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Summary

In this paper, the impact of imperfect channel state information (CSI) on a downlink

coordinated multipoint (CoMP) transmission system with non-orthogonal multiple

access (NOMA) is investigated since perfect knowledge of a channel can not be guar-

anteed in practice. Furthermore, the channel estimation error is applied to estimate

the channel information wherein its priori of variance is assumed to be known. The

impact of the number of coordinated base stations (BSs) on downlink CoMP NOMA

is investigated. Users are classified into one of two groups according to their posi-

tion within the cell, namely cell-center user (CCU) and cell-edge user (CEU). In

this paper, ergodic capacity and sum capacity for both CCU and CEU are derived as

closed form. In addition, various experiments are conducted with different param-

eters such as SNR, error variance, and power allocation to show their impact on

the CoMP method. The results show that CoMP NOMA outperforms the CoMP

orthogonal multiple access (OMA) wherein the condition of the channel impacts

the performance of CoMP NOMA less. It is worth noting that a higher number of

coordinated BSs enhances the total capacity of CoMP NOMA. Finally, the perfor-

mance analysis is validated due to the close accordance between the analytical and

simulation results.
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1 INTRODUCTION

The upturn trend in multimedia applications and massive connections such as Internet of Things (IoT), require enormous data
traffic, which motivates further research for the next generation wireless technology, i.e., 5G to fulfill the capacity demand.
Compared to 4G, 10 to 100 data rate enhancements are demanded for 5G1. To fulfill this requirement, researchers come together
to design the framework and standardization of 5G2–5. Among all of the 5G candidates, non-orthogonal multiple access (NOMA)
has become a potential candidate due to its high spectral efficiency6–9. In addition to the benefit of high spectral efficiency,
NOMA has been considered as essential scheme to support massive connectivity such as IoT, that can not be effectively supported
by orthogonal multiple access (OMA) scheme10,11.

In NOMA, two or more users are paired/grouped together and allocated different power within the same resource, which can
be of the frequency, time, or spreading code. Further, the signals are superimposed and multiplexed into the power domain. In
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downlink NOMA, the interference cancellation techniques such as successive interference cancellation (SIC) is performed at the
high channel gain user to remove the signals from the lower channel gain users. At lowest channel gain user, the user does not
perform SIC and decodes its own signal by considering the higher channel gain users as noise6,7. By sharing the same resource,
either each user or/and the overall system can obtain significant capacity. In NOMA, power allocation and user grouping scheme
play an important role to significant capacity improvement, otherwise, an insufficient scheme can also lead to performance
degradation6–9.

Most of research on NOMA was focused on the single-cell NOMA, while multi-cell scenario did not get enough attention12.
That is due to the fact that multi-cell generate interference from each adjacent cell that could lead to performance degradation13.
Hence, interference management of multi-cell scenario is required to be investigated. The conventional scheme, i.e., coordinated
multi-point (CoMP) transmission, has been known as the critical enhancement for LTE Advance14,15. In CoMP, users that
are covered by multiple base stations (BSs), are served by multiple coordinated BSs simultaneously to mitigate the inter-cell
interference which lead to improving cell-edge user (CEU) performance. However, in OMA, all the involved BSs need to allocate
the same resource to the CoMP users exclusively, which cannot be utilized by the other users. Consequently, when the number
of CoMP users increases, the spectral efficiency becomes significantly worse16.

To overcome the CoMP OMA problem, NOMA scheme is utilized in the CoMP scenario16–19. Several studies have been
conducted to combine CoMP with NOMA. In17, the Alamouti code is applied to the two coordinated BSs for the joint trans-
mission scenario. NOMA is also utilized by grouping two cell-center users (CCUs) and a single CEU. In this scenario, all the
CCUs act as a non-CoMP user who receives the interference from the coordinated neighboring BS, while CEU act as a CoMP
user. Additionally, multiple scenarios involving the coordinated two-points system are also studied in18 by employing the coor-
dinated beamforming and joint transmission scheme. The authors also compared the proposed CoMP NOMA scenario with the
traditional CoMP OMA. In16, CoMP NOMA with the three-points system is investigated with a randomly deployed user. Dis-
tributed analog beamforming is also applied at the transmitter to meet the CEU quality of service requirements. However, the
authors in16–18 only only focus on a specific number of BSs such as two-points or three-points system, instead of with B number
of total BSs.

Recently, the a generalized opportunistic NOMA (ONOMA) in the CoMP system has been proposed in19. ONOMA was
proposed to improve the capacity and reduce the complexity of CoMP NOMA. The mathematical analysis was also provided for
ONOMA. User association and power allocation schemes are also proposed in20,21. However, these studies16–21, only include
an analysis on perfect channel state information (CSI). In practical studies, the assumption of perfect CSI at the transmitter is
impractical since obtaining perfect CSI requires enormous consumption of the system overhead22. Moreover, in CoMP NOMA,
many of users and multiple number of coordinated BSs are involved which cause a higher system overhead consumption than the
general NOMA scenario; and serving high-mobility users, such as high speed trains and cars is required in the future wireless
network1,22. Despite some studies have considered imperfect CSI in NOMA22–24; however, these works did not include the
coordination between multi-cell networks in the imperfect CSI analysis. Therefore, the study on CoMP NOMA, considering
that CSI cannot be obtained correctly, is also compulsory to design 5G frameworks.

Our work contributes to CoMP NOMA design from a new angle, offers a rigorous analysis of ergodic capacity, highlights the
importance study of imperfect CSI. The overall contributions of this paper are listed as follows:

∙ Due to the utilization of the NOMA scheme, two types of pairing scenarios are considered. Firstly, CEU is paired among
CCU with affected interference from the other coordinated BSs. In this case, either CCU or CEU will receive the signal
from the other BSs. Otherwise, the second type of scenario, the CCU is only influenced from the main serving BS. For
both scenarios, each CoMP NOMA pair/group consist of B + 1 users that share the same resource simultaneously.

∙ The CoMP NOMA system is investigated if CSI cannot be obtained perfectly. Imperfect CSI is modeled with the presence
of channel estimation error where a priori of the variance of the error estimation is known. Moreover, instead of assuming
perfect SIC as in22, the imperfectness of SIC process is also considered, owing to sequel effect of estimation error.

∙ The closed-form solution for the exact ergodic capacity of CoMP NOMA in the presence of channel estimation error is
derived over independent Rayleigh fading channel. The closed-form solution can also be used to calculate the analytical
result in case of perfect CSI can be obtained.

∙ Finally, the simulation and analytical results are presented to provide the detailed performance of CoMP NOMA, with
and without the presence of imperfect CSI. The analytical and simulation results are shown simultaneously to validate the
correctness of the performance analysis.
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The rest of this paper is organized as follows: Section 2 presents the system and channel model of CoMP NOMA including
perfect CSI and channel estimation error. The closed-form solutions for the exact ergodic capacity of CCUs, CEUs, and sum
capacity are presented in Section 3. Then, Section 4 provides the detailed performance evaluation of CoMP NOMA in the
presence of channel estimation error. The closed-form solutions are also validated through the analytical and simulation results
in this section 4. Finally, Section 5 conclude of overall this paper.

2 SYSTEM AND CHANNEL MODEL

In this section, the system model of B coordinated BSs of CoMP NOMA with perfect and imperfect CSI is presented. For
imperfect CSI, channel estimation error is modeled.

2.1 CoMP NOMA with perfect CSI

In this system, the power-based NOMA is applied to CoMP scheme. In NOMA, the users share same resource, which can be
a time slot, a frequency resource, or a spreading code7,8. Consider the downlink coordinated multiple cells scenario with total
B multiple BSs communicating with CCUs and CEUs simultaneously through the CoMP NOMA scenario. Let us suppose Gk,
1 ≤ k ≤ K , represents the k-th CoMP NOMA user grouping, which consists of the selected multiple CCUs and the single CEU.
The selected single CEU of Gk is denoted with CEU-k, 1 ≤ k ≤ K . For simplicity, we assume that a single BS only serves a
single CCU. Therefore, the i-th user of CCUs which near the coordinated BS-i is denoted with CCU-i, 1 ≤ i ≤ B. Hence, a
single CoMP NOMA group, consists of total B multiple CCUs and a single CEU as shown in Figure 1 . This user grouping
scheme is applied to maintain the channel gain difference of the NOMA scheme. For instance, the observed CoMP user CEU-
1 of G1 performs the CoMP NOMA scheme with coordinated BS-1, BS-2 and BS-3. The CEU-1 will share same resource
with CCU-1, CCU-2, and CCU-3 within the CoMP NOMA group G1 as shown in Figure 1 b . Consequently, the channel gain
difference between each user can be maintained. Note that maintaining the channel gain difference between paired/grouped users
is important factor to maximize the capacity in the NOMA scheme6–8.

For each BS-i, the superposition code is applied by the following NOMA scheme. Therefore, BS-i transmits the following
signal information

xi =
√
�isi +

√
�ksk, (1)

where si represents the desired signal for CCU-i from BS-i, sk represents desired signal for CEU-k, and �i, �k are the normalized
power allocation to i-th and k-th user with conditions �i + �k = 1 and �i ≤ �k , respectively. For simplicity, we assume that �i
and �k are determined to be constant to all BS as � and � 16. In this system, the analysis is divided into two parts: CCU as the
non-CoMP users and CEU as the CoMP users.

2.1.1 Cell-center user

In this scenario, the CCU-i is only served by BS-i, which means CCU-i does not perform the CoMP scheme with the other BSs.
Further, the received signal of the observed CCU-j, 1 ≤ j ≤ B can be expressed as follows

yj =

B∑
i=1

ℎij

(√
�si +

√
�sk

)
+ nj

= ℎjj

(√
�sj +

√
�sk

)
+

B∑
i=1
i≠j

ℎij

(√
�si +

√
�sk

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
interference from the other BSs

+nj ,
(2)

where ℎij ∼ CN
(
0, �2

ij
= d−v

ij

)
is denoted as channel coefficient from BS-i to observed CCU-j which follows independent

and identically distributed (i.i.d) Rayleigh fading, dij is distance normalization between transmit antenna of BS-i to observed
CCU-j, v is path loss exponent parameter, and nj ∼ CN(0, 1) represents noise at CCU-j. Further, SIC is performed at all the
selected CCUs to remove the CEU signal before decoding its own signal. In case the CEU signal is perfectly removed, the
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signal-to-interference noise ratio (SINR) of CCU-j can be calculated as follows

j =
�|ℎjj |2

B∑
i=1
i≠j

�|ℎij |2 + 1

�

, (3)

where � represents the transmit signal-to-noise ratio (SNR).

2.1.2 Cell-edge user

The received signal for the observed CEU-k is given as follows

yk =

B∑
i=1

ℎik

(√
�si +

√
�sk

)
+ nk, (4)

where ℎik ∼ CN
(
0, �2

ik
= d́−v

ik

)
is denoted as the channel coefficient from BS-i to the observed CEU-k, d́ik represents dis-

tance normalization between transmit antenna of BS-i to observed CEU-k, and nk ∼ (0, 1) represents noise at CEU-k. By
implementing the joint transmission CoMP scheme18, compared to (3), the SINR value of k-th user is different shown below

k =

�
B∑
i=1

|ℎik|2

�
B∑
i=1

|ℎik|2 + 1

�

. (5)

2.2 CoMP NOMA with Imperfect CSI

In this system, the imperfect CSI is modeled by using channel estimation. Note that channel estimation error model is widely
used to represent the imperfectness of CSI22,25,26. Let us suppose that the estimated channel between BS-i to CCU-j and CEU-k
are represented as ℎ̂ij and ℎ̂ik, respectively. The channel estimation error can be modeled as

�ij = ℎij − ℎ̂ij , (6)

�ik = ℎik − ℎ̂ik, (7)

where �ij ∼ CN
(
0, �2

�ij

)
and �ik ∼ CN

(
0, �2

�ik

)
are channel estimation error from BS-i at CCU-j and CEU-k, respectively.

In this system, we consider ℎ̂ij and �ij as well as ℎ̂ik and �ik are independently distributed. Therefore, the distribution of ℎ̂ij and

ℎ̂ik can be expressed as CN
(
0, �̂2

ij
= d−v

ij
− �2

�ij

)
and CN

(
0, �̂2

ik
= d́−v

ik
− �2

�ik

)
22,25,26.

For each user, the received signal and SINR calculation becomes different due to the channel estimation error phenomenon
which can be represent as follows:

2.2.1 Cell-center user

The total received signals from BS-i at the observed CCU-j with channel estimation error is given as

rj =

B∑
i=1

(
ℎ̂ij + �ij

) (√
�si +

√
�sk

)
+ nj

= ℎ̂jj

(√
�sj +

√
�sk

)
+

B∑
i=1
i≠j

ℎ̂ij

(√
�si +

√
�sk

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
interference from the other BSs

+�ij

(√
�si +

√
�sk

)
+ nj .

(8)

Note that even though CCU-j does not perform CoMP scheme with the other BSs, CCU-j still needs to estimate B number of
incoming signals, owing to the necessity of knowing channel information for decoding its own signal and SIC process. Similar
with perfect CSI case, SIC is also applied at each CCU-j. Therefore, the CCU-j needs to decode and remove the grouped CEU-k
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(a) The system model of CoMP NOMA with B coordinated BSs within a
single group Gk with same frequency resource

(b) The observed CoMP NOMA group G1 with B = 3

FIGURE 1 System model of CoMP NOMA within a single group

signal before decoding its own signal with

�j,k =

�
B∑
i=1

|ℎ̂ij|2
B∑
i=1

(
�|ℎ̂ij|2 + �2

�ij

)
+

1

�

, (9)

where �j,k is denoted as received SINR to decode the CEU-k signal at CCU-j in the presence of channel estimation error. Finally,
SINR at CCU-j to decode its own message with the presence of channel estimation error can be written as

�j =
�|ℎ̂jj|2

�
B∑
i=1
i≠j

|ℎ̂ij|2 +
B∑
i=1

�2
�ij

+ Υ +
1

�

, (10)

where Υ is denoted as the residual interference due to CEU-k signal may not be canceled perfectly at CEU-i, owing to impact
of estimation error in (9) during SIC process. The imperfect SIC may be occurred due to channel estimation error, bad pairing,
and/or imperfections in the SIC process.
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2.2.2 Cell-edge user

For the observed CEU-k, the total received signal in the presence of channel estimation error is given as

rk =

B∑
i=1

(
ℎ̂ik + �ik

) (√
�si +

√
�sk

)
+ nk. (11)

At CEU, the multiple desired signals from all coordinated BSs are required to be detected. Consequently, the CEU also needs
to estimate the incoming signal from all the coordinated BSs. Therefore, in the presence of channel estimation error, the SINR
of CEU-k is given as

�k =

�
B∑
i=1

|ℎ̂ik|2
B∑
i=1

(
�|ℎ̂ik|2 + �2

�ik

)
+

1

�

. (12)

where �k is denoted as SINR of CEU-k to decode its own signal by considering all the grouped CCUs signal as noise.

3 ERGODIC CAPACITY ANALYSIS

In this section, we derive the closed-form solutions for the exact ergodic capacity of the proposed CoMP NOMA in the presence
of imperfect CSI over independent Rayleigh flat fading channel. For perfect CSI, the closed-forms can be obtained by setting up
channel estimation error variance to zero. For each observed Gk CoMP NOMA group, the allocated bandwidth is set with BW

= 1 Hz. For CCU, the closed-form is derived for two conditions, CCU with and without interference from the other BSs.

3.1 Ergodic capacity of CCU

Given instantaneous of received SINR in (10), the achievable capacity of the observed CCU-j is expressed as follows

Cj,CCU = log2(1 + �j)

= log2

⎛
⎜⎜⎜⎜⎜⎜⎝

1 +
��|ℎ̂jj|2

��
B∑
i=1
i≠j

|ℎ̂ij|2 + �
B∑
i=1

�2
�ij

+ �Υ + 1

⎞
⎟⎟⎟⎟⎟⎟⎠

= log2

⎛
⎜⎜⎜⎜⎜⎜⎝

��
B∑
i=1

|ℎ̂ij |2 + �
B∑
i=1

�2
�ij

+ �Υ + 1

��
B∑
i=1
i≠j

|ℎ̂ij |2 + �
B∑
i=1

�2
�ij

+ �Υ + 1

⎞
⎟⎟⎟⎟⎟⎟⎠

.

(13)

Using logn(x∕y) = logn(x) − logn(y), (13) can be derived as

Cj,CCU = log2

⎛
⎜⎜⎜⎜⎜⎝

��

B∑
i=1

|ℎ̂ij|2 + �

B∑
i=1

�2
�ij

+ �Υ + 1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
a

⎞
⎟⎟⎟⎟⎟⎠

− log2

⎛
⎜⎜⎜⎜⎜⎝

��

B∑
i=1
i≠j

|ℎ̂ij|2 + �

B∑
i=1

�2
�ij
+ �Υ + 1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
a

⎞
⎟⎟⎟⎟⎟⎠

. (14)

Then, by using (14), the ergodic capacity for CCU-j is given

Cexact
j,CCU = E{Cj,CCU}

=

∞

∫
0

log2 (x + a)fXj
(x)dx −

∞

∫
0

log2 (y + a)fYj (y)dy,
(15)
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where E is denoted as the expectation operator, and a = �
B∑
i=1

�2
�ij
+ �Υ+1. Using the probability density function of fXj

(x) and

fYj (y) which are derived in Appendix A, if more than two BSs are involved in the CoMP scheme (B ≥ 3), (15) can be written as

Cexact
j,CCU =

∞

∫
0

log2 (x + a)

⎛⎜⎜⎜⎝

B∑
i=1

fXij
(x)

B∏
ℎ=1
ℎ≠i

kℎj

kℎj − kij

⎞⎟⎟⎟⎠
dx −

∞

∫
0

log2 (y + a)

⎛
⎜⎜⎜⎜⎝

B∑
i=1
i≠j

fYij (y)

B∏
ℎ=1
ℎ≠i
ℎ≠j

kℎj

kℎj − kij

⎞
⎟⎟⎟⎟⎠
dy. (16)

Substituting (29) and (30) to fXij
(x) and fYij (y) in (16), the Cexact

j,CCU can be written as

Cexact
j,CCU =

∞

∫
0

log2 (x + a) ×

⎛⎜⎜⎜⎝

B∑
i=1

kij exp(−kijx)

B∏
ℎ=1
ℎ≠i

kℎj

kℎj − kij

⎞⎟⎟⎟⎠
dx

−

∞

∫
0

log2 (y + a) ×

⎛
⎜⎜⎜⎜⎝

B∑
i=1
i≠j

kij exp(−kijy)

B∏
ℎ=1
ℎ≠i
ℎ≠j

kℎj

kℎj − kij

⎞
⎟⎟⎟⎟⎠
dy.

(17)

Then, by using equation ∫ ∞

0
exp(−�x) ln (� + x)dx =

1

�

[
ln(�) − exp(��)Ei(−��)

]
27, eq.(4.337.1) and log2(x) =

ln(x)

ln(2)
, the final

expression of Cexact
j,CCU with B ≥ 3 can be written

Cexact
j,CCU =

1

ln(2)

B∑
i=1

(
ln(a) − exp(akij)Ei(−akij)

)
×

B∏
ℎ=1
ℎ≠i

kℎj

kℎj − kij

−
1

ln(2)

B∑
i=1
i≠j

(
ln(a) − exp(akij)Ei(−akij)

)
×

B∏
ℎ=1
ℎ≠i
ℎ≠j

kℎj

kℎj − kij
, B ≥ 3.

(18)

In case only two BSs are involved in the CoMP scheme, the fYj (y) follows (34) in Appendix A. Therefore, (15) is derived as

Cexact
j,CCU =

∞

∫
0

log2 (x + a)

⎛
⎜⎜⎜⎝

2∑
i=1

fXij
(x)

2∏
ℎ=1
ℎ≠i

kℎj

kℎj − kij

⎞
⎟⎟⎟⎠
dx

−

∞

∫
0

log2 (y + a) kij exp(−kijy)dy, B = 2.

(19)

Let Wj ≜ ��|ℎ̂jj |2

1+�
B∑
i=1

�2
�ij
+�Υ

, if the CEU is paired with CCU without interference from the other BSs,
B∑

i=1,i≠j
|ℎ̂ij|2 = 0, the capacity

of CCU can be written

Cexact
j,CCU =

∞

∫
0

log2 (w + 1)fWjj
(w)dw

=

∞

∫
0

log2 (w + 1) njj exp(−njjw)dw,

(20)

where njj =
1+�

B∑
i=1

�2
�ij
+�Υ

���̂jj
, and �̂jj represents the mean of the j-th exponential random variable (RV) of Wj . Then, the exact

ergodic capacity of CCU if the interference from the other BSs is not available, can be written as

Cexact
j,CCU = −

Ei(−njj) exp(njj)

ln(2)
B ≥ 2, (21)
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where Ei(.) represents the exponential integral function.

3.2 Ergodic capacity of CEU

The CEU applies the CoMP scheme which involve B number of BSs to improve the spectral efficiency. To accomplish, CEU
also needs to estimate B number of the incoming signals, which be able to increase the error estimation possibility. Given the
instantaneous received SNR in (12), the instantaneous capacity of CEU-k can be written

Cj,CEU = log2(1 + �k)

= log2

⎛
⎜⎜⎜⎜⎝
1 +

�
B∑
i=1

|ℎ̂ik|2
B∑
i=1

(
�|ℎ̂ik|2 + �2

�ik

)
+

1

�

⎞
⎟⎟⎟⎟⎠

= log2

⎛⎜⎜⎜⎜⎝

�
B∑
i=1

|ℎ̂ik|2 + �
B∑
i=1

�2
�ik

+ 1

��
B∑
i=1

|ℎ̂ik|2 + �
B∑
i=1

�2
�ik

+ 1

⎞⎟⎟⎟⎟⎠
.

(22)

Then, by using logn(
x

y
) = logn(x) − logn(y), (22) can be expressed as

Cj,CEU = log2

⎛
⎜⎜⎜⎜⎜⎝

�

B∑
i=1

|ℎ̂ik|2 + �

B∑
i=1

�2
�ik

+ 1

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
b

⎞
⎟⎟⎟⎟⎟⎠

− log2

⎛
⎜⎜⎜⎜⎜⎝

��

B∑
i=1

|ℎ̂ik|2 + �

B∑
i=1

�2
�ik

+ 1

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
b

⎞
⎟⎟⎟⎟⎟⎠

. (23)

Using (23), the ergodic capacity of observed CEU-k can be obtained as

Cexact
k,CEU = E{Ck}

=

∞

∫
0

log2 (x + b)fXk
(x)dx −

∞

∫
0

log2 (y + b)fYk (y)dy,
(24)

where b = �
∑B

i=1
�2
�ik

+ 1. By substituting fXk
(x) and fYk (y) with (39) and (40) in Appendix A, (24) is given as

Cexact
k,CEU =

∞

∫
0

log2 (x + b)

B∑
i=1

fXik
(x)

B∏
ℎ=1
ℎ≠i

lℎk

lℎk − lik
dx

−

∞

∫
0

log2 (y + b)

B∑
i=1

fYik (y)

B∏
ℎ=1
ℎ≠i

mℎk

mℎk − mik

dy.

(25)

Note that fXik
(x) and fYik (y) can be obtained from (35) and (36). Therefore, (25) is written as

Cexact
k,CEU =

∞

∫
0

log2 (x + b) ×

B∑
i=1

lik exp(−likx)

B∏
ℎ=1
ℎ≠i

lℎk

lℎk − lik
dx

−

∞

∫
0

log2 (y + b) ×

B∑
i=1

mik exp(−miky)

B∏
ℎ=1
ℎ≠i

mℎk

mℎk − mik

dy,

(26)
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FIGURE 2 Distance representation of CoMP NOMA with study case B = 2. r11 = 0.45, r22 = 0.5, and ŕ11 = 0.9.

FIGURE 3 2D distance representation of CoMP NOMA with study case B = 3 within a group G-1. r11 = 0.45, r22 = 0.5,

r33 = 0.55, ŕ11 = 0.9, ŕ21 = 2r − ŕ11, and ŕ31 =
√

(2r)2 + ŕ2
11
− 2(2r)ŕ11 cos(

�

3
).

Finally, by using similar approach in (16)-(18), the closed-form for exact ergodic capacity of CEU-k is given as

Cexact
k,CEU =

1

ln(2)

B∑
i=1

(
ln(b) − exp(blik)Ei(−blik)

)
×

B∏
ℎ=1
ℎ≠i

lℎk

lℎk − lik

−
1

ln(2)

B∑
i=1

(
ln(b − exp(bmik)Ei(−bmik)

)
×

B∏
ℎ=1
ℎ≠i

mℎk

mℎk − mik

, B ≥ 2.

(27)

3.3 Sum capacity

The k-th group of CoMP NOMA, Gk, has total B +1 users consisting of CEU-k and CCU-j users. Therefore, the total capacity
for each observed CoMP NOMA group, Gk, can be expressed by:

Cexact
Gk,sum = Cexact

k,CEU +

B∑
j=1

Cexact
j,CCU. (28)

The conventional CoMP OMA scheme is considered for comparison. However, in the OMA scheme, the available resource is
divided exclusively and equally to the involved user. Therefore, the interference from the other BSs is not considered in each
user for this scheme.
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FIGURE 4 Ergodic sum capacity comparison between CoMP OMA and CoMP NOMA (Case I and Case II) with perfect and
imperfect CSI. � = 0.95 and Υ = −25 dB.

4 RESULTS AND DISCUSSION

In this section, the detailed results of CoMP NOMA, with perfect and imperfect CSI, is presented and discussed. Both numerical
and analytical results are provided to evaluate the performance of the proposed model. The same results between the simulation
and analytical results prove the correctness of the performance analysis. The pairing scheme is conducted following two cases.
Firstly, Case I, CEU-k is paired among CCU-j, which also receives the signal from the other BSs. In this case, CCU-j will
consider incoming signal aside from its serving BS as interference. Otherwise, for Case II, CEU has a good pairing, so that
only CEU receives the signal from the other BSs. For general parameters, we set the maximum radius model cell with distance
normalization as r = 1, the imperfectness of SIC as Υ = −25 dB, and the height of BS as ℎ = 0.05. In the study case with
B = 2, we assume that BSs, CCU, and CEU in each cell are located in a parallel line as modeled in Figure 2 . In case B = 3,
the distance model is represented in Figure 3 , where all BSs is connected and create equilateral triangle line between them.
The distance between BS-i to its served CCU-j location is represented as rjj and to CEU-k is represented as ŕik, respectively.
Then, the distance normalization between transmit antenna of BS and each user can be calculated by using the trigonometry and
cosines laws, following Figs 2 and 3 . Note that the number of BSs can be further extended (B ≥ 2), as long as the distance
normalization between transmit antenna of BS and each user is obtained. Then, the value of path loss exponent v is set as 4.
We also consider the power allocation factor for CCU and CEU are � = 0.05 and � = 0.95, respectively, excluding for Figure
8 . For all the variance of the error estimation parameters �2

�ij
and �2

�ik
, we set with same value as �2

�
. Moreover, the single

CoMP NOMA group is assumed for sum ergodic capacity analysis. For multi-grouping scheme, it can be extended based on
user pairing or grouping scheme in7,8,28.

In Figure 4 , we present the ergodic sum capacity comparison between CoMP OMA and CoMP NOMA with both perfect
and imperfect CSI with channel estimation error. We also evaluate ergodic sum capacity in case the number of coordinated BSs
increase for CoMP NOMA. In CoMP NOMA, the allocated bandwidth is shared to all the involved users within the CoMP
NOMA group while the allocated bandwidth in CoMP OMA is divided equally to each user for maintaining the orthogonality.
Figure 4 shows that CoMP NOMA can improve more than CoMP OMA for both perfect and imperfect CSI conditions, even
though CoMP NOMA also suffers from other BSs interference. The interference can be occurred at CCU in case the other
BSs signals are received by CCU, owing to the NOMA scheme exploitation in the CoMP system, which allows multiple users
to utilize the same frequency resource. Furthermore, if interference from the other BSs to all grouped CCUs is neglected or
not occurred, further considerable capacity gain can be obtained. This condition can be achieved by employing a suitable user
grouping scheme between CCU and CEU, thus, the interference can be avoided.

Even though CoMP NOMA with two BSs can improve capacity, further capacity improvement can be obtained by increasing
the number of coordinated BSs. As shown in Figure 4 , by adding the number of coordinated BSs from 2 to 3, the ergodic sum
capacity improves considerably for both perfect CSI and channel estimation error cases. In CoMP NOMA with all the grouped
CCUs with interference from the other BSs, it is proven that CoMP NOMA (B = 3) still outperforms CoMP NOMA (B = 2)
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FIGURE 6 Ergodic sum capacity of CCUs comparison between CoMP OMA and CoMP NOMA (Case I) with imperfect CSI.
� = 0.95, Υ = −25 dB, and � = 20 dB.

around 4 bits/Hz/s and 2.6 bits/Hz/s for perfect CSI and channel estimation error (�2
�
= 0.001) at � = 25 dB. A similar trend also

occurs for all CCUs without interference from the other BSs. It means that the sum capacity still can be improved by increasing
the number of coordinated BSs in CoMP NOMA, even though CCU and CEU also experience B numbers of channel estimation
error.

In Figure 5 , the ergodic sum capacity comparison for CoMP NOMA with B = 2 and B = 3 is analyzed including impact
of the presence of channel estimation error over various transmit SNR values. Overall, CoMP NOMA with B = 3 outperforms
CoMP NOMA with B = 2 over all channel estimation error and transmit SNR condition even though increasing more coordi-
nated BS can lead to additional interference and channel estimation error. As discussed in (13) and (22), by adding the number of
coordinated BS, the additional interference also affects CCU and CEU. Moreover, CCU and CEU must estimate the additional
incoming signal that can increase error estimation effect. Figure 5 shows that channel estimation error provides considerable
capacity degradation at high SNR compared to low SNR. ForB = 2, the ergodic sum capacity is degraded to around 3.4 bits/Hz/s
at � = 30 and only 1.33 bits/Hz/s at � = 10 from �2

�
= 0.01 to �2

�
= 0.05. However, by exploiting the non-orthogonal channel

of NOMA scheme, further sum capacity improvement still can be achieved with an increase of coordinated BSs throughout all
channel estimation error parameters and �.
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In Figure 6 , the ergodic sum capacity of CCUs is evaluated in the presence of channel estimation error. In CoMP OMA,
CEU is exclusively allocated frequency resource that can not be used by the other users. Otherwise, CoMP NOMA allows CEU
to share its resource with CCU. Therefore, as shown in Figure 6 , CCUs CoMP NOMA has higher sum capacity than CCUs
CoMP OMA. Moreover, by adding coordinated BS to the system, the ergodic sum capacity of CCUs also increase significantly.
At �2

�
= 0.04, CoMP NOMA with B = 3 obtain the capacity gain around 1.5 bits/Hz/s, and 4.2 bits/Hz/s from CoMP NOMA

with B = 2 and CoMP OMA with B = 3.
In Figure 7 , the ergodic capacity of a single CCU and CEU are compared and analyzed along with the impact of channel

estimation error and increasing the number of coordinated BSs. In this result, we only consider CCU-1 and CEU-1 as analysis
representation of CCU and CEU, which means sum ergodic capacity of CCUs or CEUs is not considered. This representation is
also used for Figure 8 . As shown in Figure 7 , the CCU-1 CoMP NOMA with B = 3 outperforms CCU-1 CoMP NOMA with
B = 2 at whole channel estimation error condition, even though CCU-1 with B = 3 requires estimating more incoming signals.
As discussed in (12), by increasing the number of coordinated BS, CEU needs to share the available resource with all paired
CCUs, causing the increase of intra-pair interference which lead to capacity degradation. Conversely, CEU-1 with B = 2 has
higher capacity than B = 3 because CEU with B = 2 receives less intra-pair interference than CEU with B = 3. Figure 7 also
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shows that CCU-1 experiences higher capacity degradation (�2
�
= 0 to �2

�
= 0.05) due to channel estimation error compared to

CEU-1 for both CoMP NOMA with B = 2 and B = 3. The main reason of this phenomenon is that CCU acts as non-CoMP
users, while CEU acts as CoMP user. Therefore, CEU can obtain benefit from all incoming signal, whereas CCU suffers from
interference from all incoming signals from the other BSs.

Finally, the impact of power allocation factor toward CCU and CEU CoMP NOMA with the presence of channel estimation
error, is evaluated in Figure 8 . For �2

�
= 0.05, CCU-1 has higher capacity than CEU-1, if the CEU-1 power allocation � is

lower than 0.93. Otherwise, the ergodic capacity overwhelms CCU-1. It is clearly shown that CEU needs to be allocated with
much higher power than CCU (� >> �) in to maintain their capacity simultaneously.

5 CONCLUSION

In this paper, we have evaluated the proposed CoMP NOMA with perfect and imperfect CSI. Further, CCU and CEU have been
analyzed in two types of scenarios, respect to consideration of the interference from the other BSs. The closed-form solutions
for the exact ergodic capacity of CCU, CEU, and their sum have been derived as well. The result shows that CoMP NOMA
outperforms the CoMP OMA especially if CEU are grouped among CCUs without any interference from the other BSs. It is
also shown that the error estimation can lead to capacity degradation for both CCU and CEU of CoMP NOMA and CoMP
OMA. In CoMP NOMA, the impact of channel estimation error is less significant at CEU compared to CCU due to utilization
of incoming signals from all coordinated BSs. In addition, the capacity of CoMP NOMA can be further enhanced by increasing
the number of coordinated BSs for both perfect and imperfect CSI conditions. It is confirmed that CoMP NOMA with B = 3

considerably improves capacity compared with CoMP NOMA with B = 2. Power allocation factor also plays an important role
to CoMP NOMA. The interference analysis of proposed system shows that CEU requires higher allocated power than CCU to
maintain the capacity performance.

In future, developing an optimization framework that jointly optimize power allocation and user grouping scheme of CoMP
NOMA with imperfect CSI will also be essential issues to further maximize the capacity.
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APPENDIX A

Derivation of fXj
(x) and fYj

(y) for ergodic capacity of CCU

Let us suppose Xj ≜ ��
∑B

i=1
|ℎ̂ij|2 and Yj ≜ ��

∑B

i=1,i≠j |ℎ̂ij|2 . Then, the PDF of Xj can be calculated by using sum of total B
i.i.d exponential RVs with different parameters and Yj can be also calculated by using sum of total B − 1 i.i.d exponential RVs
with different parameters. The parameters of exponential RVs are assumed to be different due to the distance for each BS-i with
CCU-j is different, which cause the channel gain variance is also different for each ℎ̂ij . For each exponential RV, the PDF can
be expressed as

fXij
(x) =

d(FXij
(x))

dx
=

d(1 − exp(−kijx))

dx

= kij exp(−kijx),

(29)

fYij (y) =
d(FYij

(y))

dy
=

d(1 − exp(−kijy))

dy

= kij exp(−kijy),

(30)

where kij represents each parameter of exponential RVs, which is written as

kij =
1

���ij
, (31)
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and �ij represents the mean of the i-th exponential RVs of Xj and Yj . Then, by using sum exponential random variable with
different variable concept in29, eq. 7, the PDF of Xj and Yj can be derived as

fXj
(x) = fXij+X(i+1)j+...+XBj

(x)

=

B∑
i=1

fXij
(x)

B∏
ℎ=1
ℎ≠i

kℎj

kℎj − kij
, B ≥ 2.

(32)

fYj (y) = fYij+Y(i+1)j+...+YBj (y), i ≠ j

=

B∑
i=1
i≠j

fYij (y)

B∏
ℎ=1
ℎ≠i
ℎ≠j

kℎj

kℎj − kij
, B ≥ 3. (33)

However, if B = 2, the PDF of fYj only consists with a single exponential RV. Therefore, the PDF is given as

fYj (y) = kij exp (−kijy), B = 2 and i ≠ j. (34)

Derivation of fXk
(x) and fYk

(y) for ergodic capacity of CEU

Let us suppose Xk ≜ �
∑B

i=1
|ℎ̂ik|2 and Yk ≜ ��

∑B

i=1
|ℎ̂ik|2. Xk and Yk are sum of total B i.i.d exponential RVs with different

mean parameter. Using similar approach in (29) and (30), the PDF of each element Xk and Yk is given

fXik
(x) =

d(FXik
(x))

dx
=

d(1 − exp(−likx))

dx

= lik exp(−likx),

(35)

fYik (y) =
d(FYij

(y))

dy
=

d(1 − exp(−miky))

dy

= mik exp(−miky),

(36)

where lik and mik represent each parameter of element exponential RVs of Xk and Yk, which are given by

lik =
1

��ik
, (37)

mik =
1

���ik
, (38)

where �ik represents the mean of the i-th exponential RVs of Xk and Yk. Then, following equation in29, eq. 7, the PDF of Xk and
Yk can be written by

fXk
(x) = fXik+X(i+1)k+...+XBk

(x)

=

B∑
i=1

fXik
(x)

B∏
ℎ=1
ℎ≠i

lℎk

lℎk − lik
, B ≥ 2

(39)

fYk (y) = fYik+Y(i+1)k+...+YBk(y)

=

B∑
i=1

fYik (y)

B∏
ℎ=1
ℎ≠i

mℎk

mℎk − mik

, B ≥ 2.
(40)
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