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Abstract—Economical and energy-efficient analog/digital hy-
brid beamforming has been widely considered as a promising
approach for millimeter wave (mmWave) multiple-input multiple-
output (MIMO) systems. While most hybrid beamforming tech-
niques consider a fully-connected structure with a large number
of phase shifters (PSs), the partially-connected structure has
drawn more attention recently since it requires much less PSs and
can further improve energy-efficiency. However, the impractical
assumption of infinite or high resolution of PSs in existing
solutions frustrates the real-world deployment of hybrid beam-
forming designs, and low-resolution PSs are typically adopted
to reduce the hardware complexity and power consumption.
In an effort to achieve maximum hardware efficiency, this
paper focuses on the partially-connected architecture with one-bit
(binary) PSs and considers the problem of joint hybrid precoder
and combiner design for such mmWave MIMO systems. We
propose to successively design the analog beamformers associated
with each pair of sub-array, aiming at conditionally maximizing
the spectral efficiency. A novel binary analog precoder and
combiner optimization algorithm is proposed under a rank-1
approximation of the interference-included equivalent channel
with polynomial complexity in the number of antennas. Then,
the digital precoder and combiner are computed based on the
obtained effective baseband channel to further enhance the
spectral efficiency. Simulation results demonstrate the advantages
of proposed hardware-efficiency hybrid precoder and combiner
design.

I. INTRODUCTION

Millimeter wave (mmWave) communications, operating in
frequency bands of 30-300 GHz, have initiated a new era of
wireless communications by reducing the spectrum conges-
tion through exploitation of the significantly large mmWave
frequency bands [1], [2]. The smaller wavelength of mmWave
signals allows for a large antenna array of massive multiple-
input multiple-output (MIMO) systems to be integrated in a
small device [3]. The large antenna array can provide sufficient
beamforming gain with precoding and combining techniques
to overcome severe free-space pathloss of mmWave channels.

For conventional MIMO systems operating in microwave
frequency bands, full-digital precoder and combiner are real-
ized using a large number of expensive and energy-intensive
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radio frequency (RF) chains, analog-to-digital converters (AD-
Cs), and digital-to-analog converters (DACs). Due to the
ten-fold increase of the carrier frequency and bandwidth in
mmWave communications, it is no longer feasible to adop-
t these full-digital technologies. Recently, economical and
energy-efficient analog/digital hybrid beamforming schemes
have emerged as a promising approach for mmWave MIMO
systems. The hybrid architecture applies a phase shifter (PS)
network to implement high-dimensional analog precoder, and
a small number of RF chains for low-dimensional digital
precoder to provide the necessary flexibility for multiplex-
ing/multiuser techniques.

Fully-connected structure is typically employed to realize
hybrid precoders and combiners, which requires a large num-
ber of PSs and is still energy-intensive. Therefore, partially-
connected architecture has been proposed to reduce the num-
ber of PSs and further improve the energy-efficiency [4].
Based on these two architectures, existing hybrid beamform-
ing designs usually assume the infinite-resolution PSs based
analog precoders [4]-[6], or the high-resolution codebook
based beamformers [7]-[10]. However, it is of high hardware
complexity and power consumption to realize accurate or high-
resolution PSs. Therefore, more cost effective and energy
efficient low-resolution PSs are typically used to implement
analog beamformers in practical mmWave MIMO systems.
This initiates an important research trend of exploring hybrid
beamforming schemes with the low-resolution PSs.

In this paper, we consider the problem of hybrid precoder
and combiner design for partially-connected architecture with
one-bit (binary) PSs to achieve maximum hardware efficiency.
We propose to successively design the analog beamformers for
each pair of sub-array, aiming at conditionally maximizing
the spectral efficiency. Inspired by the findings in [11], we
introduce a novel binary analog precoder and combiner design
algorithm under the rank-1 approximation of the interference-
included equivalent channel with polynomial complexity in
the number of antennas. Then, the digital precoder and com-
biner are computed based on the obtained effective baseband
channel to further enhance the spectral efficiency. Simulation
results demonstrate that the proposed algorithm can achieve
satisfactory spectral efficiency and higher energy efficiency
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Fig. 1.

compared with existing hybrid beamforming schemes using
high-resolution PSs.

II. SYSTEM MODEL

We consider a partially-connected hybrid beamforming ar-
chitecture with binary PSs in mmWave MIMO systems, as
illustrated in Fig. 1. The transmitter is equipped with K RF
chains and N; antennas. Each data stream is transmitted via a
corresponding RF chain and M; = % antennas. The receiver
employs K RF chains, each of which is connected to M,
antennas to receive the signals, and the total number of receive
antennas is N, = M, x K.

The discrete-time transmitted signal can be written as

X = \/ﬁFRFFBBS7 1)

where s is the K x 1 symbol vector such that E{ss”} = L1.
Fpp € CEXK i the digital precoder and Frp € CVe* K jg
the analog precoder which has the form of

~

frer O ... 0
0 fRF’Q 0
Frr = : . : ) @)
0 0 fRF,K

where the non zero elements are assumed to have a constant
amplitude \/ﬁ and one—blt (binary) quantlzed phases for each
element, i.e. frp; € {:I:l}Mf = ,K. P repre-
sents transmit power and the total transmit power constraint is
enforced by normalizing Fpp such that |[FrrFpp|% = K.

For simplicity, we consider a narrowband block-fading

propagation channel, which yields the received signal as
y = VPHFpFpps + n, 3)

where y is the NV, x1 received vector, H is the V,. x N; channel
matrix, and n ~ CN(0, 021, ) is the complex Gaussian noise
vector corrupting the received signal.

The obtained signal after combining at the receiver has a
form of

§=VPWH, WH HFzpFpps + WE,WH . n, (4

where Wgp € CV-XE is the analog combiner with similar
constraints as Frr, Wpp is the K x K baseband digital
combiner.
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The mmWave MIMO system using hybrid precoder and combiner based on partially-connected architecture with one-bit quantized PSs.

The mmWave propagation in a massive MIMO system is
well characterized by a limited spatial selectivity or scattering
model, e.g. the Saleh-Valenzuela model, which allows us to
accurately capture the mathematical structure in mmWave
channels [7]. The channel matrix H is assumed to be a sum
contribution of N,; scattering clusters, each of which provides
Nyqy propagation paths to the channel matrix H. Therefore,
the discrete-time narrow-band mmWave channel H can be
formulated as

ray

Z Z Oé”nar zm at(egm)Ha (5)

=1 m=1

H =
clNray

where iy, ~ CN(0,072 ;) is the complex gain of the m-th
propagation path (ray) in the ¢-th scattering cluster, follow-
ing independent identically distributed (i.i.d.) form. Let ai’l
represent the avera, Aﬁge power of the ¢-th cluster, and the total
power satisfies Y_,.| 02, = N,1. 0}, and 67, are the angle of
departure (AoD) and the angle of arrival (AoA), respectively,
which are assumed to be Laplacian-distributed with a mean
cluster angle 6! and 6 as well as an angle spread of cy: and
ogr. Finally, the array response vectors a,.(6") and at(Hg) are
the antenna array response vectors, which only depend on the
antenna array structures. When the commonly used uniform
linear arrays (ULAs) are considered, the receive antenna array
response vector can be written as

ar(er) _ L[l ej 2 dsm(97) .

VN,

where ) is the signal wavelength, and d is the distance between
antenna elements. The transmit array response vector a;(6?)
can be written in a similar fashion. In this paper, we assume
perfect timing and frequency recovery and the channel state
information (CSI) of H is perfectly known to both transmitter
and receiver. In practice, CSI can be accurately and efficiently
obtained by channel estimation at the receiver and further
shared at the transmitter with effective feedback techniques.

ej(Nr—l)QT"dsin(Qr)]T7 (6)

Based on the partially-connected structure with binary PSs,
we aim to jointly design the hybrid precoder and combiner for
a mmWave MIMO system to maximize the spectral efficiency.
When Gaussian symbols are transmitted over the mmWave
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MIMO channel, the achievable spectral efficiency is given by

P
R = 10g2 (’IK + ?RglwgBWgFHFRFFBB X

>, (N

A . . .
where R,, = JZWEIBWEFWRFWBB is the noise covari-
ance matrix after combining.

FRpFiH WrpWpp

III. PROPOSED HYBRID PRECODER AND COMBINER
DESIGN

Obviously, the solution to design the hybrid precoder and
combiner is not straightforward. In this section, we first focus
on the analog precoder and combiner design. Then, having the
effective baseband channel associated with the obtained analog
precoder and combiner, the digital precoder and combiner are
computed to further maximize the spectral efficiency.

A. Analog Precoder and Combiner Design

Under high signal-to-noise-ratio (SNR) circumstance, the
achievable spectral efficiency in (7) can be rewritten as

P
R = log, (‘KRnIWgBWgFHFRFFBB X

) . (8

While the per-antenna SNR in mmWave systems is typi-
cally low, the post-combining SNR should be high enough
to justify this approximation. In addition, it has been ver-
ified in [6] that for large-scale MIMO systems, the opti-
mal analog beamformers are approximately orthogonal, i.e.
FgFFRF x Ig. Besides, the near-optimal hybrid design
should exhibit orthogonality property as the full-digital so-
lution, i.e. FgBFgFFRFFBB ~ I. This fact allows us to
assume that the digital precoder Fpp is also approximately
orthogonal, i.e. F ,Fpp ~ (?Ix, where (2 is a normaliza-
tion factor. Similarly, we can find WppW, ~ ¢2Ix and
WE WHE WrrWpp ~ Ik, Let v2 £ (2€2, then (8) can
be further simplified as

> C))

P~?
Kol + 2 x log, WRFHFRF (10)

|X||Y| when X and

FopFi H ' WrpWpp

W HF zpFE HI W
ag

Pr?
R~ 10g2 ( ﬁ

(i) Klog

where (a) follows the fact that | XY| =
Y are both square matrices.

Therefore, the analog precoder and combiner design can be
formulated as:

{Firr, Wgr} = a\;%
RFzG\/—

YW1 € A= {1}

Unfortunately, this binary analog beamformer design problem
is a non-convex and NP-hard problem. Hence, we propose
to further decompose this difficult optimization problem into
a series of sub-problems, in which each sub-array pair is
considered one by one, and the analog precoder and combiner
for each pair are successively designed.

In particular, we define the singular value decomposition
(SVD) of H as

H=UxXV#, (12)

where U is an N,. X N, unitary matrix, V is an N; x N unitary
matrix and ¥ is a rectangular diagonal matrix of singular
values arranged in a decreasing order on the diagonal. Due
to the sparse nature of the mmWave channel, the matrix H is
typically low rank. In particular, the effective rank of the chan-
nel serves as an upper bound for the number of data streams
K that the channel can support. For convemence we adopt a
Matlab-like matrix indexing notation and let U £ U(:, 1 : K)
1£1dlcate the first K columns of matrlx U. Similarly, we define
$2%1:K,1:K)and V2 V(;,1: K). Therefore, the
channel H can be well approximated by retaining only the K
strongest components H ~ USVH, Then, the objective in
(11) can be converted to

logg(‘WgFHFRFD ~ log2<‘WgFﬁf}\AfHFRFD.(13)

Next, we denote Frp\; as the precoding matrix excluding
the I-th column Frp(:,1) and Wg F,\i as the combining matrix
excluding the [-th column Wgg(:,1). The objective in (11)
can be finally reformulated as:

+10g2 (‘WRF(H l)HGlFRF(:, l)‘) y (14)

log, <’W§IFHF RFD ~ log, <‘W§R\ZHFRW

where G; is the interference included channel matrix defined
as

G, 2 U(alg + =V FRF\ZWRF\IU) ISVE  (15)

and « is a very small scalar to assure invertibility. Due to the
limitation of space, the detailed derivation of (14) is ignored.

According to (14), if Frp\; and Wgp\; are known, the
objective is to maximize the second term on the right side.
Note that Frp(:,l) and Wgp(:,1) only have M; and M,
non-zero elements due to the partially-connected structure,
we reformulate the problem (11) as finding a corresponding
precoder frr; and combiner Wgrp; pair to conditionally
maximize the achievable spectral efficiency:

{fﬁF,lv WﬁF,l} = arg max

fRF,le \/iwit{il}Mt
WRF,IG\/%IT{:‘:l

‘WgF’IQlfRF,l‘ )

}ZWT
(16)
where Q; is the corresponding M, x M; sub-matrix of G;
and is defined as
Q éGl((l—l)MT—kl:lMT,(l—l)Mle:lMt).
(17)
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The optimization problem (16) can be solved through exhaus-
tive search with exponential complexity O(2+M-)  which
would not be affordable with large antenna arrays. Therefore,
in the following we attempt to develop an efficient binary
beamformer design with polynomial complexity in the number
of antennas.

We first define the SVD of Q; as

K
Q =) Mipiglh, (18)
i=1
where p;; and g; ; are the i-th left and right singular vectors
of Qy, respectively, and \;; is the ¢-th largest singular value,
A1 > A2 > ... 2> A k. Then, the objective in (16) can be
rewritten as

K

§ H H
= /\l,iWRF,llegl,ifRFJ .
=1

|WgF,lQlfRF,l (19)

If we utilize a rank-1 approximation by keeping only the
strongest term, i.e. Q; ~ A171p171gﬁl, the optimization func-
tion in (16) can be approximated by

H H
max WRF,lpl,lgl,lfRF,l’ .

* * _
{fRF,ZaWRF,l} = arg 1 ”
frr, € o {£1}7¢

WRF,1E \/}W—T{il}MT

(20)
It is noted that the performance loss caused by the rank-
1 approximation is small and can be ignored due to the
interference-included equivalent channel Q; is low-rank un-
der the mmWave circumstance. Now, the joint optimization
problem (20) can be decoupled into individually designing the
analog precoder frr; and combiner wrp ;:

max
f € —A—{£1}Me
RF,l /7Mt { }

max

WRF,1E \/Zb—r{il}MT

) 20

_ H
fhp, =arg frr 811

WT%F,Z = arg ng,lpl,l‘ . (22)

However, solving (21) and (22) by exhaustive search still has
exponential complexity in the number of antennas. In order
to further reduce the complexity without a significant loss of
performance, we propose to construct a smaller dimension can-
didate beamformer set, from which the optimal beamformer
can be found with quadratic complexity. In the following,
we present this algorithm for the precoder design (21) as an
example, while the combiner design (22) follows the same
procedure.

We introduce an auxiliary variable ¢ € [—m,7) and refor-
mulate the optimization problem (21) as:

{gb*,fﬁF’l}:arg ¢Er[n_ax) Re {fﬁF’lgl,le’j‘z’} (23)
fRF,zE\/RTti{il}M‘
M;
= arg ¢€1[nax : > frri(i)|gr,1(7)| cos(¢ — i), (24)
—m,T 1=1
fRF,lG\/j\Tt{il}J\lt

where 1; denotes the phase of g 1(¢). Obviously, given
any ¢ € [—m,m), the corresponding binary precoder that
maximizes (24) is

sign (cos (¢ — ;) ,i=1,...,My. (25)

1

frri(7) NaTA
With the conditionally optimal frp; for any given ¢ shown
in (25), we will now show that we can always construct a set
of M, candidate binary precoders F; = {f; 1,...,f.as,} and
guarantee 75, € F;. Then, the maximization in (21) can be
carried out over a set of only M; candidates without loss of
performance. N

We first define the angles v;, : = 1,..., M, as

. T 3T
~ A ql}i_ﬂ-u lf¢z€|:272>a

= - (26)
iy if i € |:_7a 7) )
(& if ¢ 5’5
so that z@ € [~%,%). Then, we map the angles 7;2 to {/Jvlv, 1=
1,..., My, which are rearranged in ascending order, i.e. ¥; <

1;2 < ... < 9pu,. Because of the periodicity of the cosine
function, the maximization problem (24) with respect to ¢ can
be carried out over any interval of length 7. If we construct M;
non-overlapping sub-intervals [1y — 5,02 — 5), [t — 5, 1b3 —
2)es [Yar, — 7 7:/;1+%), then the optimal ¢* must be located
in one of M; sub-intervals since the full interval is [zzl —
Z>11 + 5) of length 7. Therefore, the optimization problem
(24) can be solved by examining each sub-interval separately.

Assuming the optimal ¢* is in the k-th sub-interval, the
corresponding optimal binary precoder can be obtained by (25)
as Ek(l) = ﬁsign (cos (qb* - LE)), i =1,...,M;, and
has the form

~ 1
£, = 1...1-1...—1%.
" \/M[ k M;—k

"

After that, given the inverse sorting that maps @L to @i,Awe
rearrange the corresponding elements of f j andA obtain f; ;.
Then, based on the relationship between 1; and ¢; defined in
(26), we can achieve the conditionally optimal precoder fj
by

27

—/f\lyk(’é), if wl € |:7T,37T) ;i = 1;"'7Mt5
) A 272
fe() =4 o
mm,ﬁme}?ayhﬂwwm7
(28)

for the case that ¢* is in the k-th sub-interval.

Since the optimal ¢* must be located in one of M; sub-
intervals, we can obtain M; conditionally optimal precoders
by examining all M; sub-intervals and construct a candidate
precoder set F; as

FE{fq,. o) (29)

which must contain the optimal precoder f} ;. Therefore,
without loss of performance, the problem in (21) can be
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transformed to an equivalent maximization task over only the
set F;

fip = arg, max_ |EF 58] - (30)
Similarly, we can also construct a candidate analog combiner
set W, and obtain Wi, by the same procedure.

The rank-1 solution returned by (30) is based on the rank-1
approximation of the interference-included equivalent channel
Q;. The approximation of Q; may cause a performance degra-
dation when we revisit the original problem (16). Therefore,
in order to enhance the performance, we propose to jointly
select the precoder and combiner over candidate sets J; and
W, as

{f}*%F,l?W}(%F,l}:arg max WgF,lefRF,l’ (3D

frr1€EFL
WRF,1IEW]

which may return the rank-1 or a better solution with polyno-
mial complexity.
B. Digital Precoder and Combiner Design

After all analog precoder-combiner pairs have been deter-
mined, we can obtain the effective baseband channel H as

H2 (Wi, HF . (32)

For the baseband precoder and combiner design, we define the
SVD of the effective baseband channel H as

H=UZV", (33)

where U and V are K x K unitary matrices, Sisan K x K
diagonal matrix of singular values. Then, in order to further
enhance the spectral efficiency, an SVD-based baseband digital
precoder and combiner are employed:

F*BB:‘Q
Wi =1U.

(34)
(35)

IV. SIMULATION RESULTS

In this section, we illustrate the simulation results of the
proposed joint hybrid precoder and combiner design. Both
transmitter and receiver are equipped with 64-antenna ULAs,
where antenna spacing is d = % The numbers of RF chains
at transmitter and receiver are K = 4. The channel parameters
are set as N = 10 clusters, Ny, = 5 rays per cluster, and

the average power of the i-th cluster is a(zm = c%l where

¢ = (ON (L))" N,. The azimuths of the AoAs/AoDs
within a cluster are assumed to be Laplacian-distributed with
angle spreads of ogr = o = 0.5°. The mean cluster AoDs
are assumed to be uniformly distributed over [0, 27], while the
mean cluster AoAs are uniformly distributed over an arbitrary
5 sector.

Fig. 2 shows the spectral efficiency versus SNR over 10°
channel realizations. For the comparison purpose, we include
two state-of-the-art algorithms: i) Spatially sparse precoding
(SSP) for fully-connected architectures [7] and ii) successive

interference cancelation (SIC) based approach for partially-
connected architectures [4]. Note that the SSP algorithm is
based on a codebook of 128 resolution and the SIC approach
uses infinite-resolution PSs. For fair comparison, we also plot
the spectral efficiency of the one-bit quantized version of
SIC (SIC-Q), where the binary beamformers are obtained
by directly quantizing each element of analog beamformers
designed by SIC to the finite set. The optimal full-digital
beamforming scheme based on SVD is also plotted as the
performance benchmark. It can be observed from Fig. 2 that
our proposed algorithm can achieve satisfactory performance
close to the SIC with infinite-resolution PSs and outperform
SIC-Q using one-bit PSs. Fig. 3 illustrates the impact of
the number of transmit antennas on the spectral efficiency
performance and similar conclusions can be drawn.

Now we turn to evaluate the energy efficiencies of different
beamforming schemes. For the full-digital scheme, the energy
efficiency is defined as

R
- P+ Ppp+ NiPrp’
where Ppp and Prp are the powers consumed by the base-
band processor and a RF chain, respectively. For the fully-

connected architecture with the SSP algorithm, the energy
efficiency is given by

nD (36)

R
P+ Pgp + KPrp +KNtP}},S’

Nssp = 37

where P}%S is the power consumed by a high-resolution PS.
The energy efficiency for partially-connected architecture with
SIC algorithm is

R
P+ Ppp + KPrrp + thﬁs.
Finally, for our proposed algorithm as well as the SIC-Q
approach, the energy efficiency can be computed by
_ R
- P+ Pgp+ KPrr + NP2y’

nsic = (38)

ne (39)
where P2 is power consumption of a one-bit PS. In the
simulation, we set the transmit power P = 500mW, and
Ppp = 200mW, Prrp = 300mW [12]. The power consump-
tion of different resolution PS is Phy = 45mW [13] and
P2o = 10mW [12]. Fig. 4 illustrates the energy efficiency
versus the number of RF chains K. It can be observed that
the partially-connected structures have significant advantages
of energy efficiency. Moreover, the proposed algorithm can
always achieve much higher energy efficiency than its com-
petitors. Then, we also present energy efficiency versus the
number of transmit antennas N; in Fig. 5, from which we can
find that the proposed algorithm can maintain the best energy
efficiency performance with the growing number of antennas.

V. CONCLUSIONS

This paper considered the problem of hardware-efficiency
hybrid precoder and combiner design in the partially-
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connected hybrid beamforming architecture with one-bit quan-
tized PSs. We introduced a novel binary analog precoder and
combiner optimization algorithm with polynomial complexity
in the number of antennas. Then, the digital precoder and
combiner were computed based on the obtained effective
baseband channel to further maximize the spectral efficiency.
Simulation results illustrated that the proposed joint hybrid
precoder and combiner design can achieve satisfactory spectral
efficiency performance and have significant energy efficiency
improvement.
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