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Abstract The millimeter-wave multiple input multiple output (MIMO) tech-
nology is the frontier for 5G communication systems. This work contributes
a large antenna array with a limited number of radio frequency chains us-
ing the hybrid beamforming (HBF) technique that overcomes extreme path
loss in the mmWave system to improve spectral efficiency. The link budget
analysis is given for the target data rate of 11.3 Gbps for the point-to-point
communication. The number of antenna elements required for the proposed
antenna array is determined via link budget analysis. The proposed system in-
cludes single element patch antenna configuration, array factor analysis, and
beam steering capability. The transmit and receive antenna gain specifications
minimize the path loss and improve the system throughput. Combiners and
hybrid precoders are designed together in an iterative way for reducing the

Jeyakumar P1

Department of Electronics and Communication Engineering,
National Institute of Technology, Tiruchirappalli 620015, India
E-mail: jeyakumarpsg@gmail.com

Malar E2

Department of Electrical and Electronics Engineering,
PSG Institute of Technology and Applied Research, India
E-mail: emr@psgitech.ac.in

Srinitha S2

Department of Electronics and Communication Engineering,
Sri Ramakrishna College of Engineering, Coimbatore, India
E-mail: srinitha@srec.ac.in

Muthuchidambaranathan P1

Department of Electronics and Communication Engineering,
National Institute of Technology, Tiruchirappalli 620015, India
E-mail: muthuc@nitt.edu

Arvind Ramesh1

Department of Instrumentation and Control Engineering,
National Institute of Technology, Tiruchirappalli 620015, India
E-mail: arvindramesh25@gmail.com



2Please give a shorter version with: \authorrunning and \titlerunning prior to \maketitle

cost function of the weighted minimum mean squared(WMMSE) error. Sim-
ulation results demonstrate that the proposed HBF algorithm performance is
highly effective and performs closer to the fully digital beamforming technique.
The proposed large antenna array with HBF uses the New York University
Simulator (NYUSIM) to perform omnidirectional and directional power delay
profile analysis with the most potent power. The proposed large antenna array
with HBF methodology provides an optimal approach to indoor point-to-point
communication deployments.

Keywords mmWave, antenna array, hybrid beamforming, link budget, 5G
point-to-point communications

1 Introduction

The frequency spectrum of 300 MHz - 3 GHz is simultaneously used by most
wireless communication networks, even though the bandwidth of the 3 GHz -
300 GHz frequency range is not entirely used [1]. This is generally because the
low-frequency transmission allows penetration of radio waves across buildings,
multiple wave reflection, and adjustable bending around the corners. The 30
GHz - 300 GHz spectrum, known as the mmWave band, has a (1 - 10) mm
wavelength range. This mmWave frequency band is proper in many real-world
applications because it facilitates high data rates for larger spectral channels
[2]. The mmWave is associated with high ambient absorption, heavy losses
due to penetration and reflection, attenuation owing to rain and foliage, and
slight diffraction. All the aspects mentioned above restrict them to relatively
small Line of Sight (LOS) in indoor-to-indoor and outdoor-to-outdoor com-
munication. The major bottleneck of employing mmWaves is its limited range
of frequency. A cost-effective alternative for wired communication systems and
even wireless local area networks (WLAN) depending upon the IEEE 802.11ad
protocol is given by 60 GHz mmWave band of unlicensed wireless backhaul
band [3]. Having the current theoretical considerations and measurement cam-
paigns into account, it is evident that, if both the transmitter and receiver are
outfitted adequately with ”large” antenna arrays, then the small outdoor cells
with 200m of cell radii is feasible to neutralize the effect of propagation losses
[4].

From the literature, it is evident that many radiating components are used
extensively in an antenna to provide efficient mmWave communication. This
is described by the transmission formula given by Friis [5], which explains the
relation between the transmitter power (Pt) and the receiver power (Pr) for
the two antennas separated by a distance ’d’ under optimum conditions and
the free space propagation is given in equation (1).

Pr
Pt

= GrGt(
λ

4πd
)2 (1)

λ is the wavelength, and Gt and Gr denotes the gains of both transmitter and
receiver antennas. In equation (1), an assumption is made that these antennas
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are aligned perfectly. If Gt, Gr is fixed, then the path loss Pt/Pr is propor-
tional to λ−2. This implies that if there are no directional antenna gains, then
the mmWave suffers from a larger path loss. Consequently, at mmWave fre-
quencies, the increase in free-space path loss is compensated more by scaling
antenna gains. This compensation process demands a directional transmission
is having large antenna arrays of high dimension [5]. However, the deployment
of large antenna elements presents some challenges in power consumption, size,
and cost. Also it is not possible to equip the each antennas with the distinct
Radio Frequency (RF) chain with the help of today’s technology [6]. Specifi-
cally, owing to the parallel data processing of large volumes of data with the
sampling speed of millions of samples per second, analog to digital converters
(ADCs), the power amplifiers, digital to analog converters (DACs) consumes
more power at mmWave frequencies [7]. Alternatively, suppose digital beam-
forming techniques are taken into account. In that case, a separate RF chain is
required for any antenna element in a large antenna array, which paves the way
for enormous costs and high power consumption [8]. Therefore, in this study, to
reduce high power consumption and overcome path loss, hybrid beamforming
(HBF) is proposed with a uniform linear array (ULA) considered an alternate
approach, as shown in Figure 1.

Fig. 1 Point-to-Point mmWave Communication

1.1 Related Work

Nowadays, mmWave communications have drawn considerable research in-
terest, as the immense bandwidth available would theoretically lead to sev-
eral Gbps (gigabit per second) rates per user [8]. Beamforming in outdoor
mmWave systems would be vital to address high path losses and achieve fair
link budgets [10]. The analog RF beam formation solutions suggested in pre-
vious works were highly dependent on the phase regulation of the transmitted
signal through the analog phase shifter network by each antenna [13] - [15].
But, owing to the shortcomings of the analog beamforming hardware, the
efficiency of the analog techniques proposed is usually sub-optimal. Fully dig-
ital and hybrid analog/digital processing methodologies were introduced for
achieving more significant beamforming benefits and for allowing precoding of
multiple data streams [16],[17].
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As HBF is compared with the conventional fully digital beamforming ap-
proach, HBF poses complexity by transmitting, receiving, analog, and digital
beamforming variables to achieve an optimum design [10]. And the constant
modulus conditions of analog beam-formers present in phase shifters produce
a complex, non-convex problem that is very difficult to resolve [18]. This com-
plexity can be minimized by the following method. Initially, the exact problem
is decoupled into hybrid precoding, and all sub-problems are combined, and
then module conditions are applied to solve the sub-problems. The HBF pro-
cess is considered to be a matrix factorization, and the Euclidean distance
between the fully digital beam-former and the hybrid beam-former is reduced
[20],[22],[24]. The spatial structure of mmWave propagation channels is sug-
gested to overcome this matrix factorization [20]. The proposed precoding tech-
nique and combinatorial algorithms use Orthogonal Matching Pursuit (OMP)
[21]. In addition to using the method of matrix factorization, the exact prob-
lem can also be explicitly discussed. Manifold Optimization and non-complex
algorithms are also suggested with the HBF algorithm [22].

For mmWave MIMO systems, the hybrid RF/baseband linear precoding
design using an optimal linear equalizer was proposed, aiming to minimize
the Euclidean distance between the hybrid precoder and the optimal min-
imum MSE precoder. Low-complexity and numerically robust Jacobi algo-
rithms were used to achieve relatively close results to that of the optimal design
[24]. Similarly, for each range of error weights, an optimal linear precoder and
decoder are built to diagonalize the MIMO channel into Eigen subchannels
using the weighted MMSE criteria subject to the transmitter power limit [25].
Linear precoders and equalizers were made to derive an efficient beam vec-
tor with minimal BER for multi-carrier MIMO systems [26]. The system was
constructed using Schur-concave and Schur-convex functions, such that the
channel diagonalizing structure is often optimal for Schur-concave objective
functions. In contrast, the optimal solution for Schur-convex functions only
diagonalizes the channel after the particular transmitted symbol rotation.

All the preceding works related to the design of HBF aims to maximize
the spectrum efficiency. In addition to spectral efficiency, Mean Square Error
(MSE) is also an essential metric in fully-digital MIMO systems [25]. A sys-
tem is guarded with specific modulation techniques and coding methods rather
than Gaussian code [26], but MSE acts as a direct metric to measure the re-
liability during transmission. Modified-MSE, Sum-MSE, Min-max-MSE are
some of the variants of MSE that are pertinent to other performance metrics
like SINR (Signal to Interference plus Noise Ratio) and SER (Symbol Error
Rate) [25],[28], [29]. From existing works, it is found that the MSE is pertinent
to Bit Error Rate (BER) and SINR in designing fully digital beam-formers in
MIMO systems[25], [26]. Therefore MSE acts as an essential optimization met-
ric in designing HBF. In the prevailing HBF design methodologies, having the
goal of increasing the spectral efficiency, by minimizing the MSE, the hybrid
receives combining matrices were optimized [20], [23], and [30]. From the pre-
ceding works, it is also evident that the precoding design using the MMSE
(Minimum MSE) condition shows significant results in terms of spectral effi-
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ciency [30], [32], and [33]. By comparing other conventional techniques [12],
[29], and [30], the proposed methodology using the WMMSE criterion for HBF
designing to improve spectral efficiency.

1.2 Major Contributions

The followings are the proposal’s major contribution :

– The first link budget analysis is calculated for short-range communication,
including transmitting power, transmitting antenna gain, receiving antenna
gain and receiving power, etc. The framework is then configured to consider
factors such as the number of antenna elements for source and destination
specifications.

– Combiners and precoders are developed iteratively for a reduced cost func-
tion. Consequently, the spectral performance and system throughput are
greatly improved by implementing the proposed HBF algorithm using the
WMMSE criterion. By this method, the spectral efficiency is improved and
the bit error rate (BER) is reduced.

The rest of this article is structured as follows: Section II includes an
overview of the link budget to illustrate the communication system’s feasibil-
ity. Section III tells about the microstrip patch antenna design and large-scale
antenna array design. Depth the proposed design technique for HBF is dis-
cussed in Section IV. The simulation results, system complexity analysis, and
system throughput assessment in Section V. Finally, Section VI concludes the
article.

2 Link Budget Analysis

The required power at the transmitter and the receiver should be adjusted
carefully for establishing the communication link between the transmitter and
the receiver and also maintain the desired data rate of a channel. The power
analysis is essential to create a link that relies upon the link budget. This link
budget depends on the specifications of both source and destination, namely
SNR (Signal to Noise Ratio), transmitting power, Gain of the antenna, and
throughput of the established link. Table 1 denotes the proposed link budget
for the point-to-point 60 GHz mmWave communication systems. The carrier
frequency of 60 GHz is chosen with 30 dBm transmit power at the base station.
The path loss model described in equation (2) suits best for LOS short-range
wireless communication systems described by Hemadeh et al. [34].

Path Loss and Shadowing Model:
The mean path loss model described by Hemadeh et al is given by(2)

PL(d)[dB] = PL0(d0) + 10nlog10(
d

d0
)− Sσ, (2)
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Table 1 The link budget for 60GHz Communication

Transmit power (dBm) 30 a
Transmit antenna gain (dBi) 25 b
Carrier frequency (GHz) 60 -

Distance (m) 200 -
Losses (dB) 20 c
Path loss(dB) 117.05 d

Receive antenna gain (dBi) 25 e
Bandwidth (GHz) 2 -

Receiver Power (dBm) -57.05 f=a+b+e-c-d
Noise PSD (dBm/Hz) -174 -

Noise figure(db) 10 -
Thermal Noise (dBm) -71 g

SNR (dB) 13.95 h=f-g
Implementation Loss (dB) 3.00 -

Spectral efficiency 5.65 log2(1 + SNR)
Target Data rate(Gbps) 11.3 BW* SE

where d denotes the separation between the transmitter and the receiver,
n is the path loss exponent parameter, PL0 indicates the path loss of free
space concerning the reference distance d0 which is one meter for the indoor
environments. σ is the standard deviation parameter of variations and Sσ of
the signal power average measured in decibels. The statistical parameters of 60
GHz LOS channel path-loss model are PL0 = 68dB, n = 2.17 and Sσ = 0.88.
Using equation (2), in a LOS environment with a standard deviation of 0.88
dB, the path loss is calculated to be 117.05 dB over a distance of 200 m. The
primary goal of this system design is to attain 11.3 Gbps of data rate with a
bandwidth of 2 GHz to 200 meters Inter-Site Distance (ISD) operating in the
60 GHz band. The link of 11.3 Gbps throughput is effectively formed by using
Shannon’s channel capacity, and 13.95 dB of SNR is required [35]. In addition
to considering the device losses due to impedance mismatch, an extra 3 dB
loss is added to consider DAC / ADC and circuit power dissipation. Therefore,
to build the link, a total of 16.95 dB of SNR is required. Thermal noise of -174
dBm/Hz and a noise figure of 10 dB is technically assumed. It is also believed
that 8 dBi of each separate element using microstrip patch antennas can also
achieve the same 25 dBi of transmitting and receive antenna gain. Hence, the
number of antennas needed to compensate for the path loss with the help of
the link budget is clarified in the next section.

3 Antenna Element Analysis

3.1 Patch Antenna Design

The design of a single microstrip patch antenna operating at 60 GHz point-to-
point communications is depicted in Fig 2. Quarter-Wave Transformer (QWT)
methodology is used to improve impedance matching. Antenna parameters
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Table 2 Antenna Parameters Summary

Patch Parameters Value(mm)
Patch Length(L) 1.521
Patch Width(W) 1.84
QWT width 0.11
QWT length 1.605

such as length, the width of the antenna, QWT length, and width of feed-lines
are shown in Table 2. By using the HFSS software, the return loss plot of a
single element of the micro-strip patch antenna is obtained as shown in fig 3,
and it is estimated as - 15.32 dB. The band-width of the micro-strip antenna
is 1500 MHz which meet the requirements that is listed in the Table 1.

Fig. 2 Single Microstrip Patch antenna

Fig. 3 Return loss graph of the single patch antenna at 60 GHz carrier frequency
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Table 3 Simulation results

Simulation Parameters Single Patch Antenna
Return loss -15.32
Bandwidth 1500 MHz
Directivity 8.15 dBi

Gain 8.19 dBi
HPBW(E-Plane) 83.4◦

HPBW(H-Plane) 89.8◦

The single element antenna’s radiation pattern is depicted in Fig 4. It is
evident from the radiation pattern that - 3 dB values for E-plane and H-plane
beamwidth are 83.4◦ and 89.8◦ respectively. The single element antenna’s gain
plot is represented in Fig.5 The simulation results of single element patch
design is tabulated in Table 3. This table represents the half power beamwidth
(HPBW) for both H-Plane and E-plane, gain and directivity extracted from
the radiation pattern.

Fig. 4 Radiation pattern of the single patch antenna for H-plane and E-plane

3.2 Antenna Array Factor Analysis

At the base station, the gain of an antenna is assumed to be 8 dBi, as an
antenna with low gain can provide high steering capability and minimum power
leakage at the side lobes [34]. Consequently, 17 dBi of gain is needed in surplus
to attain 11.3 Gbps of data rate. Here, the total gain of an antenna array is
given by Gantenna(3) with the spacing of d = λ/2

Gantenna = ηGelementN (3)
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Fig. 5 Gain response of the single element antenna

Where η represents an antenna array competence to steer the beam ex-
clusively on the desirable direction. The gain of an antenna Gantenna is also
represented as the summation of both array gain and an element gain.

Gantenna(dBi) = 10logη +Gelement(dBi) +Arraygain(dB). (4)

Subsequently, a gain of 17 dBi is obtained in the surplus from an array. In
order to acquire 17 dBi gain from an array having η = 1, (10

17

10 ) ≈50 antenna
elements are needed. Meanwhile, in general, η 6= 1, as there are significant
radiations from other directions, especially during steering. Practically, it is
not feasible to have a narrow pencil beam to attain high gain from antenna
arrays. To attain high integrity, it is essential to have more than 32 antenna
elements based on the antenna array’s directivity. For η = 0.75, nearly 67
antenna elements are needed to attain 17 dBi of gain. Correspondingly, for
η = 0.5, around 100 antenna elements are needed. After designing the single
antenna element, it is converted into ’N’ ULA (Uniform Linear Array) with
equal spacing. The radiation pattern of the single element linear antenna array
is relatively approximated to the value which is obtained by multiplying the
array factor AFarray with the 100 antenna element radiation pattern denoted
by Farray that is pretended to be equivalent for all antenna array elements.

The ULA array factor is expressed in the equation (5)

Farray(θ, φ) = Felement(θ, φ)×AFarray(θ, φ) (5)

For a small number of antenna elements, an assumption of having equal
radiation pattern does not hold good. There will be a large degree of devia-
tion of outer antenna elements from the radiation patterns of other antenna
that cannot be discarded in the event of having only small number of antenna
elements. However, this will be reasonable for gross approximations. In the
equation (5), the losses present in the antenna elements and mutual coupling
is not taken into account. This kind of effects will result in a formation of
reformed beam patterns that can be manifested to increase the levels of side
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Fig. 6 Linear array arrangement

lobes. To estimate the value of Farray, the value of AFarray is indispensable.
The array factor in (6) depends on the number of antenna elements ‘N’, the
angle direction θ, the wavelengthλ and the distance between the antenna ele-
ments ‘d’ [36].

AFarray(θ, φ) = ΣN
n=1ane

jnkdsinθsinφe∆ϕ; k = 2× π/λ (6)

By using the above expression (6), the complex weights are determined in
the beam-forming process and the angle ∆ϕ can be estimated. The factor an
denotes the amplitude weights that are applied to each antenna element. The
angle∆ϕ represents the beam steering which can be shifted to the desirable
angle.

∆φ =
2πdsinθ

λ
(7)

The equation (6) is generalised by impartingϕ that represents the far zone
phase-difference of the nearby adjacent elements.

ψ = kd sinθsinφ+∆ϕ (8)

Substituting (8) in (6)

AFarray(θ, φ) = ΣN
n=1ane

jnψ (9)

The equation (9) is simplified further and normalized. The array factor
after simplification is given by (10).

|AFarray(ψ)| =
1

N
|
sin(nψ/2)

sin(ψ/2)
| (10)

The normalized AFarray is periodic in [0,2π] interval and it permits to
obtain the details of linear antenna array characteristics.

Fig. 7 represents the proposed 100 element antenna radiation pattern of
ULA with 28.16 dBi of array gain and spacing of 0.5λ among each antenna
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Fig. 7 Radiation pattern of the proposed Uniform Linear Array[N=100]

element. From Table 1, it is evident that the horizontal beam-width of an
antenna HPBW is θa = 10◦ which is highly adequate to cover an area (>
200m).

Fig. 8 Beam Steering at ±15◦

At 60 GHz frequency, the main beam of an antenna is steered at an angle of
±15◦. By using equation (7), 44.99◦ of phase offset is attained. Here, the array
gain is 27.78 dBi. As a consequence of steering, the gain-loss is mitigated and
is less than 0.38 dBi. Hence, the suggested 100-element array antenna attained
a very narrow pencil beam having ±15◦ as its maximum beam steering that
is used as specified by standards requirements [37].

4 Hybrid Beamforming

consider a point-to-point mmWave communication system having HBF pre-
coder blocks at the source and the destination, as represented in Fig. 1. The
number of receiving and transmitting antennas is Nr and Nt, respectively. Ns
data streams are sent digital linear precoder. The number of transmitting and
receiving antennas should be larger than the number of outfitted RF chains
denoted by NRF . i.e., NRF ≪ min(Nr, Nt). The symbol vector has the size
of Ns × 1 together with E[ssH ]= I will be precoded with both analog and
digital beamforming matrices. The digital beamforming matrix is indicated
by VB and has the size ofNRF ×Ns. Analog beamforming matrix is indicated
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by VRF and has the size of Nt ×NRF . The precoded signal vector is denoted
byx = VRFVBs in contrast to the equivalent base-band representation at the
transmit antenna array. The normalized transmit power constraint is fixed to
tr(VRFVBV

H
B V HRF ) ≤ 1 without any loss in its generality.

Notations: Lower-case and upper-case boldface letters denote vectors and
matrices, respectively. (.)T , (.)H , (.)−1, and det(.) denote the transpose, con-
jugate transpose, inversion, and determinant of a matrix, respectively; ‖ · ‖2
denotes the 2-norm of a vector. | · | denote the absolute operator; Re. and Im.
denote the real part and imaginary part of a complex number, respectively;
E(.) represents the expectation; Finally, IN is the N ×N identity matrix.

4.1 mmWave Channel model

The mmWave propagation channel consists of Nc number of clusters in which
each of the single cluster consists of NR number of rays which is similar to
the existing works [12] & [20]. In this system model, half wave spaced ULA is
considered at the transmitter and receiver side with the channel matrix H. Its
size Nr ×Nt is denoted by the following equation (11)

H =

√

NtNr
NCNR

NC
∑

i=1

NR
∑

j=1

αijar(θ
r
ij)at(θ

t
ij)

H (11)

where θrij represents the arrival angle, θtij represents the departure angle,
αij denotes the complex gain of the jth ray which is present in the ith prop-

agation cluster and ar(θ
r
ij) = 1√

Nr
[1, ejπsinθ

r
ij ....ejπ(Nr−1)sinθrij ]T and at(θ

t
ij)

= 1√
Nt

[1, ejπsinθ
t
ij ....ejπ(Nt−1)sinθtij ]T denotes the generalised responses of an-

tenna arrays.
A HBF with both analog and digital base-band combiners are used at

the receiver side. An analog combiner is denoted by WRF and has the size of
Nr×NRF . Then the signal is given to the digital base-band combiner denoted
by WB of size NRF × Ns. Finally, the processed signal is given by equation
(12)

y =WH
B W

H
RFHVRFVBs+WH

B W
H
RFu (12)

where Nr denotes the receive antenna which satisfies the zero-mean Gaus-
sian distribution and covariance matrix of σ2INr which is circularly symmetric.
i.e. i.e., u ∼ CN(0, σ2INr).

4.2 Problem Formulation

Let us consider that the Gaussian distribution is followed by the transmitted
symbols with the spectral efficiency R = log det(INs+

1
σ2 ((W

HW )−1WH)HV V HHHW ).
where V = VRFVB represents the hybrid precoder and W = WRFWB rep-
resents the hybrid combiner. Motivated by [12], [29], [30], to maximize the
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spectral efficiency, the suggested HBF design is connected WMMSE problem
in equation (13).

minimize
V,W,∧, β

tr(∧T )− log| ∧ |

subject to ||V ||2F ≤ 1,

|[VRF ]ij |
2 = 1, ∀i,j

subject to |[WRF ]ml|
2 = 1, ∀m,l

(13)

where β represents the scaling factor, ∧ denotes the weighting matrix of size

Ns×Ns which is to be optimized and the equation T
∆
= E{(β−1y− s)(β−1y−

s)H} represents the updated MSE matrix [9].

4.3 Design Approach

The majority of preceding works used gradient based optimization algorithm
to optimize the analog precoding matrix. Here, the number of iterations used
is proportional to the computational complexity [12]. Hence in this work, a
general eigen value decomposition(GEVD) based low complexity algorithm is
proposed. In conjunction with similar works [29], [30], the three step design
process is ensued to overcome the optimization objective function defined in
expression (13) .

Step:1
Initially in the first step, ∧ and V is fixed to optimize ‘W’ in (13)

minimize
WRF ,WB

tr(∧(WHH1H
H
1 W −WHH1 −HH

1 W+σ2β−2WHW + INs))

subject to |[WRF ]ml| = 1, ∀m,l
(14)

where H1
∆
= HVRFVU . Then the objective function in (14) is differentiated

with respect to WB and the result is equated to zero to get the optimal WB .
Now, on substituting the optimal WB in (14), the objective function for WRF

is given by

I(WRF )
∆
= tr(∧(INs + σ−2β2HH

1 WRF × (WH
RFWRF )

−1WH
RFH

H
1 )−1) (15)

Step:2
Likewise in the second step, using the fixed values of W and V, the weight-

ing matrix ∧ is further optimized. The objective function defined by expres-
sion (13) is differentiated w.r.t. ∧ and is equated to zero. Finally, the optimal
weighting matrix ∧ is given by the equation ∧ = T−1.

Step:3
In the final step, using the recently updated values of ∧ and W, the optimal

value of V is obtained over the subsequent problem.
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minimize
WRF ,WB

tr(∧(HH
2 V V

HH2 −HH
2 V − V HH2+σ

2β−2WHW + INs))

subject to ||V ||2F≤ 1,

|[VRF ]ij | = 1, ∀i,j

(16)

whereH2
∆
=HHWRFWB . The optimal β is given by β = (tr(VRFVUV

H
U V HRF ))

− 1

2

and the optimal VU is given by VU = (V HRFH2∧H
H
2 VRF+σ

2ψV HRFVRF )
−1V HRFH2∧,

where during the optimization for V, ψ
∆
= tr(∧WHW ) is a constant scalar.

This optimal VU and β are substituted in the objective function in (16), the
following equation has been obtained:

J(VRF )
∆
= tr((∧−1 +

1

σ2ψ
HH

2 VRF × (V HRFVRF )
−1V HRFH

H
2 )−1) (17)

The above mentioned design steps are performed iteratively in the opti-
mization problem defined by expression (13) via algorithm 1.

Algorithm 1: Proposed Hybrid WMMSE Precoding/ Combining De-
sign

1.Inputs: H,Nt, Nr, N
RF
t , NRF

r , σ2,P;
2.Outputs:β, VRF , VB ,WRF ,WB ;
3.First step to fix ∧ and V and optimize ‘W’ in (13);
4. After getting the optimal value WB into (14);
5.To solve (15) to get Am, Um,Wm defined in Appendix A;
6.Update the optimal weighting matrix ∧ is given by ∧ = T−1 ;
7.Third step updated values of ∧ and W;
8.To solve (17) to get Bm, Xm, Ym defined in Appendix B;
9. repeat the above three steps until convergence or reaching the
maximum number of iterations;

5 Simulation results

Based upon the SE performance metrics, the simulation results are furnished
to show the effectiveness of the suggested HBF algorithm compared to the
analog and fully digital beam-forming algorithms. Simulation parameters are
tabulated in Table 4. An assumption is made that αij ∼ CN(0, 1), based on the
Laplacian distribution over mean cluster angles, the angle of arrival and the
angle of departure can be estimated and can be uniformly and independently
distributed over [0,2π]. Here, it is also assumed that the estimation of channel
and system synchronization is done perfectly. The transmitter and receiver
antennas are fixed to Nt = Nr = 100 throughout the entire simulation, except
the un-coded modulation scheme Quadrature Phase shift Keying (QPSK) is
taken into account.
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Table 4 Simulation Parameters

Carrier frequency 60 GHz
System Bandwidth 2 GHz
Number of transmit antenna
(Nt)

100

Number of receive antenna
(Nr)

100

Number of clusters (NC) 5
Number of Rays (NR) 10
Angular Spread 10◦

Modulation Scheme QPSK
Beamforming techniques OMP, Digital and Hybrid

Fig. 9 Spectral efficiencies achieved by the different beamforming algorithm in a 100× 100
mmWave system with 2 RF chains at both the transmitter and receiver.

The spectral efficiencies of different precoding methodologies are shown as
a function of SNR with the WMMSE criterion in Fig 9. As SNR(dB) increases,
the Spectral Efficiency (bits/Hz/s) increases. From Table 5, it can be concluded
that the Digital and Proposed Hybrid Precoding method having high Spectral
Efficiency compared to that of the OMP Precoding method at SNR= 10 dB.
The effectiveness of the fully-digital beam-forming algorithm proposed by El
Ayach et al. is compared with the traditional analog beam-forming algorithms
provided by Yu X et al. and Sohrabi and Yu, intending to maximize the spectral
efficiency. From the obtained simulation results, it is evident that compared
to the OMP algorithms, the performance of other HBF algorithms is quite
close. The proposed methodology using WMMSE criterion-based algorithm is
effective when compared to conventional HBF algorithms. It is because the
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Table 5 The comparison of different beamforming (BF) algorithms on spectral
efficiency(Ns=2)

Precoding method No. of Tx Antenna No. of Rx Antenna SE (bps/Hz)
OMP 100 100 23.3
Digital 100 100 25.15

Proposed Hybrid 100 100 24.52

WMMSE based optimization with suitable weights is another method to meet
the objective of increasing the spectral efficiency.

Fig. 10 BER achieved by the different beamforming algorithm in a 100 × 100 mmWave
system with 2 RF chains at both the transmitter and receiver.

The BER performance of different precoding methodologies are shown in
fig. 10 as a function of SNR with Ns = NRF = 2. From Fig. 10, it can be
observed that, as SNR(dB) increases, the BER (in log scale) decreases Linearly.
It is apparent from the results obtained that, relative to the traditional OMP-
based methodology, the proposed HBF algorithm substantially outshined and
almost achieved full-digital within 1 dB. This is because the OMP based analog
beam-forming algorithm is restricted to the pre-defined antenna array response
vectors. Therefore, a significant reduction in the size of the feasible set of
vectors results in the worst performance amidst all algorithms. From Table
6, it can be concluded that the Bit Error Rate for Proposed Hybrid is lesser
compared to Digital and OMP Precoding methods at SNR= -20 dB.
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Table 6 The comparison of different beamforming (BF) algorithms having BER(Ns=2)

Precoding method No. of Tx Antenna No. of Rx Antenna Bit Error Rate
OMP 100 100 -1.563
Digital 100 100 -1.961

Proposed Hybrid 100 100 -2.329

5.1 Convergence Analysis

The convergence of the proposed algorithm can be expanded to their counter-
parts with the WMMSE criterion. The extra optimizing step for the weighting
matrix is the key difference in the WMMSE based algorithms. With the help
of Karush-Kuhn-Tucker conditions, the solution of the optimal weighting ma-
trix can be found as well ensures the objective function to be minimized. The
convergence relies on the analog beamformers’ design. Since the weighting ma-
trix is considered a constant matrix in the optimization beamformers’ steps,
it can be concluded along WMMSE criterion. Unlike the MO-HBF algorithm,
the convergence of this algorithm strictly cannot be proved, due to the ap-
proximations of V HRFVRF ≈ NtINRF and WH

RFWRF ≈ NrINRF . The phase
extraction operation further raises the difficulty.

5.2 Complexity Analysis

The computational complexity for the proposed WMMSE based algorithm is
analyzed concerning the no. of complex multiplications since the weighting
matrix (∧) dimension is Ns × Ns, and the other additional complexities are
trivial. In the proposed GEVD HBF algorithm, the major complexity involves
both of the following:

– Preceding the GEVD operation:The complexity involved in the computa-
tion ofAm, Um andWm is(2N2

antNRF+5N2
RFNant+2N2

RF+O(N3
RF )),where

O(N3
RF ) is the complexity of inversion of NRF ×NRF matrix.

– GEVD operation: The order of complexity involved in computing GEVD
is O(N3

RF ). The complexity can be mitigated to O(NpN
2
RF ) as the com-

putation is performed only on the largest generalized eigenvectors utilizing
the power methodology [38]. In the power method, Np is the number of it-
erations. The simulation is noted that Np = 10 is highly sufficient to attain
an effective result. Nout(O(NpN

2
ant)+O(N3

RF )+2N2
antNRF +5N2

RFNant+
2N2

RF ) is the final complexity of GEVD Hybrid beamforming.

5.3 System Level Analysis

For performance analysis, the proposed Large antenna array with HBF is
simulated using the New York University simulator (NYUSIM). It is also used
in the deployment of 5G communication systems [40]. The channel parameters
of the simulator, which are based on the proposed link budget and antenna
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Table 7 Input parameters for NYUSIM Simulator

Parameters Value

Frequency(GHz) 60
RF bandwidth(MHz) 800

Scenario UMi
Environment LOS

Lower Bound of T-R Separation Distance(m) 10
Upper Bound of T-R Separation Distance(m) 200

TX Power(dBm) 30
Base Station Height(m) 35
User Terminal Height(m) 1.5

No. of Rx Locations 1
Barometric Pressure (mbar) 1013.25

Humidity(%) 50
Temperature(◦C) 20
Rain Rate(mm/hr) 0

Polarization Co-Pol
Foliage Loss No

Distance within Foliage (m) 0
Foliage Attenuation(dB/m) 0.4

Outdoor to Indoor(O2I) Penetration Loss No
O2I Loss Type Low Loss
TX Array Type ULA
RX Array Type ULA

No. of TX Antenna Elements (Nt) 100
No. of RX Antenna Elements (Nr) 100
TX Antenna Spacing(in wavelength) 0.5
RX Antenna Spacing(in wavelength) 0.5

No. of TX Antenna Elements Per Row Wt 1
No. of RX Antenna Elements Per Row Wr 1

TX Antenna Azimuth HPBW 10◦

TX Antenna Elevation HPBW 10◦

RX Antenna Azimuth HPBW 10◦

RX Antenna Elevation HPBW 10◦

properties, are specified as per the large antenna array design on the graphical
user interface (GUI), as illustrated in Table 7. For the channel propagation,
the panel channel parameters comprise 16 primary input attributes, and for
the antenna array transmission and reception, the panel Antenna properties
contain 12 input attributes. Fig. 11 & 12 demonstrate the power spectrum of
simulated AOA and AOD with its respective omnidirectional and directional
Power Delay Profile (PDP), which is depicted in Fig. 13 & 14. Fig. 15 shows
the small-scale PDP of the Tx-Rx separation distance of 164.8m at frequency
60GHz for indoor deployments.

Fig. 16 shows the scattered plot of path loss precipitated after the ‘100’
number of uninterrupted simulation runs, displaying the directional and omni-
directional path loss values of the whole distance span produced from the ‘100’
number of uninterrupted simulation runs. In addition to the fitted PLE and
shadow fading standard deviation employing MMSE methodology [41],[42]. In
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Fig. 16, the legend inside the figure represents ‘n’ for PLE, σ is the shadow
fading standard deviation, ”Omni” represents omnidirectional, ”dir” denotes
directional, and the ”dir-best” represents the more vital power reception direc-
tion. To produce the directional path loss for every receiver location, NYUSIM
helps to search almost all possible pointing angles with incremental azimuth
and the user-specified antenna for transmission or reception elevation HPBWs
GUI after the generation of omnidirectional PDP. Total directional path loss
equals the power at the transmitter and the transmitter, and the receiver an-
tenna gains, subtracting the received directional power [2], [44]. The simulated
PLE and shadow fading standard deviation values achieved in the directional
power delay profile are PLE=2.7, PL=128.7dB, and Pr = 49.4dBm. As most
of the multi-path components are filtered out spatially, the directional PLE
and the directional path loss values are significantly more prominent when
compared to the omnidirectional values because of their directional pattern.
Thereby the receiver receives only a few multi-path components; therefore, it
has reduced energy consumption, and hence it has higher directional path-
loss after the removal of the effect of antenna gain from the received power
[42],[43],[44]. The directional and the omnidirectional antenna array that gains
during the transmission and reception is almost equal to the proposed large
antenna array gain in section III.

Fig. 11 Simulated 3D-AOD power spectrum.
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Fig. 12 Simulated 3D-AOA power spectrum.

Fig. 13 Simulated omnidirectional Power Delay Profile.

5.4 System Capacity Analysis

The proposed system operates at the bandwidth of 2 GHz Time Division Du-
plex (TDD) mode, where 1 GHz of Bandwidth is shared by each uplink and
downlink (1GHz + 1GHz) to test the large antenna array system functional-
ity using beam-forming techniques. A standardized distribution of transmitter
(Tx) cell sites is rendered in a hexagonal pattern, consisting of three cells per
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Fig. 14 Simulated Directional Power Delay Profile with Strongest Power.

Fig. 15 Small Scale power delay profile at 60GHz RF Bandwidth of 800MHz.

site covering 2 km by 2 km with 200 meters of ISD, like a 3GPP UMi model
(around 390 cells). Similarly, in an environment of just one consumer per cell,
a uniform distribution of recipients (Rx) is made, which also parallels the as-
sumption made in the 3GPP UMi model [29]. Area-throughput (C) is a highly
indispensable efficiency parameter for new-future cellular networks, calculated
in bit/s/km2 and modeled using the formula provided by the expression (18):

C = B ×D × SE (18)
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Fig. 16 The directional and omni-directional path loss with 100 simulation runs

where B is bandwidth, D is the average cell density, and SE is the spectral
efficiency per cell.

Table 8 Throughput analysis of different beamforming methodologies

System System No.of Antenna Type of System Area
Bandwidth (Tx-Rx) Beamforming throughput throughput

(GHz) (Gbps/cell) (Gbps/km2)
mmWave 1+1 100 OMP 23.3 9087
mmWave 1+1 100 Digital 25.15 9808
mmWave 1+1 100 Hybrid 24.52 9563

Using these presumptions, the proposed mmWave system employing a 60
GHz band 100-element ULA generates a significant 1000-fold enhancement
in throughput compared to the Long Term Evolution (LTE) systems. It is
advantageous to have a distended spectrum: mmWave is selected with the
bandwidth of 2 GHz, by 20 + 20 MHz (40 MHz) of LTE Duplex, with 100
times the bandwidth of mmWave system. However, the target of link budget
is to attain 2 GHz bandwidth with a data of 11.3 Gbps. And by employing the
proposed large antenna array with HBF technique, the system throughput of
24.52 Gbps/cell is attained. The comparison of system throughput and area
throughput for various beamforming techniques is shown in Table 8.

6 Conclusion

The 60 GHz mmWave communications are highly suitable for 5G indoor
point-to-point communications. Additionally, for a slow-moving user equip-
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ment, mmWave communication provides high throughput . Here, the HBF
technique is employed which needs only a tiny number of RF chains and a
large antenna array for transmission and reception. This research further ver-
ifies that by integrating a large antenna array, beamforming techniques and
mmWave frequencies results in improved spectral efficiency of 24.52 bps/Hz. It
can be concluded that the overall throughput of the HBF is relative to digital
beamforming techniques and outperforms the OMP beamforming technique.
Therefore, the proposed large antenna array with HBF technique is a very ef-
ficient solution for network deployment of small cell 5G indoor point-to-point
communications.

Appendix A - Proof of the equation(15):

In accordance with [13], an approximation is made for large scale MIMO sys-
tems that WH

RFWRF ≈ NrINRF , this approximation, the equation (15) can
be simplified as follows:

I(WRF ) ≈ tr(∧(INs +
σ−2β2

Nr
HH

1 WRFW
H
RFH

H
1 )−1) (19)

With this simplified form, an optimal value ofWRF can be obtained on column-
by-column basis. Particularly, Wm is defined as the left-out sub-matrix of

WRF after taking out the mth column wm. Furthermore, define Am
∆
= INs +

σ−2β2

Nr
HH

1 WmW
H

mH
H
1 . Then, using (A+B)−1 = A−1 − A−1BA−1

1+tr(A−1B) in (19), it

can be written as follows:

I(WRF ) ≈ tr(∧A−1
m )− ∧×

tr(σ
−2β2

Nr
A−1

m HH
1
wmw

H
mH

H
1
A−1

m )

1+tr(σ
−2β2

Nr
A−1
m HH

1
wmwHmH

H
1
)

= tr(∧A−1
m )− ∧×

wHmUmwm
wHmWmwm

(20)

where Um = σ−2β2

Nr
HH

1 A
−2
m HH

1 andWm = 1
Nr
INr+

σ−2β2

Nr
HH

1 A
−1
m HH

1 are both
Hermitian matrices.

Appendix B - Proof of the equation(17):

Following Appendix A, solving equation (17) in a similar way, we get

J(VRF ) ≈ tr((∧−1 +
1

σ2ψNt
HH

2 VRFV
H
RFH

H
2 )−1) (21)

Further define Bm
∆
= (∧−1 + 1

σ2ψNt
HH

2 VmV
H
m HH

2 ). Then, using (A+B)−1 =

A−1 − A−1BA−1

1+tr(A−1B) the expression in (21) can also be simplified as follows:
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J(VRF ) ≈ tr(∧B−1
m ) +

tr( 1

σ2ψNt
∧B−1

m HH
2
vmv

H
mH

H
2
∧B−1

m )

1+tr( 1

σ2ψNt
∧B−1

m HH
2
VmV Hm HH

2
)

= tr(∧B−1
m )−

vHmXmvm
vHmYmvm

(22)

where Xm = 1
σ2ψNt

HH
2 ∧2 B−2

m HH
2 and Ym = 1

Nt
INt +

1
σ2ψNt

HH
2 ∧ B−1

m HH
2

are both Hermitian matrices.
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Point-to-Point mmWave Communication
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Single Microstrip Patch antenna

Figure 3

Return loss graph of the single patch antenna at 60 GHz carrier frequency



Figure 4

Radiation pattern of the single patch antenna for H-plane and E-plane
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Gain response of the single element antenna
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Linear array arrangement



Figure 7

Radiation pattern of the proposed Uniform Linear Array[N=100]
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Beam Steering at ±15

Figure 9

pectral efficiencies achieved by the different beamforming algorithm in a 100×100 mmWave system with
2 RF chains at both the transmitter and receiver.



Figure 10

BER achieved by the different beamforming algorithm in a 100 × 100 mmWave system with 2 RF chains
at both the transmitter and receiver.



Figure 11

Simulated 3D-AOD power spectrum.



Figure 12

Simulated 3D-AOA power spectrum.



Figure 13

Simulated omnidirectional Power Delay Profile.



Figure 14

Simulated Directional Power Delay Profile with Strongest Power.



Figure 15

Small Scale power delay profile at 60GHz RF Bandwidth of 800MHz.



Figure 16

The directional and omni-directional path loss with 100 simulation runs


