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ABSTRACT The current paper presents a six-port low-loss waveguide coupler based on ridge gap waveguide
structure with potential application in various mmWave wireless systems. The challenges in the fabrication
faced in mmWave frequencies can be overcome by using the gap waveguide technology. The excitation of
presented six-port junction is done by standard WR-28 waveguide flanges at the bottom. The performance
of the proposed structure is confirmed by the fabrication and measurement. The measured results show that
the proposed six-port junction operates in 30 GHz with 15% bandwidth with return loss in both input ports
and isolation level better than 15 dB and 15 dB, respectively. The findings are valuable for the design and
development of mmWave junctions for use in various high-frequency applications.

INDEX TERMS Six-port junction, gap waveguide technology, mmWave.

I. INTRODUCTION

The attention of the research community to the mmWave
frequency band has recently been increased because it has
functional advantages for many applications. With the help
of novel technology development at this frequency band,
various wireless applications such as high-speed internet,
high-definition video streaming, high-definition multimedia
interface, automotive radars, and wireless gigabit Ethernet
will be made possible. [1]. However, the robustness of passive
RF components and easy integration with other wireless
system’s components are important factors affecting the
performance and reduction of the system cost at mmWave
frequency range.

Six-port junctions are the key components of various
mmWave networks for different microwave applications such
as reflection measurements, direct receiver systems, power
detecting systems, vibration measurement, calibration of
automotive radars, displacement detection and mechanical
stress diagnosis [2], [3], [4]. A six-port junction is made up
of dividers and combiners that are linked together to create
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four separate sums of a reference signal and the signal to be
measured. In this junction, the two input signals are combined
in four different phase configurations at the four outputs.
Six-port junctions were first introduced as alternatives for
vector network analysis and in power-measuring devices and
then have been extended to replace conventional mixers in
homodyne and heterodyne receivers. For the measurement
purposes, one of the six ports of the junction is connected
to a source as an input port and another is connected to an
unknown load. The reflection coefficient of the unknown
load can be determined by measuring the power appearing
in on the other four ports. In a direct receiver system, local
oscillator and RF signal are considered as input ports of
six-port junction and I/Q signals of quadrature phase are as
the four output ports.

Good impedance matching, low insertion loss and wide-
band transfer characteristics are the desired design objectives
for such a six-port junction or coupler. The six-port
junctions can be designed and implemented in three types of
architecture: three 3-dB directional couplers along a 1-to-2
way power splitter [2]; four 3-dB directional couplers along
a phase shifter [5]; and two 3-dB directional couplers along
two power dividers and a 90° phase shifter [6]. In the first
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type of architecture, six-port junctions with simple structures,
wide bandwidth and high isolation between the inputs and
outputs ports can be achieved as it does not need extra
phase-shifters.

Researchers have proposed various types of six-port
junctions including microstrip, substrate integrated waveg-
uide (SIW) and rectangular waveguide based struc-
tures. Microstrip- and SIW-based six-port junctions are
light-weighted and compact, and their production is relatively
low cost [6], [7], [8], [9], [10], [11], [12]. Moreover,
their integration with other active and passive mmWave
components in the wireless system is easy. Nevertheless,
there are some drawbacks in these structures, such as high
dielectric and ohmic losses and leakage as surface waves at
high frequency. Rectangular waveguide structures are low
loss and can handle high power levels, but high precision,
accurate, and costly manufacturing and difficult integration
limit their usage in mmWave applications [13], [14], [15],
[16], [17], [18]. Particularly, providing acceptable electrical
contact between the structure’s various metal layers in
the rectangular waveguide structures is a serious challenge
in mmWave frequencies. In addition, these structures are
difficult to be integrated with RF circuits. Therefore, there is a
need to use another technology than rectangular waveguides
and PCB-based technologies.

In recent years, gap waveguide technology has been
developed to overcome the difficulty of fabrication of various
microwave components at mmWave frequency range [19].
In mmWave frequencies, the gap waveguide technology is
employed to eliminate fabrication related problems of slot
array antennas [20], [21], [22], couplers and dividers [23],
[24], [25], magic-T [26], mechanical switches [27] and
printed gap waveguide-based six-port junction [28]. All
these components show promising performance at mmWave
frequency range. Also, gap waveguide has been demonstrated
with very good packaging and RF electronics integration fea-
ture at mmWave range [29], [30], in this work, we present the
design and fabrication of a broadband ridge gap waveguide-
based six-port junction which has simple geometry, wideband
and low-loss performance. The main novelty of the work
presented in this paper is based on proposing ridge gap
waveguide-based six-port junction in order to overcome
the difficulty of fabrication at mmWave frequency. To the
authors’ knowledge, design of ridge gap waveguide-based
six-port coupler for mmWave applications is discussed for the
very first time. By employing gap waveguide technology and
providing acceptable electrical contact between the layers,
the manufacturing and assembly process will be simple and
non-expensive. The measurement results demonstrate that the
reflection coefficients of input ports of the proposed structure
are is than -15 dB with the isolation higher than 15 dB over
the frequency range of 27.7-32.2 GHz.

The ridge gap waveguide structure and its stop-band are
described in Section II. Sections III is devoted to the simula-
tion and design of the proposed ridge gap waveguide- based
six-port junction. The details of the fabricated prototype
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and the measurements presented in Section IV and some
conclusions are drawn in Section V.

Il. RIDGE GAP WAVEGUIDE STRUCTURE

Gap waveguide technology is used to overcome the difficulty
of maintaining perfect electrical contact among the waveg-
uide blocks by using perfect magnetic conductor (PMC) wall
which is implemented by periodic metal pins and air gap
Fig. 1(a). Generally, the ridge gap waveguide structures are
more compact than groove gap waveguides. Planar metal
surfaces with small periodic metal texture in the form of
rectangular pins can be easily produced using various well
established manufacturing technologies such as CNC milling.
In the gap waveguide structures, ridges and grooves are
employed as guiding structures to control the propagation
direction of the electromagnetic waves. Within the parallel
plate stop-band of the periodic structure, periodic pins around
the guiding lines can prevent waves to propagate in undesired
directions.To achieve the required performance over the
desired frequency bandwidth, the dimensions of the pins
(material: Aluminum), their periodicity, the air gap and width
of ridge should be carefully chosen [19]. With the help of CST
Microwave Studio and its eigen-mode solver, the geometrical
parameters have been design and following dimensions a =
1 mm, d = 3 mm, g= 0.5 mm, and p= 1 mm have been
chosen to form a stop-band from 22 to 38 GHz and this is
demonstrated in Fig. 1(b).

Ill. DESIGN OF SIX-PORT JUNCTION

A. RIDGE GAP WAVEGUIDE-BASED 3-DB COUPLER
Topology of the ridge gap waveguide-based 3-dB coupler
is shown in Fig. 2. Significant improvement in bandwidth
can be achieved by using a multi-section design. To achieve
constant coupling, low input reflection coefficient and higher
isolation over a wide bandwidth, a multiple-section branch-
line coupler is employed here. The lengths and widths of the
shunt and series branches should be adjusted to achieve the
desired power splitting ratio. The optimization problem is
solved by applying a computer-aided design that limits the
minimum and maximum allowable values for ridge width and
pin periodicity.

To achieve desired S-parameters, the values of the
geometrical parameters of the structure should be optimized.
Optimization based on Trust Region Framework in CST
Microwave Studio find the optimized values of structure
geometrical parameters assuming an appropriate fitness
function which is defined as:

M
1
Fitness = (M > (S0P + 121G - 37

m=1
0.5
#1831 = 32 + 1S ) ()

The simulated S-parameters of the 3-dB directional coupler
are plotted in Fig. 3. Observe that the return loss is better
than 18 dB, and the insertion loss in the coupled branches
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FIGURE 1. (a) Ridge gap waveguide structure. (b) Dispersion diagram of
the periodic metallic pins.

FIGURE 2. The configuration of ridge gap waveguide-based 3-dB
directional coupler without top metal plate.

are 3+0.8 dB from 28 to 32 GHz. Moreover, the isolation
level between port-1 and port-4 is higher than 18 dB and
the simulated phase difference between the coupled ridges is
90+2° over the considered frequency bandwidth. To verify
the results of S-parameters, Fig. 4 shows the electric field
distribution of the ridge gap waveguide-based 3-dB coupler
when port-1 is excited at the central frequency 30 GHz.

B. RIDGE GAP WAVEGUIDE-BASED SIX-PORT JUNCTION

As illustrated in Fig. 5, a six-port junction is a coupler
structure with two input ports and four output ports. If a
signal is applied on an input port (#1 or #2), the power
is equally divided among the four output ports (#3, #4, #5
and #6) and consequently |S31| = |S41| = [Ss51] = |Se1] =
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FIGURE 3. Simulated S-parameters of ridge gap waveguide-based 3-dB
directional coupler.
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FIGURE 4. Electric field distribution of ridge gap waveguide-based 3-dB
directional coupler at 30 GHz.

|S32] = |S42] = |Ss2] = [Se2| = -6 dB. Moreover, in an
ideal six-port junction, phase difference of output ports is
90°: |phase (S31)-phase (S41)| = [phase (S¢1)-phase (Ss1)] =
|phase (S32)-phase (S42)| = |phase (S¢2)-phase (S5)| = 90°.
The scattering matrix for an ideal six-port junction has the
following form:

[y
[y

0
0
j
' @)
1

cCo oo~ ~
cocooco~|
cocooco~|
cCo o Oo——

g
Fig. 6 shows the presented six-port junction. The structure
consists of three cascaded three four-port 3-dB directional
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Power

Divider

FIGURE 5. The block diagram of six-port junction.

Power Splitter Transition

Input 1

FIGURE 6. The configuration of ridge gap waveguide-based six-port
junction without top metal plate.

couplers, interconnecting ridge lines and a T-junction power
splitter based on gap waveguide technology to achieve good
performance over the Ka band frequency range. A standard
waveguide match load is employed to match the seventh port.
Creating 90° bends in interconnecting ridge gap waveguides
will cause a significant reflection towards the input port
and only negligible part of the signal transmitted on around
the bend. To overcome this challenge, chamfered bends are
employed in the structure. The chamfer values (cq, ¢z, c3
and c4 shown in Fig.6) are the amount of the outside corners
of ridges that are to be sliced off and these parameters impact
the input matching of the structure. Moreover, to implement
the designed six-port junction, we need to a T-junction
as 2-way power divider. As shown in Fig. 6, a quarter-
wavelength matching section is used to achieve a wide
bandwidth power divider. In addition, without V-shaped
section in this power divider, it has high return loss due to the
reflection of the input. The width and length of impedance
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TABLE 1. Optimized design parameters of the proposed six-port junction.

Section Parameter Value (mm)
Port 1 Port 2 Port 3
Length of Ridge 0.69 0.95 1.1
Transitions Length of Step 2.29 247 2.61
Height of Step 0.75 0.67 0.39
Bases Lengths of
Power V-shaped junction 0.14,3.25
Splitter length and width of
M4gmatching section 139,2.25
Chamfer _ _ _ _
Values ¢ =1.98, ¢, =136, c;=2.30, ¢, =2.27
3-dB wo=1.30,w; =0.58, w,=1.70, w3 =1.2,1, =6.96, 1, = 8.48
couplers (shown in Fig. 2)

matching section and the lengths of the bases in V-shaped
junction greatly affect the input return loss of power divider.

To make the six-port junction excitable and measurable
by standard flange waveguides at 30 GHz frequency band,
it is required to design suitable transitions between the ridge
gap waveguide and standard Ka-band waveguide (WR-28)
at the input and output ports. To do this, a metal brick
section with a step extending to the waveguide opening are
located on the bottom wall of the structure and this is the
key part of designed transition between ridge gap waveguide
and WR-28 (7.11 x 3.56 mm?). To obtain desired matching,
the geometrical parameters of the metal brick should be
optimized. After optimization in CST, the ultimate optimized
values of the geometrical parameters of the six-port junction
are tabulated in Table 1.

The simulated S-parameters of proposed six-port junction
are plotted in Fig. 7. When the input port 1 is excited, the
reflection coefficient is less than —20 dB and the isolation
between ports 1 and 2 is higher than 20 dB over the
frequency range of 28-32 GHz. Also, the amplitude and
phase imbalances of the output ports of six-port junction are
around +1dB and +0.5°, respectively. Similarly, according
to the simulation results, the reflection coefficient of port 2
is below —17 dB and the isolation level between this port
and port 2 is higher than 20 dB from 28 to 32 GHz. Also,
the simulated transmission coefficients of input port 2 to the
outputs ports are -6.21.2 dB over operating frequencies.
It can be seen that the phase differences of transmission
coefficients in ports 3, 4 and 5 are between 904-2.5°. For the
proof of S-parameters results, the electric field distribution
of the six-port junction at the central frequency 30 GHz is
demonstrated in Fig. 8.

IV. FABRICATION AND MEASUREMENT

To confirm the simulation results, a prototype of six-port
junction is machined using CNC milling equipment in alu-
minum material (with electric conductivity 3.6 x 107 S/m).
The photograph of disassembled six-port junction is illus-
trated in Fig. 9. The S-parameters of the fabricated prototype
are measured by an Agilent network analyzer 8722ES and
are shown in Fig. 10. The measured reflection coefficient of
ports 1 and 2 are lower than —15 dB over the frequency range
of 27.7-32.2 GHz. There exists higher than 15 dB isolation
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FIGURE 7. Simulated performance of proposed six-port junction.
(a) Amplitudes and (b) phases of the S-parameters by exciting port 1.
(c) Amplitudes and (d) phases of the S-parameters by exciting port 2.

between the two input ports in this frequency band. Also,
the amplitude imbalance of the output ports of structure is
around +1.68 dB, respectively. The slight difference between
the measurement and simulation values can be attributed
to the fabrication tolerance errors and alignment errors
between the metal blocks.

VOLUME 11, 2023

(b

FIGURE 8. Electric field distribution of the six-port junction at the central
frequency 30 GHz.

FIGURE 9. Photograph of the fabricated ridge gap waveguide-based
six-port junction.

To evaluate the proposed design, the performances of
various kinds of six-port junctions are compared with
the present work in Table 2. The proposed structure
exhibit acceptable impedance bandwidth (15%), return loss
(>15 dB) and isolation levels (>15 dB) compared to
other reported six-port junctions. The input bandwidth of
proposed structure is higher than rectangular waveguide-
based six-port junctions [14], [15], [16], [17], [18]. The
amplitude imbalance and phase variation characteristics are
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FIGURE 10. Measured S-parameters of fabricated six-port junction.

less than £1.68 dB and 42.5° which is a better performance
than almost all the reported six-port junctions in the table.
Although the bandwidth and isolation of some SIW-based
structures are better than the proposed six-port junction,
it should be noted the power handling capacity of SIW-
based [8], [9], [10], [11], [12] and printed ridge gap
waveguide six-port junctions [28] is lower than proposed
ridge gap waveguide-based structure due to the use of
dielectric substrate. In addition, compared to PCB-based and
SIW structures, which are lossy and low power, the dielectric
and ohmic losses of the proposed junction is relatively
low. By employing gap waveguide technology, providing
acceptable electrical contact between the layers without using
a high temperature and pressure process is performed, the
manufacturing and assembly process will be simple and non-
expensive. Due to the significant benefits of gap waveguide
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TABLE 2. Comparison with other existing six-port junctions.

Freq.| B.W [R. L. | Iso. Mag. Ph.
Ref. | Technology | 51| (94) | (dB) | (dB) | Var. (dB)| Var.)
[7] | Microstrip | 10 | 10 | 15 | 20 | -7.5%2.5 | 90+6
[8] SIW  |305| 98 | 18 | 27 | -8.620.5 | 90+2
[9] SIW | 125| 10 | 19 | 20 | -7.320.5 -
[10] SIW 85|35 | 15 | 15 |-7.551.5 | 8811
[11] SIW [ 135|223 17 | 18 | -7.8+15 | 88.5+3.5
[12] SIW 25 | 28 | 15 | 20 | -7.4+1.5 | 88.5+12
Rectangular
[14] | Wavegnide | 19 | 84 | 20 | 20 |-49:015] -
Rectangular
(5] | Wayeside | 19 | 47 | 25 | 25 [475%075 -
(1) |Rectangular| 50\ 0ol s s | 64221 |91.5213.5
Waveguide
(17) |Rectangular| g o)y oo | 15 | - | 74205 | 9025
Waveguide
(ig) |Rectangulari 5o 15 601 1y [ 1790|6205 | 90+32
Waveguide
Printed Gap
28] | Waveguide| 40 | 10 | 10| 15 | 7222 | 90s5
This | Ridge Gap
Work | Waveguide | 2995 15 | 15 | 15 |-6.121.68| 90:2.5

technology, the presented six-port junction could be a proper
candidate for various mmWave applications.

V. CONCLUSION

Ridge gap waveguide technology is utilized for designing a
wideband six-port junction for Ka-band applications. Using
gap waveguide technology allows designing the mmWave
six-port junction and coupler without the strict electrical
connection requirement between various waveguide layers
and metal blocks. A prototype of six-port junction is
then fabricated and measured. The measured reflection
coefficients of input ports and isolation level between them
are better than —15 dB and 15 dB, respectively, at the center
frequency of 29.95 GHz. Also, the amplitude imbalance and
phase variation characteristics are less than £1.68 dB and
+2.5°, respectively. The proposed six-port junction can be
used in various broadband applications at mmWave.
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