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ABSTRACT Beamspace multiple-input multiple-output (MIMO) systems employ beam selection algorithms
based on the sparsity of the beamspace channel to reduce the number of radio-frequency chains required
in multi-user systems. In this article, we address the problem of selecting multiple beams to each user.
Specifically, we propose a beam selection scheme subject to signal to interference plus noise ratio (SINR)
maximization. The proposed beamspace beam selection algorithm is developed in two stages. In the first
stage, each user is assigned a non-overlapping beam determined by Kuhn-Munkres assignment algorithm.
In the second stage, the selected beams in the previous stage are augmented with additional beams from an
M -dominant beam set subject to a sum-rate maximization criterion. The performance of the proposed scheme
is verified by simulations, and the results show a near-optimal performance in terms of the achievable sum-
rate. Also, a significant improvement in terms of energy efficiency is achieved compared to the conventional

beam selection scheme.

INDEX TERMS Beamspace, massive MIMO, millimeter wave communications, multi-user interference,

beam selection, beamforming.

I. INTRODUCTION

In recent years, there has been an increasing demand for
broadband which has led both researchers and industries to
explore new solutions for the fifth-generation (5G) wireless
communication systems. As part of the solutions, the mil-
limeter wave (mmWave) band has received a great deal of
consideration due to the large bandwidth available at this
frequency band. The mmWave band provides large swathes
of bandwidth at higher frequencies spectrum with carrier
frequencies of 30-300 GHz.

Notwithstanding the great potential benefits, several issues
need to be addressed before the benefits of the mmWave band
can be fully harnessed. One major issue is that the mmWave
band suffers from severe penetration and path-loss [1], [2].
A key solution to overcoming the high loss and blockage
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effect is the beamforming techniques in which large array
antennas are employed at the base station (BS). The use of
large array antennas which is also termed as massive MIMO
(m-MIMO) systems allows a good angular resolution, such
that the transmitted radio signals can be spatially resolved.
The benefits of the angular resolution obtained from multi-
ple antennas systems has been exploited in localization and
detection of multiple user equipment (UE) such as swarm
of unmanned aerial vehicle [3]. In addition to localization
and detection, the m-MIMO system enables multiple users to
be served from a transmitter in the same resource block [4].
Hence, m-MIMO has been considered as a viable technology
to meet the increasing broadband demand in 5G cellular
communication.

The mmWave m-MIMO technology combines the
prospects of the huge available mmWave bandwidth on the
one hand, and the large array gains from m-MIMO antenna
arrays on the other hand to support high-speed services and
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applications requiring large bandwidth, making it suitable for
industrial big data transmission [5]. Besides, the large antenna
array allows the used of highly directional beamforming,
hence, multiple beams can be employed for communica-
tion between the transmitter and receiver. As shown in [6],
[7], mmWave systems can provide high-dimensional MIMO
operations. However, the full potential of multiple beams
transmission in mmWave systems is not exploited in most
of the current results. For instance, in the schemes proposed
in [8], [9], the authors focused on single beam transmission.

The use of multiple beams at the BS is considered in
[10], [11], where exhaustive beam search is performed to
determine the best set of beams to the UE. The exhaustive
search beams selection poses some challenges of high com-
putation and transceiver design complexity [12]. To reduce
the complexity, several schemes have been proposed such
as antenna selection [13], [14] and random beamforming
[15], but these solutions are sub-optimal and therefore lead
to system performance degradation. In [16], a beam selection
scheme for multi-user mmWave MIMO was proposed based
on compressed sensing approach with analog beamformers.
The computational complexity of the exhaustive search beam
selection can also be reduced by estimating and tracking the
channel parameters such as the direction of arrival and direc-
tion of departure [17]. The estimation of angular information
is essential in radar communications [18], [19] to enable big
data transmission. Reducing the complexity of the exhaustive
search algorithm based on parameter estimation are beyond
the scope of this article. Specifically, we seek to reduce the
complexity of the exhaustive search algorithm by exploiting
the sparsity of the mmWave channel. Recently, new attempts
have been made to reduce the beam selection complexity in
the angular domain [20], [21].

In this article, we focus on exploiting the concept of
beamspace MIMO [6], where multi-user data are multiplexed
onto orthogonal spatial beams. The use of beamspace MIMO
allows the conventional channel to be transformed into the
angular domain that captures the mmWave channel spar-
sity [22]. Furthermore, exploiting beamspace MIMO enables
beams to be selected according to the beamspace channel
sparsity, leading to a dramatic reduction in transceiver and
hardware complexity. In [23], [24], beamspace MIMO is
proposed for a single user and multi-users scenario respec-
tively. The authors focused on the number of beams used
for transmission and reception rather than the number of
antennas at the transmitter and receiver. In a multi-user
scenario, most of the existing schemes select beams with
large power magnitude to each user without considering
the effect of multi-user interference which may lead to
non-negligible performance degradation since several users
may select overlapping beams. [20], [25].

To this end, we focus on the angular domain beam selection
in a multiple user scenario and analyze its performance. The
contributions of this article are presented as follows

« Firstly, a multi-user beamspace beam selection is pro-

posed subject to the sum-rate maximization constraints.
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Specifically, we propose a beamspace beam selection in
a potential multi-user interference scenario. The beam
selection scheme employs the use of zero-forcing (ZF)
precoding at the BS to simultaneously serve multiple
users. The proposed beam selection scheme is designed
in two stages.

- In the first stage, a single non-overlapping beam
is selected for each user based on Munkres
assignment algorithm [26].

- In the second stage, unassigned beams whose con-
tribution do not degrade the performance of the sys-
tem are selected from a set of M -dominant beams to
argument the beams selected in the previous stage
subject to the criterion of sum-rate maximization.

« Secondly, the computational complexity of the proposed
beam selection scheme is analyzed with regards to the
conventional beamspace MIMO.

« Finally, the trade-off between the complexity and perfor-
mance achieved by the proposed beam selection scheme
is modelled and analyzed in terms of the number of
selected radio frequency (RF) chains and the energy
efficiency of the system.

The proposed scheme is designed to achieve near-optimal
performance with a reduced RF complexity transceivers. This
work is different from existing work [20], [27] in that, the
channel rank deficiency associated with multiple UEs select-
ing the same beam and the multi-user interference between
the users are considered in the proposed beam selection
algorithm. The multi-user interference is not considered in
[20], while [27] focus on a single beam transmission to each
UE and hence, cannot support multiple beam transmission.
Simulation results are provided to verify the performance of
the proposed beam selection scheme.

NOTATIONS

Throughout this article, matrices and vector symbols are
represented by uppercase and lowercase boldface respec-
tively. AT and A represent the transpose and Hermitian
transpose of the matrix A respectively. tr(A) represent the
trace of matrix A.

Il. RECEIVED SIGNAL AND CHANNEL MODELS
We focus on a downlink mmWave massive MIMO system,
where the BS is equipped with N antennas and Ngr RF chains
serving K distributed single-antenna UEs as shown in Fig. 1.
Note that in Fig. 1, the number of RF chains required for
a traditional system is Ngr = N which is very large in
m-MIMO mmWave systems [28]. Hence, we aim to design
a reduce complexity transceiver that achieves a near-optimal
performance with a low number of RF chains.

For the downlink transmission to multiple UEs, the BS
jointly precodes the multi-user signal. Specifically, using a
linear precoder, the BS first precodes the data as follows

K
s=G6x=) g, (M
k=1
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FIGURE 1. Example of traditional MIMO system architecture in the spatial
domain.

where g € CV*! is the precoding vector for the k-th UE,
X = [x1,x2,...,x¢]7 € CK*1 s the vector of independent
symbols to different UEs, G = [g1, &, ..., 8k] € CV*K is
the transmit precoding matrix, tr (GAG) < p, where the
inequality represent the constraints on total transmit power
p, A = E [xxH ] and s € CV*! is the transmitted signal
vector.

The received signal at the k-th UE can be expressed as [29]

yi =hi's +ny, 2)

where n; ~ CN(0, akz) is the additive white Gaussian noise
with 0 mean and variance sz at the receiver of the k-th UE
and hy € CV*! is the channel vectors of the k-th UE. Due
to the sparsity and high directional nature of the mmWave
channel, the line of sight (LOS) path is the predominant mode
of propagation with possible few multi-path components.
Hence, we assume that the LOS component for each of the K
UEs exists. Define 6 ¢ as the angle corresponding to the LOS
path for the k-th UE, where k € {1, 2, ..., K}, then the sparse
channel hy in (2) can be modelled as [27]

L
he = VN |:ak,oa (Wro0) + Zak,la (‘l/k,l):| , 3)

=1

where oy o is the complex path gain of the LOS path to the
k-th UE, W ; = 1/25sin 6 ; is the discrete physical pointing
angle and 6y ; € [—7m/2, /2], Ok,; and oy ; denote the path
angle and complex path gain of the /-th non-LOS path to
the k-th UE, and L denotes the number of non-LOS paths.
Note that the amplitude of the multi-path components o
are usually 5 dB to 10 dB weaker than the LOS component
[30]. In this article, we assume a uniform linear array (ULA),
hence, the steering vector a (\Ilk, 1) is given by

1 o N—1 o N-1 T
a(Wy ) = — I:e_jzﬂ(T)\I/k,I7 o eﬂ”(T)‘"I’k,l] R
VN
Define V as the N x N beamspace transformation matrix,

where the column of V correspond to a uniformly sampling
spatial angle designed as [31]

V=[a(—N2—;1>a<N2—;l>] s)
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FIGURE 2. Example of beamspce MIMO system architecture.
By stacking the received signal y € CK*1 for all K UEs
and substituting for s (defined in (1)), we obtain the following
y= Hs +n
=HYGx +n, (6)

wherey = [y1,y2, ... ,yK]T e CKx1 ig the received signal

vectors at the K distributed UEs, H = [h;,hy, ... hg] €
CN*K ‘andn = [n1,na,...,ng]" e CKxI By choosing
G = VG, the received signal can be represented in the
beamspace as follows

y=HGyx +n, ©)
where H, = VFH = [hy1,....hpx] € CN*K

is the full-dimensional beamspace matrix containing the
beamspace channel of all the K UEs and G, € CN*K
is the beamspace precoder. Since V is a unitary matrix,
the beamspace channel matrix Hj, is an equivalent represen-
tation of H. Hence, the rows of H corresponds to the N
orthogonal beams with different spatial directions.

Note that in mmWave propagation environment, the
number of paths in (3) is much smaller than the number of
antennas N which makes the number of dominant elements
in hy ; much less than N [22]. As such, we can select a small
number of beams that achieve near-optimal performance to
reduce the dimension of the MIMO system and the number
of RF chains in the transceiver design as shown in Fig. 2. The
k-th UE’s SINR can be expressed as

2
H
‘hb‘kgb,k‘

SINR; = (8)

5 .
+c7k2

Zk/;ﬁk ‘thgb,k/

Ill. CONVENTIONAL BEAMSPACE BEAM SELECTION

As a reference to the proposed beam selection scheme,
the maximum magnitude beam selection scheme based on
projected power [20] is first presented, after which the
proposed scheme is discussed.

A. PER-USER BEAM SELECTION BASED ON PROJECTED
POWER (PP-BS)

Considering the complexity of the exhaustive search algo-
rithm in beam selection, the beam selection scheme based on
power level selects the M -dominant elements (beams) of hy, &
for the k-th UE, where the magnitude of hy ; reflects the k
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FIGURE 3. User distribution scenario (a) users sharing a single beam; (b) inter-beam interference.

UE’s projected power level on the LOS path of the selected
beams [20].

The scheme exploits the sparsity structure of the
beamspace channel Hp, to design a reduced-complexity
beamspace precoder matrix Gp. This selection algorithm
selects the M -dominant beams as follows [20]

My = {i € TN : lhpx(D)I* = gxmax |hb,k<i)|2} G
where J(N) ={c— (N —-1)/2:¢c=0,1,...,N — 1}, and
U M (10)

k=1.2,....K

M =

where M is a sparsity mask for the k-th UE, determined by
the threshold & € {0, 1}.

However, the projected power beam selection scheme
does not guaranty the orthogonality of the effective LOS
path for different UEs mainly because the same beam may
be selected for more that one UE. This, in turn, causes
multi-user interference and consequently impact the system
performance.

B. LIMITATIONS OF THE CONVENTIONAL PP-BS METHOD
As can be observed from the PP-BS scheme first proposed in
[20], there are two key challenges with the method namely;
inter-beam interference and users sharing the same beam.
These issues are detailed below. In an ideal scenario, there
exists no interference between the beams selected for differ-
ent users. However, the ideal scenario cannot be guaranteed.
For instance, consider a scenario where each UE selects
one strongest beam which is different from other UEs, such
scenario is equivalent to selecting K out of N total beams. The
probability that there exists users sharing the same strongest
beam is given as [27]
N!

P=1-—"
NE(WN — K)!

Y

For a mmWave system with N = 256 beams and
K =32 UEs, P &~ 87% which cannot be ignored.
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The challenges with user distribution and beam selection
are described from Fig 3. As shown in Fig. 3a, the strongest
channel gain for UE; and UE; is obtained from beam i,
where UE; is used to denote the k-th UE. However, select-
ing the strongest beam i, for both UEs will result in a
rank-deficient dimension-reduced beamspace channel matrix
Hj,. This implies that several UEs cannot be served simulta-
neously, resulting in an obvious performance loss. To address
this issue, the BS can select beam i; for UE; and beam i»
for UE,.

The issue of inter-beam interference is illustrated
in Fig. 3b. From the figure, the best beams to UE3 and UE4
are beam i and beam i, respectively. However, the inter beam
interference between UE3 and UE4 cannot be ignored. To this
end, the BS can serve UE3 with beam i; while simultaneously
serving UE4 with beam i#3. Fig. 3b indicates that the best
beam to the two UEs may not be the optimal beam if the
presence of inter beam interference is considered. Due to
these limitations, poor performance is observed with the
conventional PP-BS scheme as will be shown in the numerical
result section.

Unlike [27], where these issues are addressed with a single
beam transmission to each UE, in our proposed scheme, each
UE may be served by more than one beam if the additional
beam does not degrade the total system performance. Hence,
we focus on choosing M-dominant beams to each UE under
a total power constraint p. Considering the multi-user inter-
ference, we aim to select beams for each UE such that the
interference is minimized under the constraints that useful
power is delivered to all UEs.

IV. PROPOSED SINR MAXIMIZATION BEAM SELECTION

The proposed beam selection scheme utilizes the concept of
Munkres assignment algorithm. Hence, we first present the
algorithm and then refer to it in the proposed beam selection.

A. BRIEF DESCRIPTION OF MUNKRES ALGORITHM
Consider the full dimensional beamspace channel matrix
H,, since the Munkres algorithm solves a minimization
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problem [26], the cost matrix can be obtained by taking the
inverse of each element in Hp, i.e., C = 1./Hp = [cux],
forn=1,...,N; k=1,..., K. Note that for the proposed
beam selection scheme the number of available beams at
the BS should be greater or equal to the number of UEs.
In the latter case when the number of beams is equal to the
number of UEs (i.e., N = K), the full dimensional beamspace
matrix Hj is a squared matrix from which the selection can
be performed. When the number of beams is more than the
number of UEs (i.e., N > K), a square matrix must be
created to implement the Munkres algorithm. This can be
achieve by adding N — K columns to C with cost function
¢nj =0,Vj > K. Now define
1 if beam n has been assigned to the k-th UE,

ik = 0 otherwise,,

(12)

then the problem can be defined as

N N
minimize E E Cn jOn,j

n=1 j=1

N N
S. t. Zdn,j = 1, Zan,j =1 (13)
n=1 j=1

Note that for the new problem where the cost matrix C is
transformed into a square matrix by padding with zeros, if a,, ;
forn =1,...Nandj = 1,...N are optimal assignments,
then the restriction a, x forn =1,...Nandk =1,...K is
the optimal solution for the original problem.

Proof: Recall that ¢, j = 0, Vj > K, hence,

N N
Z Z Cn,jdn,j = 0, (14)

n=1j=K+1
then

N K
>0 cujang. (15)

n=1 j=1

gives the minimum cost of the beam selection problem for
any optimal choice of ay j for the new problem. O
We refer our readers to [26] and reference therein for the
steps on the Munkres assignment algorithm. The input of the
algorithm is the cost matrix C and the number of UEs. The
output returns the optimal assignment matrix A and the cor-
responding cost Cy of the assignment. This will be exploited
in the design of the proposed beam selection algorithm.

B. SINR MAXIMIZATION BEAM SELECTION (SM-BS)
ALGORITHM

In the proposed beam selection scheme, M-dominant beams
are chosen for each of the K UEs. We begin by sorting the
elements (beams) of hy, x in descending order of magnitude,
and let i¢ , denote the index of the m-th dominant beam to
the k-th UE. The set of indexes of the M-dominant beams to

the k-th UE can be expressed as
Gk =ik 15 ik2, -+ kM) (16)
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then the set of the dominant beam indexes to all K UEs can
be expressed as follows

= U o (17)

k=1,2,...K

The selection of the dominant beams for the K UEs
corresponds to selecting a subset of O = |G| < MK rows of
the matrix Hy, resulting in a low-dimensional system, where
O < Ngr.

Note that if (),_;, x% = 0, then the selected
dominant beam set for all K UEs do not overlap and the beam
set can achieve a near-optimal performance since the dom-
inant beams contain most of the channel power. Moreover,
the multi-user interference is also not severe in such case
because the set of dominant beams chosen to each UE are
different from the selected beams to other UEs. However,
even for single beam selection to each of the k UEs, the
probability of multiple UE sharing the same beam is always
non-negligible.

To address this issue, we propose an SM-BS scheme
consisting of two stages:

o Stage 1: From the set of beams corresponding to the
index set G, choose the best single non-overlapping
beam for each UE that minimize the multi-user
interference.

o Stage 2: From stage 1, since K non-overlapping beams
have been selected to all K UEs, argument the selected
beams to each UE from the remaining Q—K beams in the
index set G whose influence on the multi-user inference
is minimal.

These stages are discussed as follows:

1) STAGE 1: SINGLE BEST BEAM SELECTION BASED ON
MUNKRES ALGORITHM

The objective is to select the best non-overlapping beam to
each UE from the beam set corresponding to G. We define
a subset G* C G consisting of the index of the single
best non-overlapping beams to each UE. In this assignment,
we consider that each beam is assigned to only one UE and
each UE is assigned to only one beam. To achieve this, the
BS selects the best unassigned beam to the UE from the UE’s
M -dominant beams set.

As an example, consider a scenario with K = 3 UEs,
N = 8 antennas at the BS corresponding to 8 beam set,
assume m = 3 dominant beams are selected for each UE.
Let the following beam index set G; = {1,2,3}, G» =
{1,8,5} and G3 = {8, 1,5} correspond to the magnitude
of the 3-dominant beams to each UE in decreasing other.
It can be observed that UE; and UE; share the same beam
with index 1 which will lead to inter-user interference if the
signals of both UEs are multiplexed on the same beam. From
the proposed scheme, G = {1, 2, 3, 5, 8}, and from stage 1,
we can select possible non-overlapping beams to each UE
as G* = {1,5,8} or G* = {1, 8, 5}. The non-overlapping
beam selection addresses the two limitations highlighted in
Section III-B. The assignment problem above correspond to
a maximum matching in a bipartite graph, and we address
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Algorithm 1 Proposed SM-BS Algorithm
Input: Hy, g
Output: H,,
1. fork=1,2,...,K do
2: hb,k = Hb(i, k)

3: gk = im| arg max |hb,k(im)|2

in€J (N) |Gk |=M
4: end for
5: G=UGk

Stage 1: Select best non overlapping beam for each UE
based on Munkres assignment (with Algorithm 1)

6: [A, C,] = munkres(Hp, N, K)

7: Extract the assigned beam index from A such that G* =
{i’]",l, D qseees i*K)l}

g fork=1,2,...,K do

Lo =GR+

10: V(:, k)= €,

11: end for

12: ﬁl’ = wH H,
Stage 2: Minimum interference eam argumentation

13: Evaluate (19) for f; = Hp(s, :)seg\g*
Return flp

the problem by employing the Munkres algorithm discussed
in Section IV-A with a complexity of O(min(Q?, K?)).

2) STAGE 2: MINIMUM INTERFERENCE BEAM
AUGMENTATION

After the non-overlapping beams selection in stage 1, we aim
to augment the beam selection by allocating the unassigned
O — K beam set from the index set G whose contribution does
not degrade the overall performance of the system.

In stage 2, the unassigned beams from the index set G
are employed to augment the selected beams such that the
multi-user interference is minimized and the SINR is maxi-
mized. Hence, the performance of the beam set corresponding
to G* can be augmented with the unused beam set correspond-
ing to G. Note that I:Ip € CK*X from Algorithm 1 correspond
to selecting the rows of H;, whose index set are in G* such that

Hp = Hb(i, )/Gg* (18)

The objective is to maximize the SINR which results in
minimizing the multi-user interference. In the proposed
scheme, beams are added to ﬁp as long as the overall per-
formance is not degraded. This can be expressed as

. P
CH,) =Klog, 1+ — ], (19)
? o2tr (F + 11,) !

where f; = Hp(s, )seg\g+ F = I:III;Ipr + el and € is a
small positive number to ensure the inversion of the matrix
(F + ff'£;) [32]. The beam argumentation in stage 2 of the
proposed scheme is to assign beams to the UEs whose mini-
mum SINR requirement are not satisfied due to the fact that
in the selection of the best non-overlapping beams (stage 1),
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User index User index
1 2345 1 2345
1 1
2 2
53 53 Dominant beams
24 24 After stage 1
é 5 é 5 After stage 2
g’g 6 g 6 Unselected beams
7 7
8 8
(a) (b)

FIGURE 4. Example of 3-dominant beams per user selection with

8 beams and 5 users showing; (a) overlapped beams leading to
multi-user interference, (b) after proposed beam selection algorithm to
reduce the multi-user interference.

such UEs may not be served by the beam corresponding to its
LOS path if the beams are selected by other UEs. The method
described above is repeated by adding the corresponding
row of Hp(s, :) until all beams that maximize the SINR are
assigned. An example of the proposed beam selection algo-
rithm is shown in Fig. 4. We note that the proposed algorithm
may not assign all the beams from the index set G to the UEs
especially when the use of such beam degrades the system
performance. This can be observed in Fig. 3b where beam
ip must be ignored due to the inter-beam interference with
beam i;. The steps for the proposed beam selection scheme
is summarized in Algorithm 1.

C. COMPLEXITY ANALYSIS

In this section, we present the complexity analysis of the
proposed scheme and existing schemes. The complexity
analyses are summarized in Table 1.

The table shows that the beamspace projected power beam
selection scheme reduces the beam search complexity of the
exhaustive search scheme from NX to N x K. In addition,
the scheme achieves the lowest complexity as the selection is
based only on the amplitude of the channel power projected to
the beams. On the other hand, the proposed SM-BS scheme is
affected by higher computational complexity. The increased
computational complexity is due to the necessity to take
into account the effect of the multi-user interference. The
proposed SM-BS stage 1 scheme requires addition compu-
tational burden of the Munkres algorithm whose complexity
is in the order of min(Q?, K3). Due to beam argumentation
in the proposed SM-BS stage 2, an additional computational
complexity of (Q — K)? is required.

It is worth noticing that, although the conventional PP-BS
scheme has a lower computational complexity compared
to the proposed scheme, the performance in a realistic
multi-user scenario is degraded due to the multi-user inter-
ference, as will be shown in the results. This consideration
makes the proposed beam selection scheme relevant in real-
istic applications, thanks to the appealing trade-off between
the performance and computational cost.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we present the numerical results using a
mmWave m-MIMO system with N = 81 array antenna
elements serving 40 UEs simultaneously [20]. We denote
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TABLE 1. Complexity Comparison of the Schemes.

Scheme Complexity ‘
Exhaustive search beam selection NE
Projected power beam selection N x K

SM-BS stage 1

N x K +min(Q3, K3) + K

SM-BS stage 2

NxK+K+(Q-K?+K

g Full Digital system
57— + - Conventional PP-BS (2 beam per UE)

— » —Proposed SM-BS Stage 1 (2-dominant beams)

— o —Proposed SM-BS Stage 1 (3-dominant beams)

—a— Proposed SM-BS Stage 2 (2-dominant beams)

—o— Proposed SM-BS Stage 2 (3-dominant beams)

Achievable sum-rate(bits/s/Hz)

-20 -10 0 10 20 30
SNR (dB)

FIGURE 5. Comparison of the achievable sum-rate as a function of
SNR (dB) for the proposed beam selection and the conventional
projected-power based beam selection. Fixed parameters:
N=81,K=40,L=2.

the transmit power p as the total transmit SNR for
sz = 1 Vk. The results are averaged over 103 Monte Carlo
channel realizations. We consider two scenarios with 1) one
LOS component only (L = 0) and 2) one LOS and 2 non-LOS
components (L = 2).

A. ACHIEVABLE SUM-RATE

The achievable sum-rate of the proposed beam selection
scheme is compared with the conventional projected power
beam selection scheme and the full digital system in this
section. In the legends, we denote the conventional projected
power beam selection as PP-BS and the proposed maximum
SINR beams selection scheme as SM-BS.

In Fig. 5, we compare the achievable sum-rate versus
SNR of the proposed scheme and the benchmark schemes.
From the figure, it is observed that the proposed SM-BS
stage 1 scheme outperforms the conventional PP-BS scheme.
Note that the proposed SM-BS stage 1 and conventional
PP-BS schemes employ one best non-overlapping beam
and 2-dominant beams per UE respectively. Thanks to the
multi-user interference reduction achieved by selecting the
best non overlapping beams to each UE in the proposed
scheme. By increasing the number of dominant beams per
UE, a slight improvement is observed between the proposed
SM-BS stage 1 with 2-dominant beams and the proposed
SM-BS stage 1 with 3-dominant beams resulting from the
increased beam selection diversity.

However, we note that increasing the number of dominant
beams for the proposed SM-BS stage 1 scheme only yield
slight improvement at high SNR but with an increased selec-
tion complexity. To improve the performance, the proposed
SM-BS stage 2 scheme argument the beam selection in
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FIGURE 6. Average number of beams (RF chains) used for transmission
versus number of UEs K. Fixed parameters: N = 81,L = 0.

stage 1 by selecting from the unused beams corresponding
to the index set G. This implies that by increasing the number
of dominant beams for each UE and applying the proposed
stage 2 scheme, the multi-user interference could be reduced
compared to the conventional PP-BS scheme. Also, as the
number of dominant beams per UE increases, a near-optimal
performance is achieved at the expense of increased selection
complexity.

B. AVERAGE NUMBER OF SELECTED BEAMS

The system performance in terms of the average number of
RF chains (beams) selected versus the number of UEs is pre-
sented for the LOS and the non-LOS scenario. The number of
selected beams is fundamental to this study as it provides an
understanding of the improvement in the achievable sum-rate
and the complexity reduction of the proposed beam selection.

The average number of beams selected for the LOS and
the non-LOS scenarios are presented in Fig. 6 and Fig. 7.
In Fig. 6, it can be directly deduced that more beams are
required in the conventional PP-BS scheme compared to
the proposed SM-BS schemes. Although 3-dominant beams
are selected for each UE in the proposed SM-BS schemes,
we show that the proposed scheme selects only the set
of beams that minimize the multi-user interference from
the M-dominant beams leading to an overall reduction in
the number of RF chains required for transmission. This
implies that not all the selected dominant beams are used for
transmission.

In Fig. 7, we show that the number of beams selected
in the proposed SM-BS stage 2 scheme is generally lower
compared to the LOS scenario in Fig. 6. On the overall,
increasing the number of dominant beams leads to higher
sum-rate with an increase in the number of RF chains required
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FIGURE 7. Average number of beams (RF chains) used for transmission
versus number of UEs K. Fixed parameters: N = 81, L = 2.

for transmission. However, compared with the full digital
system and the conventional PP-BS scheme, the proposed
scheme is able to achieve a near-optimal performance with
fewer number of RF chains.

Furthermore, it can be observed that as the number of
selected dominant beams for each UE increases, the num-
ber of beams selected in stage 2 may be more than the
number of UEs, the additional beams after assigning the
non-overlapping beams in stage 1 can be used to argument
the performance of the system. The additional beams can
be assigned to the UEs to improve the sum-rate and reduce
outages due to blockage.

C. ENERGY EFFICIENCY

Next, we present the results of the energy efficiency of the
proposed scheme to provide an evaluation of the trade-off
between the number of selected RF chains and the complex-
ity in a practical implementation. The energy efficiency is
defined as the ratio of the sum-rate to the total power in
watts consumed by the systems. We consider a scenario where
the total power consumed by the system include the total
transmit power and the total power consumed by the selected
RF chains. In this article, the energy efficiency 7 is modelled
as follows [33], [34]

C

P; + NrpPgr’
where P; denotes the transmit power in Watts, Prr is the
power consumed by the components per RF chain, C is the
achievable sum-rate in bits/s/Hz. We adopt practical values
for P; = 34.4mW, Prr = 32mW [25]. Note that in (20),
an ideal transceiver design is assumed, however, the model
can be extended to a non-linear transceiver design with
hardware impairment as defined in [35].

In Fig. 8, the energy efficiency versus the number of UEs
for the LOS scenario is presented. The best performance is
achieved by the proposed SM-BS stage 1 scheme where the
number of UEs equal the number of beams selected. The per-
formance of the proposed schemes is attributed to the fewer
number of RF chains used compared to the proposed SM-BS
stage 2 schemes. On the other hand, the conventional PP-BS

n (20)
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scheme uses more RF chains, hence, the energy efficiency is
poor. Moreover, from Fig. 5, it is shown that a near-optimal
sum-rate performance can be achieved as the number of
dominant beams increase. However, the energy efficiency
plot shows that the power consumed as the number of RF
chains increases can degrade the performance of the system.
Overall, the energy efficiency decreases for the proposed
SM-BS scheme and the conventional PP-BS scheme as the
number of UE increases which is mainly due to the increase
in the number of RF chains used for transmission. For the full
digital system, the energy efficiency is low due to the use of
the full RF chains (i.e., Ngr = N) for transmission.

Fig. 9 shows the energy efficiency versus transmit power
P, for a fixed sum-rate at SNR of 15 dB. As observed from
the figure, the proposed SM-BS outperform the conventional
PP-BS scheme and the full digital systems due to the reduced
number of RF chains used in the proposed SM-BS. However,
as P; increases, the energy efficiency performance decreases,
this is because at high transmit power, the effect of the
RF chains and power consumed in the RF chain becomes
negligible.

VI. CONCLUSION
In this article, we address the issue of multi-beam selection
in a high-dimensional mmWave multi-user MIMO system.
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Specifically,

we address the issues of rank-deficient

dimension-reduced beamspace channel matrix which may
result from users selecting overlapping beam set, and
inter-beam interference resulting from the multi-user trans-
mission. We proposed a two-stage beam selection algorithm
which exploits the sparsity of the mmWave channel in the
angular domain to establish a high data rate transmission
between the BS and each UE. Simulation results show a
near-optimal performance in the achievable sum-rate and
a small performance loss is achieved as the number of
dominant beams increases. In addition, the results show that
the proposed scheme can achieve significant improvement
in energy efficiency as a results of the reduced number of
RF chains (beams) and increased sum-rate as compared to

the

conventional projected power beamspace beam selec-

tion scheme. The low RF chains, near optimal performance
and improved energy efficiency achieved by the proposed
scheme makes it suitable for high speed data transmission
in mmWave multi-user systems.
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