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Abstract—In this paper multiuser beam allocation for mil-
limeter wave (mmWave) massive MIMO systems is investigated,
based on an improved hybrid precoding design framework.
The framework includes two stages. In the first stage, an
orthogonal pilot (OP) based beam training scheme is proposed,
where all users can simultaneously perform the beam training
with the base station (BS) and all the RF chains at the BS
are fully utilized. In the second stage, a channel estimation
method based on the results from the beam training is presented
without transmitting any pilot sequences. Note that users close
in geographical may share the same beam from the base station
(BS) and cause the beam conflict. To mitigate the multiuser
interference caused by beam conflicts, a quality of service
(QoS) constrained beam allocation scheme is proposed, with the
objective to maximize the equivalent channel gain for the users
satisfying QoS constraints as well as maximizing the number
of users satisfying QoS constraints on the premise of no beam
conflict for all users. Simulation results verify the effectiveness
of the proposed schemes and show that the QoS constrained
beam allocation scheme can achieve higher spectral efficiency
than existing schemes.

Index Terms—Millimeter wave communications, massive MI-
MO, hybrid precoding, beam allocation

I. INTRODUCTION

The combination of millimeter wave (mmWave) commu-
nications and massive multi-input multi-output (MIMO) has
been regarded as a frontier for future wireless communication
systems [1], since it has the potential to dramatically improve
wireless access and throughput. Specifically, the mmWave
band ranging from 30 GHz to 300 GHz can considerably
increase the data rate benefiting from its abundant frequency
resource [2]. On the other hand, the transceivers can pack
large antenna arrays into small form factors at mmWave
frequencies, making it possible to compensate the high path
loss caused by high carrier frequency [3].

Since the number of antennas is large and the working
frequency is much higher than conventional MIMO systems,
hybrid precoding including analog precoding and digital
precoding is usually adopted for mmWave massive MIMO
communications. In particular, the directional mmWave beam
alignment with the channel main path is important for the
analog precoding design, as the precision of the beam align-
ment determines the channel gain and therefore the achievable
rate. In [4], in order to fasten the beam alignment, a beam
training scheme based on hierarchical codebook is proposed.
In [5], a multi-resolution codebook based on beamforming
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sequence is proposed. However, in multiuser scenario, aside
of efficient beam training and beam alignment, the multiuser
beam allocation is critical, as users close in geographical may
share the same beam from the base station (BS) and cause the
beam conflict. For example, the users in indoor environment
may be densely distributed and some users are close to each
other. The multiuser interference caused by beam conflicts
will result in severe system performance degradation. In [6],
in order to reduce the multiuser interference, an user selection
algorithm is proposed where only a small subset of users
are selected to be served by the BS. In [7], three beam
selection algorithms based on three different criterion are
proposed for beamspace mmWave massive MIMO systems,
where each user served by the BS is equipped with a single
omnidirectional antenna. In [8], all users are classified into
two user groups including the interference-users (IUs) and
non-interference-users (NIUs) and an interference-aware (IA)
beam selection algorithm is proposed to mitigate multiuser
interference for mmWave massive MIMO systems.

In this paper, we consider multiuser beam allocation for
mmWave massive MIMO systems, based on an improved
hybrid precoding design framework. The framework includes
two stages. In the first stage, we propose an orthogonal pilot
(OP) based beam training scheme, where all users can simul-
taneously perform the beam training with the BS and all the
RF chains at the BS are fully utilized. In the second stage, we
present a channel estimation method based on the results from
the first stage without transmitting any pilot sequences. Note
that users close in geographical may share the same beam
from the BS and cause the beam conflict. To mitigate the
multiuser interference caused by beam conflicts, we propose a
quality of service (QoS) constrained beam allocation scheme,
with the objective to maximize the equivalent channel gain of
the QoS-satisfied users, under the premise that the number of
the QoS-satisfied users without beam conflict is maximized.

The notations used in this paper are defined as follows.
Symbols for matrices (upper case) and vectors (lower case)
are in boldface. According to the convention, a, a, A and
A denote a scalar, a vector, a matrix and a set, respectively.
la]i, [Al;., [A].; and [A];; represent the ith entry of a,
the ith-row of A, the jth-column of A and the entry on the
ith-row and jth-column of A, respectively. ()T, (-)*, (1),
()7L, |-] and ||-||o, ||-|| = denote the transpose, the conjugate,
the conjugate transpose (Hermitian), the inverse, the absolute



value, the zero norm and the Frobenius norm, respectively.
0%, Iy and @ are the zero vector of size K, the identity
matrix of size K and the empty set, respectively. CA/(m, R)
is the complex Gaussian distribution with the mean of m and
the covariance matrix R. E[-] denotes the expectation. C is
the set of complex number.

II. PROBLEM FORMULATION

We consider a multiuser mmWave massive MIMO com-
munication system with a single BS and K users. The BS
with Npg antennas placed in a uniform linear array (ULA)
and Nrr RF chains (Ngs > Nrr > 1) employs a hybrid
precoding architecture, while each user equipment (UE) with
Nyg ULA antennas and a single RF chain employs an analog-
only combining architecture. The maximum number of users
that can be simultaneously served by the BS is restricted by
the number of its RF chains, i.e., K < Nyp.

During the downlink transmission, the signal received by
the k(k =1,2,..., K)th user is denoted as

yi = Hy FreFpps + nf! ()
where s £ [s1,59,.. .,sK]T is the vector of data symbols
subjecting to the constraint of total transmit power Py, i.e.,
E[ss’] = Luly. Fpp 2 [f7°, 55, f0] € CKxK
and Frp 2 [, 35, ..., ¥ € CVos>K are the base-
band precoder (digital precoder) and RF precoder (analog pre-
coder), respectively. H 21 € CNuexNss g the channel matrix
between the BS and the kth user. n{! ~ CN(0,02,1nyp)
denotes the noise term where each entry of n{! independently
obeys the complex Gaussian distribution with zero mean and
variance of o3,. After being processed by the RF combiner
(analog combiner) wy, at the kth user, we obtain an estimate
of s, as

a dl
S = 'w,IjH,C FrrFgps + wﬁn%l

K
=w{Hy'Frp Y _ £ sn +wi'ny. 2)
n=1

Note that F'rp and wj are implemented using phase
shifters. The entries of F'rr and wy, have constant envelope.
Further, the angles of the phase shifters are usually quantized
and have a finite set of possible value. With these constraints,
we have [Frplmn = ——elmn, [Wilm = —=

V' Ngs . VNug
where ¢,, , and 0, are quantized angles. Moreover, we

normalize Fi such that | FrpfP8||n =1, k=1,2,..., K,
indicating that the hybrid precoder does not provide power
gain.

We adopt the widely used geometric mmWave MIMO
channel model with Lj scatterers [2]. The uniform linear
arrays (ULAs) are equipped at both the BS and users. Then
the channel between the BS and the kth user can be expressed
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where o is the complex gain of the Ith path with E[|af|?] =
a. OF £ sin(AF) and ®F £ sin(¢F) are the angle of arrival
(AoA) and angle of departure (AoD) of the Ith path, respec-
tively, where 0F € (—m/2,7/2) and ¢ € (—7/2,7/2). The
antenna array response vectors of the BS and the kth user
are denoted as aps(®F) = u(Ngs, ) and ayp(OF) =
u(Nyg, OF), respectively. u(A, €) is defined as
1 ;2m ; 2 T
u(A e) = ﬁ[LeJ vde . @ATDR de]
where ) is the signal wavelength and d is the distance between
two adjacent antennas. Normally we set d = \/2.

A commonly adopted performance metric is the sum-rate
of the system. Therefore, our objective is to efficiently design
the hybrid precoder (analog and digital precoders) at the BS
and the analog combiner at each user, so that the sum-rate is
maximized.

Based on (2), we can write down the achievable rate of the
kth user as

NG

dl BB |2
L |wf H{' Fre £2°| ) )
dl BB |2 ’
%Zi;ﬁk|w1€1HkFRFfi |+

The sum-rate is Rgum = Zszl Rj.. We adopt the widely
used beamsteering codebooks [9], where the analog precoder
and analog combiners are formed by the codewords of the
codebook. The codebooks at the BS and the users can be
denoted as F. = [f.(1), f.(2),..., f.(Nps)] and W, =
[we(1),w.(2),...,w.(Nug)], respectively, where

fc(n) = U(NBs, -1+ (271 — 1)/NBS)7
wc(n) = ’LL(NUE, -1+ (2n — ].)/NUE)

Rj, =log, (1 +

(6)

Then the sum-rate maximization problem in terms of F'ry,
Fgp and w;, can be formulated as

K 2
Pa|wl HY Fry £
1 1+ K1k
Frp Fp, 22 Py HEd . ¢BBZ | 2
o BB =1 i |lwl H Fref7°] + 03

s.t. [Frel.p=frf e F, k=1,2,..,K,
wpeW,, k=1,2,.., K,

|Fre P85 =1, k=1,2,.., K. (7)

Note that (7) is a mixed integer programming problem, which
is difficult to tackle. A typical hybrid precoding design to
solve (7) is divided into two stages [9]. The first stage includes
the beam training and analog precoding design to determine
{FREYE | and {wy}<,, while neglecting the resulting in-
terference among users. When determining { fSF}kKZI and
{wy }X_,, the optimization problem can be written as

K
max  { [l HI )
(P Awi k=1

st. wpeW., fi¥ e F.,

®)

where ‘wkH H %1 5F’ is named as the equivalent channel gain.
The second stage includes the channel estimation and digital
precoding design to mitigate the multiuser interference, where

)



Fpp is determined based on the criterion of zero forcing (ZF)
or minimum mean square error (MMSE) [6].

III. IMPROVED HYBRID PRECODING
DESIGN FRAMEWORK

In this section, we present an improved hybrid precoding
design framework. The framework includes two stages. In
the first stage, we propose an OP based beam training
scheme to improve the beam training efficiency of direct
exhaustive search. Then we determine the analog precoder
and analog combiners. In the second stage, we present a
channel estimation method based on the results from the first
stage without transmitting any pilot sequences. After that, we
determine the digital precoder.

A. OP-based Beam Training and Analog Precoding Design

In time-division duplex (TDD) system, we have the channel
reciprocity, i.e., H{' = (H"T, where the superscript “ul”
is short for uplink and H zl denotes the uplink channel
matrix between the kth user and the BS. In OP-based beam
training scheme, all users transmit mutually orthogonal pilot
sequences so that the signal from different users can be
distinguished at the BS. The pilot sequences are denoted
as \/TPu¢p, € C7 k = 1,2,.. K, with ¢,0f = 1,
¢k¢f = 0,k # j, where 7(7 > K) is the length of the
pilot sequence and P, is the uplink transmit power of each
user.

During the beam training, all users select the same code-
word from W, e.g., w.(n), n = 1,2,..., Nyg, as the
analog beamforming vector. Given w,.(n), the BS sequen-
tially selects each codeword from F'. as the analog comb-
ing vector. In particular, the BS can select Nyrp different
codewords instead of only one codeword each time, since
the BS has Nry RF chains. The selected Nrp codewords in
the m(m = 1,2,..., Ngs/Nrr)th selection form an analog
combining matrix F;} . Then the received pilot sequences at
the BS are expressed as

K

y(mn) _ Z \/TTiﬂ(Fgg))HHEIwc(nwk+(F§7FL))HN“1
k=1

©)

where N represents the uplink channel noise. Each entry
of N independently obeys the complex Gaussian distribu-
tion with zero mean and variance of o2. For the k(k =
1,2,..., K)th user, the BS multiplies Y’ ™) with the con-
jugate of ¢, on the left, obtaining

(mmn) _ P (mn)\T
T =—(Y
ENG T
* ul\T
T ul\ T/ g(m) % ¢k(N )
= H F =
wc(n)( k)( RF)+ m
* ul\ 7T
dl (m)y* ¢k(N ) M)\ %
It is seen that totally Ngs Nyg/Ngrr times of beam training
between the kth user and the BS are required for the OP-

based beam training scheme. We put together r](cm’n),m =

(Faw)*

1,27--~7NBS/NRF7n:1727---7NUE as

T}(€1,1) r,(f"l) T(NBs/NRF,l)
r]il’Z) 7,59272) T,ECNBs/NRF,Z)
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Considering the uplink and downlink channel reciprocity, the
absolute value of each entry of R, under noiseless condition
is essentially the equivalent channel gain. The maximization
of the equivalent channel gain in (8) is converted to finding
the entry with the largest absolute value from Rj. Suppose
the row index and column index of the entry with the
largest absolute value from Ry are denoted as pj and g,
respectively. For uplink transmission of the kth user, the best
analog beamforming vector is w.(py) and the best combining
vector at the BS is f.(qx). For the downlink transmission
of the kth user, owing to the channel reciprocity in TDD
system, the best analog beamforming vector at the BS is

}iiF = (f.(qx))" and the best analog combining vector at the
user is wy = (w.(px))*. Then the designed analog precoder
at the BS is
~ ~RF ~RF ~RF
Frr=[f1 .f2 .-, Fx | (12)
and the designed analog combiner which is fed back by the
BS [9] to each user is wy, k=1,2,..., K.
The advantage of the OP-based beam training scheme can
be summarized as follows.

1) The beam training efficiency is improved, since all
users can simultaneously perform the beam training
with the BS while Nrr RF chains at the BS are also
fully utilized. In the direct exhaustive search, the BS
performs the beam training with each user one by one
instead of in parallel. Therefore, the total times of
beam training for the OP-based scheme and the direct
exhaustive search are K NgsNyg and NpsNug/Nrr,
respectively, resulting in a ratio of 1/(K Ngr), e.g.,
only 0.39% for K = Nry = 16.

2) Compared with the direct exhaustive search, the OP-
based beam training scheme is more robust against the
noise, according to the knowledge of spread spectrum
communications, since a pilot sequence in length of 7
instead of a single pilot symbol is used.

3) Compared with the beam training schemes based on
hierarchical codebook where frequent channel feedback
for different layers of codebook is required, the OP-
based beam training scheme achieves small overhead
of feedback, as the BS only needs to feed back the
index of the best user codeword to the corresponding
user after the beam training.

B. Channel Estimation and Digital Precoding Design

Note that in this stage we do not transmit any pilot
sequences. We make the channel estimation based on the
results from the previous beam training stage.



Define H as

oy
_ wilH wilH 1THS
j7 = 2 2J1 2 2J2
RF RF H dl RF
H H st wKHK K
(13)

According to (2), we have

4, = [H|.Fpps +wind, k=1,2,...,K. (14
Then we stack 8, k = 1,2,...,K together as § =
[31, 82,...,8K]T, having

3= HFpgs +n" (15)

where nd! £ [wind wlnd, ... wind]T. It is seen that

the design of F'gp relies on the estimation of H.

In fact, we can derive the estimation of H based on
Ri, Rs, ..., Ry, which has already been obtained in (11).
Denote the estimate of H as H. The entry on the i(i =
1,2,...,K)th row and j(j = 1,2,..., K)th column of H
can be expressed as

[H];j = [Rilp,.q, (16)

where p; and ¢; have already been determined during the
beam training.

Given H, the ZF digital precoder and MMSE digital
precoder are

—H ——H
Fiy=H (HH )7, (17)

and
~H /P ~—~H —1
FMMSE _ Fp (EHH +a§11K> T

respectively. In order to satisfy the total power constrain-
t, each column of designed digital precoder via (17) or

_ ~BB

(18), denoted as fEB should be normalized, i.e., f,, =

BB ;| BB ~ BB

fk’ /HFRF-fk HF such that HFRka ||F =1, k
Now we have designed the analog precoder at the BS, the

digital precoder at the BS and the analog combiner at each

~ ~BB ~ ,
user as Frp, {f, } . and {w;} |, respectively.

IV. MULTIUSER BEAM ALLOCATION

Since the resolution of phase shifters limits the number
of available codewords, the BS may assign different users
with the same codeword when the number of users increases,
leading to the same beam from the BS pointing at different
users and making H low-rank. In this case, no matter how
we design the digital precoder F'gp at the BS, the product
between Fpp and H is low-rank and thus can not be diag-
onalized, which causes severe interference among different
users thus reducing the sum-rate. Owing to the multipath
property of the channel in (7) where L > 1, as well as the
channel power leakage phenomenon [10], there are several
alternative beams with large equivalent channel gain. This
inspires us to eliminate multiuser interference through the
design of beam allocation after finishing the beam training.

Since the beam allocation is not considered in (8), we treat
the following beam allocation problem as

K
max {|w,’ngl §F|} , (19)
{fEF}ﬁ{:l#{wk}{le k=1

s.t. wg € W67 .f?F € fcy (20)
FEAT =12, K i A 2D

It is seen that the objective function expressed in (19) is the
same as that of (8). Note that (8) is essentially K independent
optimization problems. However, in the constraint expressed
in (21), it is required that the beams allocated for different
users should be different, implying that there is no beam
conflict for different users. Therefore, (21) introduces inner
relations among K optimization problems and converts it to
be a multi-objective optimization problem [11]. As a result,
a set of Pareto optimal solutions instead of a single one
are usually obtained. Therefore, optimization preference is
needed to determine a proper solution from a set of solutions.
Generally, we maximize the number of simultaneously served
users by the BS, under the premise that these users satisfy the
QoS. Therefore, we set the optimization preference as

ma: ZI (|wy HY fk W), (22)
{fk }k 17{wk}k 1 k=1
where
I(x,y) = u(z —y) (23)

is a binary decision function and u(n) is a unit step function.
v 1s a threshold related to the quality-of-service (QoS) for the
kth user, meaning that only when the equivalent channel gain
is greater than g, the QoS for the kth user can be guaranteed.
In practice, different users may have different QoS con-
straints. For example, an user demanding live video service
is constrained by a large v, while an user demanding audio
service is only constrained by a small ;. In this optimization
preference, we require that the number of users satisfying QoS
constraints, i.e., whose equivalent channel gains are greater
than ~y, is maximized. With this optimization preference, the
beam allocation problem can be expressed as a multi-objective
bilevel optimization problem [12]

K
H gydl pRF
Jax {w Hi £y } (24)
{fIFc{F}E:U{wk}f:1 | K k ok ‘ k=1
st {{F o {wi He ) €

~ ~RF
AL FIm Y (i}, ;I(W’“HHW’“ l-7e);

(25)
wi €W, fi7 € F., 26)
A =12, K, i 4, 27

where we maximize the equivalent channel gain and the num-
ber of users satisfying the QoS in the upper level objectives
(24) and lower level objective (25), respectively. Therefore,
we aim at maximizing the equivalent channel gain, under the



premise that the number of the QoS-satisfied users without
any beam conflict is maximized. When v, = v = -+ =
vk = 0, (25) can be removed, resulting in the equivalence
between the optimization problem expressed by (24)-(27) and
the optimization problem expressed by (19)-(21). Note that
once an user’s QoS cannot be satisfied, it is meaningless to
continue to maximize its equivalent channel gain. Therefore,
we only further maximize the equivalent channel gain for the
users satisfying the QoS constraints. We should narrow the
set of all users in (24) to a subset of those users satisfying
QoS constraints. Denote

T(z,y) = zulx —y). (28)

where u(n) is a unit step function. Then the optimization
problem in (24)-(27) can be expressed as

K
H gydl pRF
{fEF}iglf?wk}kKZI {T(|wk Hk k |’7k)}k:1’ (29)
st {{FR Ho {wn i, ) €

K
~H prdl pRF
argmaX{{fi{F}ﬁ(zl’{ﬁk}szl} ;I( wy, Hi f, |a7k)a

(30)
wy €W, fi¥ € Fo, 31)
A =12, K, i # . (32)

However, the aforementioned multi-objective bilevel opti-
mization problem is difficult to handle.

To reduce the computational complexity on solving this
problem, we suppose that the beams are sequentially allocated
to different users. In this context, the user allocated beam
earlier has more choices than that allocated beam later. The
user will have fewer candidate beams if the priority of this
user is low. Therefore, in order to maximize the number of
users satisfying QoS, higher priority should be given to the
user with a single candidate beam that satisfies QoS. We start
the beam allocation from the user with the largest equivalent
channel gain. Only when the beam conflict happens, we give
the high priority to the user with a single candidate beam to
maximize the number of users satisfying QoS.

Now we propose a QoS constrained (QC) beam allocation
scheme, as shown in Algorithm 1. Note that the beams are
formed by the codewords of F'. and W .. The beam allocation
is essentially the codewords allocation. We use two vectors
denoted as by and u; to store the indices of BS codewords
and user codewords we finally allocate to the BS and users,
respectively. We initialize both by and uy to be zero. The
set of indices of users for beam allocation, denoted as IC, is
initialized to be {1,2,..., K'}. Note that the size of IC gets
smaller as the beams are sequentially allocated to different
users.

For each user, instead of only selecting the best pair
(}l,:F, wy,) that can maximize the equivalent channel gain, we
select several pairs so that we have candidate pairs if the beam
conflict happens. Firstly, from the I(I = 1,2,..., Ngg)th

column of Ry, k=1,2,..., K, we select the entry with the
largest absolute value, denoted as
gk(l) = max |[R]i;l‘7 l = 1727~~7NBS- (33)

i=1,2,...,Nug

For each user, we find the largest equivalent chan-
nel gain corresponding to each BS codeword. We sort
{gk(1),9x(2),...,9x(Ngg)} in descending order, obtaining
g5°", where the largest entry of g;°* is ¢;°**(1). Then we
update g5°"* by

sort sort (-
gy <_{9k i)

G (i) = s i € {1,2,.., Nas} }.
(34)

Suppose the length of g5°™ is My, i.e., My < [|g5°"|lo, k =
1,2,..., K. We denote the index of the BS codeword cor-
responding to ¢;"*(1),! = 1,2,..,M; in F. as by(l),
obtaining b;. We also denote the index of the user codeword
corresponding to ¢;°"*(1),l = 1,2,..., My in W, as uy(l),
obtaining wj. Therefore, for each BS codeword, now we
find the user codeword with the largest equivalent channel
gain satisfying QoS constraint. These steps are summarized
in Step 3.

Then we select the largest entry of g5, k € IC, forming
aset G = {gi°**(1), k € K}. The index of the largest entry
of G is defined as

A sort
kmax = arg I?g;}é{gk (1)}7 (35)

which corresponds to the strongest beam.

If || g?cor:x llo = 1 indicating that the kpaxth user has only
one candidate beam and we cannot allocate this beam to the
other users, we set k, < kmax and then go to Step 16, where
ko is defined as the index of the user finally allocated with
this beam.

Otherwise, we check if there is beam conflict with the other
users. If the conflict happens with some other users who have

only one candidate beam, i.e.,

A = (k[ g2 lo = 1,05 (1) = brypore (1), b € I\ {Fmax} }
(36)
where A # @, we obtain the index of the largest entry among
these users as

kc é s.ort 1). 7
argrknealic gt (1) (37)

Then we set k, < k.. If A = & indicating there is no beam
conflict with single beam users, we simply set k, < Kmax.

The indices of BS codeword and the user codeword corre-
sponding to g7°"*(1) are by, (1) and uy, (1), respectively. Then
we allocate this beam to the k,th user by writing the indices
of the codewords into by and uy, ie., by(ky) < by, (1),
uf(ku) — uka(l).

Once this beam has been allocated to the k,th user, we
delete all the candidate beams of the k,th user by setting
gsk‘;“, by, and u, empty. In addition, we have to delete this

beam from the candidate beams of all the other users, as



the other users can no longer be allocated with this beam.
Therefore, we update gzort, by, and uy, k € IC, as

gyt (38)
o, if k =k,
{ " \{ g5 (0) | be (i) = br, (1),7 € {1,2,..., My }}, else,
by (39)
@, if k= k,,
{ bi\{br (1) [br (i) = br, (1),i € {1,2,..., My }}, else,
and
U < (40)
@, if k= k,,
{ uk\{uk(z)‘bk(z) = bka(l),i S {1,2, . ,Mk}}, else,

respectively. Since the number of the users for us to allocate
beams is decreased by one, we update IC by IC < IC\{k,}.
Meanwhile, we update M}, as the length of g5°™ by

My < lgi" o, k € K. (41)

We repeat the above steps until one of the following two
conditions is satisfied. 1) We finish the beam allocation to
all users, i.e., I = @. For example, two users share three
beams. Once each user is allocated with a beam, it is finished.
2) The set of candidate beams is empty, i.e., G = &. For
example, two users share a beam. Once this beam is allocated
to either one of the users, it is finished since there is no
candidate beam available. Finally, we output b; and wuy,
where the k(k = 1,2,..., K)th user is allocated with the
BS codeword f.(bs(k)) and the user codeword w.(uy(k)).
If by(k) = uy(k) = 0, it means that the BS does not allocate
any beam to the kth user, for there is no candidate beam
available.

Note that during the beam training described in Sec-
tion III-A, we find the best analog beamforming vector
w.(pr) and the best combining vector f.(g) for uplink
transmission, which does not consider the beam conflict and
can now be replaced by Algorithm 1.

V. SIMULATION RESULTS

Now we evaluate the performance of the proposed beam
allocation scheme. Consider an mmWave massive MIMO
system with a BS equipped with Npg antennas serving K
users. The number of RF chains at the BS is Ngrg. The
number of antennas at each user is Nyg. The number of
resolvable multipath in mmWave channel is set as 3 for
each user, i.e., L; = 3, while the complex channel gain is
set as af ~ CN(0,1) and of ~ CN(0,0.1) for i # 1.
The spectral efficiency illustrated in Fig. 1 and Fig. 2 is
defined as the sum-rate averaged over the number of users
satisfying QoS constraints. We fix the uplink channel SNR
as SNRy = 10log;o(@Py/0?) = 20 dB for uplink beam
training and channel estimation. The downlink SNR is defined
as SNRa1 = 10logy, (@Pa/(03K)). The OP-based beam
training scheme is solely performed in simulations, due to
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its advantage over other schemes. For simplicity, we set
Y1 =y = -+ = vg = 1004;. Monte Carlo simulations are
performed based on 3000 random channel implementations.

As shown in Fig. 1, we compare spectral efficiency for
different beam allocation schemes in terms of K. We set
NBS = 64, NRF = 20, NUE = 16 and SNRdl = 20 dB.
The curves labeled “ZF” and “MMSE” perform ZF digital
precoding as in (17) and MMSE digital precoding as in
(18), respectively. Note that the above two curves do not use
the beam allocation to solve the problem of beam conflicts,
which makes H in (13) low rank and causes the curves
to drop rapidly as K increases. Since the MMSE digital
precoding can slightly relief the low rank of H, it performs
better than the ZF digital precoding. Compared to the curves
of “ZF” and “MMSE”, the curves of “QC-ZF” and “QC-
MMSE” use the proposed QoS constrained beam allocation
scheme in Algorithm 1, respectively. As K increases, the
beam conflict happens with higher probability. Once the beam
conflict happens, the candidate beam with smaller equivalent
channel gain is selected for one of the conflicted users, which
can effectively mitigate the interference caused by the beam



conflict and therefore stop the curves from fast decreasing
like “ZF” and “MMSE”. When K = 6, the improvement of
spectral efficiency of “QC-ZF” over “ZF” is 21.34%, which
verifies the effectiveness of the beam allocation. It is observed
that the curves of “QC-ZF” and “QC-MMSE” are almost
overlapped. Therefore, once the beam conflict is treated by
the beam allocation, the simple ZF digital precoding can
be employed. To make comparisons, we also extend the IA
beam selection scheme proposed in [8], which is labeled as
“IA-ZF”. Tt is seen that the proposed QC beam allocation
scheme outperforms the IA scheme, e.g., 8.92% improvement
in spectral efficiency can be achieved when K = 20. The
reason is that the IA scheme selects the best beam achieving
the sum-rate maximization from the group of the interference-
users (IUs) at each beam selection, while lacking the overall
consideration for the other interference users.

As shown in Fig. 2, we compare spectral efficiency for
different beam allocation schemes in terms of SNRg;. We set
Npg = 64, Ngrrp = 12, Nyg = 16 and K = 12. It is seen
that the curves labeled “ZF” and “MMSE” climb slowly as
SNRy increases from —5 dB to 15 dB. Since the above two
curves do not use beam allocation, where the main factor that
affects the system performance is the multiuser interference
caused by beam conflicts, the improvement of SNRq; has little
contribution to the system performance. Although “MMSE”
outperforms “ZF”, the performance gap decreases with the
increase of SNRg; from 15 dB to 30 dB, indicating that
the effect of noise is reduced and these two estimation
methods get close in performance. It is also seen that the
curves of “QC-ZF” and “QC-MMSE” using the proposed QoS
constrained beam allocation scheme in Algorithm 1 perform
much better than the curves of “ZF” and “MMSE”, since the
interference caused by the beam conflict has been effectively
mitigated. When SNRg =15 dB, the improvement of “QC-
ZF” over “MMSE” and over “ZF” in spectral efficiency are
44.95% and 101.71%, respectively. The curves of “QC-ZF”
and “QC-MMSE” are almost overlapped, which verifies that
the simple ZF digital precoding can be employed once the
beam conflict is treated by the beam allocation. Moreover,
the proposed QC beam allocation scheme outperforms the
existing IA scheme, which has also been illustrated in Fig. 1.
In particular, the performance gap between the curves labeled
“QC-ZF” and “IA-ZF” keep almost the same as SNRg
increases.

VI. CONCLUSIONS

In this paper, we have presented an improved hybrid
precoding design framework including two stages. In the first

stage, we have proposed an OP based beam training scheme.
In the second stage, we have presented a channel estimation
method based on the results from the beam training without
transmitting any pilot sequences. To mitigate the multiuser
interference caused by beam conflicts, we have proposed a
QoS constrained beam allocation scheme. Simulation results
have shown that the proposed beam allocation scheme has
higher spectral efficiency than existing schemes. The future

work will focus on beam allocation algorithms for multiuser
cellular systems taking the out-of-cell interference into con-
sideration.
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