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In this paper, a new method to facilitate the design of Printed Ridge Gap Waveguide (PRGW)
structures is introduced. One of the main difficulties in designing such structures is related to their
simulation process which is really time and energy-consuming. Therefore, a suitable boundary
condition is considered to bring about the primary structure without involving the bed of nails or
mushroom unit cells. Using this technique, a wideband PRGW 3 dB hybrid double-box coupler is
designed to serve in mm-wave frequencies at a center frequency of 30 GHz, which can be deployed for
the next generation of mobile communication. The designed coupler provides a wide matching and
isolation bandwidth with low output amplitude imbalance, which is unique in comparison with current
couplers. The prototype of the proposed coupler is fabricated and measured where the simulation

and measurement results show a good agreement indicating the strength of the proposed method

in PRGW structure design as well. The measured results show the couplers achieve better than 10-dB
return loss and isolation over the frequency range from 25 to 40 GHz (46% BW) with the power-

split unbalance and phase error within + 1 dB and + 5°, respectively. In addition, square mushrooms
are chosen here to satisfy the high impedance surface. Not only do they bring about larger stop
bandwidth, but also their configuration facilitates the arrangement of them around the coupler. The
proposed design has superb characteristics such as low profile, low loss, and easy integration with
microwave circuits and systems that can be suitable for designing mm-wave beamforming networks.

Upcoming sixth-generation (6G) and fifth-generation (5G) wireless communication technology have funda-
mentally revolutionized the telecommunications industry'. The next generation of mobile communications
requires the use of a high-frequency spectrum due to the limited channel bandwidth of the current ones which
have worked in microwave frequency channels®. Millimeter-wave (mm-wave) frequency band starting from 30 to
300 GHz is a good candidate for the proposed purpose. mm-wave spectrum with massive available bandwidth is
a promising technology for the next generation to boost the data-rate transmission on the order of multigigabit/s
and triumph the bandwidth shortage at saturated traditional microwave spectrum®*. This evolution of wireless
data communications from today’s microwave and lower frequency bands to mm-wave bands has created chal-
lenges and opportunities for mobile service designers®~’.

In this context, a lot of works have been carried out regarding the design of couplers, antennas, filters, and
resonators®~'%. The technologies used for designing the components in mm-wave frequency bands have been
mostly microstrip lines, waveguides, and Substrate Integrated Waveguides (SIW)'*"'7. However, there exists a
big problem associated with these technologies, being lossy owing to dielectric and conductor losses or leakage
from via including walls'®-%!. To that end, recently, a new technology called Ridge Gap Waveguide (RGW) or
particularly Printed-RGW (PRGW) structures are considered to solve this problem?*~%%, this enables the elec-
tromagnetic wave to propagate in the air gap between the conductor and ridge and consequently eliminates the
dielectric losses. In addition, the leakage of energy reduces as a result of the bed of nails in RGW or Electromag-
netic Band Gaps (EBGs) in PRGW?.

On the other hand, the realization of the 5G communication system at the mm-wave frequency with short
wavelengths is limited by high path loss and atmospheric absorption, implying a reduced communication range.
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Although this limitation can be compensated using high-gain antennas, they have a directional narrow beam-
width requiring beam-switching techniques to compensate for the main beam misalignment. Beam switching
networks are necessary to address the challenges and expectations of future technology. These can be summarized
as high-power efficiency, multiuser systems, and large channel capacity with wide scanning coverage.

Butler Matrix (BM) as a Beam-switching feed network with its various modifications can satisfy the men-
tioned goal**-*%. BM includes couplers, crossovers, and power dividers, which should be designed and then
arranged in a specific way. There have been some publications regarding PRGW and RGW couplers®. In*, the
already existing branch line coupler and coupled line directional coupler”, have been implemented by means of
the bed of nails and ridge configuring the couplers. Although the results are satisfactory, the fabrication process
is challenging in this way. Authors in***? have investigated directional couplers on a silicon platform based on
coupled-mode theory. Although they can be used in mm-wave frequencies however they have weak coupling
and there are no phase difference that limit their application.

In*, the printed-RGW coupler with a novel structure has been introduced, which provides a good impedance
bandwidth as well as a little output phase and amplitude imbalance. It should be mentioned that as it is impos-
sible to directly connect connectors to the structure, a microstrip transition line must be used which is described
in this paper as well. Another similar structure with mathematical equations, which enables the structure more
flexible in other mm-wave frequency bands, has been proposed in*'. Authors in**** have designed low-profile
hybrid directional couplers for 5G communication purposes. Furthermore, a Rat-Race coupler, which has the
ability to divide the input power with 0° or 180° phase difference has been implemented in** by means of PRGW
technology.

However, mentioned couplers own a wide impedance bandwidth, and they suffer from output amplitude
and phase imbalance, which makes the whole structure narrowband, so it is not possible to design a broadband
feeding network in mm-wave frequencies including directional couplers. Also, their simulation process is tough
as a result of EBG unit cells placed around the structure to act as high impedance surface avoiding surface wave
propagation. Thus, a suitable boundary condition is required to make the design process easier. There is no need
to put the EBG unit cells in primary structure in this situation. Getting the required results, for the sake of final
optimization, the complete coupler with high impedance surfaces is simulated. The proposed procedure reduces
the simulation time and results in the desired performance that is difficult to obtain from the full optimization
design process. Using this technique, an ultra-wideband PRGW 3 dB hybrid coupler is designed to obtain a 46%
bandwidth of reflection coefficient as well as isolation below — 10 dB over the frequency range from 25 to 40 GHz.

The superb results are achieved as a result of the proposed design procedure that not only facilitates the
design by avoiding the EBG in the design phase but also allows to achieve very good performance by eliminat-
ing the positioning of the EBGs structure and the nails in the ridge. These structures dramatically increase the
simulation time as the mesh size is significantly increased. The proposed design procedure is applied to design
a coupler, however, it can be also applied to design large structures and save a huge time and effort. The novelty
of our paper not only is to introduce the new designing RGWs structures method but also to design a wideband
coupler that has the best performance in comparison with similar works in mm-wave frequencies.

PRGW double-box hybrid coupler

In this section, a step-by-step design procedure of the wideband hybrid coupler based on PRGW technology is
illustrated. At the first place, the periodic square EBG unit cell surrounding the ridge is designed with the proper
dimensions to suppress any leakage and generate a wide bandgap range from 24 to 45 GHz required for the 5G
applications. A boundary condition with regard to the obtained air gap height between EBG unit cells and the
upper conductor is defined to help facilitate the design of the primary coupler. The traditional branch-line coupler
is designed by the proposed boundary condition to validate the robustness of the method. Subsequently, the
broadband double-box hybrid coupler with the same proposed boundary condition is simulated. Upon getting
the desired results, EBG unit cells are applied to the structure and a final optimization is performed. Finally, the
parameters of the fabricated structure are evaluated and compared with simulated results.

Design of EBG unit celland PRGW line.  The ideal RGW utilizes the basic cutoff band related to the per-
fect electrical conductor (PEC) and perfect magnetic conductor (PMC) parallel plate waveguide configuration.
There is no propagated field in the air gap between the PEC surface and the PMC surface as long as the spacing
between the two surfaces, referred to as the gap height (H), is less than a quarter of a wavelength (A/4).

In Fig. 1, the ideal form of the proposed concept is shown, whereas it is obvious in RGW, a metal strip or
specifically the ridge is surrounded by PMC surfaces. Providing a waveguide cavity height smaller than /4, the
electromagnetic wave (EM) can propagate between the upper conductor and ridge as PEC-PEC surfaces suppress
the leakage in all directions as PMC-PEC surfaces.

However, since PMC does not exist in nature, it is realized by an artificial magnetic conductor (AMC) that
mimics the PMC behavior over a specific bandwidth**. An EBG unit cell is an AMC that can satisfy the men-
tioned characteristics, so a period of them is used in PRGW structures, which are a printed modified shape of
RGW. This periodic part is used to block the electromagnetic waves from leakage outside the region between
the ridge and upper conductor within a certain stopband. Figure 2 depicts the EBG unit cell and its dispersion
diagram over a wide frequency range that is obtained using the computer simulation technology (CST) (Eigen-
mode solver). Periodic boundary conditions are used to model the whole EBG unit cell structure. Eigen-mode
solver parameter sweep is used to step through the phase assigned to the periodic boundaries without using any
ports*®#. As in the frequency gap from 24 to 45 GHz, the propagation constant value is zero, it is concluded that
in the mentioned frequency range, an EBG unit cell acts as PMC, thus resulting in propagation suppression.
The height of the air-filled gap between the square-grounded patch and the upper conductor plays a key role in
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Figure 1. Field propagation (a) within two parallel plates consists of a PEC plate and PMC plate, and (b) a
single-texture side of ideal RGW.
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Figure 2. PRGW structure design. (a) The periodic boundary condition of designing EBG unit cell in CST
Microwave Studio. (b) Section of PRGW guiding structure, and (c) dispersion diagram of the square PRGW
unit cell (W,q=1.6, Gap=0.254, h;=0.762, W,=1.34, P=1.4 (all in mm)).

defining the perfect boundary condition. It is also worth mentioning that the substrate used here is Rogers RT
6002 with the dielectric constant of 2.94 and a height of 0.762 mm. The patch is square with a length and width
of 1.2 mm and the air-filled region has a height of 0.254 mm.

Design of the primary single-box branch line coupler.  To illustrate the specific boundary condition,
the traditional single-box branch-line coupler is proposed*”*. Figure 3 shows the configuration of the coupler
operating at 28 GHz in CST Microwave Studio. The structure only consists of the branch-line coupler patch
without the EBG unit cells, and a metal plate as a PEC surface placed above it. The air-filled gap between the
coupler patch and PEC is already determined in the unit cell design process, which is obtained using CST soft-
ware (Eigen-mode solver) from the previous section. When it comes to talking about the boundary condition,
it should be mentioned that it is required to define the PMC condition, (H,=0), instead of using EBG periodic
structure at Z,;, =0 for the plane touching the coupler patch and assign the open boundary condition for other
faces, see Fig. 3b. As it is evident the configuration is so simple, and it takes a few minutes to observe the results.
However, it is not the case as one desires to follow the already existing design method. Figure 4 depicts the scat-
tering parameters of the coupler. The amplitude imbalance in the region between 27 to 29 GHz is acceptable
making the structure so narrow band. It should also be pointed out that the phase difference imbalance is accept-
able in the entire frequency band. In the following step, the designed EBG unit cells are placed surrounding the
coupler, and the branch itself is grounded by means of a series of vias, Fig. 5. All the parameters and lengths are
almost the same as Fig. 1 for unit cells and Fig. 3 for the coupler. The distance between the mushrooms is 0.2 mm
as well. Figure 6 depicts the results achieved upon applying the EBG unit cells around the branch-line coupler.
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Figure 3. Single-box branch line coupler. (a) Basic schematic, (b) the specific boundary condition in CST
Microwave Studio (W, =1.3, W,=2.1, W;=1.34 (all in mm)).
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Figure 4. Simulated results of the Single-box branch line coupler with perfect boundary condition. (a)
Scattering parameters, (b) phase difference between output ports (@ (S,,)-® (S;,)).
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Figure 5. The configuration of the traditional PRGW branch-line coupler.
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Figure 6. Simulated results of the Single-box branch coupler with EBG unit cells. (a) Scattering parameters, (b)
phase difference between output ports (@ (S,;)-D (S;1)).
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Figure 7. Double-box ideal hybrid coupler. (a) Basic schematic, (b) scattering parameters, (c) phase difference
between output ports (O (S,;)-D (S;)).

It is evident from Fig. 6a that the results are completely in agreement with those obtained from the coupler
with specific boundary conditions. From the frequency range of 27-29 GHz, the reflection coeflicient and isola-
tion are almost acceptable as the imbalance between the amplitude output signals is satisfactory. Furthermore, it
is observed from Fig. 6b that the phase difference between output signals is undoubtedly so close to each other
in both conditions; the imbalance is less than 2°. Overall, one can conclude that the presented procedure is a
powerful tool in designing the structures based on PRGW technology.

Design of the broadband coupler with specific boundary conditions. Traditional branch line cou-
pler gives rise to a narrowband structure, as the imbalance between output amplitudes gets larger and larger
when a broad frequency range is considered. This disturbs the performance of the system in which the coupler
is going to be embedded. As an illustration, to use the coupler in a broadband Butler Matrix networks, there
would be some issues with the narrowband coupler. Thus, to improve the bandwidth, one way is to add another
section following the branch line as dual-box 3 dB coupler. By so doing, the characteristic impedance of arms is
changed; however, their length remains quadrature-wavelength*®. Figure 7a shows the schematic of the proposed
structure, Fig. 7b,c depict the transition as well as the reflection coefficients and the phase difference of the struc-
ture in the ideal situation, respectively. The results are completely satisfactory due to the fact that the amplitude
imbalance is small and acceptable over the large frequency band. This has its root in the second box that operates
at a frequency close to the operation of the first box and consequently makes the structure broadband. In the
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Figure 8. (a) The geometrical configuration of the double-box hybrid coupler, (b) the specific boundary

condition in CST Microwave Studio (c=1.3, W,;=1.02, W,=1.67, W;=1.62, W,=1.34,L,=1.12, L,=1.54,
L;=2.62,1,=1,L.=2.46 (all in mm)).
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Figure 9. Simulated results of the double-box coupler with specific boundary condition. (a) Scattering
parameters, (b) phase difference between output ports (P (S,,)-D (S))).

next step, we use a full-wave solver tool, CST Microwave Suit, to simulate the structure with the specific bound-
ary condition, which helps achieve the desired results without involving mushroom unit cells. Figure 8 depicts
the coupler in the proposed boundary condition that enables one to reach the simulated results as quickly as
possible. Figure 9 demonstrates the scattering parameters of the broadband coupler considering the boundary
condition. It should be mentioned that from the frequency range of 25 GHz up to 40 GHz the output amplitude
imbalance is near + 1 dB and the phase difference between output ports is between + 5°. These characteristics are
unique in comparison with current mm-wave hybrid couplers.

Design and optimization of the broadband PRGW coupler.  After designing the broadband hybrid
coupler with the aid of specific boundary conditions, it is time to apply EBG unit cells as shown in Fig. 10. The
S-parameter and phase difference between the output ports of the broadband coupler are depicted in Fig. 11. It

Scientific Reports |

(2022) 12:14214 | https://doi.org/10.1038/s41598-022-18343-0 nature portfolio



www.nature.com/scientificreports/

Figure 10. (a) Block diagram of the broadband hybrid coupler, (b) 3-D view, (b) top view (upper ground is
removed for clear illustration).

0 0 100
W 95
F-10 [ 13 @
T \.. ........................................ w --------- P % 90 /\/\//\/
) TR T 7 <
g20 F\ - 2T TN ‘ 6 £ 8
£ \ N £
j \' N S go
2 | - =511 _ @
& -30 1] 9 2
I — £ 75
........ $31
-40 ¥ =L N T 70
25 30 35 40 25 30 35 40
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 11. Simulated results of the broadband PRGW coupler. (a) Scattering parameters, (b) phase difference
between output ports (O (S,,)-D (Ss))).

is obvious from Fig. 11a that the — 10 dB impedance bandwidth of the structure is from 25 to 40 GHz, and the
input signal is almost divided into two equal signals and received from output ports over this frequency band.
Referring to the operation of the unit cell, it is concluded that the whole stop band area of the unit cell is well
utilized. However, in case the traditional circular EBG unit cells are used, such bandwidth is not achievable. Also,
it is evident from Fig. 11b that the phase difference between output signals is roughly 90° over a wide frequency
range. It is worth mentioning that the phase imbalance is near + 5° and the amplitude imbalance is around 1 dB.
Thus, we can assert that by means of the proposed boundary condition, it is the simplest way to optimize the
structure without any mushroom unit cells and use the achieved parameters including the size of arms and their
length to reach the final PRGW coupler.

Although the results of the double coupler structure with perfect boundary conditions and the structure with
EBG unit cells are close, the results of the double coupler are more different from the perfect one compared to
the single coupler. This difference is because the double-box coupler structure is more complex than the single
coupler and the number of EBG unit cells used in double-box coupler are more than the single coupler.

Design of microstrip to PRGW transition

As it was mentioned before, it is not possible to directly connect SMA connectors to the PRGW structures for
measurement purposes, so it needs a transition line from microstrip line to PRGW. The schematic of the 90°
bend transition is depicted in Fig. 12a,b. Rogers RT 6002 with the thickness equivalent to the required gap height
between unit cells and top conductor is utilized here to provide a transmission line with the characteristic imped-
ance of 50-Q. Subsequently, this microstrip line is connected to its PRGW counterpart and finally the transition
is performed. One important point which should be considered is related to the fact that the reflection coefficient
of the transition line must be below — 10 dB and its transition coefficient should be about 0 dB over the operation
frequency band. To validate the performance of the transmission line, it is designed and simulated separately.
Figure 12c illustrates the s-parameters of the structure. Over the whole frequency band from 25 to 40 GHz, the
signal is transferred from Port 1 to Port 2 with a minimum reflection and maximum transition coefficient. Such
a transmission line is integrated with the PRGW coupler as shown in Fig. 12b, which will be demonstrated in
the following section. Furthermore, it should be taken into consideration that the EBG unit cells used for the
line are the same as those used for the main structure.

Scientific Reports |

(2022) 12:14214 | https://doi.org/10.1038/s41598-022-18343-0 nature portfolio



www.nature

.com/scientificreports/

u isleE EE
- e [ollolle]
- e el
|_ PRGW Line ..-
RT 6002 (0.762 mm) . === .
|_
- (ol[ollol|$ [olfolfe]| _ o
= [o] BISIel| 8 2 [~ .7y 70 “,
I— i ..: ........... . . é a0 \ ! .\ ’-I .\ , - . / \-
M &t 6002 (0.762 mm) = === 5 a0 “' ; 8
& ' - = 511
“ L -— ’ Zz i —_—21
icrostri ine -
RT 6002(0554mm) ::::.l:; 25 3Fo - 35 40
............................................. requency (GHz

(b) (©

Figure 12. Block diagram of 90° bend PRGW with microstrip to PRGW transition. (a) Side view, (b) top view,
(c) scattering parameters (W,,=0.633 mm).
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Figure 13. (a) Fabrication of the proposed broadband PRGW coupler, (b) TRL calibration kit, (c) measurement
setup.

Experimental validation

Having designed the broadband coupler, it is fabricated and measured to validate the results achieved from
simulations, see Fig. 13a. The 2.92 mm End launch SMA connectors are used in the measurement setup. Our
expectation is to obtain a reflection coefficient as well as isolation below — 10 dB over the frequency range from
24 to 40 GHz as achieved in performed simulations. Also, it is our favorite to have two equal signals with a +90°
phase difference according to the exciting input port. However, as mentioned before, an amplitude imbalance
of 1 dB and phase imbalance of +5° are acceptable for many applications. With all this in mind, the measure-
ment setup shown in Fig. 13c is taken place. Since the coupler is totally symmetric, there is no need to measure
the scattering parameters for both input ports. Moreover, a TRL (Thru-Reflect-Line) calibration kit depicted
in Fig. 13b is fabricated to calibrate the network analyzer locally. The reflect or short, thru, and line circuit
required for calibration of any available network analyzer is integrated into one package. It is also obvious that
the transmission lines designed in the previous section are fully integrated with the PRGW coupler as well as the
TRL calibration kit. The measured results are presented in Fig. 14. The impedance bandwidth covers the whole
frequency range shown in Fig. 14a. However, there are some differences between the simulated and measured
results. This holds true as a result of minor fabrication errors and unavoidable connection problems. When it
comes to talking about the output amplitudes and phases, it can be easily observed that the desired results are
obtained. From the frequency of 25 GHz up to 39 GHz the defined imbalances are considered. Thus, it can be
concluded that the proposed method with the aid of specific boundary conditions in designing the PRGW
structures is reliable and accelerates the design process.
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Figure 14. Simulated and measured results of the proposed broadband PRGW coupler. (a) Scattering
parameters, (b) phase difference between output ports (@ (S,;)-D (S3))).
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Table 1. Performance comparison of the presented PRGW 3 dB hybrid coupler with other proposed couplers
in the literature.

PRGW 3-dB hybrid coupler performance evaluation
In order to evaluate the performance of the coupler and compare it with existing works, Table 1 is provided where
the focus is on the guiding structures, as they are the promising technologies for the mm-wave applications.
Most of the 3 dB hybrid couplers presented in the literature have a narrow bandwidth of up to 18% and high
output phase and amplitude imbalance*****->2 The offered couplers in*"** have a wider impedance bandwidth
0f 26.5% and 26.6% respectively, as well as a low output phase and amplitude imbalance while they suffer from
bigger size. The authors in>* have designed a SIGW hybrid coupler that provides 26.4% bandwidth. However,
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it has a weak amplitude and phase balance. The proposed PRGW coupler size is 1.1A,x 0.75), at the frequency
center of 30 GHz with the isolation and reflection loss below — 10 dB over the whole frequency band from 25 to
40 GHz. Considering the frequency band in which the output imbalance is below 1 dB, the proposed coupler
provides the widest bandwidth. In addition, the proposed coupler provides 43% phase balance bandwidth with
an imbalance between 90° + 5°, namely from 25 to 39 GHz. The results are indicative of the fact that the hybrid
coupler suggested in this paper has the best performance in comparison with similar works implemented with
state of art guiding structure technologies such as PRGW, RGW, and SIW, in mm-wave frequencies.

Conclusion

In this paper, a specific boundary condition has been presented to facilitate the design of PRGW structures.
Taking advantage of the proposed boundary condition, a wideband dual-box hybrid coupler has been designed,
fabricated, and measured. The reflection loss and isolation between two adjacent ports of the coupler is below
—10 dB of 46% in the frequency range from 25 to 40 GHz. In addition, the band in which the output ampli-
tude imbalance is less than 1 dB is from 26 to 39 GHz. This holds true for the band in which the output phase
imbalance is between + 5. The comparison between this work and already existing counterparts shows that the
proposed coupler has unprecedented characteristics that enable it to be used in feeding networks requiring
wideband components.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request. Zahra Mousavirazi (Zahra.mousavirazi@inrs.ca).
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