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Abstract A sectorization method using the uniform circular array (UCA) is proposed to improve the net
spectral efficiency (SE) of the multicell massive MIMO system, which is an important index for evaluating
the performance of a communication system. We derive the ergodic achievable uplink net SE per cell of a
general sectorized system and obtain its deterministic approximation based on the large random matrix theory.
Different weight matrices are considered for the sectorized system and the one with the best performance is
utilized for further analysis. The consistency of the deterministic approximation with the result of Monte-Carlo
simulation is proved at the same time. At last, numerical results indicate that the net SE per cell can be greatly
improved compared to the conventional multicell massive MIMO system, which validates the effectiveness of the

sectorization method. Moreover, comparisons with other pilot reuse methods are also made in this paper.
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1 Introduction

In a large scale multiple-input multiple-output (MIMO) or massive MIMO system, the base stations
(BSs) are equipped with hundreds of antennas and tens of single-antenna users can be simultaneously
served by each BS. Compared with conventional MIMO, massive MIMO can greatly improve the system
throughput or link reliability [1], so it has attracted much greater attention recently.

Channel state information (CSI) plays a key role in the multiuser MIMO system, since it is utilized to
get the transmission data for both uplink and downlink. Under time division duplex (TDD) mode, due
to channel reciprocity, CSI can be obtained by only uplink training. To guarantee more accurate CSI for
each user, orthogonal pilots are generally used in each cell, thus the length of pilots should be at least
equal to the number of users in each cell [2]. As the number of users increases, a great proportion of
channel coherence interval (defined as the product of coherence time and coherence bandwidth) will be
spent on uplink training, which finally limits the system net spectral efficiency (SE).
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On the other hand, considering the multicell scenario [3], when different cells share the same set
of pilots, it will cause pilot contamination among different cells, which introduces a bad effect on the
accuracy of CSI. A simple solution is to use different sets of pilots which are mutually orthogonal among
adjacent cells [4]. When the pilot reuse factor among different cells is 3 or bigger, the home cell can be
surrounded by non-contaminating cells, but a much greater proportion of channel coherence interval will
be spent on uplink training, so it is urgent to reduce the pilot overhead. In this paper, we focus on the
pilot reuse among users in the same cell.

In [5], a pilot reuse scheme was proposed for users in the same cell, which utilizes the channel covariance
matrix of all the users, and the users with the most different spatial features will share the same pilot.
The spatial feature is corresponding to the signal subspace of the covariance matrix. The method can
reduce the pilot overhead a lot and guarantee the channel estimation accuracy, thus improving the net
SE. However, it requires to estimate the channel covariance matrices of all users in advance and execute
the user grouping algorithm, which is of high computational complexity.

Under the condition when the signal angle spread of all users is small enough, there exists an exact
relationship between the location of each user and its channel covariance matrix, and the covariance matrix
is sensitive to the location of the user. A sectorization method proposed by [6] utilizes this feature. It
partitions the cell equally into several sectors and each sector serves multiple users simultaneously. The
net SE of each cell can be greatly improved due to pilot reuse among different sectors in each cell. An
analysis under multicell scenario was done in 7], which considered full pilot reuse among different cells.
However, it is not feasible for a practical massive MIMO system to utilize the uniform linear array (ULA)
as described in [6,7].

In this paper, the uniform circular array (UCA) will be used in the sectorized system, which has a
much better symmetric property and can save much space for the deployment of the BS compared with
the ULA. The basic idea of the sectorization method is introduced. Then we derive the ergodic achievable
net SE per cell of the uplink under the general condition that the pilots are reused among different sectors
in one cell and different cells, and its deterministic approximation is obtained by using the large random
matrix analysis methods introduced in [8], which is validated using the Monte-Carlo simulation results
under the condition of full pilot reuse. Several specific sectorization weight matrices are considered and
the one with the best performance will be utilized for further analysis. At last, the performance of the
sectorized system under multicell scenario is evaluated by comparing with that of other systems, including
the conventional multicell massive MIMO system and the systems introduced in [5,7].

Notations: Vectors are column vectors and denoted by lower case boldface and italic: . Matrices are
upper case boldface: A. I, is the size-M identity matrix. The trace, transpose and Hermitian transpose
are denoted by tr(-), (-)T and (-)¥, respectively. The 2-norm of a vector z is denoted by ||z|. CN(0, %)
stands for the circular symmetric complex Gaussian distribution with mean 0 and covariance matrix 3.
E[] is the expectation operator and E[-|-] denotes the conditional expectation operator. ﬁ) denotes
almost sure convergence of a stochastic sequence. (-) is used to obtain the real part of a complex value.

2 System model

A multicell massive MIMO TDD system consisting of L(L > 1) cells is considered. The BSs equipped
with large M-antenna UCAs are deployed at the center of each cell, and each cell serves K single-antenna
users. Assume that all the BSs and users are perfectly synchronized and channels for different users
are independent of each other. Transmissions over flat fading channels are under consideration and the
spatial correlation channel model [9,10] is utilized.

2.1 Channel model

The uplink channel gain vector between the k-th (kK = 1,..., K) user in the [-th (I = 1,...,L) cell and
the j-th (j =1,...,L) BS is modeled as

1
hjie = Rk (1)
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where v, ~ CN(0,Iy) is the spatially white channel vector, and R, = E[hjlkh%k] is the channel
covariance matrix. For a UCA, we have R = BE{a(0;)[a(0;)]"} (see [10] for details), where
Bk = zd]_lz is the slow fading coefficient, including pathloss dj_lz (v is the pathloss exponent) and
shadow fading z, 6 is a random variable with a certain distribution, describing the signal angle of
arrival (AOA) from the k-th user in the I-th cell to the j-th BS, and

[a(8)],, = an(6) = (9 - %ﬂ(m ~ 1)) o—kr cos(9—2F (m—1) @)

is the active element response of the m-th element (m = 1,..., M) in the array [11], where k = 27t/ is
the wavenumber and 7 is the radius of the UCA ).

2.2 Benchmark system

In the conventional system, users in each cell transmit mutually orthogonal pilots to obtain the CSI at the
BS, and full pilot reuse is assumed among different cells. Such a system is referred to as the benchmark
system in the following analysis.

2.2.1 Uplink transmission

For each use of the channel in uplink transmission, the signal vector received by the j-th BS is

y; = VPuHjjz; +\/pa Yy Hjz +n;, (3)
I#j
where Hj; = [hji1,...,huk] € CM*K s the channel matrix between users in the I-th cell and the j-th
BS, z; € CE*! is the transmitted signal vector of users in the j-th cell with i.i.d. zero-mean and unit-
variance elements, and n; ~ CN(0, I) is the normalized noise vector at the receiver. The scalar py
denotes the uplink receive signal-to-noise ratio (SNR).

2.2.2  Channel estimation

During the uplink training phase, the users in each cell transmit mutually orthogonal pilots so as to
estimate the channel matrix at the corresponding BS. The same set of pilots are reused in all the cells,
so the channel estimate is interfered by training signals from other cells.

By correlating the received training signal with the pilot of the k-th user in the j-th cell, the j-th BS
estimates the channel vector h;;; based on the observation yﬁ € CMx1 given as

1
tr tr
Y. =hjir+ hj, + —nj, 4
jk JJ lz]: J e Jk (4)

where nﬁ ~ CN(0,Iy;) is the normalized training noise vector and py, is the effective training SNR,
which depends on the pilot transmit power and the length of pilots. Assume that py, is a given parameter.
The MMSE estimate of h,jx is given by [8]

hije = RjnQiry 5 (5)
which is distributed as ﬁjjk ~ CN(0,®;,). Here we have
D = R Qi R, Vi, 1k, (6)

-1
1 .
Qjr = <Z R, + p_IN> , Vi, k. (7)
1 tr

Define estimation error as ﬁjjk = hjjx — hj;jr. Due to the joint Gaussianity of both the estimation
and the estimation error vectors, hj;, ~ CN(0, Rj;i — ®;ji) is independent of h ;.

1) In this paper, we only consider the azimuth domain, and the extension to both the azimuth and elevation domains
can be easily achieved by replacing the UCA with a uniform cylindrical array.
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2.2.3  Achievable uplink spectral efficiency
Consider the MMSE detection of ;. The detector for the k-th user in the j-th cell is

—1
" 1 .
Tk = (Hjojj +Z; + p_lIM) Rk, (8)

where Z; is the covariance matrix of channel estimation error and inter-cell interference, given as

Z;=E |H;;H};+» H;H]
1%

=D (Rjjm = Bjjm) + Y D Riim. (9)

l#j m
Using a standard bound given by [12] based on the worst-case uncorrelated Gaussian noise, the ergodic
achievable uplink SE of the k-th user in the j-th cell is given by
Che =E [logy (14++5)], (10)

where '73}')15 denotes the signal-to-interference-plus-noise ratio (SINR), given by

bk _ |T]Hk hjjk |2

Vik = q (7 iH - o 1
E [Tjk (hjjkh’jjk + 22 HHy — hjihigy, + p—IN> Tk

ul

(11)

ij}

The superscript “bk” refers to the benchmark system. The deterministic approximation of 7;)157 denoted
by ’y;?lf, can be found in [8, Eq. (25)]. Considering the overhead of pilot, we can get the achievable net
SE of the j-th cell,

bk TPk = bk
R; <1 T )Z% (12)
¢/ k=1

Pk is the pilot length for the benchmark system and T} is the length of coherence interval.

where 7

3 Sectorization method

Instead of using the ULA like [6,7], the UCA is considered in the sectorized system. Because the UCA
is more symmetrical than the ULA, which means a more uniform angular resolution can be achieved by
the UCA.

Consider a spatial filter for the UCA with the weight vector wy = [wo,ws, - . .,war—1]7 € CM*! which
is called the basic weight vector. The spatial response of the basic weight vector can be denoted as

M—1
2 : 2n
ui(0) = wila(h) = Z Win 1 (9 — Mﬂ(m — 1)) o ikr cos(0=FF (m—1)) (13)
m=0

Shift the elements of w; by b times with shift step length s, another weight vector can be obtained:
Whi1 = (WM sy -y M1, 00, W - - - s WM—bs—1] - (14)
Thanks to the symmetric property of the UCA, the corresponding spatial response of wy 1 is given by
ub+1(9)u1<9—>,1§b§M/s, (15)

which rotates in the azimuth domain and the rotation angle is proportional to the shift length bs. There-
fore, by designing w1, we can get several beams uniformly distributed in the azimuth domain. Then we
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divide the azimuth domain into several sectors, and the beams are assigned to the corresponding sectors.
In order to control inter-sector interference, the beams at the edge of each sector will be discarded. Assume
that the weight matrix containing the weight vectors of the effective beams in the ¢-th (¢ = 1,...,Q) sec-
tor is Wy = [W(g—1)M/Q+imims - - - » @(g—1)M/Q+imax) € CM B (B = imax—imin+1, 1 < imin < imax < M/Q),
where @) is the number of sectors, iy, is the minimum index for the effective beams in the first sector,
and 4max 1S the maximum index for the effective beams in the first sector. Each sector serves K’ users
simultaneously, and the total user number is K = QK’. Other parameters such as the cell number and
the BS antenna number are the same as described in Section 2. The signal received by the g-th sector of
the j-th BS can be written as

H H H H
Yiq = ,/pHIWq Hjjqil:jq + E ,/pHIWq Hjjpil:jp + E E \/pu1Wq Hjlpil:lp +Wq n;, (16)
=
desired signal e 7P
inter-sector interference inter-cell interference
’o. . :
where H i, = [hjip1, ..., hjipr] € CM*K" is the channel matrix between users in the p-th sector of the

I-th cell and the j-th BS, z;, € CE'*1 is the transmitted signal vector of users in the p-th sector of the
j-th cell with i.i.d. zero-mean and unit-variance elements, and n; ~ CN(0, Iys) is the normalized noise
vector at the receiver.

4 Uplink spectral efficiency derivation with sectorization

In this section, the ergodic achievable uplink net SE of each cell in the sectorized system and its de-
terministic approximation will be derived. Considering the general condition, we assume that the pilot
reuse factor among different cells is @ and the pilot reuse factor among different sectors in the same
cell is 8. Users in each sector use orthogonal pilots, so the minimum length of the pilots is a8K’. Let
Co (@=1,2,...,a) and C represent the index set of the cells in the a-th group and the index set of all
the cells, respectively. Let S, (b = 1,2,...,3) and S represent the index set of the sectors in the b-th
group and the index set of all the sectors, respectively.

4.1 Channel estimation

During the training phase, all users transmit their pilot signals synchronously. The j-th BS estimates
the channel vector h ;4 of the k-th (k = 1,2,..., K') user in the ¢-th (¢ € Sp) sector of the j-th (j € Cy,)
cell based on the observation yt gk € CN, given as

y;‘f;k hjjqr + Z hjjpr + Z Zhﬂpk‘f'\/— ]qu (17)

PESH,p#q leCqy,l#] PES)

where nt', ~ CN(0, Iy) denotes the normalized training noise vector. Under the MMSE estimation, the

ik
estimate of hj;q is written as
hjjae = Rjjqk QjokYjqr (18)

here hjjqr ~ CN(0,;,iq:) and we have

@qupk = Rjjqujkajlpk; Vav ba k,V],l € Caa vap € Sbv (19)
lepk = E[hjlpk h]}'gpk]ﬂ VJ, lapv ka
—1
(20)
Qv = | D D Riupr + —IM . Va,b,k,Vj €C,.
leCq PESH

The channel estimation error is denoted by h]]qk = hjjqr — h”qk Due to the joint Gaussianity of
both vectors, hjjg ~ CN(0, Rjjqr — Pigjqr) is independent of hjqy..
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4.2 Achievable uplink spectral efficiency

For simplicity, we define the effective channel matrix of the sectorized system as Gjqp = WqHH jlp =
(Gjgip1s -+ Gjgiprr] € CB*K' " Therefore, the estimate of the effective channel matrix is denoted by
G Jalp = W;{I:I J1p and the estimation error of the effective channel matrix is denoted by G, = W;{I:I lp-
Then the receive signal in (16) can be rewritten as

Yjq = VPuGjgig®iq + Zjq (21)

where z;, contains the estimation error, the interference and the noise, given by

~ o
Zjq = V/PuGjgjqjq + Z VPuGgipTjp + Z Z VPuGjgpxiy + Won;. (22)

p#q I#j p

During the uplink transmission phase, each BS detects the signals of the users in its cell. The detector
for the k-th user in the g-th sector of the j-th cell is similar to the MMSE detector, which is written as

-1
~ A C R
rjqk = <qu]'qG§'{qjq + Zj -+ p—quN) gjqjqk, (23)
u

where ¢, = tr(WqHWq) /B is a normalization factor and Zj, is the covariance matrix of the channel
estimation error, the inter-sector interference and the inter-cell interference, given by

A ~5H H H
Zjq =B | G;4jqGjgjq + Z GigjpGiojp + Z Z GjatrGjqip
PF#q l#j p

= Z (@jqqu - ququ) + Z Z Ojigjpm + Z Z Z Ojigipm.- (24)

pF#q M I#j p m
The matrices used above are defined as follows:

@qupk - WqHlepkWQﬂ V], la q,P, kv
qulpk = WqHéqupqu; va/a b7 ka VJ,Z S Caa Vq7p € Sb7 (25)
= W, ' Rjjar Qjon Rjips W

Similar to (10), the ergodic achievable uplink SE of the k-th user in the g-th sector of the j-th cell is
calculated by

Gar = E [logy (14+50) ] (26)
where 77, denotes the SINR, given by

H ~
|rjqujqjqk|2

H pd ~H . H _ H 1 H .
E {quk (gjqjqujqjqk + 22022 GianGiqp — 9jgiakIjajar + 50 Wa Wq) Tiqk

Vigk = (27)

G'jqjq} .

The superscript “sr” refers to the sectorized system. Considering the overhead of pilot, we can get the
achievable net SE of the j-th cell:

ST Tsr Q K’ ST
Rj = (1 - ?C) 2D Chaw (28)

q=1 k=1

where 75" is the pilot length for the sectorized system.
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4.3 Asymptotic analysis

In order to compute the net SE in closed form, we would like to obtain the deterministic approximation
of the SINR, which is asymptotically tight when large system limit is considered [13]. Assume that
M, K — oo and the ratio of them is finite, then a tight approximation of the SINR can be obtained,
which only depends on large scale fading, uplink SNR and pilot allocation scheme, while the SINR in
(27) also depends on the stochastic small scale fading.

Before the asymptotic analysis, two related results of the large random matrix theory are recalled.
Theorem 1 (Theorem 1 in [13]). Let D € CM*M and § € CM*M be Hermitian nonnegative definite
and let H € CM*K be random with independent column vectors hj ~ CN(0, ﬁRk). Assume that D
and the matrices Ry (k = 1,2,..., K), have uniformly bounded spectral norms (with respect to M). Then,

for any p > 0,

%tr (D(HH" + S + pIn) ') — %tr (DT (p)) —=>- 0, (29)

M—o0

where T'(p) € CM*M is defined as

<MZ1+5 +S+pIM> , (30)

and the elements of §(p) £ [01(p),...,0x(p)]" are defined as 6x(p) = lim; oo 5,(:) (p), where for t =
1,2,

-1

s (p) = —t Ly R, S+ pI 31
p(p) = =t Zl+(5(t1(p)+ +pIy : (31)
=1 1

J J

with initial values 5,&0) (p) =1/p for all k.

Theorem 2 ([13]). Let © € CM*M he Hermitian nonnegative definite uniformly bounded spectral
norm (with respect to M). Under the same conditions for D and H as described in Theorem 1,

1 1
7 (D(HH" + S + pI) 'OHH" + S + pIy) ') - 7t (DT'(p)) —>— 0, (32)

M — o0

where T (p) € CM*M ig defined as
K /
T/ () = TOT(R) + T(0) 37 > (s (o) (33)

T(p) and (p) are given by Theorem 1, and & (p) = [6}(p), ..., % (p)]T is calculated as

&'(p) = (Ix — J(p)) "' w(p), (34)

where J(p) € CE*K and v € CEX! are defined as

[T (p)]t = ﬁtrj\%’fi(gﬁ; W)\ i<k, (35)
o) = 370 (RAT())OT(p) 1 < k< K, (36)

Then we derive the deterministic approximation of Vj;k, denoted by "y;;k, such that
Vigk = Vige > 0. (37)

M—o0
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Figure 1 A T7-cell system, each cell with 3 sectors.

Theorem 3. For the uplink detector in (23), we have Vigk = Vigk ﬁ) 0, where 73, is given by
Vigk =
2
5jqk (38)
1 1 1 )
BpaWick T B > Higlpmk + 5 > Viglpmk + > 9 jqipk [*
1€Cq ,pESy,m#k IEC\Cqa or pES\Sy,m#k 1€Ca,pESH,(1,p)#(3,9)
with
tictomis = Viatomk — 2%( ;qlpm 3’qlpmk) |19qu1)771|263’qu
jglpm jglpm 1+ 0jqm 1+ 6jqm)?
1 1 -
Viglpmk = Etr (@qumeJ{qk) y Wigk = Etr (:'jqjqij{q) ;
- L=
ﬂqupm = Etr (‘:qume’j‘I)v ;'qlpmk = Etr (:J’qlmeg(qk) )
where
) Tjy=T (BC; 1) and 8, = [6jq1,--,0jqr/|T =6 (Bc; 1) are given by Theorem 1, for S = Z,,/B,

D = IB and Rm = ququ;
(2) T](q =T ( Cq ) is given by Theorem 2, for S = Z;,/B, © = WqHWq7 D =1Ip and Ry, = Ejgjgm;

Bpu
B3) Tjy =T (BC;m) and &, = (0715 O]t = 0 (BC;M) are given by Theorem 2, for S =

qu/B, e = qujqk; D = IB and Rm = ququ.
Proof. The main idea is to obtain the deterministic approximation of each term in (27). Then the
deterministic approximation of (27) is derived as (38), with a full proof shown in Appendix B.

5 Numerical results

In this section, we study the performance of the sectorized system using different sectorization weight

matrices. Then the one with the best performance is utilized for further performance evaluation.
Consider a 7-cell massive MIMO system. Each cell has a BS equipped with the UCA located in the

center and is equally partitioned into @ = 3 sectors (see Figure 1). Here we assume that all the cells and
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.(?‘). .S'e_ct.o.r'll - .:. i, .S.e.c.t(.’r..i. o 'S.e.qto'r.} - 20 1 ®. Sector 1. - I Sector2 . Il . Sector3. . .
Il ‘ ‘ ‘ ‘ H w|w|ww’u’w‘w’w’u‘w‘umlmmuuumm ‘f‘w’(fﬁ‘fnww’nu‘ww’m‘u‘u’uumu’uw’w‘u‘u’n‘w‘w’u ‘\‘|'\'|‘\‘\'l‘|'\‘\‘|'\'l‘\‘\'|‘|'\‘\'|‘\‘|'\'|‘\‘\'l‘|'\‘\‘|'\'|‘\‘|'\‘|'\‘\'l‘\‘l'\'l‘\‘\'l‘l'\‘\‘l'\'l‘\‘
m I
< ' z H l\l\\l\l\l\l\\ll\\l\l\lHl\l\I\IHIIHI\I\IHIIHI\I l\l\\ll\\l\l\\ll\\l\l\lHll\\l\lHllHl\l\lHllHl\l |H||H|\|H |H|\|\|H||H|\|\|\|H |H||H|\|
g 20 § -20 |
; gwwwwwwwu M
g 0 =40 HIAMRFAR MR, AR f l\H\IHHhHINﬂINII\IMIH\IHIIHH ||
E E ummm\wwmm.um|Huuu|H|m|u‘|u||||u,\ R iIHI\lHIIHI\l\IHIIHl\IHIIHUUIHIIHHIHU
& —60 % g0
= } =
_go bUTAMR T | —
PO T S A S S N S N
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Azimuth angle (°) Azimuth angle (°)
Mo ST S ~
10 ....S.e.ct.o.r.l..;..|.....Sf:ct.O.rZ....|.§....S.e~?t.0.r.3...§

Magnitude response (dB)

0 50 100 150 200 250 300 350
Azimuth angle (°)

Figure 2 Magnitude responses of spatial filters for all the sectors. (a) Narrow beam; (b) medium beam; (c¢) wide beam.

sectors fully reuse the same set of pilots 2. Let N = 180, r = NA/47 (the distance between adjacent
antennas is about half the wavelength), and p,, = 7¥py. Here 7°" is K’. The antenna pattern used
in this paper is the same as the element response described in [11], which is not omnidirectional and is
beneficial to sectorization with the UCA.

5.1 Performance comparison using different weight matrices

Three different weight matrices are utilized in the sectorized system, which are corresponding to narrow
beam, medium beam and wide beam, with magnitude responses shown in Figure 2(a)(b)(c), respectively.
Here beams in different sectors are denoted by curves in different gray scales. The narrow beam means
only adjacent beams in the same sector are overlapped with each other, the medium beam means several
neighboring beams in the same sector are overlapped with each other, and the wide beam means all
beams in the same sector are overlapped with each other. The basic weight vectors of the former two
matrices are obtained using the method introduced in [11], and the last weight matrix is obtained using
the main eigenvectors.

Considering the channel vector hjjq, its corresponding AOA spread is denoted as Afj 4, which is
determined by one ring model [14], and the mean value of the AOAs (denoted by ;41 ) is assumed to fall
into the g-th sector of the j-th cell. Assume that signals from all AOAs are independent of each other
and uniformly distributed over [0;;41 — A8jqk/2,0;jqk + A0jjqr/2]. The covariance matrix of hjjq, can

2) Due to similar conclusions and limited space, other pilot reuse factors are not considered in this part.
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400 T T T T T T T
O Simulation . : : :

350} — — Approximation. - - - .- .- AN L o

300
250
200
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10057 £

Net spectral efficiency per cell (bits-s~1-Hz 1)

Uplink SNR p,; (dB)

Figure 3 (Color online) Net SE comparison of different weight matrices under different uplink SNR.

be computed by

2dY, Oiant S 2 2t
Jiqk *
i i =" 0— — —1 0——(n-—1
[Rjjqk]mn Ae_]_]qk /9, N a < M (m )> a; < M (TL )>

o ijgk
jiak 2

2

e_jkr[Cos(G—ﬁ(m—l))_cos( _%(”_1))]d9. (39)

Without loss of generality, we assume that users in each sector are uniformly distributed on a circle
of 1/3 inter-site distance (set as 500 m) around the BS, so AOA spreads of users seen at their serving
BSs are the same, denoted by Af. Based on Af;j,x = A(Vj,q,k) and distance between the user and
its serving BS, the radius of scattering ring can be gotten, then the AOA spreads of the users seen at
their non-serving BSs can be obtained. With such AOA spreads, Rjip, (VI # j,Vp, k) can be computed
similarly as (39).

Let K" = 10, v = 3.7, 10log;o(2) ~ N(0,02;) with 67; = 5, T. = 60 and Af = 8°. We compare
the net SE and its deterministic approximation using such three weight matrices under different uplink
SNR for both single-cell scenario and multicell scenario. As shown in Figure 3, it can be seen that the
performance of narrow beam is better than the other two beams for both scenarios and all uplink SNR.
The main reason for this is that the narrow beam can provide a better beamforming gain and have the
same number of degrees of freedom for each sector as the other two beams. Thus we will utilize the
narrow beam in the sectorized system for further analysis. What’s more, it is verified that the results
of deterministic approximation fit well with those of Monte-Carlo simulation. So only the deterministic
approximation is shown in the following analysis.

5.2 Performance evaluation of the sectorization method

In order to evaluate the performance of the sectorized system, the benchmark system introduced in
Section 2, the system using the pilot reuse method introduced in [5] and the system introduced in [7]
are utilized as comparisons. To be fair, each system has the same user distribution and the systems that
reuse pilots have the same sector numbers (or group numbers [5]) per cell. The effects of several different
parameters are considered, including the number of users per cell, uplink SNR, coherence interval length
and AOA spread. For all conditions below, we have v = 3.7 and 10log;,(z) ~ N(0, 5§f) with 67, = 5.
As shown in Figure 4, we consider the net SE per cell versus uplink SNR with 7, = 60, K = 30,
A0 = 8°. The performance of the three systems with pilot reuse is always better than the benchmark
system. As py increases, the performance improvement of the sectorized system compared with the
system in [7] becomes greater, which proves that the UCA can achieve a better performance than the
ULA. On the other hand, compared with the system in [5], the sectorized system in this paper achieves
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a similar performance when py; is low, and when p, increases, their performance gap becomes wider,
which is caused by the inter-beam interference and is acceptable if considering the overhead of covariance
matrix estimation and user grouping algorithm.

In Figure 5, the net SE per cell versus user number per cell is analyzed with p, = 10 dB, T, = 60,
A = 8°. It is obvious that the sectorized system outperforms the benchmark system and the system
in [7]. Compared with the benchmark system, due to the reduction of pilot overhead, the sectorized
system can support more users simultaneously and can greatly improve the maximum net SE. When the
user number is small, the performance gap between the sectorized system and the the system in [5] is
narrow. But as user number increases, there is a higher probability that different users in the same sector
encounter high inter-beam interference, which restricts the performance of the sectorized system.

In Figure 6, we show the net SE per cell versus coherence interval length with p,; = 10 dB, Af = 8°.
Since the net SE of the benchmark system is maximized when it spends half of the coherence interval
on pilot training [3], so here we set K = T, /2. The sectorized system has a better performance than the
benchmark system and the system in [7] for all T,. What’s more, the sectorized system can achieve more
than 85% of the performance of the system in [5].

At last, Figure 7 shows the net SE per cell versus angle spread with p, = 10 dB, T, = 60, K = 30.
Since a larger angle spread can cause more serious inter-user interference, the performance gets worse as
the angle spread increases. The sectorized system outperforms the benchmark system and the system
in [7] and its performance deterioration rate is much lower than the system in |7], whose main reason is
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that narrow beam in this paper can control the inter-user interference much better than the wide beam
utilized in [7]. Moreover, as the angle spread increases, the performance gap between the sectorized
system and the system in [5] remains almost constant.

6 Conclusion

Based on the sectorization method using the UCA, we have obtained a sectorized multicell massive MIMO
system, whose ergodic achievable uplink net SE was derived with its deterministic approximation. The
weight matrix of narrow beam for the sectorized system was proved to have the best performance, and
it has been utilized in the sectorized system for further comparisons with other systems. Moreover, the
consistency of the deterministic approximation with the Monte-Carlo simulation was confirmed at the
same time. The deterministic approximation can be utilized for system design and optimization, which
is left for future research. At last, the performance of the sectorized system was compared with those of
the conventional system and two systems with pilot reuse. It outperforms the conventional system and
the system in [7], and has a performance slightly lower than that of the system in [5], which validates the
effectiveness of the sectorization method using the UCA.
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Appendix A Useful lemmas

Lemma A1l (Matrix inversion lemma(I), (2.2) in [A1l]). Let A € CM*M be Hermitian invertible. Then, for any vector
x € CM*1 and any scalar 7 € C such that A + 7z is invertible,

HA-1
H Hy—1 z" A
z (A T =
A+ ) 1+rzHA- g
Lemma A2 (Matrix inversion lemma(Il), Lemma 2 in [8]). Let A € CM*M be Hermitian invertible. Then, for any

vector & € CM*1 and any scalar 7 € C such that A + rza! is invertible,

A lrgaeH A1

A Hy-1_ -1 _ = = 7
(A +r2z™) 1+rzHA- 12

Lemma A3 (Ceneralized rank-1 perturbation lemma, Lemma 14.3 in [A2]). Let A € CMXM be deterministic with
uniformly bounded spectral norm (with respect to M) and B € CMX*M he a random Hermitian matrix, with eigenvalues
AlB <0 < Aﬁ such that, with probability on, there exist € > 0 and My such that AlB > ¢ for all M > My. Then for any
vector & € CMx1
1 1 -1
—tr (AB™Y) — —tr (A (B +aa') ) 25,
M M M—so00
where B~! and (B + a:a:H)71 exist with probability one.
Lemma A4 (Lemma B.26 in |[A3], Theorem 3.7 in [A2], Lemma 12 in [A4]). Let A € CMXM and x,y ~ CN(0,Iy).
Assume that A has uniformly bounded spectral norm (with respect to M) and that @, y and A are mutually independent.
Then, for all p > 1,
1) E{|e" Az — Ltr(4)|"} =0 ( 25 ),
(1) E{[|z" Az — 5;tr(A)["} e
2 HA _ Lt A a.s.
(2) " Az — 37tr( )M——> 0,

) — 00
(3) xH Ay 22 0,
@ E{|@="A2)” - (Ft:(4))°|} ——o.
M M—o00
Appendix B Proof of Theorem 3
Define the following matrices for j =1,...,L, ¢q=1,...,Qand k=1,...,K":
—1
N N C
Bjq = (ququ?qjq +Zjq + p—qIB) ;

ul

—1
o c (B1)
gk = (ququjqjq — 9jajakTjqiqr T Zia + o IB) )
u
/ !
¥/, = B, &, = B .
In the following proof, we use a < b to represent a — b ———s 0.
M — o0
1) Signal power
H _ AH A
Tiqkdjajak = 9jqjqk Zia9iqiak
AH z . A .
“H 1. LH . (&)  Yjqjqk=iak9iqiqk
= Jjajqk (E- ket 9iaiak9jqj k) 9jgjak = ~H -
jaja ja jaja TENF LI SRR B,
1 = . 1 =
® BT (~]quk2§qk> () B (-'quqkzg'q) (B2)

1o (= 1 -
L+ gt (=a‘qa‘qk2}qk) 1+ ptr (%‘qjqkz}q)
1. (=
@ 5t (BjejakTia) © ik
1+ 5tr (EjgjanTia) 1+ djgr
where (a) follows from Lemma Al, (b) follows from Lemma A4 (2), (c) follows from Lemma A3, (d) results from

Theorem 1 for D = Ejgiqk, S = Zjq/B, Tjq = Tjq (%) with Ry = Ejgjgm and (e) uses the definition 054, =

%tr (EjqjqrTjq)- By using the continuous mapping theorem [B1], we can obtain

2 S 2
H - jqk a.s.
- o -] —=—0. B3
‘T]qu]‘”qk‘ (1+5jqk) M — o0 ( )

2) Channel uncertainty
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H & —aH e
Tiqk9iaiak = 9iqiqhSia9iqiak

~H 1
@ Gigjar> B
- oH 5 - 1 -
L4 GjgiqnSiak9iaiae 1+ EQ%jquéqujqjqk
where (a) follows from Lemma A1l and (b) follows from Lemma A4 (3). Thus by using the dominated convergence theorem
|B2] and the continuous mapping theorem |B1|, we have

jak9jqjak

. i
IiajarTiakdieiak  ®) o (B4)

= U,

E T‘H = 2 é . a.s. 0 (B5)
jak9jaiak 3999 ([ 3o’ O
3) Noise power
2
H ~H H N
Hqu]-qu = 9jgjqr ZiaWe WaZjabjqsqk
95050k Ziak Wa' WaZjariasar (2) 1 _ "
= T ) PR (119, )2tr <='jqjqkzquq qujq) (B6)
(1 * 9jgjqk qukgjqjqk) Jak
(b) 1 1 ) 1 1
= tr (B Thy) = 5 Wik
2 12 jajak L jq 3 pWidk
(1+38qr)" B (1+6q6)" B

where (a) results from (B2), Lemma A3 and A4 (2), (b) results from Theorem 2 for T]fq =T (Bcp"ul), S = Z;4/B,

© = WHW,, D = E,44r and Ru = Ejgjqm, and () uses the definition w;qp = Ltr (E]-qjqkiyq).
By using the dominated convergence theorem |B2|, we can get

s { s} s s

1 1
2 ijqk- (B7)

4) Interference power

The interference power from the m-th user in the p-th sector of the I-th cell is E{|r]f.{1kgqupm\2\chjq}, which depends
on the pilot reuse pattern.

a)m=k,j,l €Cq,q,p € Sp. In this case, we have

2
AH — H . P . . AH . .
gjqjqkzququPM‘ = Gjqipk Xja9iajak 9 qjqk Zia9dialpk
2

H - ~H
(2) 9jqipk Ziak9iaiak9jqjqr Ziak9ialok (0) 1 H s
= )2 ‘gqupk jak9jajak (B8)

5 =
(14 8300k ZsarGrazan ) (14 djq
() 1
L s N2
(1 + 5jqk)
where (a) follows from Lemma A1, (b) uses the results in (B2), (c¢) results from Lemma A4 (2), Lemma A3, Theorem 1 for

D = Ejqpk; S = Zig/B, Tjg = T (5 ) with R = Ejgjqm and (d) uses the definition 9jqipk = %1 (Sjq4Tyo).

b) m #k,j,l € Ca,q,p € Sp. In this case, we have

tr (Zjqp6Tiq)

2
(d) 1
B = )2 qulpk|27

IRCE P

2
~H o _ H P - | - a-
qujqkzngqupm‘ =G qpmEia9diaiak9iqiqk Siadiqlpm

), 3 g H = ) )
@ Yjgiqk Ziak9iatomGjqipm ZiakIiaiak () Ijgipm ZiakSiaiak >iakGiatpm (B9)
B 2 - 2 )
H N :
(1 + gjqjqkzjqujqjqk> (14 6jqk)

where (a) follows from Lemma A1, (b) follows from Lemma A4 (2) and uses the results in (B2). Then Lemma A2 is used:

P H .
X jqkm8igiamjqjqm Siakm

Sk =2, — (B10)
jak jakm “H ~ )
L+ GjqiqmZiqkmTiaiam
where L
A AH - ~H - ~H Cq
jgkm = (ququjqjq = 9jajakTjqiqr — GigiamTiqiam + Zjq + ITIIB) : (B11)
u
Here 3 xm is independent of g;qipm, which means Lemma A4 can be used. By plugging (B10) into the numerator of
(B9), we can get

H = ) ) — g1 ) = ) )
jqipm 2jqkEjqjqk XjgkGiqipm = Fjgipm SjgkmEjqjqk 2 jgkmjqlpm

5H H =. . . G
_oR { Gjqjqm Ziakmialom9jqipm SjakmEjajak ZjqkmTigiam }
AH A~
L+ GjqiqmZiqkmTigiam (B12)

2
gH . . H . =, . . f:
gjqquzjqkmgqupm‘ Fiqiam SiakmEjaiqk ZjiqkmTiqiam

2
AH ~
(1 + gjqquzjqkngQJQW)
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As proved in (B2)(B8), we have g]}.fzququkmgjqqu = djqm and ggququkmgqupm = ﬂ;qlpm. Similarly, we can use
Lemma A3, A4 and Theorem 2 to obtain the following results:

1 v
H = - ’ _ Yjqlpmk
GiqtpmBjakmEjgiakBiqkmTjalpm = o tr ((“)qupm jqk) =5 > (B13)
B B S Giasam = e tr (o T _ Platpmi B14
Gjqtpm ZjakmEjajakXjakmjajam = Hz 0\ EjapmTigr ) = =5 (B14)
1 o
~H = - - = / _ _jgmk
Gjqjqm ZjakmEjqigk S jakmJiajam < ?tr (—'ququjqk> =~ g5 (B15)

where ijqk =T (Bc:m) and Jéqk = [Jé'qlk’ A 5;qK/k]T =4 (Bcp"ul) are given by Theorem 2 for S = Z;,/B, © = Ejq gk,

and Ry, = Ejgjqm. Then we can get

2
ng S Bk ok Gl — Yialpmk 2m{ﬁ;qlpmﬁ;qlpmk} {ﬁqup’m| Jé'qu _ Hjqlpmk (BlG)
: = m = =
jqlpm <jqk=3jajq JjakIjqlp B B(l + 5qu) B (1 I 5qu)2 B
c) m#k,l €C\Cq or p € S\Sp. Similar to b), we have
1 v
H = - _ Yiqlpmk
gqupmzjqkmnjqjqkqukmgqupm ~ Etr (qulme]{qk> = B 5 (B17)
H _ A -
Gjgipm ZjakmEjqiak Xigkm9iajam =< 0, (B18)
~H — N -
GjgiqmEjakmZjajakEjqkmIjajqm < 0. (B19)
Therefore, by using the dominated convergence theorem |B2|, we have
1 2 )
72|19qupk| ) m=k,],l€Ca,q,p€5b,
(1+ djqk)
1 Hjglpmk )
H 2| . as. 2 ]‘Zém ) m;ék,],lECa,q,pESb,
E { ‘gjqjqkzququpm‘ qujq} Moo (14 9jqx) (B20)
1 v
g 2EEE £ kL€ C\Ca or p € S\Sp,
(1+38j06)" B
0, others.

Finally, by using the continuous mapping theorem |B1| and combining (B3)(B5)(B7)(B20), we complete the proof with

52
Yok — —T T T L
jak g wikt ) 1y +5 = vj + > 19jqipr 1
qk jqlpmk T B jalpmk jalpk
Bru ™/ B leca,pESy,metk LEC\Cq or pES\Sy, m#k 1€Cq,pESY,(1,p)£ (5 q)
a.s.
——F 0. (B21)
M —o0
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