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Abstract—Millimeter wave (MM Wave) MIMO can possible
use hybrid analog and digital precoding, that uses atiny low
variety of RF chains to cut back the energy consumption
related to mixed signal parts like analog-to-digital parts to not
mention baseband process quality. However, most hybrid
precoding techniques think about a totally connected design
requiring an outsized variety of part shifters, That is
additionally energy-intensive. During this paper, we tend to
concentrate on the additional energy economical hybrid
precoding with subconnected design, and propose a sequential
interference cancelation (SIC)-based hybrid precoding with
near-optimal performance and low quality. Impressed by the
concept of set on for multiuser detection, we tend to 1st
propose to decompose the whole possible rate optimization
downside with nonconvex constraints into a series of easy
subrateoptimisation issues; every of that solely considers one
subantenna array. Then, we tend to prove that increasing the
possible subrate of every subantenna array is similar to merely
seeking a precoding vector sufficiently shut (in terms of
geometrician distance) to the free best answer. Finally, we
tend to propose a low-complexity formula to appreciate SIC-
based hybrid precoding, which may avoid the requirement for
the singular price decomposition (SVD) and matrix operation.
Quality analysis shows that the quality of SIC-based hybrid
precoding is simply concerning 100 percent as advanced as
that of the recently planned spatially distributed precoding in
typical mmWave MIMO systems. Simulation results verify
that SIC-based hybrid precoding is near-optimal and enjoys
higher energy potency than the spatially distributed precoding
and also the absolutely digital precoding.

Index Terms—MIMO, mmWave communications, hybrid
precoding, energy-efficient, 5G.

I. INTRODUCTION

THE integration of millimeter-wave (mmWave) and
massive multiple-input multiple-output (MIMO) technique
can achieve orders of magnitude increase in system
throughput due to larger bandwidth [1] and higher spectral
efficiency [2], which makes it promising for future 5G
wireless communication systems [3]. On one hand, massive
MIMO with a very large antenna array (e.g., 256 antennas) at
the base station (BS) can simultaneously serve a set of users
through the use of precoding [4]. It has been theoretically
proved that massive MIMO can achieve orders of magnitude
increase in spectral efficiency, since it can provide more
multi-user gain [2]. On the
other hand, mmWave with high frequencies enables such large
antenna array in massive MIMO to be packed in small
physical dimension [5]. Furthermore, the large antenna array
can also provide sufficient array gain by precoding [6], [7] to

overcome the free-space pathloss of mmWave signals and
establish links with satisfying signal-to-noise ratio (SNR) [8].
For MIMO in conventional cellular frequency band (e.g., 2-3
GHz), precoding is entirely realized in the digital domain to
cancel interference between different data streams. For a
conventional digital precoding, each antenna requires a
dedicated energy-intensive radio frequency (RF) chain
(including digital-to-analog converter, up converter, etc.),
whose energy consumption is a large part (about 250 mW per
RF chain [9]) of the total energy consumption at mmWave
frequencies due to the wide bandwidth. If the conventional
digital precoding is applied in mmWave massive MIMO
system with a large number of antennas, the corresponding
large number of RF chains will bring high energy
consumption, e.g., 16 W is required by ammWave massive
MIMO system with 64 antennas.

To solve this problem, the hybrid analog and digital
precoding has been proposed [10]. The key idea is to divide
the conventional digital precoder into a small-size digital
precoder (realized by a small
number of RF chains) to cancel interference and a large-size
analog precoder (realized by a large number of analog phase
shifters (PSs)) to increase the antenna array gain. In this way,
hybrid precoding can reduce the number of required RF
chains without obvious performance loss, whichmakes it
enjoy amuch higher energy efficiency than digital precoding
[10]. The existing hybrid precoding schemes can be divided
into two categories. The first category of hybrid precoding
based on spatially sparse precoding was proposed in [11]-
[13], which formulated the achievable rate optimization
problem as a sparse approximation problem and solved it by
the orthogonal matching pursuit (OMP) algorithm [14] to
achieve the near-optimal performance. The second category of
hybrid precoding based on codebooks was proposed in [15]-
[17], which involved an iterative searching procedure among
the predefined codebooks to find the optimal hybrid precoding
matrix.

However, these algorithms are all designed for the hybrid
precoding with the fully-connected architecture, where each
RF chain is connected to all BS antennas via PSs. As the
number of BS antennas is very large (e.g., 256 as considered
in [11]), the fully-connected architecture requires thousands of
PSs, which may bring three additional limitations: 1) it
consumes more energy for excitation like the giant phased
array radar [18]; 2) it requires more energy to compensate for
the insertion loss of PS [18]; 3) it involves higher
computational complexity, which will also bring more energy
consumption [19]. In contrast, the hybrid precoding with the
sub-connected architecture, where each RF chain is connected
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to only a subset of BS antennas, can significantly reduce the
number of required PSs. Therefore, the sub-connected
architecture is expected to be more energyefficient and easier
to be implemented for mmWave MIMO systems.
Unfortunately, designing the optimal hybrid precoding with
the sub-connected architecture is still a challenging problem
[10], [20], since such architecture changes the constraints on
the original problem of hybrid precoding with the fully-
connected architecture.

In this paper, we propose a successive interference
cancelation (SIC)-based hybrid precoding with sub-connected
architecture. The contributions of this paper can be
summarized as follows.

e Inspired by the idea of SIC derived for multi-user signal
detection [21], we propose to decompose the total
achievable rate optimization problem with non-convex
constraints into a series of simple sub-rate optimization
problems, each of which only considers one sub-antenna
array. Then, we maximize the achievable sub-rate of each
sub-antenna array one by one until the last sub-antenna
array is considered.

¢ We prove that maximizing the achievable sub-rate of each
sub-antenna array is equivalent to seeking a precoding
vector which has the smallest Euclidean distance to the
unconstrained optimal solution. Based on this fact, we can
easily obtain the optimal precoding vector for each sub-
antenna array.

e We further propose a low-complexity algorithm to realize
the SIC-based precoding, which avoids the need for
singular value decomposition (SVD) and matrix
inversion. Complexity evaluation shows that the
complexity of SICbasedprecoding is only about 10% as
complex as that of the spatially sparse precoding [11] in
typical mmWave MIMO systems. Simulation results
verify that the proposed SIC-based hybrid precoding is
near-optimal and enjoys higher energy efficiency than the
spatially sparse precoding [11] and the fully digital
precoding.
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Fig.1. Two typical architectures of the hybrid precoding in
mmWave MIMO systems: (a) Fully-connected
architecture, where each RF chain is connected to all BS

antennas; (b) Sub-connected architecture, where each RF
chain is connected to only a subset of BS antennas.

Il. SYSTEM MODEL
Figl illustrates two typical architectures for hybrid
precodingin  mmWave MIMO systems, i.e., the fully-
connectedarchitecture as shown in Figl (a) and the sub-
connected architectureas shown in Fig. 1 (b). In both cases the
BS has NMantennas but only N RF chains. From Figl, we
observe that thesub-connected architecture will likely be more
energy-efficient,since it only requires NM PSs, while the
fully-connectedarchitecture requires N2M PSs. To fully
achieve the spatialmultiplexing gain, the BS usually transmits
N independent datastreams to users employing K receive
antennas [10].In the sub-connected architecture as shown in
Fig. 1 (b),N data streams in the baseband are precoded by the
digitalprecoderD. In cases where complexity is a concern,D
can be further specialized to be a diagonal matrix asD = diag
[dy, d, . .. ,dy], where do € forn=1,2,..., N[10]. Then
the role of D essentially performs some power allocation. After
passing through the corresponding RF chain, thedigital-
domain signal from each RF chain is delivered to onlyM PSs

[22] to perform the analog precoding, which can bedenoted by

the analog weighting vector an € CY*'  \whose

elementshave the same amplitude 1/VM but different
phases[22].

After the analog precoding, each data stream is
finallytransmitted by a sub-antenna array with only M
antennas associatedwith the corresponding RF chain. Then,
the receivedsignal vector y = [y, Va, . . . ,yk] at the user in a
narrowbandsystem1 can be presented as

v =./pHADs +n = ,/opHPs + n, 1)
wherep is the average received power; H & CX*¥¥ genotesthe
channel matrix, A .is the. NM x N analog precoding

matrixcomprising N analog weighting vectors (Am by as
ap 0 ... 0
0 a> 0
A= . . , .
L 00 .. ‘_‘-'VJ NMxN

)
s=[sy, Sy ... ,Sn] represents the transmitted signal vectorin
the baseband. In this paper, we assume the widely
usedGaussian signals [10]-[13], [15]-[17] with normalized

signalpower E(ss™) = %1y | while the practical system with
finitealphabetinputs [23], [24] will be also briefly discussed
inSection 1V. P = AD presents the hybrid precoding matrix
ofsize¢ NM x N, which satisfies IPlr =N to meet the
totaltransmit power constraint [11]. Finally, n = [ng, ny, . . .
,ny]'is an additive white Gaussian noise (AWGN) vector,
whoseentries  follow the independent and identical
distribution(i.i.d.) €N(©.¢%) It is known that mmWave channel
H will not likely followthe rich-scattering model assumed at
low frequencies dueto the limited number of scatters in the
mmWave prorogationenvironment [3]. In this paper, we adopt
the geometricSaleh-Valenzuela channel model to embody the
low rank andspatial correlation characteristics of mmWave
communications[10]-[13], [15]-[17], [25] as
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H=y oA (¢f.6f) A (o] 6] )t (o] 6] ) € (o], 6)
=1
©)

v — [NMEK . i ) )
where ¥ = V7T is a normalization factor, L is the numberof
effective channel paths corresponding to the limited numberof
scatters, and we wusually have L < N formmWave

communicationsystems. %! = Tis the gain of the Ith path.
(¥ )are the azimuth (elevation) angles of departure and
arrival(AoDs/AoAs), respectively. The transmit and receive
antenna array gain at a specific AoDand AoA, respectively.

I11. SIC-BASED HYBRID PRECODING FOR
MMWAVEMIMO SYSTEMS
In this section, we propose a low-complexity SIC-basedhybrid
precoding to achieve the near-optimal performance.
Theevaluation of computational complexity is also provided
toshow its advantages over current solutions.A. Structure of
SIC-based hybrid precodingln this paper, we aim to maximize
the total achievable rate Rof mmWave MIMO systems2,
while other criteria such as themax-min fairness criterion [27]
are also of interest. Specifically,R can be expressed as [11]
R =log, ([Ix + - L HpPPH"|).

o (6)
According to the system model (1) in Section Il, sincethe
hybrid precoding matrix P can be represented as
P=AD=diglay,....ay]-diagldy, ..., dx} there arethree constraints for
the design of P:Constraint 1: P should be a block diagonal
matrix similarto the form of A as shown in (2),
P =diag{pi.....Pvlwhere Pn =dninis the M x 1 non-zero
vector of the nthcolumn

. - I

pi of P, i pn = [Onata-1y. Ba. Ochio-n)

Constraint 2: The non-zero elements of each column of
Pshould have the same amplitude, since the digital
precodingmatrix D is a diagonal matrix, and the amplitude of
no\r/1-zeroelements of the analog precoding matrix A is fixed to
1NM,

Constraint 3: The Frobenius norm of P should satisfy

IPllr = Nto meet the total transmit power constraint, where
Nis the number of RF chains equal to the number of
transmitteddata streams.Unfortunately, these non-convex
constraints on P make maximizing

the total achievable rate (6) very difficult to be solved.The
maximization sum-rate criterion can also suppress the
interference asmuch as possible, and the mathematical
quantification of such interference will

be an important topic for future work.However, based on the
special block diagonal structure of thehybrid precoding matrix
P, we observe that the precoding ondifferent sub-antenna
arrays are independent. This inspires usto decompose the total
achievable rate (6) into a series of subrateoptimization
problems, each of which only considers onesub-antenna array.

In particular, we can divide the hybrid precoding matrix P as
P= [Py _"_'*'“"], where pyis the Nth column of P, and Py

isan NM x (N — 1) matrix containing the first (N — 1)
columnsof P. Then, the total achievable rate R in (6) can be
rewritten as

R =log, (|Ix t 53 HPP”H”D
= log, (| [Py py] [P1pw] "B )
= log {‘u +—H]-\ P g

i)

\'
< logy (|Ty_1]) + log, (

Iy + \‘ 1 Hp-\pNH D

||'? H -
= log, (|Ty_1]) + log, (1— N(IE[)NH F‘.\,-_]Hp_a\r) o

10

where(a) is obtained by defining the auxiliary matrix

IV.RESULT
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Fig. 3. Achievable rate comparison for an NM x K = 64 x
16 (N = 8)mmWave MIMO system.
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Fig. 4. Achievable rate comparison for an NM x K = 128 x
32 (N = 16)mmWave MIMO system.
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V. CONCLUSION

In this paper, we tend to planned a SIC-based hybrid
precoding with sub-connected design for MM Wave MIMO
systems. We tend to initial showed that the overall doable rate
improvement downside with non-convex constraints are often
rotten into a series of sub-rate improvement issues, every of
that solely considers one sub-antenna array. Then, we tend to
proved that the sub-rate improvement downside of every sub-
antenna array are often resolved by merely seeking a
precoding vector sufficiently near the at liberty best
resolution. Finally, a low-complexity rule was planned to
appreciate SIC-based precoding while not the sophisticated
SVD and matrix operation. Quality analysis showed that the
quality of the planned SIC-based hybrid precoding is just
concerning 100% of that of the recently planned spatially
distributed precoding with fully-connected design in typical
mmWave MIMO system. Simulation results verified the near-
optimal performance and high energy potency of the planned
SIC-based hybrid precoding. Our additional work can
specialise in the restricted feedback state of affairs, wherever
the angles of PSs area unit quantified.
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