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ABSTRACT

Hybrid beamforming (HBF) for space division multiple access is a promising technique to improve the
capacity of the downlink multiuser multiple-input multiple-output system by exploiting the advantages of smart
antenna technologies. This paper considers an M (the number of transceivers) by N (the number of antennas per
transceiver) HBF structure, where the total M:N antennas are implemented as a uniform circular array antenna. A
user selection algorithm in the HBF system is important to achieve spatial and multiuser diversity. To achieve
spatial and multiuser diversity, a base station in the HBF system selects multiple users who have high channel
gain, taking the channel clustering nature into consideration. Users report the channel state information that was
calculated taking the angle-of-departure (AOD) into consideration and the base station selects multiple users to be
served on the basis of the received channel state information from users. This paper mathematically derives the
capacity of the HBF system and evaluates the performance of the HBF system in terms of the number of AOD

representation bits, the number of transceivers, and the number of antennas per transceiver.
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I. Introduction

A hybrid beamforming (HBF) technique proposed
for space division multiple access (SDMA) increases
downlink
multiple-input multiple-output (MIMO) system by

the capacity of the multiuser
using smart antenna technologies. In a practical
massive MIMO deployment, hybrid digital and
analog beamforming structures with massive
antennas are an alternative choice. In the HBF
system, massive antennas of a base station (BS) are
divided into a number of transceivers, each of which
is a subset of the massive antennas'’. If the BS
knows the channel state information (CSI) of all the
users, it can achieve high system capacity by
selecting the users having a high channel state™.
The BS broadcasts the pilot signal and users report
their CSI to the BS on the basis of the received
pilot signal. On the basis of the CSI fed back by
users, the BS selects users to be served in the
downlink, where the number of users that can be
served at the same time is dependent on the number
of transceivers at the BS. However, in a practical
system, because the number of feedback bits is
limited, a BS knows the partial CSI fed back by
users. If the BS wants to know the accurate CSI, the
number of feedback bits should be very large.
However, as the number of feedback bits increases,
the signaling overhead also increases. Therefore, it is
essential to reduce the number of feedback bits
while providing a high system capacity”™*..

To the best of our knowledge, few studies related
to the user selection algorithm that take the effect of
feedback representation bits into consideration in the
HBF system have been reported. However, for
SDMA systems, many researchers have proposed
various user selection algorithms on the basis of the
pilot signal to increase the system capacity with the
limited feedback™®. In [7], a BS broadcasts a pilot
signal to all the users and wusers report their
signal-to-noise ratio (SNR) information to the BS.
The BS selects the user who has the highest SNR
for each frame. However, in the user selection
algorithm of [7], the increase of the system capacity
is limited because the number of users to be served
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in a frame is fixed to one regardless of the number
of the BS antennas. In [8], a BS transmits different
pilot signals to users during multiple slots and the
BS selects multiple users on the basis of the CSI fed
back by users. However, because the BS broadcasts
multiple pilot signals, the signaling overhead
increases. The authors of [9-11] theoretically
analyzed the capacity of the SDMA systems with
and without limited feedback bits taking various user
selection algorithms into consideration.

In practical SDMA systems, the signal propagated
from the BS is concentrated on the group of
scatterers and reflected to the designated user. That
is, in an SDMA system, the scatterers are not
uniformly distributed but concentrated in some
clusters. This phenomenon is called the channel
clustering nature'”. If a BS takes the channel
clustering nature into consideration when it transmits
data to users, users can increase the received signal
power by combining the multiple signals from the
multi-path, and the system capacity thereby
increases. The authors of [13] showed that, even if
the number of users is small, the BS can achieve a
high system capacity if the BS selects users to be
served taking the channel clustering nature between
the BS and users into consideration. However, the
authors of [13] did not take the structure of an HBF
system into consideration and moreover they failed
to derive a mathematical form of the system
capacity. In [14] and [15], the authors proposed a
user selection algorithm and analyzed the capacity in
the HBF systems, respectively. However, the authors
of [14] and [15] did not take the clustering nature
into consideration.

This paper analyzes the capacity of an HBF
system taking the channel clustering nature into
consideration, where a BS broadcasts multiple pilot
signals and selects multiple users to be served on
the basis of the CSI fed back by users. This paper
theoretically derives the capacity of the HBF system
with a uniform circular array (UCA) antenna, under
the assumption that there is no interference between
users that are served by the BS. Moreover, this
paper evaluates the performance of the HBF system
in terms of the number of feedback bits, the number
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of transceivers, and the number of antennas per
transceiver.

The remainder of this paper is organized as
follows: Section II gives a description of the system
model. Section Il analyzes the system capacity
taking  the
consideration. Section IV shows the analytical and

channel clustering nature into
simulation results, and finally Section V concludes

the paper.
II. System Model

2.1 A System Description

This paper considers a downlink of an HBF
system with A users. As shown in Fig. 1, an M
(the number of transceivers) by /V (the number of
antennas per transceiver) hybrid BF structure is
investigated in the downlink. The BS consists of the
total A7+ N antennas implemented as a type of
UCA antenna. The circular radius of the UCA
antenna is set above five times the wavelength at the
center frequency in order to reduce the correlation

161 Each transceiver consists of NV

among antennas
antennas uniformly selected among /- /V antennas.
Each user is assumed to be equipped with a single
antenna.

For every frame, the BS separately transmits data

to M users at the same time by using a spatial
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multiplexing technique with A/ transceivers M we
assume that there is no interference between users
that are served by the BS because the interference
may be resolved by wusing the interference
cancelation algorithms such as a zeroforcing

beamforming technique[ 15191

When a single data
stream from /V antennas in a transceiver is
considered, the received signal of the kth user who
receives data from the mth transceiver can be

expressed as

— a N
ym,k - pm‘k hm.,kvf\'(em)lnuk + ’ka,, (1)

where p, ;. is the large scale fading that was

calculated taking the pathloss and the shadowing
into consideration, h,,, which is the /NX1
multiple-input  single-output (MISO) block-fading
channel vector between /V antennas in the mth
transceiver and the Kkth wuser, is given by
By = [hihy-- hy]™ . 6, is the AOD from the
mith transceiver, v,(6,,) is the UCA steering vector
from N antennas in the mth transceiver, z,,, is the
data signal from the mth transceiver to the kth
users, 7, is the noise of the kth user, and [-]7is
the transpose. The UCA steering vector from /N
antennas in a transceiver, v,{(#), which is known to

both the BS and users, is given by
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Fig. 1. An M by N HBF system model with a UCA antenna, where each of the A/ transceivers is connected with NV

antennas
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where v is the wavenumber, R is the circular radius
of a transceiver that is implemented as a type of
UCA antenna, 6 is the AOD of the user, and ¢, is
the angular position of the mnth antenna in a
transceiver”". The channel environment is assumed
to change independently and identically between
consecutive frames. Moreover, this paper assumes
that the BS successfully receives the feedback
information without error from users.

This paper considers AODs in the horizontal
plane but does not consider them in the vertical

21 ..
U addition, we assume a narrowband

plane
channel. As shown in Fig. 2, each downlink frame
consists of a pilot period and a data transmission
period". The length of a downlink frame is 7" and
the length of the pilot period is 7. Therefore, the BS
transmits data to users for the duration of 7'—7.
The BS transmits } pilot signals at A/ transceivers
during the pilot period and each user estimates the
M channel states from A/ transceivers of the BS on
the basis of the received M pilot signals. Each user
reports its CSI to the BS via the feedback channel,
where the CSI consists of two kinds of information,
the AOD and SNR of the strongest beam among M
received pilot signals.

2.2 CSI Feedback

The CSI reported by the kth user consists of pairs
of the AOD and SNR of the strongest beam among
M received pilot signals. Let the CSI of the kth
denoted by

CSI,. = {(Gi.kﬁuik)’(Qz,k’“;k)f "a(ej\zkn/ﬁj/,k) }’ where

user be

<
<

A 4

Pilot period Data transmission period

< >
< »

T

Fig. 2. A downlink frame structure
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anﬁk and u:,,wk respectively represent the AOD and
SNR of the strongest beam among the pilot signals

received from /V antennas of the mth transceiver.
If NV antennas in the mth transceiver at the BS

send a pilot symbol s,,, then the received signal of

m?2
the kth user who receives a pilot signal from the m
th transceiver is given by

— T pilot
Yk — pm,k’ h’m.,kv‘\’(eﬁrlz ’ )Sm + Ny (3)
The channel vector h,, , is given by

IO, 1k
al.m, l,ke

JO1 2,k
al,rm?.ke
k .

Vy
hm,k = 12: JPtmon.

U Qo n, k€

“

JPt,m, Nk
Q¥ m, NKE

where L, is the number of all multi-path
components between the BS and the kth user. Z, is

the same for all transceivers because the transceivers

are located in the same BS. Let the symbols o, , «
and ¢,,,, . respectively represent the amplitude and

phase of the Ith multi-path component between the
nth antenna of the mth transceiver and the kth
user™. Bach user is assumed to know the pilot
symbols and the AODs of M pilot signals. The

estimated channel between the mth transceiver and

the kth user, f;m‘k., is given by

AL =2ty (o), 5)

m

where 67" is the pilot signal’s AOD from the mth

transceiver and ( - ) is pseudoinverse. By using the
simple beamscan algorithm on the basis of the
space-alternating generalized expectation-
maximization (SAGE)"™”, the AOD of the beam that
has the highest channel state between the mth
transceiver and the kth user can be expressed as

follows:
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where | - | is the absolute value. In (6),
lAz,{‘,‘,vA(G,"‘k) represents the channel state between
the mth transceiver and the kth user at the AOD of
6, without consideration of the large scale fading.
Consequently, the received SNR of the strongest
beam at the kth user who receives the pilot symbol
from the mth transceiver is given by

2
>

* _ "T *
l‘L77LJ€ - pm.,k‘hm,ka(em‘k) (7)
For every frame, each user reports the AODs and

SNRs of the strongest beam at each transceiver to
the BS, where a pair of (G;_k, ,u;_k) are respectively
calculated from (6) and (7) for m =1,2,---,M.

2.3 User Selection

The BS serves up to A/ users among A candidate
users via A/ transceivers by wusing the spatial
multiplexing technique. In order to maximize the
system capacity, for every frame, a user who the
highest SNR at each transceiver is respectively
selected for downlink data service where the SNRs
of users are calculated taking the AOD-based
channel clustering nature into consideration
according to (7). The BS transmits multiple data to
the selected A/ users through A/ data streams
formed by using the AODs reported by the selected

users.
. Capacity Analysis

For the mth transceiver, the selected user’s SNR
is the maximum value among the SNRs of the
strongest beams of the users who receive data from
the mth transceiver, ie.
*yfn :max(u;‘pufn_’?,---,u:,q K). Let the probability
density function (pdf) of the SNR of the selected

user at the mth transceiver be denoted by fv' ().

The system capacity can then be expressed as

follows:

M o
C=(T-7); / logy(1+7)f - ()dv, ®)
0

m=1

Because of the assumption of the i.i.d channel
among transceivers, this paper focuses on the single
stream generated from /V antennas of the mth
transceiver. For simplicity of notation, we omit the
scripts m and k, which respectively denote the mth

transceiver and the kth user, in f,, ., 0 Pon.1» and

m.k>
h,, ;- Each transceiver selects a user who has the
highest SNR and it transmits data to that user by
using the AOD of the strongest beam between the
transceiver and that user. Hence, the received SNR

at the user can be expressed as follows:

=L max|¢(0)F, ©)

=N

where (,{6), which is derived in Appendix I, is

the channel state that does not consider the large
scale fading of the AOD of 6. (\(f) is given by

N
Cl\(g): Z (a’}Ql.n +b/2b,u>+
n=1

((,tm st
s

2%1 (NZH v, CO8 (6(9)))—

n=1 (10)

n =1

ae)

N—1[N—n
2y ( > ﬁ;,sin(é(e))),

n =1\n=1

V()

where «;,, and [3,, are the real part and the

imaginary part of the channel vector between the n
th antenna and the user. The distribution of « , and

B, is determined by the channel environment.

Additionally, «,, 8,, and §(6) are

Qp = ah:"ah.,nJrn’ +bh>nbh,‘n+n” (11)

ﬁh = ahv”bh,nJrn’ 7ah.,n+n’bh,n+n’7 (12)

6(9)_ 47TRW. (gOn#n'i(Tgn)‘. 0— <Tgn,+n'+(*gn) (13)
- )\ S 72 s 72 )
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where A is the wavelength at the center frequency.

Therefore, the optimal value of 6, 9*, is given by

0" = argmax (,(0)

N—1[N—n
=argmax| 2 Z ( E ahcos(é(ﬂ)))—
n=1\n= L > (14)

N—1[N=n )

2371 Y B,sin((6))

n=1\n=1

For the particular case of V=2, i.e., the number

of antennas per transceiver is two, CQ(G) can be

simplified as

CQ(G): a}2z,1 +b%z,1 ""1121.2 + b}2112 +

G
2acos( 4§Rsin(0*%))*
(15)
¢V (0)
265in( 47;Rsin(9 - %)),
&)

where o is a0, ,+b,,0,, and (G s

var

ay, 1by, o —ay by, 1. In (15), G (f) can be expressed

by
R . T
51n(0 5))

G (0)=2acos ( im

Qﬁsin( 47rRsin(9— %)) (16)
=2vVa*+ 4 -
cos( 7;\Rsin(e—% —tanfl(g)).

var

Because (5" (0) is the general form of a cosine

function, ;‘"(0)‘ has the maximum value when
the d¢y"(0)/df =0. Therefore, the optimal value of

0 that maximizes the SNR in (9) is obtained by
solving d(,(#)/d9=0. The derivation of (15),

which is derived by Appendix II, is given by

) S| 4§Rbin(9”))m((aﬂ)

do A
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Hence, the optimal value of 6, 9*, can be

expressed as follows:

0 = argmax (,(6)

=sin71( ifcw”fl(—ﬁ))Jr1 (18)
a 2

4R

Consequently, from (9), if the kth user receives
data from the mth transceiver, the received SNR of

the strongest beam of the kth user is given by

* pm#k * 2
o e = T‘Q\(Qm.k)‘ (19)
where 6, , is obtained from (18).

Let the pdf and the cumulative distribution
function (cdf) of ,u;’k be denoted by 9, k('y) and

G,,* (), respectively. Because each transceiver
‘m, k

selects the user who reports the highest SNR for
each transceiver, the pdf of the SNR of the selected

user can be expressed as

by the statistical order. By substituting (20) into

(8), we can calculate the system capacity.
IV. Numerical and Simulation Results

The system capacity of the downlink of the HBF
system with A users has been evaluated. The BS
has A/ UCA transceivers, where each transceiver
consists of /V antennas, and therefore the BS has a
total of A/ - N antennas. Each user is equipped with
a single antenna. The parameters used in the
simulation are summarized in Table 1.

Figure 3 shows the capacity of the HBF system
when the total number of antennas is /- N=16.
As the number of users increases, the system
capacity increases because of the user diversity. As
the number of transceivers, A/, increases, the HBF

system achieves spatial multiplexing gain because it

www.dbpia.co.kr
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Table 1. Simulation parameters

Item Value
Center frequency, 1/ 2 GHz
The radius of a UCA antenna 1 meter
Distribution of large scale fading, p, Gaussz]a; oD

Channel model Winner model

. . Suburban and
Propagation condition

NLOS
The number of multi-path components 20
per link, Z,
Ratio of the pilot period to the frame 0.92
duration, 7/ 7 :
35 T T T T T T ’Ik.ﬂ I
& oy
30 b ]
. i
= il
i
L osp— B
[}
o
=2
o 20} :
= A ;i . A A ., ¢
g 15 |
Q.
(W]
o
€ 10| ’
]
B —o—M=16, N =1
@ 5| —o-M=8 N=2 | |
A-M=4, N=4
M=2 N=8
0 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50

Number of users, K

Fig. 3. The system capacity when the total number of
antennas is 16

serves multiple users at the same time. Additionally,
as the number of antennas per transceiver, NV,
increases, the HBF system achieves beamforming
gain. When the total number of antennas, A7/ - N, is
fixed, there may be a tradeoff between the spatial
multiplexing gain and the beamforming gain.
However, the spatial multiplexing gain is superior to
the beamforming gain for A/ > 2. For example,
when A= 50, the HBF system with (M/=8, N=2)
improves the capacity by about 79% in comparison
with the system with (A/=4, N=4), and by about
223% in comparison with the system with (A/=2,
N=28), respectively. However, the capacity of the
HBF system with (A//=16, N=1) is less than that
of the HBF system with (A/=38, N=2) because the

system does not achieve beamforming gain due to

the AOD based channel clustering nature. Hence,
when the total number of antennas is fixed, the
values of A/ and NV can be adjusted according to the
trade-off between the spatial multiplexing gain and
the beamforming gain, taking the implementation
complexity into consideration.

Figure 4 compares the capacity of the HBF
system with and without AOD. In the HBF wjo
AOD, each user reports the received SNR to the BS,
where the SNR is calculated on the basis of only the
estimated channel without consideration of the UCA
steering vector. Hence, in the HBF w/o AOD, the
beamforming gain decreases because the system
does not take the channel clustering nature into
consideration. When A/=8 and N=2, the capacity
of the HBF w/ AOD is greater than that of the HBF
w/o AOD by about 24.9%; when /=4 and N=4,
the capacity of the HBF w/ AOD is greater than that
of the HBF w/o AOD by about 52.8%.

Figure 5 shows the capacity of the HBF system
with four transceivers as the number of antennas per
transceiver increases. As the number of antennas
increases, the accuracy of the estimation of AOD
and the beamforming gain increase. Consequently,
the capacity also increases. In particular, when
K=50, the capacity of the HBF system with N =38
is greater than that of the HBF system with N=4
by about 11.2% and it is greater than that of HBF
system with V=2 by about 23.8%, respectively.

Figures 6 and 7 show the capacity of the HBF

3 ; r T . : : : J
o
V) R SN ]
) et
L o5t o e - . h
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o
L
G2t ]
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o
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g 10 F . 7
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—A—HBF wio AOD, M=4, N=4
0 I 1 1 T . - -
5

10 15 20 25 30 35 40

IS

50
Number of users, K

Fig. 4. The system capacity according to the
consideration of AOD
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system according to the number of AOD

representation bits for the following two cases:

644

(M=8, N=2) and (M=4, N=4). The value of
the user’s AOD is equally quantized in a range from
0 to 360 degrees according to the number of AOD
representation bits. The analytical results assume that
the number of AOD representation bits is infinite.
The quantization error due to the limitation of the
AOD representation bits leads to performance
degradation. As shown in Fig. 6, in the HBF system
with (M=8, N=2), the system capacity degrades
by about 2.7%, 1.0%, 0.2%, and 0.1% when the
number of AOD representation bits is 2 bits, 4 bits,
8 bits, and 16 bits, respectively. Moreover, the
performance degradation due to the limited AOD
representation bits is dependent on the number of
transceivers and the number of antennas. As shown
in Fig. 7, in the HBF system with (M =4, N=4),
the system capacity degrades by about 7.3%, 3.8%,
0.5%, and 0.2% when the number of AOD
representation bits is 2 bits, 4 bits, 8 bits, and 16
bits, respectively. However, as shown in Fig. 6 and
Fig. 7, the performance degradation due to the AOD
representation bits is negligible.

V. Conclusion

This paper analyzed the capacity of an HBF
system taking the channel clustering nature between
the BS and users into consideration. The downlink
performance of the HBF system with a UCA
antenna was evaluated in terms of the number of
UCA transceivers, the number of antennas per
transceiver, and the number of AOD representation
bits used by users. As the number of transceivers
increases, the system capacity linearly increases with
adoption of a spatial multiplexing technique.
Similarly, as the number of antennas increases, the
system capacity also increases. For the case where
the number of transceivers is 4 and the number of
antennas per transceiver is 4, the BS increases the
capacity by about 52.8% when the BS selects users
taking the AOD based channel clustering nature into
consideration compared to when the BS selects users
without considering the AOD based channel
clustering nature. Moreover, as the number of AOD

representation bits increases, the estimation accuracy
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of the AOD of the strongest beam increases, and follows:

therefore the system capacity also increases.
2
. L a,, :cos( i cos(o9—<pn))v (A-4)
Appendix 1: The derivation of the ' A
received SNR at each user o

o =sin( T cos(@—gpn)), (A-5)

From (7), the received SNR at the kth user who

receives data from the mth transceiver is given by

.u:l,.k = pmfkmax|hr]n:kvf\’(9m) |2 2 (A 1)

where complex values of v,(6,,) and h,, , can be

m,
expressed as a complex form, a+bi.

For simplicity of notation, we omit the subscripts
m and k, which respectively denote the mth
transceiver and the kth user. When the number of
antennas per transceiver is /V, the received SNR at
each user can then be expressed as

max (%.1 +b,,/.11i s Ay, vt b,{,_wi) .

(ah.l—i_bh,li] (A2)

a, yt b, At
(®

=[>

y=

where a,, and b,, are the real part and the
imaginary part of the steering vector between the n
th antenna and the user, respectively. Also, a;, , and
b, , are the real part and the imaginary part of the
channel vector between the nth antenna and the
user, respectively. The parameter (,(f) can be

expanded as

ahr(alhﬂalml + n' + blhnblun + n'))i (A3)

N—n
2 Z ( E ﬁ/’!r(alhﬂb@',n+nyiav<n+nyb7~'="))7

n=1

where Qp 18 ah-ﬂah.,nJrn’+bh~nbh‘n+n’ and ﬁh 1S

by, ,- Additionally, a,, and b,

ah~77b/1,n +n’ - ah,¢n+n 51
can be derived from the UCA steering vector

function. Hence, a,, and b,, can be expressed as

where A is the wave length at the center frequency
and ¢ =2mn/N is the angular position of the nth
antenna for n=1,2,---,N. From (A-4) and (A-5),
we can simplify (A-2) as

where §(0) is given by

S‘DH n'_(pn
s(0)= 121 sin( = ) :
A7
. ( (PnJrn' +(P“ ) ( )
sin|6— 2

Appendix II: The derivation of the
received SNR at each user when N=2

When the number of antennas per transceiver is
two (N=2), the user’s SNR is

p . .
Y= 5 max (a’z'-,l +bv,17' av,Z +bz',2?) P
a1 Ty 41 , (A'8)
ap, g+ 0y 5t

[40)

The parameter (,(#) can be expanded as

CQ(‘Q): al27,41 + b%@ + ai,z + bi27,42 +
200(a, 10,5+, 1by5)— (A-9)
Qﬁ(avﬂbv,l - a’z'.,va,l)’
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where o s and [ is

ay, b, o —ay by, . From (A-4) and (A-5), we can

1,0 T 0p,100
simplify (A-9) as

(2(9): a127,,1 +bi27“,1 +a%_2 +b127,,2 +

5 ‘(4”R‘in(9_£))_
QCcos h S 9 (A-10)
2ﬂsin(47rRsin( —1) .
2
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