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In 5G mobile communication networks, millimeter-wave (mmWave) technology plays a key
role. To deal with the problem of path loss that happens in the mmWave band, competent
beamforming employing a large antenna array is required. Fully digital beamforming
approaches currently require separate radio frequency chains (RF chains) for each antenna,
which adds to the computational complexity and hardware expense. In a multi-user
environment, fully digital beamforming suffers from a larger antenna array layout, whereas
analog beamforming solutions are prone to numerous performance concerns. Hybrid
beamforming, on the other hand, offers a promising solution for multi-user mmWave
communication. This work proposes a two-dimensional overlapping partially connected
(2D-OPC) sub-array structure to reduce the antenna structure's hardware complexity and
cost. The suggested technique comprises several sub-arrays that are overlapped in 2D space
in the form of a Uniform Planar Array (UPA). The suggested scheme's performance is
assessed using Kalman-based hybrid beamforming, which exhibits a considerable increase
in spectral efficiency when compared to existing hybrid beamforming techniques. The
suggested technique, which uses Kalman based hybrid beamforming and 2D-OPC provides
3.14% and 4.96% improvement over the MMSE hybrid beamforming and ZF pre-coding
technique respectively.

1. INTRODUCTION

5G technology uses high frequency bands to increase the
broadcasting data rate with the help of improved bandwidth
resources. In comparison to the 4G technology, 5G can now
accommodate 1000x data packets. To achieve the 5G
requirements, the present frequency range must be switched to
the millimeter-wave frequency band (mm-wave- 30 to 300Gz),
which has a wider bandwidth [1, 2]. The antenna array in an
mm-wave system is extremely tiny due to the short wavelength
and narrow beamwidth. The longest range between the user
and the base station (BS) is a few hundred meters. Because of
the tremendous increase in users and the increasing demand
for a large amount of data, MIMO has got a lot of attention. It
acts as a portal for increasing spectral efficiency in wireless
networks. Massive MIMO (M-MIMO) is a setup of multi-user
MIMO (MU-MIMO) setup [3]. The base station has a huge
number of broadcast antenna elements, while the device has a
large number of reception antenna elements. In M-MIMO, a
base station with 100 or 1000 transmitter antenna elements
simultaneously transmits data to tens or hundreds of reception
antenna elements. Multiple antenna elements can help to
improve spectral efficiency and capacity [4, 5]. Again, this
results in interference, which can be mitigated by using
beamforming antennas rather than standard antennas. M-
MIMO offers enhanced throughput, low-power, low-cost
components, and spectral capacity efficiency [6].

Beamforming is a signal processing technique for
transmitting and receiving directional signals. The transmitter
antennas distribute the signal in all directions while beam-
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forming helps to target the wireless signal towards a single
directional receiver. Beamforming aids in the transmission of
a high-quality signal to a receiver. It aids in the reduction of
interference generated by other devices attempting to catch
other signals [7]. Beamforming techniques are classified as
narrowband or wideband depending on the signal's bandwidth.
In mm-wave beamforming, wideband beamforming has
increased speed and capacity [8, 9]. Antenna elements are
arranged in an array in which the beam steering towards a
specific direction is taken into account while the rest of the
beams are ignored in beamforming. Beamforming is a signal
processing technique that improves spectral efficiency, system
security, energy efficiency, and application to mm wavebands
[10].

In most cases, two hybrid beamformer schemes are used
such as the Fully Connected Structure (FCS) [11-13] and the
Partially Connected Structure (PCS) [14-17]. Since each RF
chain is linked to all antennas, the Fully Connected Structure
(FCS) can attain maximum array gain, but it is not feasible
because of the requirement of an enormous number of phase
shifters and power amplifiers. However, each RF chain in the
Partially Connected Structure (PCS), on the other hand, is
coupled to a sub-array of antenna elements. The PCS
considerably decreases the number of phase shifters, lowering
each RF chain's beamforming gain.

The overlapping structure of the antenna sub-array helps to
minimize the phase shifters to attain better spectral efficiency
in mmWave communication. The 2D-OPC structure improves
the spectral efficiency of the system as compared to PCS. It
also reduces the hardware complexity as compared to FCS due
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to overlapping structure. Most of the existing subarray
structures are founded on 1-D Uniform Linear Arrays (ULAS)
[18, 19] and aims for single user broadcasting circumstance
[20]. This paper presents different shapes of sub-array
arranged in overlapped partially connected structure which is
connected to multiple or single RF chains. The proposed
structure helps to minimize the number of phase shifters while
improving spectral efficiency.

Our research has made the following contributions, which
are listed below:

-To investigate different 2-D Overlapped Partially
Connected (2D-OPC) sub-array structures to minimize the
hardware complexity and cost.

-To explore the effect of 2D-OPC sub-array using Kalman
based hybrid beamforming to improve the spectral efficiency.

The remaining paper is structured as: Section Il provides
findings from the previous work on hybrid beamforming and
sub-array structure. Section 111 gives a detailed description of
the 2D-OPC sub-array structure scheme. Section 1V depicts
the Kalman based hybrid beamforming scheme to enhance
spectral efficiency. Section V focuses on the experimental
results and discussions. Finally, section VI concludes the
paper and provides the future direction for the improvement of
the scheme.

2. RELATED WORK

Various approaches for hybrid beamforming have been
adopted in the past to boost the spectrum bandwidth of the
communication network. Alkhateeb et al. [21] developed a
combined strategy to identify the optimal RF combiner and
beamformer to achieve improved spectrum efficiency.
Additionally, they used Zero Forcing pre-coding (ZF) to
reduce network disturbance. Nguyen et al. [22] also presented
a hybrid MMSE pre-coding strategy for increasing spectral
efficiency and reducing interference in mm-wave multiuser
MIMO networks. For massive MIMO, Hussein et al. [23]
proposed a low-complexity hybrid minimal mean square error
(MMSE) pre-coding technique. It has resulted in a reduction
in processing complexity as well as improved spectral
efficiency. Mao et al. [24] looked into the minimum sum-
mean-square error (min-SMSE) to design a digital
combiner/pre-coder with a low bit error rate (BER). They also
employed an over-sampling codebook (OSC) to design the
analog combiner/pre-coder to reduce error. Li et al. [25]
investigated the Gram-Schmidt algorithm and the MSME
approach for dealing with inter-user interference in digital and
analog beamforming with a considerably smaller channel
matrix. Different block diagonalization approaches for hybrid
beamforming have been proposed to increase spectral
efficiency, reduce the computational burden, and reduce the
Bit Error Rate (BER) [26, 27]. Yoo et al. [28] presented a two-
dimensional overlapped partially connected (2D-OPC) sub-
array structure to minimize the complexity and cost of the
antenna structure along with ZF pre-coding. However, they
have investigated very few types of partially connected sub-
array structure and basic type of beamforming scheme that
shows less improvement in sum rate compared with fully
connected structure.

From the extensive survey of various hybrid beamforming
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techniques, it is observed that traditional hybrid beamforming
techniques provide poor results for multi-user scenario and in
case of interference. The previous schemes were often
subjected to higher structural complexity and cost due to the
fully connected structure of antenna elements. Several hybrid
beamforming techniques suffer from larger computational
complexity.

3. KALMAN BASED HYBRID BEAMFORMING
MODEL

The schematic of the proposed scheme is illustrated in
Figure 1. The proposed system uses 2D-OPC sub-array
structure where each sub-array is connected to single or
multiple RF chains. The 2D-OPC scheme is presented at the
base station (transmitter) side as transmitter antennas are
generally more than receiver antennas.
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Figure 1. System model for proposed scheme

The proposed scheme uses different combinations of the
sub-array structure for single or multiple users. The Saleh—
Valenzuela (S-V) model [29] is used to characterize the
equivalent channel that depicts the spatial characteristics of the
mmWave communication system. The S-V model for K users
can be formed using Eqgns. (1) and (2).

H = [hy, hy, hs, ..., hg]T @
where,
hi¢
NN Ncl Nray @
t
= e > Y Gy (el ) )
NeiNray £ =1

where, Ny and N, are the number of transmitter and receiver
antennas, N¢ and Nray Symbolizes number of users and scatters
respectively, G represents the path gain, ar and a; correspond
to the antenna array vector at the transmitter (t) and receiver
(r), o and g correspond to azimuth and elevation angle of
arrival (AoA) and angle of departure (AoD) respectively. The
azimuth angle (&) and elevation angle (5) are computed using
Eq. (3). The proposed scheme considers the V>H UPA antenna
sub-array with N; antennas as the complete antenna structure.
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where, x signifies the horizontal antenna index (x=1, 2, 3, ...,
H-1) and y stands for vertical antenna index (y=1, 2, 3, ..., V-
1). here, d and 4 represent the distance between two adjacent
antenna elements and transmission wavelength respectively.

The Kalman filter achieves better spectral efficiency by
selecting the proper beamforming by reducing the error
between broadcasted and estimated data [30]. Eq. (4) gives the
state equation of the Kalman filter for the digital pre-coder
matrix Fag.

Fgp(2|2) = Fgp(z|z — 1) + K(2)E{diag[e(2)]} (4)
where, K(z) characterizes the Kalman filter gain that is revised
for every iteration using the covariance matrix of noise Q,, the
variance of Kalman state matrix R(z), and the transpose of
equivalent channel matrix HX is given as:

K(z) = R(z|lz = DHJ[H.R(z]z — DHZ' + Q,]™* (%)

The variance of Kalman state matrix R(z) is calculated as:

R(z|z) = [I - K(2)H]R(z|z — 1) (6)

The error e(z) between transmitted s(z) and estimated pre-
coding matrix $(z) can be evaluated as:

s(2) — 8(2)
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Kalman filter computes the error signal using effective
channel matrix He and baseband pre-coder Fgg as:
I - FI\eFBB(le -1

E{diagle(2)]} = — 3
|1 = HeFpp (zlz = D[

(8)

The Kalman filter updates the hybrid pre-coder using
Kalman filter gain, the equivalent channel matrix based on the
Kalman filter can be updated as:

Fgp(z|2) =AFBB(Z|Z -1
I —H,Fgp(z|lz—1
K@) eFpp(z] )

”I - FI;FBB(le - 1)”}2r

The performance of the proposed Kalman based hybrid
beamforming using 2-D OPC sub-array structure for k™ user is
estimated using the sum rate (Ry) in Eq. (10). Here, Fgrr and
Fgg correspond to the analog beamforming matrix and Kalman
pre-coding matrix respectively, ¢ represents identical noise
variance for all users (K), and sk describes the broadcasted
symbol with K data streams which satisfies [s.s"]=I¥.

)

The overall sum rate (R) for all users is computed using Eq.
(11).

(9)

|h£FRFFBBSk|2
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R, =log, ( (10)

R= Z R, (11)

k=1

The analog beamforming matrix is given by:
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F= U Sy fil (12)

where, sz[fkl,sz,...,kat]T is the Np<L analog

beamforming vector for the k-th UE with its elements defined
as:

[HH]k Jifmel
fkm— \/—l kml « (13)
0, ifmel,
fork=1,2,...,Kand m=1,2, ..., N..

The Kalman based hybrid pre-coding matrix is constructed
using Eq. (14).
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4. 2D OVERLAPPED PARTIALLY CONNECTED SUB-
ARRAY

In the fully connected structure (FCS), every antenna
element is linked with all RF chains. Due to this FCS attains
full beamforming gain for each RF chain. However, the FCS
needs more phase shifters and power amplifiers which makes
it less feasible for practical implementation. The FCS needs
NNy phase shifter where Nyt is the number of RF chains,
which extensively adds more hardware complexity and cost.
To minimize this drawback FCS system, partially connected
systems (PCs) are often used where the whole antenna array is
divided into dislodged sub-arrays and every sub-array is
connected to a single RF chain. In PCS each RF chain is
connected to a group of antennas called sub-arrays in a non-
overlapping manner. The number of phase shifters required is
equal to the number of antennas. The general topology of the
partially connected structure is shown in Figure 2.

=

Digital
precoding
—

Analog beamforming

Figure 2. Partially connected structure

The PCS needs total N; phase shifters as compared to FCS
and thus minimizes the complexity of the system. The
traditional PCS provides poor transmission performance
because of the lower gain of RF chains.

To overcome the challenges faced by FCS and PCS, this
article adopted the 2D-OPC sub-array structure given in the
study of ref [28]. In the 2D-OPC sub-array, each sub-array is
connected to the RF chain in such a way that the sub-array
structure overlaps in both vertical and horizontal directions
with the adjacent other sub-array. The internal principle of the
2D-OPC sub-array structure is the overlapping of antenna sub-



arrays, which improves the spectral efficiency of the system as
compared to PCS and reduces hardware complexity as
compared to FCS. The number of phase shifters required for
the 2D-OPC sub-array can be computed using Eq. (15):
Nps =P X Ny (15)
where, p=v>h represents the number of antenna elements in
the sub-array.
In 2D-OPC the set of antenna elements of the sub-array
linked with ki RF chains are represented as:
Ik = {il’ iz,...,ip} (16)
In 2D-OPC, ¢k m describes the particular antenna connection
with the RF chain. If cxm=1, then the k™ RF chain and m
antenna are linked with the phase shifter. Otherwise, if ckm=0,
then the k™ RF chain and m antenna are not connected and a
phase shifter is not required.

1,ifm € I,
Ckm = {0’ ifm ¢ Ik (17)

The 2D-OPC decides the position of overlapping sub-array.
In 2D-OPC, various anchor points are selected using Eq. (18).
The first anchor point for the sub-array is (1, 1) represent the
first row position and first column position of the antenna
element.
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—

. T[eooooooel.| [cocooo0e
i7| /00000000 |i| [©Q000Q00!
i [©00000000 |i| |[COCOOCO0)
;| [OOOO0O000O0 |: I000OO0QO 0,
' |8sesssss || (63858088
0600800806|:| 88588688
00000000 Q0000000
I H: Horizontal Antenna Elements |
! a) | b)
sgggsorel  [esertes
I
oo olelelelele} oopoﬁ%od
0000000 felo/Slelsterstel
000G0Q00! SO0 HOO
QOO GQ 0! 10 0 00 QIO O!
0090 G00! ©000TOCO 0,
00000000, 1000 Q:Q 000

Figure 3. Design of 2D-OPC sub-array structure a) Structure
of sub-array; b) Sub-array for v=6, h=6; c¢) Sub-array for v=8,
h=4; d) Sub-array for v=4, h=4

Figure 3 illustrates the visualization various 2D-OPC sub-
array structures such as (v=6, h=6), (v=8, h=4), and (v=4, h=4).

V-v) (H-h)

ey - D

y—-1,1+ (x—1) (18)

here, Y and X represent the vertical and horizontal shift of the
sub-array with y=1, 2, 3, ..., Y and x=1, 2, 3, ..., X. The sub-
array in 2D-OPC is shifted uniformly over rows and columns
of the base antenna array with the size of V>H.
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The factors associated with values of Vand H are spectral
efficiency and data rate of the system. As referred in the
literature the values of Vand H are selected such that the
distance between two antenna elements is considered as A/2
where A indicates wavelength. The size of the antenna array is
8>8 which is used here for analysis. Also, the number of
elements in the transmitter antenna must be equal to the
product of V'><H.

In Figure 3(b) the value of horizontal shift (X) and vertical
shift (Y) is considered as 2 which leads to anchor point
selection for 2D-OPC structure (v=6, h=6) over the array of
VxH (V=8 and H=8) using Eq. (18) as (1,1), (1,3), (3,1), and
(3,3). The first coordinate in the anchor point indicates the
starting row position of the antenna element and the second
coordinate indicates starting column position of the antenna
element in the 2D-OPC sub-array.

5. RESULTS AND DISCUSSIONS

The proposed Kalman based hybrid beamforming using 2D-
OPC sub-array structure model is implemented using a
simulation model. The performance of the proposed hybrid
beamforming is evaluated using the sum rate for various sub-
array structures. The performance of the proposed hybrid
beamforming is evaluated using the sum rate for variousN,
Nps, Nray, SNR, and sub-array structures. The various
parameters considered for the system simulation are described
in Table 1.

Table 1. Parameter specifications of the proposed scheme

Parameter Specification

Number of transmitter Antenna 64
Number of Receiver Antenna 16
Operating Frequency 28GHz
Number of RF chains 4-16
Number of phase shifters 64-324
Azimuth Angle [0,2m]
Elevation Angle [-n/2, m/2]
Number of users 5

Figure 4 shows the performance of the proposed scheme is
evaluated for various antenna structures such as (v=6, 7=6),
(v=8, h=2), (v=8, h=4), and (v=4, h=4) for different RF chains
for the multipath channel (Nrays=8). It is observed that the
sub-array with (v=6, h=6) provides a better sum rate (86.27%)
for 9 RF chains. Increasing the overlapping of sub-arrays in
the antenna structure increases the number of available sub-
array that show significant improvement in the sum rate
despite of increase in RF chains. The sub-array structure with
(v=4, h=4) provides multiple possibilities of the overlapping
structures of the base antenna array but provides larger
hardware complexity and lower sum rate compared with other
sub-array with a higher number of antenna elements. The
multipath channels (Nrays=8) provide better spatial diversity
and result in an improved sum rate compared to the line of
sight (LoS) channel model (Nray=1). Figure 5 shows the
performance of proposed Kalman based hybrid beamforming
based on different 2D OPC sub-array structure and distinct RF
chains for LoS channel model (Nray=1). For the fully
connected subarray, the Kalman based hybrid beamforming
provides the sum rate of 94.12% and 84.66% for the multipath
(Nray=8) and LoS (Nray=1) channel model.
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Figure 4. Performance of proposed scheme for Sum-rate
versus the number of RF chains for different antenna
structures for Kalman based hybrid beamforming using 2D-
OPC (Nray=8)
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Figure 5. Performance of proposed scheme for Sum-rate
versus the number of RF chains for different antenna
structures for Kalman based hybrid beamforming using 2D-
OPC (Nray=1)

Figures 6 and 7 provides the performance of the proposed
Kalman based hybrid pre-coding for various sub-array
structures (N,~=4) for LoS and multipath channel model and
different value of Signal to Noise (SNR). It shows
improvement in the sum rate for increasing the value of SNR.
The sub-array structure (v=6, h=6) depicts a higher sum rate
compared to other sub-array structures with four RF chains.
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Figure 6. Sum rate vs SNR for various sub-array structures
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Figure 7. Sum rate vs SNR for various sub-array structures
(Nray=8)
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Figure 11. Performance comparison of proposed Kalman
based hybrid beamforming based on 2D-OPC sub-array
structure with MMSE and ZF hybrid beamforming (Nray==8)

A fully connected structure provides better performance
compared with 2D-OPC as shown in Figure 6 and 7 but needs
a large number of phase shifters which increases the hardware
complexity and cost of the system. The 2D-OPC sub-array
structure helps to minimize the number of phase shifters
required for the hybrid beamforming which decreases the
hardware cost and complexity. The performance of the
proposed system for the different number of phase shifters of



Nray=1 and Nray=8 are given in Figure 8 and 9 respectively.

The effectiveness of the proposed Kalman based precoding
based on 2D-OPC sub-array arrangement of base antenna sub-
array is compared for the recent hybrid beamforming such as
minimum mean square error (MMSE) hybrid beamforming
and Zero-Forcing (ZF) hybrid beamforming techniques for
mmWave communication system as given in Figures 10 and
11.

Itis observed the robustness of Kalman filter under different
SNR and channel model provides better error minimization
capability between broadcasted and estimated signals. The
proposed Kalman based hybrid beamforming achieves a sum
rate of 86.27% for the 2D-OPC subarray (v=6, h=6) whereas
for the fully connected structure it provides a sum rate of
94.12%.

The proposed 2D-OPC sub-array structure provides better
results with the minimum number of RF chains and phase
shifter that helps to minimize the hardware complexity
compared with a fully connected hybrid beamforming scheme.
The proposed Kalman based beamforming decreases the
computational complexity due to the decline in the use of the
number of RF chains and phase shifters of the beamforming
technique and provides better performance for the multi-user
system.

6. CONCLUSIONS

This paper presents Kalman based hybrid beamforming
based on 2D overlapped partially connected sub-array base
station antenna (2D-OPC) for mmWave communication
system. The proposed scheme investigates various sub-array
structures for the base station antenna to minimize the number
of radio frequency chains that result in a reduction in the
hardware complexity of the system. The proposed method tries
to achieve the performance which is obtained using fully
connected beamforming with a smaller number of RF chains.
The proposed Kalman based hybrid beamforming scheme
shows superior performance compared with the previous state
of arts such as ZF pre-coding, MMSE hybrid beamforming,
etc. It provides 3.14% and 4.96% improvement over the
MMSE hybrid beamforming and ZF pre-coding technique
respectively. The proposed system provides a good balance
between the sum rate performance and hardware complexity
of the system using a partially connected sub-array structure.
Recently deep learning based algorithms are efficiently used
for many signal processing applications and has given
tremendous improvement in the results [31, 32]. In future the
performance of hybrid beamforming can be enhanced using
deep learning techniques.
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