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Abstract—Due to the high-power consumption and complexity of fully digital baseband precoding, its implementation
in massive millimeter-wave multiple-input multiple-output (MIMO) systems is not cost-efficient and practical; for this
reason, hybrid precoding has attracted a lot of attention in recent years. Most hybrid precoding techniques concentrate
on the fully-connected structure, although they require lots of phase shifters, which is high energy-consuming. On the
contrary, the partially-connected structure has low power consumption, nevertheless, suffers from a severe decrease in
spectral efficiency (SE). To enhance SE, this paper proposed a dynamic hybrid precoding structure where a switch
network is able to provide dynamic connections from phase shifters to radio frequency (RF) chains. To determine the
digital precoder and the states of switch, a novel alternating minimization algorithm is proposed, which leverages closed-
form solutions at each iteration to efficiently converge to an optimal solution. Furthermore, the phase shifter matrix is
optimized through an iterative solution. The simulation results show that in terms of SE, the proposed algorithm with
a dynamic structure achieves higher performance than the partial structure. Also, since the proposed structure reduces
the number of phase shifters, it can guarantee better energy efficiency (EE) than the fully connected structure.
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. INTRODUCTION

Growing demand for high-speed capacity and
flexible network architecture has drawn researchers
into promising new technologies such as Massive
MIMO to enhance the SE and available bandwidth for
the current fifth-generation mobile communication
(5G) systems [1, 2]. The past few years have seen
extensive studies on various areas of advanced
technologies, including relay cooperation, diversity
multiplexing, and cognitive radio, which focused on
increasing SE. However, excessive demand has put a
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burden on obtaining proper gain [3], [4], [5]
Accordingly, the best solution is to study other radio
frequency bands to prevent the increase of crowded and
overused  frequency  bands.  Millimeter-wave
(mmWave) MIMO systems are an important
technology to meet the high throughput capacity
requirements of 5G wireless communication systems
[6]. Gigabit-per-second data rates of mmWaves allow
them to be implemented in current 5G wireless systems
[7]. The main feature of mmWave communications
compared to the frequency bands currently used is its
tremendous increase in carrier frequency, in which the
carrier frequency will experience a tenfold elevation
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compared to current wireless systems, meaning that
mmWave signals will undergo a gradual increase in the
loss of free space path. Therefore, it is difficult to ensure
a sufficient signal-to-noise ratio (SNR) for a
conventional MIMO systems [8], [11], [12]. The two
major advantages of millimeter wavelengths over UHF
(Ultra-High Frequency) and microwave bands are the
very wide available bandwidth and the very short
wavelengths that make it possible to implement tens or
hundreds of antenna elements in a reasonable physical
space. Therefore, by combining MIMO and mmWave
technologies, higher data rates and better SE can be
achieved, and lower latency can be expected [13], [14].

Currently, the best performance in mm-wave
systems belongs to fully digital precoding [13]. In this
case, each antenna requires a separate RF chain, which
with a very high number of antennas leads to high
energy consumption, cost, and hardware complexity. In
fully analog precoding, the antennas are classified and
assigned the same RF chain to the antennas of each
category. By doing this, the energy consumption, cost,
and hardware complexity will be improved [16] ,[17].
However, since it only applies to a single data stream
scenario, it is not optimal for improving SE. To address
this issue, a concept called hybrid precoding has been
introduced, where the precoding process is divided into
two stages, analog precoding and digital precoding [18]
,[19]. This process can be done in the digital field by
baseband signal processing, and in the analog field,
usually by analog phase shifters in a situation where all
the matrix elements have an equal norm. Hybrid
precoding for Massive MIMO precoding is a practical
solution. Massive MIMO precoding and mmWave
precoding both face the problem of reducing the
number of RF chains. In addition, mmWave
communications can be considered as a specific
scenario of Massive MIMO operating at high
frequencies [18].

Based on how each RF chain is connected to the
antennas, the hybrid precoding structures are classified
into two categories: Fully connected structure and
partially connected structure [14]. In the fully
connected structure, every separate RF chain is
connected to all antennas, which can achieve excellent
precoding performance [19]. However, since the
number of phase shifters required is equal to the
product of the number of RF chains and antennas, a
large number of phase shifters are still needed.
Therefore, equipping the system with a huge number
of phase shifters leads to high hardware cost,
complexity, and power consumption.

Several optimization algorithms are introduced to
compute digital and analog precoders, among which
one of the most important and widely-used algorithms
is the Orthogonal Matching Pursuit (OMP) algorithm
[16]. In a two-step procedure with respect to the analog
precoding matrix Fgr and the digital precoding matrix
Fgp the authors of [20] propose to maximize the
channel mutual information

In the partially connected structure, every RF chain
is linked to only a subset of antennas, and each antenna
element only connects to one phase shifter. compared
to the fully connected structure, reduces the number of
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phase shifters and hardware cost, complexity, and
power consumption. However, the drastic reduction of
its SE performance will be disappointing. Based on the
successive interference cancellation (SIC), authors in
[21] proposed an iterative hybrid precoding algorithm.
A hybrid precoding codebook construction algorithm
was proposed in [22]. In this method, the digital
precoding matrix is reconstructed by using the idea of
compressive sampling matching pursuit (CoSaMP)
algorithm. Afterward, by combining the dictionary
learning algorithm, the digital precoding matrix and
analog codebook are updated. Ultimately, the final
digital precoding codebook was obtained through
iterative optimization. Unfortunately, the certain
performance loss is the consequence of using a low-
design complexity codebook.

In last recent years, to reduce the power
consumption and hardware complexity of phase
shifters, the on-off binary states switches have been
proposed for hybrid precoding; the authors In [23]
proposed three low-complexity algorithms that use
switches to select antenna subsets for each RF chain
and fixed phase shifters to control the phases of signals
in the RF circuit. For designing a switch-based hybrid
precoder, a new method was proposed in [24], in which
the joint optimization of analog and digital precoders
decoupled by bounding the problem to a rank-
constrained subspace. Then the solution approximates
by  majorization (SHD-QRQU) and norm
maximization (SHDNM). Sadly, the binary states of
the switches limit the SE of switch-based hybrid
precoding structures, leading to poor performance.
Therefore, a dynamic structure is proposed to achieve
the appropriate SE with low power consumption,
hardware cost, and complexity.

In summary, the major contributions of this paper
are as follows:

e A dynamic structure for hybrid precoding is
proposed, which, by using an analog switch
network, each RF chain is able to be
dynamically connected to all antennas. Also, a
unit modulus diagonal analog phase shifter
precoding matrix is used since each antenna
element only connects to one phase shifter.

e  Switch and digital precoding matrix is derived
using the  Alternating  Minimization
algorithm. Also, in general cases, the digital
precoding matrix is optimized by the least
square method. Moreover, we calculate the
phase shifter matrix through an iterative
solution.

e In the end, we compare the proposed hybrid
precoding algorithm with the OMP algorithm,
SIC-based precoder, and fully digital precoder
regarding SE and EE. Based on the simulation
results, the proposed hybrid precoding based
on the dynamic structure can achieve proper
SE with a huge reduction in power
consumption. The remaining of this
manuscript is organized as follows. The
hybrid precoding system model and the
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mmWave channel assumption are introduced
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Figure 2. Hybrid precoder design with dynamic structure

Section II; in Section Ill, first, the hybrid precoding
problem of the proposed structure is described, and
next, the hybrid precoding algorithm and the EE
performance are elaborately discussed. Simulation
results are evaluated in Section IV. Finally, in Section
V, the conclusion is summarized.

The following notation is used throughout this paper:
C is the set of complex numbers; R{-} shows the real
part of a complex variable; X is a matrix; x is a vector.
The conjugate transpose of X is denoted by X''; X;; is

the entry in the ith row and jth column of X; ||X]| is

the Frobenius norm of X; |X] is the determinant of X;
() denotes the trace/Frobenius product; X' and
X'texpress the inverse and the Moore-Penrose pseudo
inverse of matrix X; Expectation is indicated by E[-];
tr(X) is the trace of matrix X; diag(X) return the main
diagonal of matrix X as a column vector; Diag(x)
creates a diagonal matrix from vector x; @ stands for
element-wise division; 1(-) represents the indicator
function; 1,y denotes an M xN matrix of ones. XN(x,y)
denotes the complex Gaussian distribution with x and y
as the mean and covariance, respectively; I is the
N x N identity matrix.

Il.  SYSTEM MODEL

A Hybrid precoder design with a dynamic structure
for a Single-user mmWave Massive MIMO system
demonstrates in Fig.1. The base station is equipped with
N, transmitting antennas, and on the receiver side, we
suppose a single user has N, receiving antennas. To
transmit ~, data streams, antennas are stacked as a
uniform plane array (UPA). The transmitter and
receiver are equipped with multiple RF chains to ensure
transferring multiple data streams in a parallel mode.
The number of RF chains is shown as Ngz, and it
satisfies Ny, < Nyr < min{N,. N,} constraints.

Mathematically, the transmitted signal N, x 1 vector
IS written as x=FpsFsFges . AlSO, s= [s;,...5v]
denotes the Ngx1 transmitted signal vector, and the
average transmitted power of the Gaussian data symbol

1
can be expressed as E [ssH=%].
N
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The hybrid precoding structure contains three
processing stages: digital (baseband) precoder Fy; €
XVerNs an analog switch precoding matrix Fy € XV Ner
followed by an analog phase shifter precoding matrix
Fpg € X¥*N: The following expression is denoted as the
received signal after the decoding processes.

y=Ip (WpsWsWyp)" H FpgFsFyps + ( WpsWsWyp)" n
1
where p and H denote the average received power and
N,x N, scattering channel matrix, respectively. The
receiver side decoding process is similar to the
precoding at the transmitter. Therefore, we have a low
dimensional digital (baseband) combiner Wy, €
XNerNs - an analog switch combining matrix wge
XNNer followed by an analog phase shifter combining
matrix Wpse X"~¥ Noise vector n, which has the
dimension of N, x 1 is assumed to be an independent
and identically distributed random variable (i.i.d) with
zero mean and average power o2, i.e., n ~ XN(0, o2).
According to (1), the SE obtained by a hybrid
precoding system can be expressed as
R =log, |Iy,+ SINR| )

Where SINR denotes the signal-to-noise-plus-
interference ratio and recasts as in

p .
0Ns
| ( WPSWYWBB)H HFPSFSFBB ( FPSFSFBB)H HH( WPSI'VSWBB)l
| (WosWsW )T (WpsWsWpp) (3[)
Let F= FPSFSFBB and W= WpswsWBB; then,
we can rewrite (3) by (4).

SINR =

-1
SINR = oﬁ’;\[S-|(WHW) WHHF(F)H HY W| @)

Then, we substitute (4) and the definition of
noise covariance matrix R, = ozW'w into (2). We can
rewrite the SE expression with regard to precoding
matrices as in (5).
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R=log, | Iy,+ LR/ WHFF H w| ©)

In this paper, we suppose that the channel state
information (CSI) is perfectly-known for both
transceiver sides. Designing the unconstrained
optimum digital precoders (combiners), F,,, (W,,.), is
usually defined by using the channel singular value
decomposition (SVD) [25], [26].

Fopt = V:,I:NS
Wopt = U.‘,I:NS (6)

Where U and #are left and right singular matrices.

Due to the characteristics of extreme path loss and
high level of correlation between antennas, the
traditional channel model is not suited for mmWave
Massive MIMO systems. Therefore, the narrowband
clustered channel modeling based on the Saleh-
Valenzuela model is adopted [27] to describe the
propagation environment between the transmitter and
receiver. In this model, we assume the channel matrix
H contains of N, clusters, and each cluster is combined
of N, rays. Consequently, the total number of
propagation paths would be L=~_N,,,; therefore, the
channel matrix H can be written as

NiN, 5o Nep o Ny g :
H= %Zi:? i1 ik A (2.6 aIt{(Qitkﬂik )

Where a;;, denotes the complex gain of the kth ray in
the ith scattering cluster, The azimuth angle of
departure (AOD) and angle of arrival (AOA), and the
elevation AOD and AOA associated with the kth ray in
ith cluster denoted by @5, @, 65 and &, respectively.
Moreover, a,(8%,65)and a.(9},0;) indicates the array
response vector of the transmitter and receiver[28].

The array response vector for an M x N, UPA
recast as

aypa(9,0)

— 1 [1 e/’lr(msinﬂsinﬂﬂlcos@)m e/'n((M—])(sinﬂsin@+(N—1)cos9)]T
VMN

Where 0 <m<M-1 and 0<n<N-1I and inter-

element space is assumed to be half-wavelength.

I1l. PROBLEM FORMULATION

Based on the proposed structure, the corresponding
hybrid precoding problem can be approximately
formulated as follows [16]

min ||F0pt_ FPSFSFBB”;

Fps,FoFpp
|fPS,m =1 Vm
| FpsFsFpgll7 = Ns ®)

Also, the mathematical formulation of the
combining problems is similar to precoding, except
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that the additional constraint of the transmit power is
eliminated in the problem i.e.

min || W, WasWsWs|[.

Fpg, Fs,Fyy
st.[Ws],; € {01} Vi
|Wps’m|= 1 Vm (9)

Where FPS=diag{fPSl].fPS’2. ""fPS,N,} and Wy =
diag{wps ;. wps . ... .wpsy, } are diagonal matrices since
each phase shifter only connected to one antenna. To
ensure the unit modulus constraints of diagonal
elements of Fpgand Wy, we have

IfPS,i| =1 (i=12,...,N)
[wpsi| =1 (=12,..,N,)

Furthermore, Switch and  combining
precoding matrix have binary constraint [Fs]; € {0,1}
and [wsl; € (0,13 . Finally, ||FpsFsFpgll7 = Ny
determines the total transmit power constraint.

To concentrate on the hybrid precoding problem
and simplify the analysis, we will assume that the
receiver-side problem can be solved similarly to the
approach presented in this paper. Thus we will not
consider the receiver-side problem in detail. Sadly, the
binary constraint of the analog switch network Fgand
the non-convex characteristic of the phase shifter
matrix Fpg Will make it extremely difficult to jointly
optimize the hybrid precoder over Fg, Fpg, and F; t0
obtain the optimal solution of (8). Therefore, In the
continuation of this paper, a hybrid precoding
algorithm for further analysis of the optimization
problem will be described.

A. HYBRID PRECODING STRATEGY

The digital precoder matrix Fy; has the dimension
of Nzr X Ny and Ng < Ngp, Which makes Fjy; a tall
matrix [20], [29] proves a semi-orthogonal structure
for digital precoding matrix, Fzz can achieve near-
optimal performance; therefore, by taking a similar
approach the semi-orthogonal constraint is specified as

FEBFBB = ol FSD Fpp = o? INS (10)

Where Fyz = aFpp, and Fpp, is a semi-unitary matrix.
Specifically, first, we derive an upper bound on the
objective function, and then, based on this bound,
develop an alternating minimization algorithm.

B. Obijective upper bound

In this subsection, by using (10), we derive an
upper bound of the hybrid precoding problem, which
enables us to rewrite the objective function in (8) as

Foll”. = 20%0:( Fpp 2,

FpsFs) + o?||FpsFsFppll7
(12)
The eq. (12) still cannot be optimized directly. To
tackle this problem, ||FpsFsFppll> will be upper
bounded. As aforementioned, Fpg is a unit modulus
diagonal ~ matrix, i.e., FpsFps = FpsFps = Iy,

Therefore, we have
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| FpsFsFppllF = tr(FopFs FpsFpsFsFpp)
= tr([le O] V“F?FSV) < tr(VFIFV) = ||Fgll%
(13)
Where FppFil, = 11 [’Ns o] Vis the SVD of FppFhp,.

As a result, the objective function of the problem (8)
can be reformulated as

||IF, p,|| —2aRtr( Fpp Fhy, FpsFs) + 02| Fsll7 (14)

opt
C. Alternating Minimization
This problem has been studied in [30], [31].
Similarly, the upper bound of (14) is adopted as the
urrogate objective function, and the constant term

||F0p,|| is dropped; then, we can reformulate the hybrid

precoder design problem as

« gm} || Fsll7 — 2aRtr( Fpp optFPSFS)
s.t. [Fs]; € {0,1}, Vij
FppFpp = = ply (15)

Due to the characteristic of the Alternating
Minimization algorithm, we only optimize a subset of
the optimization variables, and the other parts should
be fixed. By fixing the switch matrix Fs and «, the
optimization problem can be recast as

max afitr( Fpp FipFpsFs)

DD

s.t. FSDFDD = VINS (16)

Considering the fact in (16) only Fpp is
variable; it can be reformulated by considering the
definition of the dual norm [15],

aiRtr( FDD tFPSFS) |tr(a FDD FEptFPSFS)|

<||FDD|| ||a optFPSFS”
< |la FopFesFs|, = 25, a; ) a7

Where (a) follows the Holder’s inequality. Also, |||«
and ||-|l, stand for the infinite and one Schatten norms,
respectively [32]. The equality in (17) holds only if

Fpp = VU (18)

Where U and v are the left and right singular matrices
of a F.,, FpsFs, respectively. Therefore, in the case
when Niz = Ny, the digital precoding matrix Fpp

optimal solution can be obtained by
Fyly = aFj), = aVU" (19)

For general cases where ( Ngz> N, ), Fgz Can be
computed by the least square method as

il
Fyp = (F§ FpsFpsFs)  FY FpgF,, (20)
Usually, the two variables o and Fg can be

optimized separately, but to reduce the computational
complexity, we propose to update them in parallel. By
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victTrR (ED

adding a constant term ||%( FpsF,, FED)”; to the
objective function of (15), the sub-problem of updating
Fg and « can be recast as
H 2
m1n||iR( FiF, opt FDp — ocFS)”F

t [Fsly € {01}, Vi) (21)

The optimal solution to this similar problem
has been studied in [30]; the problem in Eq. (21) can
be equivalently considered by

min||x — as|7
st.s; € {0,1}, Vi (22)

2

Where x = ”vec {ER{ FpsF,, FBD}}”F, s=[s5.852,...5]7 =
vec{Fg}, and k = N,Ngr .The entries of x sort in the
ascending order as ¥=[%,%,...,%]T , where %<
¥, <... <% To minimize the objective function in (22),
if the corresponding %; is closer to « than 0, then the
switch is on, i.e., we have s; = 1, otherwise s; = 0. In
that way, the objective function in eq. (22) can be
described as

S =lx- aSII%

Z (x—(x) +Z , <0 and =€l
jl+l 2

o
~2+ (x—a) a>0 and -€];
J 2
Jj=itl
ia? —ZZ xja+z )”cf, a<0 anda€P;
J=1 =l
k

a>0 anda€P;

(23)
whereg €L =[%%4] ,0€R; =[2%,2%.,]i=1,2,...k
By comparing the values of the quadratic functlonf(y)
in the intervals P; for all endpoints 2%; and vertexes x;,
we can reach the optimal solution ,,,. It should be
noted that since the entries in ¥ are arranged in the
ascending form, the optimal solution of «, cannot be
the endpoints 2%; of the intervals P; [30]. Therefore,
the optimal solution of « can be written as

aopt = arg mjn f()?t) (24)
i %

—, Xx;< 0 andx, €P;
Where x; = Z,’ .
j=itl Yj

P x>0 andXx, €P;

And ¥; denotes the ith smallest entry in x.
Then, by having the a,,, the optimal solution of the
problem in eq. (22) can be achieved as follows.

Il{!R{ FPSFopt Fpp} > —=- Opt 1y xNRF} Ogpt > 0

{9{{ FpgF, opt Fpp} < 1N,><NR,.} Ogpr <0
(25)
Finally, to satisfy the transmit power constraint
|FpsFsFgsll% = N, we normalize the digital precoder
Fgp e

pt _

| FpsFsFpslls BB
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D. Analog phase shifter precoding matrix
optimization
In this subsection, by fixing the optimized analog
switch precoding matrix Fgand the digital precoding
matrix Fgzz , we optimize the analog phase shifter
precoding matrix Fpy.

min[| - FpsFsF sl

St [fps| =1 ¥m 27)
Proposition 1. The optimal solution of (27) is given by

Fpg = Diag (diag(FopthBFg - FPSFSFBBFII-?IBF?)) +
Fpg (28)
Proof: The proof is provided in Appendix A. [

In the proposed method, we considered Fpg as
a unit modulus diagonal matrix, i.e., Fpg=

diag{fyg - fysr = -fpsy ) IN Which |f,o | = 1; therefore,
an element-wise normalization is proposed to satisfy
unit modulus constraints.

Fpg = Fps @ (|Fpsl) (29)

Algorithm 1 states the pseudo-code for the
proposed hybrid precoder F = FpgFgFyg solution.

Algorithm 1 Proposed Hybrid Precoding

Input: F,,
Initialization: FY and FY) = «©FY) are generated
randomly, r = 0
Repeat
1. t=t+1;
2. Fix F&-V and FU°, Optimize o© and
F according to (24) and (25),
respectively;
3. if Ngr = Ny
4. Fix FV, 40, F® compute SVD
aOFL, FUSDFD = g0 p@po”,
5. Update F? with (19);

6. else
7. FQ=
H o H (o -1 H )M
(" FOR) T O,
8. endif

9. Fix F$2 and F\”, Optimize Fwith (28);
10. Element-Wise Normalization:
F2 = F o (|FY))

Until convergence
11 FBB = m

[1FpsFsFapllF
Output: Fgp, Fs, Fpg

FBB

Volume 16- Number 1 — 2024 (1 -10)

E. Convergence

For the convergence of the proposed hybrid
precoding to the local minimum point, considering that
for the case where N, = Ngr Or N; < Ngg, the digital
precoding matrix Fzz has a semi-orthogonal structure.
In addition, as mentioned before, Fpg is a diagonal
matrix of unit modulus, and also considering that the
switch and digital precoding matrix are the global
optimal solution of the problem, therefore, by
considering the uniform convergence theorem and
considering each precoding matrix as a BCD block, the
proposed algorithm converges to a fixed point [33-34].

F. Computational complexity

In this subsection, the computational complexity of
the proposed algorithm is examined. The complexity
of each section will be as follows:

The computational complexity of the phase shifter
matrix is equal to O(rNZNgg), and r is the number of
iterations.

The computational complexity of the digital precoding
matrix in case N, = Ngg is equal to O(nNgN.Ngg), and
when Ny < Ngp, itis O(rNZNgp).

The computational complexity of the switch precoding
matrix is equal to O(nN Ngrlog N;Ngp).

Considering that the number of antennas is much more
than the number of RF chains, the computational
complexity of the proposed algorithm is equal to
O(rNZNgp).

The OMP algorithm has the computational complexity
of O(NZNgrN,); also, the SIC-Based algorithm has the
computational complexity of O(NZ(NggNs + N,)).
Therefore, the computational complexity of the
proposed algorithm is more than the OMP algorithm
and depends on the setting when comparing the SIC-
based algorithm.

G. Energy efficiency

In this subsection, the EE of the proposed dynamic
hybrid precoding structure and other relevant works
are formulated. According to [20], [34], the EE of a
communications system is specified either by the SE
and the total power consumption. The EE in mmWave
MIMO systems is represented by 5, and can be written
as

== (30)

Piotal

where R indicates the hybrid precoding
achievable SE, and P, denotes the power
consumption of each algorithm which can be
represented as

P+ Pag + Pee Nge + Pog N, + PN N, PRO
R + P + Fee Nge + PogNge N, OMP
P+ Pgs + Py Nge + PN, SIC

P &)

total —

where P, denotes the transmit power, Pz, P, Pps,
and Py indicate the power consumed by the baseband,
each RF chain, phase shifter, and switch, respectively.
The high number of phase shifters in the OMP
algorithm can cause high power consumption.
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Moreover, by using lower power consuming switches,
the proposed algorithm has a slightly higher power-
consumption compared to the SIC-based algorithm.

IV. SIMULATION RESULT

In this section, we assess the SE and the EE
performance of the proposed hybrid precoding
algorithm by numerical simulations, where the optimal
fully digital precoding is considered as a benchmark.
Furthermore, the OMP and SIC-based algorithms are
taken considered as the competitors. The environment
for mmWave propagation is assumed to contain of
N, = 5 clusters, and each cluster combined of N,,,, =
10, i.e., the total path number equals to L = 50. Both
the transmitter and receiver are equipped with UPA.
For each cluster, the average azimuth and elevation
AOD (AOA) are drawn independently from the
uniform distribution over [0,2x); In clusters, a 10-
degree angular spread Laplace distribution conforms to
the azimuth and elevation AOD (AOA). Each path is
assumed to have the complex gain of n~CN (0,1). For
evaluating the EE simulation, parameters are set as
follows:

P, =1W, Pgz = 02W, Ppr = 03W, Ppe=0.05W, and
Py =0.005W [21], [36].

All of the reported results are achieved by
calculating the average of over 1000 independent
channel realizations.

In Fig. 2, the SE of all schemes versus SNR are
shown where N, = 12 X 12, N, =4 X 4, N, = 4, Ny = 4.
It is obvious that compared to the OMP algorithm,
when SNR < —5dB, there is only 1Bits/s/Hz gap. But the
proposed algorithm approaches the OMP scheme as
the SNR increase. Also, compared with the SIC
algorithm, the proposed algorithm can show
approximately 9 bits/s/Hz gain when SNR > 0dB.

60

~—#— Proposed algorithm
—&A— Optimal fully digital

50 [- | =% OMP-based precoding
—©— SIC-based precoding

Spectral Efficiency(bits/s/Hz)

SNR(dB)

Figure 2. Spectral efficiencies achieved against SNR when N, =
12X 12,N, =4 X 4, Ny = 4, Ngp = 4

Fig. 3 plots the EE against the SNR. Evaluating
meticulously, the proposed algorithm shows a
considerable improvement compared to Fully digital
and OMP algorithms. Also, compared to the SIC
algorithm, the proposed algorithm offers better
performance. The EE of our algorithm grows
significantly as the SNR increases until when SNR =
5dB, in which the proposed algorithm has its best
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performances. The performance of all methods
decreases when SNR > 5dB.
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Figure 3. Energy efficiencies achieved against SNR when N, =
12X 12,N,=4x4 ,N;, =4, Ny =4

35

—#— Proposed algorithm
—A— Optimal fully digital
—%— OMP-based precoding
—©— S|C-based precoding

Spectral Efficiency(bits/s/Hz)

Figure 4. Spectral efficiencies achieved against N; when N, =
4 x4 ,N; = 4, Ngp = 4, SNR = 0dB

Fig.4 and Fig 5 draw the comparisons between SE
and the EE performance of the proposed algorithm
with other methods as a function of the transmitter
antennas N, when N, =4 x4, N, =4, Ngz =4, SNR =
0dB. In Fig.4, It’s clear by increasing the number of
antennas, the SE performance gap between the
proposed algorithm and OMP reduced from about 3
bits/s/Hz to only 1 bits/s/Hz. Also, the proposed
algorithm provides an approximately 6 bits/s/Hz to 8
bits/s/Hz gain compared to the SIC algorithm when », >
10 x 10.

In Fig.5, the EE of various methods decrease with
N,. Compared to the Fully digital and OMP algorithm,
the proposed algorithm offers about 1Bits/Hz/J gain
when 8 x8 < N, < 12x 12, and 0.5 bits/s/Hz to 0.8
bits/s/Hz when N, > 12 x 12. Moreover, the difference
in the EE of the SIC algorithm compared to the
proposed algorithm decreases with the increase in
antennas. so that when 8x8 <N, <12x12 the
difference is around 0.3 bits/s/Hz and when N, > 12 x 12
is around up to 0.2 bits/s/Hz.
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Figure 5. Energy efficiencies achieved against N, when N, =
4x4,N; =4, Ngr =4, SNR = 0dB
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Figure 6. Spectral efficiencies achieved against Nrp when N, =
12 x 12,N, =4 x4 ,N; = 4, SNR = 0dB

Fig.6 and Fig.7 analyze the SE and the EE versus
Ny for all schemes with the parameters set as Ny =
Ny, N, =12x 12, N, = 4 x 4 and SNR = 0dB. In Fig.6,
The SE of the proposed algorithm increases until when
the Nyr = 5. Despite The OMP algorithm in which its
SE enhances as Npp increases, For the proposed
algorithm, when Ny, > 5, the SE almost remains the
same value. Also, the proposed algorithm offers
between 7 bits/s/Hz to 9 bits/s/Hz gain compared to the
SIC algorithm.

2 T T T T B

=& Proposed algorithm ‘
1.8 & Optimal fully digital
—%F— OMP-based precoding
—©— SIC-based precoding

Energy Efficiency(bits/Hz/J)
- [N}

Figure 7. Energy efficiencies achieved against Ny when N, =
12x 12, N, =4 x4, N; = 4, SNR = 0dB

Volume 16- Number 1 — 2024 (1 -10)

50 T T T T T

=& Proposed algorithm

45 |- | =& Optimal fully digital A
—%F— OMP-based precoding
—©— SIC-based precoding |

Spectral Efficiency(bits/s/Hz)

Figure 8. Spectral efficiencies achieved against Ny when N, =
12X 12, N, = 6 x 6, N, = 4, SNR = 0dB

In Fig.7, The EE performance difference between
the proposed algorithm and the OMP algorithm
decreases as the Ng increases; this reduction
accelerates due to the fall of the EE in the proposed
algorithm when N > 5. Also, the SIC algorithm
provides lower performance than the proposed
algorithm, so that when Ny, =4, the difference is
around 0.2 bits/s/Hz, and when Ny = 8, the difference
is about 0.1 bits/s/Hz.

The SE and EE versus Ny for all schemes with the
parameters set as Ngz=N,, N,=12%x12, N, =6 X
6, SNR = 0dB are shown in Fig.8 and Fig.9. In Fig 8
despite, when N, =4 x4, the SE of the proposed
algorithm continues elevating by increasing the
number of antennas in the receiver, which results in
decreasing the performance gap between OMP and the
proposed algorithm. Moreover, the SIC algorithm
performance slightly increases, but still, there is a huge
gap between its performance and the proposed
algorithm.

CINIS N N N T
| =% Proposed algorithm
25k | ~—— Optimal fully digital
1 ~—%F— OMP-based precoding
‘L—Q— SIC-based precoding |

Energy Efficiency(bits/Hz/J)

NRF

Figure 9. Energy efficiencies achieved against Ny when N, =
12X 12,N, = 6 X 6, N, = 4, SNR = 0dB

Fig.9 determines the EE against Nz, for all schemes
with the parameters are Npz = N,, N,= 12X 12, N, =
6 x 6, and SNR = 0dB. By increasing the number of
antennas in the receiver, the gap between the proposed
algorithm and the SIC algorithm is almost preserved.
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V. CONCLUSION

This paper concentrates on designing a hybrid
precoder for dynamic structures. A hybrid precoding
algorithm for a single-user massive mmWave MIMO
communication system is introduced. The digital,
analog switch, and phase shifter precoding matrices are
optimized via an alternative and iterative solution.
Simulation results have indicated that in terms of SE,
the proposed algorithm can offer a reasonable
compromise to the Fully-connected structure OMP
precoding with significantly fewer phase shifters.
Moreover, compared to the existing SIC scheme for the
partially-connected  architecture, the proposed
algorithm offers much higher SE with the same number
of phase shifters. Considering the equal number of
phase shifters in the proposed algorithm, a suitable EE
improvement is provided by the proposed algorithm.

APPENDIX A
PROOF OF PROPOSITION 1

The objective function in (8) can be recast as follows.

£

ot — FrsFsFl||,

Letd = Fopt - FPSFSFBB'

g=|Allf =4:4
dP = 24:d FpgFgFygy
= 24F3,FY : d Fpg
= 24Fp,F§ : Diag(d f,,)
= 2diag(4FypFs) : d Fpg

= 2diag(AF}, FY)

?

= diag(Fo

o5 FS — F o FsFpyFipFY)

By setting the gradient to zero

Diag(F

opFipFs) = Diag(FpsF FypFpFs)  (32)

By adding Fpg to both sides of (32), eq. (28) will be
determined.
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