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Abstract. Millimeter Wave (mmWave) combined with massive multiple-
input multiple-output (MIMO) can provide wider bandwidth and higher
spectrum efficiency. It has been considered as a key technique for future
5G wireless communications. However, hardware costs and power con-
sumption make traditional MIMO processing impractical in such sys-
tems, because a large number of radio frequency (RF) chains are needed.
To solve this problem, the beamspace MIMO concept is proposed in
mmWave multiuser MIMO (MU-MIMO) systems, which utilizes beam
selection algorithm based on the sparsity of beamspace channel to reduce
the required RF chains without obvious performance loss. The existing
beam selection algorithms mainly select the beam with the strongest
gain, but ignore the inter-beam interference and the complexity. Thus, a
novel algorithm based on the minimum interference (MI) criterion is pro-
posed. Specifically, the performance of the beams is measured by defining
the beamspace signal-to-interference ratio (SIR). When choosing beams,
not only the gain of beams but also the interference to other users is
considered. The simulation results demonstrate that the proposed algo-
rithm can substantial reduce the complexity while ensuring better system
performance.
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1 Introduction

With the rise of various intelligent terminals, mobile data traffic shows explosive
growth trend. Thus, there is a higher requirement for future network capacity
of mobile broadband communication systems (5th generation mobile communi-
cations, 5G) [1]. Most of the current communication systems mainly work in
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low frequency band which range from 700 MHz to 2.6 GHz. The tension of spec-
trum resources poses an unprecedented challenge for mobile service providers.
Fortunately, the mmWave has a large number of available unlicensed bands.
Exploiting the rich spectrum resources of the mmWave enables to alleviate the
pressure of the spectrum resources. However, the path loss of mmWave is more
serious and the 60 GHz system has 22dB additional free space loss compared
with that of 5 GHz system [2]. Although the high path loss limits the mmWave
communication distance, another unique advantage of the mmWave signal is
that the wavelength is short and the antenna array occupies a small footprint,
making it possible for the base station to install large-scale (usually tens to hun-
dreds) antennas. Beamforming with massive MIMO and making full use of space-
dimensional resources can cope with complex channel environment, enhance the
quality of communication links and achieve high data rate transmission. In fact,
the literature [3] shows that mmWave mobile broadband system could achieve
gigabit per second data rate at distances up to 1 Km in an urban environment.

In traditional communication systems, the signal is usually processed at the
baseband which can control its phase and amplitude. Full digital MIMO sys-
tems enjoy flexibility, adaptability, and performance optimality, however, with
higher costs and power consumption, because that an RF unit is needed for each
antenna. The large number of antennas anticipated in mmWave beamforming
presents several challenges such as: high power consumption and the high cost
of a large number of ADCs operating at very high sampling frequencies (possi-
bly several GS/s to 100 GS/s) [4]. In order to take advantage of the mmWave,
many researchers focus on mmWave systems designed to reduce the hardware
complexity and power consumption of high-dimensional MIMO systems [5]. And
beamspace MIMO system is one of the most promising approaches.

The beamspace MIMO is multiplexing data onto some fixed orthogonal spa-
tial beams by fixed beamforming at the transmitter [6]. So the equivalent channel
is low rank and sparse. With beam selection criteria, the RF chains needed is
agree in the magnitude of the number of users, which will significantly reduce
the hardware complexity, the digital signal processing complexity, and the power
consumption [7]. Beamspace MIMO system uses spatial sparsibility to reduce RF
complexity, but also requires a fast beam selection algorithm to choose optimal
beams for users. The literature [6] proposed a beam selection scheme based on the
criterion of magnitude maximization (MM), in which several beams with large
magnitude are selected for each user. MM beam selection is simple but it only
aims to maximize the power of each user without considering multiuser interfer-
ences. Another interference-aware (IA) beam selection algorithm first classifies
all users into two user groups, the interference-users (IUs) and noninterference-
users (NIUs). For NIUs, the beams with large power are selected, while the
beams are selected based on the criterion of sum-rate maximization for IUs [§].
TA algorithm can obtain better performance, but it ignores inter-beam interfer-
ence and iterative search for IUs with the large-scale matrix operation makes it
more complicated.

In this paper, we propose an MI beam selection for mmWave beamspace
MIMO system. Due to the criterions used in MM and TA beam selection exit the
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problems of users sharing beam and inter-beam interference, MI criterion not
only considers the beam gain for the users, but also considers the interference to
other users. At the same time, the complexity of MI is low without iteration and
large matrix operation. Simulation results verify that the proposed MI selection
can achieve the performance of TA and is better than conventional MM selection.
With the increase of the number of users, the proposed MI algorithm is better
than the TA algorithm.

Notations: Lower-case and upper-case boldface letters denote a vector and a
matrix. The (), (-)#, (-)~! and tr(-) denote the transpose, conjugate transpose,
inverse and trace of matrix respectively. The A(:, i), A(j, :) is the ith column
and jth row of the matrix A. |-| represents the amplitude of vector, and Card(-)
denotes the cardinality of set. Finally, Iy is an N x N identity matrix.

2 System Model and Assumption

2.1 Traditional MIMO System

Considering a single cell mmWave downlink MU-MIMO system as shown in
Fig. 1, where the base station (BS) equips with an N; dimensional uniform linear
array (ULA) communicating with K single-antenna users. Then, the received
signal at the i*" user is given by

K
Y = hywz; + Z h;wixy +n; (1)
k=1,k#i
where h; € Y™ represents the channel vector of the ith user, w; € VX! is a

precoding vector for user i, and n; ~ CN(0,6?) is additive white Gaussian noise
(AWGN).

l—I RF Chain J User 1

| e 0
RF Chain User 2
Digital
Precoding ° :
o : \ -
— RF Chain J User K

Fig. 1. Single cell millimeter wave downlink MU-MIMO system

If the received signal of K users is represented as a received vector, the K x 1
received signal vector y for all K users in the downlink can be expressed as

y=HWx+n (2)
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where H = [hT, hT,, .- -hT}]T is the channel matrix, W = [wy, wy, - - W]
is the precoding matrix, x of size K x 1 is the sending signal vector for all
K users with normalized power E{xx} = Ix. Due to the power constraint,
the precoded signal s = Wx satisfies E{s/s} < P, where P is the transmitted
power.

Obviously it can be seen from Fig. 1 that the number of required RF chains
for traditional MIMO systems is Ngpr = Ny, which is usually large for mmWave
massive MIMO systems and definitely a dramatic increase in cost and power
consumption [9].

The high free space loss of mmWave limits the spatial scattering or spatial
selectivity in mmWave communications, which leads us to adopt the extended
Saleh-Valenzuela geometric channel model to describe the characteristics of
mmWave channel [10]. Specifically, the channel h; from the BS to user-i can
be modeled as

L
h; = 5, 0a(¢i o) + Zﬁi,la(%‘,z) (3)
=1

where f; pa(v; o) is modeled for the LoS component and 3; o is the complex gain,
Biqa(i ;) for 1 <1 < L is the lth non-line-of-sight (NLOS) component of the ith
user, (;; is the NLOS complex gain and L is the total number of NLOS path.
The Ny x 1 array response vector a(¢; ;) for a ULA can be represented by

a(tin) = S [1 e ema2nVi-nir]T

T
— 1 —j2m < sin(8;;) —j2m(Ng—1) < sin(0; 1)
=L |1 e d2r5sin0i1)  o—J t—1)% il
vdl

(4)

where v;; = %sin(@i,l), A is the signal wavelength, d is the antenna spacing
satisfying d = \/2, 6;; € [~7, 5] is the angle of departure of each cluster to the
user-7, which is between the signal and the array antenna.

2.2 BeamSpace MIMO System

When the baseband RFs use fixed beamforming at the transmitter, the tradi-
tional MIMO spatial channel can be transformed into an equivalent beamspace
channel. The system block diagram is shown in Fig. 2, where the fixed beam-
forming can be realized by discrete lens array (DLA) [11]. DLA behaves as a
convex lens, directing the signals towards different points of the focal surface
[12]. Specifically, such DLA plays the role of a beamforming matrix U, which
contains the array steering vectors of M orthogonal directions beam covering
the entire space.

We assume that the number of generated beams is equal to the number
of transmitting antenna M = N;, which means the resolution of the beam is
Aby = N% Then, the system signal model of (2) can be expressed as

y =HUWx+n (5)
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Fig. 2. Beam space MIMO system

where U € NeXNt is a beamforming matrix that can be expressed as

U = [a(0),a(Abp), - --a((Ny — 1) Aby)]

1 1 1 1
. . . Ny—1
1 67]271']\% 67]271'1\% . 67]271' 1"\% 6
_ 1 (6)
m . . . .
. . . Ny—1
1 e—g27r(Nt—1)N% e—j27r(Nt—1)Nlt e—j27r(Nt—1) t

Actually, U is a normalized DFT (Discrete Fourier Transform, DFT) matrix
from (6): UMU = UU”=1. Let H = HU = [(h;U)7, (h,U)7,- - (hxU)T]" =
[hT h1 .. -hL]7 the spatial domain matrix is changed to the beamspace chan-
nel matrix and the signal model of the beam domain can be expressed as

y =HWpx+n (7)

where H is the beampace channel matrix and Wpg is the precoding matrix of
the beamspace.

The NLOS component L in (3) is much smaller due to the propagation char-
acteristics of mmWave scattering. In addition, the high-resolution narrow bean21
has a strong spatial isolation, so the beamspace is sparse. Therefore ﬁ(k, b)’
reflects the channel energy distribution on these beams. Figure 3 gives an exam-
ple of the energy distribution when the number of transmitting antenna N; is
32 and user number K is 16. The energy distribution of conventional MIMO
channel in the spatial domain is shown in the Fig. 3(a), from which we can see
the energy distribution is very scattered. On the contrary, the beamspace MIMO
energy distribution is relatively concentrated in Fig. 3(b).

Figure 3 obviously shows that the characteristics of the sparseness of the
beamspace channel. The channel energy is mainly concentrated on some beams.
So we can select only a small number of energy concentrated beams to serve users
according to the sparse beamspace channel to reduce the dimension of MIMO
system. After the beam selection, system model can be described as

y ~ ﬁSWSX +n (8)
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(b)

Fig. 3. Energy distribution: traditional MIMO in the spatial domain; (b) beamspace
MIMO

where H, = fI(:,Bselect), Bcieer 1s the selected beam set which contains the
indices of selected beams. In order to guarantee the spatial multiplexing gain of
K users, each user chooses 1 beam at least, Card(Bgeject) = Ngr = K, and in
the scenario of each user chooses 2 beams, Card(Bgeiect) = Nrr = 2K.

Then, the channel matrix dimension is reduced from K x N; to K X
Card(Bseiect). As the dimension-reduced digital precoding matrix, W is much
smaller than that of the traditional MIMO digital precoding matrix W in (2).
As a result, the sparseness can be used to achieve spatial multiplexing and
reduce the number of RF chains from O(NN;) to O(K), which leads to low power
consumption.

3 Beam Selection

3.1 Beam Selection Challenge

The two main problems existing in beam selection are users sharing beam and
inter-beam interference, which will be explained as below.

The ideal situation is that there is no interference between the beams for
each user, but the ideal state does not exist. Even if the number of N; is very
large and beam resolution is very high, multiple selections of the same beam
for different users are not to be ignored. Now, the case that different users have
different strongest beams is equivalent to select K different beams from total
N; beams. Therefore, the probability P that there exists users sharing the same
strongest beam is P =1 — NtK(%ijLK), [7]. For a mmWave system with N; = 256
and K = 32, P ~ 87%. As shown in Fig. 4(a), the beam by is the strongest gain
beam of both U; and Us. It can be seen that ignores user sharing beam problem
while selects the strongest beam for users, which will simultaneously select the
sharing beam b; for U; and Us leading to the dimension-reduced beamspace
channel matrix H, rank-deficient. This means that some users cannot be served,
resulting in an obvious performance loss. In order to avoid beam sharing, b,
should be selected for U; and by for Us.

Figure4(b) shows the inter-beam interference scenario. It can be seen from
the figure that the strongest beam for Us is by and Uy is by. But there is serious
interference between beam by and beam bs. The better option is bito provide
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services for Us, bs for the user Uy, which will greatly reduce the interference
between the beams. Figure4(b) indicates that the strongest gain beam is not
the optimal beam and should not ignore the presence of interference.

b
- ~
u,
,,,/—////4/ ) bs
(b

Fig. 4. User distribution scenario (a) users sharing beam; (b) inter-beam interference

3.2 Proposed MI Selection

For the above problems, this paper proposes a low complexity beam selection
algorithm-MI beam selection. The two most basic criterias for beam selection are:
(1) to serve the target user as much as possible; and (2) to minimize interference
to other users. So the beamspace SIR Bgrr is defined to evaluate the beam
performance selected.

- 2

[Fi(h, )
Bsir(k,b) = =

2.

i£k

L ©)
H(i, b)’

- 2
where ’H(k,b)‘ denotes the beam gain when the user k is served by beam b,

- 2
‘H(b,i)‘ is the interference of b to user i. Bgrr(k,b) larger indicates that the

beam gain is strong, on the other hand indicates that it has less interference
to other users. Therefore, the first step of the beam selection is based on the
channel state information and the beamforming matrix to obtain the beamspace
channel matrix H, and calculate the beamspace SIR Bgg sorted by descending
order. Choosing the maximum Bg;r means minimizing interference and solves
the problem of inter-beam interference. Then, select the Bgrg first n (the number
of beams per user needs) columns as an optional beam set. For the problem of
shared beam between users, we classify all users into two user groups, shared
beam users group (SUs) and non-shared users group (NSUs). The user k is
defined as NUS if its largest Bsrr(k,b) beam b is different from other users.
For the NSUs, directly select the beam b of the largest Bsrr(k,b) as the service
beam. When a beam is the optimal beam shared by multiple users, the current
beam can not be selected as the service beam. And the corresponding user needs
to select the sub-optimal Bg;r(k,b) beam b which is not selected by NSUs until
all users have selected the beam. The MI beam selection algorithm is summarized
in Algorithm 1.
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Algorithm 1. Proposed MI beam selection algorithm

1.Require Beamspace channel matrix I:I; Number of beams per user n
2.H,ps = abs(fl)

3.Sc0(b) = sum(Haps (5, 0)), b = 1,2, -~ N,

4.For slot k(1 <k < K) _

o. BS’IR(kv :) = Habs(ku :)/(Sclo(:) - Habs(kv ))

6. [value index(k,:)] = sort(Bsrr(k,:), descend)

7.End for

8. NSUs = H, SUs :H 7BNSUs = [], BSUS = H

9461, bi_ 1,05, bj 15 5 Ui} = reshape(index(:, 1:n),1,n * K)
10.If by & {b7,--- bf_ 1,051, Vgt k€ [L,n* K] by € [1, V]
11.  Bnsus = {Bnsus; bj.}

12.Else

13.  SUs = {SUs, k}

14.End if

15.For slot i(1 < ¢ < Card(SUs))
16. j=2

17. While (index(SUs(z),]) S BNSUs)
18.  j=j+1

19. End While

20. BSUs = {BSUsa 1ndex(SUs(z),j)}
21.End For

22.Bciect = Bsus U Bnsus

23 Return: H, = H(:,Bgcieet)

Figure 5 shows the selected beams energy distribution by MI algorithm. It
can be seen that each user selects the optimal beam as mush as possible and the
users of the shared beam select the suboptimal beam.

User Index

5 10 15 20 25 30
Beam Index

Fig. 5. The selected beams energy distribution by MI algorithm
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4 Simulation Results

This section is dedicated to analyse the spectral and energy efficiency losses
caused by the selection algorithm compared to the full digital system.
We use the Shannon capacity idealistic as the upper bound for the spectral

efficiency [13]
K

K
R=> R; =) log,(1+ SINR;) (10)
=1

i=1
where STN R; is the signal-to-interference-and-noise ratio (SINR) for user . With
the power constraint, the classical digital zero-forcing (ZF) precoding matrix is
given by
W = gH” (HH")™! (11)
where 3 = ,/%, F = HH(HH?)~!. Then, the precoding vector w; for
user i is defined as the i*" column of W. From (1), SINR; is calculated as

lhyw;|°

K, 2
24+ > |hywyg]
k=1,k+#i

SINR; =

(12)

The simulation parameters of the system are as shown in Table 1. Then, the
MM algorithm, the TA algorithm and the proposed MI algorithm are simulated
and analyzed. Meanwhile the full digital ZF precoding (the number of RF links
is 256) is provided as the upper bound of the comparison.

Table 1. Simulation parameters

SNR —10dB-30dB | Precoding ZF
Antennas | 256 User distribution [—5 5] uniform
number N; distribution

0o~ CN(0,1
Users 2-70 NLoS components L bio © )_ 0
number K B~ CN(0,1077)

Figure6 shows the spectrum efficiency comparison when user number
K = 32. It can be seen from Fig.6 that the performance of the proposed MI
algorithm is close to the AT algorithm when the user selects 1 beam. Compared
with MM algorithm, the performance of MI is about 30% higher at high SNR
(SNR > 10dB) region. Figure6 also shows when 2 beams are selected by each
user, the proposed MI algorithm is close to the full digital ZF precoding. At the
same time, the performance of the MI algorithm with 1 beam per user is con-
sistent with the performance of the MM algorithm with 2 beams per user. The
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main reason for the poor performance of the MM algorithm is that it ignores
the problems of users sharing beam and inter-beam interference. Although IA
achieves better performance, iterative searching for IUs to maximize the achiev-
able sum-rate leads to high computational complexity because of large-scale
matrix operations including inverse [8].

300

T T
= = = Full Digital
—=— Proposed Mi(2beams per user)
250 —&— |A(1beam per user)

—e— MM(2beams per user)

—sk— Proposed MI(1beam per user)
—©— MM(1beam per user)

200

150

100

Sum spectral efficiency(bits/s/Hz)

50

SNR(dB)

Fig. 6. Spectrum efficiency comparison when user number K = 32

Figure 7 further considers a K = 64 scenario where the MI algorithm and
TA algorithm have almost the same performance when the user selects 1 beam
in the low SNR environment. With the increase of SNR (SNR > 15dB), the
performance of MI algorithm is obviously better than IA algorithm.

= = = Full Digital

—E— Proposed MI(2beams per user)

500 —&— MM(2beams per user) 2
Proposed MI(1beam per user) ’

—&A— |A(1beam per user) ’

40011 —&— MM(1beam per user) - T

Sum spectral efficiency(bits/s/Hz)

SNR(dB)

Fig. 7. Spectrum efficiency comparison when user number K = 64

Figure 8 illustrates the effect of the number of users K on the spectral effi-
ciency in term of SNR =25dB. When the number of users is small, the perfor-
mance of the MI algorithm and TA algorithm is close to that of the MM algorithm
performance of 2 beams per user. As the number of users (K > 45) increase, the
performance of TA algorithm begins to decline and the proposed MI algorithm
is better than the IA algorithm. This is mainly due to MI algorithm considering
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the interference of the selected beam to other users, while MM and IA algorithm
are based on the choice of the strongest beam.

The energy efficiency comparison is shown in Fig. 9 when SNR =25dB. The
energy efficiency 7 is modeled as n = m(bps/Hz/W) [8], where R is
spectral efficiency, p is the transmit power, Ngrrpgrr is the number of RF chains
and energy consumed. This paper sets up the typical values p = 32mw, prrp =
34.4mw. As expected in Fig. 9, the MI algorithm is superior to the MM algorithm
for the case of 2 beams per user. For the case of 1 beam per user, with the
increasing of users, MI algorithm is obviously better than the MM algorithm.
When the user number satisfies K > 42, MI becomes the optimal algorithm.

IS
a
=}

= = = Full Digital -
H —=— Proposed Mi(2beams per user’
—f— MM(2beams per user)

| —&— Proposed Mi(1beam per user)
—&— |A(1beam per user)
| —€— MM(1beam per user)

IS
o
<)

)
a
o

w
]
<)

= NN
a o a
o o o
T T T
A

Sum spectral efficiency(bits/s/Hz)

o
o
T

50

o] 10 20 30 40 50 60 70
Number of users K

Fig. 8. Spectrum efficiency comparison when SNR =25dB
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60 —©— MM(1beam per user)
—&— Proposed(2beams per user)
40H —€— MM(2beams per user)

- = = Full Digital

Energy efficiency(bits/s/Hz/W)

Fig. 9. Energy efficiency comparison when SNR =25dB

5 Conclusions

This paper introduces a low RF complexity beamspace MIMO system. Taking
the potential multiuser interferences into consideration, we propose an MI beam
selection algorithm. Finally, the simulation results verify that the proposed algo-
rithm achieves the performance closing to full digital precoding when selecting
2 beams per user, and has better energy efficiency. It also has good performance
when selecting one beam per user, especially in the condition of more users.
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