedance.

The coupler’s structural dimensions can be determined us-
ing the obtained impedance parameters, dielectric constant, and
thickness of the PCB material.

3. SIMULATION AND EXPERIMENTAL RESULTS

To validate the proposed design, two-way power dividers with
dividing ratios of 1 : 1 and 1 : 2 were implemented considering
an operating frequency of 2 GHz.

The dividers were fabricated on an RO-4350B substrate with
a dielectric constant (¢,.) of 3.48, a dielectric thickness (h) of
0.762 mm, and a copper thickness (¢) of 0.035 mm. Simulations
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TABLE 1. Calculated dimensions of the microstrip line widths and slot
gaps of the broadside-coupled coplanar waveguides of the proposed
power divider (unit: mm).

Win WrrL Wrn | SF1 | Sr2

1:1PD 1.6 21.8 8.1 1.2 1.2
Wernmr | Wrymz | Wre | Sr1 | Sr2

35 35 21.8 1.2 1.2

Wi, WrrL Wrm | Sr1 | Sr2

1:2PD 1.6 21.8 5.0 4.7 1.7
Wrnmr | Wryvz | Wre | Sr1 | Sr2

38 35 21.8 1.1 1.7

were performed to study the S-parameter characteristics using
Microwave Office (version 17).

Electrical lengths, even and odd impedances of broadside-
coupled coplanar waveguides, and isolation resistance of the
proposed power divider were calculated using the equations
presented in Section 2.

As shown in Fig. 4, a simple parametric analysis was per-
formed by varying the line width and slot spacing in increments
of 1 mm and 0.5 mm, respectively, and calculating the corre-
sponding coupling coefficient. The results show that the cou-
pling coefficient changes systematically with variations in line
width and slot spacing, indicating that coupling level can be ef-
fectively controlled by adjusting these geometrical parameters.

Table 1 summarizes the widths and lengths of microstrip
lines and slot gaps of the broadside-coupled coplanar waveg-
uides employed in the proposed power divider. Notably, these
values were obtained through an optimization process to deter-
mine those that satisfy the desired electrical characteristics of
the power divider.

Figures 5(a) and 5(b) show photographs of the front and rear
views of the 1 : 1 power divider, respectively. The microstrip
line and slot spacing for this power divider were designed by
following an optimized procedure to achieve the target power-
divider characteristics. In addition, a 240 {2 isolation resistor
(Murata product) was used. Figs. 5(c) and 5(d) show the mea-
sured and simulated S-parameters of the power divider with
1 : 1 dividing ratio, respectively, indicating an insertion loss
of [Sa1] = —3.34dB and |S31] = —3.29dB at an operating
frequency of 2 GHz.

The amplitude imbalance between output ports is maintained
within £0.2 dB over the frequency range of 1.0-3.0 GHz.

Furthermore, the isolation |Ss2|, input return loss |S11], and
output return losses |Saz| and |Ss3| exceeded 20 dB at an op-
erating frequency of 2 GHz. Considering a 15-dB return-loss
criterion, the measured fractional bandwidths of |S11], | S22/,
and | S33| were 52.4%, 137%, and 137%, respectively, in 1.45—
2.48, 0.50-2.69, and 0.5-2.68 GHz, respectively. Furthermore,
|S32| was better than 15 dB in 1.49-2.29 GHz, corresponding
to a fractional bandwidth of 42.3%.

Figures 6(a) and 6(b) show photographs of the front and rear
views of the 1 : 2 power divider, respectively. The microstrip
line and slot spacing for this power divider were designed by
following an optimized procedure to achieve the target power
divider characteristics. In addition, a 75 €} isolation resistor
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FIGURE 5. Photographs, measured and simulated S-parameter characteristics of the proposed 1 : 1 two-way power divider: (a) front view, (b) rear

ViCW, and (C) ‘511|, |521|, and |S31|, and (d) |S32‘, |522‘, and |Sg3|.

TABLE 2. Comparison of the proposed power divider with conventional dividers that use coupled lines.

Ref. fo (GHz) | IL (dB) | RL (dB) | ISO (dB) BW (%) Design Tech.
[1] 33 1.7 10.4 11.4 49.4/10dB Three coupled line
[3] 1.0 4.2 15 20 10/15dB coupled line BPF
[6] 7.0 0.5 12 20 114/12dB Three coupled line
[7] 1.5 1.0 11 14 80/11dB Three coupled line
[8] 2.5 1.7 17 20 58.7/15dB coupled line
This work (1 : 1) 2 0.3 20 20 52.4/15dB | Broadside Coupled WG
This work (1 : 2) 2 0.5 20 20 56/15dB Broadside Coupled WG

(Murata product) was used. Figs. 6(c) and 6(d) show the mea-
sured and simulated S-parameters of the power divider with a
1 : 2 dividing ratio, respectively, indicating an insertion loss
of |S21| = —5.35dB and |S3;| = —1.97dB at an operating
frequency of 2 GHz.

The amplitude imbalance between output ports is maintained
within £0.8 dB over the frequency range of 1.0-3.0 GHz. Fur-
ther, the isolation |Ss2|, input return loss |S11], and output re-
turn loss |Sa2| and |S33] all exceeded 20 dB at an operating fre-
quency of 2 GHz. Considering a 15-dB return-loss criterion, the
measured fractional bandwidths of |S11], |Sa2|, and |S53| were
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56%, 55%, and 117%, respectively, in 1.43-2.54, 1.61-2.83,
and 0.74-2.84 GHz, respectively. Furthermore, |S32| was bet-
ter than 15 dB in 1.34-2.81 GHz, corresponding to a fractional
bandwidth of 70.8%.

As shown in Figs. 5 and 6, the measured results show good
agreement with the simulated ones overall. The slight de-
viations between the simulation and measurement results are
mainly attributed to fabrication tolerances and measurement
uncertainties. Table 2 presents a comparison of the proposed
power divider with conventional designs using coupled lines.
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FIGURE 6. Photographs, measured and simulated .S-parameter characteristics of the proposed 1 : 2 two-way power divider: (a) front view, (b) rear

VieW, and (C) ‘811|, ‘521|, and |S31|, and (d) |S32‘, |522‘, and |533|.

4. CONCLUSION

This paper presents a compact broadside-coupled coplanar
waveguide power divider with an adjustable coupling mech-
anism. The proposed structure achieves controllable coupling
characteristics while maintaining good isolation performance,
and the measured results at 2 GHz show good agreement with
the simulated ones, validating the proposed design. The cou-
pling control based on geometrical parameters provides good
manufacturability and practical applicability. Furthermore, the
proposed topology can be extended to multi-way power di-
viders and integrated filtering power divider structures, mak-
ing it a promising solution for compact and highly integrated
RF/microwave applications. Future work will include quanti-
tative tolerance simulations and substrate parameter sensitivity
analyses to further evaluate the robustness of the proposed de-
sign and verify the engineering merits of the adjustable cou-
pling mechanism under practical manufacturing conditions.
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