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A simple 4 x 4 beamforming network with spatial diversity and multiplexing reconfiguration is proposed in this paper. By analyzing and
decomposing the simplified transmission matrix of the network, it is found that the 4 x 4 butler matrix can achieve spatial diversity and
multiplexing reconfiguration by switching the operating modes of the four-port devices. Therefore, by designing a reconfigurable device
with three modes among hybrid coupler, crossover, and transmission line, a simple 4 x 4 reconfigurable beamforming network is
achieved. The proposed network can achieve orthogonal spatial diversity responses with equal amplitude and progressive phase
distribution responses at the four output ports (State 1) and hybrid spatial diversity and multiplexing responses (State 2) with equal
amplitude and progressive phase distribution responses at the two adjacent output ports. For the experimental validation, a particular
version of the reconfigurable device and network which work at 4.9 GHz, have been designed, fabricated, and tested. Good results

indicate the proposed network can be widely used in wireless communication networks for MIMO applications.

1. Introduction

Nowadays, with the rapid development of wireless com-
munication, the multiple-input multiple-output (MIMO)
technique is adopted as a representative multiplexing ra-
diation pattern forming technique in modern communi-
cation systems [1, 2]. Spatial diversity and multiplexing are
two important applications in MIMO systems. On one hand,
transmit or receive diversity is a means to combat channel
fading, providing higher directional gains and higher
spectrum efficiency [3, 4]. On the other hand, spatial
multiplexing can increase the data transmission rate by
transmitting independent information streams in parallel
through the spatial channels, which is particularly important
in the high-SNR regime where the system is degree-of-
freedom limited [5, 6]. Therefore, a MIMO system usually
provides two types of gains: spatial diversity gain and spatial

multiplexing gain. Also, higher spatial multiplexing gains
come at the price of sacrificing diversity and vice versa.
Reconfigurable multibeam antenna arrays have been
widely used [7]. Typical reconfigurable multibeam antenna
arrays consist of switches, a multibeam network, and an
antenna array. Therefore, reconfigurable beam-forming
networks have aroused extensive concern by scholars [8-11].
In [8], a reconfigurable 1 x 4 RF power distribution network
has been designed. By changing the state of the variable
phase shifters, the magnitude and phase relations among
signals at the output ports can be modified. For squint-free
beam steering, a reconfigurable series antenna feedline based
on reconfigurable negative group delay circuits has been
proposed [9], which has a tuning range from —15° to 15°
within a relative bandwidth of around 5%. In [10], by
controlling the RF signal path through the developed
microstrip feedline network using PIN diodes, a pattern-
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reconfigurable microstrip patch array antenna with
switchable beams is presented. A novel beam scanning
antenna fed by a reconfigurable beam-forming network has
been presented in [11]. In addition, to obtain better wireless
communication performance in more complex environ-
ments, how to make a trade-off between diversity and
multiplexing becomes more and more important. To the
authors’ best knowledge, such a multibeam network design
topology for spatial diversity and multiplexing reconfigu-
ration has not been presented earlier in the literature.

In this paper, a simple network for spatial diversity and
multiplexing reconfiguration is presented. By analyzing
and decomposing the simplified transmission matrix of the
4 x4 butler matrix, it is concluded that by switching the
operating modes of some four-port devices, the network
can achieve reconfigurable output amplitude and phase
responses between spatial diversity and multiplexing.
Hence, a reconfigurable four-port device has been
designed. It can switch the operating modes among hybrid
coupler, crossover, and transmission line and is divided
into two devices with two operating modes switching.
Finally, by introducing reconfigurable devices, the simple
4 x 4 beam-forming network can work as a traditional 4 x 4
butler matrix (State 1) and two independent 2x2 or-
thogonal subnetworks in parallel (State 2) responses. As a
theory validation, the proposed reconfigurable network
with its reconfigurable device has been designed at a
working frequency of 4.9 GHz. The whole network has been
manufactured on a printed circuit board structure. The S
parameter measurement results show that the amplitude
and phase of the output ports satisfy the requirements of
the spatial diversity and multiplexing reconfiguration,
which is in agreement with the simulations.

The paper is organized as follows: Section 2 analyzes the
transmission matrix of a simple 4x4 butler matrix to
achieve spatial diversity and multiplexing reconfiguration.
Section 3 presents the detailed design of the proposed
network, including the design of the reconfigurable device.
Section 4 shows the measurements of the fabricated pro-
totype. Finally, a conclusion is summarized in Section 5.

2. Transmission Matrix Analysis of
Simple Network

As we all know, the ABCD matrix is only convenient for
two-port network cascade connection calculation. While the
scatter matrix is applicable for any N-port network, is not
suitable for cascade connection. Different from the scatter
matrix, the transmission matrix (T matrix) is particularly
suited for cascading multiport networks. In order to reduce
the complexity of matrix computing, simplified T matrices
and the matrix decomposition technique which is intro-
duced in [12] are used for analyzing and designing the
network to achieve spatial diversity and multiplexing
reconfiguration.
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For a 4 x 4 network with spatial diversity characteristics,
the Butler matrix is the preferred beam-forming network.
The T matrix decomposition of the 4 x 4 Butler matrix is as
follows:

QIO i) i) 1
. o i) 1 o/ (@4
T=5] . , = A Ay Ay Ay
e](n/4) 1 e—](rr/4) e](n/Z)
1 G RN C R RN LR
(1)

where matrix A, is represented as a crossover for two middle
ports, and its T'matrix is a 4 x 4 permutation matrix shown as
follows:
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Matrix A, and A, are both represented as two 3 dB/90°
hybrid couplers, with the T matrix shown as follows:

A 0 0

(3)
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Matrix Aj; is represented as two 45° phase shifters on side
ports and a crossover on two middle ports, with the T'matrix
shown as follows:
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In order to increase the transmission rate of wireless
communication, switching the operating mode of the 4 x4
network from spatial diversity to spatial multiplexing is a
good choice. According to this kind of thought, a simple
4 x 4 network which is composed of two independent hybrid
couplers and works as a 2x2 subnetwork can meet the
requirements of spatial diversity and multiplexing. The T
matrix of the simple 4 x4 network matrix is as follows:



International Journal of Antennas and Propagation

[0 o " 1 ]
[ ] | 0 0 e—j(ﬂ/4) ej(rr/Z)
Tvivol = —= : (5)
\/i e](rt/Z) e—](n/4) 0 0
1 J o 0

The T'matrix indicates that the simple 4 x 4 network can
provide four beams, both of which have the same radiation
coverage for spatial multiplexing. Through matrix decom-
position and calculation, it is found that the T'matrix of such
a network can be decomposed as follows:

[T,] =B,-A,-A;- By, (6)

where matrices A, and Aj; are represented as two 3 dB 90
directional couplers and two 45° phase shifters, shown in
equations (3) and (4), respectively. Matrix B, is represented
as four transmission lines with its T matrix equal to unity,
which is shown as follows:
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Matrix B, is represented as two crossovers for two side
ports with its T matrix shown as follows:

0100
1000
0001]
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Through the abovementioned analysis, it is concluded
that by using the matrix decomposition technique on the T
matrix of the multiport network, the different operating
modes can be obtained. The schematic diagram of this
simple network is shown in Figure 1. For diversity and
multiplexing reconfiguration, switching the operating
modes of devices from A; and A, to B; and By, respectively,
are better solutions. Hence, a simple network with diversity
and multiplexing reconfiguration is achieved. By using RF
switches, the reconfigurable four-port devices have been
designed. In the next section, the reconfigurable device and
the proposed simple network have been designed and
analyzed.

3. Design and Analysis of the Proposed Network

Theoretically, the proposed network can be used at any
frequency. For the experimental validation of the above-
mentioned theory, a particular version of the reconfigurable
device and network have been designed. The working fre-
quency has been chosen at 4.9 GHz, which is the new fre-
quency band of 5G wireless communication. The prototype
of the network is implemented in microstrip technology. At
first, the reconfigurable device with operating modes among
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FIGURE 1: Schematic diagram of the proposed simple network.

90° hybrid coupler, crossover, and transmission line has been
designed at a working frequency of 4.9 GHz. Then, the
proposed reconfigurable network is implemented based on
the reconfigurable device.

3.1. Design of the Reconfigurable Device. The schematic di-
agram of the reconfigurable device is shown in Figure 2. It is
printed on a substrate with a dielectric constant of 3.66 and a
thickness of 0.762 mm. Its detailed parameters are shown in
Table 1. It is designed based on a three-section branch-line
crossover [13], possessing a simple symmetrical structure. In
order to operate as a hybrid coupler, two fork-shaped strips
are added symmetrically on the middle branch lines. The
fork-shaped strips provide capacitive loading that can
change the direction and distribution of currents, thereby
obtaining a hybrid coupler of the device. On the other hand,
when the middle branch lines are shorted to the ground, the
proposed device can work as two independent transmission
lines. Therefore, the proposed device can obtain reconfig-
urable working modes among 90" hybrid coupler, crossover,
and transmission line with the ideal RF switches connecting
fork-shaped strips, turning them off and shorting them to
the ground, corresponding to its T'matrix switching among
Ay, By, and By, respectively.

The simulated results of the reconfigurable device with
three different working modes are shown in Figure 3.
Figure 3(a) shows the 3 dB 90° hybrid coupler mode with the
RF switches connecting the fork-shaped strips. The proposed
device exhibits return loss and port isolation of less than
—20dB, a power division ratio of 3.1 +0.2 dB, and an output
phase difference of 90 + 1° between 4.7-5.2 GHz. As shown
in Figure 3(b), when the middle branch lines are connected
to nothing, which means the RF switches are turned off, the
proposed device works as a crossover with both return loss
and isolation below —20dB from 4.75-5GHz. The trans-
mission coefficient of the cross port is about —0.3 dB. As
shown in Figure 3(c), when the middle branch lines are
shorted to the ground, the proposed device works as two
independent transmission lines with both return loss and
port isolation below —22dB from 4.7-5GHz. While the
insertion loss of the transmission port is about —0.2 dB, from
the result, we can see that the device can switch the operating
modes among the 3dB 90° hybrid coupler, crossover, and
transmission line, satisfying the design requirements.
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FIGURE 2: Schematic diagram of the reconfigurable device.

TaBLE 1: Detailed parameters of the multifunctional component.

Parameters w1 L1 w2 L2 W3 L3
Values (mm) 2.3 6.4 0.9 8 2 10.4
Parameters wl n w2 12 w3 3
Values (mil) 0.4 1.2 0.8 2.5 1.5 1.9

For achieving two reconfigurable devices based on
Figure 1, the proposed reconfigurable device has been
redesigned into two different reconfigurable devices based
on whether there are fork-shaped strips. The schematic
diagram of two reconfigurable devices is shown in Fig-
ure 4. With the RF switches turned on and off, Device A
can change operating modes between the 3 dB 90" hybrid
coupler and crossover. On the other hand, Device B can
change operating modes between the transmission line
and crossover by turning on and off RF switches.
Therefore, in practical fabrication, the RF switches can be
achieved by PIN diodes. In the next part, the proposed
whole network is designed based on the reconfigurable
device.

3.2. Design of the Proposed Network. Based on the proposed
reconfigurable device, a simple reconfigurable network
has been designed. The schematic of the network is shown
in Figure 5. It is printed on a substrate with a dielectric
constant of 3.66 and a thickness of 0.762 mm. The pro-
posed network consists of reconfigurable devices (two
Device A and one Device B), a crossover, two 90° hybrid
couplers, and transmission lines. The 90° hybrid couplers
are implemented with 3dB branch lines. Eventually,
when the red-marked RF switches turn on (Device A with
3dB 90° hybrid coupler mode) and the blue-marked RF
switches turn off (Device B with crossover mode), the
whole network works at State 1, obtaining spatial

diversity with four beams in a different direction. On the
other hand, when the red-marked RF switches turn off
(Device A with crossover mode) and the blue-marked RF
switches turn on (Device B with transmission mode), the
proposed network works at State 2, obtaining multi-
plexing with four beams two of which have the same
direction.

The simulated S-parameter results of the proposed
network with both State 1 and State 2 are shown in
Figures 6-8. Considering the symmetry of the network,
some result curves are not shown. From the results we can
see, the network exhibits reflection coefficients of all ports
less than —15dB from 4.87-4.96 GHz for both State 1 and
State 2. When the network works at State 1, the power of the
input port is equally divided into four output ports, with a
power division ratio of 6.5+ 0.5 dB and the port isolation of
less than —20 dB over the operating frequency band. When
the network works at State 2, the power of the input port is
equally divided into two corresponding output ports, with a
power division ratio of 3.3+0.5dB and a port isolation of
less than —20 dB over the operating frequency band. Figure 8
shows the simulated phase responses of the simple network.
The detailed phase results are shown in Tables 2 and 3. When
the network works at State 1, as shown in Figure 8(a), the
adjacent two output ports have the same phase difference of
45°,-135°, 135°, and —45° with Port 1, Port 2, Port 3, and Port
4 excited, respectively. Therefore, four radiation beams with
four orthogonal beam points have been obtained for spatial
diversity application. On the other hand, when the network
works at State 2, as shown in Figure 8(b), the corresponding
two output ports have a phase difference of 90°, 90°, —90°, and
-90° with Port 1, Port 2, Port 3, and Port 4 excited, re-
spectively. Hence, four radiation beams with two same beam
points have been obtained for spatial multiplexing
application.
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FIGURE 3: Simulated S parameter results with different working states of the reconfigurable device: (a) 3 dB 90° hybrid coupler with the RF
switches connecting the fork-shaped strips; (b) crossover with the RF switches turned off; (c) transmission line with the RF switches

connecting the ground.
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FIGURE 4: Schematic diagrams of two reconfigurable devices: (a) Device A and (b) Device B.

The abovementioned simulation results show that the
proposed 4 x4 beamforming network can achieve orthog-
onal spatial diversity responses with equal amplitude and
progressive phase distribution responses at the four output
ports (State 1) and hybrid spatial diversity and multiplexing
responses (State 2) with equal amplitude and progressive
phase distribution responses at the two adjacent output
ports.

4. Measured Results of the Proposed Network

4.1. Fabrication and Measured Results of the Proposed
Network. Based on the design of the proposed simple
network in Section 3, the network has been fabricated and
measured. The network is printed on a substrate of Rogers
4350 with a dielectric constant of 3.66 and a thickness of
0.762mm. As for RF switches, commercial PIN diodes are
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FIGUre 6: Simulated return losses when the simple network works at (a) State 1 and (b) State 2.

adopted to select the proper working mode of the recon-
figurable devices, model MEST2G-010-20 from M/A-COM
[14]. It shows high isolation of —18 dB and low insertion loss
of 0.35dB around a working frequency of 4.9 GHz, which
meets the requirements. The picture of the fabricated net-
work is shown in Figure 9. As can be seen, 6 PIN diodes are
soldered to the substrate.

The measured S-parameter results of the proposed network
with both State 1 and State 2 are shown in Figures 10-12. The
slight discrepancy between the simulation and measurement is
due to fabrication errors and the effects of PIN diodes. From the

results we can see, the network exhibits reflection coefficients of
all ports less than —15dB from 4.9-4.96 GHz for both State 1
and State 2. While its reflection coefficients are less than —10 dB,
the frequency range for both State 1 and State 2 is
4.75-513 GHz. The measured port insert loss, isolation, and
phase difference for State 1 are shown in Figure 11. Because of
the symmetry of the network, parts of the results are not shown.
When the network works at State 1, the power of the input port
is equally divided into four output ports, with a power division
ratio of 7+ 0.5dB and a port isolation of less than —16 dB over
the operating frequency band. The increased insert loss is due to
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TaBLE 2: Phase relations of the inputs and outputs for the network working at State 1 (unit: degree).
Ports Port 5 Port 6 Port 7 Port 8 Ag
Port 1 =217 -259 -305 -350 45+3
Port 2 -127 5 -217 -85 -135+5
Port 3 -86 143 3.6 -127 135+5
Port 4 —-353 -310 -263 -220 —-45+3
TaBLE 3: Phase relations of the inputs and outputs for the network working at State 2 (unit: degree).
Ports Port 5 Port 6 Port 7 Port 8 Ag
Port 1 — — 56 -36 90+3
Port 2 -13 ~100 — — 90 +3
Port 3 — — -96 -7 -90+3
Port 4 -53 37 — — -90+3
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FIGURE 9: Fabrication of the proposed reconfigurable network.
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FiGURE 10: Measured return losses when the simple network works at (a) State 1 and (b) State 2.

the introduction of PIN diodes. The phase differences at the
center frequency of 4.9 GHz are 45°, —135°, 135°, and —45" with
Port 1, Port 2, Port 3, and Port 4 excited, respectively. The
differential phase imbalance does not exceed +10°, which is in
good agreement with the simulation ones. The measured port
phase and amplitude for State 2 are shown in Figure 12. As can
be seen, the power of the input port is equally divided into two
corresponding output ports, with a power division ratio of
4.3 +0.2 dB, and the port isolations are less than —18 dB over the
operating frequency band. The phase differences at the center
frequency of 4.9 GHz are 96°, 84°, -84, and —96° with Port 1,
Port 2, Port 3, and Port 4 excited, respectively. The differential
phase imbalance does not exceed +10° over the whole working
frequency band, which is in good agreement with the simulation
ones.

4.2. Application on an Antenna Array. To validate the di-
versity and multiplexing reconfiguration performance of the
novel network, the network should be connected to an
antenna array to test the radiation patterns. Considering the
antenna array performance, a printed Yagi antenna array
was chosen as the radiation structure. The geometry of the
1 x 4 antenna array is shown in Figure 13, which is based on
the printed Yagi antenna. The radiating elements have been

spaced 32mm apart from center to center, which corre-
sponds to 0.531 at 5 GHz. In order to increase the isolation
between the adjacent ports, bended microstrips are added
between the elements. The S parameters of the proposed
antenna array are shown in Figure 14. As can be seen, return
losses and isolation are both less than —19dB over the
working frequency range of 4.6-5.2 GHz.

The proposed Yagi antenna array is connected with the
input ports of the novel network, which is simulated through
the cosimulation of the electromagnetic field and circuit of
ANSYS HESS software. For testing the S-parameters of the
beamforming antenna array, the proposed beamforming
network is connected with the antenna array by coaxial lines
of the same length, as shown in Figure 15. There is a little
difference between the simulation and measured results due
to the influence of PIN diodes. The return losses of the
reconfigurable multibeam antenna array network are shown
in Figure 16, which are less than —12 dB over the working
frequency from 4.9-5.15 GHz for the network at both State 1
and State 2. The isolation is shown in Figure 17. When the
network works at State 1 and State 2, the ports’ isolation is
less than —15dB and —18 dB, respectively. The normalized
radiation patterns in the E-plane at a working frequency of
5GHz for each port are shown in Figure 18. It can be ob-
served when the network works at State 1, the four



International Journal of Antennas and Propagation

S Parameter

-15 1 1 1 1 1

4.6 4.7 4.8 4.9 5.0 5.1 52

Frequency (GHz)
—— dB(S51) —-— dB(S81) dB (S72)
— — dB(S61) —--- dB(S52) --—- dB(S82)
- - - dB(S71) ---- dB(S62)

(a)
200

S Parameter

4.6 4.7 4.8 4.9 5.0 5.1 5.2
Frequency (GHz)
—— dB(S21) —-- dB(S65) dB (S86)
— — dB(S41) ---- dB(S75) ----- dB(S87)
- dB(S32) - dB(S76)
(b)

Phase Difference (Degree)

4.6 4.7 4.8 4.9 5.0 5.1 5.2
Frequency (GHz)

—— Ang (S51)-Ang (S61) Ang (S53)-Ang (S63)

— — Ang(S61)-Ang (S71) ----- Ang (S63)-Ang (S73)

- Ang (S71)-Ang (S81) Ang (S73)-Ang (S83)
—-— Ang (S52)-Ang (S62) Ang (S54)-Ang (S64)
~--- Ang(S62)-Ang (S72) - - - Ang(S64)-Ang (S74)

- Ang(S72)-Ang (S82) —-— Ang (S74)-Ang (S84)

(c)

FiGure 11: Measured (a) insert loss, (b) isolation, and (c) phase difference when the simple network works at State 1.

orthogonal beams are obtained, with directions of 145, 45°,
—45° and -145° for Port 1, Port 2, Port 3, and Port 4,
respectively. When the network works at State 2, the beam
directs at —45° when Port 1 and Port 2 are excited, while the
beam directs at 45° when Port 3 and Port 4 are excited. The
radiation patterns of the beamforming antenna array have
not been measured because it is not convenient to place a DC
signal generator in the microwave anechoic chamber.
However, the actual radiation patterns should agree with the

simulations due to the good S-parameters. All these results
suggest that with the reconfigurable radiation patterns, the
proposed reconfigurable multibeam antenna array network
system can be well operated in dynamic environments.

Finally, a comparison of reconfigurable performance
among this proposed beamforming network and several
designs as abovementioned is tabulated in Table 4. It is found
that only the proposed beamforming network can obtain
both spatial diversity and multiplexing performance.
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FIGURE 12: Measured (a) insert loss, (b) isolation, and (c) phase difference when the simple network works at State 2.
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FIGURE 13: Geometry of the Yagi antenna array.
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FIGURE 15: Photograph of the reconfigurable beamforming antenna array.
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FiGuRre 16: Simulated and measured return losses of the whole reconfigurable antenna array when the network is at (a) State 1 and (b) State 2.



12

S-parameter (dB)

40 1
4.6 4.8 5.0 5.2 5.4

Frequency (GHz)

— Sim.dB(S21) —--- Sim.dB (S42) -
—-—- Sim.dB (S31) - - - Sim.dB (S43)
~~~~~~~~ Sim. dB (S41) -~ Meas. dB (S21)

- Sim.dB (S32) -0~ Meas. dB (S31) -

()

- Meas. dB (S41)
Meas. dB (S32)
Meas. dB (S42)

- Meas. dB (S43)

Ao asb

International Journal of Antennas and Propagation

S-parameter (dB)

40 1 1
4.6 4.8 5.0 5.2 5.4

Frequency (GHz)

— Sim.dB(S21) —---
——. Sim.dB(S31) - - -
........ Sim. dB (S41) -

- Sim.dB (S32) -0

Sim. dB (S42) --A-- Meas. dB (S41)
Sim. dB (S43) --v--- Meas. dB (S32)
Meas. dB (S21)--¢-- Meas. dB (S42)
Meas. dB (S31)--<--- Meas. dB (S43)

(b)

FiGure 17: Simulated and measured isolation of the whole reconfigurable antenna array when the network is at (a) State 1 and (b) State 2.
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FiGure 18: Simulated radiation patterns of the whole reconfigurable antenna array when the network is at (a) State 1 and (b) State 2.

TaBLE 4: Comparison of the reconfigurable beamforming network.

Ref. Network port number Reconfigurable performance
[8] 1x4 Spatial diversity

[9] 1x2 Spatial diversity

[10] 1x2 Spatial diversity

[11] 1x11 Spatial diversity

This work 4x4 Spatial diversity and multiplexing

5. Conclusion

In this paper, a simple 4 x4 beamforming network with
spatial diversity and multiplexing reconfiguration has been
designed for MIMO applications. The network is analyzed
by the matrix decomposition technique. For achieving di-
versity and multiplexing reconfiguration of the proposed
network, reconfigurable devices have been designed and
applied to the network. As a result, the proposed network

can achieve spatial diversity (State 1) from/to spatial and
diversity multiplexing (State 2) response. As an example, the
proposed network has been designed, manufactured, and
measured at a working frequency of 4.9 GHz. Measured and
simulated results are in good agreement. For testing the
diversity and multiplexing reconfiguration of the radiation
beams, a 1 x 4 Yagi antenna array has been designed to
connect with the reconfigurable network. Good results in-
dicate the proposed network can be widely used in the
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wireless communication networks for MIMO applications.
In the future, the beamforming network will integrate the
battery onto the substrate for more convenient applications.
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