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Abstract—This paper investigates the performance of net-
work non-orthogonal multiple access (N-NOMA) in a downlink
coordinated multi-point (CoMP) system. In the considered N-
NOMA scheme, multiple base stations (BSs) cooperatively serve
a CoMP user, meanwhile, each BS serves additional NOMA
users by occupying the same resource block allocated to the
CoMP user. The locations of the BSs and users are modeled
by stochastic geometric models and the interference from the
whole network is considered. Through rigorous derivations, the
outage probabilities achieved by the CoMP and NOMA users
are obtained, respectively. Numerical results are provided to
verify the accuracy of the analytical results and also demonstrate
the superior performance of N-NOMA compared to orthogonal
multiple access (OMA) based CoMP scheme.

Index Terms—Network NOMA (N-NOMA), coordinated multi-
point (CoMP), stochastic geometry, outage probability.

I. INTRODUCTION

N wireless communications, cell-edge users’ data rates

are more difficult to guarantee compared to cell-center
users, because cell-edge users usually suffer from more severe
path losses and interferences. Coordinated multi-point (CoMP)
technique, which utilizes the cooperation among spatially
distributed base stations (BSs), can improve the performance
of the cell-edge users [, [2]. However, conventional CoMP
is based on orthogonal multiple access (OMA), which results
in low spectral efficiency. For example, when multiple BSs
cooperatively serve a user, each BS has to allocate a channel
resource block (RB) to this user and prohibit other users from
accessing this RB.

To address this drawback, network NOMA (N-NOMA) has
been proposed for CoMP systems and has attracted significant
research attentions [3]-[3]. The key idea of N-NOMA is
that when multiple BSs cooperatively serve a cell-edge user
(namely CoMP user), each BS serves additional cell-center
users (namely NOMA users) simultaneously by occupying the
same resource block allocated to the CoMP user. It has been
shown that N-NOMA can significantly improve the connec-
tivity and spectral efficiency of CoMP systems, compared to
OMA based schemes.

However, most of the papers on N-NOMA focused on the
scenarios where the number and/or locations of communica-
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tion nodes are given and the interference from whole network
are not taken into consideration [6]-[9]. Thus, the impact of
the spatial randomness and interference on performance of N-
NOMA were not well revealed. To address this issue, sporadic
efforts have been made by applying tools from stochastic
geometry [10]. In [I1]], Poisson cluster point process (PCP)
was applied to model and analyze the performance of uplink
N-NOMA. In [12], a similar model was applied to evaluate the
performance of downlink N-NOMA in a mmWave system. The
application of N-NOMA to vehicular networks was studied in
[13]], where Poisson line Cox process (PCL) is applied. The
performance of downlink N-NOMA in two-tier heterogeneous
cloud radio access networks (H-CRANSs) was investigated in
[14], by modeling the locations of remote radio heads (RRHs)
as homogeneous Poisson point processes (PPPs). Note that
in [12]-[14], only two cooperating BSs/RRHs are considered,
which lacks of generality.

To fulfill the above drawback, this paper studies the perfor-
mance of a more general downlink N-NOMA scenario, where
the non-coherent joint transmission (NC-JT) technique [13] is
adopted. The contributions of this paper are listed as follows.

o A PCP model is applied to model the locations of BSs
and users, where arbitrary number of cooperating BSs is
considered, which significantly generalize the considered
scenario of the existing work on stochastic geometric
modeling and analysis of N-NOMA [12]-[14].

o Note that performance analysis of this paper is more
challenging than the existing work, because it is nec-
essary to jointly characterize the randomness of small
and large scale fadings for multiple cooperating channel
links, whose distribution is much more complex than
existing work. By giving the distribution of the sum of
cooperating BSs’ channel gains in the form which is
beneficial for the application of theories from stochastic
geometry, the expressions for the outage probabilities of
CoMP and NOMA users are obtained, which contributes
to the existing literature.

o The accuracy of the developed analytical results can be
strictly guaranteed by properly choosing three approxima-
tion parameters, termed “N”, “M 4" and “K 4. With the
developed analysis, system designers can conveniently
obtain the trend of how different system parameters
impact performance, getting rid of cumbersome computer
simulations.

II. SYSTEM MODEL

Consider a downlink N-NOMA scenario as shown in Fig.
[[l the locations of the BSs are modeled as a homogeneous
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Fig. 1: Illustratlon of the system model. K = 2

PPP with intensity \., denoted by ®. = {z;}, where z; is
the location of the ¢-th BS. This paper focuses on two types
of users, namely NOMA users and CoMP users. The NOMA
users are near to the BSs, and can be modeled as a PCP,
where ®. acts as the parent process [10]. More specifically,
in the i-th cluster, there are X' NOMA users randomly and
uniformly distributed in the disc centered at x; with radius
R, and the k-th NOMA user is denoted by U; 1, {1,--- , K}.
The coordinate of U j, is given by x; +yi,. The CoMP users
are defined as the users whose distances from all BSs are
larger than a predefined R. This paper consider a user centric
N-NOMA scheme, where each CoMP user invites the BSs
whose distances are not larger than /Rp to cooperatively serve
it. Without loss of generality, the following of this paper will
focus on a typical CoMP user denoted by U whose location is
set at the origin. And hence the cooperating BSs are located in
the circular ring denoted by C which is centered at the origin,
where the outer disc is denoted by D with radius Rp, and the
inner disc is denoted by D’ with radius R, as shown in Fig. [l
In addition, it is noteworthy that assuming the nearest BS to
the CoMP user is further than R is equivalent to conditioning
on that there is no point of ®. drops in D’.

In addition to serving the CoMP user, by using the same
resource block, each cooperative BS simlutaneously serves a
NOMA user with largest channel gain from its cluster, denoted
by:

| iULk|2
L(lyixll)’

where h;y,, denotes the small scale Rayleigh fading from
the i-th BS to U, x, and L(]|y; x||) is the large scale fading.

Particularly, m is used as the path loss model in this

paper, where L(||yixl]) = ||yik||* and n = ﬁ is the
coefficient which is relevant to the carrier frequency f. (c is
the speed of light ), « is the large scale path loss exponent.
The transmitted signal at the m-th subcarrief] by BS 7 in disc
D is given by:

m] = Bov/Pssolm] + B1v/Pesi[ml, 2

IPlease note that ; and i,k denote two dimensional coordinates.
2It is assumed that orthogonal frequency division multiplexing (OFDM)
waveform with N, carriers is applied in the considered transmission.

(1)

kf = arg mm

where superposition coding (SC) is applied, so[m] is the signal
intended for the CoMP user Uy at the m-th subcarrier, s;[m]
is the signal intended for the NOMA user of BS 7 at the m-th
subcarrier. so[m| and s;[m] are independent with each other,
and the signal powers of so[m] and s;[m] are normalized.
P; is the transmission power at each subcarrier (even power
allocation for different subcarriers is assumed), Sy and (31 are
the power allocation coefficients, and 42 + 32 = 1.

At the receiver, the observed signal at the m-th subcarrier
by the CoMP user is given by:
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where §;[m] is the interfering signal at the m-th subcarrier
from the BS which is outside disc D, whose power is nor-
malized, i.e., E{|3;[m]|?} = 1; ng[m] is the gaussian noise,
nolm] ~ CN(0,0%), 0% is the noise power; g;[m] is the
small scale Rayleigh fading from BS 7 to the CoMP user.
It is assumed that g;[m| remains constant, i.e., g;[m] = ¢;
within the coherence bandwidth (usually a few tens times
the subcarrier spacing). In this paper, NC-JT is considered,
where the cooperating BSs jointly transmit the same signal to
the CoMP user, without prior phase mismatch correction and
tight synchronization [15 [-l As a result, there is a time offset
v; in the time domain for each channel link, corresponding
to a phase shift in the frequency domain as shown in (3).
Note that, g;s from the cooperating BSs are known at the
CoMP user, whereas the information of v;s are not available.
It is also assumed that v;s are independent across different
BSs. Interestingly, by applying NC-JT, the effect of v;s can be
removed, and a received power boost can be obtained, which
is known as the cyclic delay diversity (CDD). For more details
on how the CDD is obtained, interested readers can refer to
Appendix A in [13]. By following the similar steps as in [13],
the signal to interference plus noise ratio (SINR) of the CoMP
user can be expressed by:
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where the NOMA users’ signals are treated as interferences,
and p = "P

It is assumed that the CoMP user has the knowledge of
the channel state information (CSI) of the cooperating BSs.
However, in practice, it is reasonable to assume that each
NOMA user only has the CSI of its serving BS, for the sake
of reducing system overhead. For the NOMA user served by

3This paper focuses on the scenario where the cooperating BSs are
connected to a central processing unit (CPU). The CPU distributes the signal
intended for the CoMP user to the cooperating BSs, thus the cooperating BSs
don’t need to exchange the data of the CoMP user.



BS i, i.e., Ui,k;f, it first decodes the CoMP user’s signal with
the following SINR:
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If successful, the NOMA user will remove the CoMP user’s
signal and then decode its own signal with the following SINR:
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Note that, for tractable analysis and focusing on character-
izing the effect of the random topology of BSs, this paper
makes the assumption that all the communication nodes are
equipped with a single antenna. This assumption is applicable
in many scenarios, such as Internet-of-things (IoTs), C-RANs
and small cells, where BSs/APs in such scenarios are usually
limited in cost and size. Besides, considering the scenarios
with multiple antennas will lead to other research challenges,
such as how to group users or how to design beamformers,
which are beyond the scope of this paper [16]].

III. PERFORMANCE ANALYSIS
A. CoMP User’s Outage Probability

The outage probability achieved by the CoMP user is given
by:

P§"* = Pr(SINRq < ), 7

where ¢y = 270 — 1, Ry is the target rate of the CoMP user.

To evaluate P"“t, it is necessary to characterize the dis-
tribution of the channel gains of the cooperating 2BSs. For a
randomly chosen cooperating BS i, let g; = m where
x; is uniformly distributed in the circular ring C. By apply-
ing Gaussian-Chebyshev approximation [17], the probability
density function (pdf) of g; can be approximated as a sum of

exponentials:

fa. (= and e dnz, (8)
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and NV is Gaussian-Cheyshev parameter.

The proof for (8) is similar to the proof for Lemma 1 in
[11]], and is omitted in this paper due to space limitations. As
shown in [11]], the approximation error in (8)) decreases rapidly
with N, and hence the accuracy of the approximation can be
ensured by a properly chosen V.

According to the conditional property for PPP, if it is
assumed that there are M BSs in the circular ring C, then
it can can be concluded that the A BSs are independently
and uniformly distributed in the ring [10]. The sum of the
channel gains of these BSs is denoted by G = le\il G-
By using the same method as in [18], the pdf of G, can be
expressed as follows:
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Based on the above results, the outage achieved by the
CoMP user can be obtained as shown in the following theorem.

Theorem 1. By applying NC-JT in N-NOMA, outage proba-
bility achieved by the CoMP user can be approximated as:
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where S¢ = m(R2, — R?), n = ﬁ, and L) () is the
9 1

n-th derivative of L(u), which is given by:
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oF () is the gaussian hypergeometric function, T'(n) = (n —

1)), and My and K s are the parameters which controls the
accuracy of the approximation.

Proof: Let M be the number of cooperating BSs in
circular ring C, without loss of generality, the indexes of these
BSs are set to be from 1 to M. Note that, M is a random
variable and the outage probability of CoMP user can be
written as:

Pout = Z Pr(M = m)P5™, a7)
where
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Pr(M = m) can be easily obtained by using the definition of
PPP as expressed by:
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where S¢ is the area of C [10].
The remaining task is to calculate P&‘,ﬁ. Note that it can be
written as:
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By integrating the pdf of G, as shown in (I2) and applying
the incomplete Gamma function, the cdf of Gj; can be
obtained as:

(22)
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By applying @2), Py%: can be further expressed as:
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The next task is to take the expectation over I,,;. Note that
I, contains two kinds of randomness, one is the Rayleigh
small scale fading, and the other is the random locations of the
interfering BSs. The integral form of v makes it challenging
to evaluate E;,_, {7 (kn — iy dy 2O Y L Thus, it is
necessary to transform the gamma function into another form
which is favorable for the application of the conclusions in
stochastic geometry, as follows:

~tdt is the lower incomplete

(23)
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Based on (24), by using the same method to apply the
probability generating functional (pgfl) of PPP as in Theorem
1 in [19], the expression for P"“t can be obtained and the
proof is complete. [ |

Remark 1. If let
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(1) = _N/P—Tg 21 <1_E’1;2_E;R_‘3‘ )
D

(25)

then L(p) can be expressed as L(u) = exp(r(n)), and
LM (1) can be calculated iteratively as follows:

i—1 i1

o= ('

J=0

)r<”>(u>£<j>(u). (26)

which is helpful to reduce the computational complexity.

B. NOMA User’s Outage Probability
The outage probability achieved by the NOMA user served
by BS A given by:

PP =1 —Pr(SINR; > €, SINR;; > &),  (27)

where ¢; = 2% — 1, R, is the target rate of the NOMA user
served by BS i.
The following theorem provides the expression for P4,

Theorem 2. The outage probability achieved by user Ui i
can be expressed as:

K N
PiOUt ~ 1+ Z ,d')in _knCnEi%
ko, -+ kN
kot t+kn=K n=0,k,, #0
ko#K
(28)
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where €; = max { 7o € /3% }, is Gaussian-Chebyshev

parameter, W,= iN\/l —602(0,+1), 1<n<N, w=1,
En= (Rce + BN 1 <n <N, G=0k, >00<n<

K .
N, &= ano_’kﬁéo knCn, (k0,~-~,kN) ﬁ, and B(-) is the
Beta function.

Proof: Note that, there are K users randomly distributed
. hl

in the disc centered at BS i, define: z;, = %,
as the unordered channel gain, then we have Zikr =
max{z;1, -,z i }. Similar to (&), the CDF of the unordered

channel gain z; ;, can be expressed as:

E w e an,

where w,, = 5z1/1 — 02 (0, + 1), Cn = (%Cﬁn + TgC)a, and

0,, = cos (2;1];1 7T).

By taking (3) and (@) into Z7), P?“* can be expressed as:
PP =Pr (zipr < &(Liner +1/p)) (30)
=E;p {(Pr (2 < &(lhe +1/p))) " [ @0 D' = 0},

where () represents the empty set, and

(29)
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4BS i is randomly chosen from the cooperating BSs.



By applying @29), P?“! can be further approximated as

K
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The last term in the above equation is the Laplace transform
of the interference, and can be evaluated as follows:

§E'||h}Ui * ||2
=Epp (e (= D s ’q)c e
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where (a) follows from taking expectation with respect to
the small scale fading; (b) follows from applying the pgfl of
®.; and (c) follows from using the mean value of y; j+ to
approximate the expectation with respect to y; j, note that
the accuracy of this approximation has been verified in .

Finally, by noting that fllrll>7? = fllrll>0_szH<7?’ the
proof is complete. [ ]

~——

Remark 2. The analytical results shown in 28) can be effi-
ciently calculated by using accurate approximation such as the
Gaussian-Chebyshev method [[I7] for the integrations, getting
rid of exhaustive simulations for performance evaluation.

IV. NUMERICAL RESULTS

In this section, numerical results are presented to verify the
analytical results and demonstrate the performance achieved
by N-NOMA. Unless stated otherwise, the parameters are set
as follows: f. =2 x 109Hz, the thermal noise power is —170
dBm/Hz, the transmission bandwidth is B = 10 MHz, o = 4,
B2 =4/5and 82 =1/5, R, =30 m, Rp = 500 m, R = 100
m, P; = 30 dBm. Note that the target rate of the NOMA users
are set as the same.

Fig. 2l shows the outage probability achieved by the CoMP
user. Note that the outage probabilities decrease with )., since
a larger \. offers higher probability that the CoMP user can
be served by more BSs. It can be observed that the accuracy
of the analytical results depends on A\, when M4 is given.
Specifically, the larger A is, the larger M4 is required to be
for accuracy. It is also shown that the accuracy of the analytical
results can be guaranteed by a small N and K 4.

10°

102 F

—©—ana
—fe—sim, My =1
—B—sim, My =2
—F—sim, My =4
- % sim, My =38

Outage Probabilities

107

10% . .
1/8 1/4 1/2 1 2
Ae (107" nodes/m?)

Fig. 2: Outage probabilities achieved by the CoMP user. Ry =
0.5 bits per channel use (BPCU), N = 10, K4 = 5.
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Fig. 3: Outage probabilities achieved by the NOMA user. ?; =
1.5 BPCU, N = 10.
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Fig. 4: Impact of power allocation coefficients on outage
probabilities. Ry = 0.5 BPCU, R; = 3 BPCU, K = 2.

Fig. Bl shows the outage probability achieved by a NOMA
user which is randomly chosen from C. Simulations perfectly
match analytical results which verifies the accuracy of the
analysis. It is also shown that the outage probabilities achieved
by NOMA users increase with \., because the interferences
become more severe.

Fig. 4 shows how power allocation coefficients impact the
outage probabilities achieved by CoMP and NOMA users. It is
shown that the CoMP user’s outage probability decreases with
Bo. In contrast, the outage probability achieved by NOMA user
first decreases with 3y and then increases. And it is not hard
to find from (27) that the turning point is 32 = —fotcico

. S . coteicote”
This observation is useful for power allocation optimization.



R; = 1.5 BPCU
R; = 3 BPCU

—6—N-NOMA R, = 0.5 BPCU

Outage sum rates per BS (BPCU)

1Y —6—N-NOMA R, =1 BPCU
—4— OMA R, = 0.5 BPCU
st —=—OMA Ry =1 BPCU
OMN
1/8 1/4 12 1 2

Ae (107° nodes/m?)

(a) Outage sum rates per BS

" 10 )
2 4
=
g 4
o . .
T 1y
()
= 7
IS4
g R; = 1.5 BPCU N
10° {_g— CoMP user, Ry = 0.5 BPCU \ h
—57— CoMP user, Ry = 1 BPCU
—6—NOMA user, Ry = 0.5 BPCU OMA T
—#-NOMA user, Ry =1 BPCU
10" -

18 14 12 1 2
A (107° nodes/m?)

(b) Outage probabilities
Fig. 5: Comparison between N-NOMA and OMA. K = 2.

Fig. 5 shows the comparison between N-NOMA and OMA.
Note that, in OMA, only the CoMP user is served. Fig. [B(a)
shows the outage sum rate per BS achieved by N-NOMA and
OMA, and Fig. B(b) shows the corresponding outage probabil-
ities achieved by these schemes. The outage sum rate per BS
is given by: % + P(M > 0)(1 — P?“*)R;, where
Ac(R% — R?) denotes the average number of cooperating
BSs in ring C. Fig. Bla) shows that the outage sum rate
per BS achieved by N-NOMA is much higher than that of
OMA. However, as shown in Fig. B(b), the increase of sum
rate achieved by N-NOMA is at the expense of a bit outage
performance loss compared to OMA. Thus, the condition of
applicability for N-NOMA is that when the CoMP user can
tolerate a bit reliability loss compared to OMA. It also shows
that the outage sum rate per BS doesn’t keep increasing as
A increases. Because when . is large enough, the outage
probability of the CoMP user approaches zero, and the outage
probabilities of NOMA users will increase with \., which
results in low rate.

V. CONCLUSION

In this paper, the application of N-NOMA to a downlink
CoMP system has been studied. Stochastic geometry has been
applied to model the random locations of communication
nodes, based on which the outage performance of the proposed
N-NOMA scheme has been evaluated. It has been shown
that, by applying N-NOMA, the outage sum rate can be
significantly improved compared to conventional OMA based

CoMP scheme. It is noteworthy that perfect fronthaul/backhaul
capacity has been assumed in this paper, and taking the
impact of limited fronthaul/backhaul capacity on performance
analysis into consideration will be an interesting future ex-
tension for this paper. Moreover, due to the complexity of
the analytical results, corresponding optimization hasn’t been
considered to further improve the performance. Thus, finding
proper approximations to give succinct expressions for the
outage probabilities to further optimize parameters, such as
Rp and )\, is also left as an important future work.
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