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ABSTRACT This paper presents a wideband and low-loss design of a compact power divider based on gap
waveguide technology. The proposed power divider consists of two adjacent E-plane groove gap waveguide
and a small ridge section to couple and equally divide the EM energy from the input E-plane groove gap
waveguide to the two output ones in-phase. The simulation results show that the proposed waveguide power
divider has about 40% impedance bandwidth while its size is 0.74 x 0.6\ at the center frequency. An 8-way
power divider is designed using the proposed 2-way power divider and the back-to-back configuration of
the 8-way one is fabricated to investigate the performance of the proposed design. In addition, to show the
application of the presented power divider, a wideband linear horn antenna array is designed and fabricated.
The measured results agree well with the simulated ones and prove the excellent low-loss and wide bandwidth
of the proposed power divider over the band of interest from 50-75GHz. The measured S;; of the entire 8-
way power divider remains below -10 dB level, the insertion loss is around 1 dB over the band of interest.
Also, the Sy of the horn array integrated with the 8-way feed network remains below -10 dB and the low
sidelobes of the radiation pattern of the entire horn array indicates excellent phase and amplitude balance
for the power divider over the entire bandwidth of interest.

INDEX TERMS Compact power divider, E-plane groove gap waveguide, mmWave, ridge gap waveguide,
wideband design.

I. INTRODUCTION to operate in parallel fashion [6]. HPAs are used to amplify

Power dividers are essential components for distributing or
combining signals in wireless communication and radar sys-
tems and satellite links. They have various applications in
couplers, diplexers and antenna array design, such as feed-
ing networks, and beamforming networks [1], [2], [3], [4],
[5]. Another application of power dividers is in high power
amplifier (HPA) design where several power amplifiers need
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signals to high power levels for transmission purposes. How-
ever, HPAs are usually bulky, expensive and have complex
geometries at mmWave frequencies [7], [8]. Power dividers
can be used to split the input RF signal into several parallel
paths and feed them to multiple power amplifiers (LPAs) to
avoid saturation issue. The output signals from the LPAs can
then be combined by another power divider to obtain a high
output power. This way, power dividers can enable the use of
smaller, cheaper and more efficient LPAs instead of a single
HPA [9], [10]. Power dividers can also improve the linearity,
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bandwidth and reliability of the HPA system by reducing
the nonlinear distortion and mismatch effects. At millimeter-
wave (mmWave) frequencies, power dividers need to have
low loss, high isolation and compact size to achieve high
performance and efficiency [11], [12], [13], [14], [15], [16],
[17]. Also, compact power dividers are needed in case of high
efficiency planar slot array antennas where waveguide based
corporate feeding networks are typically used [18], [19].

As the applications of mmWave power dividers increase,
designing a compact power divider becomes more essential
for reducing the volume, weight and manufacturing cost of
the systems. Moreover, compactness is crucial for achieving
wide bandwidth and low insertion loss and reducing the heat
dissipation and thermal stress by minimizing the volume and
surface area of the device [20], [21], [22], [23], [24].

Different types of power dividers can be designed using
various technologies, which have been studied extensively
in the literature. One type of technology is based on
using substrates, such as printed circuit boards or ceramic
materials, to support the transmission lines. Examples of
substrate-based technologies include Microstrip, strip line,
coplanar waveguide (CPW) and substrate integrated waveg-
uide (SIW). These technologies have some advantages, such
as low cost, easy fabrication and integration with other com-
ponents. However, they also have some drawbacks, such
as limited power handling capacity and dielectric loss that
reduces the efficiency and performance of the power dividers.
Moreover, some of these technologies, such as microstrip
and strip line, have a high level of electromagnetic (EM)
wave leakage that causes interference and crosstalk. This
problem can be mitigated by using shielded structures, such
as strip line and SIW, which confine the EM waves within the
substrate [25], [26], [27], [28], [29], [30].

Another type of technology that can be used to design
power dividers is conventional hollow waveguide, which is a
full-metal structure that guides the EM wave through the air
inside it. Hollow waveguide structures have some benefits,
such as high efficiency and low loss, because the EM wave
does not interact with any dielectric material. In addition,
they can handle high power levels without damaging the
device. However, they also have some limitations, such as
fabrication challenges. Hollow waveguide structures are large
and heavy, which makes them difficult to integrate with other
components. Furthermore, they require high precision man-
ufacturing process, which increases the cost of the overall
wireless module. This is especially true for mmWave and high
frequency applications, where the dimensions of the hollow
waveguide are very small and any deviation in the manufac-
turing process can affect the performance of the device [31],
[32], [33], [34], [35].

A new technology that has been proposed to solve the
fabrication issues of the conventional waveguides is the gap
waveguide technology [36]. This technology is based on
creating a bandgap between two parallel plates, one made
of PEC and the other is PMC. The bandgap is a frequency
range where no EM wave can propagate between the plates.
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By designing a specific path for the EM wave on the PEC
plate, such as a ridge or a groove, the EM wave can be
guided along that path without any leakage. Therefore, there
is no need for electrical contacts between different parts of
the structure, which simplifies the fabrication process and
reduces the cost of the device. Such semi open structures also
allow integration of active components.

The PMC structure can be realized by using some periodic
arrangements of metal pins that act as artificial magnetic
materials [37]. These pins can be fabricated using different
methods, such as die sink electrical discharge, molding, mul-
tilayer die pressing, electron beam melting, 3D printing and
CNC milling. These methods are relatively cheap and easy to
implement, which makes the gap waveguide technology more
affordable and accessible. The gap waveguide technology
has been applied to design various devices, such as power
dividers [38], [39], [40], filters [41], [42], couplers [43], [44],
planar antennas [45], [46], [47] and phase shifters [48], [49],
which have shown promising results and performance.

In recent years, several power dividers have been reported
based on the groove gap waveguide (GGW) technology.
A H-plane power divider for array antenna design is reported
in [38] with 33% impedance bandwidth and a slot array
antenna is proposed based on the designed power divider.
[46] proposed a ridge gap waveguide (RGW) power divider
indicating 30% impedance bandwidth and then a 16-way
planar power divider is proposed to feed some cavities
with 4-raditing slots. The inverted microstrip gap waveguide
(IMGW) technology has been used to form an unequal power
divider which exhibits 18.5% impedance bandwidth; how-
ever, the efficiency of this power divider is limited due to
the dielectric losses [50]. In [51], a power divider is proposed
using combination of the RGW and E-plane GGW (E-GGW).
The impedance bandwidth of this power divider is limited to
15%. A spatial power divider is reported in [52] in which a
4-way power divider is designed using irregular mirrors. The
proposed power divider exhibits 29% bandwidth in Ka-band.

Moreover, different types of gap waveguide based power
dividers have been reported including Magic-T [40], 3dB
couplers [43], radial power divider [53] and six-port power
divider [54] and Gysel power divider [55].

The reported power dividers do not have both wideband
performance and compact size. Consequently, they are not
the optimum choice for mmWave applications such as array
antenna design. The reported antenna arrays have multi-layer
structures, as the power divider usually feed a cavity to excite
some radiating slots due to lack of the space.

This paper introduces a novel design of a power divider
with compact size and wideband performance that uses a
hybrid structure of E-plane groove gap waveguide and ridge
gap waveguide. The proposed structure offers several advan-
tages which can be summarized as follows:

« Compact size

« Low-loss and high efficiency

« Simple and single layer structure

« Wideband performance
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FIGURE 1. Geometries of the (a) ridge gap waveguide and (b) E-plane
groove gap waveguide, and (c) perspective, (d) top and (e) side views of
the proposed power divider.

« Good amplitude and phase balance of the outputs
o Convenient construction of multiple-output power
divider

Il. DESIGN OF THE PROPOSED POWER DIVIDER

In this section, the design of the proposed power divider is
presented. The power divider is based on a combination of
E-GGW and RGW. Fig. 1 illustrates the geometry of the
E-GGW and RGW as well as the power divider. The power
divider comprises two adjacent E-GGW that are coupled by
a short RGW section. Therefore, the input and output ports
of the power divider, which are E-GGW, are the same. The
first step in the design process is to optimize the pin dimen-
sions of the gap waveguide structure to ensure acceptable
isolation with only one pin row, as the input and outputs
are closely spaced and their coupling should be reduced in
order to decrease the output amplitude imbalance. The CST
Microwave Studio is employed to simulate and optimize the
band gap of the periodic pins and Fig. 2(a) provides the
optimized parameters and the simulated dispersion diagram.
The optimized band gap extends from 35 GHz to 229 GHz,
demonstrating a wideband performance. To evaluate the per-
formance of the proposed pin structure, the isolation between
two adjacent E-GGWs is simulated with only one pin row

116480

9
S

Band Gap

Frequency (GHz)
>
3

)
o

Isolation (dB)

B i |
50 55 60 65 70 75
Frequency (GHz)

(®)

FIGURE 2. (a) dispersion diagram of the periodic pin structure. The pin
dimensions are w = 0.5 mm, h = 0.6 mm, d = 1 mm and ag = 0.01 mm,
(b) the isolation between two adjacent E-GGWs with one row pin.
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FIGURE 3. The simulated electric field distribution on the proposed power
divider structure in (a) the perspective view and (b) the cross section.

between them. Fig. 2(b) depicts the structure which consists
of two adjacent E-GGW with 4 ports. The structure is sim-
ulated by Portl excitation and the isolation is calculated by
Isolation = |S3;| 4 |S41| and the result is plotted in Fig. 2(b).
As can be seen, one row pin structure provides isolation better
than 23dB in the whole bandwidth which is satisfactory.
The geometry of the proposed power divider is illustrated
in Fig. 1. It consists of two adjacent E-GGW along X-axis
and a coupling RGW section along Y-axis. The impedance
matching of the structure can be achieved by adjusting the
height and width of the ridge and the length of the short-ended
section of the input waveguide. As shown in Fig. 1(c), two
steps are introduced inside the E-GGWSs to enhance the
matching and widen the impedance bandwidth of the struc-
ture. The width of the two steps is set to be equal to the ridge
width while their heights are changing to tune the matching.
The simulated electric field distributions inside the struc-
ture are shown in Fig. 3(a) and (b), indicating that the outputs
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FIGURE 4. (a) A simplified equivalent circuit of the proposed power
divider, (b) the S-parameters of the circuit model for C;;, = 0.07 pf,
C’in = 0.081 pf, Li, = 0.1 nH, C; = 0.455 pf, Ly =58nH,Cy; =Cpp =
0.058 pf, C'ol = c'oz = 0.0495 Pf, |.°| = |.02 =143 PH.

have the same amplitude and are in-phase. As shown in these
figures, the EM energy couples from the input E-GGW to the
coupling RGW and then, it couples in the output E-GGW and
travels in both directions in equal amplitude and phase.

To investigate the bandwidth enhancement of the power
divider, a simplified equivalent circuit of the power divider
is proposed which is depicted in Fig. 4(a). According to [56],
a metallic block placed at the narrow wall of a rectangular
waveguide can be represented by an equivalent circuit of two
series capacitors and a parallel inductor, as long as the block’s
edges are parallel to the electric field. This circuit model also
can be applied to the matching steps in the E-GGW.

In this circuit model, the capacitors and inductor val-
ues depend on the height and width of the matching steps.
By increasing the step height or width, the capacitance
value is increased while the inductance value is decreased.
In the proposed circuit model, which is depicted in Fig. 4(a),
Cin and L;j, are pertinent to the matching step in the
input E-GGW. The second matching step in the output branch
can be considered as two half metallic blocks which are
connected together in the output ports and therefore, two
circuit models are added to each output ports with values of

Co1, C’o1 and Ly for the Outputl and Cy,C’op and Ly
for the Output2. As the output ports are symmetric, the height
and width of two steps are the same and therefore, Cq; = Co2,
Co1 = Cy2 and Ly = Lgp. If the output step is not sym-
metric, then the output circuit elements are not equal and
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therefore, an imbalance in the power divider outputs will
be achieved. Moreover, the coupling ridge is modeled as a
parallel LC resonant circuit (L, and C,) which couples the EM
energy from the input waveguide section to the output sec-
tions. The S-parameters of the equivalent circuit is calculated
using MATLAB which is shown in Fig. 4(b). As can be seen,
the circuit has two resonances around 55 GHz and 72 GHz
which leads to a wideband performance of the power divider.

To show the effects of circuit elements on the power divider
performance, the structure is simulated for different values
of these circuit parameter. Fig. 5(a) shows the effect of the
ridge parameters on the reflection coefficient. In this case,
the matching steps are removed and the structure consist of
two E-GGWs and a coupling ridge and therefore, the power
divider bandwidth is limited. As can be seen in Fig. 5(a),
by elevating the ridge height, L; is increased and conse-
quently leading to a reduction in the resonant frequency. Also,
by widening the connecting ridge width (ry), C; is increased
which causes resonant frequency reduction.

By adding the matching steps, the bandwidth can be
extended. To achieve the broadest possible bandwidth, the
heights of the steps should be chosen such that one step has
a resonant frequency at the lower frequency band, while the
other one resonates at the upper band. Figs. 5(b) and (c)
show the effects of the matching steps heights on the reflec-
tion coefficients. The input matching step height (Sp;) sets
a resonance frequency in the upper band while the output
matching step height (Sy,) sets a resonance in the lower
frequencies. By adjusting these two resonances correctly,
the bandwidth of the power divider section can be greatly
improved.

If the output step is asymmetric, an imbalance in the output
ports is achieved. Fig. 5(d) depicts the effect of asymmetric
value (Aw) on the transmission coefficients. According to the
results, around 2.5 dB power imbalance can be achieved by
increasing Aw which is useful in the unequal power divider
design.

The effect of the matching steps on the power divider out-
puts isolation is simulated and plotted in Fig. 5(e). As shown
in the figure, the isolation is enhanced by introducing the
matching steps. This matter can be concluded from the equiv-
alent circuit as the output step is placed between output
ports and it can enhance the outputs isolation due to its
resonance behavior. The isolation is around 6dB in the whole
bandwidth, as the power divider is lossless and it is very
challenging to obtain a high level of isolation in lossless
power dividers.

The design parameters of the power divider should be
wisely optimized that has been carried out by utilizing the
embedded Trust Region Framework optimizer of the CST
Microwave Studio. Table 1 lists the optimized parameters and
the S-parameters of the structure are plotted in Fig. 6. Accord-
ing to the simulated results, the proposed power divider
exhibits 40% impedance bandwidth covering from 50 GHz
to 75 GHz. The insertion loss of the structure is less than
0.15 dB almost in the entire bandwidth. Fig. 6(b) shows the
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FIGURE 5. The effects of the design parameters on the power divider
performance.

simulated phases of the outputs, which are in-phase through-

out the bandwidth.
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TABLE 1. Design parameters of the proposed power divider.

Symbol Description Value
G, Width of the E-GGW 0.7 mm
Gy Depth of the E-GGW 3 mm
G, Length of the short-ended groove 1.7 mm
S, Width of the Ridge, input and 082 mm

output steps
R, Height of the ridge 0.23 mm
Shi Height of the input step 0.7 mm
Sho Height of the output step 1.2 mm
s 2.8
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FIGURE 6. The simulated (a) amplitude and (b) phase of the proposed
power divider S-parameters.

TABLE 2. Comparison of the reported 2-way power dividers.

Ref. Tech. (grlfi‘zl) IBW* IL* size

[17] HW* 113126 | 11% | 02dB [231Ax1.72A
[38] GGW 50-70 33% | 0.1dB | I2Ax 15
[46] RGW 50-68 30% |0.15dB| 0.8\ x L.1A
[50] IMGW 36-44 20% | 0.17dB | 0.5% % 0.75 &
52:{ IECG’\g\f}‘ 50-75 40% [0.15dB|0.58Ax 0.7 A

* Hollow waveguide (HW), Impedance bandwidth (IBW) and Insertion
loss (IL).

Table 2 compares the proposed power divider and the
previously reported 2-way power dividers with different
technology. It can be concluded that the proposed power
divider has a compact size with wideband and high efficiency
performance.

Moreover, as the input and output ports are parallel to
each other, an advanced multi-way power divider can be
formed by easily cascading the proposed power divider with-
out any bends unlike the other power dividers topologies as
shown in Fig. 7. This leads to a more compact structure.
As instant, an 8-way linear power divider based on RGW is
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Reflection Coefficient (dB)

(@)

(d

FIGURE 7. 8-way power dividers based on (a) RWG and (b) GGW and
(c) the proposed 8-way power divider and (d) its perspective view.

presented in [57] which its size is about 4.71 x6.9 A while
an 8-way power divider based on the proposed method has
about 1.11n x 4.6X. Fig. 7(a) and (b) show typical §8-way
power dividers based on RGW and GGW, respectively to
figure out the overall configuration of them.

To show the aforementioned advantages, an 8-way power
divider is designed by cascading the proposed power divider
as shown in Fig. 7(c), (d). The S-parameters of the designed
power divider are plotted in Fig. 8. As shown, the impedance
matching of the structure is acceptable in the whole band-
width from 50 GHz to 75 GHz while the power imbalance is
less than 0.7 dB. It is worth mentioning that the results are
obtained just by cascading the 2-way power divider without
any tuning or optimization which indicates the proposed
power divider is robust and reliable.

Ill. BACK-TO-BACK 8-WAY POWER DIVIDER

To evaluate the performance of the proposed power divider,
two 8-way power dividers are arranged in a back-to-back con-
figuration as shown in Fig. 9. The output ports of the power
divider are converted to a simple RGW using a transition
as the RGW are commonly utilized in the power amplifying
and other applications. In addition, to excite the structure by
using a standard waveguide flange, a transition from WR15

VOLUME 12, 2024
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FIGURE 8. The simulated S-parameters of the proposed 8-way power
divider.
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FIGURE 9. (a) top and (b) perspective views of the proposed back-to-back
power divider, (c) photos of the fabricated device.

to E-GGW is designed and connected in the input and output
ports as illustrated in Fig. 9.

This transition is a tapered bend which gradually matches
the width and height of the E-GGW to the WR15 standard
dimensions by rounding the both sides with R1 and R2
radiuses as shown in Fig. 9(a). The impedance matching
is achieved by tuning the rounding radiuses that leads to
optimized values of R; = 3.96 mm and R, = 7.9 mm.
The reflection and transmission coefficients of the WR15
to EGGW transition are plotted in Fig. 10 which shows an
excellent impedance matching of the transition.
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FIGURE 11. The reflection and transmission coefficients of the ridge to
E-GGW transition.

FIGURE 12. The electric field distribution on the back-to-back power
divider structure.

Furthermore, the S-parameter of the E-GGW to RGW
(EG2R) transition is plotted in Fig. 11. The impedance
bandwidth of the transition is 33% extending from 53 GHz
to 74 GHz. The electric field distribution on the back-to-
back structure is depicted in Fig. 12. As can be seen, all
output branches have good amplitude balance. The simu-
lated S-parameters of the back-to-back power divider are
given in Fig. 13. The reflection coefficient of the structure is
below -10 dB from 53 GHz to 74 GHz.

The impedance bandwidth of the back-to-back arrange-
ment is narrower than the 8-way power divider as it is
limited by the matching of the EG2R transition. The trans-
mission coefficient is almost around -0.24 dB level and that
shows the high efficiency of the power divider. The back-
to-back power divider has been fabricated in Aluminum
using CNC milling machine. The photos of the fabricated
device are given in Fig. 9(c). The measured S-parameters
of the power divider are plotted in Fig. 13. As shown, the
measured Si; is similar to the simulated one. The Sp; is
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FIGURE 13. The simulated and measured reflection coefficients of the
back-to-back power divider.

around -1 dB which is due to the fabrication tolerance, sur-
face roughness and milling. To demonstrate the effect of the
fabrication tolerances, the back-to-back structure is simulated
with 10 um surface roughness which is plotted in Fig. 13.
As can be seen, the simulation and measured S;; are in
excellent agreement at this situation, however, the roughness
has insignificant effect on the Sy;.

IV. WIDEBAND LINEAR ARRAY ANTENNA DESIGN

In order to demonstrate an application of the proposed com-
pact power divider, an 8-element linear array antenna is
designed in which the radiating elements are E-plane horn
antenna and the feeding network is the proposed power
divider. The geometry of the E-plane horn antenna array
is depicted in Fig. 14(a) that consists of a E-plane horn
flare, a 90° bend and a transition from E-GGW to RGW.
The complete array antenna including sub-array antenna, 8-
way power divider and the WR15 to E-GGW transition is
shown in Fig. 14(a). The overall dimensions of the antenna
are 43x19.6 x 14.4 mm?>. The designed antenna array has
been fabricated using a conventional CNC milling method
in Aluminum material. Figs. 14(b)-(d) show some photos
of the array antenna and the measurement setup inside the
anechoic chamber. The simulated with and without surface
roughness and measurement reflection coefficient of the fab-
ricated antenna array are plotted in Fig. 15. As can be seen,
the S11 of the antenna is below -10 dB from 53 GHz to 74 GHz
that indicates 33% impedance bandwidth of the antenna. The
simulated and measured reflection coefficients show good
agreement, except for a very minor frequency shift in the mea-
surement which can be attributed to the fabrication tolerances
and assembly of the metal blocks.
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FIGURE 14. (a) top view of the proposed horn array antenna, photos of d
the fabricated (b) disassembled and (c) assembled horn array antenna @

and (d) the measurement setup inside the anechoic chamber. FIGURE 16. The simulated (a) E-plane and (b) H-plane normalized
radiation patterns of the horn array antenna and the measured
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— -Measurement
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-10 - TABLE 3. Comparison of the proposed array antenna with previously
= /! reported linear horn array antennas.
= 20 !
23 Ref. Array size|Freq (GHz)| BW | Gain (dBi) | Efficiency
30 [57]2018 1x4 27.5-38 | 32% 14.2 78 %
§ [58]2020 1x5 28.175 3% 17.55 57 %
i ‘ [59] 2022 1x20 73-80.2 9% 17.5 80 %
40 55 60 o5 20 25 [6012022 | 1x5 |385-39.4[23% 21 69 %
Frequency (GHz) [61]2023 1x4 45.5-554 | 20% 18.6 85 %
This work 1x8 53-74 33% 18.5 90 %
FIGURE 15. The simulated and measured reflection coefficient of the
horn array antenna.
Fig. 16 shows the simulated and measured normalized radi- radiation patterns are all satisfactory and show sidelobe levels

ation patterns in E- and H-planes at various frequencies. The which are quite close to theoretical limit of -13 dB level for an
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3
=
=}
'z
] — -Measurement
—Simulation M
e Simulation (with surface roughness)
14 ‘ ‘ ‘
55 60 65 7 "
Frequency (GHz)

FIGURE 17. The simulated and measured gain of the horn array antenna
and the efficiency lines.

equal amplitude and equal phase excitation of an array. Thus,
the measured radiation patterns prove the proper amplitude
distribution and phase balance of the proposed power divider
over the entire bandwidth of the operating array.

Moreover, the antenna array gains are given in Fig. 17 for
simulation with and without surface roughness and measure-
ment. The roughness reduces the gain about 0.5 dBi. The
maximum achieved gain is 18.5 dBi. The figure also includes
the efficiency lines of the antenna. The results show that the
measured antenna efficiency is mostly above 70%, with a
peak of 90%, while the simulated efficiency reaches 97%.

The proposed array antenna is compared with similar linear
horn array antennas in Table 3. As can be seen, the proposed
array antenna has widest bandwidth while its efficiency is
high.

V. CONCLUSION

This paper presents the design procedure of a new type of
compact power divider based on gap waveguide technol-
ogy. The proposed power divider is designed by combining
E-plane groove and ridge gap waveguide structures. A wide
impedance bandwidth of 40% is achieved for the proposed
2-way power divider while the insertion loss is less
than 0.1 dB. Two 8-way power dividers are connected in
a back-to-back arrangement to provide the possibility of
the measurement test. In addition, a linear 8-elements horn
array antenna is designed. The back-to-back structure and
the array antenna were fabricated using a low-cost CNC
milling technique. The measurement results prove the excel-
lent performance of the proposed power divider. The results
of this paper indicate that the proposed gap waveguide power
divider is believed to be beneficial for mmWave application
development.
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