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ABSTRACT Millimeter-wave (mmWave) massive multiple-input multiple-output (MIMO) utilizes large
antenna arrays and is considered a promising technology for fifth-generation (5G) and beyond wireless
communication systems. However, the high-power consumption of the radio-frequency (RF) chains makes
it infeasible. To solve this problem, hybrid precoding is proposed, which is a combination of analog
and digital precoding. The fully connected architecture hybrid precoding still requires a large number of
phase shifters (PSs). The sub-connected architecture can greatly reduce the required power consumption,
and however, it cannot obtain a satisfactory achievable rate. To avoid the high energy consumption and
obtain a high resolution, we propose a novel partly connected architecture in this paper. In addition,
we propose an energy-efficient successive interference cancelation (SIC) hybrid precoding based on the
partly connected architecture, which transforms the problem of maximizing the total achievable rate with
non-convex constraints into a series of sub-rate optimization problems. Furthermore, a low-complexity
energy-efficient SIC hybrid precoding based on the partly connected architecture is developed, which uses
the partial singular value decomposition (SVD) to realize the sub-rate optimization and significantly reduce
the complexity. Theoretical analysis demonstrates the superiority of the proposed hybrid precoding in terms
of complexity. The simulation results indicate that the proposed hybrid precoding algorithms enjoy better
energy efficiency and achievable rate performance than some recently proposed hybrid precoding algorithms.

INDEX TERMS Millimeter wave communication, MIMO, energy efficiency, complexity theory, hybrid

precoding.

I. INTRODUCTION

The growth of traffic in mobile communications, which is
rapidly increasing with the popularity of mobile devices, has
been drawn a great amount of important attention in recent
years [1]. Millimeter wave (mmWave) communication with
broad unlicensed bandwidth is a promising technology for
future wireless communication systems [2]. The mmWave
signal attenuation is severe because the free space propaga-
tion pathloss is inversely proportional to the wavelength [3].
However, the mmWave massive multiple input multiple out-
put (MIMO) with shorter wavelength is able to make dozens
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or hundreds of antennas to be packed into a small size, which
can compensate for the severe pathloss by sufficient beam-
forming. Moreover, it can utilize precoding to concentrate
the signal in a specific direction [4]. Therefore, considerable
attention has been paid to mmWave massive MIMO technol-
ogy in wireless communications [5], [6].

Fully analog beamforming operates the phase of the signal
sent by each antenna via analog phase shifters (PSs) [7]-[9].
Although the fully analog precoding is simply implemented,
it cannot provide multiplexing gains for transmitting parallel
data streams. For the MIMO systems in conventional fre-
quency band, the classical fully digital precoding is usually
used, which can obtain the optimal multiplexing gain [10].
Since the number of radio frequency (RF) chains equals that
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of the antennas for traditional fully digital precoding, it is
too costly for mmWave massive MIMO systems. Therefore,
novel precoding structures are required for mmWave systems
that are quite different from those of conventional communi-
cation systems [12]-[15].

The hybrid precoding architecture has drawn consid-
erable attention for mmWave massive MIMO systems,
since the number of RF chains is less than that of
transmit/receive antennas. Its key idea is to realize precod-
ing in high-dimensional analog and low-dimensional digital
domains, where the analog beamforming is implemented
by analog circuit, while the digital precoding requires a
small number of RF chains [16]. The fully-connected and
sub-connected architectures are employed by the existing
hybrid precoding. For the fully-connected architecture, there
are two ways to design the hybrid precoding. In the first
way, a codebook is required to design for improving the per-
formance when optimizing the hybrid precoding [17]-[19].
A codebook was designed in [18], in which wider beams
were generated by turning off some antennas. For a mul-
tiuser mmWave system, a low-complexity codebook-based
RF-baseband hybrid precoder was proposed in [19]. Some
codewords in these methods require an analog switch for each
antenna element path, which will result in additional costs and
power consumption. In the second way, optimization prob-
lem is formulated as a sparsity signal reconstruction prob-
lem for hybrid precoding [20]-[22]. The hybrid precoding
is transformed into a sparse digital precoding optimization
problem [23]. A new hybrid precoding algorithm from the
perspective of geometric construction was proposed in [24].
Although these algorithms do not consider the designing of
codewords, they are all designed based on fully-connected
architecture, which involves complicated phase shifter net-
works and high complexity.

To avoid the problem of fully-connected schemes, hybrid
precoding based on sub-connected architecture has been
attracted more attention [12], [25], [26]. Compared with
fully-connected architecture, it can realize a great reduction
in terms of hardware and improve the energy efficiency.
However, this architecture leads to an unsatisfing achievable
rate performance, which is significantly important in wire-
less communication systems with the rapid development of
mobile communications and the ever growing demand for
data rate.

In this paper, we propose a new partly-connected architec-
ture for hybrid precoding. This architecture selects two RF
chains to control one sub-antenna array and each antenna
is controlled by two phase shifters connected by two RF
chains. The partly-connected architecture can achieve a
great increase in the achievable rate at the cost of increas-
ing a small number of PSs. In addition, we propose an
energy-efficient successive interference cancelation (SIC)
hybrid precoding based on partly-connected architecture,
which is called partly-connected successive interference
cancelation (PC-SIC) precoding. For the proposed PC-SIC
hybrid precoding, the total achievable rate optimization
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problem with non-convex constraints is transformed into a
series of simple sub-rate optimization problems. Further-
more, to reduce the complexity of the proposed PC-SIC
precoding, we further propose a low-complexity energy-
efficient partly-connected SIC hybrid precoding (LPC-SIC)
algorithm. The proposed LPC-SIC precoding uses partial
singular value decomposition (SVD) in the sub-rate opti-
mization, which can avoid the computational complex-
ity of solving unrelated singular value vectors. Simulation
results indicate that the proposed hybrid precoding algo-
rithms can obtain satisfactory performance in terms of the
achievable rate and energy efficiency for mmWave massive
MIMO systems.

The rest of the paper is organized as follows. The chan-
nel model and power model are introduced in Section II.
The proposed partly-connected architecture, PC-SIC precod-
ing, and LPC-SIC precoding are described in Section III.
In Section IV, the simulation results of the achievable rate
and energy efficiency are provided. Section V concludes this
paper.

Notation: In this paper, lower-case and upper-case boldface
letters denote vectors and matrices, respectively. (~)T, (~)’1,
(O, and ||-|| r denote the transpose, inverse, conjugate trans-
pose, and Frobenius norm of a matrix, respectively. Iy is the
N x N identity matrix. E(-) denotes the expectation. C"*"
denotes an m x n dimensional complex space.

Il. SYSTEM MODEL

A. CHANNEL MODEL

It is known that the mmWave channel no longer obeys the
conventional Rayleigh fading and has different propagation
characteristics compared to lower-frequency channels [27].
In this paper, the geometric Saleh-Valenzuela channel model
is used for mmWave communications [28], [29]. Based on
the Saleh-Valenzuela model, the channel matrix H can be
represented as

L
H=1) A ($].0))A($]. 0))ar (@] 6))al (¢].6]).
=1

ey

where T = ,/NZM / L is a normalization factor, M is the
average number of antennas connected to one RF chain,
NM is the number of transmit antennas, L is the number
of effective channel paths corresponding to limited scatters,
and N is the number of RF chains, which usually requires
L < N. o is the complex gain of the /th path that fol-
lows the Rayleigh distribution. ¢;(6/) and ¢; (6]) are the /th
path’s azimuth (elevation) angles of departure and arrival
(AoD/AoA), respectively. A,(qb,’ , 01’ ) and A, (], 6]) denote
the transmit and receive antenna array gain at a specific
AoD and AoA, respectively. a (¢!, /) and a,(¢], 6]) rep-
resent the normalized transmit and receive array response
vectors based on the antenna array structures at the base
station (BS) and the user, respectively. For the uniform
linear arrays (ULAs), the array response vector can be
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presented as

T

21 2
J——dsin(¢) j(U—l)Td Sin(¢)i|

ayra(p) = l,e A Lo, e

1
VU [
(2)
where A is the signal wavelength, d is the distance between
antenna elements, and U represents the elements for the
ULAs.

B. POWER MODEL
The total power consumption is usually modeled as

Piotal = Py + NPRp + NpsPps, 3)

where Py is the transmission power, Pgrr is the power con-
sumed by RF chain, and Ppg is the energy consumption
of PS. N and Npg are the numbers of RF chains and PSs,
respectively.

The energy efficiency can be defined as the ratio of the
achievable rate to the total power consumption, which is
expressed as

_ R _ R

Piwi Py + NPrp + NpsPps’
where R is the total achievable rate.

We aim to design the analog precoder F4 and digital pre-

coder Fp to maximize the total achievable rate R, which can
be expressed as

(F? t, Fg") = arg max R,
FaFp
s.t.Fp e F,

|[FsFp| |3 <N, Q)

n “

where JF denotes the set of feasible analog precoders, N is the
number of data streams.

Ill. PROPOSED ENERGY-EFFICIENT HYBRID PRECODING
BASED ON PARTLY-CONNECTED ARCHITECTURE

In this section, we first develop a new partly-connected
architecture and then propose an energy-efficient partly-
connected hybrid precoding to achieve near-optimal per-
formance. Furthermore, an energy-efficient low-complexity
partly-connected hybrid precoding algorithm is proposed.

A. PARTLY-CONNECTED ARCHITECTURE FOR

MMWAVE MASSIVE MIMO SYSTEM

A new type of partly connected architecture for hybrid pre-
coding in mmWave massive MIMO systems is proposed,
as shown in Fig. 1. The proposed partly connected architec-
ture is a compromise proposal between the fully-connected
architecture and the sub-connected architecture. In the pro-
posed architecture, NM transmit antennas are equipped in
the BS and N independent data streams are sent to K user
antennas. Furthermore, the BS has N RF chains, which sat-
isfy N < NM. Specifically, each two RF chains is con-
nected to one sub-antenna array. Because one sub-antenna
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array has 2M antennas, one RF chain is connected to the
sub-antenna array via 2M phase shifters and each of the
two RF chains is connected to one sub-antenna array via
4M phase shifters. Since 2M phase shifters are required to
transmit one data stream, to transmit N independent data
streams the partly-connected architecture requires 2NM PSs,
while the sub-connected architecture needs NM PSs, and the
fully-connected architecture needs N 2M PSs [26].

p-ante
Array 1
P loo
—= H>[RF chain 1 &
Baseband H
L
Processing
- @1 L~ [®©
Multiple data .
streams .
° Sub-antenn:
Array N/2
— H[RE_chain N1 1+& 4 o o
Baseband :
1% Processing
g B OO TS T g L> | © 0

Digital Precoder Analog Precoder

FIGURE 1. Partly-connected architecture.

It can be seen from Fig. 1, although the number of
PSs for partly-connected architecture is twice that of the
sub-connected architecture, the number of sub-antenna arrays
is N/2 for partly-connected architecture, which is half
of the sub-connected architecture. The hybrid precoder F
at the BS is NM x N. It should be formed from two
parts: a high-dimensional analog precoder Fy e CNM*N
and a low-dimensional digital precoder Fp e CN*V,
i.e., F = FoFp [28].

First, the N data streams in the baseband are precoded by
digital precoder Fp, and pass through N RF chains. Fp can
be further specialized to be a subblock diagonal matrix as
Fp = diag[d;, dy, ..., dy/2] based on the partly-connected
architecture, where d, € C>*2 forn = 1,2,..N /2.
Afterwards, the N data streams are precoded again by an
NM x N analog precoder, which is realized by 2NM PSs.
F4 can also be specialized as a subblock diagonal matrix
as F4 = diag[ay, ay,...,ay 2], where a, € C**2 for
n=1,2,...,N/2. The elements of F4 have the same ampli-
tude 1/+/2M, but different phases [20]. Therefore, for one
sub-antenna array, two baseband data streams are precoded
by d, € C?>*2, and then pass through two RF chains and
are precoded by the analog weighting vector a, € C*¥*2,
which is realized by 4M PSs. Therefore, the hybrid precoding
for one sub-antenna array is f, = a,d,, which satisfies
fn e (CZM ><2.

Considering a block-fading propagation channel, the
received K x 1 signal vector y = [y, 2, ... ,yK]T at the
user side can be expressed as

y = +/pHFsFps + n = /pHFs + n, 6)

where p is the average received power, and y is the K x 1
received vector. H € CK*M denotes the channel matrix
based on the Saleh-Valenzuela model between the BS and the
user. s = [s1,...,sn]7 presents the source signal vector in
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the baseband. F = F4Fp is the hybrid precoding matrix

£, 0 .- 0
0o £ - 0

F=| . .. . @)
0 0 - fyp

The widely used Gaussian signal with a normalized signal
power E(ss) = (1/N)Iy is used [28]. To meet the constraint
for the total transmit power, it is required that | F|| p < N [20].
The additive white Gaussian noise (AWGN) vector n =
[n1,na, ..., ng]7 follows the independent and identically
distribution (i.i.d.) CA/(0, o %Ig).

The hybrid precoding matrix based on sub-connected
architecture can be expressed as

fsub(l) 0 e 0
0 fon) - 0
Fup=| . o e
0 0 fsunv)
where f,,0) € CMx1 for] = 1,2,...,N. It can be seen

from the partly-connected architecture based hybrid precod-
ing matrix (7), when the upper triangle and lower triangle
of f,, are both zero matrices, f,, is equivalent to the rows
from the 2M(n — 1) + 1)th one to the CM(n — 1) +
2M)th one of f,p0n—1) and £s,,2,), respectively, in which

n = 1,2,...,N/2. For the partly-connected architecture,
f, in Equation (7) can be expressed as
a b
f, = [c a } ©)

where a, b, ¢, and d are M x 1 complex matrices. When the
upper triangle b and lower triangle ¢ are both zero matrices,
aandd are the (2M (n—1)+1)th one to the 2M (n—1)+2M )th
one of fy02n—1) and fyp0n (n = 1,2,...,N/2), respec-
tively. Since the block matrix of the partly-connected archi-
tecture can be a zero matrix, the hybrid precoding based on
sub-connected architecture is a special case of the proposed
partly-connected architecture based hybrid precoding when
b and c are both zero matrices. Although the hybrid precoding
based on sub-connected architecture enjoys better energy
efficiency than the fully digital precoding and spatially
sparse precoding based on fully-connected architecture [26],
the partly-connected architecture can achieve a better perfor-
mance of achievable rate than the sub-connected architecture.
The number of PSs based on partly-connected architecture
increases, however, the power consumption of PSs is only
on the order of milliwatt. Therefore, the partly-connected
architecture can obtain a great increasing of achievable rate
at the cost of increasing a small number of PSs, and achieve
a higher energy efficiency.

B. ENERGY-EFFICIENT HYBRID PRECODING ALGORITHM
BASED ON PARTLY-CONNECTED ARCHITECTURE

Inspired by the successive interference cancelation (SIC)
algorithm, we propose an energy-efficient PC-SIC
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hybrid precoding. The aim of precoding is to maximize the
total achievable rate. The achievable rate of mmWave massive
MIMO systems can be expressed as

R = log, <‘Ik + ]%HFFHHHD. (10)

According to the system model in Section II, the hybrid
precoding matrix F can be represented as F = FsFp =
diaglay, a2, ..., ay 2] *diag[d,d>,...,dy 2]. There are three
constraints on F:

1) F should be a block diagonal matrix which is shown in
(7N, ie., F = diag[fy, 15, ..., Iy 2], where £, = a,d,
is the 2M x 2 non-zero vector of the (N —2n+1)th and
(N —2n+2)th columns (n = 1, 2, ...N /2).

2) The non-zero elements of each column of F4 should
have the same amplitude.

3) To fulfill the requirements of the total transmit power
constraint, the Frobenius norm of F should meet
IFllF = Ns.

Unfortunately, the total achievable rate R is difficult to
be optimized because of the non-convex constraints on F.
Motivated by [30], we can decompose the complicated opti-
mization problem (10) into a series of sub-rate optimization
problems based on the partly-connected architecture, which
is much easier to solve.

The precoding on different sub-antenna arrays is indepen-
dent based on the block diagonal structure of the hybrid
precoding matrix F. Therefore, F can be divided into three
parts as follows F = [Fi.y_> fy_1 fy], where F1.x_> is an
NM x (N — 2) matrix containing the first (N — 2) columns
of F, fy_1 and fy are the (N — 1)th and the Nth column of F,
respectively. Then, the total achievable rate R in (10) can be

presented as

N-2 v fN]HHHD

R = log,

4 H H’
I, + —HFF'H
T No2 )

0
=1 I —H[Fiy_2fnv_1f
o | |+ 53 [Fiv—2 fy—1 fN]

[F

o H H
= log, < Iy + WHFI:N—zFl:N—ZH
+ L Hfy_ 1HH+LHfoII$HH‘ Can
No? - No?

The auxiliary matrix Ty -2 = Iy + 725 HF N—oFH SHA s
defined, and then R can be stated in a closed-form as follows

R = log, (ITn-2)
-
+log, ()Ik + Nol TNl_zH (fN_lfg71 + f]\ﬁ%) H" D
= log, (ITy-21)
0
+log, ()IH_W (fll\il Gy_ofn_1 +f][\{GN—2fN) D ,
(12)
where Gy_» = H¥Ty,' JH. The first term log, (|Ty_2]) of
(12) has the same form as (10). Hence, log, (|Ty—2|) can be
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further decomposed by using the similar method in (11), and
it can be given by

logs(ITy—2) = log,(ITy—4l)
+ log, (|Ik+ (5 G-afy-s

+f§’2GN_4fN_z)D, (13)

where Gy_4 = HYTy H, Ty 4 = L + ZHF 1y 4

Fi  HA
LLN—4t -
After N/2 decompositions, the total achievable rate R

in (12) can be expressed as
N/2
R=D)., _/

H _ P _eH
where Gy_7, = H TN 2nH’ My _op+1 = N_asz*2n+1

log, (1 + My—2p+1 + Mn—2042), (14)

Gy _2nfN—2nt1, and My 2,12 =

The problem of maximizing the total achievable rate can be
transformed into a series of sub-rate optimization problems
of sub-antenna arrays based on (14). This can significantly
simplify a complex problem that has non-convex constraints.
First, because each antenna array is connected to two RF
chains independently, the achievable capacity of the first
antenna array can be optimized by assuming that all the
other antenna arrays are closed. Afterwards, by excluding the
contribution of the first antenna array from (10), the achiev-
able rate of the second antenna array can be optimized.
A similar procedure is executed until the last antenna array
is considered.

According to the analysis above, the sub-rate optimization
problem of the nth sub-antenna array can be given by

AN

arg max

opt opt
Py 2t 1°PN—2nt2€F

+ My _2n41 +Mn_2442)
log,(1

ot INCopg2 = log,(1

(a)
= arg max
opt
Py _2n+1 Py 2n+2€F

0
+— No?
+ fN_2n+2GN72an72n+2))v (15)

where (a) is obtained by defining the auxiliary matrix Gy —2y,
F is the set of all the feasible vectors satisfying the three
constraints proposed in Section III-A. The (N —2n + 1)th and
(N — 2n + 2)th precoding vectors f[iﬁzn 4 and fo —ongo Only
have 2M non-zero elements from the 2M (n — 1) + 1)th one
to the M (n — 1) + 2M)th one, in whichn = 1,2, ..., N/2.
Therefore, the sub-rate optimization problem (15) becomes

£ £

N—2n+2 =

H
(By 2y 1 GN—20fN 2041

arg max
—opt F
. 2n+1° PN m+2€

P
+— NolZ

+ f11;11,2n+2GN—2an—2n+2))9 (16)
where F includes all the possible 2M x 2 vectors satisfying
the last two constraints, Gy_p, of size 2M x 2M is the

—2n+1° 10g2(1

(fN o1 GN—2nEN —2n41
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H
ozt _ani2 GV —2nfN—2n+2-

corresponding sub-matrix of Gy _», by only keeping the rows
and columns of Gy _»,, from the (2M (n — 1) + 1)th one to the
(2M(n — 1) 4+ 2M)th one, which can be presented as

Gy_2n = RGy_o,R? = RHT,', HR?, (17

where R = [02p7 520 (n—1) Iomr O2m x2m (v j2—m)] is the corre-
sponding selection matrix.

The SVD of Gy_s, can be represented by Gy_om =
VZVH , where V is a 2M x 2M unitary matrix, v; is the
first column of V and v; is the second column of V. The ) is
a2M x 2M diagonal matrix that contains the singular values
of EN_Q,, in decreasing order. Since the elements of v| and v,
do not obey the second constraint in Section III-A, the hybrid
precoding vectors f’,)\f?iz and £, cannot be directly

nt1 N—-2n+2
chosen as vj and vy, respectively. To satisfy the constraints,
the following approach is proposed.

First, the analog precoding is given by

1 .
0Pt _ angle(v1:2)
Ay _optlN—2n42 = me] : (18)
Then, v| and v; are chosen as fo _opy1 and fU 40 TESpEC-

tively. To make f;)V—Zn 41 and f;lv_zn 1 sufficiently close to vy
and vy, the digital precoding can be given by

—opt
dN 2n+1:N —2n+2

to pt —opt
“ontIN—2n42) AN _2nt1:N—2n42

—opt T—o !
2 P
Ay ontrt:N—2042) AN—2nt1:N—2n42

—opt iopt
AN _2nt1:N—2n42 —ont1:N—2n42
. (19

—opt T—() 1
2 /g
AN opt1:N-20+2) AN-2n+1:N—2n+2

Finally, let

pt —opt
£y i v _ani2 =Bt o t:N—2m 2OV 21N —2nt2- (20

—opt . .
Thus, tﬁlzn 41 and f(1:172n 1, are updated. It is worth point-
ing out that v; and v, are columns of the unitary matrix V,
and each element v; of vi and vo» (for i = 1,2,...,2M)

. 2opt
has an amplitude less than one, then Hf’;ﬁlzn LN 2042 Hz <

. . zopt
2. Because the optimal solution fp 4 Conil:N—2n4o fOrn =
1,2,...,N/2 has a similar form we can conclude that

| o ||F = |diag {E". 8", ... N/z}H < N, in which
ﬁpt € C2M %2

As mentioned above, the proposed PC-SIC hybrid
precoding algorithm, i.e., the following steps in Algo-
rithm 1, can solve the sub-rate optimization problem of the
nth sub-antenna array (forn = 1, 2, ...N /2).

C. LOW-COMPLEXITY HYBRID PRECODING ALGORITHM
BASED ON PARTLY-CONNECTED ARCHITECTURE

To reduce the complexity of the proposed PC-SIC precoding,
an energy-efficient low-complexity partly-connected archi-
tecture based successive interference cancelation hybrid pre-
coding, i.e., LPC-SIC, is proposed in this section.
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Algorithm 1 Proposed PC-SIC Hybrid Precoding Algorithm

Initialize: Gy_»;

forn=1,2,...,N/2do .
Obtain v; and v, by performlng the SVD of Gy _2,;
Obtain the value of a5 aN 1N 22 = A (18);

Let vy and v, as f;, 2l and fzf 2n2» TEspectively;

Obtain the value of dN_2n+1:N_2n+2 =D (19);

Let B pps 1v—2n2 = A X D;

Update matrices Ty_2, and Gy_», for the next (m +

1)th sub-antenna array. (form = 1, 2, ...(N /2 — 1));
9: end for

Output: hybrid precoding matrix F;

A U SR AT

The SVD algorithm usually obtains all the singular values
of the matrix. To obtain the complete SVD of the matrix,
redundant calculations are inevitably generated in massive
MIMO systems. When the number of singular values or sin-
gular vectors required is much smaller than the matrix dimen-
sion, the waste of computational is enormous. Fortunately,
hybrid precoding based on partly-connected architecture does
not need to obtain all the singular value distributions of the
matrix and corresponding singular vectors. Only the singular
vectors corresponding to the first two large singular values
need to be obtained to further gain a hybrid precoding matrix.
Therefore, a partial singular value decomposition method is
proposed in this section, which only calculates the singular
values and singular vectors required by the partly-connected
architecture.

The partial singular value decomposition method mainly
exploits the Givens transformation. This transformation
can make the original matrix orthogonal, which can be
expressed as

AV =W, 2D

where A € C"™", m > n, V is an unitary matrix, W satisfies
the column vectors are orthogonal to each other, which is
given by

W =UA, (22)

where U is the left singular vector of A, and A is the singular
value of A.

Because not all the singular values are required in the
system, only r singular values are required (r < n),

= (Wi, Wy). (23)
Let
Wi=UAq, (24
where
L WiGL D)
Ui D)= (25)
Wi, Dll2
It is satisfied that 0 < i < r. W1 and W), satisfy
WHW, = A3, (26)
WIW, = 0rnr)- 27)
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Taking Equation (24) into Equation (26) and Equation (27),
we can obtain

uiu, =1, (28)

UW) = 0501, (29)
And then

V = (UjA1, W)). (30)

Multiply U?’ on both sides of the above equation, and we can
get

U AV = (U U A, UPW,) = (A1, 0). (31)
Then,
H H H H H A\H
vt AV(U1 AV) = U AVVH AR U,
= U AATU; = A (32)
Thus,
AATU; = U AT (33)

Therefore, A% is the singular value of AAH Tn addition, U; is
the singular vector corresponding to a singular value.

As mentioned above, the key idea of the partial SVD
algorithm is to make better use of the orthogonal mapping,
which can make the two vectors orthogonal. Because only
the partial singular values and corresponding singular vectors
are required by the partly-connected architecture, the partial
column vectors are orthogonal to each other and the partial
column vectors and the remaining column vectors are orthog-
onal to each other. Therefore, the partial SVD method elimi-
nates the orthogonal work of the unrelated column vectors,
which can significantly reduce the computational load for
each round.

Based on partly-connected architecture, the singular val-
ues of Gy_», are required. They are arranged in descend-
ing order. r (for a partly-connected architecture, r = 2)
singular values and r singular vectors are required by the
system. We assume that the ith singular value is o;, in which,
O<i<r.

First, the 2-norm of the column vector of matrix GN 21
i.e., Gy_2,(:, i) and Gy_2,(:, J) are calculated, in which i <

j<r.lIf HGN_Z,,(.,]) HGN wm(:, I)H directly perform

the orthogonal transformatlon Otherwise, Gy _2n(: ,j) and
GN,zn(:, i) are changed, and the orthogonal transformation
is then performed. If i > r, end the loop. According to Equa-
tion (25), after several iteration cycles, the singular vectors
can be calculated and expressed as follows

Gy _2n(:, 1)
|Gy —2uC: D),

where (N}N_z,,(:, i) is the updated version of EN_zn(I, 0).
A detailed description of the proposed partial SVD algorithm
is summarized in the following.

In conclusion, the proposed LPC-SIC algorithm uses par-
tial SVD in the first step of the sub-rate optimization problem

i =

(34)
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TABLE 1. Computational complexity analysis.

Number of Multiplications

Number of Divisions

Spatially sparse precoding[20]
SIC-based hybrid precoding[26]
Proposed PC-SIC precoding
Proposed LPC-SIC precoding

O (N*M + N2L? + N2M?L) O (2N3)
O (M?(NS + K)) O (2NS)

O (AM3N 4 16MN) O (4N)

O (AM?N 4 14MN) O (4N)

Algorithm 2 Partial Singular Value Decomposition

Input: EN,zn and r;
1: Initialize: i = 1 and j = 2;
2: Calculate 2-norm of column vector of matrix Gy _2,;
3: whilej < r do

4: if HEN_zn(:,j)Hz < HEN_QH(:, )| then

s Orth |G-z | . |G| :

6:

7: Change and orth HEN,z,,(:, i) ) ‘@Hn(:,j) ‘2;
8: endif

9: i++,j++
10: end while - -
Output: v; = G2, D)/ | Gn—2aC:, )], 34;

to replace the SVD algorithm, which can significantly reduce
the complexity.

D. COMPUTATIONAL COMPLEXITY EVALUATION

The computational complexity of the proposed partly-
connected architecture based hybrid precoding algorithms is
mainly composed of the following three parts.

1) The first part is from the SVD of matrix Gy_2n.
The dimension of matrix Gy_o, is 2M x 2M. The com-
putational complexity of directly implementing SVD is
@) (4M 3N ) For the proposed LPC-SIC hybrid precoding
algorithm which requires the first two column vectors and
uses a partial SVD algorithm, the computational complexity
is O (4M>N — 2MN).

2) The second part from obtaining a digital precoding for
solving Equation (19), which needs O (12MN) multiplica-
tions and O (4N) divisions.

3) The third part is from obtaining a hybrid precod-
ing for solving Equation (20), which needs O (4MN)
multiplications.

According to the above analysis, the overall complexity
of the proposed PC-SIC hybrid precoding and the proposed
LPC-SIC hybrid precoding is O (4M 3N + 16MN + 4N ) and
@) (4M ’N + 14MN + 4N ), respectively.

The complexity comparison of the spatially sparse precod-
ing [20], SIC-based hybrid precoding [26], and the proposed
PC-SIC and LPC-SIC precodings is shown in Table 1. It is
assumed that N =8, M =8, K =16,L = 3,and S = 5,
which are the typical values in mmWave MIMO systems [20].
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Note that the computational complexity of the spatially sparse
precoding is approximately 5 x 10* multiplications and 103
divisions. The complexity of the SIC-based hybrid precoding
requires approximately 4 x 10° multiplications and 10 divi-
sions. The multiplications and divisions times of the proposed
PC-SIC precoding are approximately 2 x 10* and 3 x 10,
respectively. While the number of multiplications and divi-
sions of the proposed LPC-SIC precoding are approximately
3 x 10° and 3 x 10, respectively. Therefore, the proposed
LPC-SIC precoding enjoys significantly lower complexity,
which is only approximately 7% of the spatially sparse pre-
coding complexity and approximately 18% of the proposed
PC-SIC precoding complexity. In addition, the computational
complexity of the proposed LPC-SIC precoding is approxi-
mately 82% of SIC-based precoding complexity.

IV. SIMULATION RESULTS

In this section, we provide simulation results to demonstrate
the performance advantages of the proposed algorithms.
We compare our hybrid precoding with the fully-connected
architecture based optimal unconstrained precoding and spa-
tially sparse precoding. The performance of the SIC-based
hybrid precoding with the sub-connected architecture and
the conventional analog precoding with sub-connected archi-
tecture is also presented. The mmWave channel model in
Equation (1) is used where the number of scatters is set
as L = 3 [20], [31]. The ULAs with antenna spacing of
d = A /2 are employed for both transmit and receive antenna
arrays. The AoA and AoD of each element are uniformly
distributed in [—m, ] and [—n / 6, / 6], respectively. The
carrier frequency is 28 GHz. The perfect channel state infor-
mation (CSI) scenario is considered. The SNR is defined as
SNR =0%, where the noise variance is 02 = 1.

A. THE PERFORMANCE OF ENERGY EFFICIENCY

We consider the scenario of a small cell transmission and
set the parameters as follows, PrRp= 250 mW, Pps= 1 mW,
and Pi= 1 W [26]. Fig. 2 shows the energy efficiency against
the number of RF chains N, where SNR = 0 dB, NM =
K = 128 ( N = 8,16,...,128 to ensure that M is an
integer). The number of RF chains from 63 to 65 is shown
in Fig. 2. It can be seen clearly that the proposed precoding
algorithms are more energy efficient than the other algorithms
when the number of RF chains is between 8 and 64. The
simulation results also demonstrate that with an increasing
number of RF chains, the SIC hybrid precoding based on
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—&— Optimal unconstrained precoding(fully-connected)
—¥— Spatially sparse precoding(fully-connected)
—©— Proposed PC-SIC precoding(partly-connected)
Proposed LPC-SIC precoding(partly-connected)
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Conventional analog precoding(sub-connected)
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Numbers of RF chains N

FIGURE 2. Energy efficiency comparison against the numbers of RF
chains N, where NVl = K = 128.

sub-connected architecture has a similar performance to those
of the proposed PC-SIC and LPC-SIC hybrid precoding algo-
rithms. It is also obvious that fully digital precoding, i.e., opti-
mal unconstrained precoding, has low energy efficiency,
since the corresponding large number of RF chains and PSs
requires a high energy consumption. Therefore, the proposed
partly-connected architecture can achieve satisfied energy
efficiency.

25 T T T T T
—+&— Optimal unconstrained precoding(fully-connected)
—¥— Spatially sparse precoding(fully-connected)
—©6— Proposed PC-SIC precoding(partly-connected)
2H Proposed LPC-SIC precoding(partly-connected) 1
—#— SIC-based precoding(sub-connected)
Conventional analog precoding(sub—connected)

Energy efficiency (bps/Hz/W)

0.5

e e ; ;
-30 -25 -20 -15 -10 -5 0
SNR (dB)

FIGURE 3. Energy efficiency comparison against SNR, where NM = 128
and K = 16.

Fig. 3 shows the energy efficiency of the proposed PC-SIC
and LPC-SIC hybrid precoding algorithms in a 128 x 16
mmWave massive MIMO system, where N = 16. It can
be observed that the proposed algorithms can achieve better
energy efficiency performance than the hybrid precoding
based on fully-connected architecture (including the optimal
unconstrained precoding and spatially sparse precoding) and
sub-connected architecture (including SIC-based precoding
and conventional analog precoding). In addition, the energy
efficiency gap between the proposed precoding algorithms
and the other algorithms will increase as the SNR increases,
which implies that the proposed algorithms have much better
energy efficiency for high SNR.
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B. EFFECT OF RF CHAINS

Two typical mmWave massive MIMO configurations with
NM x K = 128 x 16 (M = 8) and NM x K = 128 x
32 (M = 4) are used to study the effect of the number
of RF chains [30]. Fig. 4 and Fig. 5 show a comparison of
achievable rate against SNR in the mmWave massive MIMO
system. It is obvious that the achievable rates of the proposed
PC-SIC and LPC-SIC hybrid precoding algorithms are close
to those of the optimal unconstrained precoding and spatially
sparse hybrid precoding using fully-connected architecture.
The proposed PC-SIC and LPC-SIC algorithms outperform
SIC-based hybrid precoding and conventional analog precod-
ing with sub-connected architecture over the whole simulated
SNR range.

18 T T T T T

—&— Optimal unconstrained precoding(fully-connected)
—¥— Spatially sparse precoding(fully-connected)
—©— Proposed PC-SIC precoding(partly-connected)
Proposed LPC-SIC precoding(partly-connected)
—— SIC-based precoding(sub-connected)
Conventional analog precoding(sub-connected)

Achievable rate (bits/s/Hz)

-30 -25 -20 15 -10 5 0
SNR (dB)

FIGURE 4. The achievable rate comparison against SNR for mmWave
massive MIMO systems, where NVl x K = 128 x 16 (M = 8).

22 T T T T T

—+8— Optimal unconstrained precoding(fully-connected)
—¥— Spatially sparse precoding(fully-connected)
—&O6— Proposed PC-SIC precoding(partly-connected)
Proposed LPC-SIC precoding(partly-connected)
—— SIC-based precoding(sub-connected)
Conventional analog precoding(sub-connected)

Achievable rate (bits/s/Hz)

-30 -25 -20 -15 -10 5 0
SNR (dB)

FIGURE 5. The achievable rate comparison against SNR for mmWave
massive MIMO systems, where NVl x K = 128 x 32 (M = 4).

In addition, it can be seen from Fig. 4 and Fig. 5 that the
performance of hybrid precoding can be greatly improved
by increasing the number of RF chains. For example, when
SNR = 0 dB and the number of RF chains is 16,
the achievable rate of the proposed LPC-SIC algorithm is
11.5995 bits/s/Hz. While the achievable rate of the proposed
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LPC-SIC algorithm is 14.7650 bits/s/Hz when SNR = 0 dB
and the number of RF chains is 32. Furthermore, the proposed
LPC-SIC precoding achieves more than 97% of the achiev-
able rate achieved by the proposed PC-SIC precoding in both
of the simulated configurations. Considering the complexity
analysis mentioned in Section III-D, we conclude that the pro-
posed algorithms impose significantly lower complexity at
the cost of a modest degradation in achievable rate. Moreover,
the proposed LPC-SIC algorithm achieves the achievable rate
performance close to that of the proposed PC-SIC algorithm,
which indicates that the proposed partial SVD enjoys low
complexity and satisfactory achievable rate.

C. EFFECT OF ANTENNAS

The performance of the achievable rate against the numbers
of BS and user antennas is shown in Fig. 6. In this case,
the number of base station antennas equals the number of
user antennas. The number of RF chains is fixed at 8 and
the SNR = 0 dB. We note that the performance of the
proposed PC-SIC and LPC-SIC algorithms can be improved
by increasing the number of BS antennas and user antennas.
Since the energy consumption of RF chains is much higher
than that of antennas, the energy consumption of increasing
the user antennas can be ignored [32]. Therefore, compared to
increasing the number of energy-intensive RF chains, the pro-
posed hybrid precoding can significantly reduce the energy
cost. In addition, it can be seen from Fig. 6 that the proposed
algorithms are obviously superior to the algorithms based on
sub-connected architecture and close to the algorithms based
on fully-connected architecture.

35— T T T T T T T T T T
—+8&— Optimal unconstrained precoding(fully-connected)
—¥— Spatially sparse precoding(fully-connected)

30 —=O6— Proposed PC-SIC precoding(partly-connected) 1

Proposed LPC-SIC precoding(partly-connected)
—— SIC-based precoding(sub-connected) 4
Conventional analog precoding(sub-connected)

n
o
T

n
o

3

Achievable rate (bits/s/Hz)

o

20 30 40 50 60 70 80 90 100 110 120
Numbers of BS antennas and user antennas (NM=K)

FIGURE 6. The achievable rate comparison against the numbers of BS
antennas and user antennas NVl = K, where N = 8 and SNR = 0 dB.

D. EFFECT OF TRANSMIT AND USER ANTENNAS

The achievable rate comparison against the number of user
antennas is shown in Fig. 7 and Fig. 8, where SNR = 0 dB,
and N = 16. The number of user antennas is 4, 8, 16, 32,
64 and 128. First, it can be seen that the achievable rate
will improve significantly when increasing the number of
user antennas. The proposed algorithms are still obviously
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—+&— Optimal unconstrained precoding(fully-connected)
—}¢— Spatially sparse precoding(fully-connected)
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—— SIC-based precoding(sub-connected)
Conventional analog precoding(sub-connected)
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User antennas K

FIGURE 7. The achievable rate comparison against the numbers of user
antennas when SNR = 0 dB and NM = 128.
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—¥— Spatially sparse precoding(fully-connected)
—=&— Proposed PC-SIC precoding(partly-connected)
Proposed LPC-SIC precoding(partly-connected)
—#— SIC-based precoding(sub-connected)
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FIGURE 8. The achievable rate comparison against the numbers of user
antennas when SNR = 0 dB and NM = 256.

superior to the sub-connected architecture as the number
of user antennas increases. Furthermore, it can be observed
that increasing the number of user antennas can compensate
for the performance loss of the proposed algorithms. For
example, in Fig. 7 when the number of user antennas is 64,
the achievable rate of optimal unconstrained precoding based
on fully-connected architecture is 20.2409 bits/s/Hz. While
the achievable rate of the proposed LPC-SIC precoding is
20.3474 bits/s/Hz when the number of user antennas is 128,
which approximately equals the achievable rate of the optimal
unconstrained precoding with 64 user antennas. From Fig. 8,
the achievable rate of the optimal unconstrained precoding
with 64 user antennas is similar to that of the proposed
LPC-SIC precoding with 128 user antennas. Furthermore,
the required number of PSs for the optimal unconstrained
precoding is N?2M = 4096 in this environment. While
the required number of PSs of the proposed PC-SIC and
LPC-SIC precoding algorithms is 2NM = 512. Therefore,
the proposed architecture can effectively reduce the number
of PSs and improve the energy efficiency.
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FIGURE 9. Achievable rate comparison under different transmit antennas
for the mmWave massive MIMO system, where K = 16.
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FIGURE 10. Achievable rate comparison under different transmit
antennas for the mmWave massive MIMO system, where K = 32.

As mentioned above, the proposed LPC-SIC hybrid pre-
coding can obtain a much better trade-off between the per-
formance and computational complexity than the proposed
PC-SIC hybrid precoding. Therefore, we mainly analyze the
performance of the proposed LPC-SIC hybrid precoding.
First, we analyze the relationship between the number of
transmit antennas and the achievable rate. In this simula-
tion, the SNR varies from -30 dB to O dB. The number
of transmit antennas is 64, 128, and 256. The number of
RF chains is 16. The impact of the number of transmit
antennas on the achievable rate is shown in Fig. 9 and
Fig. 10. It can be seen clearly from Fig. 9 that as the num-
ber of transmit antennas decreases, the achievable rate of
the proposed LPC-SIC hybrid precoding gradually becomes
close to that of the optimal unconstrained precoding. For
example, when the number of transmit antennas is 256 and
SNR = 0 dB, the achievable rates of the optimal uncon-
strained hybrid precoding based on fully-connected archi-
tecture and the proposed LPC-SIC hybrid precoding are
16.1914 bits/s/Hz and 14.1543 bits/s/Hz, respectively. The
proposed LPC-SIC hybrid precoding can obtain 87.42% of
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the achievable rate of the optimal unconstrained precoding.
In contrast, the proposed LPC-SIC hybrid precoding can
obtain 89.11% and 92.87% of the achievable rate of the opti-
mal unconstrained precoding, when the numbers of transmit
antennas are 128 and 64, respectively. In addition, the effect
of the SNR is no longer obvious as the number of transmit
antennas decreases. When increasing the SNR, the gap in
the achievable rate between the optimal unconstrained and
proposed LPC-SIC precoding will decrease as the number of
transmit antennas NM decreases. Moreover, we can observe
that the achievable rate can improve significantly as the num-
ber of user antennas increases. It can reduce the requirement
for the SNR by increasing the number of user antennas.
For example, when the number of transmit antennas is 256,
the achievable rate of the proposed LPC-SIC precoding with
K = 16 and SNR = 0 dB is approximately equal to that with
K =32 and SNR = —4 dB.

22

L —<J— Optimal unconstrained precoding(fully-connected)

20 Proposed LPC-SIC precoding(partly-connected)
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FIGURE 11. Achievable rate comparison under different user antennas for
mmWave massive MIMO system, where NM = 128.
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FIGURE 12. Achievable rate comparison under different user antennas for
mmWave massive MIMO system, where NM = 256.

Furthermore, we analyze the relationship between the
number of user antennas and the achievable rate for the
proposed LPC-SIC precoding. In this simulation, the SNR
varies from -30 dB to O dB. The number of user antennas is
K = 16,32,64. Fig. 11 and Fig. 12 depict the achiev-
able rate of the optimal unconstrained precoding based on
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fully-connected architecture and the proposed LPC-SIC pre-
coding against the SNR under different numbers of user
antennas. It can be seen that the achievable rate will increase
as the number of user antennas increases when employing
the same number of transmit antennas. In addition, the sys-
tem can reduce the requirement for the SNR by employing
more antennas at the BS. For example, when the number
of user antennas is K = 64, the achievable rate of the
proposed LPC-SIC precoding with NM = 128 and SNR =
—10 dB is approximately equal to that with NM = 256 and
SNR = —12 dB.

V. CONCLUSION

To improve the energy efficiency of mmWave massive
MIMO systems, we propose a new partly-connected archi-
tecture and two hybrid precoding algorithms based on
partly-connected architecture and SIC in this paper. The
partly-connected architecture selects two RF chains to con-
trol one sub-antenna array, which can effectively reduce the
required PSs and the energy consumption. Then, we propose
the PC-SIC and LPC-SIC hybrid precoding algorithms based
on the partly-connected architecture to avoid high energy
consumption for mmWave massive MIMO systems. The
PC-SIC hybrid precoding decomposes the total achievable
rate into a series of sub-rate optimization problems based
on sub-antenna arrays of partly-connected architecture. Fur-
thermore, to reduce the complexity of the PC-SIC precoding,
we further propose a LPC-SIC hybrid precoding that uses the
partial SVD algorithm to replace the SVD in the sub-rate
optimization process. The complexity analysis shows that
the proposed LPC-SIC hybrid precoding can significantly
reduce the computational complexity. The simulation results
demonstrate that the proposed algorithms can provide better
achievable rate and energy efficiency.
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