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ABSTRACT Millimeter-wave (mm-wave) communication is the spectral frontier to meet the anticipated
significant volume of high data traffic processing in next-generation systems. The primary challenges in
mm-wave can be overcome by reducing complexity and power consumption by large antenna arrays for
massive multiple-input multiple-output (mMIMO) systems. However, the circuit power consumption is
expected to increase rapidly. The precoding in mm-wave mMIMO systems cannot be successfully achieved
at baseband using digital precoders, owing to the high cost and power consumption of signal mixers and
analog-to-digital converters. Nevertheless, hybrid analog—digital precoders are considered a cost-effective
solution. In this work, we introduce a novel method for optimizing energy efficiency (EE) in the upper-bound
multiuser (MU) - mMIMO system and the cost efficiency of quantized hybrid precoding (HP) design.
We propose effective alternating minimization algorithms based on the zero gradient method to establish
fully-connected structures (FCSs) and partially-connected structures (PCSs). In the alternating minimization
algorithms, low complexity is proposed by enforcing an orthogonal constraint on the digital precoders
to realize the joint optimization of computational complexity and communication power. Therefore, the
alternating minimization algorithm enhances HP by improving the performance of the FCS through
advanced phase extraction, which involves high complexity. Meanwhile, the alternating minimization
algorithm develops a PCS to achieve low complexity using HP. The simulation results demonstrate that the
proposed algorithm for MU - mMIMO systems improves EE. The power-saving ratio is also enhanced for
PCS and FCS by 48.3% and 17.12%, respectively.

INDEX TERMS mm-wave, MIMO, energy efficiency, fully connected structure, partially connected
structure.

I. INTRODUCTION
The massive multiple-input multiple-output (mMIMO) sys-

tem operations on millimeter-wave (mm-wave) aims to meet

The associate editor coordinating the review of this manuscript and
approving it for publication was Fan-Hsun Tseng.
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the anticipated emergence as key solutions and growth of
traffic demands for high-data-rate multimedia access in fifth-
generation (5G) systems [1]-[3].

The growing mobile data traffic, such as those from smart-
phone and mobile internet users, can be supported through
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the availability of more bandwidth, which offers higher data
rates for all users and capacity in a mobile cellular network.
Consequently, mm-wave has a frequency that ranges between
30 and 300 GHz, which provides gigabit-per-second data
rates in 5G wireless systems. High propagation loss and rain
attenuation are the main limitations that cause the attenuation
at transmitting signals in mm-wave frequencies. The con-
siderable beamforming gain can be decreased by reducing
the propagation loss, and the highly directional beam can
be generated by deploying the small wavelength of mm-
wave signals. The energy cost and hardware complexity of
digital precoders (DPs) increase when the number of antennas
is large. Reducing the cost, power consumption (PC), and
the number of radio frequency (RF) chains cannot realize
precoding only by using DPs at baseband in [4] or only using
analog precoding, which uses phase shifters in [5].

The hybrid precoding (HP) architecture for mm-wave
mMIMO systems is a newly emerging technique that
enables directional beamforming with large antenna arrays
to improve energy efficiency (EE). It jointly enhances the
computation and PC by means of two different HP archi-
tectures in RF systems equipped with fully connected struc-
tures (FCSs) and partially connected structures (PCSs). The
minimum data rate of users in the former can be maximized
by connecting every RF chain (FCS) by phase shifters to
activate the large spatial degree of freedom gain [6]-[14].
HPs based on orthogonal matching pursuit (OMP) algo-
rithm exhibit a reasonably good performance by studying the
sparsity constrained matrix reconstruction problem [5], [6].
Hybrid precoders based on phase-shifting topologies with
OMP algorithm are shown to provide a decent performance
by investigating the sparsity reconstruction to increase EE full
resolution of quantized HP provided with FCS phase shifting
in [7]. The simulation results confirm that phase shifting
enhances spectral efficiency (SE) and may plausibly result
in EE regression with extra bits in digital-analog convert-
ers. Tradeoffs between computational complexity and perfor-
mance are demonstrated in [8] by improving four different
algorithms for single-user HP and combiner. An algorithm
that iteratively updates hybrid transceiver design for phases
in the RF precoders or combiner is proposed in [9]. This
approach achieves a near-identical rate in mm-wave between
the full-baseband and the HP. A two-loop iterative algo-
rithm and two sparse RF chain structures are also developed
in [10] to decrease energy consumption by inserting auxiliary
variables and employing successive convex approximation.
This two-loop iterative algorithm aims to develop a sparse
RF chain antenna at the base station (BS) and HP design
to increase the EE of FCS/PCS. The nearly optimal low-
complexity FCS RF precoding and combining in wideband
are investigated in [12]. The proposed algorithm aims to attain
higher EE by decreasing the correlation among different users
and developing the unitary matrix quality of subarrays. Low-
complexity hybrid block diagonalization is proposed for the
downlink (DL) in [11] by employing the RF precoding to
harvest the high array gain through phase-only RF precoding.
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In harvesting the large array gain through a phase for only
RF precoding, the target capacity is achieved by performing
low-cost hybrid block [11]. It is shown in [13] that when
the number of data streams (Ny) is more than twice the
number of RF chains (Ngr), the energy-efficient HP achieves
the global maximum EE. The FCS presented in [14], [15]
involves a heuristic algorithm to solve the precoding problem,
RF chains, and baseband processing to trade off the energy
and cost efficiency in the RF chain circuits.

However, PCSs can reduce the hardware complexity for
practical implementation by connecting every RF chain that
is only connected to a limited number of antennas [14]-[19].
Corresponding to the PCS, the antenna arrays at the BS
consist of multiple subarrays, which entail a lower hardware
complexity than the FCS [14]. The proposed matrix of fac-
torizing based on a near-optimal design for every subarray
is investigated under the effects of the number of subar-
rays and RF chains. The simulation results in [14] show
that the proposed algorithm reduces SE for FCS/PCS with
an increased Ngr. The Ngr does not need to be increased
according to [15] as it will increase cost and PC. The authors
in [15] proposed alternating minimization algorithms for
FCS/PCS that optimize the DPs and the analog precoders.
The simulation results reveal that the PCS can outperform
the FCS in terms of a higher EE and lower-complexity
hardware with a large Ngp. The transmission rate can be
improved by addressing the tradeoff between performance
and hardware efficiency by employing the FCS/PCS with
dynamic subarray and low-resolution phase shifters. This
approach proposes an iterative hybrid beamformer design to
mitigate the performance loss by fixed subarrays connected
for every RF chain to all transmission antennas [17]. The
optimal HP in [18] proposes a PCS to bypass the hardware
constraint on the analog phase. This PCS jointly designs the
optimal unconstrained precoders by optimizing the analog
and DPs to reduce the required RF chain. Implementing
signal processing in the baseband and allocating an RF chain
per antenna are difficult because of the resulting high cost and
PC. The energy-efficient maximization based on solving the
analog precoders and combiner problem is optimized in [19]
through the alternating direction optimization method in a
sub-connected structure. Decreasing the circuit complexity
effect on circuit PC and efficiency has not been attempted
yet. EE is maximized in [20] by finding low-complexity
transmission by improving the Doherty power amplifier for
FCS/PCS with low complexity. This development for power
amplifiers depends on studying the beam-steering codebook
and baseband zero-forcing digital beamformer to maximize
the EE. Motivated by the abovementioned gap, we optimize
EE and offer low computational complexity based on updat-
ing a phase extraction for constraint transmission power and
zero gradient-based iterative minimization algorithms, which
increase the N; compared with more RF chains in FCS and
a PCS. However, from the abovementioned gap, the perfor-
mance of FCS and PCS cannot be achieved compared to the
N; because the semidefinite relaxation program, alternating
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TABLE 1. Summary of notations and abbreviations.

LIST OF NOTATIONS
JRF The analog RF precoding vector achieved phase shifters

BB The BBP matrix for the k th UE

al Unitary precoding matrix
hy The DL channel matrix
Jopt The optimal BBP
0y The complex white Gaussian noise
N, The number of transmit antennas array at the BS
N, The number of antennas array at UE
Ny The transmitter data streams
(% The complex channel gain of the k th UE
Ly The number of multi-paths propagation channel of the

k th UE
I; The received interference and noise power of the kth UE
Pe Power consumption
Pcommuni  The communication power
Pra The power consumed by power amplifiers
Prr The power consumed at every RF chain
Pc The circuit PC is affected by baseband signal processing
@ The bandwidth transmission of the k th UE
7% The available data rate at k th data stream of UE
The iterative step

I(ti) Hermitian symmetric positive

(0] A symmetric positive definite matrix

LiST OF ABBREVIATIONS

mMIMO Massive multiple-input multiple-output
EE Energy efficiency

HP Hybrid precoding

PCS Partially connected structures

FCS Fully connected structures

BS Base station

PC Power consumption

BBP baseband precoding

DPs digital precoders

RF Radio frequency

5G Fifth-generation

QCQP Quadratic constraint quadratic programming
DL Downlink

SE Spectral efficiency

direction optimization method, and OMP algorithms do not
have lower complexity, thereby allowing the Ngg to increase
and become inconvenient while estimating channels for a
given RF [15]-[19].

The main objective of this study is to improve the EE by
reducing the cost, PC, and number of RFs, based on the pro-
posed effective alternating minimization algorithms to estab-
lish FCSs and PCSs. The FCS of HP design is performed by
updating a phase extraction for constraint transmission power
and zero gradient-based iterative minimization algorithms to
reduce the hardware complexity of the fully DP as long as
the Ngr is comparable to the N;. On the other hand, the
PCS-HP matrix is proposed to optimize EE and provide a low
hardware complexity in mm-wave by employing fewer phase
shifters in the analog RF precoders to optimize baseband
precoding (BBP) and decrease the hardware complexity in
the RF chains domain.

All the notations and abbreviation are listed in Table 1.

A. CONTRIBUTIONS
Comprehensive achievement evaluation of quantized HP
design in mm-wave MIMO systems with FCS/PCS depends
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on proposing alternating minimization algorithms for solving
the problem of HP and optimizing the digital and analog
precoders. The optimal solutions for designing a PCS for
HPs are offered by decreasing the Euclidean distance between
analog RF and BBPs. This approach decreases the hardware
complexity in the RF chains domain with low-cost phase
shifters. The optimal HP design is proposed with novel PCS
based on adopting the notation quadratic constraint quadratic
programming (QCQP) with low-complexity HP for alternat-
ing minimization algorithm to avoid high energy consump-
tion. In addition, an optimal HP design is proposed with
novel PCS, which provides high resolution and considerable
gain for analog beamforming, generates a relatively large
Ngp, and maximizes EE. The contributions of this study are
summarized as follows:

e The optimal HP design problem for mm-wave mMIMO
systems is investigated using the orthogonal property of the
DPs for an FCS and a PCS by employing fewer phase shifters
in the analog RF precoders to attain high EE.

e Energy- and cost-efficient optimization solutions are
proposed by formulating the design of hybrid RF chains
of energy consumption and BBP matrix to adopt upper-
bound energy-efficient solutions for 5G mm-wave mMIMO
systems.

e Low computational complexity and small performance
loss are achieved by applying columns of the unconstrained
property of the mutually orthogonal optimal precoding matrix
by using the square of the Frobenius norm in the upper
bound. An FCS of HP design is performed by updating
a phase extraction for constraint transmission power, and
zero gradient-based iterative minimization algorithms are
improved by enforcing an orthogonal constraint on the DPs.
Thus, the joint optimization of computational complexity and
communication power is realized.

Il. SYSTEM MODEL

A. MULTIUSER HP FOR WIRELESS TRANSMISSION
MODEL

We consider the DL transmission for the mm-wave
MU- mMIMO system of FCS/PCS based on HP, as shown
in Fig. 1. We assume that the HP is the perfect chan-
nel state information (CSI) known at the transmitter and
receiver [20]-[24]. The transmitter sends N, data streams and
collects transmission antennas N;, and every user is equipped
with N,. Each active user (UE) has a single Ngp connected
to an antenna element. Consequently, one data stream can
be supported by each user. The transmitter is equipped with
NgF to support each antenna element data stream Ny from N,
transmission antennas to N, receiver antennas simultaneously
as Ny<Ngr<N;. The received signal at ¥y € CN-*N UE in
the HP - mMIMO system can be expressed as:

RF BB .
\ =h£’f fk Ui + Ok )
The vector transmitted signal uy from the BS to user u; =
[ur, ....,ug...,ug] € CNex1 - and fy € CNexNe s the

. BB XK
channel vector matrix 7 from BS to UE. F},~ € CNeexK g
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FIGURE 1. Hybrid precoding in mm-wave MU - mMIMO systems.

the BBP matrix for the k th user, where the k th column of T fB
is expressed as > 6 CA (0, &2) is the complex white Gaus-
sian noise (AWGN) vector, and a,% represents the noise power.
FRE & CM>*Ner is the analog RF precoding vector achieved
by N, phase shifters. Moreover, the analog RF and BBPs can

2
fulfill the received power constraint Hf REF E B H ffp.

B. MILLIMETER-WAVE CHANNEL MODEL

The channel modeling of the mm-wave propagation channel
is supported through the extreme high antenna correlation.
The channel propagation loss is extreme compared with that
in the low-band channel with the fully dispersed environment
to adopt the CSI with L path propagation in transmitting a
signal from BS to every user. The DL channel matrix can be
expressed as follows:

Ly

NN, N N
t Z Qp.1a (¢1:,1)a (¢’1§J)T Vk 2
I=1

Ly

e =

where N, is the number of transmit antennas array at the BS,
N is the number of antennas array at UE, €y ; is the complex
channel gain of the k th UE over the ! th multi-path, which
includes the path loss with E |Qk,1|2 = 1, and Ly is the
number of multi-paths propagation channel of the k th user
[ € [L,2,.L] a gd:,?l) and (¢/tc,l) represent the nor-
malized transmit and receive array response vector for the
azimuth angles of arrival ¢; ;, and qb,’(’l of the [ th multi-path
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propagation, respectively. The array response vector for the
N- element of a uniform linear array can be written as:

T
R 1 27 _2md(N-1) .
avea (¢) = —[l,eIV S e Ty Slw]

VN
3

where N represents the number of antenna elements equipped
with the BS, y is the wavelength of carrier frequency, andd =
% represents the inter distance for antenna elements. Every
mm-wave can save energy by controlling the beam direction
at transmitting beam from Ngr BSs to serving the k th UE.
The sidelobe beam creates an analog beamforming vector
based on a signal-to-interference noise ratio. The available

data rate at k th data stream of UE can be written as:

Tk

K
=w Z log,(1
k=1

s (o (fRF)Hhk’z

211;] thfRFf?BG?B)H(fRF)Hhk'z R a’%
“)

where @ is the bandwidth transmission of the k th UE.
We assume that every mm-wave BS achieves the low-
dimensional processing with the BBPs to cancel inter-user

K
D ik
i=1
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interference by defining /' 5 — 0 when ik. The achiev-
able data rate at k th UE can be written as

K
Psum = Y _ Tk )
k=1

From (5), the BS transmitter has a perfect CSI to adopt with
the precoding problem [21]-[24]. In practical scenarios, the
channel reciprocities are the same through the uplink channel
estimation and application of DL channels in the time division
duplex [25]. The estimation of the mm-wave using pressed
channel sensing is investigated in [26], [27].

llIl. PROBLEM FORMULATION

A. POWER MODEL

In mm-wave MU - mMIMO system, maximize the EE at
the BS depend on optimizing BBP T fB and RF precoding
transmission systems J RE need to be computed. In this case,
the consumption power cannot be ignored. The PC at the
transmitter consists of two parts: communication power and
circuit PC. It can be written as follows:

pt = pCommum' + pC (6)

The communication power in the first term in (6) consists
of two parts Pcommuni = Pra + Prr ; Ppa is the power
consumed by power amplifiers, and Prr is the power con-
sumed at every RF chain. The circuit PC Pc¢ is affected by
baseband signal processing, phase shifter [28], [19], cooling,
and synchronization in the BS. The consumed power to trans-
mit signal for the k th UEs by the power amplifier can be
described mathematically as:

1 K RF .B||>
v = 5 2, [T @

where E is the efficiency of the power amplifier, and

K, Hf REFDE Hz is the power consumed to transmit signal
for k th UE. We suppose equal power allocation between the
baseband signals of different UEs. The power consumed Pgrr
by converters, mixers, filters, and phase shifters at every RF
chain can be written as:

Prr = NrrPrF ®

where Pgr is the PC by an RF chain. By substituting (7) and
(8) into (6), the total PC can be expressed as follows:

K
1 RF BB >
Po= o PR+ NerPrr 4P ©)
k=1

B. ENERGY EFFICIENCY
Maximizing EE is of prime concern while designing the
mm-wave MU - mMIMO system. The optimization problem
for the maximization of EE can be defined mathematically as
follows, (10), as shown at the bottom of the next page,

The EE in an MU - mMIMO system can be maximized by
achieving a good tradeoff between the data rate and total PC

4718

through jointly optimizing the BBP matrix gz and the RF
precoding matrix Frr. This optimization is formed by

K —
7
max EE:wM
,fRF-,fBB P
K RF BB |2
DI LA e
=Ty, k=1,...... K
2 1
:]:*RF H _ 1
=~ (an

where P, is the total transmission power in the

abovementioned constraints. Constraint (11) signifies that
K RF pBB||2

one BS should serve all UEs. Zk:l Hf fk HFfpmax repre-

sents a non-convex constraint because of the analog precod-

ing and digital precoding matrix connection.

2
The problem in (11), ||F RE HF = 1/N,, involves difficulty

while solving for antenna selection because of the matrix
variables F'rr and Fp. We propose that the HP matrix design
approach achieves an optimum solution with less computa-
tional complexity to resolve this issue. As shown in [24],
minimizing the objective function in (11) nearly advances
to the maximization of the EE. Moreover, the optimal HPs
must be closed to the unconstrained optimal BBP. Explicitly
solving the baseband and RF precoding matrices is also dif-
ficult because of the complexity and non-concave properties
of the optimization problem in (11). To solve this problem,
we derive the upper bound on the EE.

C. UPPER BOUND OF EE

To derive the upper bound of EE, the EE optimization con-
straints are relaxed in (11) owing to the non-concavity of the
EE, which is difficult to apply in (11) for finding the local
maximum using Lagrange multipliers. Therefore, we use a
zero gradient-based iterative algorithm to obtain an optimal
BBP vector. Furthermore, simplifying the derivation is based
on the BBP matrix and RF precoding matrix, where fB €
CNer <K ig related to the Ngp and T RE- ¢ ONexNer s related
to the fully digital precoding matrix: F*' e CNixK FoP' —
FFP in the first term in (9), ™ = [f1, f2, .. f, .. k],
where the k th column of F% is expressed as f representing
the local optimization for BBP vector for the kth UE. The
optimal solution of EE uses the zero gradient method to

obtain the stationary point of an optimal BBP vector for
EE (f1, f2, ... Ji) and 7 (51, §2, . .. Si) [29]-(31].

FP — BE (1,60, ... ... )
ok
=arg max EE= < 3
Fetmixk EY w1 I1f]|” + NerPrr +Pc

12)

Considering the complexity and non-concave properties of
the problem, the constraint of EE and optimization in (11)
are relaxed. The EE is a non-concave function and diffi-
cult to apply using the traditional method for obtaining its
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global solution, such as the Lagrange multiplier. EE can
be maximized by optimizing the BBP matrix, where J oPt
constrained by the received interference and noise power of
the kth user [31] is

T _Zﬁb,rz i5(

Based on (12), the data rate in the numerator and the
transmission PC in the denominator are shown in (14) and
(15), respectively.

Ay, + a? (13)

ot g ()
7 =log [ 1+ PERT
Zz;ék P 1thBB( B) he| +o?
(14)
P) =83 Il +NerPre + P (15)

From the first partial derivation of EE(;) =
(Zszl Tk/”P) in (12), the baseband beamforming I’ Pt _

[f1,42, ... 9k, ... fx]. The gradient of EE (§;) and data rate
7k (fx) of the baseband beamforming f; are derived by

9EE(f,) 2
= — — f 1
300 = [k — Trlik (16)
with
— hyhi!
Q=P )
S Al () e+ o

2 K
Tk = ?INRF (Zi—] 4’1‘)
_ R 5.6 B
—woP ) ; : At
In2 Zéﬁ (C)% + Tt 5,60 PR
(18)

The regulated beamforming vectors and the transmit-
ted powers for all users can be improved by developing
a zero gradient-based energy-efficient strategy. From an
unconstraint optimization problem, the zero gradient con-
dition f; must be satisfied when the partial derivation of
9EE(f;)
3(f k
local optimization for the user can be expressed as:

OEE(f) _ 212k — Til%)
8 () P2

= 0. In this case, if f; is a stationary point, then the

=0; I1<k<K (19)

The global optimal solution is difficult to obtain, as illus-
trated in (11), where the EE is not convex/concave in the
weighting vector. A zero gradient-based iterative algorithm
is developed to obtain the optimal local solution. Therefore,
the partial derivation of EE(f},) is achieved using the iterative
algorithm as follows:

Algorithm 1 Energy Efficiency on Upper Bound of HP
Design

1. Assuming F © as an arbitrary initial value of the digital
precoding matrix, Q(O) and 7',((0) are computed by (16).

2. A superscript (i) is considered the ith iteration for all user

k=1,...,K

Repeat _ '

4. Caleulate 73, Q0 k = 1,...,
and(18). '

5. Given that Q;c’) is a Hermitian symmetric positive. matrix,
Q;;) can be denoted by Q;j) = CICOH, where € rep-
resents a symmetric positive definite matrix, if C =

o [7—< ] - i,

w

K based on (13), (17),

H
9EE(f,) (@
6. Compute (W) (C — £ ) =
N H .
EECOF| (¢ - 4) =
L\ H . NH . N
2 ch{l) cH1 Q’(‘l) _ Q;?) (C'_)fl Q;:) _ Q;;)) fl(cl)

7. Fory =0:C:1
Fork=1:K
(D)
k

o

Lq—1 o
9. Temp_ 7,[7-,(?] [Ql((of’((z)(y)] n
(1 _ J/) ]czl')(l/)
10. End for k
11. End for y

12. Set temp_ f(’+])(”)
j:‘(l-i-])()/)

as the kth column to form the matrix
temp_

13. Compute the maximum EE (temp_F OHW)) and let
f(i+1) _ temp_f(iH)(V),

14, i=i+1

15. Until )

16. ‘j:‘(H—l) _ j:‘(l)‘

17 j:opt _ f(i—H)

<eg, // a stopping criterion is triggered

where y is the iterative step, C is the step length interval,
and ¢ is the stopping trigger. Step (6) is Hermitian symmetric

St 5 (5 |

H

@ Zszl log, (1 +

K
itk

H 2
K hgf”fffﬂ(ffﬂ)”(f”) e

)

+Ot,%

w|—
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;o k=1,2,....K (10)

K 2
> HfRFffB HF + NrrPrr +Pc
=1
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H ‘
(C — f,@) for

all f ,({"). The algorithm is formulated and satisfies all the values

when the ‘EE(f,E’))f(l)‘ (c _ f§;>) >0, while the left term in

f(i) lgg) o Q]((l)) j:]((’)

positive low-complexity HP and ’EE(f,(f))f @

step (6) %

H , ‘\NH
V(@1 - 9f) (o
is extremum point by starting from any f](:) and going in
the direction of C — f,(f) . The EE(f,((i))f D becomes a non-
decreasing function for all f(i) and shifts to C. If the fully
digital precoding matrix f; is assumed to be a stationary
point according to [32], then the upper bound of EE(J (1))
can be determined. Moreover, the upper bound of EE(F ® )
is convergent for MU - mMIMO, and the upper bound of EE
is reached. We present the HP problem and solve the same
using the FCS/PCS as follows.

D. PHASE EXTRACTION ALTERNATING MINIMIZATION
FOR THE FCS

Developing a HP matrix design can achieve low computa-
tional complexity and small performance loss. The interfer-
ence between the multi-path streams can be mitigated by
applying columns of the unconstrained property of the mutu-
ally orthogonal optimal precoding matrix J P To help greatly
simplify the design of the analog precoders, this orthogonal
restriction depends on the ability of the analog precoders
F* 1o get rid of the product form with the J fB. The digital
precoding matrix should be mutually orthogonal by using a
unitary matrix of’ if .,y with the same dimension as i

(ffB) fk( B = (fis) - (yfk( ;> as shown in (11) and

(20). The mutual orthogonal property of a digital precoding
matrix I, B in HP is replaced with of is in (11).

(fSS> Jt‘k( )

_ CVZINS, user k is servied by BSj, i =j
o, otherwisei = 1,2, .1, j=0,1,.J, i#
Lj=1,2....Ng (20)

The objective function in (11) and (20) is optimized by
minimizing the Euclidean distance between J REF fB and .

-
=1 (P ) e () P
T <(fRF)Hf0p< ffB>H>
()" 5 ()5
]
= |F”|2 - 20RTr (j’is (fOPt)HfRF> .

2
@n
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The partial derivatives in (21) can be computed as:

5 ‘fopt _ pRFpBD Hi
Ioleg
= 20| FFE| -2z <f§s (f°Pt)HfRF)
(d
R Tr (ffs (f"p‘)HfRF )
= . 22)
7521,

The smallest value obtained in (21) when the objective

R <fis (f)f)

:FRF fis 2

r 2

{R T (f,fs (f)f) }

18 ”j.wp ”i"_ ”fRFj;wSS 2
k

L P . .
loss and reduction in computational complexity are obtained
using the square of the Frobenius norm in the denominator

2
”f REF is HF of the upper bound as:

e = () ) )

H <j:~RF)Hj:~RFM

function ¢ =

and the optimal fully DPs

. The small performance

=Tr | In,
0

< 1o fae (F) "5 ) <
(23)

H
where T is (f is) =Tr | In,
0

H
gular value decomposition (SVD) of F is (f is) and the

MH M represents the sin-

= N,.J is represents the square
matrix. The RF precoding transmission system J RE finds a
free product with the BBP matrix I’ fB based on selecting

different powers when I RE

the constant term [ ——— — + HJUOp”i + % to the

2 ‘:]:‘Dp’
compelled term and multipl@zing it by the positive constant
term?2 |F” ||12p The objective function || T — fRFffBH

F
(21) maximizes EE at the BS without enhancing the loss by

2
adding the Frobenius norm in the upper bound Hf RFf is H P =

2
Hf RE H . and reducing the complexity.
For |12 S8 ( popt\H rRF RF ||2
577 = 2R e (55 (FP) TP )+ [P

Ty ((fRF)HfRF) _ORTr (ffs (f°P‘)HfRF>
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+Tr (fis (fiS)H (f”f”)Hf"f”>

H 2
j:*opt (j:*fS) _ fRF
F
As shown in (21), the computational complexity is still
high. The upper bound adopted in (24) satisfies the con-
straint transmission power by updating a phase extraction-
based alternating minimization algorithm. The updating in

2
(24) as the objective function for the HP ’ FU_ F RFf fB HF

(24)

is given as:
min Fort§ss fRFH2
5
SS F
:FRF eC MXfRF» fk <CNRF < Ns
fSS) s
s.t. ( )y KD = (25)

RF
F (,;,)<,;,)—1 Vw

According to (25), a unitary precoding matrix J is can be
obtained by applying the precoding matrix I fB with orthog-
onal columns. The analog precoding | R in (25) obtains
free product form with mutual orthogonal digital precoding
matrix fB, which can assist and simplify the analog precoder
design by using phase extraction alternating minimization
algorithm. The closed-form solution can be expressed as

follows:
:]:*RF _ <:]:*0pt _‘FSS ) 2
N

obtained from the
is fixed

where arg I represents the phase of I~
phases of a corresponding precoder F*'F is if FRF
for the DPs. Therefore, the analog F RE
from the phases of an analogous F”'F¢° precoder. When F*"
is fixed, the optimization solution for DPs can be solved as

j:optj:*iS _ j:RFHi

hases can be derived

min

SS
j:‘k gENRFXNS
s\
5.1, (fk )( T =1In, 27)

On the basis of (27), only one optimization variable I’ iS is
obtained, and it is equal to:

H
o max RTr <in5 (Jmpt) fRF)
fk CNRF xNs

ss\H
(72 )(, ,>fk< 5 =1n, (28)

In accordance with (28), we use the dual norm for
the phases of an equivalent precoder ' iS and phases

of F*F as:

R Tr (f D (f "p‘)HfRF )
< | <f}§S (j:*Opt)H fRF)
< H ()" H ((foPt)HfRF>
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1

_ H <(fom)ﬂ fRF) _ %a_ 00)
- L i=1 l

where ||.|lo represents the stand infinite norm and |.||;

represents one Schatten norm. The equality is determined
. SS

only according to (29) when F s = leH , where

H
<(f°pt) fRF> = v ¥¥ is FCS in HP. Moreover, the

H
optimal HP (f"p‘) FRF = v s V¥ which is the SVD of

H
RF . o
FOPY) Y ands represents diagonal matrix with elements
that are the first Ny non-zero singular values according to (33)
Oy ennnnn ap,. As per (29), the value of o is determined

. .. pBB
according to the construct a matrix ', related to every

F¥°. where the exact normalization T} fulfills the power
constraint by reducing the complexity of the phase extraction
for alternating minimization algorithm.

Algorithm 2 Optimized HP-Based Phase Extraction Alter-
nating Minimization for the FCS

1. Input: F*

2. Establish gF andseti =0;

3. Repeat Y

4. Fix ¥ and calculate the SVD of (f Opt) FF .y =

v's yl
5. Estabhsh fk(l = WEY? ;
6. Fix I}, kG, :)- and optimize the HP matrices according to
27 argle = arg (fow(fss>( )) ;
15
7. i=i+1;
8. Until stopping criterion is triggered;

9. For a DP at the end of the transmission, I fB =
SS RF pSS
PO NG |[FEOR HF

E. LOW-COMPLEXITY HP ALTERNATING MINIMIZATION
FOR THE PCS

This section proposes the PCS—HP matrix design to optimize
EE and provide low hardware complexity in mm-wave by
employing fewer phase shifters in the analog RF precoders.
The EE in MU - mMIMO system will conduct optimization
when the creation of HP matrices F" F fB approaches the
upper bound with the partially digital precoding matrix I’ oPt,
In PCS, every RF is connected to a convincing number of
antennas b% emgloymg a minimization Euclidean distance
between T f d "', which are used to solve and
optimize baseband and RF precoding matrices f pt and FoB opt
according to [8], [20], [22].

FoPt _ FRF j:lkBB Hi

max ‘

Frr eC N’XfRF, JFBBECNRFxK

PR = diag {51, .., SN )
P oo

s.t.
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where Fis the optimal BBP for the ki user. The hardware
complexity in the RF chains domain can be decreased using
every RF chain only connected with N,/Ngfr. According to
(30), every RF chain is supplied with an antenna subarray to
guarantee the total PC and multiplexing gain determined by
the active RF chains and the dimension of PCS F*'" as:

fRE- 0 0
T 31)
RF
0 0 fNRF

:]:*RF

where f;, = [i=1,2,....,] € CNarry x1 represents the
analog precoding vector I’ RF to the i th subarray. The block
diagonal §; represents the i th block matrix, which matches the
precoding matrix between the ith RF chain and PCS N;/Ngp
antennas. Optimizing the BBP matrix J’ fB and minimizing
the number of RF chain precoding matrix Ngp can maximize
EE at the BS without any loss. In this section, we propose the
alternating minimization method for communication power
to optimize baseband because of the different structures of
the constraint on F** in the product ' REF fB by fixing the
FRE and obtaining a good solution for F EB as [33], [34].

2
min [P PR
fBBeCNRFXK
2
s.a. |[FREFEE ”F <Pre 32)

We presume that (32) is a non-convex constraint according
to channel in BS antenna arrays in (2) and from [15], [35]

QCQP problem. Let p = vec <f ,ljB) and ' = vec (f Opt> and

=1, oF RE From the vectorization property, the objective
2 2

PP = e () - -

2
Hvec (f"‘”) — <1NX QFFF ) i ‘2. A difficulty in (32) is that
the rank constraint to transfer (32) can be formulated in
standard QCQP form.

function ‘

2
. t
min Ht JFoP T{)H
D 2

p
2 Tmax
s.p. | IPIa==1r=Ner (33)

2 =1

The objective function in (33) can be expressed as follows:

2
o],

T
« (INV®:FRF>H (IM@fRF) B (INS®JURF) fopt
_(fDPZ)H (INS ®j:RF> (fop,)H fopt

€
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x| D (34)
T
——
T
I3
o ]
I 0 pmax
x pmaxNRF b E N NRF (35)
0 t !
\—/_d
Ay
t2
- ] i O [[0] =1 (36)

A

From (34), the objective function develops in real QCQP.
The special characteristic of HP NNL;F can find the best Ngp
vectors or global optimal solution of the precoder design
problem in (33). The digital precoding design problem in (32)
is solved using the low-complexity HP for alternating mini-
mization for the PCS structure to satisfy the power constraint
and considerable gain for analog beamforming [20]. v, repre-

p |,and f = T7F. The original
T

. . . 2
problem and each difference constraint can be rewritten “ i, ||
as:

sents the values of p, ¥ =

min SF€ X

fell]ln

st L] =1

(SH€ T< Prax
N;

rank (f) =1

>0 (37)

Nrr

Subsequently, we identify:

T=1»
1

=%z €

_ (INS®fRF H (INS®j;~RF) B (1/\/_;®fRF) fopt
_(Jcapt)H (INS®j:*RF> (prt)HJropt

Ay =

Ipmax Nrr 0 ’
0 0

Opmax NRF
0

(38)

We assume T7€ T = Tr (€T T). The most complex
portion in (37) is the rank constraint, which is non-convex
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with recognized . The original problem (32) is non-convex
and can be rewritten in (37) by using QCQP to obtain the
relaxed version by using the dimension Hermitian matrices.
We first drop (37) for the rank constraint to obtain the relaxed
version by using low-complexity HP for alternating mini-
mization as follows:

min Tr (€ §)
feur
p
s.t. Tr (A §) = mar Nrr
N
Tr (A &) =1
>0 (39)

where w” is the set of n = NgpN; + 1 dimension complex
Hermitian matrices. The constraint in (39) becomes convex
based on the initial relaxation of the constraint condition
rank (f) = 1 [35] if the optimization solution ¥’ does not
satisfy the constraint condition according to rank (f) =1
in (37). By contrast, the optimization solution ¥°"* cannot be
satisfied using the decomposed product between two vectors
7" — THZ Therefore, the BBP T fB is solved using the
approximate method in [36]-[38] by computing the uncon-
straint optimal precoders of the first Ny column of v and VA,
They are computed using unitary matrices grown from the
channel’s SVD to be decomposed as I = v V¥ The
approximate solution is obtained for optimization solution
" = E [T7 2] for each column of v to be the eigenvalues of
' and Y is a diagonal matrix for eigenvalues of 7. The
corresponding solution is obtained by selecting the random
vector ¥, which satisfies Hf REf fB H <Puax by approximate
solution (32). The signal phase is affected by the change in RF

precoding matrix, and high EE is obtained with a relatively
large Ngr. The power constraint is given as follows:

FoPL_ pRF ffB H

2
F

min ‘
F

RFeCNRF *Nt

s FRE = diag {f1, ... .., S ng, |

RF pBB
FREFEE = [fRF’ (i1)seevnnnn ARE, NRF)]

BB
fk(l, B)

fBB. ..
k(Ngrr, )
Ngr

DI
= RF, (2 NrF)' k(Ngr,?)
i
2
BB
2 Ngr ”fk HF

opt RF rBB
o — PR = <P

Ni

Phase (f"p‘) — Phase (f REF fB) (40)

The value range of the element in the i th column of
F* to be continuous depend on applying the specified

VOLUME 10, 2022

minimization to ensure continuity (40). The optimal phase
precoders Phase (f 0pt) operation is obtained with low-cost
phase shifters by minimizing the Euclidean distance or a
limited number of lossy connections between analog RF and
BBPs of each element of the matrix.

H
Phase (fRF(l-J)) = Phase (JUOpt(i,:) (ffB) > )

()]
Nrr
41
N —‘ (41)

t

1<i<N,, j= ’71'

Algorithm 3 Optimized HP-Based Alternating Minimization
With Low Complexity for PCS

1. Input: F Op;B o
2. Output: 13;]1, F op
3. Create T ;  with random phase, and adjusti =0 ;
4. Repeat
5. Fix F fF compute IBB using (40);
6. Fix ?B and update I’ ffl by (41);
7. Until
8. i=i+1; )
t RF pBB . S
9. |IFP — fi fi H < ¢ a stopping criterion is triggered;
BB BB [RF RF
0. ¥, =F". %, =F";

F. COMPLEXITY

The hardware has the objective of computation of high-
dimensional optimal HP matrix design. The complexity for
FCS based on using closed-form solutions and phase extrac-
tion for alternating minimization algorithm is equivalent to
the complexity for the updating procedures of the DP parts.
Furthermore, the dimension of the analog precoders is greater
than that of the DPs in the HP design. This solves the
complexity of the algorithms based on the analog part. The
updating analog precoders need to use the zero gradient
method to obtain the stationary point of optimal BBP for
every iteration of the phase extraction for the alternating min-
imization algorithm. Every iteration is realized to provide
low complexity by a phase extraction process of the matrix

H
Fort (f §S>( ) for alternating minimization by updating the

analog precoders with dimension N; x Fgz. From (23), min-
imizing the effectiveness of the limit of the upper bound is
N;<Ngp<2N;, and the upper bound becomes difficult
when Ngr = N;. A small performance loss is obtained
when Ngp is increased from N to 2 Ny — 1 by comput-

2
ing the gap between HfRFfis HF and HfRF‘ , as shown as

2
2 o

in (23). HfRF.FiS H is substituted to HfRF./\/ll H , where M

represents the riglftmost Nrr — N; of M to I;ield a small

performance loss and reduce the computational complex-

ity. When Ngp < 2N, the energy-efficient HP achieves the

maximum EE.
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TABLE 2. Simulation parameters.

Parameter Value
N, 144
N, 36
Ngp 5
K 5
Pmax 33 dBm
Power amplifier efficiency = 0.38
Pc 20 W
Prr 48 mW
Carrier frequency y 28 MHz
Bandwidth @ 20 MHz
The number of multi-paths propagation 30
channel £,
Noise power density a —174 dBm/Hz
Uniform distribution [0,22m)

IV. SIMULATION RESULTS

This section presents simulation results to establish EE with
several RF chains, the number of antennas, and some UEs.
Simulation parameters are encapsulated in Table 2.

1.7 , : :
~
SR
16" y
Q )
E q
N 15¢ 1
O
<
2
S 14+ 1
g 14
[}
>
213 -
s ——PCS
UJ12 +FCS Il Il Il 1 1 1

2 4 6 &8 10 12 14 16 18 20

NRF

FIGURE 2. EE with respect to the number of RF chains for FCS/PCS.

Fig. 2 illustrates the different structures for FCS/PCS. The
performance of EE decreases when the PC increases with a
greater number of phase shifters connected with several RF
chains in the FCS structure. The proposed phase extraction
alternating minimization algorithm has much lower complex-
ity as it does not allow the Ngp to increase. In particular,
high EE provides a small Ngr. In PCS, the EE will be
increased and produces the same values to increase the Ngr.
Minimizing the Euclidean distance in (41) optimizes BBP
and decreases the hardware complexity in the RF chains
domain by employing fewer phase shifters in the analog
RF precoders. Fig. 2 shows that at an intersection point for
a two-HP structure, the FCS provides high EE when the
Ngp is less than the intersection point. Meanwhile, the PCS
yields high EE when the Ngr is implemented at transceivers.
Fig. 3 shows the performance of SE with the effect of the
Nrr evaluated by comparing different algorithms with the
assumption that 6 data streams are transmitted.

The SE is achieved by introducing phase extraction as
an alternative minimization when Ngg>2N,, and it will
gradually approach the sufficiently close value of the optimal
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FIGURE 3. Comparison of different precoding algorithms in terms of SE.
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BBP. As depicted in Fig. 3, the SE improves in the PCS for the
region Ngp € [6, 11]. When Ngp increases, the PC remains
unchanged because the low-complexity algorithm reduces an
upper bound.
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FIGURE 4. EE versus the number of RF.
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In the FCS, the SE enhances upon slightly increasing an
Ngr by applying the proposed phase extraction alternating
minimization algorithm with the optimal BBPs when the
Ngp is larger than 2N;. When the Ngp is smaller, the OMP
algorithm provides high SE. When the Ngr is increased, the
phase extraction and alternative minimization provide higher
SE than OMP. Therefore, the phase extraction of the FCS
approaches to the optimal BBPs when the Ngp is equivalent
to N;. Fig. 4 shows that EE starts to decrease when the
Ngp for FCS/PCS is increased. The EE with FCS/PCS algo-
rithms can always maintain the best performance with a large
Ngrrp. The phase extraction of an alternative minimization
in FCS provides the best EE performance when the Ngf is
between 4 and 6. It sufficiently approaches the close value of
the optimal BBPs when the Ngf is increased. However, the
large gains over analog beamforming are obtained to avoid
the high energy consumption in low-complexity HP for alter-
nating minimization algorithm. The proposed optimal BBP
algorithms provide higher EE than the two other proposed
algorithms when the Ngp is between 1 and 6.
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FIGURE 5. EE comparison against the number of antennas N;.
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FIGURE 6. Power-saving ratio with respect to the number of RF chains.

Fig. 5 presents the performance of EE concerning the
number of transmission antennas (N;). The EE for different
precoding algorithms decreases with the increase in the N,
according to the computation power in an mMIMO system.
When N, is fixed, the optimal BBP provides larger EE than
FCS and PCS. The FCS provides a higher EE in terms of
hardware complexity and communication power than PCS.
Fig. 6 shows the related power-saving ratio concerning the
Ngp. The PC of the phase extraction FCS increases when
the Ngp is large. When the Ngf is 12, the power-saving ratio
is 48.3% in low-complexity HP for alternating minimization
algorithm. The power-saving ratio is 17.12% for the FCS
of phase extraction as an alternative minimization at the same
Nrr of 12. The high power-saving ratio is more difficult to
obtain when the system employs power gain for interference
control. The PCS can provide good performance with higher
EE. The low-complexity HP for alternating minimization
algorithm assigns power to different RF chains and breaches
the per RF power limit. As shown in Fig. 7, the EE with
different precoding algorithms increases when the number
of UEs is small. Thereafter, the EE starts to decrease with
the increase in UEs. The optimal BBPs provide higher EE
than the two proposed algorithms when the Ngr is between
1 and 12. When the number of UEs is more than 6, PCS’s
low-complexity HP can achieve fairly satisfactory perfor-
mance and provides a larger EE than phase extraction in
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FCS. Moreover, when the number of UEs is small, the phase
extraction in FCS gradually approaches the sufficiently close
value of the optimal BBPs.
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FIGURE 7. Performance of EE with respect to the number of users.
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FIGURE 8. Cost efficiency concerning the number of RF chains.

Therefore, the FCS/PCS architectures with dynamic sub-
array and low-resolution phase shifters effectively reduce the
number of phase shifters and improve the EE. Fig. 8 shows
that the cost efficiency decreases when the N, increases
in MU - mMIMO systems. The cost efficiency of optimal
BBPs also improves when the N, is increased. Meanwhile,
the phase extraction in FCS and low-complexity HP for alter-
nating minimization algorithm decreases with the increase
in the N;. The maximum cost efficiency improved with
FCS structures during each iteration is achieved to deliver
the low complexity by a phase extraction process of the

H
matrix T (f is) .
(i)
V. CONCLUSION
In this paper, we propose alternating minimization for a
HP- mm-wave mMIMO system. We jointly optimize the
communication power of RF systems to minimize the cost
and complexity of MU- mMIMO systems. The performance
of EE decreases when the Ngr Ngp increases. The EE
with FCS/PCS algorithms can always maintain the best
performance of EE = 3.7 Mbits/] and decreases the EE
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to 2.9 Mbits/J with increases the Ngr. Moreover, when the
Ngp is greater than the Ny, the HPs with the FCS can
move toward the optimal BBPs. The PCS improves EE
and SE with a relatively large Ngp. The proposed algo-
rithms for FCS/PCS are developed to optimize the perfor-
mance of the MU - mMIMO communication system. The
simulation results show that the proposed low-complexity
HP for alternating minimization algorithm in FCS and PCS
achieves 48.3% and 17.12%, respectively. The PCS struc-
ture becomes better than the phase extraction for alternating
minimization algorithm in FCS in terms of cost efficiency
and maximum power-saving ratio. In the future, due to high-
computational complexity and failure to fully exploit mm-
wave spatial information. So we plan to construct selected
training data sequences based on the DNN for optimizing
the precoding process of the mm-wave mMIMO to explore
the trade-off between energy and cost efficiency, depending
on the deep learning approach that facilitates dynamic power
allocation improve the performance channel training and pro-
vide less computation time.
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