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ABSTRACT The novel ridge-gap waveguide (RGW) technology which uses an entire metal structure has
various advantages at high frequencies, such as broad bandwidth, low loss, low sensitivity to manufacturing
errors, and uncomplicated integration with passive and active components. In this paper, a broadband RGW-
based three-section branch-line coupler in the frequency band of 12 to 20 GHz is proposed, simulated, and
experimentally demonstrated. The proposed structure employs four short stubs at the branches with a quarter
wavelength for impedance matching. Also, four steps have been added for better power division on the
coupling branch lines. The proposed structure with WR62 transition shows low-loss, equal-power division,
90-degree with good impedance matching, and isolation in the frequency band of 12-20 GHz containing the
Ku band, and, the measured results are in good agreement with the simulations. The introduced structure
can be extended to an arbitrary broadband power divider/combiner, which can find various applications,
such as in array antenna feed networks and solid-state power amplifiers. It can be redesigned for broadband,

high-power, and low-cost millimeter-wave applications.

INDEX TERMS Branch-line coupler, Ku band, ridge gap waveguide (RGW), return loss, insertion loss.

I. INTRODUCTION

Branch Line Coupler is one of the substantial components
in microwave engineering [1], [2]. Various types of couplers
have been designed and made in different structures, such
as rectangular waveguides, microstrip, substrate-integrated
waveguides (SIW), and ridge gap waveguides (RGW). These
structures have various applications, such as in balanced
amplifiers and mixers, for obtaining good return loss and high
spurious signal rejection [3]. Communication systems have
recently received advantages from high-frequency bands in
case of high data rates. Millimeter-wave (mm-wave) requires
low transmission loss, low dispersion, uncomplicated fabrica-
tion structures, and power handling capability [4]. Therefore,
there are different traditional guided structures, such as rect-
angular waveguides, strip-line, and microstrip transmission
lines for mm-wave applications. However, in high-frequency
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uses, rectangular waveguide contains manufacturing prob-
lems [5], [6], [7]. Also, significant transmission loss of strip-
line, SIW, and microstrip lines has become a disadvantage
in high-power and high-frequency applications. As a result,
RGW had been represented to satisfy the mm-wave in high-
power applications [8]. Because of quasi-TEM mode prop-
agation in RGW, this structure has sufficient advantages,
including low-signal dispersion [9]. The first appearance of
RGW technology was proposed in 2009 [5]. The main idea
behind RGW is the expansion of soft and hard surfaces, which
was first introduced in 1988 [9], [10], [11]. This structure
contained two separate conducting plates, a ridge, and a bed
of nails. The bed of nails near the ridge works as an artificial
magnetic conductor (AMC), intercepting wave propagation.
As a result, the wave propagates in the air between the
ridge and the upper plate and causes low-loss transmissions.
In addition, the merits of the RGW structure, encompass-
ing broad bandwidth, low loss, low sensitivity to fabrication
error, and uncomplicated integration of active components,
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make it suitable for various applications [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15], [16], [17]. Recently,
RGW-based components have been considered in various
designs functioning as antenna array feed networks [11],
couplers [13], [14], combiners [15], filters [16], [25], and
power dividers [18], [19], [20].

Efforts have been made to realize couplers, especially
directional and branch line couplers in the RGW platform.
A directional coupler based on RGW has been designed and
implemented for the frequency band of 13.5 to 16.5 GHz. The
narrow bandwidth, the imbalance amplitude at the beginning
of the considered frequency band, and the significant differ-
ence between the measured and simulated results, especially
at the end of the frequency band, are the disadvantages of this
structure [4]. Also, two other 3 dB 90-degree couplers, one
branch line, and the other, coupled line directional coupler
have been designed and fabricated based on RGW for the
frequency band of 14-16 GHz. unequal power split and sig-
nificant phase imbalance have made these structures narrow
bands [17].

Some techniques have been used to realize the 3 dB branch-
line coupler using PRGW (Printed Ridge Gap Waveguide)
technology, which is considered a subset of RGW. PRGW
was introduced in 2012 [27]. Various structures, such as
filters, antennas, and couplers, have been designed and real-
ized based on PRGW. A 3 dB quadrature hybrid coupler
has been designed and implemented based on PRGW with
a central frequency of 30 GHz and a bandwidth of 6% [8].
Using the technique of increasing the number of sections
by introducing a specific boundary condition has led to the
design and fabrication of a wideband dual box hybrid coupler
with a bandwidth of 46% at the central frequency of 30 GHz
based on PRGW [26]. In addition, an ultra-wideband four-
layer compact directional coupler for 5G applications in the
central frequency of 30 GHz has been designed, assembled,
and tested [28]. Despite the ultra-wideband and small size
being the advantages of PRGW, these structures have a con-
siderable loss and the difficulty in assembling them leads to a
significant manufacturing error and measuring deviation. The
presence of a dielectric substrate restricts power tolerance in
high-power applications.

In this paper, a self-packaged 3-dB branch-line coupler
at the frequency range of 12-20 GHz is proposed and man-
ufactured. Furthermore, it can be used to realize an arbi-
trary 1:2”"N power divider/combiner, Butler Matrix, etc. This
structure has over 50% bandwidth with the advantage of
low amplitude and phase imbalance at the whole working
frequency band. Also, high isolation and return loss have been
achieved.

In the following, section II presents an approach for unit
cell design and RGW transmission line supporting Ku-band
frequency. The effect of geometric parameters on waveguide
performance is investigated in section III. In section IV, the
circuit model of the proposed structure is simulated using
circuit simulation software, ADS. RGW-based branch-line
coupler design and simulation are presented in section V.
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TABLE 1. Parameters values of the designed unit cell.

Parameter Value (mm) Parameter Value (mm)
r 1 h 6
p 5 gap 0.61
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FIGURE 1. (a) Dimensions of the unit cell without ridge. (b) dispersion
diagram of the unit cell.

For measurement with standard devices, an RGW-to-WR62
transition is designed in section VI. To validate the proposed
design, the structure has been manufactured, and the results
are shown in section VII.

Il. RGW UNIT CELL DESIGN AND DISPERSION DIAGRAM
In this section, two steps of designing the unit cell for
the proposed RGW-based branch-line coupler are presented.
First, the parameters of the ridge surrounded by the peri-
odic unit cell are calculated and simulated. Subsequently, the
ridge of the structure was designed with the known unit cell
dimensions in the center of the desired frequency bandwidth.
In this paper, all simulation responses are obtained using CST
Microwave Studio simulator.

A. UNIT CELL DESIGN AND DISPERSION DIAGRAM

The first step in presenting the proposed branch-line coupler
is to design the RGW unit cell. These periodic nails act as
a perfect magnetic conductor (PMC) in a narrow frequency
band. Therefore, the electromagnetic wave cannot propagate
in the bed of the nail structure. Essential parameters to design
unit cells are illustrated in Fig. 1 (a), and the values are given
in Table. 1 for the Ku band. These dimensions are used in
the rest of the paper. Besides, the related dispersion diagram
for the designed unit cell is shown in Fig. 1 (b). This figure
shows that the unit cell stopband is from 10 GHz to 22 GHz,
containing the Ku band.
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FIGURE 2. (a) Unit cell with ridge. (b) simulated dispersion diagram of the
unit cell. (c) simulated S-parameters of the RGW line.

B. UNIT CELL WITH RIDGE AND DISPERSION DIAGRAM
As shown in Fig. 1 (b), the wave cannot propagate in peri-
odic unit cells from 10 GHz to 20 GHz (stop band). Also,
the approach to designing unit cells can be found in [21].
A ridge is added to the unit cell for wave propagation, which
is shown in Fig. 2 (a), in which WRjgge is 3.05 mm. The
wave propagates in the air between the ridge and the upper
plate. The dispersion diagram of the designed unit cell with
a ridge is shown in Fig. 2 (b). Demonstrated, a quasi-TEM
mode propagates at 10.5-22 GHz. Therefore, the operating
bandwidth of the structure contains the entire Ku-band. Also,
Fig. 2 (c) demonstrates the simulated S-parameters of the
RGW transmission line. Return loss (S11) is mostly less than
-20 dB, and S21 (transmission) is better than 0.01 dB. So, this
RGW platform can be used to realize an RGW-based branch-
line coupler.

IIl. INVESTIGATING THE EFFECT OF GEOMETRIC
PARAMETERS ON WAVEGUIDE PERFORMANCE

A study has been conducted on the stop band of the gap
waveguide and how the stop band changes when the effective
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FIGURE 3. Scattering parameters for different height gaps for the RGW
line in Fig. 2(a). (a (Return loss. (b (insertion loss. (The pins are circular
with height h = 6 mm, radius r = 1 mm, period of the nails p=5 mm, and
Wridge = 3 mm.)

parameters are varied. The parametric study of the cut-off
bandwidths of three artificial surfaces has been presented,
namely the bed of nails (unit cell in RGW), transverse cor-
rugations, and mushrooms [27]. Based on the results of the
RGW simulation in this study, it is possible to achieve an
octave cut-off bandwidth using a bed of nails. Besides, the
parameters of an RGW unit cell have been studied as a
coefficient of the wavelength corresponding to the central
frequency [12]. However, this section discusses the effect
of geometrical parameters affecting the performance of the
RGW line. For this purpose, scattering parameters and line
impedance in the states of gap and ridge width changes have
been obtained using CST full-wave software.

A. INVESTIGATING THE PERFORMANCE CHANGES OF THE
RGW LINE BY CHANGING THE VALUE OF THE AIR GAP

Fig. 3 (a) indicates the changes in the return loss compared
to the gap changes. In this figure, it can be seen that Sy
parameter decreases as the gap decreases. Also, the changes
in the insertion loss with the changes in the gap are shown in
Fig. 3 (b), which shows the improvement of the S21 parame-
ter and the reduction of the transmission loss with the reduc-
tion of the gap. These changes are shown in Fig. 4 (a) and (b)
as a function of the return loss/gap and insertion loss/gap for
the center frequency of 16 GHz, respectively. The pins are
cylindrical with the radius r=1 mm, the height is h = 6 mm,
the period of the nails is p=5 mm and the width of the ridge
is W=3 mm. According to Fig. 4 (a) and (b), the return loss
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FIGURE 4. (a) Return loss. (b (Insertion loss as a function of height gap
for the RGW line in Fig. 2(a). (The pins are circular with height h = 6 mm,
radius r = 1 mm, period of the nails p=5 mm, and Wg;gge = 3 mm.)

and the transmission loss increase with the increase of the gap
value. But according to these two investigations, it cannot be
concluded that less gap is chosen for the design of the coupler
structure, and what is important and should be focused on
is the value of line impedance and its realization in practice.
For this purpose, line impedance changes compared to gap
changes are simulated and shown in Fig. 5 (a). It can be
clearly seen that the impedance increases as the gap increases.
This diagram shows that to realize the impedance of 50 Ohms,
the proportional gap is about 0.6 mm. Impedance variation
with gap change is shown as a function of impedance/gap for
different gaps for a center frequency of 16 GHz in Fig. 5 (b).
It can be easily seen that as the gap increases, the impedance
increases, and the graph trend is upward.

B. EXAMINING THE PERFORMANCE CHANGES OF THE
RGW LINE BY CHANGING THE LINE WIDTH VALUE
Another parameter that affects the performance of RGW
is the width of the ridge. Variations of scattering param-
eters, return loss, and transmission loss are shown in
Fig. 6 (a) and (b), respectively. Fig. 6 (a) demonstrates the
changes of the S11 parameter with the change of ridge width,
showing the reduction of return loss by increasing the width
of the ridge, and assuming that other parameters are kept
constant. The pins are cylindrical with a radius r=1 mm, the
gap height is gap=0.61 mm, the period of the nails is p=5 mm
and the height of the pins is h=6 mm. While Fig. 6 (b) shows
the transmission loss that decreases with the increase of the
width of the ridge. Fig. 7 (a) and (b) indicate the changes of
these two parameters as a function of the return loss/width
and insertion loss/ width of the ridge for the center frequency
of 16 GHz, respectively, which shows that the changes of S11
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FIGURE 5. (a) Reference impedance for different height gaps.

(b (Reference impedance as a function of height gap for the RGW line in
Fig. 2(a). (The pins are circular with height h = 6 mm, radius r = 1 mm,
period of the nails p=5 mm, and Wg;4ge = 3 mm.)
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FIGURE 6. Scattering parameters for different widths of the ridge for the
RGW line in Fig. 2(a). (a (Return loss. (b (insertion loss. (The pins are
circular with height h = 6 mm, radius r = 1 mm, period of the nails

p=>5 mm, and gap height gap= 0.66 mm.)

and S21 are downward and upward respectively regarding the
increase of the ridge width, but as mentioned earlier, what
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is more important for designing RGW-based devices, is the
line impedance. The line impedance changes compared to the
ridge width changes are shown in Fig. 8 (a), which indicates
the decrease in line impedance with increasing ridge width.
Fig. 8 (b) shows impedance variation with ridge width change
at the central frequency of 16 GHz. It can be easily seen that
as the width increases, the impedance decreases and the graph
trend is downward.
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FIGURE 9. (a) Schematic of the stripline circuit model of the three-section
branch-line coupler. (b) simulated S-parameters (ADS Software). (c) phase
difference of the two outputs.

IV. MODELING BRANCH-LINE COUPLER IN STRIPLINE

In this section, the stripline model of the proposed RGW-
based three-section branch-line coupler is obtained. To have
a faster approach to finding the approximate impedance of
RGW branches, this structure is simulated as a stripline model
using circuit simulation software, ADS. First, according to
the operating frequency and assuming the initial value of the
A of the central frequency as a coefficient of the lengths
and, the impedances of the ideal branch line coupler, the
prototype structure of the three-section branch line coupler is
designed [2]. To increase the bandwidth, four A/4 shorted stub
connection has been added [29]. In this simulation, the char-
acteristics of the substrate include a height of 0.5 mm, &; = 1,
and pur=1. Then, optimization is performed using Advanced
Design System (ADS) circuit simulator with the goals being
IS11] < —15,|S21], |S31| = —3 and <S21-<S31=900. The
new impedances after optimization and the calculated widths
corresponding to the impedance of each branch using the
line calculator in ADS software are shown in Table. 2 and
Fig. 9 (a). Second, the impedances of the branches in the
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TABLE 2. Impedances and corresponding widths of the branches in the
circuit simulation.

Parameter Impedance Parameter Width
(ohm) (mm)
Z1 59.76 Wi 1.9
z2 84.29 w2 1.1
73 62.44 W3 1.8
Z4 167.89 W4 0.245
Zs 179.91 Ws 0.2

stripline platform are converted to the impedances of the
branches in the RGW.

The relation between the characteristic impedance of an
ideal gap waveguide and strip line is [12]:

ZGapwaveguide = 2ZStripline (n
where Zgyipline is defined as [12]:
Zstripline = (1/4)(We/2h + 0.441)~"! )
With [12]:

We  We 0 , 3 > 0.35 )
Zh 2k 1 (0.35— (). 4 < 0.35

Although this is a fast estimate formula for obtaining char-
acteristic impedance, it is not accurate enough, and values in
RGW design must be optimized. The circuit schematic of the
structure is shown in Fig. 9 (a). The stubs have been added
to the schematic for impedance matching of the branch lines.
As mentioned, it should be notable that the impedance of
the first model is optimized for achieving a wideband coupler
with better flatness for transmission and more isolation in the
isolated port. Simulated S-parameters of the circuit model
are shown in Fig. 9 (b). As shown, S11 (return loss) is less
than —18 dB, and S21 (transmission) flatness is better than
1 dB in the desired frequency band. Besides, Fig. 9 (c) shows
the phase difference between the two output ports (transmis-
sion and coupling). The phase difference (£521 — £531) is
90 degrees, with almost 4 degrees of ripple. The length of the
branches and the short-circuited branch are almost A/4 [29].
Using (1), (2), and (3), the impedance of the branches is
calculated. Then, based on the impedances obtained for each
branch, and using the unit cell and RGW line in section II, the
dimensions of the branches are obtained using CST software.
As mentioned before, these converted values are inaccurate
and must be optimized in a full-wave simulation. In the
following, this structure is simulated in RGW technology.

V. RGW-BASED BRANCH-LINE COUPLER DESIGN

Using the designed RGW structure in section II and the calcu-
lated impedances in section III, an RGW-based three-section
branch-line coupler is realized, as shown in Fig. 10 (a).
Fig. 10 (b) shows the perspective view of the structure.
Fig. 10 (b’) and 10 (b”’) show the zoomed shorted branch
and small step, respectively. Simulation results are shown in
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FIGURE 10. (a) Designed RGW-based three-section branch-line coupler.
(b) Perspective view ((b’) Shorted matching branch, (b”) Small step).
(c) Simulated s-parameters of the structure.

Fig. 10 (c); transmission and coupling (S21, S31) is about
-3 dB in the frequency band of 12-20 GHz, so the input
power splits equally between two output ports. Also, the
power imbalance (S21-S31) is less than 0.5 dB. The isolation
between input and output ports (S41) is better than -15 dB,
and the return loss (S11) is better than -14 dB. It should be
noted that the considered material for structures is aluminum
in simulations. As mentioned, all structures are simulated in
CST full wave analysis software.

A. EFFECT OF THE SMALL STEP ON THE RIDGE ON THE
PERFORMANCE

The influence of the small step on the middle ridges will be
discussed. Fig. 10 (b”’) shows these steps and values (Le and
hl are the widths and the height of the step, respectively).
This small step works as line impedance tuning. In this tuning
method, two adjustable parameters are the step dimensions;
width and height. Fig. 11 (a) and (b) show the changes in
the magnitude difference (S21(transmission)-S31(coupling))
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FIGURE 12. (a) S parameters of the structure with and without steps on
the middle ridges. (b) transmission (S21) and coupling (S31) with and
without steps on the ridges.

in two output ports with the changes in the height (when
the width is constant and equals 0.3 mm) and width of the
step (when the height is constant and equals 0.36 mm) at the
frequency of 16 GHz, respectively. The width and height of
this step affect the change of power splitting.

According to Fig. 11 (a) and (b), the difference between
the values of the outputs at the frequency of 16 GHz is
zero when the width of the step is Le = 0.38 mm, and
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TABLE 3. Optimized dimension values of the RGW-to-WR62 transition.

Parameter (\::Ill:l)e Parameter (\::Ill:l)e
dl 1.44 ml 6.72
d2 2.33 m2 4.77
d3 0.92 m3 2.55
d4 0.51 m4 2.57
ds 0.45 m5 4.52
d6 1.24 17 37.44

TABLE 4. Optimized parameters of the designed branch-line coupler.

Parameter Value(mm) Parameter Value
(mm)

11 4.4 wl 3.05
12 7.51 w2 2.22
13 20.95 w3 3.5
14 8.55 w4 1.14
15 3.17 w5 1.36
16 4.2 q 2.82

its height is h1=0.4 mm. These values have been obtained
by sweeping the width and height of the step, as well as
by using optimization in CST software to find the best
response of S parameters, especially coupling, and trans-
mission. Fig. 12 (a) and (b) show the S parameters and the
difference between coupling and transmission in two cases,
one with the step on the ridge and the other without the
step, respectively. according to Fig.12 (a), steps do not make
significant changes in return loss and isolation (S11 and S41)
while based on Fig. 12 (b) with the step (if Le = 0.38 mm
and h1=0.4 mm), the difference between two parameters,
coupling, and transmission, is about 1 dB better than when the
step doesn’t exist. Step improves and, more precisely, adjusts
the impedance in the entire frequency range.

B. EFFECT OF THE SHORTED 1./4 STUBS

The effect of shortened stubs on the S parameters of the struc-
ture has been investigated. Analysis of the impact of shorted
connection stubs has been studied in [29]. Fig. 13 (a) shows
the S parameters in two cases; with four A/4 stubs shortened
and without these stubs. It can be seen that the return loss
and isolation parameters have been significantly improved
when stubs exist. The realization of stub shorting in RGW
technology is to connect the end of the stub to the upper plate.
Fig. 13 (b) shows the insertion loss and transmission in the
case with the shorted stub and without it. It can be seen that
the shorted stubs have improved the mentioned parameters to
some extent. The design procedure for the proposed branch
line coupler can be described as demonstrated in Fig. 14.

VI. RGW-TO-WR62 TRANSITION
For the measurement of the proposed RGW-based struc-
ture with standard connectors, the transition of RGW to
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TABLE 5. Comparison with some similar branch line couplers in different structure.

S parameters (dB)

S11-With stub

A S21-With stub
=+ =S31-With stub
=—o=S541-With stub

50 ‘ . ‘ ‘ . 1 ‘
12 13 14 15 16 17 18 19 20
Frequency (GHz)
(a)
g -SIW |
E — ==
4
g4y
3] =¥ S21-Without stub
g $31-Without stub
5O | & S21-Withstub
Qo =+ =S531-With stub
(%)
12 13 14 15 16 17 18 19 20
Frequency (GHz)
(b)

FIGURE 13. (a)S parameters of the structure with and without four 1/4
stubs. (b) Amplitudes of the structure with and without four 1/4 stubs.

a rectangular waveguide or coaxial connectors is required.
Several RGW to other standard ports has already been
designed, such as coaxial, microstrip lines, and rectangu-
lar waveguides [22]. RGW-to-rectangular waveguide transi-
tion has already been presented in two types, vertical and
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Center Bandwidth Amplitude . Phase
Ref. Technology frequency (S11=-10 dB) Balance (dB) 1mpedance substrate
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s RGW 16 50% S W= 50% no
( )
Determine the center Ciihezmy = Adding four short stubs to

stripline circuit model in

CEektElizilency circuit simulation software

increase bandwidth

}

Optimizing circuit model in
ADS software

( 3\
Adding steps on the middle
branches to improve the
power split

Convert stripline
impedances to RGW

impedances
L

R S

Final optimization
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FIGURE 14. Block diagram for the design and process of the branch line
coupler.

horizontal [23], [24]. In the Ku band, the standard rectangular
waveguide is WR62.

In this section, an RGW-to-WR62 transition has
been designed. The proposed transition is shown in
Fig. 15 (a) and (b), with the parameters’ values in Table. 3.
Simulation results of the transition are shown in Fig. 15 (c).
Transmission and return loss is better than 0.05 dB and
—23 dB, respectively, in the desired frequency band. For
measurement, the RGW-based structure will be fed with
a coaxial port. This structure should be connected to the
standard waveguide WR62 for the desired frequency band for
practical use. Using the designed RGW-to-WR62 transitions
in section V, the proposed RGW-based three-section branch-
line coupler with transitions is shown in Fig. 16. Table. 4
shows the optimized values of the dimensions for the final
structure. Simulated S-parameters of the structure are shown
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FIGURE 16. Designed RGW-based three-section branch-line coupler with
RGW-to-WR62 transitions.
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in Fig. 17 (a). Magnitudes, the difference between coupling
and transmission, and the phase difference are shown in
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FIGURE 17. (a) Simulated S-parameters of the structure. (b) Amplitudes.
(c) Amplitude difference. (d) Phase difference of the two output ports.

Fig. 17 (b), (c), and (d), respectively. Return loss and isolation
are better than —14 dB, and transmission is about —3 dB at
the frequency band of 12-20 GHz. Besides, Fig. 17 (d) shows
the phase difference between the two output ports. The phase
difference (£821 — £531) is 9043 degrees in the frequency
range of 12-20 GHz.

VIi. EXPERIMENTAL RESULTS

The designed RGW-based three-section branch-line coupler
with RGW-to-WR62 transitions was fabricated and shown in
Fig. 18 (a). This structure was manufactured using aluminum
machining. The scattering parameters have been measured
using a vector network analyzer (VNA). TRL (thru-reflect-
line) calibration has been used to de-embed the impact end
launch connectors and transitions in measurements since a
rectangular coax-to-WR62 waveguide converter was used.
Measured S-parameters, and the setup is shown in Fig. 18 (b).
Measured return loss, transmission, coupling, and isolation
are shown in Fig. 19 (a) and (b), compared with simulation
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(b

FIGURE 18. (a) Fabricated RGW-based three-section branch-line coupler,
and (b) measurement setup.

results. Based on this figure, measured return loss and isola-
tion are mostly less than —14 dB, which is in good agreement
with simulations. It should be mentioned that the measured
transmission is about 0.7 dB less than the simulations. This
transmission loss is due to using a coaxial-to-waveguide
converter. Also simulated and measured magnitude differ-
ence is shown in Fig. 19 (c). In addition, the measured
phase difference between the two output ports is shown in
Fig. 19 (d), which is compared with simulation results; the
measured phase difference of the output ports is about 90+3
degrees in most of the desired frequency band. It should be
mentioned that the difference between simulated and mea-
sured results is because of the inaccuracy of manufacturing
roughness, which can be decreased by improving manufac-
turing accuracy. To evaluate the performance of the proposed
coupler and compare it with the performed works, Table.
5 is presented. In this table, branch line coupler structures
realized using different guiding structures, which are promis-
ing technologies for millimeter wave applications, are given.
In particular, the bandwidth, phase, amplitude imbalance,
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FIGURE 19. Simulated and measured results of the RGW-based

three-section branch-line coupler with RGW-to-WR62 transitions

(a) return loss (S11), transmission (S21), coupling (S31), and isolation

(S41). (b) Amplitudes (521 and S31). (c) Amplitude difference. (d) phase
difference of the two outputs (CST software and measured).

and the use or non-use of the substrate are reported in this
table. The bandwidth of the device; the frequency interval
that the input matching port and isolation are better than
10 dB, is considered. In addition, the maximum amplitude
imbalance and phase imbalance to obtain the amplitude and
phase balance bandwidth are 2dB and 5 degrees of tolerance,
respectively. Although the proposed coupler presents a wide
bandwidth with amplitude and phase imbalance less than
0.7 dB and 3 degrees, the value of 2 dB and 5 degrees is
chosen according to most of the cited literature. Most of
the 3 dB 90-degree couplers in the literature have a narrow
bandwidth of up to 18% of the high amplitude and phase
imbalance of the output [4], [8], [17], [30], [31], [32], [33],
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and [34]. The proposed couplers in [6] and [35] have more
bandwidth of 26%, and 26.5%, respectively, which not only
suffer from amplitude and phase imbalance but also these two
structures have dielectric substrates that can limit to tolerate
the power in high frequencies. Although the bandwidth in
these two structures is more than the other compared refer-
ences, because of the multilayered; their amplitude and phase
balance bandwidth is reduced. Especially, the 3 dB 90-degree
coupler structures realized in RGW technology in [4], [17],
and [33], compared to the proposed work, suffer from a
lower bandwidth of 14%, 3%, and 13%, respectively, and
high phase imbalance and output amplitude. The proposed
coupler provides 50% bandwidth and amplitude and phase
balance with a maximum tolerance of 0.7 dB and 4 degrees,
without using a dielectric substrate and electrical contact. The
only drawback of this work is its relatively large size, 2.24 x
1.7 because the main purpose of this work is to increase the
bandwidth of the 3 dB 90-degree coupler based on RGW, the
optimization to reduce the size has not been done.

VIIl. CONCLUSION

In this paper, an RGW-based three-section 90-degree branch-
line coupler with shorted quarter-wavelength stubs and
RGW-t0-WR62 transitions was presented, designed, simu-
lated, and fabricated for the first time to the best of our knowl-
edge. By using shorted stubs in the structure, impedance
matching was improved, and reflection was reduced. Also, for
the first time, the step tuners were designed on the coupling
branches to improve the power splitting in this structure.
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