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Abstract— Analog/digital hybrid beamforming is considered as
a key enabling multiple antenna technology for implementing mil-
limeter wave (mmWave) multiple-input multiple-output (MIMO)
communications since it can reduce the number of costly and
power-hungry radio frequency (RF) chains while still providing
for spatial multiplexing. In this paper, we introduce a novel
hybrid beamforming architecture with dynamic antenna subar-
rays and hardware-efficient low-resolution phase shifters (PSs)
for a wideband mmWave MIMO orthogonal frequency division
multiplexing (MIMO-OFDM) system. By dynamically connecting
each RF chain to a non-overlapping antenna subarray via
a switch network and PSs, multiple-antenna diversity can be
exploited to mitigate the performance loss due to the employ-
ment of practical low-resolution PSs. For this dynamic hybrid
beamforming architecture, we jointly design the hybrid precoder
and combiner to maximize the average spectral efficiency of
the mmWave MIMO-OFDM system. In particular, the spectral
efficiency maximization problem is first converted to a mean
square error (MSE) minimization problem. Then, an efficient
iterative hybrid beamformer algorithm is developed based on
classical block coordination descent (BCD) methods. An analysis
of the convergence and complexity of the proposed algorithm
is also provided. Extensive simulation results demonstrate the
superiority of the proposed hybrid beamforming algorithm with
dynamic subarrays and low-resolution PSs.

Index Terms— Millimeter wave (mmWave) communications,
multiple-input multiple-output (MIMO), hybrid beamforming,
dynamic antenna subarrays, low-resolution phase shifters (PSs).

I. INTRODUCTION

HE fast development of emerging applications
(e.g. virtual reality, holographic imaging, artificial
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intelligence, etc.) and exponential growth in the volume of
wireless data have motivated the use of the large amount
of underutilized spectrum in millimeter wave (mmWave)
bands in fifth-generation (5G) and beyond networks [1], [2].
The shorter wavelength of mmWave signals combined with
massive multiple-input multiple-output (MIMO) architectures
can provide sufficient beamforming gains to combat the
severe path loss in mmWave channels and achieve highly
directional beamforming to finely control interference among
users/cells [3].

For mmWave massive MIMO systems, conventional
fully-digital beamforming architectures require one dedi-
cated radio-frequency (RF) chain (including analog-to-digital/
digital-to-analog converter (ADC/DAC), etc.) for each
antenna. However, fully-digital beamforming is not viable due
to the high cost and power consumption of large numbers
of mmWave RF chains and other hardware components,
especially at high frequencies [4], [5]. In order to overcome
the challenge of the hardware limitations while still providing
for the multiplexing/multi-user transmissions, analog/digital
hybrid beamforming has been advocated as a promising solu-
tion for mmWave massive MIMO systems [6]—-[8]. In partic-
ular, the hybrid beamforming architecture divides the spatial
signal processing into a combination of high-dimentional ana-
log beamforming realized by a large number of cost-efficient
phase shifters (PSs) to compensate for the severe path
loss of mmWave channel together with low-dimensional
digital beamforming to realize the multiplexing/multi-user
transmissions.

A. Prior Work

In the last few years, hybrid beamforming has received
considerable interest in both academia and industry. Extensive
work has been carried out to investigate different hybrid beam-
forming architectures and/or beamformer designs for mmWave
MIMO systems. Fully-connected architectures, in which each
RF chain is connected to all antennas via a PS net-
work, is one of the most popular hybrid beamforming
implementations due to its superiority in achieving perfor-
mance close to that of fully-digital solutions. Considering
this fully-connected architecture, in [9], [10] hybrid beam-
former designs were developed to minimize the Euclidean
distance between the hybrid beamformer and the optimal
fully-digital beamformer. Codebook-based hybrid beamform-
ing is an alternative widely-used solution [11]-[13], in which
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the analog beamformers are selected from pre-arranged can-
didate vectors (e.g. beam steering vectors and discrete Fourier
transform (DFT) beamformers). Other approaches [14]-[16]
design the hybrid beamformer based on the minimum mean
square error (MMSE) criterion.

Although fully-connected hybrid beamforming is very
hardware efficient compared with fully-digital beamforming,
the use of large numbers of PSs may still cause relatively
high hardware complexity and power consumption. Thus,
extensions to partially-connected architectures have also been
studied [17]-[19]. In the partially-connected architecture, each
RF chain is connected to a fixed non-overlapping subset of
the antennas and forms an analog beamformer for this antenna
subarray. Therefore, the number of PSs can be greatly reduced
and the energy-and-hardware efficiency can be improved with
little sacrifice in spectral efficiency.

Nevertheless, the previous work in [9]-[19] generally
assumed the use of infinite/high-resolution PSs, which still
has high hardware complexity at mmWave frequencies [4].
In realistic mmWave systems, low resolution but less expen-
sive PSs are more practical for realizing analog beamformers.
Therefore, in addition to reducing the number of PSs by
partially-connected architectures, utilizing low-resolution PSs
is another approach to reduce the cost and the power
consumption [20]. Hybrid beamforming with low-resolution
PSs has been investigated for fully-connected architec-
tures in [21]-[23]. While employing low-resolution PSs for
partially-connected hybrid beamforming can achieve maxi-
mum hardware-and-energy efficiency, traditional fixed sub-
array hybrid beamforming schemes cannot always provide
satisfactory spectral efficiency [24], [25] for the following two
reasons: {) The employment of low-resolution PSs makes it
difficult to finely control the beam and thus will reduce beam-
forming accuracy; ii) the fixed-subarray architecture limits the
flexibility of large antenna arrays and further causes notable
performance degradation.

Recently, dynamic subarray strategies, which adaptively
partition all transmit/receive antennas into several subarrays
and connects/maps each RF chain to one of them, have been
proposed to provide more flexibility than fixed subarrays.
Several papers have demonstrated the benefits on both spectral
efficiency and energy efficiency of applying a dynamic con-
nection strategy for hybrid beamforming with infinite/finite
resolution PSs [26]-[31]. Moreover, recent work [32], [33]
has illustrated that dynamic antenna selection can effectively
compensate for the accuracy loss of the low-resolution PSs.
Motivated by these findings, in our previous work [34],
we proposed a novel hybrid beamforming architecture with
dynamic subarrays and low-resolution PSs for mmWave multi-
user multi-input single-output (MU-MISO) systems. With the
aid of the theory of fractional programming, an iterative
hybrid beamformer algorithm was developed to maximize the
sum-rate performance of the mmWave MU-MISO system.

The hybrid beamforming approaches using low-resolution
PSs mentioned above are restricted to narrowband mmWave
MIMO/MISO channels. However, mmWave communication
systems are expected to operate with wide bandwidths in
order to exploit the abundant available frequency spectrum.
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TABLE I
SUMMARY OF EXISTING DYNAMIC HYBRID BEAMFORMING RESEARCH

Narrowband ~ Wideband
Continuous phase [29], [30] [26]-[28]
Low resolution [31], [34] This work

The frequency selectivity of wideband channels and the
unique structure of hybrid beamforming cause difficulties
for mmWave wideband MIMO systems. The main challenge
lies in designing a common analog beamformer shared for
all frequencies/subcarriers while using different digital beam-
formers for different sub-bands. This motivates the investiga-
tion of hybrid beamforming designs for wideband mmWave
MIMO-OFDM systems [26]-[28], [35]-[37]. In particular,
[26]-[28] investigated partially-connected hybrid precoder
design with dynamic subarrays for MIMO-OFDM systems, but
using infinite-resolution PSs. To the best of our knowledge,
dynamic hybrid beamforming with low-resolution PSs for
wideband mmWave MIMO-OFDM systems has not been
studied.

While the frequency selectivity of the wideband channel
must be considered, the beam squint effect [38]-[40] should
also be accounted for in hybrid beamformer designs for
wideband mmWave MIMO-OFDM systems. The beam squint
effect in communications systems is firstly pointed out
in [38], [39], where the necessity of considering beam squint
in wideband mmWave systems is strongly demonstrated.
Specifically, with a common analog beamformer for all sub-
carriers, the beam focusing direction will change for different
frequencies, an effect referred to as “beam squint”. Beam
squint introduces array gain variations over subcarriers for
a given angle of arrival/departure (AoA/AoD). Obviously,
the beam squint effect has a significant impact on the
performance of hybrid beamforming in wideband mmWave
MIMO-OFDM systems. Relatively little work [41], [42] has
taken both frequency selectivity and beam squint into account
for fully-connected hybrid beamformer designs. This motivates
us to develop an effective dynamic hybrid beamformer algo-
rithm that considers both frequency selectivity and beam squint
for wideband mmWave MIMO-OFDM channels.

B. Contributions

The contributions of this paper are summarized as follows:

» We introduce an efficient hybrid beamforming
architecture with dynamic subarrays and low-resolution
PSs for a wideband mmWave MIMO-OFDM system.
In order to mitigate the performance loss due to the
use of low-resolution PSs, each RF chain is adaptively
connected to a disjoint subset of the transmit/receive
antennas to exploit multi-antenna diversity of large-scale
antenna arrays.

» We design the hybrid precoder and combiner to maximize
the average spectral efficiency of the wideband mmWave
MIMO-OFDM system. Compared with existing dynamic
hybrid beamforming works as summarized in Table I, this
paper considers both low-resolution PSs and wideband
systems, which will cause significant difficulty in the
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Fig. 1. Dynamic hybrid beamforming with low-resolution PSs for mmWave MIMO-OFDM system.

dynamic hybrid beamformer design. Moreover, while
existing works only focus on designing the hybrid
precoder for the transmitter side, this work considers
joint hybrid precoder and combiner design for both
transmitter and receiver sides, which is clearly a more
complex problem. With the aid of the equivalence of
spectral efficiency maximization and MSE minimization,
an effective iterative hybrid beamformer design algorithm
is developed using classical block coordination descent
(BCD) methods.

» The convergence of the proposed hybrid beamformer
algorithm is theoretically proved and numerically
illustrated. The time complexity of the proposed hybrid
beamformer design is also provided.

» The performance of the proposed hybrid beamformer
design is also validated by extensive simulations, which
illustrate that the proposed algorithm can significantly
outperform traditional fixed-subarray schemes.

The following notations are used throughout this paper.
Boldface lower-case letters indicate column vectors and
boldface upper-case letters indicate matrices, respectively. C,
R, and RT denote the set of complex, real, and positive real
numbers, respectively. (-)* denotes the conjugate operation
on a complex number. ()T, (-)#, (-)~! and (-)T denote
the transpose, conjugate-transpose operations, inversion, and
pseudo-inversion respectively. E{-} represents statistical
expectation. R{-} denotes the real part of a complex number.
I, indicates an L x L identity matrix. || A |z denotes the Frobe-
nius norm of matrix A. ||a||p is the 0-norm of vector a. Finally,
A(z,:), A(:,7), and A(7, j) denote the i-th row, j-th column,
and (z,j)-th element of matrix A, respectively. The distrib-
ution of a circularly symmetric complex Gaussian (CSCG)
random vector variable with mean p and covariance matrix C
is denoted by CN (u, C), and “~ stands for “distributed as”.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We begin by considering a point-to-point mmWave
MIMO-OFDM system as shown in Fig. 1. A hybrid beam-
forming MIMO-OFDM architecture with Ny subcarriers is
implemented at the transmitter and receiver. The transmitter
employs a uniform planar array (UPA) with N, = N, x
Ny antennas and Ny RF chains to simultaneously transmit
N; data streams to the receiver which is equipped with
Ny = Ng x Ny antennas and Ngp RF chains. We assume in
this paper that the number of RF chains is much less than

the number of antennas and greater than or equal to the
number of data streams on both sides, i.e. Ny < Npp < N,,
Ns < Ngg < N,. The main difference between OFDM-based
hybrid beamforming and fully-digital beamforming is that the
digital beamforming is performed in the frequency domain for
each subcarrier while the analog beamforming is performed
in the time domain for all subcarriers simultaneously. Next,
we describe the components of the system in more detail.

1) Transmitter: Let s; € CN= be the symbols to be trans-
mitted via the i-th subcarrier, E{s;s} =Iy_,i=1,...,Np.
The vector s; is firstly precoded by a digital beamforming
matrix Fgg; € CMwxNe j = 1,... Ny, in the frequency
domain. After conversion to the time domain by the inverse
discrete Fourier transform (IDFT) and adding the cyclic prefix,
the signals are up-converted to the RF domain via Ng RF
chains and further precoded in the analog domain. In order
to reduce the hardware complexity and power consumption,
N; low-resolution PSs are employed to implement the analog
beamformers. In this paper, we adopt a dynamic mapping
between RF chains and transmit/receive antennas. Specifically,
each RF chain can be dynamically connected to a disjoint set
of antennas via a switch (SW) network and corresponding
low-resolution PSs. While switches designed for mmWave
systems can switch at speeds on the order of nanoseconds or
even sub-nanoseconds [43], the coherence time for a carrier
frequency f. = 60GHz is about 1ms at a 800Hz Doppler [44].
Therefore, the switching rates and settling times for currently
available RF switches are sufficient for the proposed wide-
band mmWave systems. Since the insertion loss of mmWave
switches is extremely low (about 1dB [43]), it can also be
ignored in practical mmWave systems. Moreover, the discus-
sion in [6], [26], [50] also illustrated the feasibility of using
switches in hybrid beamforming architectures for mmWave
massive MIMO systems.

Each low-resolution PS has a constant magnitude V}T and
discrete phases controlled by b bits. The set of phase values
for each PS is assumed to be uniformly spaced around the unit
circle, ie. F = { k= # i =0,1,...,2° — 1}. By dynami-
cally selecting antennas and tuning the phases of the associated
PSs, the size of each subarray and the corresponding analog
beamformer are properly selected according to the instan-
taneous channel state information (CSI). By exploiting the
degrees of freedom introduced by the SW network, the flexi-
bility of the dynamic mapping scheme and the multi-antenna
diversity can be used to appropriately compensate for the loss
in accuracy due to the use of low-resolution PSs. This fact will
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be demonstrated in the simulation part (e.g. Figs. 4 and 5).
Let Fgr € {F,0}V*Ner be the analog precoding matrix.
To be concrete, the analog precoder has two constraints due
to the assumed hardware structure: i) If the k-th RF chain
is connected to the m-th antenna via a low-resolution PS,
then the corresponding element of the analog precoder has a
nonzero value, i.e. Frp(m, k) € F; otherwise, Frp(m, k) = 0;
ii) Since there is no overlap among subarrays, the ana-
log precoder has only one nonzero elements in each row,
ie. ||Fre(m,:)|lo=1,m=1,...,N.

2) Receiver: After propagating through the wideband
mmWave MIMO channel, the signal is corrupted by addi-
tive white Gaussion noise (AGWN). At the receiver, which
has an architecture similar to the transmitter, the received
signal is first processed by N, low-resolution PSs and SWs
which form the analog combiner Wgy. The analog com-
biner Wy has constraints similar to the analog precoder:
i) Each nonzero element has discrete phase and constant
amplitude, i.e. Wgp € {W, 0}V Ner| W = {V}Tejiz? li =
0,1,...,2%= 1} and ii) there is only one nonzero ;:lement in
each row, i.e. ||[Wggr(m,:)|jo = 1,m = 1,..., N;. Then the
received signal is down-converted to baseband through Ngp
RF chains. After removing the cyclic prefix and applying the
DFT, the received frequency-domain signal on each subcarrier
is further processed by an individual digital combiner Wgg ; €
CNee*Ns j = 1,..., Ny, which yields the final processed
signal at the i-th subcarrier as

Si = Wig ;WirHFreFap isi + Wig Wiheny, Vi, (1)

where H; € CV¥*Ni § = 1,..., Ny, denotes the channel at
the i-th subcarrier, and n; ~ CN (0,07Iy,),i = 1,...,NF,
is independently and identically distributed (i.i.d.) complex
Gaussian noise.

B. Channel Model

1) Beam Squint Effect: In the wideband mmWave
MIMO-OFDM system considered here, a common analog
beamformer is applied over all subcarriers, even though the
directional response of the beamformer will change with
frequency. Thus, the beampattern will have a variation with
# for different subcarriers, and this effect is referred to as
beam squint [40]. Fig. 2 illustrates an example of the resulting
beampatterns as a function of # for different frequencies.
We can observe from Fig. 2 that, if we use a beamformer
directed at angle 6y = 7/3 at carrier frequency f. = 60GHz,
the beamforming focus angles for other frequencies squint
away from m/3, which illustrates the severe beamforming
gain variations due to the beam squint effect. It is worth
noting that beam squint is an inherent phenomenon that auto-
matically appears in wideband mmWave channels since the
array response vector is frequency-dependent. Therefore, it is
necessary to take beam squint into consideration and provide
an accurate model of the wideband mmWave MIMO-OFDM
channel for the development of the hybrid beamformer design.

2) Wideband Channel Model With Beam Squint: Based
on the discussions in [38]-[40], the beam squint effect
is essentially induced by the frequency-dependent beam
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Normalized g( 6, 4, f) [39]

1 1.2 1.3 14 1.5

Fig. 2. Illustration of beam squint effect for a continuous-phase analog
beamformer with one RF chain and M antennas described in [40]
(M = 64 antennas, beamforming focus angle 8y = w/3). At the angle of
interest /3, the beamforming gains of the f = 59/61GHz sub-bands will
have a 309% degradation compared with that of carrier frequency f. = 60GHz.
For a wider bandwidth, the f = 58/62GHz sub-bands will have very large
80% beamforming gain loss.

steering vectors. We first adopt the classical geometric channel
model for mmWave MIMO systems, which can be described
as a sum of the contributions of multiple propagation paths [3],
[6], [11], [45]. The modified delay-d channel matrix can be
written as [36]

L
Hd =) arr(dli—n)ac(4},6;, Nall (1,6}, 1), Vd, ()
=1

where L is the number of distinct scattering clusters and
a; ~ CN(0,1) is the complex gain of the [-th cluster, r(7)
denotes the raised cosine pulse at 7, T, is the sampling period
and 7; € R is the delay of the I-th cluster. The transmit/receive
steering vector on frequency f of the [-th path with azimuth
and elevation AoD/AOA of ¢; and #; is denoted as a(¢y, 01, f).
For an N, x N, UPA with N total antennas, the modified
steering vector of the [-th cluster is given by [18]

a(¢, 01, f) = ax(¢1, 01, f) @ ay(0y, f), VI, 3)

where © is the Kronecker-product operation. The
frequency-varying elevation steering vector ay(f;, f) of
the [-th cluster is

a0, ) = [L TR =8 O nfombT, i (@)
The frequency-varying azimuth steering vector ay(¢y, 6;, f) of
the i-th cluster is given by
ax(61,01, f) = [L, /" T mtusingr

ej[l\rx_l)'.lrﬁ- sin & sinqﬁi]T vl (5)
After the Np-point DFT of the delay-domain channel

H][d], the frequency-domain channel' at the i-th subcarrier,
it =1,..., N, can be expressed as

L
H; = cufnac(d], 01, fi)al (41,65, fi), Wi, (6)

=1
where (3, ; is defined as

Np—1
83 T I il
JS‘TI,i - Z T( S_Tl)e Fo, Vi, (7)
d=0

'In this paper, we assume that the channel H; associated with each
subcarrier is known to the transmitter based on the use of effective channel
estimation algorithms [38], [39].
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and f; denotes the central frequency of the i-th subcarrier with
total bandwidth B, which can be described as

fw—fc+(3 2 )NF:

Vi. (8)

C. Problem Formulation

With the mmWave MIMO-OFDM channel H; in (6),
the spectral efficiency of the i-th subcarrier is given by

R; = log(|In, + Tflwgﬂ,iwngiFRFFBB,i
x Fig FhpH{ WrrWgg;|), ¥i, (9)

where T; £ o?WH, WH WgrrWhgg; is the noise covari-
ance matrix at the i-th subcarrier.

We aim to design the dynamic hybrid precoder and com-
biner as shown in Fig. 1 to maximize the average spectral effi-
ciency over all subcarriers of the point-to-point MIMO-OFDM
system, subject to the following constraints: i) Constant ampli-
tude and discrete phase of PSs at the transmitter/receiver, i.e.
Fre(m,k) € {F,0},m = 1,...,N,k = 1,..., N} and
Wge(m, k) € {W,0},m=1,...,N,k=1,..., Ngg; ii) the
dynamic mapping, i.e. |Fre(m,:)|lo=1,m=1,..., N, and
||Wgg(m, :)|jo = 1,m = 1,...,N,; iii) total transmit power
< P

constraint for all subcarriers, i.e. Z?‘:l |FR]:FBB_.,;||2F
where P is the transmit power. With the above constraints,
the dynamic hybrid beamformer design problem can be for-
mulated as

e
max —_— R; (10a)
FRF‘.{FBB,i}?[:F; Ng ;
WRF‘:{WBBJ}?E‘]_

s.t. Fre(m, k) € {F,0}, Vm,k, (10b)
[|[Fre(m,:)|lo =1, Ym, (10c)
WRF(m:‘ k) € {Wa 0}1 ‘VJm: ka (IOd)
”WRF(m: :)”U = 1: |\"_”‘I"'r:r'!': (]03)

Ne
> |FreFogil3 < P. (10f)

i=1

Unfortunately, the hybrid beamformer design problem (10) is
extremely difficult to solve due to not only the non-convex
constraints of the analog beamformers but also the coupling
of the digital/analog beamformers. To efficiently solve the
problem (10), in the next section, we first transform the
original problem into an alternative solvable form and then
iteratively design the hybrid precoder and combiner.

1II. HYBRID PRECODER AND COMBINER DESIGN
A. Problem Transformation

To tackle the difficulty arising from the spectral efficiency
function of the optimization problem (10), i.e. the log(] - |)
function in (9), we first build a relationship between average
spectral efficiency maximization and weighted MSE minimiza-
tion [46]* using the following proposition.

2 Although this kind of method has been widely used for various optimiza-
tion problems, in this paper we consider a different problem with a more
complicated objective and additional non-convex constraints.
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Proposition 1: Define the MSE matrix function as

E: £ E{(5: — )8 — 5:)"} (11a)
— WgBJwngtFRFFBB,iF‘gB,iFgFH?WRFWBBJ
- QS%{WgB‘I WHH,FrpFgg:}

T

+Wis . WHeWrrWsggi07 + In,, Vi. (11b)

By introducing auxiliary weighting matrices M;,z = 1,...,
Np, the average spectral efficiency maximization problem (10)
can be transformed into the following weighted MSE mini-
mization problem

Ny
1
B log(|M;]) — Tr{M;E;} + N,
Frr,{Fps.i} 5, Ny ;( (IM}) { 1 )
Wrr,{Was,: M},

s.t. (10b) — (10f), (12)

where M; € CN=*N= § =1,..., Np, is the auxiliary weight-
ing matrix for the i-th subcarrier.
Proof: See Appendix A. |
Problem (12) is now more tractable than problem (10)
since the complicated log(| - |) function with multiple vari-
ables is removed. Instead, in problem (12) the log(| - |)
function is only with respect to the weighting matrix M,
and the sub-problem for solving M; is a convex uncon-
strained optimization (see Sec. III-B for more details). For
this kind of multi-variable-optimization problem, the classi-
cal block coordination descent (BCD) algorithms [47] have
been widely used to decompose the original problem into
several sub-problems to update each variable in a random
order until convergence. However, when there are coupling
constraints for different variables, the BCD algorithm cannot
be directly applied. Moreover, the sub-problems with respect
to the analog precoder/combiner are difficult to solve since the
analog beamformers must be designed for all subcarriers with
a complicated objective function subject to non-convex con-
straints (10b)-(10e). To facilitate the use of the BCD algorithm
and simplify the analog beamformer design, we first introduce
two auxiliary matrices X;,Y;, ¢ = 1,...,Np, for each
subcarrier and then add them as coupling constraints (13b)
and (13c) to problem (12):

N
1 o
max — (log(|M;|) — Tr{MiE,-} + N.)
FRF;WRF:{Mi}?[:F; NF;
{XisFBB,i}J‘:\[:Fp
‘{Yi‘.WBB,i}?;Fl

(13a)
s.t. X; = FreFgB:, Vi, (13b)
Y: = WrrWas,, Vi, (13¢)
Ne
S IXilE <P, (13d)
i=1
(10b) — (10e), (13e)
where the modified MSE matrix E,- is defined as
E; 2 YAH,X,XFHIY, - 2R{YFH,X;}
+YE8Y,02 +1n, Vi. (14)
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Inspired by [48] which proposed a penalty dual decomposi-
tion (PDD) algorithm to simplify the coupling constraints with
an appropriate penalty term, we also introduce two penalty
terms 5| X; — FreFpp |3 and o[ Y: — WreWas,i|7
associated with the equality constraints (13b) and (13c),
respectively, where p; and p, are two penalty parameters.
Then, the penalty terms are added to the objective function
and problem (13) is reformulated as problem (15) shown at the
bottom of this page. Now the constraints for each variable are
separated and the BCD algorithm can be utilized to iteratively
solve for the variables {IM; }; 1» FRE, {FBB,,-}?;FI, {X,—}?;Fl,
Wkr. {WBB,,-}‘.=1, {Yt-}!.=1. In the following subsection,
we will discuss the solution for each block in detail.

B. Block Update

1) Block {M;}Y%,: Under fixed beamformers and other
auxiliary variables X;,Y;, the sub-problem with respect to
M;,i=1,..., Np, is a convex unconstrained problem, i.e.

max log(|M;|) — Tr{M,E;}, Vi. (16)
Thus, the optimal M can be obtained by setting the partial

derivative of the objective in (16) with respect to M; to zero,
which yields the following optimal value:

M; =E;' = YA Y — 2R{YFHX} +1In,] 7Y, Vi,
(17)
where
A A H,X,XFHI + 021, Vi. (18)

2) Block {X; };E,. : With given beamformers and weighting
matrix M, the sub-problem with respect to X; is given by
N

min ) (ﬂ{M E:} + —||X — FrrFgs w”F)
{K }s 1 i=1

s.t. Z IX:|2 < P.

i=1

(19)

The optimal solution of (19) can be determined by the
Lagrange multiplier method. By introducing a multiplier p > 0
for the power constraint (13d), we can form a Lagrangian
function to transform the problem (19) into an unconstrained
optimization as

N

min_ Z (‘I&{M E:} + —||X FRFFBB!HF)

l—‘{xl}g 1 i=1
F
+p (Z X412 —P) . (20

i=1
Then, the optimal X;,7 = 1,..., Ny, can be determined by
setting the partial derwatlve of the objective in (20) with
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respect to X; and p to zero, which yields the optimal solution
as

X; = (HY:M;Y{H; + %I—f— pl) ™!
t

x (H'Y:M; + %FRFFBBJ), Vi, (21)

where the optimal mu]tiplier p is associated with total power
constraint, i.e. Z L IXEZ < P.
To determine the value of p, we begin by analyzing the

term Z
Z X5 1% = Z Te{(X})" X}

i=1 i=1
Np
=) Tr{HY.M; + —FRFFBB i

i=1

X (H?'HY‘M!Y?'HHQ + 51 + ’U.I)_Q
t

X* We first rewrite it as
F-

(22a)

1
x (HTY:M; + gFRFFBB,i)}- (22b)
t

We define P; = (H%HYIMI —+ QLMFRFFBB,E)(H{:(YiMi +
ﬁFRFFBB,f)H and Q; = HFY,M;YFH; for each
subcarrier, then the above equation is further rewritten as

ZHX*HF = ZTr{(QHr—IJruI) 2B,

i=1 i=1

(23a)

@) ZTr{(U,_.lUH—k—I—huI) 2p,}, (23b)

i=1

N
@ Z Tr{(; + —1 +uD)?P,}, (23¢)
@ S Pi,j
=5 (23d)

i=1 j=1 (€15 + ﬁ +p)?

where (a) holds by performing the eigenvalue decomposition
(EVD) Q; £ U,;EUH i = 1,..., N; (b) holds by defining
P; £ UHP,U; for each subcarrier; finally, (c) holds by
denoting &; ; as the (7, 7)-th element of the matrix Z; and p; ;
as the (7,7)-th element of the matrix P;. Therefore, it can
be shown that Z 1 IX#]|% is a monotonically decreasing
function with respect to . When p — 0, we can obtain the
following upper bound, i.e.

t

Np
MZHX*HF B Mo

i=1 j=1 219:

(24)

With this upper bound, we can obtain the optimal value of X;
under the following two conditions:

N
1
mex N (1og(|M ) - Tr{ME; }——IIX ~FreFon | - 2),
Frr,Wrr,{M;}; 5
{X: Fon.i}, 8 (Y Wan.i} o,
(15a)
s.t. (10b) — (10e), (13d) (15b)
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Cl: When the upper bound 317, E; 1(5_1111—? < P,
i

which means the power constraint is sausﬁed for all
4 > 0, we can directly obtain the optimal value of X; by
setting p = 0 as

X; = (HPY,M,Y/H, + —1I)!
2py

X (Hqu-Mg-Jr%FRFFBB,i), Vi. (25)
C2: When the upper bound Z Z;.- § (E—Iiij_? o L

the optimal multiplier i« can be easily found by a bisection
search over the set

Ng

SuE{ueR" | Y IX;|3 =P}

=1

(26)

3) Block {FBB,,-}?:,: When the analog precoder Fgrp,
overall hybrid combiner W, auxiliary variables X;, Y;
and M; are all fixed, Fggi,2 = 1,..., Np, only appears
in the second term of the objective (15a). In this case,
the sub-problem with respect to Fgg; can be formulated as
an unconstrained problem, i.e.

||X FRFFBB 1”};‘, ‘?JZ'.

FHE i

(27
Then we can easily obtain the optimal solution of the above
least squares problem as

e =FheXs, Vi (28)

4) Block Fpp: The analog precoder Frp appears only in
the second term of the objective (15a) with other fixed blocks.
Therefore, the sub-problem with respect to Fgy is given by?

N
n Z |X: — FreFan,il (29a)
i—1
s.t. Frp(m, k) € {F,0}, Ym,k, (29b)
IFrp(m,:)|lo=1, ¥Ym. (29¢)
Defining X £ [Xy,...,Xng), Fos £ [FeB,1,. - -, FoB,N0),

the objective Z;El |X; — FrrFpp,i||% can be rewritten as
IX — FRFFBBH}. Since there is only one nonzero element
with constant magnitude and discrete phase in each row of the
analog precoder, the above least squares problem can be split
apart row-by-row and the nonzero element at each row can
be separately determined. Based on this observation, we can
further simplify the objective function using the following
proposition.

Proposition 2: Let Di,,m = ey e WL
disjoint subsets which store the indices of the transmit
antennas connected to each RF chain. With these subsets, the
constraint (29¢) of the analog precoder can be redescribed as

UNEEDE — AL 21,
@;HDEZQ, Vp # q.

N}, (30a)

(30b)

3While Euclidean distance minimization is a typical approach, in this paper
we consider different constraints and design a novel low-complexity algorithm.
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Denote @}, , = Fgg(m,:)X(n,:)". Let ¢}, , be the angle
of w7k, s 18, Ch o = Lo o € (1), £y De e angle
of the Corresponding nonzero element of the analog precoder,
ie. f}n,n = £Fgr(n,m), and B be the set of discrete phases

of the low-resolution PSs, i.e. B = {25 =0,1,...,2° — 1}.
Then, problem (29) can be transformed to
Ngp
D D Iohsleosnt Gun) B18)
{Em nt Vm n} m=1neD},
i
s.t. (30a), (30b), (31b)
gfn,n e B, Ym,n. (31¢)
Proof: See Appendix B. |

Obviously, if £¢, .. has continuous phase, the cos(-) term can
always achieve its maximum value, i.e. cos(0) = 1, by letting
&nn = —Cm.n» and each dynamic subarray set can be easily
determined by searching |w}, ,,| over all antennas. Although
low-resolution PSs are employed in this paper (i.e. &, ,, € B),
this problem is still easy to solve by firstly finding the
optimal value of cos((y, ,, + &) corresponding to wy, ,,
for all RF chains and antennas, and then determining the opfi-
mal dynamic mapping subsets by one-dimensional exhaustive
search. To efficiently solve this problem, we propose a simple
two-step algorithm to optimally determine the analog precoder,
which is illustrated as follows.

Step 1: Calculate the optimal phases of Eﬁn‘n,m = sy
Ng,n € Ni, by the quantization operation as

_ /Mt

[ Eemyxaten 0<ghasn

Emn = e (32)
[ ;'R]XA, - < {0 <0.

where [-] denotes the rounding operation, A = 27 /2°
is the angle resolution.
For each antenna n, map the antenna to the RF chain

Step 2: )
m that maximizes |@y,, ,|cos((r, n + Enn)» i€

mh, = arg max [why o] c08(Chyn + i),

(33)

and update the corresponding dynamic subset for that
RF chain:

Dpe = Dpy U {n}. (34)

After performing (33) through all transmit antennas,
we can obtain the optimal dynamic subarray sets and
the corresponding optimal analog beamformer as

1
Fie(n,m) = { VN,
0

€ t
gemm, gpie DL

(35)
otherwise.

?

Now the analog precoder design algorithm is completed and
summarized in Algorithm 1. The optimality of Algorithm 1 is
straightforward since each nonzero element of the analog
precoder can be solved for separately via an exhaustive search.
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Algorithm 1 Analog Precoder Design
Input: i, FBB,A.

Output: Fgp

1: Initialize Frp = ONthﬁps DJi
2: for n = 1: N, do

3 for m=1: N do

4 Calculate &, ,, by (32).
5: end for
6
7

=Dt

= d.
Nirp

Map the n-th antenna to RF chain m}, by (33).
Update Dy, = Dy,. U {n}.

8: end for

9: Obtain Fgg by (35).

5) Block {Y,;};-'\';*} When other blocks are fixed, the
sub-problem with respect to the variable Y; can be formulated

as
. = 1
IIEI{J.FL T[‘{M,El} + _2,(7 ||Y; — WRFWBB,E'”%H Vi. (36)

By setting the partial derivative of the objective in (36) with
respect to Y; to zero, we have

Vi,
(37)

which is a typical Sylvester equation [49]. Using the

Kronecker product & and vectorization operator vec(-) which

stacks the columns of a matrix into a vector, equation (37) can
be rewritten as

~ 1 s 2
(M'{ @ A—i + IN's ® %I‘Nr )yl = X, ‘VIE., (38)
T

where §; £ vec(Y;), X £ vec(HyX;M; + 5-WreWas 1)-
Therefore, the optimal solution for ¥; can be easily found by

=, ~ 1 e
= (MT @ A+ INS & Q_INr)_IX%'a Vi. (39)
Pr

After reshaping vector (39), we can obtain the optimal Y} as
Yi(:,k)=yi((k—1)N:+1:kN;), ki (40)

6) Block {Wgp, ,)‘f‘r ;- Similar to the digital precoder
design, when the other blocks are all fixed, Wgg;, i =

1,...,Np, can be obtained by an unconstrained least squares
problem, ie
min |Y; — WreWssllf, Vi, (41)
Wan.:
which can be easily solved as
Wi =WL Y, Wi (42)

7) Block Wrp: With the other blocks fixed, the analog
combiner matrix Wgy appears only in the last term of the
objective (15a). Therefore, the sub-problem with respect to
‘Whrgyr can be formulated as

Ny

i Y; — WrrWag.|2 43
S ;H rRFWBB,||F (43a)
s.t. Wgr(m, k) € {W,0}, Ym,k, (43b)

[Wrr(m,:)[lo=1, ¥m, (43¢)

2175
which has the same form as problem (29). Defining
Y £ [Yy,...,Yne], Wes £ [Was1,--., Was ng], and

Nip disjoint subsets D},,m = 1,...,Ngp, which contain
the indices of the receive antennas connected to each RF
chain, problem (43) can be equivalently reformulated similar
to Proposition 2 as

Ngp
2 Z Z |wm ‘n| COS(Cm nT gm n) (442)
{£mn ;nﬂ-} m=1neDr,
{D } RF
s.t. uﬁfl DE =NeZ {1y oon No )y (44b)
'D; n D; =@, Yp+#gq, (44c)
g{n,n eB, Ym,n. (44d)

where @], = Wis(m,:)Y(n, )", G & Ly, €
(—m, 7, &, ,, 2 ZWgp(n,m). Problem (44) can be solved
by the same method as in Algorithm 1.

8) Summary: With methods now for finding the condi-
tionally optimal block variables {M; }: 1> Frr, {FBB, ,;};'\l""l,
{X; }1 1+ Wrr, {Was, 1}1 Y } 1, the overall procedure
for the proposed hybrid beamformer des1gn is now straight-
forward. With appropriate initial values, we iteratively update
the above blocks until convergence. Since we do not update
the two penalty parameters* p;, p; in solving problem (15),
the approximation of FrrFgg ; by the auxiliary matrix X; for
each subcarrier will not be exact, which may lead to a violation
of the transmit power constraint. Thus, in the final step we
perform a simple normalization for the digital precoders to
ensure the transmit power constraint, i.e.

. VPFis, -
T. ]

Vs P

The proposed dynamic hybrid beamformer design algorithm
is thus summarized in Algorithm 2.

(45)
F* 2
BB,i ”F

C. Initialization

For Algorithm 2, an appropriate initialization for the hybrid
precoders/combiners is needed. As this algorithm leads to a
locally optimal solution, it is desirable to initialize beam-
formers that are “close” to the optimal solution. In this
subsection, we provide an approach for designing an accu-
rate initial value of the hybrid beamformers. For the analog
gecoderlcombmer we first define an average channel matrix
H = NF Z‘ ¥, H;, and then perform the singular value

decomposition (SVD)_ H = UzVH , where U and V are
unitary matrices, and X is a diagonal matrix of singular values.
Here, we assume the fixed-subarray scheme and choose the
Nfip /Ny strongest components as the initial value of the
analog precoder/combiner, i.e.

FRF = bﬂ{diag(fl g uway fNIE{F)’ (46&)

1 ejQ{[\_.f((k—l)Nt/'Nl'-:{F—l-I:kN.,/NﬁF,k)}’ k.

fi =
(46b)

“Here the penalty parameters are fixed and are not be updated in order to
maintain low complexity; this results in a negligible performance loss.

Authonzed licensed use limited to: Access paid by The UC Irvine Libranies. Downloaded on August 30,2020 at 19:50:19 UTC from IEEE Xplore. Restrictions apply.



2176

Algorithm 2 Proposed Dynamic Hybrid Beamformer Design

Input: {H,;}\%,, P, b.

Output: Fip, Wip, {FEBJ&WEBJ}EI

1: Initialize FRF, WR]: as (46), and {Fppi, Wapi} 5,
as (47). pr = g, pr = 2.

: Set X; = FRFFBB i X WRFWBg is Vi.

: while no convergence of objective (15a) do

Update {M;}.'F, by (17).

Update {X*}fi by (21).

Update {Fgg ; };1; by (28).

Update Fge bx( Algorlthm 1.

Update {Y7} };2; by (39) and (40).

Updatc {W BI}I=1 b)’ (42)

Update W, by Algorithm 1.

: end while

ol e A O

—
ol =

12: Normalize {Fj, ;} 1'%, by (45).
\N
13: Return Fip, Wi, {F5B.4> WhB,i fim1-
Wer = blkdiag(wy, ..., Wng,), (46¢)

1 ejQ{éf!((k—I)Nr/’NﬁF.-{—I:kN,/NﬁF.k)}, vk

Wi =
*T VAN,

1

(46d)

where the function O(-) realizes the quantization opera-
tion. Then, we can obtain the effective baseband channel as
H =2 WRFH Frp,i=1,...,Ng. We again perform a SVD
H; = U,X,V, for each subcarrier. The digital precoder/
combiner for each subcarrier is given by

FBB,i == vi(:, | NS), VE.’
Wag,i = U;(:,1: Ny), Vi

(47a)
(47b)

To satisfy the transmit power constraint, the digital precoders
are finally normalized by (45).

IV. CONVERGENCE AND COMPLEXITY ANALYSIS
A. Convergence Analysis

Let g* be the value of objective in (15) obtained by
Algorithm 2 at the k-th iteration. Since the update of each
block in Sec. IV-B is optimal with the other variables fixed,
the objective in (15) is monotonically nondecreasing after each
iteration, i.e.

K‘—l‘ (48)

*>g
Then, we can conclude the proposed algorithm will converge
to at least a local optimum since the value of the objective
in (15) is bounded above. Fig. 3(a) illustrates g* as a function
of the number of iterations with different settings, which
validates the fast convergence of Algorithm 2.

Numerically, we use the relative difference of the objective
in (15) at the current and previous iterations as the termination
criterion, i.e.

k—1 |

L
_é|9 g e,

U P o
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—dhe— N =64, N.=64, N, =4
+N 148, N <128 N -8

2 4 8 8 W 12 14 1. 18 @
Mumber of iterations
(a) Objective in (19) versus number of iterations.

—A— M= 64, N =54, N =4
ar —m— M= 144, N <128, N <8 |

2 4 [ 8 10 12 14 168 18 20
Mumber of iterations

(b) Convergence criterion n versus number of iterations.

Fig. 3. Ilustration of convergence for Algorithm 2 (Ny = 16, Npp =

Njg=Ns, P=10W, b=1).

where € is the threshold. Fig. 3(b) shows 7 versus the number
of iterations, which illustrates that the proposed iterative
hybrid beamformer design algorithm can easily converge
within very few iterations (in this case less than 6). When
an arbitrary initialization is used, g* may become negative in
the first two iterations, which results in a large jump of 7 at
the third iteration.

B. Complexity Analysis

Finally, we provide a brief analysis of the complexity
of the proposed hybrid beamformer algorithm. As shown
in Algorithm 2, in each iteration, step 4 requires a complexity
of approximately O(NpN3) operations, which is mainly
caused by the matrix inversion. Step 5 requires O(I; NpN2)
operations, again due to the matrix inversion, where I; denotes
the number of iterations of the bisection search. Steps 6 and
9 require O(NgN{(Nkg)?) and O(NpN;(Ngg)?) operations
due to the matrix pseudo-inversion, respectively. The order
of complexity for steps 7 and 10 is O(NNgNs) and
O(N:NggNs) operations because of the products Fgs(m,:)
X(n,:)¥ and Wgg(m,:)Y (n,:)¥, respectively. Finally,
step 8 requires O(Ng(N;N;)?) operations due to the inverse
of the increased-dimensional matrix involving the Kronecker
product. As a result, the overall complexity of the proposed
algorithm is given by

O(I3(NgN2 + I} NN} + NpN(Ngg)? + NeN(Ng)?

+ NiNgeNs + N:NgeNs + Ne(N:N5)?)) (502)
(a)
~ O(I2(1y E\IFJNl3 4+ NF(N,NSF)) (50b)
= O(I; Np(I1 N2 + N2N2)), (50c)

where (a) follows for the typical assumptions Ny < Njp <
N, Ni < Ngg < N, and I is the number of iterations
for Algorithm 2. The fast convergence behavior demonstrated
in Sec. IV-A verifies that the complexity of the proposed
algorithm is acceptable even with a large number of transmit/
receive antennas and/or subcarriers.
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Fig. 4. Average spectral efficiency versus total transmit power P.

V. SIMULATION RESULTS

In this section, we present simulation results to demonstrate
the performance of the proposed hybrid beamformer design
with dynamic subarrays and low-resolution PSs. In the simu-
lation, the channel parameters are set as L = 10 paths, carrier
frequency f. = 60GHz, bandwidth B = 1GHz. Furthermore,
azimuth and elevation AoD/AoAs are uniformly distributed

over [—%,%] and [-%, 5], respectively. The noise powers
3 2

are set as 7 = ... = gy, = 1 for all subcarriers. Finally,
the results are averaged over 10° channel realizations.

A. Spectral Efficiency

Fig. 4 shows the average spectral efficiency versus the
total transmit power P and demonstrates the performance
of the proposed hybrid beamformer algorithm for the cases
of b = 1,2,3-bit resolution PSs. For comparison, we also
include the following five algorithms: i) Fully-digital (FD)
beamforming by SVD: ii) fully-connected (FC) hybrid
beamforming using infinite- and low-resolution PSs [35];
iii) dynamic subarray hybrid beamforming with double
infinite-resolution PSs (DS, DPS) [27], which provides a
performance upper bound for our algorithm since it uses
both more and increased resolution PSs; iv) fixed-subarray
(FS) hybrid beamforming with double infinite-resolution PSs
(FS, DPS) [27]; v) fixed-subarray (FS) hybrid beamforming
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(b) M = 8 x 8 = 64.

Fig. 5. Average spectral efficiency versus number of antennas (Ng = 64,
Ngg = Ngg = Ns =4, P = 10W).

using low-resolution PSs [35] which is a competitor of our pro-
posed algorithm because of its use of a fixed-subarray hybrid
beamforming architecture. In [27], the authors treat two PSs
with constant amplitudes as equivalent to one PS with variable
amplitude and eliminate the amplitude constraint of the analog
beamformer. We plot the average spectral efficiency achieved
by various algorithms for different parameter settings as shown
in Fig. 4(a) and Fig. 4(b), respectively. It is observed that the
proposed algorithm always achieves better performance than
the fixed-subarray scheme with the same resolutions for all
transmit power ranges. When b = 3, the proposed algorithm
can achieve satisfactory performance close to the dynamic
subarray scheme with double infinite-resolution PSs.

In Fig. 5, we show the average spectral efficiency of the
proposed algorithm with respect to the number of transmit
antennas N, and receive antennas . A similar conclusion can
be drawn from Fig. 5 that the proposed algorithm can achieve
better performance compared with fixed-subarray schemes.
We can also expect that the system performance will improve
as the number of transmit/receive antennas increases, which
can offer more antenna diversity and larger beamforming gain.

In Fig. 6, we show the average spectral efficiency as a
function of PS resolution b. As we can predict, the average
spectral efficiency will first increase and then gradually tend to
saturate with the growth of b. In this case, there is little growth
in spectral efficiency beyond about b > 4, which confirms that
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Fig. 7. Average spectral efficiency versus B (N; = 8 x 8 = 64, N; =
4 x 4 =16, Np = 64, N = Ni. = N; = 4).

the use of low-resolution PSs is favourable for practical hybrid
beamforming schemes. Moreover, with sufficiently large b
(e.g. b = 4), the gap between the proposed algorithm and the
“DS, DPS” scheme is due to the fact that the average spectral
efficiency of the proposed algorithm is limited by the constant
amplitude of each PS whereas for the “DS, DPS” scheme,
there is no amplitude constraint.

Fig. 7 illustrates the influence of the bandwidth on the
average spectral efficiency. In this figure, we adopt a central
carrier frequency f. = 60GHz in Fig. 7(a) and f. = 28GHz
in Fig. 7(b). Due to the beam squint effect, there will be
increasing variation of the beam steering vector for different
subcarriers with a larger bandwidth, which will make it
difficult to accurately design the analog precoder/combiner.
Thus, the average spectral efficiency will decrease with the
growth of the bandwidth. Moreover, with increasing fractional
bandwidth (i.e. B/ f.), the variation of the beam steering vec-
tor will become more severe and thus cause larger performance
degradation. Therefore, for wideband mmWave MIMO-OFDM
systems, it is necessary to take the beam squint effect into
consideration.

B. Energy Efficiency
In order to find the tradeoff between spectral efficiency and
energy consumption, we illustrate the energy efficiency of the
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Fig. 8. Average energy efficiency versus number of antennas (Np = 64,
Ngr = Ngg = Ns =4, P = 10W).

proposed design as the ratio of the average spectral efficiency
and total power consumption, i.e.
N

E Y Et=1 Ri

N FRO[ ;
where Py is the total power consumption of the transmit-
ter and receiver. The total power consumption for different
beamforming architectures is defined in Table II, where P is
the transmit power, Pgg and Fyr are the powers consumed
by the baseband processor and a single RF chain, Pps is the
energy consumed by a PS, and Fsw is the energy consumed
by a switch, respectively. In this simulation, we adopt power
values for these devices: Prr = 300mW, Py = 200mW,
PR = 50mW (more than 4-bit resolution PSs), Ppg ™" =
10mW, P25 = 20mW, and Psw = 5mW, [24], [50].

In Fig. 8, we plot the energy efficiency as a function
of the number of transmit/receive antennas. It is observed
in Fig. 8 that the proposed algorithm achieves the best energy
performance with large numbers of antennas (e.g. Ny > 144
in Fig. 8(a) and N; > 64 in Fig. 8(b)). The energy efficiency
achieved by the proposed algorithm is slightly lower than
the fully-connected scheme when the number of antennas
is small, because the power consumed by the PSs for the
fully-connected scheme is not significantly greater than that
of the combination of additional switches and phase shifters.
Therefore, the fully-connected architecture is more suitable for

(51
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TABLE 1T
ToTAL POWER CONSUMPTIONS FOR DIFFERENT ARCHITECTURES IN mmWAVE SYSTEMS

Architecture

Total Power Consumption Piot

Fully-digital (FD)
Fully-connected (FC)

Dynamic subarray, double PSs (DS, DPS)
Dynamic subarray (DS)
Fixed-subarray (FS, DPS)
Fixed-subarray (FS)

P+ 2Ppp + Ny Frr + Ni Prr

P + 2Pgp + Nfz Prr + Nip Prr + NoNp Pes + NeNip Pes
P + 2Pgp + N} Prr + NipPrr + 2N Pps + 2N: Pps + NiPsw + Ny Psw
P + 2Ppp + Nip PRF + Nip PRF + NiPps + N: Pps + NiPsw + N:Psw
P+ 2Ppp 4+ NigPrr + NipPrr + 2Ny Ppg + 2N, Pps
P + 2Pgp + Nfp Prr + Nip Prr + NiPpg + NiPpg

small-scale antenna-array cases, while the proposed dynamic
subarray architecture is more efficient for cases involving
large-scale antenna arrays.

VI. CONCLUSIONS

In this paper, we introduced a novel hardware-efficient
hybrid beamforming architecture with dynamic subarrays and
low-resolution PSs for wideband mmWave MIMO-OFDM
systems. In this dynamic hybrid beamforming scheme, each
RF chain is adaptively connected to a disjoint subset of
antennas in a large-scale antenna array to increase flexibility
and further exploit the multiple-antenna diversity. To optimize
the average spectral efficiency, we proposed an iterative hybrid
beamformer algorithm with the aid of the relationship between
spectral efficiency maximization and MSE minimization. A
convergence and complexity analysis of the proposed hybrid
beamformer algorithm was also provided. The effectiveness of
the proposed hybrid beamformer was validated by extensive
simulation results, which illustrated that the proposed algo-
rithm can achieve satisfactory performance and outperform
traditional fixed-subarray schemes. For future studies, it is
important to take into account the practical imperfections (e.g.
insertion losses and phase errors) associated with implement-
ing of dynamic subarrays in wideband mmWave systems.
Moreover, it would be interesting to extend the hybrid beam-
former architecture with dynamic subarrays and low-resolution
PSs to wideband mmWave/Terahertz (THz) multi-user/stream
systems.

APPENDIX A
PROOF OF PROPOSITION 1

By checking the first-order optimality conditions of prob-
lem (12), i.e.

d(log(|M;|) — Tr{M,E;}) .

M, 0, Vi, (52a)
%ﬁ? =0, Vi, (52b)
we can obtain the optimal M; and Wgg ; as
M; = E; L, Vi, (53)
i8i = (WhpA;Wrp) "W H;FreFpri, Vi, (54)
where
A; £ H,FppFpp,Fip FarH{ + 071, Vi.  (55)

From equation (54) we can see that the optimal digital
combiner for problem (12) is the well-known MMSE receiver.
After substituting (54) into (53), we have [51]

M; = [I - Fip ,FRpH Wap(WHpA;Wer) ™
x WHH;FrpFpp | ! (56a)
=14+ FgB,iFEFH{IWRFT; 1W£IFHI'FRFFBB,§-. ‘V"i.,
(56b)
where we define T; £ 0?WH_ Wpgp. Then substituting (54)
and (56b) into the objective in (12), we can obtain [51]
log(IM;[) — Tr{M;E;} + Ns
= log(|I+ Fy FA-HY WY 'WHH,FrrFpg,|)

(57a)
— log(|T+ ¥ "W H,FreFes F g FHH Wrg|),
Vi, (57b)

which is essentially the spectral efficiency of the i-th subcarrier
without considering the digital combiner. This result implies
that the globally optimal solution of the weighted MSE mini-
mization problem in (12) is identical to the solution obtained
by maximizing the spectral efficiency in (57).

We recall the original spectral efficiency maximization prob-
lem (10), where the digital combiner Wggp;,i = 1,..., Np,
does not have any constraint. It is well-known that the opti-
mal MMSE digital combiner can achieve maximum spectral
efficiency [14], [46]. Thus, optimal solutions of (12) are also
identical to (10) and the proof is completed. =

APPENDIX B
PROOF OF PROPOSITION 2

Recall that Df,,m = 1,...,Njy, are the dynamic sub-
array sets containing the indices of the transmit antennas
connected to the m-th RF chain. Since there is no overlap
among the dynamic subarrays and each transmit antenna is
connected to one RF chain, we have: i) D, N1 D = @,p,
= 13"':N1§{F1p 7& q. HJ' UiiF]_D‘En = *"\'rt = {laNt}
With the above constraints, it can be shown that

N
> |IX; — FreFrgl?

min (58a)
Frr <
i=1
= min ||X — FrrFgg| % (58b)

Frr
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t
NRF‘

> > IX(n,:) — Fry(n,m)Fes(m, )3

Frr
m=1neDf,

. (58c)
2 GZDZ (IX(n,2)||? — 2R{Frp (n, m)Fpp(m, )
x i(n,z)ﬂ} S
% Y R{Fre(n,m)Fep(m,)X(n,)"},

m=1neDt,

= min
Frr

(58d)

()
= max
Frr

(58¢)

where (a) holds since there is only one nonzero element in
each row (corresponding to each transmit antenna) of the
analog beamformer; (b) holds since each nonzero element has
constant magnitude 7;[—‘, ie. [Frr(n,m)?> = 5.

By defining @, ,, = Fggp(m,)X(n, )7 = |@t, ,[eTmn,

m = 1,...,Nkp,n € Dt and Frp(n,m) £ N/LN—teJE:"-"
with discrete values &, , € B = {Fi =0,1,...,2° — 1},
the objective (58¢e) can be rewritten as
Ny
, max Z Z |w:‘n‘n|cos(gfn'ﬂ —t—&:n,n). (59)
{Emn¥mn} 52 ey,
DL

Combining the objective (59) and the two constraints corre-
sponding to the dynamic subarray sets and discrete values
of the analog beamformer, the equivalence of problem (29)
and (31) is finally established. o]
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