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Abstract: To meet the ever growing traffic in mobile communication, nmWave (millimeter-Wave) frequency bands have gained
considerable attention for having a greater amount of bandwidth available than the current cellular spectrum below 3 GHz.
Several test systems have been reported on recently to validate the possibility of mmWave links in mobile scenarios. However,
there still exist practical issues to enable the application of mmWave in mobile communication, including reliability and cost.
In this article, we present some new designs that address these issues, where system architecture, transceiver architecture, and
related issues such as circuits and antenna arrays are considered. Hypercellular architecture is applied in mmWave mobile
networks to overcome blockage problems, and a Butler-matrix-based HBF (Hybrid Beamforming) architecture is considered in
an mmWave link. Simulations and experimental results are presented to validate the effectiveness of the Butler-matrix-based

system.

Key words: Butler matrix, hypercellular architecture, hybrid beamforming, millimeter wave, transceiver architecture

Citation: L1 ] H, HUANG F, ZHOU R Y, et al. mmWave mobile communication under hypercellular architecture[J]. Journal of

communications and information networks, 2016, 1(2): 62-76.

1 Introduction limited. In order to meet future demands on capacity

and data rates, extending the current cellular spectrum

In recent years, the demand for cellular data has been
growing at an explosive rate. Mobile data traffic has
grown 4 000-fold over the past 10 years and almost
400-million-fold over the past 15 years'"!. Global
mobile traffic reached 3.7 exabytes per month at the
end of 2015, up from 2.1 exabytes per month at the
end of 2014". However, the bandwidth available

in the current cellular spectrum below 6 GHz is too

Manuscript received Jun.16, 2016; accepted Aug.18, 2016

to mmWave bands (around 30 GHz and beyond) has
gained considerable attention”,

As proven by measurement campaigns shown in
Ref.[5], mmWave (millimeter-Wave) signals suffer
from severe path loss, penetration loss, rain effects,
and atmospheric absorption. Therefore, a large
number of antennas should be configured at the BS

(Base Station) in an mmWave communication system
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to provide agile beamforming and compensate for the
severe signal attenuation.

Several test systems have been established to prove
the possibility of mobile coverage using mmWave.
Samsung developed a 28-GHz prototype and tested its
peak data rate and mobility properties in an outdoor
cellular scenario'. In addition, NTT DOCOMO
developed a 73.5-GHz experimental system and
tested the signal gains of all possible beam directions
achieved with the system!”. These results imply that
an mmWave communication system can perform well
under such test scenarios, at least in some locations.

However, mobile mmWave links based on
beamforming with high directional gain may
experience a high probability of blockage. This is
because the number of mmWave propagation paths
with enough strength is very limited, and the abrupt
loss of tens of dB may occur in milliseconds™,
resulting in frequent loss of control for link adaptation.
Thus, an mmWave communication system is more

sensitive to blockage"™"!

, and there exist challenges in
providing mmWave with effective coverage in high-
mobility and high-reliability scenarios.

Hypercellular architecture, where the coverage of
control and traffic data can be designed and deployed
separately”’ provides a way to solve these difficulties
by providing seamless coverage of control.

In this paper, we present some new designs that
consider implementation issues and analyze system
performance, where network architecture, transceiver
architecture, and related issues such as circuits
and antenna arrays are all considered. For network
architecture, a hypercellular architecture with
mmWave is proposed, in which the mmWave band is
utilized for traffic data coverage with control coverage
provided by a low-frequency band. For transceiver
architecture, beamforming is necessary to provide
enough signal power gain". Owing to the fact that
ABF (Analog Beamforming) is very important in an

[10]

mmWave system' ', a possible solution that utilizes

the Butler matrix phase-shifting network is proposed.

The rest of the article is organized as follows. The
mmWave network hypercellular architecture and
transceiver architecture are discussed in Sections
2 and 3, respectively. Then, the application of a
Butler matrix to mmWave mobile communication
is presented in Section 4. In Section 5, the channel
estimation and beamforming algorithms for the
Butler-matrix-based system are provided, and
the system performance using such algorithms is
evaluated in Section 6. Morcover, the test bench
for the Butler-matrix-based system is presented
with some experimental results in Section 7. Our

conclusions are drawn in Section §.

2 Hypercellular network architecture
with mmWave

The architecture of an mmWave hypercellular
network with a separation of the control plane and
data plane for 5G (Fifth-Generation communication)
is shown in Fig.1. Two different coverages are
provided for each user, namely, traffic coverage and
control coverage. Under the separation of the control
plane and traffic plane, mmWave BSs performing as
microcells, or traffic BSs, will be deployed densely,
providing an extremely high traffic data rate. In
addition, another layer of coverage is provided by
the control BS, providing seamless reliable mobile
coverage for crucial control signaling, using the
existing mobile spectrum below 3 GHz. These
control BSs can be realized by using newly deployed
BSs and by upgrading existing 4G BSs. In addition
to reducing control overhead™*”'", the mmWave
hypercellular architecture with separated coverage
for signaling and traffic has the following additional
advantages:

Providing smooth and efficient handoff for user
mobility. Owing to the limited output power of

mmWave RF and the high propagation loss, the
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range of an mmWave cell will be relatively smaller
than that operating in a lower frequency band. As
a result, a moving piece of UE (User Equipment)
may experience frequent handoffs between different
mmWave BSs. In addition, since mmWave mobile
transmission relies on propagation through very few
paths, which may experience abrupt blockage, the
connection can deteriorate too quickly to enable a
handoff operation. In a hypercellular architecture,
the handoff operation can be handled in signaling
coverage with much higher reliability, which can
support the smooth handoff of traffic coverage
(between cells and between beams) in the mmWave
band.

Capability of optimizing the coverage of control
data and traffic data separately. As we mentioned
previously, a narrow beam is essential in mmWave
bands to support a high data rate, but some
signaling (especially for those in access control and
handoff control) needs to be broadcast. A flexible
hypercellular architecture is very suitable to support
separately designed coverage and streams for

signaling data and traffic data.

((B))micro-cell

(mmWave)

user equipment

<« data plane in mmWave

data plane in sub-3 GHz
control plane in sub-3 GHz

user equipmen\
@°§)> micro-cell

3 mmWave transceiver architecture

Full digital beamforming, as shown in Fig.2, is
a straightforward method using MIMO (Multi-
Input Multi-Output) techniques, which can provide
full flexibility in design and can achieve the best
performance in terms of spectrum efficiency.
However, the huge amount of RF chains and AD/DA
(Analog-to-Digital/Digital-to-Analog) devices may
require significant costs and power consumption,
which may not be suitable for commercial use'"”.
In order to handle these problems, HBF is proposed
to reduce the number of RF chains and to provide
good performance''”. An HBF consists of an ABF
stage and a DBF (Digital Beamforming) stage. For
example, in downlink transmission, the basic idea of
HBF at the BS side is to first process the transmitted
signals in the digital domain with a relatively low
dimension, and then feed this to the large number of
antenna elements through an analog phase-shifting
network.

Consider the realization of an HBF system. As

shown in Fig.3 and Fig.4, the PAs can be placed

(sub-3 GHz)

micro-cell
(mmWave)

user equipment

Figure 1 Architecture of mmWave mobile network
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Figure 2 Full digital beamforming system structure

in different places. When placing the PAs in the
RF chains, the number of PAs needed is much
smaller than a structure where they are placed near
the antennas. However, the power requirement for
each PA is higher, owing to the fact that each PA

should amplify the signal corresponding to multiple

antennas. In addition, the power loss in the ABF
stage can reduce the total power requirement when
the PAs are placed near the antennas and the gain
of each PA is fixed. Thus, placing the PAs near the
antennas is a better choice for cases in which the

loss introduced by the phase-shifting network is
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very large.

In Fig.5, we can see that the ABF stage can be
achieved with two different structures: a subconnected
structure and a fully connected structure. In the
subconnected structure, each RF is connected to the
antennas in an independent subarray. In the fully
connected structure, each RF is connected to each

antenna. It is obvious that the latter arrangement can
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Figure 5 Analog beamforming structure: (a) subconnected

structure; (b) fully connected structure

achieve a better rate of performance, owing to the fact
that it can realize more possible beams. However, a
much more complicated circuit is needed in the latter
structure, which makes it difficult to implement in a
real system.

There are at least two kinds of structures that can
realize the ABF stage, i.e., an ABF with variable phase
shifters (called the phase-shifter-based structure)"”,
and fixed passive beamformers with RF switches.

Variable phase shifters can be realized as either
active phase shifters or passive phase shifters. For
the active phase shifters, power consumption is high,
and nonlinearity problems will result in a high noise
figure!”!. For the passive variable phase shifters,
different phase shifting values result in different
insertion loss, which will cause a negative impact on
system performance. It is difficult to compensate for
this effect under passive conditions'”.

RF switches for fixed passive beamformers may
have different types of implementations, for example,

[14]

a microwave-lens-based structure' ™' or a Butler-

matrix-based structure!"”.
This kind of structure has the following characteristics:

1) No active component in the signal path;



2) Low power consumption and low insertion loss;

3) Different beams of fixed directional pattern;

4) Different beams sharing the same antenna
aperture;

5) RF switches are used for beam selection;

6) No need for a power amplifier at each antenna
element, avoiding real-time calibration of the beams.

This is realized by using a Butler phase shifting
matrix, which consists of a fixed-phase shifting
network that can achieve several fixed beam
directions, which is equivalent to a predefined
codebook. An RF switch is configured to choose the

beam direction of each Butler matrix.

4 Butler-matrix-based front end

As mentioned before, various types of beam patterns
can be generated based on the multiple antenna
structure of the system, wherein the switched-beam
pattern is probably the most commonly used owing
to its simple implementation and easy-to-control
mechanism. Traditional phased-array antennas
utilize phase shifters integrated on the substrate
for controlled beam steering. However, there are
limited types of low-loss phase shifters available for
small-sized antenna applications at millimeter-wave
frequencies'®'”). The inclusion of several integrated
circuits or multilayered structures necessary to
achieve a wide beam scan drives up the costs. A
combined solution to these requirements is the
integration of a switched beamforming network that
implements a phased-array scanning capability. One
such structure is the Butler matrix, which consists
of N number of RF inputs that independently feed N
number of RF outputs with different phase delays'*.
This creates a number of fixed radiating beams that
are accessed by the separate inputs.

For the millimeter wave, additional different
main direction beams are required to build the

communication link. The traditional distributed

phased array needs a phase shifter for each antenna
and each beam. In order to realize a feeding network
with N beams (a fully connected ABF structure),
N? phase shifters are required to steer the phases of
signals. Therefore, the straightforward phased array is
very costly and unsustainable when the beamforming

gain increases (increasing N).

4.1 Butler matrix

The Butler matrix is a passive beamforming circuit
that can generate N phase distributions with equal
amplitudes through different feeding ports''**". It
consists of 90° hybrid couplers, crossovers, and
several kinds of phase shifters. The number N (N =
2%) of radiating beams created by a Butler matrix is
equal to the number of antennas in the array that is
fed by Butler matrix network. In order to implement
an N-way Butler matrix network, N hybrid couplers

and N, phase shifters are used™”

. An antenna array
excited by N output signals with equal power levels
and progressive phases creates N kinds of different

main direction beams.

N N.
N, :%]bN:%. (1)
N N
N, =—(bN-1)=N, - —. 2
p = )=Nc - )

Thus, it is seen that a Butler matrix has a much
simpler implementation, lower transmission loss,
and lower cost, and is scalable to very large arrays,
compared with a traditional distributed phased feeding
network. Hence, the Butler matrix is suitable to realize
a switched-beam antenna array in millimeter-wave

wireless communication.

4.2 Energy-efficient PA design

In the structure of an ABF with fixed passive beam-
formers, since the insertion loss is quite small, a

power amplifier can be allocated in the RF chain to
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reduce the required number of PAs, and to avoid real-
time calibration of the beams. However, these benefits
depend on energy-efficient PA designs.

Owing to the currently limited efficiency in
the mmWave band, a high-efficiency PA will be a
key component in the beamforming-based array
transmitter. As shown in Fig.6 and Fig.7, ET
(Envelope-Tracking) and Doherty architectures are
very promising solutions for the BSs and the UEs,

[21]

respectively . For 5G applications, the instantaneous

bandwidth will be wider than 500 MHz, which
is impractical for ET architecture owing to the
bandwidth bottleneck of the envelope amplifier.
Therefore, it can be estimated that the Doherty
architecture will continue to dominate in emerging
wireless communication systems.

Since the output of each PA device in a massive
MIMO architecture is trivial, it could be less
than 30 dBm owing to the output limitation of

semiconductor devices in the mmWave band, and
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Figure 6 Energy-efficient PA architectures for 5G: envelope tracking
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Figure 7 Energy-efficient PA architectures for SG: Doherty



the array gain of the beamforming transmitter.
The DPD (Digital Predistortion) technique will
be precluded owing to the significant power
consumption of the DPD process module and
broadband feedback loop. In this situation, novel
linearization techniques should be adopted for
mmWave Doherty PA design. For example, the
nonlinear intermodulation canceling method can be

employed for PA linearization.

5 Hybrid beamforming algorithms

As mentioned previously, mmWave transmission
depends on very few propagation paths with
very small angular spread; therefore, effective
beamforming algorithms are needed to cope with
time-varying propagation parameters.

Actually, different algorithms are needed for
different transceiver architectures. In this paper,
we show an example of the transceiver architecture
using a fixed passive beamformer, such as the Butler-
matrix-based HBF structure. Here, the algorithms of
the variable-phase-shifter-based structure cannot be
directly utilized for fixed beams. Thus, we need to
consider how to perform related channel estimation

and beamforming under such constraints.

5.1 Channel estimation

In a Butler-matrix-based system, we have only a
limited number of analog beam directions to choose
from, which should be fully utilized in both the
channel estimation stage and the HBF stage. To
acquire CSI (Channel State Information) at the BS
and from each user, there are two main possible
methods.

The first method is to conduct beam sweeping to
obtain the best analog beam directions corresponding
to each RF chain. Then, channel estimation is done to

the effective channel with the chosen analog beams.

The effective channel is defined as the channel
between different RF chains using different analog
beams. This means that for each combination of
transmit-and-receive RF chains, each combination of
analog beams corresponds to an independent effective
channel coefficient.

The second method is to measure the channel
using all possible beams. Thus, we can obtain the
equivalent channel response matrix between each RF
chain at the BS and each RF chain at each user, when
using different analog transmit and receive beams.
Since the beamforming vectors in each codebook can
form an invertible matrix, the channel matrix between
transmit and receive antennas can be estimated by

using a least-square scheme.

5.2 Hybrid beamforming

When utilizing the first method of channel estimation,
the ABF matrix can be obtained by choosing the beam
combinations that have the largest effective gain with
the estimated effective channel. The DBF matrix is
calculated by using a BD (Block Diagonalization)

(2] with the estimated effective channel.

algorithm

For the second method of channel estimation, we
can determine the estimated channel matrix between
the transmit and receive antennas. The ABF and DBF
matrices are calculated with the estimated channel.
During the ABF stage, our goal is to find the analog
beams that maximize the capacity of the effective
channel, which considers the effect of ABF. Since there
are a limited number of analog beams to be chosen,
an exhaustive search can be utilized to find the best
combination of beams. This is described in detail in
Ref.[23]. It can achieve a better performance than the
first method because it considers the maximization of
capacity, while the first method only considers how to
maximize the effective gains. Then, in the DBF stage,
we can use the BD algorithm with the low-dimensional

effective channel to get the DBF matrix.



6 System performance evaluation

In this section, the performance of the Butler-matrix-
based HBF system with the algorithms introduced
in Section 5 is analyzed, including the SE (Spectral
Efficiency) and EE (Energy Efficiency). Here, we
consider the much more realistic subconnected
structure and utilize the second method of channel
estimation. The subconnected full digital system and
the phase-shifter-based HBF system with algorithms
given by Ref.[24] are utilized for comparison. We
assume transmission over flat-fading channels. To
model the mmWave propagation environment, a
clustered multipath channel model is utilized".

The SE is obtained by calculating the ergodic
achievable downlink sum rate under different
SNRs (Signal-to-Noise Ratios). Using the power
consumption model introduced in Ref.[13], we
calculate the total power consumption of the system
and obtain EE with EE=WxSE/P,,,,, where W is the
bandwidth of the system, and P, is the total power
consumption.

One example is shown here to evaluate the performance
of the Butler-matrix-based HBF system, where the
BS and UEs all use the subconnected Butler-matrix-
based structure. Consider the downlink of a single-
cell multiuser mmWave system with ULAs that
have half-wavelength antenna spacing. The BS is
equipped with 32 transmit antennas and four RF
chains. Each RF chain is connected to a subarray with
eight antennas through a Butler matrix. There are two
users served simultaneously by the BS. Each user has
eight antennas and two RF chains. Each RF chain of
users is connected to a subarray with four antennas
through a Butler matrix. The transmitting data stream
number is assumed to be equal to the number of RF
chains. The channels are generated according to the
clustered multipath channel model with six scattering
clusters, each having five propagation paths. The

cluster power is randomly generated from a uniform

random variable distributed in [0,1], and then the
total cluster power corresponding to each user is
normalized. The azimuth AoA (Angle of Arrival)
and AoD (Angle of Departure) within a cluster are
assumed to be Laplacian distributed with an angular
standard deviation of 5°*°!. The mean cluster angles
are assumed to be uniformly distributed within [0,
360°]. The codebooks consist of beamforming vectors
are chosen from the DFT matrices. Therefore, the
sizes of the codebooks for the BS and users are eight
and four, respectively.

The ergodic performance of achievable downlink
sum SE and the SNR is shown in Fig.8. It can be seen
that the Butler-matrix-based system can achieve 90%
of the sum achieved by SE by the variable-phase-
shifter-based system, and 85% of that achieved by the
full digital system.
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Figure 8 Ergodic achievable downlink sum SE and SNR

Assume that the average path loss is 120 dB, and
each antenna has a gain of 10 dB. The noise power
spectral density is —174 dBm/Hz, and the bandwidth
of the system is set as 200 MHz. Each time we
are given an SNR, we can calculate the average
transmitting power of an antenna at the BS side and
get the power consumption of the BS. Then, the EE
can be obtained.
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The tradeoff of EE vs. SE for different HBF
schemes is shown in Fig.9. It can be seen that as SE
increases, the changing trend of EE is similar for
all systems. When SE is low, EE increases with SE.
After reaching a peak, EE decreases with SE. The
peak is called the green point”®. It is obvious that the
HBF system performs with more energy efficiency
than the full digital system when SE is lower than
21 bit's '“Hz '. Considering HBF systems, we can see
that the Butler-matrix-based system achieves a better
EE performance than the phase-shifter-based system.
The green point obtained by the Butler-matrix-based
system has an improvement of 27% compared with
the phase-shifter-based system. When SE is high, we
can see that the Butler-matrix-based system performs
worse than the phase-shifter-based system. This is
because a high SNR is needed to support the high SE,
which results in a high transmit power. Therefore, the
total power consumption is mainly caused by Pas.
Thus, when the SNR is the same, both HBF systems
have similar total power consumption, and the power
saved by the Butler matrix is trivial. Since the phase-
shifter-based system has a better SE performance

when the SNR is the same, it is reasonable that the
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1 1 1 1 || —=— full digital
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Figure 9 EE and SE. for different HBF schemes

Butler-matrix-based system performs worse than the
phase-shifter-based system when SE is high.
Therefore, it can be concluded that the Butler-
matrix-based system can achieve an acceptable SE
performance compared with the phase-shifter-based

system, and a better EE performance can be obtained.

7 Test bench design and testing

In this section, the test bench of the hypercellular

architecture with mmWave is introduced. Fig.10
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Figure 10 Architecture of test bench
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shows the design architecture at the network side on
the test bench, including an mmWave traffic BS and
a control BS in the lower spectrum. The architecture
of the UE is symmetrical to the BS. In the system,
25.6 GHz is used to transmit downlink data. A hybrid
beamforming architecture with a subconnected
Butler-matrix-based ABF is applied, while the control
coverage is implemented with an LTE (Long Term
Evolution) frequency.

There are two baseband processing programs
running in the BS server. One of them is the baseband
of an mmWave BS, which is responsible for traffic
data. Another is responsible for control data and

assists the mmWave BS in completing beam sweeping

and tracking.

7.1 Design and testing of Butler matrix

Fig.11 shows the design of the switched-beam
patch antenna array. The array is formed by an
antenna array and the Butler matrix, which works as
the feeding network and switch network.

The purpose of this network is to uniformly feed
the eight antenna elements with progressive phase
delays of +22.5°, —22.5°, +67.5°, —67.5°, +112.5°,
—112.5°, +157.5°, and —157.5°, which are determined
by the respective input port selected.

In order to combine the antenna array and the
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Figure 11 Design of switched-beam patch antenna array based on Butler matrix
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switch network, the Butler matrix network is basically
implemented with 50-Q microstrip lines. To prevent
the propagation of substrate and surface waves, which
affect the antenna characteristics, a Taconic RF35tc
substrate with a dielectric constant of ¢,=3.5 and a
thickness of 5 mil was chosen.

A 90° hybrid coupler that can generate signals
90° out of phase at its outputs consists of two pairs
of 50-Q and 35.5-Q quarter-wavelength microstrip
lines. The use of hybrid couplers provides high
isolation between each input port, which allows a
switch network to toggle between these ports without
affecting the antenna performance. Crossover that can
cross two transmission lines without a loss of power
is implemented by cascading two 90° hybrid couplers.
The phase shifter uses phase-delay lines to obtain
a change of phase as —22.5° or —67.5°. The antenna
array is implemented in a Taconic RF35 substrate
with a dielectric constant of ¢,=3.5 and a thickness
of 20 mil because of its wide bandwidth. Owing to
the accurate beam pointing, the distance between the
centers of two adjacent patches is 6 mm, and 4,/2 at
25 GHz.

The fabricated prototype is shown in Fig.12. The
size of the entire microstrip circuit is approximately
150 x 126 mm’. The simulated phase differences
between two adjacent output ports are —26.2°, —20.6°,

W
a8 8 & S RnT B 8 .

Figure 12 Photograph of designed switched-beam antenna

—22.7°, =27.9°, —14.8°, —24.2°, and —20.4° when the
theoretical constant is —22.5°, which is shown in
Fig.13 and Tab.1. Owing to the different lengths of
the transmission microstrip lines in the Butler matrix
network, the output amplitude and the difference in
phase may be imbalanced. The simulated transmission
amplitudes at 25 GHz from port 1 to the eight output
ports are in a range of —9.3 dB to —10.6 dB when the
theoretical constant is —9 dB, as shown in Fig.14. This
indicates that the insertion loss is less than 1.6 dB. The
simulated transmission phases from port 1 to the eight

output ports are shown in Fig.15.
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network with port 1 as input port

Table 1 Angles of beam center with different input ports

input port phase difference angle of beam center

1 —22.5° 6°

2 157.5° —47°
3 —112.5° 31°
4 67.5° -19°
5 —67.5° 19°
6 112.5° -31°
7 -157.5° 47°
8 22.5° —6°

According to the results above, it is seen that the
antenna array based on Butler matrix can realize

beam switching.

7.2 Beam searching and tracking

With regard to the communication procedure between
the UE and BS, first, UE establishes reliable access to
the sub-3-GHz control BS and gains a reliable control
connection to the network side. Then, with the help
of the control BS, the mmWave BS and UE will start
processing the beam sweeping and selection. Next,
the communication channel can be set up owing to
the available beam combination between the UE and

mmWave BS. In addition, in order to support the

movement of the UE, a beam-tracking algorithm is
also developed.

Using the test bench, an experiment is conducted
to illustrate the tracking algorithm performance. As
shown in Fig.16, there are two available transmit-
and-receive beam direction combinations, expressed
as 8/8 (the 8th beam at the transmitter side and the
8th beam at the receiver side) caused by LOS (Line
Of Sight) and 5/6 (the 5th beam at the transmitter
side and the 6th beam at the receiver side), which is
NLOS (Non-Line Of Sight) when reflected by the
reflector. As shown in Fig.17, owing to the blockage of
the LOS path, the receive signal power of LOS drops
abruptly at approximately 10 dB. By using a tracking
algorithm with the help of control coverage, the system
hands off to the NLOS path by reselecting the beam
direction combination 5/6 when the blockage occurs.

This maintains the strength of the receiving signal.

Butler
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Butler

beam index 8 TorlithT

slowly move

Figure 16 Test case
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Figure 17 Tracking performance with blockage



Therefore, it can be seen that using a hypercellular
architecture in an mmWave system can overcome the

problems caused by blockages.

8 Conclusion

In this article, we presented some new designs for
mmWave systems, including network architecture and
transceiver architecture. Hypercellular architecture
with control/traffic separation was introduced. This
architecture can reduce overhead and optimize
network coverage. A Butler-matrix-based HBF
architecture was proposed for the transceiver
architecture. Related algorithms were proposed for
the Butler-matrix-based system. Simulations were
provided to verify the advantages of the Butler-
matrix-based system, which can achieve an acceptable
rate of performance and a better EE performance
than that of a variable-phase-shifter-based system.
We also presented a test bench design for the Butler-
matrix-based system, which utilizes the hypercellular
architecture. Experimental results were provided to
validate its effectiveness.
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