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ABSTRACT This paper proposes coordinated beamforming (CB) that works over non-orthogonal multiple
access (NOMA) scheme integrated with spatial modulation (SM), termed as CB NOMA-SM, to improve
capacity and user fairness. User capacity, ergodic sum capacity (ESC), and user fairness of K number of
coordinated base stations (BSs) are simulated and analyzed by comparing them with joint transmission
coordinated multi-point based NOMA with SM (JT-CoMP NOMA-SM), NOMA, and orthogonal multiple
access (OMA). The results show that the proposed system outperforms the other schemes both in ESC and
user fairness due to the enhancing CEU while CCU capacity still can be maintained.

INDEX TERMS Non-orthogonal multiple access (NOMA), coordinated beamforming (CB), spatial modu-
lation (SM), capacity, user fairness.

I. INTRODUCTION
Non-orthogonal multiple access (NOMA) is one of multiple
access candidates in next-generation wireless communica-
tions, which provides higher spectral efficiency than orthog-
onal multiple access (OMA) [1], [2]. NOMA multiplexes
users superimposed in the power domain over a particular
resource [3]–[5]. In downlink NOMA, a base station (BS)
allocates less power to cell center user (CCU) than those
allocated to cell center user (CEU). In addition, CCU decodes
its own signal by removing CEU signal using successive
interference cancellation (SIC) [4]–[8].

In multi-cell scenarios, several inter-cell interference (ICI)
avoidance techniques have been proposed to improve
user performance [9], [10]. In conventional coordinated
multi-point (CoMP), a CEU located in overlapping cell area
is transmitted by multiple coordinated BSs [11]–[15]. The
same resources are allocated to the CEU, then CCU uses
SIC to remove ICI caused by CEU signal while receiving
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signals from multiple CoMP BSs. Therefore, CoMP can
enhance data rate in a multi-cell network. However, most of
the conventional CoMP only considers single CEU within
multiple CoMP BSs [13]–[15]. Considering the number of
CEU that may be equal to or more/less than CCUs in prac-
tice, joint transmission CoMP with virtual user pairing-based
NOMA (JT-CoMP VP-NOMA) [16] and joint transmission
CoMP works over NOMA integrated with spatial modu-
lation (JT-CoMP NOMA-SM) [17] are proposed to han-
dle multiple CEUs as well as the ICI issue. In JT-CoMP
NOMA-SM, spatial modulation (SM) is used for serving
multiple CEUs which are considered ineffective to be trans-
mitted using CoMP technique [18], [19]. Utilizing SM is
considered effective to improve capacity in multi-cell sce-
narios because it can avoid ICI [20]. Based on the evalua-
tion of JT-CoMP NOMA-SM, a CoMP user gets high data
rate because it gets signals from multiple coordinated BSs.
Assuming there are K number of coordinated BSs within
N number of cells and the number of SM antenna is fixed,
a fairness problem occurs when the number of coordinated
BS is increased. CoMP user capacity increases whereas
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SM users capacity depends on the number of antennas used in
the BS.

Antenna’s beamforming which is coordinated to each
other, or known as coordinated beamforming (CB), could be
used for overcoming the ICI issue [21]–[24]. In CB based
NOMA (CB NOMA), data for CEU are allocated to be
only independently available at the serving BS. By using
interference alignment based coordinated beamforming
(IA-CB) method, the BSs coordinate with each other to
optimize their beamforming vectors and to enhance their
user capacity. The algorithm chooses its transmitted/received
beamforming vector, the other are considered as ICI and
will be removed [23]–[26]. The CCU that does not apply
CB will encounter ICI due to the signals from neighboring
cells. Moreover, CB NOMA can improve both capacity and
user fairness because two users paired in each cell are served
by its BS independently. By considering superiority of SM
such as improving capacity, mitigating ICI and handling
multiple CEUs [17]–[20], the SM can be implemented in
CB NOMA where one transmitting antenna is activated to
transmit symbols at a particular time. The practical use of
CBNOMA combined with SM (CBNOMA-SM) depends on
the systemmodel. Assuming a cell is having the same number
of CCU and CEU, then SM should be utilized to improve
CEU capacity [27]–[29]. Otherwise, SM can be used for
serving users that are considered ineffective when a resource
is allocated [30], [31].

By utilizing more than one transmitting antennas,
Multiple-Input Single-Output (MISO) or Multiple-Input
Multiple-Output (MIMO) system can be used for further
improving SM capacity [32], [33]. Generalized SM (GSM)
enhances SM capacity by utilizing MISO or MIMO antenna
and activating more than one antennas [34]–[37]. Quadrature
SM (QSM) extends capacity of GSM by using an extra mod-
ulation spatial dimension [38], [39] In addition, sparse code
multiple access (SCMA) combined with SM (SM-SCMA) or
QSM can also be utilized to handle the increasing number of
users [40].

The main contributions of this paper are summarized as
follows.
• A novel CB NOMA-SM is proposed to improve both
capacity and user fairness. Different from previous
works in [21]–[24], this paper exploits CB NOMA inte-
grated with SM in a generalized multi-cell scenario.

• Instead of the probability of error on IQ domain, this
paper estimates probability of error on antenna index by
using maximum likelihood (ML) detector. It is different
from previous work in [17] that assumed user can detect
antenna index perfectly.

• This paper provides a closed-form solution for ergodic
sum capacity (ESC) of the proposed system, which
is derived through a mathematical analysis by con-
sidering imperfect SIC and imperfect channel state
information (CSI).

The rest of this paper is arranged as follows: Section II
explains system model of the proposed system. Section III

provides transmission protocol of the proposed system.
Section IV conducts performance analysis of the proposed
system such as ESC and user fairness while Section V
presents the simulation results. Finally, section VI provides
conclusion of this paper.

II. SYSTEM MODEL
In this paper, the system is modeled as a generalized
multi-cell system with K number of coordinated BSs within
N number of neighboring cells. To compare it with previous
work in [17], each coordinated cell consists of a BS, one CEU
and one CCU as shown in Fig. 1. The distances from BS to
CCU and to CEU are defined as rij and rik , respectively. In this
case, i ∈ 1, 2, . . . ,N indicates the ith BS, j ∈ 1, 2, . . . ,K
denotes the jth CCU, and k ∈ 1, 2, . . . ,K represents
the k th CEU. This paper generates user positions by using
random user algorithm. The cell radius is assumed as R = 1
for normalization. The distance between BSs is assumed
as 2R. In addition, the height of BS antenna is assumed to
be 0.01R. The distances from the jth CCU and the k th CEU
to the ith BS antenna, represented by dij and dik respectively,
can be calculated by using the concepts of trigonometry.

For simplicity, this paper assumes each user has a single
antenna and each BS has two antennas (TXi = 2), where
TXi indicates the number of the ith transmitter antenna.
In SM system, each BS antenna is combined with IQ domain
as an additional information [34]–[37]. Assuming each coor-
dinated cell contains two users, the additional information
from SM can be utilized to escalate CEU capacity. Otherwise,
SM should be utilized to serve users considered inefficient to
be handled by using NOMA.

In practices, users may not be able to perfectly esti-
mate information modulated through antenna index. It can
decrease user’s capacity, which is represented by a probability
of error (PE). This paper denotes PEsym as probability of
error caused to error of binary phase-shift keying (BPSK),
and PEant as probability of error that occurs because user
cannot detect antenna index perfectly [41], [42].

III. TRANSMISSION PROTOCOL
In this paper, total bandwidth and total power in a cell are
normalized by B = 1 and P = 1, respectively. If α is
denoted as power allocation factor for CCU, then Pj = αP
and Pk = βP can be denoted as power allocation for
CCU and CEU, respectively. α is assumed to be 0.1, whereas
β can be assigned by 1-α. Fig 2 shows the illustration of the
simulated and analyzed scenarios.

For simplicity, this paper assumes that the links between
BS antenna and users are identical. Imperfect CSI is con-
sidered to have channel estimation error (CSE) because in
reality there is no perfect channel estimation [15], [17]. The
CSE for the jth CCU and the k th CEU can be modeled by
hεij = hij − ĥij and hεik = hik − ĥik , respectively. It assumes
that it signal propagates through Rayleigh Flat Fading chan-
nel independently, channel coefficients are represented by
hεij ∼ CN

(
0, σεij

)
for the jth CCU, and hεik ∼ CN (0, σεik)
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FIGURE 1. Generalized multi-cell systems of the proposed CB NOMA-SM.

for the k th CEU. The received signals of CEU and CCU
need to estimate channel gain |ĥik |2 and |ĥij|2, respectively.
The channel estimation characteristic for CCU is distributed
independently with mean zero and can be modeled as ĥij ∼
CN (0, σ̂ij = d−vij − σεij). Similarly, the channel estimation
characteristic for CEU is modeled as ĥik ∼ CN (0, σ̂ik =
d−vik − σεik ). In this case, σ̂ij and σ̂ik signifies the estimation
variance of link from the ith BS to the jth CCU and to the
k th CEU, respectively. While, v denotes path-loss exponent.
In this paper, σεi,jand σεi,k , assigned as variances of chan-
nel estimation error for CCU and CEU from the ith BS,
are assumed to be fixed for each channel which is 0.01
[15], [17]. On the other hand, imperfect SIC caused by CCU
cannot decode its own message perfectly and assumed to
be −25 dB [15], [17].

For ith BS, the superposition code is applied by using the
following NOMA scheme.

xi =
√
αPSj +

√
βPSk , (1)

where Sj and Sk represent the desired signal for the jth CCU
and the k th CEU from the ith BS, respectively.

From CCU’s point of view, the total received signals from
the ith BS at the jth CCU with given channel estimation error

is as follow.

yj =
N∑
i=1

(
ĥij + σεij

) (√
αPSj +

√
βPSk

)
+ nj

= ĥjj
(√
αPSj +

√
βPSk

)
+

N∑
i=1
i 6=j

ĥij
(√
αPSj +

√
βPSk

)
︸ ︷︷ ︸
interference from the other BSs

+

N∑
i=1

σεij

(√
αPSj +

√
βPSk

)
︸ ︷︷ ︸

channel estimation error

+nj, (2)

where nj represents the noise received by the jth CCU during
transmission. The jth CCU decodes its own signal from the
ith BS by cancelling the k th CEU signal using SIC, where
i = j = k . Then, the received SINR at the jth CCU after
SIC process is expressed as

τj =
αP|ĥjj|2

(α + β)P
N∑
i=1
i 6=j

|ĥij|2 + (α + β)P
N∑
i=1
σεij + No

, (3)
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FIGURE 2. Considered scenarios: (a) OMA, (b) NOMA, (c) JT-CoMP NOMA-SM, and (d) CB NOMA-SM.

where No represents the additive white Gaussian noise
(AWGN). With K number of coordinated BSs within N
number of cells, the CEU signals from coordinated BSs can
be avoided by coordinating its beamforming. However, CCU
still endures ICI that comes from the CCU signals. CCU also
suffers ICI from other BSs that do not apply CB. Considering
α + β = 1, the received SINR at the jth CCU when CB is
applied can be expressed as follow.

τj =
αP|ĥjj|2

αP
K∑
i=1
i 6=j

|ĥij|2 + P
N∑

i=K+1
|ĥij|2 + P

N∑
i=1
σεij + No

. (4)

On the other hand, the total received signal of the k th CEU
is given as

yk =
N∑
i=1

(
ĥik + σεik

) (√
αPSj +

√
βPSk

)
+ nk , (5)

where nk is a noise received by the k th CEU during trans-
mission. Similarly, the CEU signals from coordinated BSs
can be avoided because the beamforming vector can be cho-
sen by coordinating its beamforming. In addition, IA-CB
removes other signals from the coordinated BSs. However,
CEU still suffers ICI from other BSs that do not apply CB. So,

the received SINR at the k th CEU can be written as follow.

τk =
βP|ĥkk |2

αP|ĥkk |2 + P
N∑

i=K+1
|ĥik |2 + P

N∑
i=1
σεik + No

. (6)

IV. PERFORMANCE ANALYSIS
A. ERGODIC SUM CAPACITY
In this section, ESC of the proposed system is determined
for users located in K number of coordinated BSs within
N number of cells. By considering ρ = P/No, then SINR
of the jth CCU in equation (4) is addressed as follow

τj =
αρ|ĥjj|2

αρ
K∑
i=1
i 6=j

|ĥij|2 + ρ
N∑

i=K+1
|ĥij|2 + ρ

N∑
i=1
σεij + 1

. (7)

The imperfect SIC should be considered when user cannot
estimate its channel and CCU cannot decode its signal per-
fectly [15], [17]. Then, equation (7) can be derived as follow.

τj =
αρ|ĥjj|2

αρ

K∑
i=1
i 6=j

|ĥij|2

︸ ︷︷ ︸
ICI CB

+ρ

N∑
i=K+1

|ĥij|2︸ ︷︷ ︸
ICI non−CB

+ ρ

N∑
i=1

σεij︸ ︷︷ ︸
im CSI

+ ργ︸︷︷︸
im SIC

+1

,

(8)
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where γ represents residual interference caused by CEU sig-
nal that may not be canceled perfectly at CCU. Considering
that CCU located in the coordinated BSs does not apply
CB, the ICI CB happens due to power allocation to CCU
from the neighboring cells. It can be ignored because the
ICI is assumed to be very small. Therefore, the ICI CB
on equation (8) can be deleted. The ICI non-CB represents
ICI caused by BSs that do not apply CB.

Assuming that each beam is coordinated perfectly as has
been derived in equation (6), CEU suffers inter-NOMA inter-
ference (INI) as well as ICI non-CB. Then, SINR of the
k th CEU can be calculated as:

τk =
βρ|ĥkk |2

αρ|ĥkk |2︸ ︷︷ ︸
INI

+ ρ

N∑
i=K+1

|ĥik |2︸ ︷︷ ︸
ICI non−CB

+ ρ

N∑
i=1

σεik︸ ︷︷ ︸
im CSI

+1

. (9)

The achievable throughput for the jth CCU and the k th CEU
in the ith cell can be written as below.

Cj = log2
(
1+ τj

)
, (10)

Ck = log2 (1+ τk). (11)

In the proposed system, CEU utilizes SM to further
improve its capacity because the number of CCU is equal
to the number of CEU, as explained in Section II. Due to
the inability of user in detecting both IQ and antenna index
perfectly, the CEU capacity combined with CB NOMA and
SM can be written as

Ck = log2 (1+ τk)+ (1− PEsym,k )log2(M )

+ (1− PEant,k )
⌊
log2

(
TXi
TAi

)⌋
, i = k. (12)

In this paper, M represents the M -ary of modulation con-
stellation order. While, TAk represents the number of active
antennas in the ith BS. As a note, SM could be added to
support CCU capacity if needed. Therefore, the achievable
sum rate of the proposed system in the ith cell is given as
below.

Cerg
i = Cj + Ck , i = j = k . (13)

Moreover, ESC of the proposed system with K number of
coordinated BSs within N number of cells can be calcu-
lated as:

Cerg
total =

K∑
i=1

Cerg
i , (14)

Given the probability density function (PDF) in [15],
the exact CCU capacity on equation (10) can be calculated
by solving the equation below.

Cexact
j = E{Cj}

=

∫
∞

0
log2 (x + a) fXj (x)dx

−

∫
∞

0
log2 (y+ a) fYj (y)dy, (15)

where E represents expectation operator, and a = ρ
N∑
i=1
σεij+

ργ + 1.
First, let suppose Xj , αρ

∑N
i=1 |ĥij|

2 and Yj ,
αρ
∑N

i=1,i 6=j |ĥij|
2. The PDF of Xj can be determined through

exponential random variables (RVs) of total N number of
cells whereas N − 1 should be considered for Yj. The param-
eters of exponential RVs are assumed to be different because
the distance from each ith BS to the jth CCU is different.
It makes the channel gain variance is also different for
each ĥij. The PDF of each exponential RV can be expressed
as follow.

fXij (x) =
d(FXij (x))

dx
=
d(1− exp(−wijx))

dx
= wij exp(−wijx), (16)

fYij (y) =
d(FYij (y))

dy
=
d(1− exp(−wijy))

dy

= wij exp(−wijy), (17)

where, wij represents each parameter of exponential RVs.
By using sum exponential, the PDF of Xj and Yj can be
derived as:

fXj (x) =
N∑
i=1

fXij (x)

=

N∑
i=1

fXij (x)
N∏
h=1
h6=i

whj
whj − wij

, N ≥ 2. (18)

fYj (y) =
N∑
i=1

fYij (y), i 6= j,

=

N∑
i=1
i 6=j

fYij (y)
N∏
h=1
h 6=i
h 6=j

whj
whj − wij

, N ≥ 3. (19)

By inserting equation (16) into equation (18) and equa-
tion (17) into equation (19), the CCU capacity for the pro-
posed system can be solved by using PDF of fXj (x) and fYj (y).
Therefore, Cexact

j of can be written as

Cexact
j =

1
ln(2)


K∑
i=1

(
ln(a)− exp(awij)Ei(−awij)

)

×

N∏
h=1
h 6=i

whj
whj − wij
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−

K∑
i=1
i 6=j

(
ln(a)− exp(awij)Ei(−awij)

)

×

N∏
h=1
h 6=i
h 6=j

whj
whj − wij

 , (20)

where wij = 1
αρσ̂ij

for 1 ≤ i ≤ K , and wij = 1
ρσ̂hj

for K + 1 ≤

i ≤ N . Here, σ̂ij denotes the mean of the ith exponential RVs
of Xj and Yj.
Similarly, given PEexactsym,k as stated in Appendix A.1 and

PEexactant,k stated in Appendix A.2, then the exact CEU capacity
on equation (12) can be calculated as follow.

Cexact
k =

∫
∞

0
log2 (x + b) fXk (x)dx

+ (1− PEexactsym,k )log2(M )

+ (1− PEexactant,k )
⌊
log2

(
TXi
TAi

)⌋
, i = k , (21)

where b = ρ
N∑
i=1
σεik + 1. The PDF of fXk (x) can be derived

as

fXik (x) =
FXik (x)
dx
=
d(1− exp(−likx))

dx
= lik exp(−likx). (22)

Therefore, by substituting equation (22) into equation (21),
Cexact
k is given as

Cexact
k =

∫
∞

0
log2 (x + b) lik exp(−likx)(x)dx

+ (1− PEexactsym,k )log2(M )

+ (1− PEexactant,k )
⌊
log2

(
TXi
TAi

)⌋
=

1
ln(2)

{ln(b)− exp(blik )Ei(−blik )}

+ (1− PEexactsym,k )log2(M )

+ (1− PEexactant,k )
⌊
log2

(
TXi
TAi

)⌋
, i = k , (23)

where lik = 1
ρσ̂ik

.
Furthermore, the exact achievable sum rate of the proposed

system in ith cell can be calculated by substituting both
equation (20) and equation (23) into equation (13). Therefore,
the exact ESC of the proposed system with K number of
coordinated BSs within N number of cells can be written as
follow.

Cexact
total =

K∑
i=1

Cexact
i . (24)

FIGURE 3. Ergodic CCU capacity.

B. USER FAIRNESS
In this section, user fairness is determined based on the
achievable data rate for each user. In [43], Jain’s fairness is
addressed as a method to analyze user fairness. It physically
presents the deviation of user throughput in an observed
area. Fairness index for all users distributed in K number of
coordinated BSs within N number of cells can be measured
as below.

FI =

(
K∑
j=1

Cj +
K∑
k=1

Ck

)2

U

[
K∑
j=1

(Cj)2 +
K∑
k=1

(Ck )2
] , (25)

where U represents total number of users located in K num-
ber of coordinated cells.

V. SIMULATION RESULT
In this section, ESC and user fairness of the proposed
CB NOMA-SM are analyzed and compared with JT-CoMP
NOMA-SM, NOMA, and OMA. CB NOMA is also consid-
ered as a part of the proposed system without the use of SM
technique. In other words, this paper uses three coordinated
BSs (K = 3) within twelve cell models (N = 12) to be
simulated and analyzed.

Fig. 3 shows that the proposed system has 64.84% and
15.78% better CCU capacity at ρ = 20 dB than OMA and
NOMA, respectively. While being compared to JT-CoMP
NOMA-SM, the proposed system has the same CCU capacity
because the CCU that does not apply CB technique suffers
ICI from the neighboring BSs. So, both comparison schemes
have the same ICI pattern as JT-CoMPNOMA-SM due to the
power allocated to CCU from the neighboring BS.

In Fig. 4, the proposed system has 302.7%, 165.1%, and
73.2% higher CEU capacity at ρ = 20 dB than OMA,
NOMA, and JT-CoMP NOMA-SM, respectively. It occurs
because the proposed system utilizes both CB and SM
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FIGURE 4. Ergodic CEU capacity.

FIGURE 5. Ergodic sum capaicity (ESC).

techniques over NOMA scheme to optimize the power and
bandwidth to CEU while JT-CoMP NOMA-SM divides its
CEUs into a CoMP user and SM users to be served separately.
For ρ = 20 dB, CB NOMA has 92.75% lower CEU capacity
than CB NOMA-SM. By using BPSK, SM can improve
approximately 2 bit/s/Hz/cell higher CEU capacity than those
without SM at ρ = 20 dB. It proves that SM can be utilized
to improve CEU capacity.

Fig. 5 shows that ESC of the proposed system outperforms
both JT-CoMP NOMA-SM and CB NOMA. The proposed
system has 137.96%, 63.7%, and 28.14% higher ESC at
ρ = 20 dB than OMA, NOMA, and JT-CoMP NOMA-SM,
respectively. Without utilizing SM, CB NOMA has 3.66%
and 24.82% lower ESC at ρ = 20 dB than JT-CoMPNOMA-
SM and CB NOMA-SM, respectively. Based on Fig. 3 and
Fig. 4, it is clear that ESC of the proposed system increases
because of the enhancing CEU capacity.

Fig. 6 shows that increasing modulation order can improve
ESC. The proposed system that uses 16-QAM has 35.39%

FIGURE 6. The effect of different modulation of the proposed system on
the ESC.

FIGURE 7. The effect of the number of BS antennas on the proposed
system.

and 20.59% higher ESC at ρ = 20 dB than BPSK and QPSK,
respectively. It is because the modulation order improves the
combinations of index modulation.

Fig. 7 shows that ESC of CB NOMA-SM can be improved
by utilizing GSM or QSM. By considering TXi = 8,
ESC of CB-NOMA SM improves 9.8% and 16.7% at
ρ = 20 dB, when GSM and QSM are applied, respec-
tively. By activating two transmitting antennas as its index
(TAi = 2), GSM can improve SM index due to the increasing
antenna combinations. While QSM escalates capacity of SM
index by combining antenna index with modulation spatial
dimension.

Moreover, user fairness of the proposed system outper-
forms other schemes as shown in Fig. 8. At ρ = 20 dB,
the proposed system has 21.78%, 20.37%, 7.82%, and
11.89% higher fairness index than OMA, NOMA, JT-CoMP
NOMA-SM, and CB NOMA, respectively. It is caused by
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FIGURE 8. User fairness.

the increasing of CEU capacity of the proposed system to
be closer to the CCU capacity, due to the combination of
both CB and SM techniques. In addition, the fairness index
of JT-CoMP NOMA-SM decreases when transmitted SNR is
increased. It happens because CoMP user capacity increases
if transmitted SNR is increased, whereas SM user’s capacity
depends on SM antenna used.

VI. CONCLUSION
This paper proposes a novel CB NOMA-SM to enhance
capacity and user fairness. The simulation results show that
the proposed system has the same CCU capacity compared to
JT-CoMP NOMA-SM. In ρ = 20 dB, the proposed system
has 302.7%, 165.1%, and 73.2% higher CEU capacity than
OMA, NOMA, and JT-CoMP NOMA-SM, respectively. Fur-
thermore, ESC of the proposed system has 137.96%, 63.7%,
and 28.14% higher ESC at ρ = 20 dB than OMA, NOMA,
and JT-CoMP NOMA-SM, respectively. Increasing modula-
tion order can improve ESC. Capacity of CB NOMA-SM can
be improved by utilizing GSM or QSM. In addition, it also
has 21.78%, 20.37%, 7.82%, and 11.89% higher fairness
index than OMA, NOMA, JT-CoMPNOMA-SM, and CB
NOMA, respectively. Moreover, both ESC and user fairness
of the proposed system outperforms other schemes due to
the enhancing CEU capacity, while the CCU capacity can be
maintained.

For future work, a different method of index modula-
tion technique can be exploited to achieve higher spectral
efficiency.

APPENDIX
A.1. DERIVATION PROBABILITY OF ERROR FOR SYMBOL
DETECTION
This section derives PEsym for CEU located in the K number
of coordinated cells. BS is assumed to transmit signal mapped
using BPSK symbol. Considering information of NOMA
signal in each ith BS is superimposed with power allocation

(α + β)P, the transmitted signal from the ith BS is given as

x∗i =
√
(α + β)PSk , where i = k. (26)

In this case, x∗i denotes transmitted signal from the ith BS to
CEU. During transmission, CEU receives information trans-
mitted in the imperfect CSI condition [44]. Received signal
of the k th CEU for 1 ≤ i ≤ K by considering imperfect CSI
is given as

y∗k =
K∑
i=1

ĥik
√
PSk +

N∑
i=K+1

ĥik
(√
αPSj +

√
βPSk

)

+

N∑
i=1

√
Pσεik + nk . (27)

Considering ŷk denotes the desired signal at the k th CEU,
decoded information of ŷk may be different with yk because
of error transmission. Considering decoded signal in [42],
error symbol detection of the k th CEU for 1 ≤ i ≤ K can
be calculated as

PEsym,k =
⌊

ŷk − yk
√
(α + β)P

⌋
. (28)

The exact PEsym for the the k th CEU, i.e. PEexactsym,k , can be
derived by solving

PEexactsym,k = [1− λk ] λk

=

[
1−

1
π

∫ π/2

0
MGFδk

(
1

sin2θ

)
dθ
]

×
1
π

∫ π/2

0
MGFδk

(
1

sin2θ

)
dθ, (29)

where δk represents SNR of the k th CEU for the different
constellation point of BPSK symbol. Furthermore, δk can be
written as

δk =
ρ

∣∣∣ĥkk ∣∣∣2
ρ

N∑
i=1
i 6=k

∣∣∣ĥik ∣∣∣2 + ρ N∑
i=1
σεik + 1

. (30)

In the case where each random variable is distributed inde-
pendently through Rayleigh fading channel, PDF of δk can be
calculated as

fδk (µik ) =

(
µ̂δk
φδk gk

)
Q
(
φδk , qk

) [1+ µik µ̂δk
φδkgk

]−(φδk+qk )
(µik)

φδk−1 ,

(31)

where i = k . In this case,Q is a function defined in [45], [46].
In addition, qk = 1/gk where gk is given as

gk =
(µ̂kk )2(

φδk +
N∑
i=3
µ̂kk

)(
µ̂k +

N∑
i=1
σεik +

1
ρ

)2 . (32)
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Here, φδk = 1 is assumed for all channels and µ̂ik =
Ei
(
σ̂ik
)
. By using equation (31) and mathematical rearrange-

ment given in [46], λk can be obtained as

λk =
2fkz5/2

3

[
ψAk

�kδ
(
φδk + qk

) + ψBk + ψCk
δ
(
φδk
)

+
ψDk + ψEk + ψFk

z/3

]
, (33)

where,

fk =
δ
(
φδk
)

πQ
(
φδk , qk

) , (34)

�k =
gk

µ̂δk /φδk
, (35)

ψAk = δ (qk)FN
[{
−3/2, φδk

}
, {−1/2, 1− qk}, �k

]
, (36)

ψBk = 2
√
π
δ
(
φδk + 3/2

)
δ (qk − 3/2)

δ
(
φδk + qk

) , (37)

ψCk =
3 (�k)

qk−3/2 δ (−qk)
3− 2qk

× FN
[{
qk − 3/2, qk + φδk

}
,

{qk − 1/2, 1+ qk}, �k ], (38)

ψDk = −2
√
π
δ
(
φδk + 1/2

)
δ (qk − 1/2)

δ
(
φδk
)
δ
(
φδk + qk

) , (39)

ψEk =
2δ (−qk)

√
�kδ

(
φδk + qk

) × FN [{−1/2, φδk } ,
{−1/2, 1− qk}, �k ], (40)

ψFk =
2 (�k)

qk−1/2 δ (−qk)

(1− 2qk) δ
(
φδk
) × FN [{qk − 1/2, qk + φδk

}
,

{qk + 1/2, 1+ qk}, �k ] . (41)

z = (2 blog2 (M)c − 1)
π

M
. (42)

Here, FN [{., .} , {., .}] is a generalized hyper-geometric func-
tion [46]. Therefore, the exact probability of error for the k th

CEU where 3 ≤ i ≤ K in equation (29) can be rewritten as

PEexactsym,k =

[
1−

(
2fkz5/2

3

[
ψAk

�kδ
(
φδk + qk

)
+

ψBk + ψCk

δ
(
φδk
) +

ψDk + ψEk + ψFk

z/3

])]

×
2fkz5/2

3

[
ψAk

�kδ
(
φδk + qk

)
+
ψB1 + ψCk

δ
(
φδk
) +

ψDk + ψEk + ψFk

z/3

]
. (43)

Fig. 9 validates the probability of error for symbol detec-
tion that has been derived in equation (43).

FIGURE 9. Probability of error for symbol detection (PEsym).

A.2 DETERMINING PROBABILITY OF ERROR FOR ML
DETECTION
In this case, CEU estimates antenna index by using ML
detector. For each k th CEU, ML detection can be derived as

ζk = argmin
TXk

∣∣∣∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣∣∣∣
yk
N∑
i=1
i 6=k

Sk

−

√
ρĥkk

√
ρ

N∑
i=1
i 6=k

ĥik +
√
ρ
∑N

i=1 σεik + 1

∣∣∣∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣∣∣∣

2

,

(44)

where ζk is the detected transmitting antenna set in the k th

CEU. Furthermore, performance error of theML detector can
be calculated as

PEant,k ≤
1

NH log2 (NH )

NH∑
p=1

NH∑
p=1
p 6=q

NBp,qQ(Ak ), (45)

where NBp,q represents the number of error bits between
antenna constellation points mapped in p axis and q ordinate.
NH is the power of two of possibility antenna constellation
points. For ML detector based GSMmethod, Ak is derived as

Ak =

√
τ̄k

TAi

∣∣∣∣∣∣
TAi∑
s=1

[
ĥik(ps) − ĥik(qs)

]∣∣∣∣∣∣
2

, i = k, (46)

where ĥik(ps) and ĥik(qs) represent channel gain from sth BS
antenna in the ith BS to the k th CEU mapped in p axis and q
ordinate. The function of Q(.) is derived as

Q(.) =
1
√
2π

∫
∞

0
exp

(
−u2/2

)
du, (47)
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FIGURE 10. Probability of error for ML detection (PEant ).

Given the closed-form solution of Q function in [41], [47],
then equation (47) can be written as

Q(Ak ) = (ηk )TAi
TAi∑
s=1

(
TAi + s

s

)
(1− ηk )s, i = k, (48)

where ηk = 1
2

1−
√√√√√ σ̂kk

1+
N∑
i=1
i 6=k

σ̂ik+
N∑
i=1

σεik

. Moreover, exact

performance error of ML detector in the k th CEU can be
written as

PEexactant,k ≤
1

NH log2 (NH )

NH∑
p=1

NH∑
p=1
p 6=q

NBp,qQ(Ak ). (49)

Fig. 10 validates the probability of error for ML detection
has been derived in equation (49) by assuming TXi = 2 and
TAi = 1 for simplicity.
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