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Abstract: Millimeter-wave communications are suitable for application to mas-
sive multiple-input multiple-output systems in order to satisfy the ever-growing
data traffic demands of the next-generation wireless communication. However,
their practical deployment is hindered by the high cost of complex hardware, such
as radio frequency (RF) chains. To this end, operation in the beamspace domain,
through beam selection, is a viable solution. Generally, the conventional beam
selection schemes focus on the feedback and exhaustive search techniques. In
addition, since the same beam in the beamspace may be assigned to a different
user, conventional beam selection schemes suffer serious multi-user interference.
In addition, some RF chains may be wasted, since they do not contribute to the
sum-rate performance. Thus, a fingerprint-based beam selection scheme is
proposed to solve these problems. The proposed scheme conducts offline
group-based fingerprint database construction and online beam selection to
mitigate multi-user interference. In the offline phase, the contributing users with
the same best beam are grouped. After grouping, a fingerprint database is created
for each group. In the online phase, beam selection is performed for purposes of
interference mitigation using the information contained in the group-based finger-
print database. The simulation results confirm that the proposed beam selection
scheme can achieve a signal-to-interference-plus-noise ratio and sum-rate perfor-
mance which is close to those of a fully digital system, and having much higher
energy efficiency.

Keywords: Beam selection; beamspace; group-based fingerprint; interference
mitigation; millimeter-wave

1 Introduction

The emergence of fifth-generation (5G) mobile communication technology is promising to fulfill
requirements and support various services, including enhanced mobile broadband (eMBB), massive
machine-type communications (mMTC), and ultra-reliable low-latency communications (URLLCs), to
facilitate the rapid growth in data usage and the development of new application services. The eMBB is
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designed to provide the users with a new experience through ultrahigh-definition holograms and virtual-
reality content, especially in hotspot areas with a high user density and low mobility. In the case of
mMTC, low-cost Internet of Things (IoT) devices with long battery life are proposed to support the short-
burst machine-type communication traffic, which may be less sensitive to delay. In other words, 5G usage
has been envisioned to facilitate efficient connectivity for numerous IoT devices at a low cost. The
URLLC refers to cases of usage in areas such as industrial manufacturing, remote medical surgery, and
safety in autonomous vehicles, all of which require enhanced capabilities in terms of throughput, latency,
and availability [1,2]. Among these services, eMBB has attracted the most attention. It requires a
maximum downlink transmission rate of 20 Gbps, which is approximately 20 times that of the fourth-
generation (4G) systems, with a user-perceived transmission rate in the order of 100-1000 Mbps. The
shorter wavelength of the millimeter-wave (mmWave) signals allow a base station to deploy tens or even
hundreds of antennas in a relatively compact space, easily supporting massive multiple-input multiple-
output (MIMO) systems [3]. Furthermore, the advantages of massive MIMO include increased data rate
and link reliability [4], and improvements in the energy and spectral efficiencies by three orders and by
one to two orders of magnitude, respectively [5]. The combination of mmWave and massive MIMO
could effectively counter their respective shortcomings, while sufficiently exploiting the benefits. The
latest research results demonstrate the potential of mmWave’s massive MIMO for 5G wireless systems [6,7].

The significant propagation and penetration losses suffered by mmWave communication can be
compensated through techniques, such as directional beamforming (BF) [8—10]. The BF technique select
the most suitable beam direction, which is created through multiple antenna elements for user equipment
(UE), in order to maximize the transmission rate and improve energy efficiency. The traditional
algorithms for mmWave beam selection are based on perfectly estimating the channel-state information
(CSI), which requires accurate channel estimation and CSI feedback to the base station [11]. However,
the traditional methods are greatly limited by the difficulty in capturing the real-time CSI for UE in
mmWave transmission systems. In addition, the involved exhaustive beam search technique induces a
large overhead and imposes a heavy computational burden on the system. Consequently, in recent years,
new channel estimation algorithms for mmWave cellular systems have been developed. An adaptive
compressed sensing (CS)-based algorithm, which estimates the parameters of mmWave channels
efficiently was designed as in [12]. Through the adoption of a temporally correlated mmWave channel
model, Alexandropoulos et al. [13] presents two CS algorithms that exploit the temporal correlation in
order to reduce the complexity of sparse channel estimation. In addition, the beam searching process
could be accelerated by either position or direction estimation. The authors of [14] presented an efficient
method, which utilize the exchange of position information between the network nodes in the design of
their BF and combining vectors. In [15], the concept of radar-aided mmWave vehicular communication is
introduced, and two protocols used for beam searching in a vehicle-to-infrastructure (V2I) scenario were
proposed. The simulation results confirmed that the main directions of arrival for the radar and
communication signals were similar and that the radar could act as a useful source of side information for
configuring the mmWave V2I link.

Among the challenges of realizing mmWave massive MIMO systems is the complexity of the hardware.
Each antenna in the antenna array must be driven by a radio frequency (RF) chain, which forms a significant
portion of the total system cost. In addition, the power consumption of an RF chain at mmWave frequencies
is significantly higher than that at 6 GHz, making it practically prohibitive to have numerous RF chains [4,5].
In order to reduce the cost of hardware and power consumption, a lens antenna array was recently
investigated for use as an energy-efficient realization of hybrid beamforming for mmWave massive
MIMO. By using the lens antenna array at the transmitter, the spatial channel could be represented by the
beamspace (i.e., angular domain). The beamspace channel is sparse, since the propagation of mmWaves
is highly directional, occupying only a small number of directions. Since each beam in the beamspace
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corresponds to a single RF chain, we could reduce the number of RF chains without incurring considerable
losses in the sum-rate performance, by appropriately selecting a small number of beams. In this regard,
accurate beam selection is essential for beam-based mmWave communications. An enhanced spatial-
division multiple access scheme, in which the base station selects several beams that capture the main
lobe of the channel, was presented to estimate the original high-dimensional channel, thereby reducing
the feedback [16]. Although this scheme could overcome the difficulty associated with the downlink CSI
acquisition for a mmWave massive MIMO system, the computational complexity and feedback design
have to be considered. Magnitude-maximization-based beam selection (MM-BS) was proposed in [17]. In
MM-BS, several beam widths of large magnitude are selected for each user. Despite its simplicity, MM-
BS has two problems: i) It only aims to retain the power of each user as much as possible, while not
considering multi-user interference, which leads to a non-negligible performance loss in the achievable
sum-rate; ii) Since different RF chains are likely to select the same beam, some RF chains can be wasted,
because they do not contribute to the sum-rate performance.

In this paper, we propose a fingerprint-based mmWave beam selection technique, which requires less
feedback and shuns the high computational complexity occasioned by an exhaustive search while
suppressing multi-user interference in beamspace MIMO communications. The proposed beam selection
scheme consists of two phases: i) An offline phase that creates a group-based fingerprint database; ii) An
online beam selection through suppressing multi-user interference. In the offline phase, the contributing
users having similar best beam is grouped. Afterwards, the fingerprint database for each group is created.
In the online phase, beam selection is performed using the information contained in the group-based
fingerprint database. The remainder of this paper is organized as follows: In Section 2, we introduce the
system models for beamspace mmWave multi-user systems. In Section 3, the proposed fingerprint-based
beam selection technique is described. The simulation results are presented in Section 4. Finally, the
conclusion of this paper is presented in Section 5.

2 System Model

Consider a mmWave massive MIMO system in which the base station employs N antennas and Ngr RF
chains to serve K single-antenna users simultaneously. The received signal for all K users in the spatial
domain is given by:

y = HPs + w, (1)

where H = [h;, hy, ... hg] € CN*K is the channel matrix and h; € C¥*! is the channel vector between
the base station and the k-th user. P € CV*K is the digital precoding matrix, s € CX*! is the symbol
vector with the normalized power E[ss’/] =1k, and the average power constraint is given by
E [||x2| |} < p, where x = Ps. w is an additive white Gaussian noise vector with w ~ CA/(0, 6°Ix). Based

on the widely used Saleh—Valenzuela channel model for mmWave communications, the channel vector hy
can be represented as follows [18,19]

N
he =\ /7o Do Pra(dh.00). @)

where ﬁga(gbg, 92) is the line-of-sight (LoS) component and ﬁia(gbi, 02), =1, ...,Lis the /-th non-LoS
(NLoS) component. 8, ¢, and 0 are the complex gain, azimuth angle, and elevation angle, respectively.
a(¢, 0) is the array steering vector. For a uniform planar array (UPA) with N, x Ny(= N) antennas, the
equation is given by:
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a(¢,0) = ay,(¢) ® au(0), 3)
where a,,(¢) :\/Lﬁg[eﬁ“d’i] for i€ Z(Ny), aq(0) :\/Lﬁ;[eﬁ“‘”] for 1€ Z(N,), and we defined

In)={l—-(n—1)/2:1=0,1,...,n—1}. The spatial azimuth (elevation) angle is defined as

dy .~ d

A 3 A \4

= — 9 = —
) 3, sin [0 ( 3
carrier, and dy(d,) is the horizontal (vertical) antenna spacing. Generally, at mmWave frequencies,
dy =d, = \/2.

The spatial-domain channel can be directly transformed into the beamspace domain by employing a
lens antenna array, as shown in Fig. 1. The lens antenna array acts as a spatial discrete Fourier transform
matrix U of size N x N, containing the array response vectors of the orthogonal directions covering the
entire space as follows:

U= [a(i/thl/Nv)]féz(Nh), IET(Ny)> “4)

sin §>, where (])(5) is the physical azimuth (elevation), A is the wavelength of the

where i/ Ny, fori € Z(Ny) and //N, for I € Z(Ny) presents the spatial azimuths and elevations predefined by
the lens antenna array, respectively.

Dimension- Lens
rzc_lu_(t:eld N Selecting antenna
1eita RE - network array
precoding
P, U
RF chains

Figure 1: Block diagram of mmWave beamspace massive MIMO with Ngr RF chains

Finally, the beamspace system can be represented as follows:

)Nr:HHUHPs—l—w:fIHPs—l—w, %)

where, y is the received signal vector in the beamspace domain, and the beamspace channel H is defined as
follows:

I:I=[1~11,1~12;-~-,1~1K}ZUH:[Uhl,th ..., Uhg], (6)

where Uhy, is the beamspace channel of the k-th user. Notedly, the number of dominant scatters in the
mmWave propagation environments is limited. Therefore, the number of NLoS components L in (2) is
much smaller than in N; thus, the beamspace channel has a sparse structure, i.e., the number of dominant
elements of h; is much smaller than N. Consequently, we can select only a small number of appropriate
beams based on the sparse beamspace channel, in order to reduce the dimension of the MIMO system
without apparent performance loss, as given below:
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where ﬁb(s, :)sep» B contains the indexes of the selected beams, and P, is the dimension-reduced digital
precoding matrix. Since the dimension of P, is much smaller compared to that of the original digital
precoding matrix P in Eq. (1), the beamspace MIMO can significantly reduce the number of RF chains
required. Notedly, the smallest number of RF chains required to guarantee the spatial multiplexing gain of
K users is Ngr = K. As such, in this study, we consider Ngr = K without loss of generality.

3 Fingerprint-Based mmWave Beam Selection

To achieve high data-rate gains in mmWave communication systems, the deployment of large antenna
arrays at the transmitters and/or receivers is required. The best beam pair for these arrays is normally
determined by performing an exhaustive search over a large codebook of candidate beams. However, this
leads to large training overheads [20,21]. Additionally, the same beam in the beamspace is likely to be
selected for different users by different RF chains, causing serious multi-user interference.

In order to solve these problems, we propose a fingerprint-based beam selection scheme consisting of
two phases, as shown in Fig. 2. The first consists of an offline phase to create the fingerprint database
while the second one consists of an online beam selection through the control of multi-user interference.
These phases are described in detail below.

Phase 1:Offline group-based Phase 2:Online beam selection
fingerprint database construction for interference mitigation

User positions
matching

: !

Get the beam set
for each group

User positions

Exhaustive search

A 4

Beam selection
for interference
mitigation

Beam set
for each group

Figure 2: Fingerprint-based beam selection to mitigate multi-user interference

3.1 Fingerprint Database Construction

In the offline phase, the fingerprint database is created. Generally, a fingerprint refers to some
characteristics of a channel at a given position. These characteristics may consist of the received signal
strengths from different access points [22] or the multipath signature of the channel from an access point
[23]. In this paper, a fingerprint refers to a set of beam indexes of transmission at a given position [24].

Two types of fingerprints are defined, and are characterized based on the storage method of the
measurement data. The first type is the user-based fingerprint. This method adopts the conventional
exhaustive-search-based beam sweeping, during which the base station periodically transmits reference
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signals (RSs) via each configured Tx beam. The user measures the reference signal received power (RSRP)
and transmits the optimal beam index back, along with the UE position, to the base station. Although it is
possible to store all the measurements of all the beams from each contributing user, it is unnecessary.
Only the measurements of the top-M beams require to be stored. This is because most of the beams do
not travel along any propagation path and have negligible RSRP. Therefore, there is no information
gained in retaining the data of all the beams. An example of a user-based fingerprint is shown as in
Tab. 1, where P, (u = 1, 2, ..., U) is the uth contributing user position and b (m = 1,2, ..., M)
is the m-th best beam of the uth contributing user.

Table 1: Example of user-based fingerprint

Position Best 2™ best ... m™best ... M best
P, bl B B . BM
P, bl B by b
P, bl B b B
Py b}, b2 v O e bY

The group-based fingerprint is created from the user-based fingerprint. The measurement data are
stored according to the best beam. This is because the direction of the beam or the number of beams
available is highly dependent on the user’s position. The users are grouped according to the best beam.
The number of groups is determined by the coverage of the base station. After grouping, all the beams,
except for the best beam, are sorted for all the users in each group based on the RSRP. Finally, the
fingerprint is constructed by resorting to a beam index of the order of the highest beam index for each
group. An example of a group-based fingerprint is shown as in Tab. 2, where G, (s = 1, 2, ..., §) is
the s-th group and b* (k = 1,2, ..., K) is the k-th best beam of the s-th group. This example utilizes
the top-K beams.

Table 2: Example of group-based fingerprint

Group Best 2"™best ... k-thbest ... K-th best
G, b} b3 oo B o X
G, b} b3 oo B o B
G, b! b? oo B o BE
Gs bl b2 bk LB

3.2 Beam Selection for Interference Mitigation

Owing to the readily available nature of position information as a built-in feature (e.g., global
positioning system or network positioning system) with an increasing degree of accuracy, it can be safely
assuming that the user is aware of their current position and feeds this information back to the base



CMC, 2021, vol.66, no.1 65

station. The base station then matches the contributing user position fed back by the user with the fingerprint
database. The contributing user positions in the fingerprint database are then matched sequentially. Matching
refers to the action of identifying the best-matched fingerprint user position in the fingerprint database having
the smallest error based on the current position of the user £,

P} = arg min|P; — Pu]2, ()
uel2,..U

where Py is the current position of the user k, P, is the contributing user position u, and P} is the best-
matched fingerprint position. Consequently, a matched fingerprint position that is closest to the current
position of the user can be obtained. The base station then matches the group according to the best-
matched fingerprint position.

After the matching process, beam selection for interference mitigation is performed using the
information contained in the group-based fingerprint database. Intra-group and inter-group interferences
exist in beamspace multi-user MIMO communications. Therefore, the beams are selected considering
both interferences. While the intra-cell interference is generated by beam sharing in the same group, inter-
cell interference is generated by beam sharing in the different groups. First, the beams used to cancel
the intra-group interference are selected. The number of users in s-th group Gy is k; and Ef:l ks =K.
From the group-based fingerprint database, the unshared beams for group G, are selected. The
beam set for group G, is By = {b!,b%,... bl}. The inter-group interference is then checked. If /
beams are already selected in the other group, the beams in the beam set are then deleted and replaced
with the next beams, b5/, i=1,...,I in the fingerprint database. The process is reiterated until
B, = J, where B, is interference beam set and I = |B;,| is the cardinality of B;,. Consequently, the
intra-group and the inter-group interferences are cancelled. We summarize the proposed beam selection
technique in Algorithm 1.

Algorithm 1: Proposed Beam Selection for Interference Mitigation

Input: Group-based fingerprint, P; (k = 1,2, ..., K)
Output: Selected beam set B,
Initialize: By, = @, B;,, = @and I =0

fors=1:S do
By = {bl,bl,... b
Bbs:BbsUBs

Bi, = Bps N Bg and I = ’Bin’
if Bps N Bi, # @ do

fori=1:1do
By = {By — By} U {b&™!, bt b5t
Bbs = Bbs U Bs
end for
end if
end for
Return By

4 Simulation Results

In this section, we evaluate the performance of the proposed fingerprint-based mmWave beam selection
technique using realistic 3D ray-tracing simulations.
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4.1 Simulation Setup

The simulation setup was based on the publicly available generic DeepMIMO [25] dataset, with the
parameters listed as in Tab. 3. These parameters were obtained using the 3D ray-tracing software,
Wireless InSite [26], which captured the channel dependence on the frequency. In particular, we
considered base station 4 in the street-level outdoor scenario “O1,” communicating with the mobile users
from row R1200 to R1500. The frequency of the mmWave was set at 60 GHz. Additionally, the base
station was equipped with a UPA antenna array with 8 x 8(= N, x N,) antennas. Each user was
equipped with one antenna. The development of the system model is described in Section 2. The channel
vector was constructed using parameters such as complex gain, azimuth angle, and elevation angle.

Table 3: DeepMIMO dataset parameters

Parameter Values

Carrier frequency 60 GHz

System bandwidth 500 MHz

Active base station 4

Active users From row R1100 to R2000
Number of base station antennas M, =1,M,=8, M. =38
Number of user antennas My=1,M,=1, M =1
Antenna spacing (in wavelength) 0.5

Number of paths 5

4.2 Performance Evaluation

The following schemes are simulated for comparison:

1. Fully digital BF system (Fully DBF). Here, every antenna corresponds to an RF chain, all the beams
are used to send data, and no beam selection algorithm is utilized.

2. Random beam selection (Random BS). The beams are randomly selected from all the beams in the
beamspace MIMO. Here, there is a likelihood that the same beam in the beamspace will be selected
for different users.

3. User-based fingerprint beam selection (User-FP BS). The positions of the users are matched with a
reference position in a user-based fingerprint database in order to perform beam selection. In the
matching process, the best beam for each user is obtained and selected. Here, there is a likelihood
that the same beam in the beamspace will be selected for different users.

4. Group-based fingerprint beam selection (Group-FP BS). The user’s positions are matched with the
group in a group-based fingerprint database in order to perform beam selection. In the matching
process, the beam set for each group is obtained. The beams are then selected to mitigate the
intragroup and intergroup beam interferences.

The sum-rate of the beamspace MIMO precoder are assessed. Since the main focus is on the beam
selection in the analog domain, a widely used zero-forcing precoder is utilized for the baseband and is

given as P, = oH, (PNIf'I:Ibf1 [27], where o is a scaling factor to ensure E[||x||2} =p and p is the

transmit power of the base station, which is equal to the transmit signal-to-noise ratio (SNR) for ¢2 = 1.
Thus, the factor « is given as:
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o= L ©)

w( (AfH,) )

When an equal power allocation scheme is utilized at the base station, the average rate of the & user is
obtained as:

2
o
Ry = log, (1 +%>. (10)

Then, the sum-rate is R = Zle Ry in [bps/Hz].

Fig. 3 shows the sum-rate against SNR, where K = 8 is the number of users. We can observe that the
proposed beam selection scheme (Group-FP BS) can achieve a higher sum-rate than random and user-FP BS
schemes, where the sum-rate gaps are about 30 bps/Hz and 41 bps/Hz at SNR 10 dB, respectively. This is
because the same beam will be selected for different users and the dimension-reduced beamspace channel
matrix H, will be rank-deficient in the case of random and user-FP BS schemes. This indicates that some
users cannot be served, leading to user unfairness and a significant performance loss in terms of the sum-
rate. In contrast, the proposed beam selection scheme guarantee that all K users can be served
simultaneously with a sum-rate close to that of a fully digital system. The dimension-reduced precoding
matrix P, is able to closely approximate their fully digital precoding matrix P.

120 T T T T T T T T T

————— Fully DBF
110 | —©— Group-FP BS ____—-—:
—~A— User-FP BS __.—-"
-
——f— Random BS ‘_,-—"'

100

90

80

70(

Sum rate [bps/Hz]

SNR [dB]

Figure 3: Sum rate against SNR, where the number of users is K = 8

To evaluate the trade-off between the performance and RF complexity in practical implementation, the
energy efficiency obtained using the different beam selection schemes are shown in terms of the number of
RF chains required. The definition of energy efficiency used in [28] are applied as follows:



68 CMC, 2021, vol.66, no.1

R
P+ Ner - Prr’ (an
where R represents the sum rate in [bps/Hz], P; is the transmitted power of the system in [W], and Py is the
power consumed in the components per RF chain in [W]. We use the practical values of Pgr = 250 mW
(which accounts for the mixer, digital-to-analog converter, and filters) and P, =1 W (30 dBm). These
metrics are particularly useful to show the effects of the selection of a decreased number of beams on the
power required by the system, in addition to the effects on the average sum-rate of the system.

Fig. 4 shows the energy efficiency against SNR. We can observe that the proposed beam selection
scheme (Group-FP BS) achieve a higher energy efficiency than to the random and user-FP BS schemes.
In addition, it can achieve a much higher energy efficiency compared to the fully DBF scheme, where the
number of RF chains is equal to the number of base station antennas, which leads to very high energy
consumption. In contrast, in the proposed beam selection scheme, the number of RF chains is much
smaller than the number of antennas. Therefore, the high energy consumption caused by the RF chains
can be significantly reduced in comparison with that of the fully DBF scheme.
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Figure 4: Energy efficiency against SNR, where the number of users is K = §

In summary, the proposed beam selection scheme can effectively select a beam, with low complexity. In
addition, the proposed scheme can effectively mitigate the influence of beam interference and thus improve
the performance of the system.

5 Conclusion

In this paper, a fingerprint-based mmWave beam selection technique consisting of offline and online
phases was proposed by considering the potential multi-user interferences. In the offline phase, a user-
group-based fingerprint database was constructed. In the online phase, the beam set for each group was
obtained from the fingerprint database. Later, the beams were selected in order to eliminate the intragroup
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and intergroup beam interferences. The simulation results confirmed that the proposed beam selection
scheme could achieve a sum-rate performance close to that of a fully digital system, albeit with a higher
energy efficiency.
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