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Abstract – This paper presents a new design approach
of a compact wideband branch line coupler based on
waveguide technique at 3.5 GHz. At the lower band of
5G technology, microwave devices such as hybrid cou-
plers tend to be narrower in bandwidth and big in size, in
addition to the phase difference error produced by using
common planar technology. Therefore, waveguide tech-
nology aims to solve those challenges. This work aims
to design a compact wideband coupler by implementing
a direct coupling aperture between two waveguides with
a cutting in the narrow wall of the structure. This tech-
nique helps in obtaining a wide bandwidth and reduces
the size of the whole structure. The coupler is simu-
lated using computer software technology and fabricated
using CNC machining. The measured S-parameters of
the coupler are observed to have low loss properties with
return loss and isolation less than −10 dB. The coupling
factor at the outputs are −3.21 dB with low loss of −0.2
dB. The measured phase error is about 2◦ at 3.5 GHz.
A size reduction of 70% is observed compared to con-
ventional waveguides and planar couplers. Overall, this
coupler shows great performance that could be used for
5G beamforming applications.

Index Terms – 5G, branch line coupler, compact size,
direct coupling, waveguide.

I. INTRODUCTION
Hybrid couplers, better known as branch line cou-

plers (BLCs), are widely implemented in microwave
and millimeterwave devices specifically for beamform-
ing network and antenna array systems [1–3]. Hybrid
couplers play significant component roles in designing
accurate antenna beamforming systems. This is due to
its importance in controlling the output power and the
phase difference for such complex systems [2]. Gener-
ally, a hybrid coupler is a two-port network with two
inputs and two outputs. It acts as a power divider which
equally splits the input power at the outputs with a phase
difference of 90◦ or 180◦ [3]. As one of the inputs is
excited, the outputs receive an equal magnitude of −3
dB with different phase of 90◦ between the output ports.
However, hybrid couplers are popularly known for their

narrow bandwidth properties [4]. In addition, at lower
frequency the size occupied by the planar couplers is
quite big and unfixable. Hence, various methods and
techniques are presented to enhance the coupler band-
width and the size by introducing waveguide and sub-
strate integrated waveguide technologies [5–7].

Waveguide couplers are usually presented in the
high frequency bands [8]. This is due to the small size
and high coupling that could be obtained in such fre-
quencies. Yet, few attempts have been done to implement
the waveguide structure in the coupler design at lower
bands (lower than 10 GHz). For example, a directional
waveguide coupler is designed from 7.7 GHz to 12 GHz
using coupling of two rectangular waveguides by [9]. A
good return loss and isolation are obtained of less than
−20 dB. However, the size of the coupler is not suit-
able for further beamforming implementation. Another
waveguide coupler at X-band is introduced by [10]. The
coupler is designed using a single waveguide structure
with slots cut in the broad wall of the waveguide struc-
ture. The obtained results showed a good performance at
10 GHz, with a size reduction of 44% and FBW of 50%.
As a result, this work aims to present a first attempt to
design a waveguide coupler using two waveguides with
modified narrow walls and a coupling aperture between
them at a lower band of 5G (sub-6 GHz).

The contribution of this paper is summarized in two
major points. First, modification of the narrow wall of
the waveguide to reduce the size at 3.5 GHz by more
than 70%. Second, provide a high-performance coupler
compared to the existing ones with different planar tech-
nology at the same frequency. Section II presents the
design method. Section III discusses the results. Section
IV summaries the paper.

II. DESIGN OF COUPLER
Figure 1 shows the common hybrid coupler struc-

ture with four ports implementation. The input port (port
1) is the return loss port denoted as |S11|. The isola-
tion port (port 4) is the port that blocks the signal and
denoted as |S41|. The through port (port 2) and the cou-
pling port (port 3) are the output ports and named as
|S21|and |S31|, respectively [11, 12]. The hybrid cou-
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pler is designed with four branches with quarter wave-
length transmission lines in which the input impedance
is equal to 50 Ω. To convert this hybrid coupler into a
waveguide structure form, two rectangular waveguides
replace two branches. The coupling branch is replaced
with a coupling waveguide aperture placed in the mid-
dle of the two rectangular waveguides as illustrated
in Fig. 2.

Fig. 1. The common hybrid coupler structure.

Fig. 2. The waveguide structure replacement of the
hybrid coupler in Fig. 1. (Lw = length of section, Wc
= width of coupled section, Lc = coupling area, P1 =
input port, P2 = output port, P3 = coupling port, P4 =
isolation port).

The first step is to calculate the guided wavelength
and the cut-off frequency of the waveguide structure.
This could be found by [13]:
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where the waveguide is air-filled with permittivity (ε0)
and permeability (µ0), the mode of T E10 of m and n,
and a × b as waveguide inner dimensions, and λ0 is
the desired wavelength. At 3.5 GHz, the initial dimen-
sions of the waveguide coupler are: Lw = 80 mm, Lc =
20 mm, Wc = 20 mm, a = 22.55 mm, b = 21.5 mm).

Fig. 3. S-parameters of the conventional waveguide
coupler.

The conventional coupler is simulated in order to ana-
lyze its S-parameters as shown in Fig. 3. The per-
formance of the return loss and the isolation at 3.5
GHz show good values below −10 dB with |S11| =
−17 dB and |S41| = −16 dB, whereas the outputs
power varies from −3.5 dB at port 2 to −4.8 dB at port
3. As a result, the coupler is operated at its minimal
requirements.

The second step is to modify the coupler in order
to reduce the size and match the output powers to have
equally split a −3 dB coupling. Figure 4 (a) shows the
coupler modification by adding two aperture slot cou-
plings to the middle aperture. This technique enhances
the S-parameters of the coupler. Figure 4 (b) demon-
strates the adding of slot cutting arms in the narrow wall
of the two waveguides. This method is used to reduce the
size of the two rectangular waveguides and improve the
output powers at port 2 and port 3.

To analyze the performance of the modified coupler,
a parametric study on the length (Lsc) and the width (Wsc)
of the two slots coupling aperture with arms coupling
length (Lnc) is done with the aid of CST 3D model soft-
ware as shown in Fig. 5.

From Fig. 5 (a), the length of the coupling slot aper-
tures affects the return loss in that it increases and shifts
the value of the return loss and the frequency, respec-
tively. As Lsc decreases, the return loss increases to be
−41 dB and shifts to 3.5 GHz. Hence, at Lsc = 6 mm,
the bandwidth is more than 2 GHz and the isolation is
below −20 dB. The width of the coupling slot apertures
can be varied in order to achieve a perfect −3 dB through
power at port 2 as seen in Fig. 5 (b). As Wsc increases the
through power tends to be −3 dB and return loss remains
unchanged. Hence, the optimal value for the width of the
coupling aperture is 8 mm. Finally, the coupling power
at port 3 increases as the arms coupling length increases
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(a)

(b)

Fig. 4. The proposed waveguide coupler. (a) Two slots
coupling apertures (Lcm = waveguide length, Lc = cou-
pling length, Wsc = width of coupling, Lc = coupling
area length) and (b) waveguide narrow wall modified
with arms coupling apertures (Lnc = arm length, P1 =
port 1, P2 = port 2, P3 = port 3, P4 = port 4).

as shown in Fig. 5 (c). Hence, the optimal value for
the arms coupling length in the waveguide narrow wall
is 12 mm.

As all the dimensions of the proposed coupler
are obtained from the parametric study and the S-
parameters performance, the final dimension for the pro-
posed coupler are as follows: Lcm = 25 mm, Wsc =
8 mm, Lsc = 6 mm, a = 8.36 mm, Lc = 10.8 mm, Lnc =
12 mm, Lnc1 = 4 mm, and Wnc = 1 mm.

Figure 6 shows the final structure for the proposed
coupler for the fabrication process. The structure has
been added with four additional arms bent to make
the measurements possible. The four ports couplers are
attached with waveguide adaptors in order to measure the
amplitudes and the phases.

The optimized coupler performance is plotted in
Fig. 7 in terms of S-parameters and phases. A fractal

(a)

(b)

(c)

Fig. 5. S-parameters parametric study of the proposed
coupler. (a) Return loss with respect to the length of
coupling aperture, (b) through power with respect to the
width of coupling aperture, and (c) coupling with respect
to the length of arms.

bandwidth of 97% is obtained with equal power split of
−3 dB over the bandwidth. A 90◦ phase difference at 3.5
GHz is also achieved at the output ports.
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Fig. 6. The final structure of the proposed coupler.

(a)

(b)

Fig. 7. (a) S-parameter responses of the proposed coupler
and (b) phases of the outputs.

III. RESULTS AND DISCUSSION
The coupler is fabricated using a metal plate of alu-

minum by CNC machining with depth of cut of 0.6 mm,
feed rate of 0.2 mm, and cutting speed of 3500 rpm.
Figure 8 shows the fabricated prototype with total dimen-
sions of 30 mm × 20 mm. The prototype highlighted a
small size compared to the conventional coupler (waveg-
uide) of 80 mm × 40 mm with a size reduction of 89%.

Fig. 8. The coupler prototype.

The S-parameter measurements are done as follows.
First, terminator loads are connected at port 2, port 3,
and port 4, respectively. Then, port 1 is connected with
a measurement cable of a standard vector network ana-
lyzer (VNA) port 1 to measure the return loss (S11). Sec-
ond, remove the terminator load at port 2 and connect
it to the measurement output cable of VNA port 2. This
step is to measure the output power at port 2. The same
procedure is repeated for port 3 and port 4 whilst port 1 is
still connected to the input port of the VNA. This allows
us to measure the coupling and isolation at port 3 and
port 4. The measurement process includes the results in
the form of magnitude and phase at all ports. Slight loss
can occur due to cable loss and mismatched port connec-
tions.

Figure 9 illustrates the measured responses of the
fabricated coupler in terms of the input and isolation
ports. The input port has a measured bandwidth of 3.22
GHz ranging from 2.1 GHz to 5.32 GHz with a peak
return loss of −23.78 dB at 3.5 GHz at shown in Fig. 9
(a). The isolation value over the bandwidth is less than
−10 dB as seen in Fig. 9 (b). Hence, low loss properties
are achieved compared with the simulated results.

Figures 10 (a) and (b) show the through and cou-
pling measured performances at output port 2 and port
3, respectively. The measured port 2 power is −3.12 dB
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(a)

(b)

Fig. 9. Comparison of (a) return loss and (b) isolation of
the coupler.

compared to the simulated power of −3.05 dB. Similar
results are obtained at output port 3 with a measured
power of −3.16 dB compared to the simulated one of
−3.22 dB. This indicates a low loss is achieved with
−0.1 dB error.

Figure 11 plots the measured phases of port 2 and
port 3 with the phase differences at these output ports. It
is clearly seen that the measured phases along with the
phase difference agreed well with the simulated phases.
The phase error is very low with a value of 2◦. Table 1
compares the measured and the simulated responses of
the proposed coupler. Comparison between the perfor-
mances of the fabricated prototype with respect to other
existing work in shown in Table 2. The comparison
shows that the proposed coupler has better bandwidth,
low loss, low phase difference error, and size reduction
among other designs. Overall, it is proven that using

(a)

(b)

Fig. 10. Comparison of (a) through power and (b) cou-
pling of the coupler.

Fig. 11. Comparison of the phases of the coupler at port
2 and port 3.
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this waveguide coupler with the coupling slot structure
and arms coupling slot in the narrow wall could work
well in reducing the size and maintaining the same
performance.

Table 1: Measured and simulated responses of the pro-
posed coupler at 3.5 GHz

Parameters Simulated Measured
|S11| −23.52 dB −23.78 dB
|S21| −3.05 dB −3.12 dB
|S31| −3.22 dB −3.16 dB
|S41| −22.5 dB −25.4 dB

Bandwidth 3.4 GHz 3.22 GHz
Phase Diff. 90◦ 88◦

Table 2: Comparison of other related works with the pro-
posed coupler

Ref Method Freq.
(GHz)

BW
(GHz)

Size
%

Phase
error (◦)

[3] Microstrip 3.5 2.3 25 5.6
[4] Microstrip 3.5 1.9 34 7.2

[10] Waveguide 10 2 15 6
[11] Waveguide 20 5 10 11
[12] Waveguide 12 4.3 18 8
[13] SIW 8.8 4 20 4.6
This
work

Waveguide 3.5 3.22 89 2

IV. CONCLUSION
This paper proposes a new method of designing

a waveguide hybrid coupler at lower bands of 5G
technology. The designed waveguide hybrid coupler is
implemented with two coupling aperture slots and arms
waveguide coupled structure in the narrow wall. The
performance of the coupler showed a size reduction
of 89% and a bandwidth of 3.22 GHz. The coupler
has low loss properties in terms of S-parameter and
phase difference with −0.1 dB loss and 2◦ phase error.
Hence, this coupler is a good candidate for future 5G
applications.
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