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Abstract—The sum-rate of the multi-cell multi-user generalized
spatial modulation (GSM) uplink is analyzed in the presence of
realistic pilot contamination. A practical channel model associ-
ated with arbitrary transmit and receive correlation matrices
is assumed for each user and base station (BS). Imperfect
channel estimation is assumed with pilot contamination. The
performance of a single-cell based minimum mean squared error
(SMMSE) combiner is analyzed and compared to the ubiquitous
zero forcing (ZF) combiner as well as matched filtering (MF).
The transmit antenna (TA) index detection and the classic
amplitude/phase modulation (APM) signal detection process are
carried out separately for the sake of low complexity. Moreover,
an algorithm based on order statistics is proposed for calculating
the antenna detection probability conditioned on the actual TA.
Finally, an approximation of the sum-rate is derived by exploiting
the characteristics of massive MIMOs. Simulation results show
that SMMSE has the best performance, followed by ZF and MF.
Furthermore, the relationships between the system’s achievable
rate and three systems parameters, namely the number of BS
antennas, the signal-to-noise-ratio (SNR) and the interference
factor of pilot contamination, are presented. The performance of
different number of activated antennas are also compared.

Index Terms—GSM , massive MIMO, sum-rate.

I. INTRODUCTION

ASSIVE multiple-input multiple-output (MIMO) sys-

tems are equipped with a large number of antennas.
A large antenna array is capable of exploiting the channel
hardening, which facilitates low-complexity signal processing.
Futhermore, a high sum-rate, high reliability and high energy
efficiency can be attained by increasing the number of transmit
antennas (TAs) [1]-[4]. These advantages render massive MI-
MOs one of the most promising technique for fifth generation
(5G) wireless communication [5], [6]. However, the high cost
of hardware, such as radio frequency (RF) chains and power
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consumption, imposes limitations on the number of TAs to be
employed [7].

To reduce hardware cost, spatial modulation (SM) was
advocated in [8] as a beneficial modulation technique, which
exploits the TA index to transmit implicit information. One
part of the information bits are used to select a specific TA,
while the other part of the information bits are used to perform
classic amplitude/phase modulation (APM). The exploitation
of the amplitude, phase and spatial domain to modulate the
signal has compelling benefits, such as the potential avoidance
of inter-antenna interference and synchronization as well as a
low number of RF chains [9]. SM was also combined with
orthogonal frequency division multiplexing (OFDM) in [10]
and its symbol error ratio (SER) performance was analyzed
in a single-cell scenario. Jeganathan ef al. [11] utilized the
maximum likelihood (ML) SM detector and calculated the
average bit error rate (BER) in a point-to-point transmission
model. The corresponding capacity analysis was performed
in [12] through separating the mutual information (MI) into
two parts, i.e., the MI between the transimitted symbols and
the received signal, the MI between the antenna-constellation
symbols and the corresponding received signal, according to a
multi-input single-output (MISO) channel. Motivated by [12],
the system capacity was calculated for a point-to-point MIMO
channel by relying on the pair-wise error probabilities (PEP)
to approximate the TA detection error probabilities [13]. Given
the subject’s relative maturits by 2014, a detailed introduction
of various SM-MIMO systems was given in [14]. Furthermore,
authors in [15] and [16] applied the SM to a single-cell
massive MIMO system with the large-scale antenna benefits
taken into consideration. In addition to single-cell or point-
to-point MIMOs, He et al. [16] further studied the achievable
uplink (UL) spectral efficiency (SE) of a multi-cell massive
SM-MIMO system and derived asympototic SE lower bounds
relying on linear combining schemes [17]. Performance of
massive SM-MIMO in high-speed railway was discussed in
[18] and massive SM-MIMO with forward error correction
(FEC) was investigated in [19].

The authors of [20], [21] proposed the generalized spatial
modulation (GSM) concept by activating multiple antennas
in a SM system to transmit a flexible number of bits at a
time. Generalized space shift keying (GSSK) presented in [22]
can be regarded as a special case of GSM with the TA index
alone conveying information. Compared to SM, GSM utilizes
more links to increase the bits/channel use at the cost of an
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increase in detection complexity and in the number of RF
chains. Hence, GSM reaches a better balance between the low
complexity and the multiplexing gain than SM.

Although there have been extensive studies in the area of
SM-MIMO, there is a paucity of literature on massive GSM-
MIMO in a multi-cell multi-user system. The achievable sum-
rate performance was investigated based on zero forcing (ZF)
and matched filtering (MF) detection in a multi-cell massive
MIMO system relying on GSM and an approximation of
the sum-rate was provided for ZF and MF detection [23].
However, the covariance matrices of all base stations (BSs)
and of all users are the same in [23], which is impractical.
Additionally, the processes of TA index detection and APM
signal detection were not considered separately despite its
appealingly low complexity. Moreover, the correlation between
variables was omitted in the calculation of conditional proba-
bilities, when performing TA index detection. To fill the above-
mentioned research gaps, this paper investigates a massive
MIMO multi-cell multi-user system relying on GSM. The
contributions of this paper can be summarized as follows:

1) A practical channel model having an arbitrary transmit
correlation matrix and receive correlation matrix for each
user and BS is adopted. Both realistic and imperfect chan-
nel information and pilot contamination are considered.

2) Single-cell based minimum mean squared error
(SMMSE) filter is used for detecting the classic APM
signals as well as the index of TAs. To the best of our
knowledge, this paper is the first one to propose SMMSE
filtering, which performs better than the previously used
ZF and MF schemes.

3) An algorithm is proposed for calculating the TA detection
error probability using the order statistics of independent
but non-identically distributed random variables.

4) The approximate sum-rate expressions of SMMSE, ZF
and MF are derived. The analytical relationships between
the sum-rate and the number of antennas, the SNR and the
interference factor under two type of covariance matrix
models are also presented. The performance of different
number of activated antennas are compared.

The paper is organized as follows. The system model is
introduced in Section II along with the channel estimation
scheme, UL data transmission process and the detection pro-
cess. The system’s sum-rate is analyzed in Section III based on
order statistics. In Section IV, the large scale antenna effects
are exploited to obtain an approximation of the system’s sum-
rate calculated in Section III. Finally, our numerical results are
presented in Section V.

Notations: CM>*N denotes a complex matrix with M rows
and N columns. CN (m, R) represents the circularly symmet-
ric complex Gaussian distribution with a mean of m and co-
variance matrix R. The Kronecker product and the Hadamard
(element-wise) products are denoted by ® and e separately.
Boldface lower and upper case symbols represent vectors
and matrices, respectively. The trace, transpose, Hermitian
transpose and inverse operators are denoted by tr, T H and
—1 respectively. The vectorization of a matrix is denoted by
vec, which means rearranging the elements in a column-major

manner. E[-] represents the expectation operator. Given two
sets A and B, then A\ B denotes set A excluding set B. |z]
denotes the largest integer less or equal to x.

II. SYSTEM MODEL

In this paper, the UL of a multi-cell multi-user massive
MIMO system is considered, which is shown in Fig. 1. A
cellular system having L cells is assumed and each cell
includes one BS and K users. Each BS is equipped with M
antennas, while each user is equipped with N antennas. It
is assumed that M > N. In the UL transmission process,
GSM is adopted in the user side with each user activating
the selected antennas and transmitting his/her UL data. Each
BS receives the desired UL signal from the users in the same
cell, plus the inter-cell interference caused by the UL data
signal transmitted by the users in other cells owing to pilot
contamination.

Let us denote the channel matrix between the [th BS and
the kth user in the zth cell by Gy,; € CM*N

1 T
Gk = VB R Hip R (D

where (. is the large scale fading between the kth user in
the zth cell and the Ith BS, H;.;, € CM*N js the small scale
fading matrix having independent and identically distributed
(i.i.d.) elements following CN(0,1), R, is the covariance
matrix at the [th BS side and R, is the covariance matrix
at the kth user side in the zth cell. The elements in both
covariance matrices are generated by a typical exponential
model, presented as

[R]mm — r\n—m\ej(n—m)f)’ (2)

where r € [0, 1] is the correlation factor between the adjacent
antennas and 6 is the angle-of-arrival (AOA). The subscript
m,n is used to specify the mth row and nth column element
of the covariance matrix. Then, G, obeys the distribution
of CN'(0prn, BizkRizi) with Ry, = R, @ R;. Furthermore,
G,k can be written as Gk = [812k1s - - > lzkny - - - » BlzkN]»
where gk, is the channel between the /th BS and the nth
antenna of the kth user in the zth cell. The channel matrix
between the /th BS and all users in the zth cell is denoted
as Gy, =[G, ,Grx] € CMXNE A Bessel function
based covariance matrix was adopted in [23], which is formu-
lated as [Rulm,n = Jo(2mdi|m — n|) for all users, with the
subscript U representing users and [Rg], ., = Jo(2wd,|m —
n|) e e=™=nl for all BSs with the subscript B denoting BS,
where Jy(-) represents the zeroth-order Bessel function of the
first kind, d; and d, represent the antenna spacing expressed
in terms of the number of wavelengths of the user’s transmit
antenna arrays (TAAs) and the BS’s receiving antenna arrays
(RAAs), respectively. Finally, e=®/™="l in [RB]m,n denotes
the survival probability of the scatterers between the mth and
nth antenna. This spatial correlation model will be used as a
comparative basis in this paper.

A. Channel Estimation

The UL pilots are assumed to be fully reused in all the cells,
while the pilots transmitted within the same cell are orthog-
onal. For the channel estimation process, a single antenna is
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_—
Effective uplink signal Inter-cell interference

Fig. 1. The uplink data transmission in a multi-cell massive MIMO system
under pilot contamination with one user in each cell using the same pilot for
example. The solid line denotes the effective uplink signal transmission for
the central target BS while the dotted line represents the inter-cell interference
from neighboring cells.

activated at a specific channel use. Hence, a total of N K time
slots are required for all the users to estimate their channels
associated with N K < T, where T is the channel’s coherence
time. The N K time slots can be partitioned into /N subframes,
where each subframe includes K time slots. Then, the nth TA
of each user transmits the pilot sequence of length K during
the nth subframe. Thus, the pilot signal Y, received at the
Ith BS in the nth sub-frame is

L K

Yin =YY \/PuBizkntdk + Ny, 3)

z=1 k=1

where p, is the pilot transmit power and ¢, € C'*X is the
pilot invoked for the kth user in each cell, which forms ® =
[6T,..., ¢k that satisfies ®® = I. Furthermore, N,, is an
(M x K)-element noise matrix with i.i.d. elements following
CN(0,1).

Correlating both sides of (3) with ¢!, we can get the
channel estimation vector between the nth TA of the kth user
in the lth cell and the /th BS, namely Yj,, based on the
received observation, given as

L
Ylkn = Ylnd)g = Z V Ptr8lzkn + Ny, (4)

z=1

where n,,,, ~ CN(0,1) for ¢y, does not change the distribution
of IN,,.

Given Y, = [Y?,;l, Y?I;Q, e ,Y};N]T, the classic MMSE
channel estimation method may be used for processing Y,
which is contaminated by the pilots arriving from neighboring

cells. Then, a channel estimation vector vec(élzk) of size
(MN x 1) is obtained as

- 1
vee(Giar) = BranRiznQpt Y
(@) R (=Y
L 1
= B R Q) vec(Gizr) + —=n
~CN(0, ®@.1), )
where we have
L 1
Qi =Y _ BrekRizk + —Turn, (6)
=1 Ptr
and
@1 = B REc Q. Rz (7

Upon exploiting the property of the MMSE channel esti-
mation method, namely that the estimated channel vector is
orthogonal to the channel estimation error vector, we arrive at

vee(Gai) ~ CN(0, BizkRize — @121, ®)

where élzk is the channel estimation error vector which
satisfies G, = Glzk + (:‘lek.

Moreover, let ®;,_ .., denote the covariance matrix of the
estimated UL channels between the kth user in different cells
and the /th BS, which is expressed as

"I>lz—z’k = E[Vec(élzk)vec(élz/k)H]
= BuakBiek Rizi Q) Rz 9

B. Uplink Data Transmission

The UL transmission data vector of the kth user in the
zth cell is denoted as X, = [T.1, - ,Tan]? € CVXL
consisting of S nonzero entries. Each nonzero entry obeys
CN(0,1). Upon denoting the actual UL transmitted signal as
%.,, € C%*! and the UL signal transmitted by all the K
users in the zth cell as %, = [%1}, -, %X ]T € C¥ExL
the corresponding active channel between the /th BS and
the users in the zth cell can be written as G;, € CM*xSK,
Moreover, there is a total of C' = LC’Z%J antenna groups to
be selected according to the information bits. These antenna
combination groups can be listed as (ITy,IIs, - - - ,II¢). Every
antenna combination group pattern has the same probability
to be activated. Let us consider N = 4 TAs as an example.
Then, if S = 2 TAs are activated at a time, the total number of
antenna groups is LCZJ = 6 and the TA combination groups
are as follows: [(1,2),(1,3),(1,4),(2,3),(2,4), (3,4)].

In the UL data transmission process, each user transmits
his/her UL data to the corresponding BS. Thus, the (M x 1)-
element signal vector y; received at the /th BS becomes:

L
Yi=/pu Yy Gi%: + 0y, (10)
z=1

where p,; is the UL data transmit power of each antenna and
n,, is the UL noise vector obeying CA (0, T).
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C. Antenna Index Detection and Amplitude/Phase Modulated
Signal Detection

For the detection process, three linear filters, namely
SMMSE, ZF and MF, are adopted for detecting both the
indices of TAs as well as the classic APM signals.

1) SMMSE: The SMMSE detector jointly minimizes the
effects of interferences and noise. The SMMSE detector
Wls,i\/IMSE € CMXN of the kth user in the [th cell can be
expressed as

K -1
WiMSE — <Z GurGliy + Zl> Gue, (D)
k=1

where
K L K .
Zi=Y (BueRily — @) + D> (BaRLy) + —Tar,
k=1 =1 k=1 Pul
gy
(12)

while R, in Z; represents the multiplication of R; and
the sum of diagonal elements in R..j.

To clarify the role of <I>;il i in Z;, Py can be rewritten in
the form of a block matrix as

1,1
Py

Qu=1... - AU (13)

N,N

2,
where ®)7 is an (M x M)-element matrix, which
is taken from the [(i—1)M+1~iM]th rows,
[(—1)M+1~jM]th  columns of @®;;. Then,

@fllk is the sum of the diagonal block matrices, i.e.,
d _ N 1,7
P = Zj:i > im1 Lo
2) ZF: The ZF detector aims for nulling the intra-cell inter-
ference, which is the pseudo-inverse of the estimated channel
matrix, neglecting the interference emanating from the other

cells and noise. The zero forcing detector WZF ¢ CM*NK
of the [th cell can be formulated as

R N

WZF = & (G}}G”) (14)

Then, the detector of the kth user in the lth cell, namely

WZF, spans from the [(k — 1)N + 1Jth column to

the kNth column of VVIZF, which can be expressed as

Wi = [WzZF = (W1
[(k—1)N+1:kN]

each wy,q is an M x 1 vector.

Wikn], where

3) MF: The MF detector aims for maximizing the signal
power received via the estimated channel, which can be
expressed as,

W%F = G”k. (15)

The TA index detection and APM signal detection can be
performed either jointly at a high complexity or separately at
a reduced complexity. Here we opt for the latter as shown in
Fig. 2, where the information bits after SM are transmitted
via the channel and then arrive at the receiver side. On the

one hand, the received signals pass through an arbitrary linear

Spatial
modulation

l

Antenna
selection

Antenna index
detection
MMSE/ZF/MRC

Information
bits

Information
bits

—Channel

Signal detection

APM MMSE/ZF/MRC

Fig. 2. Diagram of signal transmission and signal detection.

filter for TA index detection; on the other hand, they also pass
through an arbitrary linear filter given the already detected TA
index for APM signal detection. After that, the information
bits can be recovered.

4) Antenna Index Detection: For UL data transmission,
after the /th BS receives the data signals y; from all users,
the filtered signal y;; is obtained by correlating y; with a
linear filter Wlk according to:

Y = Wik, (16)
where i, = [k, -+ Juen] T

Then, a TA combination ﬂlk, which contains the largest .S

elements in ¥, will be selected as
II,; = arg max Jikal?. 17
Ik gma v%i |1kl a7

The antennas in ﬂlk will be regarded as the TAs.

5) Amplitude/Phase Modulated Signal Detection: For the
APM signal detection process, as shown in Fig. 2, either
the same or a different linear filter can be applied to the
corresponding elements of ¥;; selected by ﬁlk-, which is
denoted as y;s. Thus, the detected signal T';; can be expressed
as

tu, = Wiy, (18)

which will be regarded as the transmitted signals.

III. ACHIEVABLE SUM-RATE ANALYSIS

Our analysis will be carried out by following these steps:

1. At the transmitter side, the classic APM signals X, of the
kth user in the [th cell pass through the channel G”k between
the kth user in the [th cell and the [th BS. It is noted that x;,
carries one part of information and GM carries the other part
of information implied in the TA index.

2. At the receiver side, the detected TA index f[lk and the
detected classic APM signals 1 are obtained via (17) and
(18) separately.

3. The recovering of information is a mapping {ﬁl ks T k} =

fmapping {ilky G”k}. Thus, The sum-rate of the kth user in
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Fig. 3. The relationship of four parameters, i.e., the transmitted signals X,
transmission channels Gy, detected TA index Il;; and detected classic
signals Tz

the [th cell can be calculated as the mutual information (MI)
between {f[lk, f'lk} and {)"qk, G”k}, which is expressed as

<1 - KJ{V> E {I (5'(1k, Gllk;f‘lk,ﬂzk)}
= (1 — KI{V) (E{I(izk;f‘zk,ﬁzkléw)}

"‘FE{I(GHMf'lkaﬂlk}) ; (19)

where (1 — KTN ) is the effective data transmission time.

To elaborate on the MI calculation more explicitly, the
relationship of the four variables in (19) can be characterized
using Fig. 3 where the four circles represent four variables
respectively and they split the area into eight non-overlapping
regions which are labelled in Fig. 3. Since the choice of the
TAs and the classic transmitted APM signals is controlled
by independent information bits, X;; has no intersection with
G- By contrast, 1y, has intersection (@) + ©) with sz
and the intersection area with Guk (©®) is part of the in-
tersection area (® + () of I, and Gy, since the APM
signal detection directly depends on the TA index detection
process. Moreover, I1;, has an intersection (® + @) with
G”k excluding X;i, since the TA index detection is only

related to the true TA index. The MI between {ﬁlk, f;k} and

{i’clk, G”k} is represented by the intersection area between
them, i.e., (@ + ® + @), where (@) is the first term in (19),
which represents the sum-rate of the classic signal detection
process expressed as Ry 1 and (®+ (@) is the second term in
(19), which represents the sum-rate of the TA index detection
process expressed as Ry o.

1) Calculation of Ry a: Let Ry =
E {I()”qk; f‘zk,ﬁzk|ézlk)}, which represents the MI between

the transmit signals X;; and the detected TA index f[lk as
well as the detected APM signals r;;, when the channel ("}”k
(true TA index) is known. The area corresponding to [ 1
has been fish-bone-shaded in Fig. 3. Rj; 1 can be divided
into two terms as

Ry =E {I(Xuc; #11.| Gk, ﬁlk)}

E { 1w Tk G | 0)
Because the detected TA index ﬂlk is directly related to the
channel Gllk: (true TA index) and it is independent of the
transmit APM signals X;i, it can be seen that the second
term of (20) obeys E I(i&lk;ﬁlk|élgk)} = 0. It can also
be observed that according to Fig. 3, there is no intersection
between X;; and ﬁlk.

The first term of (20) can be interpreted as the MI between
the transmit APM signal X;;, and the detected APM signal ¥,
given the channel Gur (true TA index). Furthermore, in view
of Fig. 3, both ﬂlk and Gllk are uncorrelated with the mutual
information (2)) between X;; and #;;. Hence, the appearance
of ﬁlk and G”k in the first term of (20) has no effect on the
MI. The first term can be written as

E {I(ilk; 11| Gurg, f-[lk)} =E {I(ilk; f"lk\éllk)}

{ Z Z log, (1 + SINlet)} 21

c=1 tell,

Hence, we arrive at

C
le,l = { Z Z 10g2 1+ SINlet)}
c=1 tell,

1
~ Z > log, {1+ E [SINRy]}

c=1tell,

(22)

To obtain the SINR;;; when the channel é'lllc is perfectly
known, the APM signal detected received via the tth antenna
of the kth user in the lth cell can be written as

~ ~H ~ ~H -
Yikt =/ Pul Wik 8Lkt Tikt + E V PulW it 8liksTlks
s€Il\{t}

+ ZZ Z \/mwgctglzus'}/zusxzus

(zu)#(Lk) s

L K
+ Z Z Z \/@Wl}}ctglzusfyzusxzus + VAVgctnl'
z=lu=1 s
(23)

However, the real channel is split into an estimated channel
part and an estimation error part due to the specific nature
of the MMSE filter. In (23), ~.,s has two legitimate status,
i.e., v € {0, 1}, representing the inactive and active scenarios
separately. The first term of (23) represents the target signal
gleaned from the t¢th TA of the kth user in the Ith cell. The
second term represents the inter-antenna interference imposed
by the other TAs of the kth user in the [th cell. The interference
impinging from all the users except for the kth user in the /th
cell is expressed by the third term. Moreover, the interference



JOURNAL OF KIEX CLASS FILES, VOL. XX, NO. XX, MONTH 2018

caused by the channel estimation error of all users in all cells
is formulated by the fourth term.

According to (23), the SINR of y;x:, namely SINR;x¢, can
be derived as in (24). Then, upon substituting (24) into (22),
Ryj 1 can be obtained.

2) Calculation Olek-,2" Let leg =K {I(G”k; Tk, ﬂlk},

which represents the MI between the channel G”k (true TA
index) and the detected TA index f[lk, detected APM signals
;5. The area corresponding to Ry 12 has also been shown
by a specific pattern in Fig. 3. Similar to Ry 1, Rx,2 can be
divided into two terms,

Ry o =E {I(Gllk§ ﬁlk)} +E {I(Gllk§ f'lk|ﬁlk)} . (29

For the second term in (25), given the detected TA ingiex ﬁl k>
the detected signal 1, is independent of the channel Gy, (TA

index). Hence, we have E I(Gllk; f'lk|f[lk)} = 0. It can also

be seen from Fig. 3 that Gy, has no intersection area with
1y, excluding I1;;. Thus, we have

Ripo=E {I(Guk; ﬁlk)}

AN P(ilc)
SRECRE T P(ile)
= ; CZ:; 5P(Z|C) log, m, (26)

where P(i|c) represents the conditional probability that TAse
II; is detected, when actually TAs€ II. transmits the signal
and P(i|c) is a value averaged over the channel realizations,
which results in the approximate equality in Eq. (26).

To obtain P(i|c), the detected signal should be rewritten.
In (23), Gy is already known. While when Gy is now
unknown, the detected APM signal ¢;;4 can be rewritten as ,

~ ~H A ~H A
Yikd =/ PulWkq8ilktTikt + E V PulWikq8liksTlks
sell\{t}

—+ Z Z Z vaVﬁ,dglzus’qusxzus
(zw)#(Lk) s
L K
+ Z Z Z \/ﬁwﬁcdglzus'yzusxzus + Wﬁﬂdnl’
z=lu=1 s
(27

when the TA ¢ € II, is actually activated, but TA d € II; is
detected.

The power of the first term can be written as (jzq);, i.€. the
useful signal power at the receiver becomes:

Cikale = put|Wika&ure|*. (28)

The power of the interference term &4, can be written as,

~H - 2
Swale = D, Pul [WikaBuks|
SETL\{t}

+ ZZ Zpul‘VAV%_]Igdng'u,s|2

(zw#(Lk) s

L K
+ Z Z Zpuz ‘Wz}}méumf + [[Wikall®. (29)

z=lu=1 s

Next, the power of ;4 can be obtained given (jrq; and & rqjt

Rikd|t £E {Qlkdﬁfkd}
=E {Cikaje + Ekaje } -

According to [23], when the number of TAs is large, the
term w{,gdglm will converge to a constant. The probability
density function (PDF) of |fjxq|?> can be regarded as an
exponential function given the transmitted signal = is Gaussian
distributed, i.e.,

(30)

1

Kikd|t

——a
e “lkd|t

f\l?zkd|2(a) = (€29
and its corresponding cumulative distribution function (CDF)
is

F\Z?lkd,|2(a) = 1—e Mralt, (32)

To obtain P(i|c), let II; be the complement of the detected

TAs set I1;, consisting of the TA indices that are not detected.

Then, the sufficient and necessary condition to detect the TA

set II; is that the minimum received signal power |y;xq|? of

TA d in Il; is larger than the maximum received signal power
|y;41* of TA d in II;. This condition can be presented as

: 2 2

min > ma 57 33

min Ykl u ﬁ>§|ylkd| (33)

i

Next, the PDFs of mingem, |yrq|®> and max je g, |ylkd\2
have to be calculated through the order statistics of inde-
pendent but non-identically distributed random variables [26],
which is formulated as:

f\S’zkd,mm\Z (a) =

f|§’lkd1 |2 (a)
1- F|5’1kd1 \Q(CL)

(S—1)!

f\?zkds\Q(a)
1 - F\S’lkds\Q(a) n

1- F|$’zkdl\2(a) - F\S’zkds\Q(a)

- Z fl@lkd|2(a) H [1 - F|Z?Lkn|2(a)]
dell; nell;\{d}
l _ a _ a
= — e "ikd|t e flknlt
d;y Kikd|t H
i nell; \{d}
_ 1 a
_y ) "
dell; Kikd|t

where +||+ is the permanent [26] of the matrix.
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Put [ Wi Gkt |2

SINRx: =

~ ~ 2 ~ ~
Z Pul |Wll}1€tgllks‘ + Z Z ZP)’zuspullwﬁctglzusP

s€Il\{t} (zu)#(Lk) s

A more compact expression of fg, - 12(a) can be ob-
tained by letting A = Y. —.— and substituting \ into (34),

detr; "l
leading to:
F91aminl2 (@) = Xe72 (35)
Then, the CDF of yjxq,min can be expressed as
Figipamnl?(@) = 1 — €7 (36)

Similar to the derivation of fi3, . . 12(a), the PDF of
max g [Y,4l” is derived as

1

— +
']l'lylkci,max‘2 (a) - (N _ S _ 1)'
F|5’zkd1 ‘2(a) F|5’zde,S|2(a)
: "

F|5’lk-d1 ‘2((1) F|9szN,s|2(a)
f|yzkél‘2(a) f‘yzdefsP(a)
=2 @ I Flaa (@)

dell; nell;\{d}

| o

= e Tikd|t (1 —e "‘Lkn\t) . (37)

= Pikd)t H p

dell; n€ll; \{d}

Given Flg,,, ..2(a) and fig - 2(a), P(ilc) can be
obtained as ’

P(ilc) = P(|$’lk<i,rrlin|2 > |ylk(i,max|2)

= /0 (1 - F‘lylkd,rrxirl‘2(a)) flylkd.,max‘2(a)da

o0
_ 1 -
/ e N g e
0 = Kikd)t

dell; nell;\{d}
1 e S— e
= Z / e Ne  “ndt H (1 — e Flkn|t )da
Iﬂ‘/ )~ ~ ~
dem, Wkd|t JO nefind
_ Z 1 Z 1
- 1 1 _ |ﬁn| ~ )
o Bk 1, CHN () A+ r—y + (= 1)Hn W (11,,)
(38)
where
— 1
VE) =) - (39)

el Fikdlt

It is noted that ;4| in (38) is an average value over channel
realizations.

Finally, substituting P(i|c) obtained in (38) into (26), Ry 2
can be obtained.

Klkiﬂt H (1 —6_ ""lkan\t) da

K ; 24)
+ Z Z Zlyzuspul ‘Wl}]lgtglzus| + ||VAVlk:tH2
s

z=1lu=1

To make this paper clearer and facilitate the analysis, we
write down the the final specific expression of the achievable
sum-rate Ry, as following,

KN
Rgim = (1 — T)(le 1+ Rik2)

<1KN<

Z Z log, {1 + E[SINR¢]}

c=1tell,

1082 =T p(ile) > Pl

(40)

where SINR;;; is shown in Eq. (24) and P(i|c) is shown in
Eq. (38).

The physical interpretation of each term in SINR;x; has
been introduced right below Eq. (23). The detector wyq is
expected to increase the SINR;; in Eq. (22), hence increasing
Ryj,1 of Eq. (22). For example, the MF detector is capable of
effectively increasing the numerator of SINR;x; of Eq. (24)
in Eq. (22) while ZF performs well in terms of reducing the
interference, i.e. the denominator of SINR;.;.

As for Ry, kg in P(ilc) of Eq. (38), the power
received from the IV antennas plays a key role, because the
power is expected to have a relatively high value for the
specific TAs that actually transmit data, thereby increasing the
probability of correctly detecting the activated TAs, which is
also reminiscent of amplifying the power of useful signal and
suppressing the interference by a ZF detector.

IV. APPROXIMATION

When the number of TAs tends to infinity, the approx-
imation becomes accurate. The approximation of the exact
achievable sum-rate Rgj,, is actually based on the approxi-
mation of the followmg ﬁve terms, |Wlktgllkt| |Wlktg”ks|
Wi &1us|? ||w”€t||2 both in the SINR;;: ex-
pression of Eq. (24) and in Kygqp¢ of Eq. (30). Upon obtaining
these five approximate terms associated with the SMMSE, ZF
and MF detectors, the approximate SINR;j; and approximate
Kikg)e expressed as SINR/YF" and n}%’ﬁ can be readily ac-
quired. Then, the specific expression of the approximate sum-
rate R*PP" is given by

RO = (1 %)(R?;T +RPY)

-

Z Z log, {1 + SINR;PP"}

c=1tell,
P(i]c) v

PP logy g
> &P (il

Q \

(41)



JOURNAL OF KIEX CLASS FILES, VOL. XX, NO. XX, MONTH 2018

where P(i|c)*PP" is obtained upon replacing g in the
P(ilc) expression of Eq. (38) with r 7.

To derive the approximate five terms above mentioned, let us
first define ®;.,, and ®;,_;; as a block matrix in the following
form,

A A AN
A21 A22 tet A2]\7

D/ Pl = : : : : ) (42)
ANl ANZ ANN

where each block matrix A;; is an (M x M)-element matrix
and represents the block matrix in the ith row and jth column

of @y, or Pk, expressed as Py, (; j) or Pro_yp(i -

The following is the approximate process of the five terms
respectively for SMMSE, ZF and MF.

A. SMMSE approximation

For the SMMSE detector, the product of the estimated
channel and its Hermitian is approximated by its correlation
matrix. Then WlS,iVIMSE can be approximated as

% -1
WiMSE = (Z GueGljy, + Zl) Gunk
k=1

L K 1 -1
(ZZ@szfzﬁpllM) Gur, (43)

z=1k=1
where

K

L K
Z, = Z(ﬁllkdem - o)) + Z z (BizeR{y) + *IM
k=1 z=1k=1 p

g,
(44)

The approximation result of (43) is obtained by using
Zk L (=®@4,) in Z; to appr0x1mate Zk L GurGlL.

Let us use sporthand of X =
(Z > 5lzszlzk+ soIm . Then substituting it into
z=1k=1

(43), we can get Wlskl\/ﬂvlSE = X Gy Hence, the detector for
the tth TA of the kth user in the [/th cell can be written as
Wik = &l X. (45)

To obtain the SINRy;; for calculating R ; and Kikd|e for
calculating I?j 2, the following five terms in Eq. (24) are
approximated which can also be applied to Eq. (28) and Eq.
(29).

The first term is the useful information signal in the numer-
ator of Eq. (24) which has a mean power of

(Wi &kt ] Ugllktxgllkt‘ }

= {tr [ Xy, }2, (46)

for E [|&]c:8urt|] = Run(e.)-

The second term is the mean power of the inter-antenna
interference signal in the denominator of Eq. (24) imposed by
the same user

E[[ Wi 8urs|’] = E “gz}zlktxéuksﬂ
= {tr [X®p(s,0)] }2,

for E &1 8urt|] = Puuk(s,e)-

The third term is the mean power of the interference signal
in the denominator of Eq. (24) imposed by the other users in
all cells. Since g;x; is independent of g;.,s when u # k, we
can get

(47)

“gllkt X8izus | 2}

_Ju{E [\ngmsgmsxgmguktH boifu#k
= R R 2 .
tr {E [Xglzusgﬁkt]} ifu==k
_ tr {‘Xélzu(s,s)X(I’llk(t,t) ’} if u 7é k
tr {X Py, e} if u = k.
The fourth term is the mean power of the interference signal
in the denominator of Eq. (24) due to the channel estimation

error of all cells. Since g5, is independent of 5., we arrive
at:

lektglzusl

(48)

N ~ 2 ~ ~ 2
E[|Wll;lgtglzus| } =E “glPlIkthlzus| ]
tr [Xglzusggusxgllktgﬁkt]

=tr [X(Rlzu(s,s) - (}lzu(s,s))xq)llk(t,t%lé)

The fifth term, i.e. the last term in the denominator of (24)
and the last term in (29), can be calculated as

= E [&]14 XX &u1kt]
= tr [qu)llk(t,t):l . (50)
Substituting (46), (47), (48), (49), (50) into (24) and (30),

the approximated [?;;; and Rj; o using the SMMSE can be
obtained.

E [[[Wike||*]

B. ZF approximation

The zero forcing detector WleF of the kth user in the [th
cell can be formulated as
-1
WleF = {Gll (Gﬁélz) ] (51)
[(k—1)M N+1:kMN]

For the mean signal power received from the Ith cell,
E[|WH . 8uus|?] equals 1 only when the signal is transmitted
from the tth antenna of the kth user in the [th cell, otherwise
it equals 0, i.e.,

CH - 1 if (u,s) =
Enwﬁtguusm:{ (w2)

0 otherwise.

kD s

The relationship between Glzk and Guk can be obtained
according to (5), which is given by:

Bizk

ik

B ﬁzzk
Buik

Vec(é‘rlzk) Rlsz”kvec(G”k)

(R Ry ) @ Lng] vee(Gu).

(53)
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Then, the averaged interference power E[|W}},81.vs|%] imping-
ing from other cells can be calculated as

ifu==~k

2
Bizk _1
E[lwﬁctglzus‘z] = [ﬁuk (Rzx Ry, )(s,t)]

tr (E [8rzus8l Wik Wity |)  if u# k

2
[gl;: (RZkRﬁcl)(s,t)] ifu==k

tr ((I)lzu(s,s)wlktwl}[gt) if u 7& k.

N H
Exploiting the characteristic of ZF that (WZ4F) Gy =1,

both (52) and the u = k case of (54) can be obtained.

Since Wy, is independent of g;,,s and g5, the u # k
case in (54) and the average interference power impose due to
the non-zero channel estimation error, namely E[|Wil, 8;..5]?],
can be obtained as

Enwl}llctglzus |2] = Enwgctglzusg}{zuswlkt H
=17 (E [8rous&lrus Wikt Wiy |)

=tr ((Rlzu(s,s) - (I)lzu(s,s))wlktwl}}lgt> .
(55

The square of the Frobenius norm item, i.e. the last term
in the denominator of (24) and the last term in (29), can be
approximated as

E [[IWi:]*] = E [(Gﬁkéllk)l]

~ (q’;lrk)[;,lt] )

[¢:¢]

(56)
where @], is the matrix obtained by calculating the trace of
each block in (42), i.e.,

tr(Au)
tr(Aag)

tr(Alg)
tI‘(Agg)

tI‘(AlN
tr(Aan

~— —

D), = (57)

tr(An1)  tr(Anz) tr(Ann)
Let us now exploit that the item vizlktvi/ﬁt in (54) and (55)
can be approximated as
E [WiniWii,] ~ E {[Gllk(q);lrk)il}[,t] [((I);lrk)iléﬁk][,t]} :
(58)

Assuming that ¢y is the tth column of (®%, )71,
E [WiktWii,| can be approximated by

E [WikeWig,] ~ E {Gllkﬂsllktﬁbﬁktégk}
= Sumpus i { [(Puredlipe) @ Ina) © Pu }
(59)

where Sum s x a7 (+) represents dividing the matrix into M -by-
M matrices, which are then summed up. In detail, let B =
(b1t dihy) © Tng) @ @11, be an M N x M N matrix which can
be written as the following block matrix,

B B By
B Bs; Baon

B=| . ) s (60)
BN1 BN2 BNN

where each matrix B;; is an M x M matrix taken from
the ((i —1)M + 1~ iM)th rows, (j —1)M +1~ jM)th
columns of B. Then, Sumpsxa(B) can be expressed as
the sum of all the matrix blocks, i.e., Sumpxa(B) =
2.5 22 Bij-

Substituting (52), (54), (55) and (56) into (24) and (30)
separately, the approximated R;; ; and R » using ZF can be
obtained.

C. MF approximation

For the MF detector, the approximation method is similar to
that of the MMSE method, but the difference is that in contrast
to Eq. (43), no X matrix is invoked in the MF detector. Hence,
the MF detector’s WM is expressed as

W%F = Gllk- 61)
The mean power of the useful signal term in the numerator
of Eq. (24) can be calculated using the covariance matrix
®)15t,1) to approximate the expectation of the estimated
channel correlation E[gyx:8]1,,], we have:

E(| Wik &urt|?) = Eltr? (&ure&iie)] = tr°(Punep)-  (62)

The mean inter-antenna interference signal power term in the
denominator of Eq. (24) is computed via using the covari-
ance matrix @5, ) between different antennas of the same
user to approximate the expectation of the estimated channel
correlation, i.e.,

E[|Wiki&iks|?] = Eltr® (Gurs&itee)]) = tr*(®un(s ). (63)

For the mean power of the interference arriving from other
cells, if it arrives from a user relying on the same pilot,
the covariance matrix ®;,_;(,,,) between different estimated
channels can be used to approximate the expectation of the
different cells’ estimated channel correlation. Otherwise, since
Ei.us 1s independent of g5, the u # k case of (64) can be
obtained:

tr (E [glzusgl}iuswlktwﬁﬁ}) ifu 7é k
. . 2 )
{E[tr(glzusggkt)]} ifu =k
— tr (@lzu(s,s)éllk(tét)) if u 7é k

{tr [®1._iks)] } if u=k.

For the mean interference power imposed by the non-zero
channel estimation error term, since g;,,s is independent of
ke, we can express the mean power E[|Wil §;..s|?] of the
interference caused by the non-zero channel estimation error
as follows:

]Eﬂwlfllctglzus‘ﬂ = {

(64)

E[";VgctglzusF] = EHgl}lIktglzungzusgllkt”
=tr (E [élzusggusguktéﬁkt])
=tr ((Rlzu(s,s) - (I)lzu(s,s))q)llk(t,t)) . (65)

As for the fifth item, i.e. the last term in the denominator of
(24) and the last term in (29), it can be approximated as

E [IWikel?] = E [&1/5:&ukt]

=t [Pup(es] - (66)
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Upon substituting (62), (63), (64) and (66) into (24) and
(30) separately, the approximate I?;;; and Rjy o expression
of using the MF can be obtained.

V. NUMERICAL RESULTS

In this section, we consider a seven-cell example to study
the sum-rate in the face of the inter-cell interference caused by
pilot contamination and in the presence of inter-antenna inter-
ference. In particular, only a single user is considered in each
cell because pilots in each cell are orthogonal. Furthermore,
each user is equipped with N = 4 TAs. The channel coherence
time is assumed to 7" = 16. The large scale fading 5y, for its
own cell will be normalized to 1. Numerical results section
is divided into two parts: in the first part, we only consider
the sum-rate when two antennas are activated at any instant.
In the second part, different number of activated antennas are
compared.

A. sum-rate when two antennas are activated

Two types of channel covariance matrix are considered in
this paper. For the correlation factor of the exponential model
based covariance matrix at the user’s side and at the BS’s
side are both set to » = 0.2. For the Bessel function based
covariance matrix, the antenna spacing at the user’s side and
at the BS’s side are both set to d; = d,- = 0.1 and the survival
factor « is set to be 0.3. Moreover, the pilot transmit power
and the UL data transmit power are both assumed to be 10dB.

Fig. 4 shows the multi-cell SM’s sum-rate versus the number
of TAs at each BS with the inter-cell large scale fading inter-
ference factor f;;, = 0.25 under the exponential covariance
matrix and the Bessel covariance matrix separately. The num-
ber of TAs ranges from 10 to 359. It is observed in Fig. 4 that
for both type of covariance matrix model, SMMSE shows the
best performance for an arbitrary number of TAs . MF is better
than ZF for a lower number of TAs. When M is gradually
increasing, ZF surpasses MF and approaches SMMSE. Since
the growth rate of the sum of inter-antenna interference and
of the inter-cell interference along with A is higher than
that of the useful signal, the system becomes interference-
limited upon increasing the number of antennas. The MF is
designed to amplify the desired signal, while ZF is designed to
suppress the interference. Hence, ZF gradually starts to exhibit
an improved performance as M grows. SMMSE combines
the advantages of ZF and MF, which makes it our proposed
option. Furthermore, for the exponential covariance matrix,
the approximated values of both SMMSE and ZF are close to
the simulation based values. While for the Bessel covariance
matrix, the approximated ZF and MF cases are both close
to their simulated values, while the approximated value of
SMMSE deviates from its corresponding simulated value. This
indicates that the accuracy of the approximation is sensitive
to the covariance matrix model assumed.

Fig. 5 shows the sum-rate versus the SNR with the
interference factor of f3;;; = 0.25 and correlation factor of
r = 0.2 under the exponential covariance matrix for different

5
—— SMMSE (simulation)
--==ZF (simulation)
<4r = MF (simulation)
s ¢ SMMSE (approximation)
> o ZF (approximation) -
> © MF (approximation)
= 3r exponentail covariance |
S matrix
)
w2
Ini
g &
@l
o L
1 2
10 10
Number of antennas M
Fig. 4. Sum-rate w.rt. the number of antennas at each BS under the

exponential covariance matrix and the Bessel covariance matrix.

values of M. It is shown that the sum-rate increases rapidly
when the SNR increases from —20dB to 10dB, but beyond
10dB it becomes flat even when the SNR continues to grow
which indicates that it is meaningful to increase the SNR in
a certain range. The scenarios associated with M = 50 and
M = 100 are also compared. They show similar trends w.r.t.
the SNR and the sum-rate of M = 100 is always higher
than that of M = 50, the SMMSE is better than ZF and ZF
is better than MF for both M = 100 and M = 50 while
ZF is closer to SMMSE which is consistent with Fig. 4. In
contrast, Fig. 6 shows the sum-rate versus the SNR for the
interference factor of 3;;;, = 0.25 and antenna spacing factor
of d, = d; = 0.3 under the Bessel covariance matrix which
shows similar characteristics with Fig. 5.

Fig. 7 shows the sum-rate versus the interference factor
with the correlation factor of » = 0.2 and SNR = 10dB
under the exponential covariance matrix for different values
of M. The sum-rate of M = 50 and M = 100 gradually
decreases as the interference factor increases, because the
pilot contamination becomes more severe. Furthermore, the
gap between the curves of M = 50 and M = 100 becomes
smaller as the interference factor increases. This means that
the increased number of TAs can not be exploited, when the
inter-cell interference becomes more significant. In contrast,
Fig. 8 shows the sum-rate versus the interference factor for
antenna spacing factor of d, = d;, = 0.3 and SNR = 10dB
under the Bessel covariance matrix for M = 50 and M = 100
respectively.

B. sum-rate when any number of antennas are activated

In this part, we compare the sum-rate w.r.t. the number of
antennas M at each BS when different number of antennas
are activated at each user side under the two types of channel
covariance matrix model. For exponential covariance matrix
model, we choose the docoder with admirable approximation
performance, i.e., SMMSE and ZF, to display the effect of
activating different number of antennas which is given in
Fig. 9 and Fig. 10, respectively. In contrast, ZF and MF are
chosen to elaborate the effect of different number of activating



JOURNAL OF KIEX CLASS FILES, VOL. XX, NO. XX, MONTH 2018

w
T

——SMMSE (simulation)
--==ZF (simulation)
---------- MF (simulation)
¢ SMMSE (approximation)
o ZF (approximation)
o MF (approximation)

Sum-rate (bits/s/Hz)
[N N}

20 30 40

O I I I
-20 -10 0 SNR],'(?dB)

Fig. 5. Sum-rate w.r.t. SNR for M = 50 and M = 100 under the exponential
covariance matrix.
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Fig. 6. Sum-rate w.r.t. SNR for M = 50 and M = 100 under the Bessel
covariance matrix.

antennas which is shown in Fig. 12 and 13, respectively.
Results from them all show that increasing the number of
activated antennas always leads to a higher sum-rate yet with
a smaller growth rate since the distance between the two lines
is getting smaller. Moreover, more activating antennas also
means more power consumption. The energy efficiency is an
important factor to be considered for next generation wireless
communication systems and the energy efficiency of a system
is defined as the sum-rate (the spectral efficiency (bits/s/Hz))
divided by the transmit power (the UL data transmit power of
each antenna multiplied by the number of activated antennas
(/s)) as following,

Rsim
S - Pul
The relationship between the energy efficiency and the spectral
efficiency with M = 100 is given in Fig. 11 and Fig.
14 respectively for exponential covariance matrix and Bessel
covariance matrix. For comparison of the different decoders,
SMMSE gives the best energy efficiency across the entire
spectral efficiency range while ZF gives the worst performance
but will exceed MF as the number of activated antennas
increases and the spectral efficiency increases. For comparison
of different number of activated antennas, it is observed

n= (bits/J/Hz) (67)

—— SMMSE (simulation)

N --==ZF (simulation)

T 6% =+ MF (simulation) 7

NN ¢ SMMSE (approximation)

> o ZF (approximation)
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Fig. 7. Sum-rate w.r.t. interference factor for M = 50 and M = 100 under
the exponential covariance matrix.
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Fig. 8. Sum-rate w.r.t. interference factor for M = 50 and M = 100 under
the Bessel covariance matrix.

that no matter for which decoder, decreasing the number of
activated antennas always achieves higher energy efficiency.
Hence, the number of activated antennas need to be selected
considering the system sum-rate requirement as well as the
power requirement.

VI. CONCLUSIONS

In this paper, we have studied the sum-rate of GSM under
a practical channel model in a massive MIMO multi-user
multi-cell system. At the GSM detection stage, we separated
the TA index detection process and APM signal detection
process into two parts and concluded that the SMMSE filter
is the best choice for both of them. Furthermore, a sum-rate
approximation was derived when the number of TAs tends to
infinity. Simulations have demonstrated that SMMSE has the
best performance, while MF has better performance than ZF
only for a low number of TAs. Moreover, the accuracy of the
sum-rate approximation for different linear filters was found
to be sensitive to the channel correlation model. The analytical
results of SMMSE and ZF exhibited better alignment with the
simulations under the exponential covariance model, while the
derivations of MF and ZF were better aligned with simulations
under the Bessel covariance model. The relationships between
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——SMMSE (simulation)
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Fig. 9. Sum-rate w.r.t. the number of antennas at each BS under the

exponential covariance matrix with SMMSE docoder.
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Fig. 10. Sum-rate w.r.t. the number of antennas at each BS under the
exponential covariance matrix with ZF decoder.

sum-rate, SNR and interference factor were also discussed.
Furthermore, the sum-rate w.r.t. the number of BS antennas
and the energy efficiency w.r.t. the spectral efficiency for
different number of antivated antennas are presented which
provide a reference for selecting antennas. For future work,
quantitative analysis of the sensitivity of the derivation to the
spatial correlation model will be studied.
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