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ABSTRACT The Fifth generation (5G) wireless communication system aims to provide high bandwidth,
high sensitivity, high gain and power capability. Millimeter wave technology then proposed for these
demands with various range of features such as higher bandwidth, low interference, and frequency reuse.
However, millimeter wave technology has a key disadvantage of high path loss due to small wavelength
in the channel of high attenuation coming from the atmosphere, in addition to the very small wavelength
that produces an unwanted crosstalk between the transmission lines. Thus, beamforming network and
waveguide-based structures such asNolenmatrixwas proposed to overcome these problems. The objective of
this research is to design a low loss and high-performance Nolen beamforming network based on waveguide
technology. Taking in consideration is the advantage of flexible number of beam ports in Nolen matrix using
single layer technique. This work aims to design a 3 × 3 Nolen matrix with main beam directions of 0, 30◦

and −30◦ at 26 GHz. The 3 × 3 Nolen matrix is designed using low loss hollow waveguide single layer
technique. Then, the proposed Nolen matrix is fed three-waveguide slotted antenna. The proposed 3 × 3
Nolen matrix has measured phase differences at port 1 (35.40◦), port 2 (156.43◦) and port 3 (−93.57◦) in the
x-y plane. Waveguide slotted antenna has designed at 26 GHz with tilted slots at broad wall of the waveguide
structure. This tilted technique has the benefit of increasing the bandwidth up to 50% of FBW. A simulation
and measurement using CST software is performed for the proposed antenna. A return loss of −15 dB with
wideband of 2.08 GHz are obtained. A gain of 14 dB is observed at broad wall respectively. Waveguide
antenna has been integrated with Nolen matrix to build Nolen beamforming; the measured beamforming
network has a good return loss of less than - 10 dB with phase error of −8 degree at outputs. Three beams
are achieved with beam scanning of ± 30 degree. The beam from port 1 is radiated in the direction of −26◦.
The beams from port 2 and port 3 are radiated in the directions of +27◦ and +6◦ respectively. Therefore,
this beamforming has a greater impact on the mm wave beamforming networks and applications.

INDEX TERMS Nolen matrix, direct coupling, beamforming network, millimeter wave.

I. INTRODUCTION
Fifth generation (5G) technology aims to provide huge band-
widths and high data rates systems for current wireless
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applications. That is the major factor for shifting to
higher frequency to provide that trend. Millimeter wave’s
(Mm-wave) bands then proposed as a powerful candidate for
5G wireless standards [1], [2], [3], [4]. Mm-wave technology
was established few decades ago in purpose of military use
and point to point communication applications [3]. Mm-wave
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FIGURE 1. The proposed beamforming network with 3 × 3 Nolen Matrix.

TABLE 1. Path of input ports into output ports with phase difference.

technology has the potential of providing high bandwidth
up to 5 GHz beside the trending technologies of low-cost
fabrication and low-loss materials [5], [6]. These trends shift
the current researches forward to standardizing and licensing
Mm-wave bands for 5G cellular networks in both commercial
and industrial fields.

Mm-wave band starts generally from frequency spectrum
of 30 GHz to 300 GHz, with a small operating wavelength
ranging from 10 mm to 1 mm [7], [8]. This offering a wide
range of features over other frequency bands. These fea-
tures produce high bandwidth, low interference with current
device, frequency reuse, and compact size of the proposed
system [9]] [10]. However, one of the key disadvantage of
Mm-wave technology is the high path loss, which results in a
short range of communicating system. Hence, this technology
is mainly proposed for indoor and medium urban environ-
ments. For example, the attenuation peak of the Mm-wave
channel at several frequencies is investigated in [11].

A high path loss can be seen when the frequency is
increased due to the channel loss comes from the atmosphere.
At 60 GHz, the attenuation peak is around 15 dB/km at
sea level [11]] [12]. The attenuation peak decreases when
the frequency is decreased in such way at 26 GHz is about
0.4 dB/km at sea level [13], [14]. Choosing this specific
frequency, the path attenuation is significantly reduced by
14 dB at sea level. Hence, this work chooses this center
frequency of 26 GHz.

As a point of view less components involving in beam-
forming design, Nolen matrix is a good candidate due to
the excluding of crossover (only coupler and phase shifter
are needed). Nevertheless, Nolen matrix with waveguide at
Mm-wave band still not yet investigated. However, current

TABLE 2. Related work of nolen matrix.

FIGURE 2. Geometry of three couples (a) conventional Structure of
waveguide coupler. (b) Proposed coupler. (c) 2D Structure.

studies onNolenmatrix at lower 5G frequency (below 6GHz)
showed an excellent performance relating to low loss and low
phase error despite the narrow bandwidth capability [15]. The
second problem is related to the antenna design in a matter of
providing high gain, high bandwidth and directional beams
at Mm-wave band [16], [17]. Waveguide slots antenna is pro-
posed in several studies to provide these requirements [18],
[19], [20]. Despite the good gain and directional beams
obtained, the antennas have narrow bandwidth due to the use
of slots in longitude distribution [21], [22]. Hence, this work
focuses to increase the bandwidth by using tilting technique
of slot while maintaining a high gain and directive beams.

In this paper, a waveguide-based Nolen matrix with three
inputs and three outputs are realized by direct coupling
aperture method is presented at 26 GHz. The Nolen matrix
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TABLE 3. Dimension of the proposed coupler.

TABLE 4. Comparison between simulated and measurement results and
other related works at Ka-band.

components are designed before integrated to form a full 3 ×

3Nolenmatrix network. Then, threewaveguide slotted anten-
nas are attached to the Nolen matrix outputs. The designed
structures are printed using CNC metal printing technology
and measured to validate the performance with simulation
responses.

II. THEORY OF 3 × 3 NOLEN MATRIX BEAMFORMING
NETWORK
The proposed topology of the antenna beamforming using
Nolen matrix and waveguide slot antenna is illustrated in
figure 1. Typically, 3 × 3 Nolen matrix components are
divided into three 3-dB couplers with 90◦ phase difference at
outputs and three phase shifters with 0◦ and 90◦. The most
significant part in Nolen matrix design is the 90◦ coupler
design. This is because of the phase difference of the 90◦

which determines the phase progressions towards the output
of the Nolen matrix. A waveguide direct coupling method

FIGURE 3. Waveguide coupler, (a) fabrication of by using CNC machine,
(b) side view of coupler, (c) measure S11 by VNA.

in the narrow wall is chosen to implement the Nolen matrix.
Table 1 refer to the Path of input ports into output ports with
phase difference.

General form of a Nolen matrix. the conventional Nolen
matrix structure consists of couplers and phase shifters with-
out crossover against butler matrix consists from coupler,
crossover and phase shifter, the different between BM and
Nolen Matrix is crossover. Several studies [21], [22] [23]
have been designed Nolen Matrix, some of them have been
designed at lower frequency with couplers and phase shifters
based on specific integration to achieved correct phase dif-
ferent at output ports. In additional Nolen Matrix has flexibly
of input and output ports. Fig 1 refers to the configuration
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FIGURE 4. Coupler performance. (a, b, c) S-parameters, (d) simulation Phase, (e) measure phase, (f) simulation and measurement difference at outputs.

and integration way of Nolen Matrix components between
each other’s to achieved good performance. Three couplers

and one phase shifter only have been used in this paper to
build 3 × 3 Nolen Matrix.
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FIGURE 5. Waveguide tilt slots antenna, (a) simulation, (b) fabrication.

TABLE 5. A dimensions of the proposed antenna.

At different coupling ratio of the coupling with different
phase difference, the Nolenmatrix phase difference at outputs
can be calculated as follows [23].

at P1 : (̸ S51 − ̸ S41) − (̸ S61 − ̸ S51) (1)

at P2 : (̸ S52 − ̸ S42) − (̸ S62 − ̸ S52) (2)

at P3 : (̸ S53 − ̸ S43) − (̸ S63 − ̸ S53) (3)
̸ S41= 90◦ (4)
̸ S51 = 90◦

− θ1 + 90◦ (5)
̸ S61 = 90◦

− θ1 + 90◦ (6)
̸ S42 = 90◦

− θ1 + 90◦ (7)

FIGURE 6. Performance of the proposed antenna. (a) S-parameters.
(b) Radiation pattern comparisons. (c) test antenna in chamber room.
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FIGURE 7. The integration of three couplers to build 3 × 3 Nolen matrix.

̸ S63 = tan−1
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The values of the phase shifters are found by substitut-
ing (1) - (3) into (4) - (7). Hence, θ1= 90◦ and θ2= 90◦,
which reduces the phase shifters number in the Nolen matrix.
Therefore, after determination of coupling ratio and phase
shifter values, the output powers of Nolen matrix should be
equally divided into −6 dB at each port (P4, P5, and P6).
The phase different of the Nolen matrix based on input ports
has the value of 0◦, 150◦, and −90◦ at port 1, port 2, and
port 3 respectively. The topology of the waveguide coupler is
illustrated in figure 2. Thewaveguide coupler is a type of two-
branch of λ/4 wavelength transmission lines. A rectangular
waveguide structure technique is chosen to design the pro-
posed coupler. Thus, the two-branch lines (in figure 2 (a)) can
be represented with coupling aperture and cutting in narrow
wall as shown in figure 2 (b). Table 2 presented the related
work of waveguide Nolen matrix at higher frequency.

III. COUPLER
Coupler is a passive component that is prominently utilized
for power division in beamforming network. The conven-
tional 3 dB couplers such as quadrature (branch-line) hybrid,
directional and Lange couplers will receive an input signal
from an input port and divide the signals between two output
ports for power division. For instance, the 3 dB quadrature
hybrid coupler has similar power split ratio but the phase
between output ports (port 2 and port 3) of the couplers
differs in 90◦ [25]. The symmetry branch-line coupler is
reflected in the scattering matrix whereby each row can be
determined as a transposition of the first row. The scattering
matrix, [S] can be defined as Equation 4 [25], [26], [27], [28].
As a results, the final dimension of the proposed coupler is
obtained from the above parametric study and summarized
in Table 3. Figure 2 (c) illustrates the final design of the
coupler with the simulation results. The designed coupler
in figure 3 (a) shows fabrication design with arms of input
and output port of the proposed design, this is due to the
very small distance between the input and output ports which

FIGURE 8. Simulated response of Nolen matrix at port 1.
(a) S-parameters. (b) Phases at outputs. (c) Phase difference at outputs.

makes measurement using arms to separate each adjacent
port. The reflection coefficient S11 is −35 dB, which means
a good return loss is obtained with higher bandwidth of more
than 10 GHz. Figure 3(b) refer to the two half pieces with
smooth surface of coupler have been fabricated by using CNC
machine. Figure 3 (c) refer to the waveguide coupler during
measure the reflection coefficient by VNA in UTM chamber.
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FIGURE 9. Simulated response of Nolen matrix at port 2.
(a) S-parameters. (b) Phases at outputs. (c) Phase difference at outputs.

Two coaxial cables have been integrated with adapter of
waveguide port and two terminate load have been used on
the reset of ports to measure waveguide coupler.

The coupling matrix and the phases calculated from (1)
to (12) of the waveguide coupler are obtained at 26 GHz,
the proposed 90◦ coupler structure with coupling aperture is
determined. The simulation result of the proposed coupler
is shown in figure 4 (a, b, c). The return loss summation,
S11 = −27 dB with measured S11 = −19, which means
a good return loss is obtained. The power is evenly divided
between port 2 and 3 with S21 = −3.12 dB and S31 =

−3.08 dB which indicates a successfully split power of 3 dB
between the output ports. The isolation is less than −10 dB.

FIGURE 10. Simulated response of Nolen matrix at port 3.
(a) S-parameters. (b) Phases at outputs. (c) Phase difference at outputs.

Figure 4(d) refer to the simulation phase of port 1, while
Figure 4(e) refer to the measure phase of port 1. figure 4(f)
refer to the comparation phase difference at outports, the
proposed waveguide coupler achieved 90◦ phase difference
at output ports as simulation results, while achieved 89 phase
difference as measure results. Hence, the phase error is 1◦

within the desired 90◦ phase. A comparison between the
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FIGURE 11. Fabricated response of the propose antenna beamforming
at 26 GHz. (a) proposed beamforming by using CNC machine, (b) Return
loss.

printed Coupler with previously published works are pre-
sented in Table 4. Hence, the proposed Coupler shows low
loss priorities and ultra-wideband, in which benefits the main
requirements for 5G systems and applications at millimeter
wave.

IV. DESIGN WAVEGUIDE ANTENNA
Rectangular waveguide WR34 antenna is selected to dis-
tribute slots. As shown in figure 5(a) simulation design of
waveguide tilt antenna, the slot is spread on a broad wall
with a tilt angle (θ ) that is spun around the slot’s center.
The slots are cut symmetrically into the broad walls of the
waveguide by the transverse current when the mode is TE10.
As a result, Table 5 summarizes the intended antenna size
in lambda. Figure 5 (b) shows the fabrication design of the
proposed design by using CNC machine. Figure 6 (a) the
simulation and measured return loss, S11 of the waveguide
slots tilt antenna . The measured radiation pattern is shown in
figure 6 (b), representing the directional beam of the waveg-
uide slots tilt antenna. Figure 6 (c) refer to the test antenna in
camber room.

FIGURE 12. Performance of the proposed 3 × 3 Nolen matrix.
(a) S-parameters, (b) Phase difference at port 1.

V. BUILD NOLEN MATRIX BY INTEGRATION OF THREE
COUPLERS
The designed coupler which previously discuses is integrated
together to form the Nolen matrix beamforming circuit as
shown in figure 7. In order to optimize the proposed Nolen
circuit, a 90◦ E-bends waveguide are added to the Nolen
matrix input and the output ports. The radius of these four
90◦ E-bends waveguide are chosen to be 15.17 mm to prevent
any reflections from these bends. The initial distance d is λ/2
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FIGURE 13. Performance of the proposed 3 × 3 Nolen matrix.
(a) S-parameters, (b) Phase difference at port 2.

(5.35 mm) between input/output ports. However, to maintain
enough space between the antenna elements, the optimized
distance d is fixed to 18 mm.

The simulated performance of the proposed Nolen is plot-
ted in figure 8, figure 9, and figure 10 at each port 1, port 2,
and port 3 are excited. Figure 8 (a) shows the return loss,
isolation, and insertion loss results when port 1 is excited.
All the values are agreed well with the concepts of operation
of the Nolen matrix. At 26 GHz, a return loss and isolation
are below −10 dB with insertion loss of −6.5 dB at out-
puts. Figure 8 (b) and figure 8 (c) illustrate the phase and
average phase difference responses at the outputs which is
−90 degree. Figure 9 (a) shows the return loss, isolation, and

FIGURE 14. Performance of the proposed 3 × 3 Nolen matrix.
(a) S-parameters, (b) Phase difference at port 3.

insertion loss results when port 2 is excited. All the values
are agreed well with the concepts of operation of the Nolen
matrix. At 26 GHz, a return loss and isolation are below
−10 dBwith insertion loss of 7 dB at outputs. Figure 9 (b) and
figure 9 (c) illustrate the phase and average phase difference
responses at the outputs which is +150 degree. Figure 10 (a)
shows the return loss, isolation, and insertion loss results
when port 3 is excited. All the values are agreed well with
the concepts of operation of the Nolen matrix. At 26 GHz,
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FIGURE 15. The proposed beamforming network with three waveguide
tilt slot antennas array.

FIGURE 16. Simulated response of the propose antenna beamforming
at 26 GHz. (a) Return loss of the inputs. (b) Radiation patterns.

a return loss and isolation are below −10 dB with insertion
loss of −6.8 dB at outputs. Figure 10 (b) and figure 10 (c)
illustrate the phase and average phase difference responses at
the outputs which is +30 degree.

VI. FABRICATION AND MEASUREMENT OF WAVEGUIDE
NOLEN MATRIX
Figure 11 (a) presented half view of 3 × 3 Nolen matrix
printed using CNC machine. The performance of prototypes

FIGURE 17. Nolen matric beamforming.

FIGURE 18. The measurment reutren loss of Nolen matrix beamforming.

FIGURE 19. Nolen matrix beamforming in chamber room.

is validated using two ports R&S®ZNB40 VNA. A WR-34
waveguide-coaxial adaptor is used with termination loads are
placed at the other ports during themeasurements. Return loss
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FIGURE 20. Measurement and simulation radiation of the proposed antenna beamforming network. (a) port1. (b) port2, (c) port3,
(d) comparison radiation pattern of Nolen matrix beamforming.

of fabrication response of the proposeNolenmatrix at 26GHz
has been measured by VNA as show in figure 11(b).
The measured S-parameters results are plotted in

figure 12 (a), as port 1 is excited. The measured return loss
is −25.02dB, and insertion loss is −5dB. The measured
phase differences present in figure 12(b), was (S51-S41),
(S61, S51), −93.3o and −94o, is achieved between output
ports P-4/P-5 and P-5 / P-6, respectively, when the signal
is fed to Port-1. It is important to note here that from the
measured phase difference values, the error is 3.3o and 4o,
respectively. The average phase difference was −93.57o and
error of average is 3.57o. as can see in figure 12(c).
The measured S-parameters results of port 2 are plotted in

figure 13 (a), The measured of return loss is −27.02dB and
insertion loss is −5.6 dB. The measured phase differences
present in figure 13(b), was (S51-S41), (S61, S51), 158.53o

and 154.36o, is achieved between output ports P-4/P-5 and
P-5 / P-6, respectively, when the signal is fed to Port-2.
It is important to note here that from the measured phase
difference values, the error is 8.5o and 4.3o, respectively. The
average phase difference was +156.43o and error of average
is 6.43o. as can see in figure 13(c).

The measured S-parameters results of port 3 are plotted
in figure 14 (a), The measured of return loss is −28 dB and
insertion loss is −6.6 dB. The measured phase differences
present in figure 14(b), was (S51-S41), (S61, S51), 31.6o and
35.2o, is achieved between output ports P-4/P-5 and P-5 / P-6,
respectively, when the signal is fed to Port-3. It is important
to note here that from the measured phase difference values,
the error is 5.2o and 1.6o, respectively. The average phase
difference was +33.40o and error of average is 3.4o. as can
see in figure 14(c).
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VII. INTEGRATION OF ANTENNA WITH NOLEN MATRIX
Then, the proposed Nolen matrix network is attached with
three antennas array as shown in figure 15. The antennas
are connected to the output ports through the WR-34 flange
standard. The antennas are designed and validated to form
directive beam and the performance can be found in [16]. The
distance d is fixed to 18 mm, which is maintaining an enough
space between the antenna elements due to the use of the
WR-34 flange standard.

The simulated results of the proposed antenna beamform-
ing are plotted in figure 16. The return loss at all ports is less
than −10 dB at 26 GHz with a bandwidth of 4 GHz as shown
in figure 16 (a). The responses of the three beams radiation
patterns are shown in figure 16 (b). At port 1 the beam is
located at −30◦ with gain of 14.5dB. At port 2 the beam
is located at +30◦ with gain of 14.8dB. The beam at port 3 is
located at 0◦ with gain of 14.5dB. All the beam scanning is
ranging between±30◦. Hence, the output phases are correctly
assigned the three beams from the proposed Nolen matrix.

VIII. ANTENNA BEAMFORMING NETWORK RESULTS
Figure 17 refer to the proposed waveguide beamforming
Nolen matrix has been fabricated by using CNCmachine and
waveguide antenna has been integrated with Nolen matrix by
using flange.

The measured return loss, S11 and S22 = 23.78 dB, and
the measured return loss S33 = 14.32 as can see in figure 18,
whichmeans a good return loss is obtained at 26 GHz, despite
the losses due to the fabrication tolerance. The proposed
design achieved bandwidth 3GHz at resonate frequency
26Ghz.

The radiation pattern measurement which done in the
Anechoic Chamber of AdvancedMicrowave and RFAntenna
Lab, Universiti Teknologi Malaysia (UTM), Johor, Malaysia.
The tested antennas placed towards the source antenna as
shown in Figure 19.

Figure 20 (a-b-c) shows the simulated andmeasured results
of the radiation pattern of linear 1 × 3 antenna array with a
spacing of 0.5λ, when Port-1, Port-2 and Port-3 of the BFN
are excited. The simulation results were already discussed
in the previous section, so now onwards, the discussion is
related to the measured results. When Ports-1 or 3 were
excited, a gain of 14.21 dB and 14.38 dB was achieved,
respectively.Meanwhile, the gain was 12.47 dB at port 2 exci-
tation, respectively. However, according to which input was
excited, the peak of the beam rotates. When Port-1 was fed
with a signal, the main beam steered to −11.47◦. Meanwhile,
the direction of radiation was attained at −27◦, as the signal
was fed into Port-2, for the Port-3 excitation, the main beam
steers to +28. Figure 20 (d) show Simulated and measured
radiation patterns of the multi beam antenna array.

The scanning angles of −26◦ and −6◦ were obtained at
port 1 and port 3 respectively and port 2 scanning angle at
+27◦ as shown in Table 6. Table 7 compares the performance
of the proposed antenna beamforming prototype with other
related designs. It can be concluded from the comparison that

the prototype has a low phase error of 3◦ and better scanning
angle error and losses of ±5◦ and 5 dB respectively.

TABLE 6. Comparison of the simulated and measured for beam-scanning.

TABLE 7. Comparison with related works.

IX. CONCLUSION
A fully waveguide based Nolen matrix beamforming network
with waveguide slotted antenna array has been presented in
this paper. The designed components and Nolen matrix net-
work based on direct coupling have been discussed. A three
waveguide tilts slots antennas are attached to the outputs
of the proposed 3 × 3 Nolen matrix. There are two avail-
able techniques to fabricate the proposed design, first is 3D
printing, this technique is not really suitable to fabricate
structure because 3D printing leaves mesh inside waveguide
also the weight of design been heavy and high cost. CNC has
been using to fabricate design because low cost, not heavy
and create smooth hollo waveguide, CNC fabricated half of
design two times and then integrated together to achieved
full shape of design. The structure has been fabricated using
CNC printing technology. The performance of the printed
beamforming network showed an excellent agreement with
the simulated responses. A good reflection and isolation are
obtained with less than −10 dB at 26 GHz. A directive Beas
with maximum gain of 14.38 dB is obtained at scanning angle
between−27◦ to+28◦. Overall, the waveguide Nolen matrix
beamforming network shows good performance and has great
potential for millimeter wave applications.
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