Compact Planar Beamforming Array with End-Fire
Radiating Elements for SG Applications

Maral Ansari, Student Member, IEEE, He Zhu, Member, IEEE, Negin Shariati, Member, IEEE,
and Y. Jay Guo, Fellow, IEEE

Abstract—In this paper, a compact 4 x 6 Butler matrix (BM)
based on microstrip lines is designed and applied to a linear
antenna array. The proposed design creates four beams in four
different directions within the 27.5 GHz and 28.5 GHz band. One
of the advantages of this BM is a reduction in the size of the
beamforming network (BFN). In order to attain this objective,
the basic microstrip-based 4 x 4 BM is designed, and then
modified to a 4 x 6 BM through a dual-substrate structure
to avoid crossing lines using microstrip-to-slotline transitions.
The BFN is cascaded with a 6-element linear antenna array
with end-fire radiating elements. The array can be conveniently
integrated into the BFN. The resulting design benefits from low
loss characteristics, ease of realization, and low fabrication cost.
The array is fabricated and tested, and the experimental results
are in good agreement with the simulated ones. The multi-beam
antenna size is 5.6\ x 4.6\ including feed lines and feed network,
while the new BM design is only 3.5\ x 1.4)\o, which is almost
half as large as the traditional one. The measured radiation
patterns show that the beams cover roughly a spatial range of
90° with a peak active gain of 11 dBi.

Index Terms—Antenna array, beamforming network (BFN),
Butler matrix (BM), end-fire, fifth-generation (5G)

I. INTRODUCTION

HE global demand for high capacity and higher data

rate wireless communication is growing at a startling
pace. This traffic surge will entail the exploration of the
underutilized millimeter wave (mm-wave) frequency spectrum
for potential application in future [1], [2]. Consequently, fre-
quencies around 28 GHz are expected to be used increasingly
in future cellular systems of the fifth-generation (5G) [3].

A beamforming antenna array can create multi-beams in an
angular area, increasing capacity as it can serve different users
by different beams [4]-[9]. In the design of a beamforming
network (BFN) desirable features are simplicity, low cost
design, low losses, and most notably compactness and easy
integration to the antenna to reduce the number of components.
Compared to the beamforming techniques such as: Nolen
matrix [10], Blass Matrix [11] and Rotman lens [12], the
Butler matrix (BM) has been the more popular since it requires
the least number of components, and is theoretically lossless
[13].

Typically, 4 x 4 Butler matrices are the most common form,
because of their relatively simple network [14]-[17]. Design
of Butler matrices with more outputs are quite promising due
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to the ability to provide lower sidelobe levels (SLL), lower
crossover level, high directional and narrower beams [18]-
[23]. In general, Butler matrices are designed using hybrid
couplers, fixed phase shifters and crossovers. Such structures
are bulky and may have poor performance, mainly because of
the crossovers employed. Specific designs have been suggested
to avoid using crossovers. In [16] a 4 x 4 BM with the slot-
coupled directional coupler, using coplanar waveguide (CPW)
multilayer technology operating at 5.8 GHz is described.
Another low cost mm-wave 4 X 4 microstrip BM is presented
in [17], without any crossovers on single-layer substrate, but
it is not scalable to 8 x 8 matrices and layers.

Different conceivable solutions have been proposed to avoid
crossovers in the structure such as: air-bridge technique [17],
and plate-through via-hole. These schemes all have shortcom-
ings. The former technique entails an asymmetrical structure,
and as a result introduces unwanted coupling, while the latter
requires great accuracy and is costly to realize, especially on
thin dielectrics. Besides, operating at mm-wave frequencies,
these techniques may require extra elements to compensate the
parasitic effects of via or bridge. Moreover, the use of wire-
bonding or non-planar structures complicates the fabrication
process and are technologically difficult to realize, expensive
and may reduce yield.

In this paper, a 6-element linear antenna array fed by a
compact 4 x 6 BM based on microstrip lines is used for
beam steering at 28 GHz for future 5G cellular networks. A
simplified BM is proposed to reduce the size of the traditional
BM by using a fewer number of crossovers. Starting with 4
x 4 BM, we extended the number of elements from 4 to 6.
This lengthens the array, increases the gain and reduces side
lobe level [14]-[17]. Compared to 4 x 8 and 8 x 8 Butler
matrices [19]-[24], the structure is obviously simpler and uses
fewer crossovers. Our method can be applied to design 4 x
8 and 8 x 8 Butler matrices as well. Furthermore, the use of
microstrip technology for its realization is attractive due to its
light weight, low profile, low cost, and ease of integration.

The presented BM design consists of new crossover con-
figuration, which avoids the complexity of other structures.
Fig. 1 compares the traditional 4 x 6 BM design [18§]
with the proposed structure of the 4 x 6 BM with fewer
components. The single element is a microstrip-fed dual-layer
half-wavelength dipole with a director chosen for its simple
structure, high directional and end-fire radiation pattern. The
array is properly tapered in order to reduce the side-lobes,
and the BFN phases the antenna elements for beam switching
capabilities.
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Fig. 1. Block diagram of the 4 x 6 BM. (a) Traditional 4 x 6 BM. (b)

Proposed 4 x 6 BM.

The remainder of the paper is organized as follows. In
section II, a simple and compact 4 x 6 BM based on microstrip
lines at 28 GHz is presented. The design and performance of
the antenna array integrated with its BFN is described in sec-
tion III. In the following section, the correspondence between
experimental and simulated results is evaluated. Finally, in the
last section, conclusions are drawn.

II. SIMPLIFIED 4 x 6 BUTLER MATRIX USING
MICROSTRIP-TO-SLOTLINE TRANSITION

In this section, the design and analysis of 4 x 6 BM is
described, and the proposed structure which has some novel
design features is illustrated. The traditional 4 x 6 BM and the
new configuration consisting of fewer components are depicted
in detail. The simulated results of the BFN are also shown.

A. 4 X 6 Butler Matrix Analysis

The scattering matrix of a 4 x 6 BM with ports 1, 2, 3, and
4 as inputs and ports 5, 6, 7, 8, 9, and 10 as outputs can be
written as:
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Fig. 2. Comparison of the traditional 4 x 6 BM structure with the proposed
design.
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Equation (2) clarifies the design considerations of a 4 x 6
BM as well as indicating the magnitude and phase of each
outputs. From (2) one can see that the phase differences
between any two adjacent elements of each column are —7 /4,
+37/4, —3n/4 , and +m/4, respectively. The coefficient
of 1/2 appears because of two equal-power hybrids. From
designing point of view, there should be two 3 dB power
dividers to implement 1/+/2 power appearing in the first two
and last two rows of matrix together with two phase shifters to
be applied to the output ports 5 and 10 to realize 180° phase
shifts.

B. Design Consideration of the 4 X 6 Butler Matrix

In order to construct such a beamforming network, hybrid
couplers and fixed phase shifters are required to provide
appropriate power division and phase at each output port.
According to the above analysis, the proposed 4 x 6 BM can
be configured as Fig. 1(b), while the newly structure is divided
into two layers, the top layer, and the bottom one, which is
displayed by red lines. Fig. 2 compares the complexity and
size of the traditional 4 x 6 BM and the new one. First, the
basic 4 x 4 BM is designed, then, it is extended to a 4 X 6
BM. The extended part is indicated by the dashed box.

In Fig. 3 the schematic of the new design is shown in
details, and the geometries of the final design of BFN are
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Fig. 3. Geometries of the proposed 4 X 6 BM with the schematic of cross
section. (a) Top view. (b) Bottom view and zoomed out of the microstrip
transition part. (c) Side view and schematic of cross section.

TABLE I
DIMENSIONS OF THE 4 X 6 BUTLER MATRIX (UNIT:MM)
Lei 72 |Rs 055 | W, 0.2
Leo 206 Ry 04 [Wo 041
Les 262 Ws 0.1 |Ws  0.64
Ly 13.5|Wy, 0.19| Dis 0.7
L; 305(Ls 22 |h 0.127

also shown. Besides, the design parameters are listed in Table
I. As mentioned before, the BFN is a two layer structure.
Four input ports 1-4 and four output ports 6-9, are located on
layer 1, while two of the output ports 5 and 10 are on layer
2. Layer 1 of BM consists of four hybrid couplers, two 45°
phase shifters, two crossovers, and two 3 dB Wilkinson power
dividers. Layer 2 is constructed using only one crossover.
The signal is coupled from layer 1 to layer 2 through two
microstrip-to-slotline transitions. The slot is located on their
common ground plane, and its parameters are specified to
minimize the network loss.
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Fig. 4. Equivalent circuits of (a) the microstrip-to-slotline transition; (b) the
microstrip-slotline-microstrip transition.

In contrast to the size of conventional 4 x 6 BM, the
new design is smaller by almost 50%, while having a
good overall performance. In this structure, some of the
selected transmission-line crossovers in Fig. 1 are realized
by microstrip-to-slotline transitions. Such technology untan-
gles the problem of bulky crossover couplers [25], and is
compatible with ordinary microstrip circuits. The end result
is that seven of the crossovers are replaced by one crossover
and two transitions. This achieves a compact structure with
the minimum number of coupled-line sections plus a common
ground and using no interlayer nor any connections.

In order to achieve minimum loss, a substrate with very
low loss tangent and small dielectric constant is employed.
However, in this case, the radius of curvature in the bend
and the line width are increased, so a very thin dielectric
is desired [19]. Components are designed on Rogers 5880,
with a 127-micrometer thickness of dielectric for both layers.
This provides the best performance for the BM, and maintains
feasible feature size for fabrication.

C. Microstrip-to-slotline Transition

The microstrip-to-slotline transition is the most common
way in which an RF signal is coupled between two sides of
planar dielectric structure [25], [26]. The microstrip-to-slotline
transition can also avoid unwanted bonding wires or metal vias
that may increase the cost and complexity of manufacture. In
this design, microstrip-to-slotline transitions are using different
metal layers to work as crossovers, which render two major
advantages to the structure: one is to reduce the number
of crossovers compared with the traditional topology, and
the other one is to maintain good isolation between two
signals. The microstrip-to-slotline transition part of the circuit
is zoomed out in Fig. 3(b), where the microstrip lines in
red and purple are actually located on different metal layers,
and the slotline is on the common ground. Fig. 3(c) shows
the side-view of the substrate, which illustrates the layer
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Fig. 5. Configuration of the designed crossover using a microstrip-slotline-
microstrip transition.
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Fig. 6. Simulated performance of the microstrip-slotline-microstrip transition.

distribution of the metals and substrates. It is noted that 180°
phase shift of the two outputs (port 5 and port 10) compared
with other two outputs (port 9 and port 6) is introduced,
due to the inverted electrical field distribution caused by the
microstrip-to-slotline transition.

Fig. 4(a) and (b) show the simplified equivalent circuit of
the microstrip-to-slotline transition and the crossover, respec-
tively. The microstrip-to-slotline transition consists of a trans-
mission line (Z7,07), a series radical microstrip stub (Z,,,0,,,)
ended with open circuit, a power transformer with turns ratio
of ny : 1, and a shunted short-stub (Z4,0,). The electrical
lengths of 6, and 6, are all set to a quarter-wavelength at
fo. In this case, the stub becomes a quarter-wavelength open-
ended stubs, which can be considered as a virtual short circuit.
Similarly, the quarter-wavelength short-ended slot stub can be
considered as a virtual open circuit. Therefore, to determine
the dimensions and performance of the circuit, a simplified
model including the characteristic impedances of the slotline
Zs10+ and the microstrip line Z,,,5 , and transformer’s ratio (n1)
can be used, and the relation between them is Z,,,, = n% Lsiot-
The width of the slotline should not be too narrow to avoid
problems with the manufacturing errors [27], and its length
should be adjusted to obtain a low insertion loss. To this end,
the slotline impedance is chosen as 100 €2 with the length
of Dis = \/14 (at 28 GHz). The transmission line (Zr,07)
works as an impedance transformer to match the impedance
from the microstrip-to-slotline transition to the microstrip line
Zy. Therefore, to achieve a good matching from the microstrip
line, impedance of the quarter-wavelength transformer can be
determined by Zp = /Z, - Zms = 70.7 . In summary, the
relevant parameters in the equivalent circuit are chosen as:
Or = 15°, 6; = 90°, 851 = 90°, 0, = 90°, Z7 = 70.7 Q,
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Fig. 7. Simulated S-parameters of the 4 X 6 BM. (a) Magnitude of reflection
coefficients of inputs versus frequency. (b) Magnitude of reflection coefficients
of outputs versus frequency.

Zs=126.5Q, Zs; =100 Q, and Z,,, = 75.8 .

Fig. 5 shows the configuration of the designed crossover
using a microstrip-slotline-microstrip configuration. The two
microstrip lines are located on different metal layers and
the slotline is on the middle ground. The dimensions of the
structure are chosen according to the equivalent circuit. To
demonstrate the performance and advantage of this transition-
based crossover and its operation, the comparison between
the circuit simulation in ADS and full-wave one in HFSS is
conducted, as shown in Fig. 6. It is observed that two results
agree very well. The microstrip-slotline-microstrip transition
shows 0.3 dB insertion loss, and a return loss better than 25 dB
within the bandwidth. It is noticeable that in this design, only
limited bandwidth is considered when selecting the related
parameters, but the microstrip-to-slotline transition can realize
an extended bandwidth if it is required during the design
process.

D. Butler Matrix Components

Apart from the microstrip-to-slotline transition, to build
a BM, there are some other components required including
couplers, phase shifters and power dividers. The 3 dB hybrid
couplers are designed at 28 GHz for 50 €2 microstrip lines,
in which structure the input power is equally divided between
the output ports with a 90° phase difference, and maximum
isolation between its coupling ports. The isolation between
coupling ports and the magnitude of reflection coefficient for
input ports are less than -30 dB over the desired bandwidth.
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Fig. 8. Simulated S-parameters of the 4 X 6 BM versus frequency. (a)
Magnitude of the outputs power when port 1 is fed. (b) Magnitude of the
outputs power when port 2 is fed.

The delay line phase shifters fulfill the required phase shift at
the output signals. Two 3 dB Wilkinson power dividers split
the signal power at the first and last outputs (ports 5 and 10)
to make six outputs out of four outputs coming from the first
stage, which is the basic 4 x 4 BM.

Finally, the crossovers between the lines must be considered.
The microstrip branch-line crossovers satisfy the requirements
for the basic 4 x 4 BM part. On the other hand, in the extended
4 x 6 BM, using too many crossovers would result in bulky
and lossy structure. As mentioned in the section II-C, the
microstrip-to-slotline transition is the technology that is chosen
instead of alternative branch-line crossover. In the proposed
configuration, four couplers are combined and some of the
crossovers are effectively avoided. Also, two of phase shifters
are omitted from the structure, since the required phase shift
can be obtained through the power dividers and transitions.
In this case, the overall circuit size and loss are effectively
reduced.

The BFN is simulated with the full electromagnetic package
HFSS. Fig. 7 shows the simulated magnitude of the reflec-
tion coefficients of the input and output ports of the BFN.
Fig. 8 and Fig. 9 indicate the insertion loss and isolation
between ports, respectively. As the structure is symmetric,
the results for ports 3 and 4 are similar to those of ports 1
and 2. Fig. 10 represents a frequency-dependent phase. The
progressive phase shift of —45°+£7°, +135°4+10°, 445°+7°,
—135° £ 10° are obtained by feeding port 1 to port 4,
respectively. The design is optimized to have a minimum phase
error at 28 GHz. The newly designed BFN exhibits an average
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Fig. 9. Simulated S-parameters of the 4 x 6 BM. (a) Isolation of inputs
versus frequency. (b) Isolation of outputs versus frequency.
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frequency with respect to that of port 1, 2, 3, 4 being fed.

insertion loss of 2.4 dB with amplitude variation less than 0.53
dB and an average phase imbalance of less than 10° from
27.5 to 28.5 GHz, 1 GHz bandwidth, which completely covers
the 27.5 to 28.35 GHz band proposed for future 5G cellular
systems. The circuit size is only 1.4)\y X 3.5)¢ excluding the
length of feed lines. This corresponds to a very significant
miniaturization in the size and notable simplification in the
design compare to the traditional BM. The reflection coeffi-
cients are better than —15 dB within the design bandwidth and
good isolation is observed between ports (< —20 dB) within
this band.
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view. (b) Middle layer view (Butler matrix ground layer).

TABLE 11
DIMENSIONS OF THE ANTENNA (UNIT:MM)
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Fig. 12. Simulated results of the proposed single element antenna. (a)

Co-polarization (co-pol) and cross-polarization (x-pol) at E-plane. (b) Co-
polarization and cross-polarization at H-plane. (c) Reflection coefficient.

ITI. DIPOLE ARRAY INTEGRATED WITH BUTLER MATRIX

In this section, a 6-element linear planar microstrip-fed
dipole array is designed at 28 GHz. The proposed modified
4 x 6 BM is cascaded with this array to study the beam
switching capability through the investigation of how the
distributions of the phase and magnitude affect the radiation
pattern within the entire frequency band. The amplitude ta-
pering along with each element phasing is provided by the
4 x 6 BM to the antenna array, so imposes SLL control
along with narrower beams and better crossover level between
adjacent beams. It should be noted that multi-beam antennas

Fig. 13. Geometry of the overall circuit including beamforming network
cascaded with the antenna array.

with crossover level less than —3 dB are needed for 5G base
station antennas.

A. Element Design and Performance

A microstrip-fed planar dipole element has been success-
fully modeled and analyzed. It is chosen due to its simplicity,
ease of fabrication, attractive radiation characteristics like end-
fire pattern and low cross polarization level [28]. The design is
operating at Ka band. Hence, it is very small in size. Although
the simple dipole antenna suffers from narrow bandwidth, in
this work, the proposed one completely covers the design
bandwidth of 27.5 to 28.5 GHz.

In Fig. 11 the single element antenna design is illustrated,
while Table II categorizes the dimensions of the proposed
antenna. Such antennas often require a sophisticated balun
for transformation of RF signals into the microstrip circuit
[29]. However, in this work, the driver is fed by two parallel
striplines. One of them located on the top layer is connected
to one half of dipoles, and the other one on the ground is
cascaded to the microstrip line of the feed directly. In addition,
a planar director is also utilized to improve the antenna gain.

By employing the proposed antenna in the array and cascad-
ing into the presented feed network, there is not a necessity for
using balun to feed, but also the ground plane added from the
feed network helps to achieve high front-to-back (F/B) gain
ratio in the radiation pattern. Unbalance is small across the
required bandwidth. Therefore, this antenna design is easily
integrated into microstrip circuits, while possessing an end-
fire radiation pattern.

Design and full-wave analysis of the antenna were per-
formed using HFSS. The diagrams in Fig. 12 provide infor-
mation about the gain and magnitude of reflection coefficient
of the single element antenna. These plots show that the
simulated peak gain is 6.3 dBi at 28 GHz, while the 3 dB
beamwidth of the radiation pattern is 72°. The maximum
cross-polarization level is —22 dB, and the reflection coefficient
is better than —20 dB from 27.5 to 28.5 GHz.

B. Antenna Array and the Complete Network

The antenna is used as a single element of the antenna array.
The BM is integrated into the array to realize the beamforming
antenna array. Fig. 13 shows the simulated structure of the
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Fig. 14. Linear antenna array

complete network. The array inter-element spacing of 5.8 mm
is imposed, which corresponds to 0.58 )\ at the design center
frequency (28 GHz). This was found through a compromise
between minimum SLL and grating lobe. It is of significance
to mention due to the presence of the BM ground, the ground
of the array is not required when the array is cascaded with
the BFN. Four of the array elements are integrated into the top
layer of BM, and two of them located in the ends are integrated
in the bottom layer. However, such thin substrate thickness,
1/36 A, does not make a noticeable difference between the
proposed array and a totally linear array. To verify the working
principle of this network, a basic linear array, as shown in Fig.
14 is discussed.

The amplitude of the M*'" output port of the N x M
BM is represented as Ajp; , and ¢, is the progressive phase
difference. Suppose that this array is fed by such an N x M
BM, the array factor of the linear array in (3) can be expressed
as:

M
Sac(eﬂc) = Z Ameijnuz 3
n=1

where, u, = kd; cosf, + ¢,. k is the propagation constant
in the free space, d, stands for the distance between adjacent
antenna elements, and 6, refers to the orientation angle. Based
on aforesaid theory, the prediction of the point source six
element linear array is calculated to study the effect of mutual
coupling on the antenna array [30]. Fig. 15 compares the
radiation patterns of the 6-element array. Three scenarios are
considered when single ports 1, 2, 3, and 4 of the BM are
fed, and for the array case when phase increment between
each antenna element is equal to —45°,4135°,—135°, and
+45°, respectively. First, ideal array with point sources having
the same phase and amplitude distribution with the BFN is
considered. The matrix Ay; in (4) represents the amplitude
distribution of the first scenario.

Ay 0.707

Ao 0.707

| As| 1
av=101=1 4)

As 0.707

Ag 0.707

From a mathematical point of view, the matrix form of the
output signal of a N x M BM can be shown as vector A, :

A Ajeits
A$2 A26_2j¢m

Ae=| . | = : &)
A Apre=Mida

Array with point sources is used as the ideal one which
is simulated in Matlab to compare with two other scenarios.

—&—Ideal array with point source
—e—Linear array fed by ideal phase and magnitude
—S—Antenna array integrated with BFN
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Fig. 15. Simulated radiation patterns of the multi-beam antenna corresponding
to three scenarios including ideal array with point sources, linear array with
ideal amplitude and phase, antenna array integrated with BM at 28 GHz.
(a) Port 1 is fed. (b) Port 2 is fed. (c) Port 3 is fed. (d) Port 4 is fed.
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Fig. 16. Photographs of the fabricated multi-beam array antenna. (a) Top
view. (b) Bottom view
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Fig. 17. Simulated and measurement results for all 4 input ports. (a) Reflection
coefficients. (b) Isolation coefficients. The solid lines represent the simulated
results and the dashed ones show the measured outcomes.

In the second scenario, the 6-element linear antenna array
is simulated in HFSS, each element is fed with the same
amplitude and phase distribution as the BM model, similar
to the phase and amplitude distribution of the previous case.
By comparing this case with the previous one, the effect of
mutual coupling is investigated. Finally, the antenna array fed
by the BM is employed to evaluate the BM imperfection
through comparison of the last two cases. Evaluations of these
graphs indicate that the mutual coupling does not cause severe
degradation of the performance of array’s patterns, and also
show that the BM satisfies design requirements and is working
as intended.

This design can be conducted by completing the following
steps:

_
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Fig. 18. Simulated and measured E-plane patterns of the 6-element linear
antenna array with incorporated BM corresponding to the four input ports
(from left to right when port 2, 1, 4, 3 are fed, respectively) (a) f = 27.5 GHz.
(b) f = 28 GHz. (c) f = 28.5 GHz.

o Choice of the substrate and its thickness to obtain the
best performance in terms of loss.

o Design, and simulation of the BM components in mi-
crostrip lines. Phase shift is introduced by different
lengths of transmission lines. Cross between the lines,
change of layers and bends are also considered.

o Design, realization, and simulation of the microstrip-to-
slotline transition as a key element in the proposed 4 x 6
BM.

o Design and simulation of the antenna element followed
by the realization and simulation of the 6-element linear
array.

e Design, fabrication and measurement of the complete
network including the 4 x 6 BM integrated with the
antenna array.



TABLE III
OVERALL PERFORMANCE OF THE 6-ELEMENT ARRAY FED BY THE BEAMFORMING NETWORK
27.5 GHz 28 GHz 28.5 GHz
portl port2 port3 port4 | portl port2 port3 port4 | portl port2 port3  port4
Beam Angle (deg) —14° 52° —41° 13° | —13° 41° —39° 13° | —13° 41° —42° 13°
HPBW (deg) 17° 20° 21° 17° | 17° 21° 18° 16° | 16° 20° 23° 17°
Realized Gain (dBi) | 11.2 104 10.7 11.2 | 11.6 10.5 10.4 11.4 | 11.5 10.2 10.1 11.7
Cross-pol Level (dB) | —23 —-23 —22 —22 | =23 —21 —21 —22 | —22 —22 —23 —22
Side-lobe Level (dB) | —17 —12 —11 —145 | —16.5 —12.2 -12  -13.,5 | —15 —12.8 —-11.6 —12
15 than —13 dB from 27.5 to 28.5 GHz, and the isolations are
better than —15 dB within this band.
R e ————————— . . .
g B. Radiation Pattern, Gain and Efficiency
= . . .
3 The radiation patterns of the 28 GHz beamforming antenna
5 =—Portl, Simulated tot . tall di hoi
| Portz, Simulated array prototype are experimentally measured in an anechoic
- Port1, Measured chamber with the use of far-field measurement system. De-
== Port2, Measured . . .
s 28 Shs pending on the array’s element spacing and number of ele-
Frequency (GHz) ments, the intersection point between two adjacent beam has
(a) different levels, which displays the crossover level. Fig. 18
compares the simulated and measured pattern distribution
80 for the entire network including the BM integrated with the
S0 antenna array at three different frequencies, 27.5, 28, and
% 28.5 GHz when different input ports are fed. The four beams
E(’O... ________ are able to cover a wide azimuthal range roughly between
- +45°. The radiation beams remain stable over the operating
2 — Portl, Simulated band from 27.5 to 28.5 GHz. It is noted that the crossover
?40 —Port2, Simulated 3 H s
g e Portl Mossared level is also displayed by these. plots. Table .III summarizes
-+ Port2, Measured the overall performance of the simulated multi-beam antenna
27.5 28 28.5

Frequency (GHz)

(b)

Fig. 19. Simulated and measured results when input ports 1 and 2 are excited.
(a) Gain versus frequency. (b) Radiation efficiency versus frequency.

IV. EXPERIMENT AND MEASUREMENT RESULTS

Fig. 16 presents a prototype of the planar multi-beam
antenna array which is fabricated with the use of the standard
PCB process. Each layer is separately fabricated, then com-
bined together using bonding film. The Rogers 5880 substrate
with €, = 2.2, loss tangent = 0.0009 at 28 GHz and height =
0.127 mm is used for manufacturing both substrate layers.

A. Reflection and Isolation Coefficients

The scattering parameter measurements are performed us-
ing an Agilent Network Analyzer N5225A. The simulated
and measured reflection and isolation coefficients are plotted
in Fig. 17, and the results are in a good agreement. The graphs
show that the return loss for port 1 to 4 excitations are better

array. Fig. 19(a) and (b) compare the simulated and measured
gain and radiation efficiency of the multi-beam antenna array
versus frequency when input ports 1 and 2 are fed, respec-
tively. The multi-beam antenna array structure is symmetric,
so the beams of the input ports 3 and 4 are similar to those
of the ports 1 and 2. The measured gains of the proposed
network varies from 9.2 to 10.7 dBi at 28 GHz. The efficiency
of the ports 1 and 2 calculated using simulated directivity
and measured gain is better than 54.4%, 56.7% within the
operating band, respectively. The difference between measured
and simulated gain is less than 1.5 dB, and this deterioration
is mainly attributed to bonding imperfection and fabrication
tolerance. The mechanical process errors being taken into
consideration, the measured and the simulated results agree
well.

C. Comparison and Discussion

Geometry features and the key performance parameters of
the reported BM and the overall beamforming antenna array
have been compared with other designs and the results are
presented in Table IV. Compared to 4 x 4 Butler matrices, this
design has lower SLL. Three examples of non-conventional



TABLE IV

COMPARISON OF THE SIZE AND STRUCTURE OF THE PROPOSED BEAMFORMING ANTENNA ARRAY AND THOSE IN REFERENCES

work| (1 X 6) 4 x 6) (3.5%)

Ref | Antenna Feed Freq. |Radiation|SLL|Scan angle| X-pol | RL | Gain Overall Size
array network range | direction [(dB)| (deg) level |(dB)| (dB) [|network dimension (BM)
configuration| (GHz) (dB) \?) \?)
[14] |Stepped Slot SIW 33.3-41.7| End-fire | —8 +38 NG |> 12{10.4-12.8] 37.5A x 25X | 12.5X X 5A
1 x4 4 x4 |225%)
[15] Patch Microstrip | 57-64 |Broadside| NG +43 < =8> 10| 11-12 6A X BA NG
2 x4 4 x4 |(11.7%)
[19] | Slot Array SIW 15.7-16.3|Broadside| —12|  £45 NG |[> 23|20.6-22.7| 21X x 6.1A 9 x 5.5\
6 x 4) 4 x8 |3B75%)
[20] Patch SIW 37.5-38.5|Broadside| —9 +36 NG |> 10{19.8-22.1| 12.1A x 12X |12.1A x 12X
8 x 10) 4 x 8 |(2.63%)
[21] | Slot Array SIW 27.5-28.5|Broadside| —12| £45 |< —14|> 13]10.9-12.2] 82X x 4.1A |6.1A x 4.1\
1 x8 (4 x 8) (3.5%)
[22] | Slot Array SIW 28-31 |Broadside|—10| £55 NG |> 10| 11-16 13.5X\ x 6A 10X x 4X
(2 x 8) 8 x 8 |(10.2%)
[23] | ME Dipole SIW 50-77.8 | End-fire | —9 +55 |< —28[> 10| 9-12 22X X 16\ 15X x 8A
(1 x8) (8 x 8) (44%)
This | Dipole Microstrip (27.5-28.5| End-fire |—10| 445 |< —22|> 13| 9.2-11 5.6\ x 4.6\ |3.5X\ x 1.4\

* SLL:sidelobe level; RL:return loss; NG:not given.

SIW Butler matrices analogous to this work are presented in
[19]-[21], while their radiation pattern is broadside. This work
proposes a simpler and smaller structure than the miniaturized
4 x 8 BM in [21], while the overall performance is not
degraded. Compared to other designs using SIW, this design
is based on microstrip, which is easier to be integrated with
other components in systems, and there is no need for SIW
to microstrip transition. This work is the smallest in reported
multi-beam antenna arrays with Butler matrices with a com-
pact size of 3.5\ x 1.4\. The size of this work is much smaller
than other reported multi-beam antenna arrays using Butler
matrices with similar performance.

V. CONCLUSION

A mm-wave multi-beam antenna array using a novel re-
alization of a 4 x 6 BM, connected to a 6-element planar
linear antenna array has been described. The design provides
a simple and compact structure potentially suitable for ap-
plications in mm-wave multi-beam communication systems.
This has been ensured by a fully planar layout of a standard
4 x 4 BM appropriately connected with the use of two 3
dB power dividers and transmission-line crossovers to realize
the 4 x 6 BM. The proposed concept has been verified by the
measurement results of the fabricated prototype. The simulated
and experimental outcomes agree well, and the obtained results
confirm the attractive properties of the proposed network. This
design is flexible to be extended to 4 x 8 BM, and as a
result of which flexible crossover level is achievable. The
results validate that the proposed array network can be a good
candidate for 5G mm-wave applications.
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