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Multiple-input-multiple-output (MIMO) techniques and effective precoding algorithms are
required due to the inherent difficulties of Millimeter-Wave (mmWave) propagation. The
challenges include the significant route loss due to high-frequency usage. Further, the
sparse channel matrix yields improper channel estimation (CE), resulting in erroneous
reception, which limits the implementation of mmWave technology. Therefore, beam
formation is required to direct the power in the direction of the user by exploiting the spatial
multiplexing of MIMO. The above-stated limitations, along with hardware constraints of
using a lesser number of radio frequency (RF) chains, can be mitigated through effective
precoding at the transmitter. The efficient utilization of mmWave bandwidth by users is
crucial for a spectrally efficient system, as it helps conserve this scarce resource. Hence,
this study has examined the spectral efficiency (SE) of mmWave MIMO systems for
various precoding strategies, including minimum mean-square estimation (MMSE)
precoding, fully digital and hybrid zero-forcing (ZF) precoding, and analog beamforming.
The performance in terms of achievable SE has been studied considering variability in the
user base and the number of transmit and receive antennas. Simulation results have been
presented, showing that the MMSE precoder outperforms the ZF precoder. Furthermore,
the dominant fully digital MMSE precoder approaches the SE of single-user MIMO as the
number of users increases, compared to the fully digital ZF precoder.

1. INTRODUCTION

The search for new frequency bands and cutting-edge
communication technologies has been driven by the rapid
growth of wireless data traffic and the increasing demand for
faster transmission speeds. Frequency bands in the RF region
are utilized for various purposes, including satellite
communication, radio communications, television
broadcasting, and more. Being high-band fifth-generation
(5G), this range works best across shorter distances in highly
dense environments. 5G mmWave offers the fastest speeds
and the maximum capacity, enabling advanced technologies
such as automated cars.

The two main subjects of the feasibility of mmWave
spectrum are its ability to support users on the go and its reach.
On both points, new developments and antenna technologies
are pushing the envelope. For instance, autonomous cars can
communicate with other vehicles using the 5G mmWave
frequency to steer clear of traffic and obstacles. Because it can
support very high data rates and large bandwidths, mmWave
communication, which operates in the 30-300 GHz range, has
emerged as a promising contender for future wireless systems
[1-7]. Rappaport et al. [8] discussed the feasibility of using
mmWave communication for mobile applications,
highlighting the significant path loss and the requirement for
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directional beamforming to achieve system reliability. El
Ayach et al. [9] examined the basis pursuit, which can be used
to construct precoders that are limited by hardware constraints
and can be applied by realistic mmWave transceivers.
According to Payami et al. [10], a fully digital precoding
provides the most flexibility by regulating the amplitude and
phase of the transmitted signals at each antenna.

However, because it requires numerous costly and power-
hungry RF chains, its application at mmWave wavelengths is
challenging. Analog and hybrid precoding systems were
developed to overcome these constraints. Alkhateeb and Heath
[11] suggested that such precoders offer less control over
spatial multiplexing, while analog precoding uses a network of
phase shifters to reduce hardware complexity. Hybrid
precoding architectures strike a balance between performance
and complexity by integrating analog beamforming with a
limited number of RF links. Du et al. [12] proposed a
convolutional neural network-based precoder to enhance SE
and energy efficiency with minimal delay. Ma et al. [13]
proposed a deep learning-based CE and feedback scheme for
reducing overhead in mmWave MIMO systems. Kebede eta
al. [14] have discussed the impact of fully connected and
partially connected hybrid architecture on the performance of
the mmWave MIMO system. Albreem et al. [15] have
proposed a machine learning-based non-linear precoding
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scheme to estimate features such as the peak-to-average power
ratio and constant envelope. Reddy et al. [16] have reviewed
various algorithms for CE and hybrid precoding to analyze the
performance of the latest communication technologies. Khalid
et al. [17] have suggested that selecting a transmit antenna
using an optimized algorithm based on probability distribution
learning can yield a solution that provides selective antennas
in real-time, thereby enhancing SE. Samir et al. [18] have
estimated and proposed a low-complexity performance for
mmWave MIMO systems using orthogonal matching pursuit
and MMSE precoding techniques. Liu et al. [19] have
optimized the sum SE using discrete Fourier transform in
digital and analog precoders. Alkhateeb et al. [20] have
compared precoding techniques at low and mmWave
frequencies. Based on the comparison, hybrid analog-to-
digital precoding techniques have been proposed. Yu et al.
[21] have proposed a hybrid precoder design optimization that
can be applied to both fully connected and partially connected
architectures, utilizing an effective alternating minimization
process. This approach demonstrates a performance gain over
current hybrid precoding schemes. Businesses can now
achieve unparalleled performance and network management
with an independent 5G system. 5G mmWave is essential for
applications that can benefit from connectivity via public
mobile networks, as it offers focused, high-performance
service for moving cars, customers, and devices throughout
urban areas. Although computer aficionados tend to
experience more problems, perhaps due to their higher
expectations, there is a slight variation in how each views the
utility of connectivity in crowded areas. It is crucial to
acknowledge that each group places a higher value on packed
area connectivity than coverage and indoor connectivity. Guo
et al. [22] have proposed a robust sum mean square error
scheme for designing precoders, which shows a considerable
improvement in the form of reduced bit error rate for low
transmission power. Shahjehan et al. [23] thoroughly analyzed
the basis of scattering, network, link, and codebook for the
design optimization of mmWave MIMO systems.

When it comes to meeting increased data demands,
mmWave spectrum can be quite helpful. However, even if
mmWave 5G can provide high-end experiences, its capacity
to generate income must also be taken into account. Kabalci et
al. [24] have proposed a decomposition technique based on the
geometric mean, which provides a significant improvement in
the performance of mmWave MIMO systems.

Jafri et al. [25] have proposed hybrid beam formers based
on asynchronous distribution to reduce transmission power,
even when channel state information is uncertain at the
transmission end.

SE is the effective transmission of the data using the
allocated bandwidth. Bandwidth is a valuable resource, and all
commercial wireless applications must adhere to its usage as
per the guidelines set by the International Telecommunication
Union. In a mmWave MIMO system, the spatial multiplexing
provides the flexibility of using the same bandwidth by
multiple users. If the information of such users is separated
with minimum and acceptable errors, the throughput is said to
be achieved. This results in a spectrally efficient system.
Hence, the SE is a crucial factor examined in this work for the
effective reception of signals. Since a lesser number of RF
chains is employed compared to the number of users, efficient
precoding techniques are required to achieve the SE, which in
turn provides massive connectivity.
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The increase in SE would benefit practical applications that
require high capacity and very low latency, such as mobile
communication scenarios, where the actual network is
connected to small cells. Furthermore, indoor wireless access
can be provided with very high data rates, which can match the
data rates of wired communication systems. Furthermore,
vehicle-to-vehicle communication, where line-of-sight
propagation is essential, is a key outcome of the mmWave
MIMO system with high SE.

The objectives of the study:

1. The SE examination of the mmWave MIMO system has
been done for the following precoding techniques:
a. Analog beam steering, which utilizes a single
RF chain and achieves the least SE.
ZF hybrid and fully digital precoding, which is
suited for low SNR but suffers from noise
amplification.
c. MMSE hybrid and fully digital precoding,
which outperforms both even at high SNR.
2. SE variation with SNR has been examined for a variable
user base and number of transmit and receive antennas.

The simulations in this study limit the number of users to
10, while varying the initial value from 5 for the fixed number
of transmit and receive antennas. The number of transmit and
receive antennas is fixed to 16.

Thereafter, the number of transmit and receive antennas is
varied from 25 to 36 for a fixed number of users. Further, the
CE employed in this work is based on directional cosine
vectors at the transmitter and receiver ends. A significantly
less sparse channel is considered, which results in fewer
multipath components.

Contributions of the paper:

1. An improvement in the SE of mmWave MIMO systems
has been presented, considering both hybrid and fully digital
precoders.

2. The effect of the variation in the user base on the SE has
been analyzed and shown for a fixed number of transmit and
receive antennas.

3. The effect of varying the number of transmit and receive
antennas on the SE has been analyzed and illustrated for a
fixed number of users.

b.

2. SYSTEM MODEL

The number of M antennas and K users in a single base
station (BS) have been considered for a multi-user hybrid
mmWave MIMO system. To serve K users, the BS has a Ngp
number of RF chains. The M phase shifters are used to connect
each RF chain to M number of antennas. At the BS, the number
of phase shifters is M X Ngp.

The channel in the mmWave model is sparse; however, the
line-of-sight component exists alongside other elements in an
urban environment. The system model of hybrid precoding
and combining for mmWave MIMO systems has been
presented in Figures 1 and 2, respectively.

2.1 mmWave Channel Model

The channel modelling for the mmWave MIMO system is
given by Eq. (1).
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Figure 1. Hybrid digital-to-analog precoding for mmWave MIMO system
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Figure 2. Hybrid analog-to-digital combining for mmWave MIMO system
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Figure 3. DCV of /" multipath component at the receiver end

L is the number of multipath components. DCV for the /'

multipath component is depicted in Figure 3.

3. RELATED WORK
3.1 Hybrid Precoder for mmWave MIMO System
Eq. (3) describes the precoded signal vector ¢ in a MIMO

system.
C=Egp (3)

where, Eppis the BB precoder at the transmitting end. p is

The modeling of the channel, as provided by Eq. (1), is
modified and presented in Eq. (2).
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N1 symbol vector. The signal received is provided in Eq. (4).

Z=Qc+n=QEgp+n “4)
where, Q is N, X N, channel matrix and n is N, X 1 noise
vector.

The channel matrix Q is decomposed using singular value
decomposition (SVD) as follows:

Q = yy", where y is N, X N, combiner matrix and {* is
N; X N; precoder matrix. 3 is a diagonal matrix with non-
negative singular values. As N, symbols need to be transmitted,
P and { are partitioned as given by Eqs. (5) and (6),
respectively.

)

(6)

Therefore, the BB precoder for the conventional MIMO
system is set to {.

Both BB and RF precoders must be designed for the
mmWave MIMO system. We know, Egg = { is N, X Ny BB
precoder matrix and Ez = I is N, X N, RF precoder identity
matrix in MIMO system. But, this is not feasible in the
mmWave MIMO system as Egp has to be of size Ngp X N;
and can produce only Ngp outputs. The optimal precoder {
should be ExrEgg. So, the equivalent optimization problem
for finding the optimal precoder is argmin||{ — ExrEggl|2.

For the mmWave MIMO, the channel matrix is:

Q= ERQb‘_(TH =" (7

Eq. (7) can be rewritten as Q7 = i;Q,kz" = (P! x". The

transmit array response vectors in K; provide a basis for the

column space of Q. The space of columns in Q¥ includes the
column of ¢. Hence, the modelling of the precoder is given by

Eq. (8).

C=KE ®)

Combining the columns of k; linearly provides ¢.

Since the components of i are of unit magnitude, ik can
be treated as an RF precoder and E as a BB precoder. There
are L columns in the transmission array response matrix Kr,
which is generally unknown.

So, it can be concluded that a linear combination of Ngr
columns of i is possible as the number of non-zero rows in
E is equal to Ngr. Therefore, if Ngp < L, the possibility of
determining ¢ from k; is negligible. Only Ngp columns of ity
can be linearly combined since E is constituted of only Nz
non-zero rows. Hence, { cannot be obtained from iy if Ngp <
L.

3.2 A fully digital MMSE precoder

The MMSE precoding scheme has been presented in this
section. Creating the transmit precoder, which yields the
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received signal vector g, is the objective of the MMSE
precoder.

The received signal vector § = [G1 G2 -- Gxl” should
approach the actual signal vector g. Using such digital
precoding, N, X N&F precoder can be employed for EzE ;. At
the BS, U =[U; U;.. Ug]is an MMSE precoder and 7
be the power gain factor for matching the power constraint at
the BS. EMMSE being the fully digital MMSE precoder for the
i" MS is given as \/1—/'7 U;{;, where ; is the unitary matrix at
BS. The baseband equalizer J, at i" MS is \/nJ;. J; is the
unitary matrix at MS.

Putting E}"™** and J , in the received model, the estimated
signal vector at the i*" mobile station is given by Eq. (9).

K
g; :J:Hiuicigi ""]i*':'izujgigj +\/;‘Ji*ﬁi

j#l

9

The overall signal vector for all mobile stations is given in
Eq. (10).

§=JHULg+nd"n (10)
where, H=[H] HY.. HY]TandU =[U; U,.. U]

The mean square error (MSE) cost function is minimized to
design the precoder and combiner. The MSE cost function is

given in Eq. (11).
]

=[-3Rug +po?

k[ oica, -6
=1

(11)

i)

The optimization results in the solution as given by Eq. (12).

-1
'N,] H

J; and {; can thus be obtained using SVD.

k
i=1

Ko?
P

U =(F|*F|+ (12)

4. PROPOSED ALGORITHM FOR PRECODER
OPTIMIZATION

The optimization problem for approximating the optimal
precoder is argmin||{ — ExrEggll% so that
||diag(ﬁBBE'HBB)||O and the number of non-zero rows of Ezp

is equal to the number of RF chains. The proposed algorithm
returns Egr and Egp required for achieving the SE of the
mmWave MIMO system.

E 5 is a block sparse matrix that easily allows simultaneous
orthogonal matching pursuit to be implemented. This is a
greedy algorithm that chooses the RF beam formed column
vectors for constructing Egr . It reduces the processing
complexity of residue calculation and offers fewer energy
requirements due to the sparsity of the channel. A few non-
zero rows in the channel matrix enable the algorithm to
achieve a significant SE, for which the algorithm is discussed
as follows:



Once E gy is initialized as a null matrix and initial residue as
ideal precoder, the first column of DCV is correlated with
Er(:;l) . In the i* iteration, the column with maximum
correlation with the last residue is determined. Thereafter, the
RF precoder is built using j(i)* column of By so that nearest
solution to the ideal BB precoder can be obtained. The residue
is updated for the j iteration, and the process is repeated for
(j + 1) iteration.

EYr = []; null matrix initialization

E°.; = [{]; ideal precoder setting for primary residue

For1 <i < Ngp

r=BHESD; ECY correlation with By

j(@@) = argmax[I'T"],; ; evaluation of the maximized
correlation

Ebr = [Eki*|br(6;i)] ; Egr is augmented with j(i)®
column of B,

Eip = ((E%F)HEEF) ' (EEF)Hz ; Eb; update, get the
impending value of E
El, = _(7'-’5‘531-"’5‘)1.33 )
I¢-ERrEgsll:
end for
The algorithm provides E gy and Egg with limits Np X Ngg
and Ngp X N;, respectively.

iteration i is updated for E’,

5. SIMULATION RESULTS

We consider a mmWave MIMO system with a variable
number of users K. The sparse channel conditions between the
BS and users affect the system's performance. The number of
transmit Ny and receive antennas Ny have been fixed when K
is varied from 5 to 30. Both N and Ny, are fixed at 16 initially.
The SE of the system for the variable K with fixed Ny and Ny
has been shown in Figure 4.
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ZF Fully-Digital Precoding
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b

Spectral Efficiency (bps/ Hz)
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Figure 4. Variation in SE with SNR for k=5 and N; &N, =
16 for hybrid, fully digital, and analog precoders

Figure 4 shows the variation of SE with signal-to-noise ratio
(SNR) for analog beamforming, fully digital ZF, fully digital
MMSE, hybrid MMSE, and ZF precoders. With an increase in
SNR, the MMSE hybrid precoder performs better than its ZF
counterpart due to noise amplification in the latter precoder.
Fully digital precoders exhibit the same performance at low
SNR as hybrid precoders. However, the feasibility of
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implementing fully digital precoders is limited due to their
high complexity, which can result in a slight compromise of
SE for hybrid precoders.

12
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—HB— ZF Hybrid Precoding

—#— MMSE Hybrid Precoding

== == MSE Fully-Digital Precoding
ZF Fully-Digital Precoding

—©— Analog-only Beamsteering

Spectral Efficiency (bps/ Hz)

SNR (dB)

Figure 5. Variation in SE with SNR for k=10 and N;&Ny =
16 for hybrid, fully digital, and analog precoders

However, with an increase in K from 5 to 10, it can be
observed that the sparsity of the channel further reduces for
Np&Ng = 16. It is clear from Figure 5 that the SE is reduced
compared to Figure 4.

It can be seen that the SE of the MMSE hybrid precoder
approaches the SE of a fully digital precoder for K=10. It can,
therefore, be concluded that a slightly higher complex MMSE
precoder can be employed when the user base increases.
Further, ZF fully digital and hybrid precoders should not be
used when K increases.
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Figure 6. Variation in SE with SNR for K=5 and N; &N, =
25 for hybrid, fully digital and analog precoders

Corollary to the results discussed above, the hybrid ZF
precoder is a better candidate for high SNR when N; &Ny =
25. The overall performance in terms of SE is improved for a
higher number of antennas at both the transmit and receive
ends. Analog beamforming only supports a single user at a
time, and therefore, SE remains low irrespective of a change
in Ny&Ng. The RF phase shifters employed for RF precoding
at the transmitter shift the phase of the incoming signal from



each RF chain. The output signals of all phase shifters are
combined to form the resulting signals that are transmitted
from each transmit antenna. The reduction in Ny provides a
way for the effective implementation of mmWave MIMO
systems, for which a graphical analysis of SE has been
provided in this work.

As N;&Np increase in mMIMO system, the already low
sparsity of the channel improves gradually. Hence, the SE also
improves as the signal-to-interference and noise ratio at the BS
increases, since the pairwise channel vectors approach
orthogonality. The improvement when Ny&Ng = 25 for K=5
has been shown in Figure 6. Moreover, with a further increase
in Np&Np, the variation in SE with SNR is depicted in Figure

7.
T T T T
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—&— ZF Hybrid Precoding
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Figure 7. Variation in SE with SNR for K=5 and N &N, =
36 for hybrid, fully digital and analog precoders

6. CONCLUSION

The mmWave MIMO system promises ultra-high-speed
communication in the backhaul, where a highly dense and
cluttered environment is considered. ZF and MMSE precoding
techniques have been considered in both fully digital and
hybrid modes. The performance of these precoders is
compared with that of a single user with no interference.
Furthermore, the performance of the standalone analog
beamforming technique is also demonstrated. It has been
shown that for a fixed number of users, the SE of the fully

digital MMSE precoder is better than that of its ZF counterpart.

However, due to practical implementation constraints, hybrid
MMSE can be employed when the number of transmit and
receive antennas increases. However, when the user base
increases with the fixed number of transmit and receive
antennas, it has been shown that overall SE reduces. The key
outcome is the improvement in the performance of the hybrid
MMSE precoder over the fully digital ZF precoder, leading to
a further increase in the user base.
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