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Abstract—Hybrid precoding is essential for millimeter wave
(mmWave) multiple-input multiple output (MIMO) systems due
to its inherent advantage of a high gain, whilst alleviating the high
cost of hardware. However, most of the existing literature con-
sidered either the narrowband or wideband single-user mmWave
MIMO scenarios. Hence in this paper we focus our attention
on the more challenging design of hybrid Transmit Precoding
(TPC) for wideband multiuser mmWave MIMO systems by
exploiting the long-term channel’s covariance matrix and the
angle of departure (AoD) information. Specifically, in the analog
TPC designed, we firstly derive the channel’s covariance matrix
for each user. Then the analog TPC matrix having an infinite
angle resolution is constructed based on the channel’s covariance
matrix with the aid of phase extraction. Next, by exploiting the
AoD information, we also propose a non-uniform quantization
codebook based analog TPC having finite angle resolution. As for
the design of the digital TPC, a three-stage scheme is proposed to
compensate for the deleterious effects of beam squint, to cancel
the inter-user interference and to attain multiplexing gains. We
study the effects of various parameters on the achievable sum
rate and demonstrate with the aid of our simulation results
that the proposed hybrid TPC is capable of achieving a similar
performance to the excessive-complexity fully digital TPC.

Index Terms—millimeter wave communication, hybrid TPC,
multiuser, wideband, channel’s covariance matrix.

I. INTRODUCTION

M ILLIMETER wave (mmWave) multiple-input multiple
output (MIMO) communication has been considered

as one of the most promising techniques for next-generation
systems as a benefit of significantly improving the achiev-
able rate [1]. The small wavelength of the millimeter wave
signals (0.1 mm∼1 mm) makes it feasible to pack a large
number of antennas into small form factors and hence to
make massive MIMO practical for wireless communications.
In return, the large number of antennas using MIMO signal
processing techniques like precoding is capable of providing
substantial spatial multiplexing gains to guarantee sufficient
signal power at the receiver [2]. However, the high cost and
power consumption of hardware components at the ten-fold
increase of the mmWave carrier frequency prohibit the use of
the traditional fully digital Transmit Precoding (TPC) relying
on a dedicated radio frequency (RF) chain for each antenna
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[3]–[7]. To circumvent this problem, the concept of hybrid
TPC was proposed, where the TPC is partitioned into a high-
dimensional analog TPC and a low-dimensional digital TPC
[8]–[11].

A. Prior Work

Most prior work on the design of the hybrid TPC focuses
on the narrowband single user (SU) scenario [10]–[21]. The
orthogonal matching pursuit (OMP) based hybrid TPC scheme
was the first one proposed for mmWave wave MIMO systems,
which formulates a sparse reconstruction problem in order to
obtain the hybrid TPC having a transmission profile ‘closest’
to the optimal unconstrained digital TPC [10]. Based on [10],
diverse methods have been proposed for near-optimal TPC
design, such as the alternating minimization (AM), matrix
decomposition and iterative search methods [12]–[15]. Alter-
natively, low-complexity hybrid TPCs may be designed by
exploiting the sparse Channel Impulse Response (CIR) of
the mmWave link [16]–[20]. Moreover, research efforts have
also been dedicated to designing energy-efficient hybrid TPC
architectures [11], [21].

Naturally, the design of the hybrid TPC in narrowband
multiuser (MU) scenarios is more challenging than that of
its SU counterpart, because the inter-user interference gravely
degrades the achievable sum rate [22]–[25]. In [22], a hybrid
TPC scheme based on imperfect channel state information
(CSI) (the CSI with limited feedback) was proposed for the
MU scenario, where the analog TPC of each user relies on
a uniform-quantization (UQ) based codebook and the digital
TPC is designed using the zero-forcing (ZF) solution. In
[23], a MU hybrid TPC scheme was proposed by Dai and
Clerckx based on the channel’s covariance matrix for the
frequency-flat mmWave channel. They conceived a so-called
rate splitting (RS) transmission strategy for mitigating the
inter-user interference. Furthermore, a block diagonalization
(BD) based hybrid TPC has also been conceived, where the
digital TPC of one user is designed to operate within the null
space of other users’ channels [24], [25].

More recently, the design of hybrid TPC schemes for the
wideband mmWave MIMO system has attracted more interest-
s, where typically orthogonal frequency-division multiplexing
(OFDM) is utilized for overcoming the multipath fading [12],
[26]–[30]. In general, the schemes designed for narrowband
mmWave MIMO systems cannot be directly extended to the
wideband scenario. The main impediment is that the analog
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TPC is frequency-flat and it is operated in the time domain,
whilst the digital TPC operates in the digital domain. Hybrid
TPC schemes have been designed for the wideband SU
scenario in [12], [26]–[28]. In [26], a near-optimal hybrid
TPC weight vector was developed in closed form for both
the fully-connected and sub-array-connected OFDM-based SU
mmWave systems. An AM based hybrid TPC scheme has been
conceived for wideband SU mmWave systems in [12], where
the analog TPC weights are constructed by searching through
the solutions on the Riemannian manifold. Another codebook
based wideband SU hybrid TPC scheme was proposed in [27],
which is based on Gram-Schmidt orthogonalization relying
on realistic imperfect CSI. Finally, in [28] a MIMO-OFDM
hybrid TPC scheme was designed without any instantaneous
CSI feedback, where the analog TPC was constructed based
on both the long-term mean angles and on the angular spread.

Only a small number of papers considered the design of
hybrid TPCs for wideband MU scenarios [29], [30]. In [29],
the authors only determined the number of RF chains for
hybrid TPCs with the goal of achieving a similar performance
as the high-complexity digital TPC and evaluated the hybrid
TPC solution for the high signal-to-noise ratio (SNR) regime.
In [30], the uplink digital TPC was designed based on several
criteria, such as the mean-squared-error (MSE) criterion, and
a pair of hybrid TPCs were constructed using the factorization
and AM techniques, respectively.

Furthermore, most prior work on the design of hybrid TPCs
assumes having perfect and instantaneous CSI at the trans-
mitter, when designing the analog TPC. However, obtaining
full-dimensional instantaneous CSI at the transmitter equipped
with a large number of antennas is still an open challenge in
reality, since the number of RF chains is much lower than
the number of antennas. Therefore, the long-term channel’s
covariance matrix is more attractive using for the analog TPC,
as shown in the recent contributions [23], [28], [31]–[33].

Moreover, in wideband MIMO systems especially in
mmWave wideband MIMO systems having a substantial band-
width (2-5 GHz), beam squint (representing the beam‘s chang-
ing spatial direction as a function of frequency [34]) will also
dramatically affect the performance of TPCs [35]. The effect
of the beam squint has been considered in mmWave MIMO
channel estimation using hybrid TPC relying on lens antenna
arrays for achieving a higher accuracy in [35]. However, there
is no paper that has taken the beam squint into account for
the design of hybrid TPC in wideband MU mmWave MIMO
systems associated with phased arrays.

B. Contributions

In this paper, we consider the design of hybrid TPCs for
wideband MU mmWave MIMO systems aided by the long-
term channel’s covariance matrix and on the angle of departure
(AoD) information. The main contributions of this paper are
summarized as follows.
• We design an analog TPC scheme relying on the chan-

nel’s covariance matrix and on the AoD information.
Specifically, we firstly derive the covariance matrix as-
sociated with the channel matrix for each user on each

TABLE I
CONTRASTING OUR NOVEL CONTRIBUTIONS TO THE STATE-OF-THE-ART.

[9] [27] [28] [30] [32] Our Scheme

Single User TPC X X X

Multiuser TPC X X X

Narrowband Scenario X X X

Widewband Scenario X X X X

Instantaneous CSI X X X

Channel-Covariance X X X

Limited Feedback X X X

Beam Squint X

subcarrier, which shows that the covariance matrix is
mainly determined by the correlation matrix of the array
response matrix at the transmitter. Then, the uncon-
strained analog TPC is designed by applying the classic
singular value decomposition (SVD) to the correlation
matrix. Finally, the analog TPC satisfying the constant
modulus constraint is given by simple phase extraction.

• We propose a non-uniform quantization (NUQ) codebook
based analog TPC scheme having a finite resolution for
each user by exploiting the sparse CIR of the mmWave
channel in the AoD domain. This scheme is capable of
quantizing the physical steering angles more accurately
than the traditional UQ codebook based schemes so as to
increase the achievable sum rate without increasing the
feedback overhead.

• We propose a three-stage digital TPC for jointly handling
the beam squint, the inter-user interference and the spa-
tial multiplexing for improving the achievable sum rate.
Specifically, the first-stage digital TPC is designed to
alleviate the effect of beam squint by providing phase
compensation (PC) for the frequency-flat analog TPC,
where the compensation matrix is constructed with the as-
sistance of the AoD information. The second-stage digital
TPC is designed for canceling the inter-user interference,
which is mainly based on the idea of BD. Furthermore,
the third-stage digital TPC is constructed for attaining the
optimal multiplexing gain based on the low-dimensional
effective CSI.

• We study the effects of various transmission parameters,
hybrid TPC architectural parameters and channel param-
eters on the achievable sum rate with the aid of our
numerical experiments. Our simulation results demon-
strate that the proposed hybrid TPC scheme is capable
of compensating the beam squint, of cancelling the inter-
user interference and of achieving a similar performance
to the high-complexity fully digital TPC.

To clarify our contributions clearly, we contrast the proposed
hybrid TPC scheme against the state-of-the-art in Table I.

The rest of the paper is organized as follows. Section II
presents the system model, channel model, problem formula-
tion and some of our assumptions. The derivation of the long-
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term channel covariance matrix and the design of the analog
TPC are introduced in Section III. In Section IV, our three-
stage digital TPC scheme is proposed. Section V discusses our
simulation results. Finally, we conclude in Section VI.

We use the following notations in this paper: a is a scalar, a
is a vector, A is a matrix and A is a set. [A]i,j is the (i, j)th

element of A and ](A) is a matrix whose (i, j)th element
equals the phase of the (i, j)th element in A. AT ,A∗,A−1,
|A| and ‖A‖F denote the transpose, conjugate transpose,
inverse, determinant, and Frobenius norm of A, respectively.
|a| is the modulus of a. IN denotes a N ×N identity matrix.
CN (a,A) is a complex Gaussian vector with mean a and
covariance matrix A. E[A] is the expectation of A. Span(A)
denotes the linear subspace generated by columns of A and
Span⊥(A) is the orthogonal complement of Span(A).

II. SYSTEM MODEL, CHANNEL MODEL AND PROBLEM
FORMULATION

In this section, we introduce the system model, the channel
model, the problem formulation and some of our assumptions.

A. System Model

Consider the wideband multiuser downlink mmWave MI-
MO system of Fig. 1, where a base station (BS) equipped
with Nt antennas and N t

RF RF chains transmits its signals to
U mobile stations (MSs) having Nr,u antennas and N r

RF,u RF
chains. The fully-connected hybrid architecture is adopted in
this paper, where each RF chain is connected to all antennas
utilizing phase shifters. Due to the limitation of the number of
RF chains, we have Ns ≤ N t

RF ≤ Nt, Ns,u ≤ N r
RF,u ≤ Nr,u,

and
∑U
u=1N

r
RF,u ≤ N t

RF, where Ns denotes the total number
of data streams, Ns,u is the number of independent data
streams of the uth user and Ns =

∑U
u=1Ns,u. Moreover, we

assume that the MSs can perform optimal nearest neighbor
decoding based on the Nr,u-dimensional received signal rely-
ing on fully digital hardware, and focus our attention on the
design of hybrid TPCs at the BS, similarly to [27].

OFDM modulation having K subcarriers and a sufficiently
long cyclic prefix (CP) is utilized to mitigate the dispersion
of the wideband millimeter wave channel. At the transmitter,
the Ns,u data streams conveyed by each subcarrier for each
user are first precoded using the (N t

RF×Ns,u)-element digital
TPC matrix FBB,u[k], k = 1, 2, ...,K, u = 1, 2, ..., U . Then,
after the K-point IFFT and adding the CP, the data streams
are precoded by the (Nt ×N t

RF)-element analog TPC matrix
FRF. It is important to emphasize that the analog TPC FRF

is applied in the time domain, which is the same for all sub-
carriers. By contrast, the digital TPC FBB,u[k] is performed
in the digital domain and it differs for each subcarrier. This
is one of the major distinguishing features of the wideband
hybrid TPC compared to the conventional high-complexity
fully-digital TPC.

At the receiver, assuming perfect carrier and frequency
offset synchronization, first the CP is removed. After K-
point FFT, the received signals are transformed back to the

frequency domain. The discrete-time received signals of the
uth user at the kth subcarrier can be written as

yu[k] = Hu[k]

U∑
l=1

FRFFBB,l[k]sl[k] + nu[k], (1)

where sl[k] is the (Ns,l × 1) transmit signal vector of the
lth user at the kth subcarrier, where we have E[sl[k]] = 0,
E[sl[k]s∗l [k]] = INs,l

and E[sl[k]s∗p[k]] = 0 for p 6= l.
Furthermore, Hu[k] is the channel matrix of the uth user at
the kth subcarrier, and nu[k] ∼ CN (0, σ2

nINr,u
) is the additive

white Gaussian noise vector. Similar to [30], an equal power
allocation is assumed for each MS and subcarrier, so that we
have ‖FRFFBB,l[k]‖2

F
= Pt

UNs,l
, where Pt is the total transmit

power. Furthermore, since the analog TPC is implemented
using analog phase shifters, the constant modulus constraint
is imposed on its entries, i.e., |[FRF]i,j |2 = 1

Nt
.

B. Channel Model

Given its limited scattering characteristics, the Saleh-
Valenzuela model is adopted for modelling the wideband
millimeter wave channel. The frequency domain (FD) channel
matrix of the uth user at the kth subcarrier can be formulated
as [2], [25], [35]

Hu[k] = γ

Ncl∑
m=1

Nray∑
n=1

αu,m,nβu,m,n,kar(φu,m,n,k)a
∗
t (ϕu,m,n,k),

(2)
where γ =

√
NtNr/NclNray is the normalization factor,

Ncl is the number of clusters, each of which contributes
Nray propagation paths, αu,m,n represents the path gains,
βu,m,n,k = e−j2πτu,m,nfk denotes the delay component, in
which τu,m,n is the delay of the nth path in the mth cluster.
Furthermore, φu,m,n,k and ϕu,m,n,k are the spatial AoA and
AoD of the nth path in the mth cluster at the kth subcarrier,
respectively, which can be written as [35]

φu,m,n,k =
fk
c
dsin(θu,m,n), (3)

ϕu,m,n,k =
fk
c
dsin(ϑu,m,n), (4)

where fk = fc +
fs
K (k− 1+ K−1

2 ) is the frequency at the kth

subcarrier, fc and fs are the carrier frequency and bandwidth,
respectively, c is the speed of light, d = c

2fc
= λ

2 denotes
the aperture domain sample spacing, namely the antenna-
element spacing. Still referring to (3) and (4), λ is the signal
wavelength, θu,m,n ∈ [0, 2π) and ϑu,m,n ∈ [0, 2π) are the
corresponding physical steering angles at the receiver and the
transmitter, respectively. Note that in the narrowband mmWave
MIMO system, it is assumed that fk = fc, which means
that the spatial angles are frequency-independent. However,
in the wideband mmWave MIMO system this assumption is
not true and will dramatically affect the achievable rate, when
considering that the large number of antennas are used at the
BS. Moreover, the uniform linear array (ULA) is considered
in the paper, but the proposed scheme is applicable to arbitrary
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Fig. 1. The block diagram of the wideband multiuser mmWave MIMO system model that employs the hybrid TPC.

antenna arrays. Therefore, the array response vectors can be
written as

ar(φu,m,n,k) =
1√
Nr

[
1, ej2πφu,m,n,k , ..., ej(Nr−1)2πφu,m,n,k

]T
,

(5)
and

at(ϕu,m,n,k) =
1√
Nt

[
1, ej2πϕu,m,n,k , ..., ej(Nt−1)2πϕu,m,n,k

]T
.

(6)
Nota that (2) can be written in a more compact form as

Hu[k] = γAr,u[k]∆u[k]A
∗
t,u[k], (7)

where we have:

∆u[k] =


αu,1,1βu,1,1,k

αu,1,2βu,1,2,k
. . .
αu,Ncl,Nrayβu,Ncl,Nray,k

 , (8)

and

Ar,u[k] =
[
ar(φu,1,1,k), ...,ar(φu,1,Nray,k), ...,ar(φu,Ncl,Nray,k)

]
,

(9)
as well as

At,u[k] =
[
at(ϕu,1,1,k), ...,at(ϕu,1,Nray,k), ...,at(ϕu,Ncl,Nray,k)

]
(10)

in (7) contain the array response vectors corresponding to the
MS and BS, respectively.

C. Problem Formulation

The objective of designing the hybrid TPC is to maximize
the achievable sum rate on all subcarriers and users achieved
by assuming Gaussian signalling over the wideband mmWave
channel, where the achievable ergodic sum rate is given by [9]

Rsum =
1

K

U∑
u=1

K∑
k=1

log2

(∣∣∣INr,u
+ R−1

u [k]

×Hu[k]FRFFBB,u[k]F
∗
BB,u[k]F

∗
RFH∗u[k]

∣∣∣), (11)

where Ru[k] =
U∑

p=1,p6=u
Hu[k]FRFFBB,p[k]F

∗
BB,p[k]F

∗
RFH∗u[k]

+σ2
nINr,u

) is the covariance matrix of the aggregate inter-user

interference and noise. Therefore, the optimization problem
can be written as

(Fopt
RF ,F

opt
BB,u[k]) = arg maxRsum,∀u, k,

s.t. |[FRF]i,j |2 =
1

Nt
,∀i, j,

‖FRFFBB,u[k]‖2
F
=

Pt

UNs,u
.

(12)
Under our power constraint, the globally optimal solution to
(12) should be determined by the joint optimization of the ana-
log and digital TPCs. However, unfortunately this is intractable
even upon neglecting the constant modulus constraint imposed
on the analog TPC. According to state-of-the-art in hybrid
TPC design [9], [13], [22], [23], separating the analog TPC
and digital TPC achieves satisfactory performance without the
need for iterative procedures. Therefore, to facilitate a low-
complexity design, the TPC matrices FRF and FBB,u[k] are
determined in a decoupled manner.

Furthermore, our scheme is based on the following assump-
tions concerning the channel state information:
• The design of analog TPC depends only on the long-term

channel’s covariance matrix, but not on the instantaneous
CSI, while the digital TPC is designed based on the
short-term low-dimensional effective CSI, similar to [32].
Naturally, obtaining the perfect instantaneous CSI at the
BS is not realistic in reality since numerous antennas are
used both at the BS and MSs. Moreover, in the hybrid
TPC architecture, the number of RF chains is much
less than the number of antennas, which exacerbates
the challenge of obtaining the instantaneous CSI. More
importantly, feeding back the instantaneous CSI from the
MSs to the BS imposes an extremely high overhead.
However, for the digital TPC, the required short-term
effective CSI is of low dimension since the number of RF
chains is limited, which imposes a moderate overhead.

• The AoDs are known at the BS. According to [20], [36],
[37], the path angles vary much slower than the path
gains. Specifically, the new concept of angular coherence
time was defined in [36] as a comparably long time,
during which the AoDs can be regarded as near-constant.
Va et al. showed by their measurements that the angular
coherence time can be an order of magnitude longer than
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the traditional channel coherence time. Therefore, again,
we assume that the BS knows the AoDs.

III. ANALOG TPC DESIGN

In this section, we firstly introduce the channel’s covariance
matrix for each user on each subcarrier. Then, the analog TPC
wirh infinite resolution is constructed based on the covariance
matrix. Furthermore, we also consider analog TPC relying on
realistic quantized angles and propose a NUQ codebook based
analog TPC scheme aided by the known AoDs.

A. Channel’s Covariance Matrix

Most prior contributions on the design of analog TPCs
assume that the instantaneous CSI is perfectly known at
the BS, which is not realistic. By contrast, the channel’s
covariance matrix varies only over a longer time scale than the
instantaneous CSI, which is hence easier to estimate. There-
fore, we firstly derive the covariance matrix corresponding to
the channel matrix of each user on each subcarrier.

Lemma 1: Using the compact form of the channel in (7),
its covariance matrix is given by

Ru[k] = E[H∗u[k]Hu[k]]

= γ2ζu,kAt,u[k]A
∗
t,u[k],

(13)

where ζu,k = σ2
αu,βu,k

= σ2
αu
σ2
βu,k

, in which σ2
αu

and σ2
βu,k

are the variances of αu and βu,k, respectively. Note that the
expectation is estimated using the sample average during the
angular coherence time.

Proof: Since the path gains αu,m,n, the delay component
βu,m,n,k, as well as AoAs and AoDs are independent, we have

Ru[k] = E[H∗u[k]Hu[k]]

= γ2E[At,u[k]∆
∗
u[k]A

∗
r,u[k]Ar,u[k]∆u[k]A

∗
t,u[k]]

= γ2E[At,u[k]R∆,rA
∗
t,u[k]]

= γ2At,u[k]R∆,rA
∗
t,u[k],

(14)

where

R∆,r = E[∆∗u[k]A∗r,u[k]Ar,u[k]∆u[k]]

= E[∆∗u[k]E[A∗r,u[k]Ar,u[k]]∆u[k]]
(15)

is an (NclNray × NclNray)-element diagonal matrix, since
αu,m,n are independent with zero means. Note that each
column in Ar,u[k] is of unit norm, and the diagonal elements
of E[A∗r,u[k]Ar,u[k]] are one. Thus the diagonal elements of
R∆,r are equal to σ2

αu,βu,k
, i.e., R∆,r = σ2

αu,βu,k
INclNray .

Furthermore, we have E[At,u[k]A
∗
t,u[k]] = At,u[k]A

∗
t,u[k]

since the angles can be regarded as constant during the angular
coherence time. Upon substituting R∆,r into (14) we obtain
(13). Moreover, since αu,m,n and βu,m,n,k are independent,
we have σ2

αu,βu,k
= σ2

αu
σ2
βu,k

.
Lemma 1 indicates that the covariance matrix of the channel

Hu[k] is mainly determined by At,u[k]A
∗
t,u[k], while ζu,k is

a constant for each user at each subcarrier. Our the analog
TPC of each user is designed in the following subsection by
exploiting this property.

B. Analog TPC with Infinite Resolution

According to (13), the covariance matrix of the channel
Hu[k] is frequency-dependent. However, for maintaining a
low hardware complexity, our analog TPCs operate in the
time domain and are frequency-flat. Moreover, the inter-user
interference is temporarily ignored so that the analog TPCs of
different users can be designed separately.

To design the common frequency-flat analog TPC for all
subcarriers of each user, we approximate Ru[k] as

Ru[k] ≈ γ2ζu,kAt,u,cA
∗
t,u,c, (16)

where we have

At,u,c =
[
at(ϕu,1,1,c), ...,at(ϕu,1,Nray,c), ...,at(ϕu,Ncl,Nray,c)

]
,

(17)
in which at(ϕu,m,n,c) denotes the array response vector of the
central spatial AoD ϕu,m,n,c formulated as

at(ϕu,m,n,c) =
1√
Nt

[
1, ej2πϕu,m,n,c , ..., ej(Nt−1)2πϕu,m,n,c

]T
,

(18)
while the central spatial AoD ϕu,m,n,c is defined by

ϕu,m,n,c =
fc

c
dsin(ϑu,m,n) = ϕu,m,n,k −4fdsin(ϑu,m,n),

(19)
where 4f = fs

K (k − 1 + K−1
2 ) represents the spatial angle

offset.
According to the approximate covariance matrix of the

channel in (16), we apply SVD of E[At,u,cA
∗
t,u,c] to approx-

imate the SVD of Ru[k], similar to [28]. Thus we have

At,u,cA
∗
t,u,c = Vt,u,cΣt,u,cV

∗
t,u,c. (20)

Accordingly, the unconstrained analog TPC for the uth user
can be constructed by the N t

RF/U columns of Vt,u,c corre-
sponding to the largest N t

RF/U singular values, i.e.,

F̃RF,u = Vt,u,c(:, 1 : N t
RF/U), (21)

and the unconstrained total analog TPC can be readily written
as

F̃RF = [F̃RF,1, F̃RF,2, ..., F̃RF,U ]. (22)

Note that we assume that all users have the same priority and
are assigned the same number of RF chains.

Furthermore, to meet the constant modulus constraint, the
total analog TPC is designed to be as close to the uncon-
strained total analog TPC as it can be, which is formulated
as

min
FRF,|[FRF]i,j |2= 1

Nt

∥∥∥FRF − F̃RF

∥∥∥2

F
. (23)

The solution of (23) has been found by Zhang et al. in [8] to
be given by [FRF]i,j =

1√
Nt
ej]([F̃RF]i,j).

C. Analog TPC with Quantized Angles

The analog TPC obtained in Section III.B is of continuous
angles. However, constructing a phase shifter having infinite
resolution is either infeasible or excessively costly. Therefore,
in this subsection, we consider the design of analog TPCs
having realistic finite resolution, where the angles of the analog
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TPC obey a quantized angls set and hence the analog TPC
vectors can only assume certain values.

We firstly introduce the UQ codebook based scheme, which
is considered by most of the prior literature [9], [17], [22].
Given the total number of quantization bits b, the entire angular
domain can be partitioned into 2b segments:

FUQ = {ϕUQ,1, ..., ϕUQ,2b}, (24)

where ϕUQ,q = 1
2 sin(

2π(q−1)
2b ) and 2π

2b is the quantization
accuracy. The UQ codebook can then be written as

FUQ = [at(ϕUQ,1),at(ϕUQ,2), ...,at(ϕUQ,2b)]. (25)

Although the UQ codebook is of relatively small size, it
provides good quantization performance but does not fully
exploit the CIR’s sparsity in the angular domain. According
to the recent measurement results of NYU WIRELESS, the
AOAs/AODs of the paths in the millimeter wave channel may
be grouped into distinct spatial lobes [38]–[40], where the
physical steering angles of the paths in different spatial lobes
are distinctly separated. Again, we assume that the spatial
lobes are the same as the clusters due to the limited angular
spread of each cluster and the angles of the paths in different
clusters are distinctly separated with a high probability. More-
over, the angles of the paths for all users are assumed to be
known at the BS within the angular coherence time. Therefore,
we are able to construct an NUQ codebook similar to [20].
Note that the quantized entries in the NUQ codebook are the
physical steering angles, which are the same for all subcarriers
and we use fc to approximate fk so as to construct the NUQ
codebook for all subcarriers simultaneously. Given the AoD,
the entire effective angular coverage for the uth user is

CVu =
⋃

m=1,2,...,Ncl

CVu,m, (26)

where CVu,m =
⋃

n=1,2,...,Nray

CV
[
at(ϕu,m,n,c)

]
is the effec-

tive angular coverage of the mth cluster for the uth user
and CV

[
at(ϕu,m,n,c)

]
⊂ [ϑu,m,c, ϑu,m,c], where ϑu,m,c and

ϑu,m,c are the corresponding lower and upper bounds of
the path angles for the mth cluster, respectively. The lower
and upper angular bounds ϑu,m,c and ϑu,m,c are set a little
lower and higher than the actual smallest and largest physical
angles in the mth cluster to guarantee that the NUQ codebook
becomes capable of quantizing all the path angles. We use
angle(CVu) to represent the whole effective angular range

of the uth user, i.e,
Ncl∑
m=1

(ϑu,m,c − ϑu,m,c). Naturally, we

have angle(CVu) ≤ 2π due to the CIR’s sparsity in the
angular domain. Then the total number of quantization bits
b is appropriately mapped to the effective angular coverage,
yielding the quantization accuracy of angle(CVu)

2b . Note that
there is no angular overlap between different clusters, hence
the set of quantized spatial angles for the mth cluster of the
uth user can be written as

FNUQ,u,m = {ϕNUQ,u,m,1, ..., ϕNUQ,u,m,Gm
}, (27)

where ϕNUQ,u,q =
1
2 sin(ϑu,m,c + (q − 1)angle(CVu)

2b ), Gm =
ϑu,m,c−ϑu,m,c

angle(CVu)/2b , and the total set of the quantized spatial angles
of the uth user is

FNUQ,u = {FNUQ,u,1,FNUQ,u,2, ...,FNUQ,u,Ncl
}. (28)

Therefore, the NUQ codebook can be constructed as:

FNUQ,u(q, :) = at(ϕNUQ,u,q),

ϕNUQ,q ∈ FNUQ,u, q = 1, 2, ..., 2b.
(29)

Having constructed the NUQ codebooks, the analog TPC
of the uth user having quantized phases can be designed by

min
Fquant

RF,u ,F
quant
RF,u ∈FNUQ,u

∥∥∥Fquant
RF,u − F̃RF,u

∥∥∥2

F
, (30)

which could be readily solved by finding the N r
RF,u vectors in

FNUQ,u along which F̃RF,u has the largest N r
RF,u projections.

More details about the NUQ codebook can be found in [20].

IV. DIGITAL TPC DESIGN

Section III introduced the analog TPC which is identical for
all subcarriers of each users by using the channel’s covariance
matrix. However, the differences between different subcarriers
(caused by the beam squint) in the wideband mmWave channel
and the inter-user interference have been tentatively ignored to
simplify the hardware. Again, the analog TPC is designed to be
frequency-flat across all subcarriers, while the digital TPC is
capable of performing dedicated precoding for each subcarrier.
Therefore, in this section, we propose a three-stage digital TPC
scheme for jointly handling the beam squint, the inter-user
interference and spatial multiplexing in order to improve the
achievable sum rate.

A. Beam Squint Compensation

The first-stage digital TPC is designed to alleviate the effect
of beam squint on the achievable sum rate by refining the
frequency-flat analog TPC constructed. We will commence by
introducting the concept of beam squint. Then the operation
of beam squint compensation will be carried out with the aid
of the AoD information.

Beam (angle) squint refers to the physical phenomenon,
where the AoD deviates from the perpendicular direction with
respect to the plane of the antenna, as a function of the
frequency of a wideband transmit signal. In simple terms,
the AoD of a wideband signal becomes frequency-dependent.
More explicitly, as we have shown, the spatial angular offset
is given by 4f = fs

K (k − 1 + K−1
2 ), which means that the

larger the bandwidth, the higher the angular offset. Naturally,
a wideband mmWave MIMO system is likely to have high
bandwidth (may be up to 4 GHz [1]) to achieve high-rate
transmission and it is usually equipped with a large phased
array. Therefore, the beam directions of different subcarriers
substantially deviate, which will dramatically affect the system
performance attained.

Note that within the angular coherence time, the AoDs are
assumed to be known at the BS.Armed with the AoD, the BS
becomes capable of constructing the accurate array response
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vectors A∗t,u[k]]. Note that Ru[k] is mainly determined by
At,u[k]A

∗
t,u[k] and the singular vectors of Ru[k] are the

same as those of At,u[k]A
∗
t,u[k]. Upon applying the SVD to

At,u[k]A
∗
t,u[k], we have

At,u[k]A
∗
t,u[k] = Vt,u[k]Σt,u[k]V

∗
t,u[k]. (31)

Therefore, the “accurate analog TPC” of the kth subcarrier
can be formulated as:

F̂RF,u[k] = Vt,u,[k](:, 1 : N t
RF/U). (32)

The remaining refining operations are to provide phase com-
pensation to the common analog TPC FRF according to (32).

1) Direct Compensation: A straightforward technique is to
directly apply phase rotations to each element of FRF in (23)
for each subcarrier, as facilitated by the constant modular
constraint. The elements of the direct compensation (DC)
matrix for the kth subcarrier can be readily expressed as

[FDC,u[k]]i,j =
1√
Nt

(ej]([F̂RF,u[k]]i,j) − ej]([Vt,u,c(:,1:
Nt

RF
U

)]i,j)).

(33)
Following this the phase compensation, the elements of the
extended “analog TPC” can be written as

[FRF,PC[k]]i,j =
√
Nt[FRF]i,j [FDC[k]]i,j . (34)

Note that the direct compensation still only depends on the
long-term channel’s covariance matrix and on the AoD infor-
mation, which means that we do not have to update the phase
compensation matrix within the anular coherence time.

2) Indirect Compensation: Beaning in mind that the di-
mension of the analog TPC is large, and the last two digital
TPCs are both designed based on the effective CSI or the
effective channel covariance matrix, the PC operation can be
equivalently applied to the low-dimensional effective channel
covariance matrix. The Nr,u×N t

RF effective CSI and the short-
term N t

RF×N t
RF effective channel covariance matrix after the

analog TPC are

Heff,u[k] = Hu[k]FRF, (35)

and

Reff,u[k] = F∗RFH∗u[k]Hu[k]FRF, (36)

respectively. According to (32), we can calculate the accurate
effective channel covariance matrix as

R̂eff,u[k] = F̂RF,u[k]
∗H∗u[k]Hu[k]F̂RF,u[k]. (37)

Therefore, the element of the indirect compensation (IDC)
matrix conditioned for the kth subcarrier can be readily
expressed as

[FIDC,u[k]]i,j = (ej]([R̂RF,u[k]]i,j) − ej]([Reff,u[k]]i,j)). (38)

The extended “analog TPC” specifically conditioned for each
subcarrier and each user is the same for both the direct
compensation and indirect compensation,, i.e., FRF,PC[k]. The
power constraint now becomes

‖FRF,PC[k]FBB,u[k]‖2
F
=

Pt

UNs,u
, (39)

where FBB,u[k] consists of the next two digital TPCs stages,
which will be introduced in the following sections.

B. Block Diagonalization

Note that in the design of the analog TPC and the first-stage
digital TPC the inter-user interference has been tentatively
ignored in order to obtain the TPCs of all users simulta-
neously. However, in multiuser wideband systems, the inter-
user interference is quite a severe problem, hence neglecting
it would dramatically degrade the system’s performance, es-
pecially when serving a large number of users and at high
SNRs. Therefore, the second-stage digital TPC is specifically
designed for canceling the inter-user interference, which is
mainly based on the classic idea of block diagonalization. In
this process, the perfect low-dimensional short-term effective
CSI is assumed to be known at the BS.

After the analog TPC and the first-stage digital TPC, the
effective channel for the uth user on the kth subcarrier can be
written as

HBD,u[k] = Hu[k]FRF,PC[k], (40)

and the N t
RF×N t

RF correlation matrix of the effective channel
can be accordingly expressed as

RBD,u[k] = F∗RF,PC[k]H
∗
u[k]Hu[k]FRF,PC[k]. (41)

In order to obtain the second-stage digital TPC FBD[k] =
[FBD,1[k],FBD,2[k], ...,FBD,U [k]] on the kth subcarrier,
where FBD,u[k] contains the second-stage digital TPC vectors
for the uth users, we first define R̂BD,u[k] as

R̂BD,u[k] = [RT
BD,1[k], ...,R

T
BD,u−1[k],R

T
BD,u+1[k], ...,R

T
BD,U [k]]

T .
(42)

Our goal is to design FBD,u[k] for ensuring that it satisfies

RBD,p[k]FBD,u[k] = 0, p 6= u. (43)

The equality in (43) can be enforced exactly if FBD,u[k] lies
in the null space of R̂BD,u[k]. Moreover, it should be satisfied
that

dim(Span(RBD,u[k])∩ Span⊥({RBD,p[k] : p 6= u})) ≥ Ns,u

(44)
in order to obtain the Ns,u spatial multiplexing gains (i.e., the
number of interference-free data streams) in the baseband. Let
us denote the rank of RBD,u[k] as ru, u = 1, 2, ..., U . When
the ranks ru are excessive, enforcing the exact BD operation
as in (43) would result in spatial multiplexing gains lower
than Ns,u. Moreover, since the number of RF chains N t

RF is
lower than the number of antennas, the degree of freedom in
the null space is limited, which will also restrict the spatial
multiplexing gains. Therefore, the approximate BD approach
is adopted for circumventing this problem, by selecting r̃u
dominant eigenmodes of RBD,u[k] for all users. Applying the
SVD to the correlation matrix yields,

RBD,u[k] = VBD,u[k]ΣBD,u[k]V
∗
BD,u[k], (45)

where the dominant eigenmodes may be set as V∗BD,u[k](:, 1 :
r̃u). Therefore (43) is relaxed to

V∗BD,u[k](:, 1 : r̃p)FBD,u[k] = 0, p 6= u, (46)
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and R̂BD,u[k] is modified to

R̂BD,u[k] =
[
V∗BD,1[k](:, 1 : r̃1); ...;V

∗
BD,u−1[k](:, 1 : r̃u−1);

V∗BD,u+1[k](:, 1 : r̃u+1); ...;V
∗
BD,U [k](:, 1 : r̃U )

]
,

(47)
which has a dimension of

∑
p 6=u r̃p×N t

RF and rank
∑
p 6=u r̃p.

Then the SVD of R̂BD,u[k] is given by

R̂BD,u[k] = V̂BD,1[k]Σ̂BD,u[k]
[
V̂

(1)
BD,u[k], V̂

(0)
BD,u[k]

]∗
,

(48)
where V̂

(0)
BD,u[k] is of size N t

RF × (N t
RF −

∑
p 6=u r̃p) and

forms a unitary basis for the orthogonal complement of
Span⊥({R̂BD,p[k] : p 6= u}), i.e., Span(V̂

(0)
BD,u[k]) =

Span⊥({R̂BD,p[k] : p 6= u}). Furthermore, the second-stage
digital TPC is obtained by concatenating its projection onto
Span(V̂

(0)
BD,u[k]) with eigen-beamforming along the dominant

singular vectors of ̂̂RBD,u[k], which is given by

̂̂
RBD,u[k] = (V̂

(0)
BD,u[k])

∗RBD,u[k]V̂
(0)
BD,u[k]

= (V̂
(0)
BD,u[k])

∗VBD,u[k]ΣBD,u[k]V
∗
BD,u[k]V̂

(0)
BD,u[k]

=
̂̂
VBD,u[k]

̂̂
ΣBD,u[k]

̂̂
V
∗

BD,u[k],
(49)

where ̂̂
VBD,u[k] =

[ ̂̂
V

(1)

BD,u[k],
̂̂
V

(0)

BD,u[k]
]

and ̂̂
V

(1)

BD,u[k]

consists of the dominant bu singular vectors of ̂̂RBD,u[k].
Finally, the second-stage digital TPC can be obtained by

FBD,u[k] = V̂
(0)
BD,u[k]

̂̂
V

(1)

BD,u[k] ∈ CN
t
RF×bu , (50)

which is orthogonal to the dominant eigenmodes of R̂BD,u[k]
and matched to the bu singular vectors of RBD,u[k]. Note that
we have bu ≤ min{ru, N t

RF−
∑
p 6=u r̃p}, if

∑U
p rp ≤ N t

RF,
and we can choose bu = r̃u = ru to obtain the second-stage
digital TPC using exact BD. However, considering that the
number of RF chains N t

RF is quite limited, bu and r̃u can be
set as bu = r̃u = N r

RF,u to guarantee a good performance.

C. Spatial Multiplexing

Since bu may be higher than the required spatial multiplex-
ing gains Ns,u and since Ns,u is usually more than one for
each user, i.e., bu ≥ Ns,u > 1, the third-stage digital TPC is
specifically constructed for maximizing each user’s achievable
rate on each subcarrier based on the aforementioned analog
TPC and the first two stage’s of the digital TPC. This time
the effective channel for the uth user on the kth subcarrier
can be written as

HSM,u[k] = Hu[k]FRF,PC[k]FBD,u[k], (51)

and the corresponding bu × bu correlation matrix is given by

RSM,u[k] = F∗
BD,u[k]F

∗
RF,PC[k]H

∗
u[k]Hu[k]FRF,PC[k]FBD,u[k].

(52)

Since the inter-user interference has now been effectively
canceled by the second-stage digital TPC, the achievable sum
rate (11) can be approximately simplified to

R̃sum =
1

K

U∑
u=1

K∑
k=1

log2

(∣∣∣INr,u
+

1

σ2
n

(Hu[k]FRF,PC[k])

× FBD,u[k]FSM,u[k]F
∗
SM,u[k]F

∗
BB,u[k]F

∗
RF,PC[k]H

∗
u[k]

∣∣∣).
(53)

Therefore, the problem of constructing the third-stage digital
TPC for further achieve improving the achievable rate of the
uth user on the kth subcarrier can be formulated as

(Fopt
SM,u[k]) = arg max R̃sum,∀u, k,

s.t. ‖FRF,PC[k]FBB,u[k]‖2
F
=

Pt

UNs,u
,

(54)
where FBB,u[k] = FBD,u[k]FSM,u[k]. The problem (54) is
difficult to solve due to the coupling between the third-stage
digital TPC FSM,u[k] and FRF,PC[k]FBD,u[k] in the power
constraint. We will formulate the optimal solution of (54) in
the following lemma.

Lemma 2: Let us define the dummy effective channel matrix
ĤSM,u[k] as

ĤSM,u[k] = HSM,u[k]
(
F∗BD,u[k]F

∗
RF,PC[k]FRF,PC[k]FBD,u[k]

)− 1
2

= Hu[k]FRF,PC[k]FBD,u[k]

×
(
F∗BD,u[k]F

∗
RF,PC[k]FRF,PC[k]FBD,u[k]

)− 1
2

,

(55)

and defining the SVD decomposition of the corresponding
dummy correlation matrix R̂SM,u[k] as

R̂SM,u[k] = Ĥ∗SM,u[k]ĤSM,u[k]

= VSM,u[k]ΣSM,u[k]V
∗
SM,u[k].

(56)

Then, the optimal third-stage digital TPC for the uth user on
the kth subcarrier FSM,u[k] can be formulated as

FSM,u[k] =
(
F∗BD,u[k]F

∗
RF,PC[k]FRF,PC[k]FBD,u[k]

)− 1
2

×VSM,u[k](:, 1 : Ns,u).
(57)

Proof: To circumvent the problem that there is a power-
coupling between the different TPCs, we first let FSM,u[k] =(
F∗BD,u[k]F

∗
RF,PC[k]FRF,PC[k]FBD,u[k]

)− 1
2

F̂SM,u[k]. Then
the problem (54) becomes equivalent to

(Fopt
SM,u[k]) = arg max R̃sum,∀u, k,

s.t.
∥∥∥F̂SM,u[k]

∥∥∥2

F

=
Pt

UNs,u
,

(58)

and R̃sum can be written as

R̃sum =
1

K

U∑
u=1

K∑
k=1

log2

(∣∣∣INr,u
+

1

σ2
n

(ĤSM,u[k]F̂SM,u[k])

× F̂∗SM,u[k]Ĥ
∗
SM,u[k]

∣∣∣).
(59)
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Since ĤSM,u[k] is known at the BS after the second-stage
digital TPC and the power is now decoupled, the optimal
F̂SM,u[k] can be readily found by the SVD decomposition
of the bu × bu dummy correlation matrix R̂SM,u[k] i.e.,
F̂SM,u[k] = VSM,u[k](:, 1 : Ns,u) and we can obtain the result
shown in (57).

V. SIMULATION RESULTS

In this section, we evaluate the performances of the pro-
posed hybrid TPC scheme using numerical simulations in
our multiuser wideband mmWave MIMO system. We char-
acterize four implement actions of the hybrid TPC scheme
explicitly, ‘Hybrid-PC’ is the scheme utilizing all the three-
stages digital TPC, ‘Hybrid-PC w/o BD’ is the scheme where
the BD digital TPC is removed, ‘Hybrid’ is the scheme that
does not apply phase compensation (the first-stage digital
TPC) but contains the BD, and finally ‘Hybrid w/o BD’
represents the corresponding scheme that only carries out
the spatial multiplexing operation. Moreover, the hybrid TPC
schemes whose analog TPCs use quantized phases selected
from the NUQ codebook and the UQ codebook are marked
as ‘Hybrid quantization-NUQ’, and ‘Hybrid quantization-UQ’,
respectively. We assume that the ULAs at both the BS and
MSs use λ/2 element-spacing. The channel parameters for
each user are set as Ncl = 3 and Nray = 2 for all figures,
except for Fig. (9). The azimuth AOAs and AODs obey the
Laplacian distribution with uniformly distributed mean angles
within (0, 2π] and angular spreads of 10◦ for all figures, except
for Fig. (10). The paths gains obey αu,m,n ∼ CN (0, σ2

αu
)

with σ2
αu

= 1, and the delay assume τu,m,n ∼ U(0, 20ns) and
max
u,m,n

τu,m,n = 20ns. The carrier frequency is fc = 28 GHz,

the number of subcarriers is set to K = 128, the bandwidth is
fs = 4 GHz for all figures except for Fig. (6), and the number
of quantization bits is set to b = 7. Finally, the SNR is defined
as Pt

Uσ2
n

.
Benchmark. The fully digital TPC schemes with short-term

CSI and AoD information are adopted as the benchmark.
We consider two fully digital implement actions, i.e., fully
digital with BD (‘Digital’) and fully digital without BD
(‘Digital w/o BD’). The one using BD is designed based
on the Nt × Nt correlation matrix for each user on each
subcarrier RFull,u[k] = H∗u[k]Hu[k] = Vu[k]Σu[k]V

∗
u[k] and

the remaining operations of BD for the fully digital TPC are
similar to those discussed in Section IV.B. The corresponding
steps to obtain the spatial multiplexing gains are also similar
to (57), upon replacing FRF,PC[k]FBD,u[k] by FBD,Full,u[k],
where FBD,Full,u[k] is the BD matrix obtained for the fully
digital TPC scheme. Note that the ‘Digital’ scheme has higher
degrees of freedom than the hybrid TPC schemes in order to
cancel the inter-user interference, since we have Nt � N t

RF.

A. Achievable sum rate vs transmission parameters (SNR, U ,
Ns and fs)

This subsection evaluates the achievable sum rate of the
proposed ‘Hybrid-PC’, ‘Hybrid-PC w/o BD’, ‘Hybrid’, ‘Hy-
brid w/o BD’ schemes, as well as the ‘Digital’ and ‘Digital
w/o BD’ schemes for different transmission parameters.
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Fig. 2. The performance of the proposed hybrid TPC scheme, the proposed
hybrid TPC schemes based on the codebooks, and the corresponding fully
digital TPC schemes for different SNRs, where Nt = 128, Nr,u = 16,
U = 6, Nr

RF,u = Ns,u = 2, and Nt
RF = UNs,u.
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Fig. 3. The performance of the proposed hybrid TPC scheme, the proposed
hybrid TPC schemes based on the codebooks, and the corresponding fully
digital TPC schemes for different SNRs, where Nt = 128, Nr,u = 16,
U = 6, Nr

RF,u = Ns,u = 2, and Nt
RF = 3UNs,u.

Fig. 2 and Fig. 3 show the achievable sum rate of the
schemes for different SNRs, where we have Nt = 128,
Nr,u = 16, U = 6, N r

RF,u = Ns,u = 2, while N t
RF is set

as N t
RF = UNs,u and N t

RF = 3UNs,u, respectively. It can be
observed that
• The proposed ‘Hybrid-PC’ scheme always achieves better

sum rate than the ‘Hybrid’ scheme and the ‘Hybrid-PC
w/o BD’ is also better than the ‘Hybrid w/o BD’ scheme,
both of which confirm the effectiveness of the first-stage
digital TPC.

• The ‘Digital’, ‘Hybrid-PC’ and ‘Hybrid’ schemes are
capable of achieving better sum rate than the ‘Digital
w/o BD’, ‘Hybrid-PC w/o BD’ and ‘Hybrid w/o BD’
schemes, respectively, especially at high SNRs. More-
over, the ‘Hybrid-PC’ and ‘Hybrid’ schemes could even
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Fig. 4. The performance of the proposed hybrid TPC scheme, and the
corresponding fully digital TPC schemes for different numbers of users,
where Nt = 128, Nr,u = 16, SNR=0 dB, Nr

RF,u = Ns,u = 2, and
Nt

RF = UNs,u.

achieve a performance similar to (Fig. 2) or even a better
performance than (Fig. 3) the ‘Digital w/o BD’ and
‘Hybrid-PC w/o BD’ schemes at high SNRs, respectively.
These phenomena illustrate that the second-stage digital
TPC increase the achievable sum rate.

• The proposed ‘Hybrid quantization-NUQ’ scheme out-
performs the Hybrid quantization-UQ’ scheme, which
indicates that the proposed NUQ codebook is capable of
better matching the optimal unconstrained analog TPC
than the traditional UQ codebook.

• There are non-negligible performance gaps between the
‘Digital’ and the proposed ‘Hybrid-PC’ schemes, when
N t

RF = UNs,u. However, when N t
RF = 3UNs,u, the

performance gap becomes quite limited. This is because
the ‘Digital’ scheme has higher degrees of freedom than
the proposed ‘Hybrid-PC’ schemes for cancelling the
inter-user interference and because the analog TPC of the
proposed ‘Hybrid-PC’ scheme is based on the long-term
channel’s covariance matrix not on the short-term CSI.

Fig. 4 compares the achievable sum rate of the various
schemes for different numbers of users, where we have
Nt = 128, Nr,u = 16, SNR=0 dB, N r

RF,u = Ns,u = 2, and
N t

RF = UNs,u. We observe that the proposed ‘Hybrid-PC’
scheme and the ‘Hybrid’ schemes outperform the ‘Hybrid-PC
w/o BD’ and ‘Hybrid w/o BD’ schemes, respectively. More-
over, the performance gaps become higher as U is increased,
because the inter-user interference becomes more serious for
users. Furthermore, the proposed ‘Hybrid-PC’ scheme and
the ‘Hybrid’ schemes always achieve similar sum-rates as the
‘Digital w/o BD’ and ‘Hybrid-PC w/o BD’ schemes, which
also conforms the effectiveness of the proposed second-stage
digital TPC.

In Fig. 5, the impact of the number of data streams on the
achievable sum rate is presented, where we have Nt = 128,
Nr,u = 16, U = 6, SNR=0 dB, N r

RF,u = Ns,u, and
N t

RF = UNs,u. It can be observed that the achievable sum rate
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Fig. 5. The performance of the proposed hybrid TPC scheme, and the
corresponding fully digital TPC schemes for different numbers of data
streams, where Nt = 128, Nr,u = 16, U = 6, SNR=0 dB, Nr

RF,u = Ns,u,
and Nt

RF = UNs,u.
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Fig. 6. The performance the proposed hybrid TPC scheme, and the
corresponding fully digital TPC schemes for different bandwidths, where
Nt = 128, Nr,u = 16, U = 6, SNR=0 dB, Nr

RF,u = Ns,u = 2, and
Nt

RF = UNs,u.

of all schemes is first increased to the point at Ns,u = 2 and
then starts to decay, as the number of data streams increases.
This downward trend is a result of equal power allocation
among the different streams and due to the sparsity of the
mmWave channel in the angular domain, where some of the
power is allocated to delayed paths contributing reduced gains.
Furthermore, Fig. 5 illustrates that the proposed ‘Hybrid-
PC’ scheme outperforms both the ‘Hybrid-PC w/o BD’ and
the ‘Hybrid-PC’ schemes, regardless of the number of data
streams. Specifically, when Ns,u = NclNray = 6, there is
nearly no performance gap between the proposed ‘Hybrid-PC’
scheme and the optimal fully digital scheme.

In Fig. 6, we evaluate the performance of four implement
actions of the proposed hybrid TPC scheme benchmarked
against the fully digital TPC schemes for different bandwidths,
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Fig. 7. The performance of the proposed hybrid TPC scheme, and the
corresponding fully digital TPC schemes for different numbers of RF chains
at the BS, where Nt = 128, Nr,u = 16, U = 6, SNR=0 dB, and
Nr

RF,u = Ns,u = 2.

where we have Nt = 128, Nr,u = 16, U = 6, SNR=0 dB, and
N r

RF,u = Ns,u = 2, N t
RF = UNs,u. It can be observed that the

performance gaps between the proposed ‘Hybrid-PC’ scheme
and the ‘Hybrid’ scheme, as well as between the ‘Hybrid-PC
w/o BD’ scheme and the ‘Hybrid w/o BD’ scheme increase,
when an increased bandwidth is adopted. This observation is
consistent with our analysis in Section IV.B, indicating that
the beam squint dramatically affects the system performance.
Moreover, we observe that the ‘Hybrid-PC w/o BD’ scheme
attains better performance than the ‘Hybrid’ scheme at high
bandwidths, which indicates that the effect of the beam squint
is even higher than that of the inter-user interference for
wideband multi-user mmWave MIMO systems.

B. Achievable Sum-Rate vs Architectural Parameters (N t
RF

and Nt)

In this subsection, we evaluate the effect of the architec-
tural parameters on the achievable sum rate of the proposed
‘Hybrid-PC’, ‘Hybrid-PC w/o BD’, ‘Hybrid’, ‘Hybrid w/o
BD’ schemes, and of the corresponding fully digital TPC
schemes.

Fig. 7 presents the achievable sum rate of different schemes
using different numbers of RF chains, where we have Nt =
128, Nr,u = 16, U = 6, SNR=0 dB, and N r

RF,u = Ns,u = 2.
We observe that the achievable sum rate of the proposed
‘Hybrid-PC’, ‘Hybrid-PC w/o BD’, ‘Hybrid’, and ‘Hybrid w/o
BD’ schemes increases with the number of RF chains at the
BS. This is because more RF chains are capable of providing
higher degrees of freedom to obtain increased multiplexing
gains. Moreover, Fig. 7 also shows that the performance gap
between the proposed ‘Hybrid-PC’ scheme and the fully dig-
ital TPC scheme ‘Digital’ may be compensated by increasing
the number of RF chains.

Fig. 8 illustrates the achievable sum rate obtained by differ-
ent schemes for different numbers of antennas at the BS, where
we have Nr,u = 16, U = 6, SNR=0 dB, N r

RF,u = Ns,u = 2,
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Fig. 8. The performance of the proposed hybrid TPC scheme, and the
corresponding fully digital TPC schemes for different numbers of antennas at
the BS, where Nr,u = 16, U = 6, SNR=0 dB, Nr

RF,u = Ns,u = 2, and
Nt

RF = UNs,u.

and N t
RF = UNs,u. It may be observed that the achievable

sum rate of the proposed ‘Hybrid-PC’ and ‘Hybrid-PC w/o
BD’ schemes exhibits an upward trend as the number of
antennas increases. By contrast, the ‘Hybrid’, and ‘Hybrid w/o
BD’ schemes have a reduce rate as the number of antennas
increases, which indicates that the performance degradation
imposed by the beam squint is higher than the performance
increase benefits of having more antennas. Therefore, it is of
great significance to impose phase compensation for the analog
TPC in the wideband multi-user mmWave MIMO system.

C. Achievable Sum-Rate vs Channel Parameters (Nc and,
angle spread)

Finally, we show the effect of channel parameters on the
achievable sum rate of the proposed ‘Hybrid-PC’, ‘Hybrid-PC
w/o BD’, ‘Hybrid’, ‘Hybrid w/o BD’ schemes, and on the
corresponding fully digital TPC schemes.

In Fig. 9, we evaluate the performance of different schemes
for different numbers of clusters, where we have Nt = 128,
Nr,u = 16, U = 6, SNR=0 dB, N r

RF,u = Ns,u = 2,
N t

RF = UNs,u, and Nray = 2. The impact of the clusters
on the achievable sum rate is difficult to evaluate for the
different schemes from the theoretical perspective in our
wideband multi-user mmWave MIMO system. On the one
hand, when the CIR is very sparse, i.e. when the number of
clusters is low, the multiplexing gains can benefit from larger
number of clusters. However, on the other hand, more clusters
would average the paths gains through the normalization factor
γ =

√
NtNr/NclNray. Moreover, the inter-user interference

will increase with the number of clusters. Nevertheless, we
can still observe from Fig. 9 that the proposed ‘Hybrid-PC’
scheme obtains a higher sum rate than the ‘Hybrid-PC w/o
BD’ and ‘Hybrid’ schemes, which validates the effectiveness
of the proposed hybrid TPC scheme.

Fig. 10 compares the performance of different schemes
for different angular spreads, where we have Nt = 128,



12 IEEE , VOL. , NO. , 2019

2 4 6 8 10 12 14

Nc

20

30

40

50

60

70

80

90
A

ch
ie

va
bl

e 
su

m
 r

at
e 

(b
ps

/H
z)

Digital
Digital w/o BD
Hybrid-PC
Hybrid-PC w/o BD
Hybrid
Hybrid w/o BD

Fig. 9. The performance of the proposed hybrid TPC scheme, and the
corresponding fully digital TPC schemes for different numbers of clusters,
where Nt = 128, Nr,u = 16, U = 6, SNR=0 dB, Nr

RF,u = Ns,u = 2,
Nt

RF = UNs,u, and Nray = 2.
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Fig. 10. The performance of the proposed hybrid TPC scheme, and the
corresponding fully digital TPC schemes for different angle spreads, where
Nt = 128, Nr,u = 16, U = 6, SNR=0 dB, Nr

RF,u = Ns,u = 2, and
Nt

RF = UNs,u.

Nr,u = 16, U = 6, SNR=0 dB, N r
RF,u = Ns,u = 2, and

N t
RF = UNs,u. It is also challenging to analyse the impact

of the angular spread on the achievable sum rate, since an
increased angular spread increases the degrees of freedom,
hence increasing the multiplexing gains. However, at the same
time, the total power is also spread across an increased number
of less important multi-path components, which will degrade
the system’s performance, when the number of data streams
for each user is low. Observe from Fig. 10 that the proposed
‘Hybrid-PC’ scheme outperforms the other hybrid TPCs in
terms the achievable sum rate, when the angular spread varies
from 1◦ to 15◦.

VI. CONCLUSIONS

In this paper, we considered the design of hybrid TPCs
relying only on the long-term channel’s covariance matrix
and on the AoD information for wideband multiuser mmWave
MIMO systems. We firstly derived the covariance matrix based
on the mmWave channel matrix of each user, which showed
that the covariance matrix is mainly determined by the array
response matrix at the BS. Based on this, we constructed the
analog TPC matrix by SVD and phase extraction. We also
proposed a NUQ codebook based analog TPC design assisted
by the AoD information to accurately quantize the physical
steering angles and hence to increase the sum rate without
increasing the feedback overhead. Then, a three-stage digital
TPC scheme was proposed for compensating the beam squint,
for cancelling the inter-user interference and for attaining
the optimal multiplexing gains. Our simulation results have
demonstrated that the proposed hybrid TPC scheme is capable
of achieving a similar performance to the high-complexity
fully digital TPC even for a very large bandwidth.
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