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Abstract—In order to keep a balance between the transmission
delay of backhaul and the spectrum efficiency of access links, the
coverage performance of wireless networks with non-orthogonal
multiple access (NOMA) and content caching is studied. First, an
explicit expression for the coverage probability of a typical user
is presented by using stochastic geometry and order statistics.
This expression can provide useful insights in order to improve
the coverage performance of NOMA communications. Second,
a closed-form expression for the average coverage probability
is derived. Finally, simulation results are provided to validate
the accuracy of the analytical framework and demonstrate the
performance gain, due to NOMA.

Index Terms—Non-orthogonal multiple access (NOMA), con-
tent caching, coverage probability, stochastic geometry

I. INTRODUCTION

On-orthogonal multiple access (NOMA) is considered

as a very promising technique to significantly improve

the spectrum efficiency of fifth generation (5G) and beyond
communication systems [1]. Since multiple users can be served
simultaneously, NOMA can achieve significant performance
gains, in terms of system throughput as well as connectivity.
Furthermore, the outage performance of NOMA with coop-
eration and user pairing has been studied in [2], which show
that NOMA can achieve higher transmission data rate than the
conventional orthogonal multiple access (OMA) schemes. In
[3] and [4], NOMA has been used in large-scale heterogeneous
networks and multicast cognitive radio networks, respectively.
Although NOMA can improve the delivery efficiency of the
BSs, it causes long waiting delay, since the NOMA transmis-
sions cannot begin until all the requested messages are sent to
the BSs via the backhaul. Therefore, to mitigate the increased
loading of the backhaul, the joint design of NOMA and content
caching has been investigated in [5] and [6]. However, due
to the complicated interference effect and the non-uniform
coverage, it is difficult to assess if NOMA can reduce the total
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transmission delay. In order to find a sophisticated balance
between the transmission delay of backhaul and the spectrum
efficiency of access links, we study the coverage performance
of NOMA in wireless caching networks.

The main contributions of this paper can be summarized
as follow: First, by employing stochastic geometry and order
statistics, an explicit expression for the coverage probability
of a typical user is derived, which can provide useful insights
on how to improve the coverage performance. Second, a
closed-form expression for the average coverage probability
is presented, which shows that the transmission performance
of NOMA can be guaranteed, when the data rate of backhaul is
high enough. Finally, simulation results are provided to verify
the accuracy of the analysis and to show the performance gain
of NOMA in wireless caching networks.

II. SYSTEM MODEL

Consider a downlink transmission scenario in wireless
caching networks, where each BS serves multiple users. The
locations of BSs are modeled as a homogeneous Poisson
point process (PPP) &, with a given density A. In order
to characterize the fact that the users are more likely to
lie close to their associated BSs, the locations of users are
modeled as a Matérn cluster process W. In particular, we
focus on a representative cell C;, where its coverage area
can be modeled as a disc D(B;,r), where r is its radius,
and the location of the serving BS B; acts as its center,
B; € ®. All the associated users of C; form a point cluster
1; of W, which are independently and uniformly distributed in
D(B;,r). Moreover, the number of users belonging in v; is
denoted as M;, which follows Poisson distribution with a given
expectation u, i.e., M; ~ Poi(u). Without loss of generality,
Uj; is selected as a typical user, U; € 1;. Denoting the distance
between U; and B; as d;, the cumulative distribution function
(CDF) and the probability density function (PDF) of d; can
be expressed as:
2d;

—, d]' S [077"}, Uj S ’(ﬁz (1)

F(dj): ga f(dj): r2

r

In this paper, we assume that each user belonging to
W, requests a different content object simultaneously, while
NOMA transmissions are employed to improve the spectrum
efficiency. Without loss of generality, the representative cell C;
is taken as an example. All the content objects required by the
users of 1); can be denoted as a set ; = {s1,...,sp; }, where
s; is the content object required by U;. The NOMA scheme
under investigation consists of the following two phases:
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1) Backhaul Transmission Phase: In order to support NO-
MA transmissions, B; should obtain all the content objects
of €; via the orthogonal backhaul link use'. Due to the
employment of content cache II; at B;, the burden of the
backhaul link can be mitigated since some content objects of
Q; can be stored locally, and the random caching strategy is
employed in this paper. Assuming that all the content objects
are of the same size L, the transmission delay of the backhaul
link is decided by the number of requested content objects that
are not cached at the BS, which can be expressed as:

(M; = N;)L (1 — Pyie)M; L

Dpp = = )
TBH TBH

where rgy denotes the data rate of the backhaul link, N; is
the number of local cached content objects, M; is the total
number of requested content objects, and Py = N;/M; is
the hit ratio of II;. As shown in (2), the transmission delay of
the backhaul link is identical for each the requested content
object.

2) NOMA Transmission Phase: By employing NOMA, B;
can serve all the users of v; simultaneously, and its transmitted
message can be expressed as t; = ngi:l \/PmSm, Where p,,
denotes the transmit power of s,,, > ..° | pm = p, and p is
the total transmit power at each BS. Then, the observation of
U; can be expressed as:

—a/2 —a/2
yi = d;Phiyprsi+ Y dy Y hipess
k#j,51€8;
B, €®/B;

where h; denotes the Rayleigh fading coefficient of the link
between U; and B;, g, is defined similarly for the interfere
BS B, hj, gn ~ CN(0,1), d; and ,, denote the distance
between U; and its associated BS B; and the interfere BS
B, respectively, n # i, w; is the additive white Gaussian
noise at Uj, and « is the pathloss exponent.

To mitigate the impact of intra-cell interference, SIC is im-
plemented at each user. Without loss of generality, we assume
that the user index j determines the detection order of message
s;, which means that sq, ..., s;_1 should be removed from the
observation at U; before detecting s;. As introduced in [1],
a conventional method is to establish the detection order by
using instantaneous channel state information (CSI). However,
it causes a large amount of signaling, which leads to a decrease
of spectrum efficiency. In [7], the pathloss, which can sketch
the key feature of channel gains efficiently, is employed instead
to keep a balance between the signaling overhead and coverage
performance of NOMA scheme. Therefore, the pathloss of
each user associated with B; is in an ascending order, i.e.,
dl—a <o < dj—wf:.

In this paper, we focus on the interference limited scenario,
and the received signal to interference ratio (SIR) of s, at U;
can be expressed as:

pmdy *|h;[?
M; —a —a :
Zk:erl Pkdj |hj|2 + ZBneé/Bi pln |gn|2

“4)

Vim =

IPlease note that the content objects may be stored at different content
center, and thus there is no chance to use NOMA in this phase.

The transmission delay of s,, from B; to U; can be written
as:

L L

_—— 5
Tj,m blOg(]. —+ ’Yj,m) ( )

Djm=
where b denotes the bandwidth of the access link. Please
note that the rates of both the source coding and the channel
coding can be adjusted dynamically due to the instantaneous
channel conditions, such as the scalable video coding (SVC)
and the adaptive modulation and coding (AMC) mechanisms.
The achievable data rate given by (5) can capture the quality
of channel conditions, and thus D;,, can be employed to
characterize the transmission delay.

III. COVERAGE PERFORMANCE OF NOMA
TRANSMISSIONS

In this section, the coverage performance of NOMA is
studied. In particular, the coverage probability of a typical user
Uj is defined as the probability that the total transmission delay
is less than a given threshold, which means that the content
requirement of U; can be responded by the serving BS B;
successfully. Due to the implementation of SIC, it is necessary
to ensure that s1,...,s;_1 can be detected successfully at Uj,
which means that their received SIRs should be higher than
the given thresholds. Therefore, the coverage probability of U;
can be written as:

P]:PY{DBH+DJ1<T177-DBH+D]».7<TJ}’ (6)

where T}, denotes a given delay threshold of s,,.

A. Coverage Performance of A Typical User U,

1) Coverage Probability of U;: Recalling (2), Dy can
be treated as a constant when the data rate rgy and the hit
ratio P are fixed. Therefore, the coverage probability of
U; is mainly decided by the delay of NOMA transmissions.
Substituting (4) and (5) into (6), P; can be rewritten as:

Pj = Pr {’)/j,l > Qb(TlfLDBH) —].7 e V4.5 > 2b(T-‘77LDBH) —15.
(7

Next, a tractable expression of P; conditioned on d; can
be obtained by using the stochastic geometry-based system
model.

Theorem /: When the transmit power satisfies the con-
straint ¢,, = P — um(zgﬁmﬂ pr)>0,m=1,...,7, then
the average coverage probability of U; can be expressed as:

Py =1Fy[M; — j+ 1 M; + 1, —2nAr? A(@)8], (8

L
where p,, = 2°@»=Pem) — 1, 0, = max{n,...,n}, Tm
is defined as 1, = pmp/qn to simplify the expression of
Pj, A(a) = Zcse(2E), and 1Fi(a;b;2) is the confluent

hypergeometric function.
Proof: Substituting (4) into (7), the coverage probability
of U; can be derived as:

Pj :Pr{|hj|2 Ztgjdja( Z l;agn|2)}. (9)
B,€®/B;
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Note that |h;|? and |g,|? follow independent identically dis-
tributed exponential distributions, and thus (9) can be ex-
pressed as:

1
remase, I e ) )
Jn

Bn€®/B; (10)

L

Since @ is stationary, the location of U; can be chosen as the
origin. Based on the probability generating functional (PGFL)
of PPP, L in (10) can be written as:

e 1
L = exp [— 27r>\/ (1 M) lndln}
0 1+ 6;d%1 (an
=exp[— QTA(Q))\Q?/ad?].
di,...,dys, are a group of order statistics and follow identical

distributions. Note that d; is the (M;+1— j)-th order statistic,
and its PDF can be expressed as [10]:

M1 M;—j 2\J1g
fdj(:r):Mi<M _j>(T2) <1—f2> T—f (12)

Substituting (12) into (10), P; can be written as (8), and
Theorem 1 has been proved. ]

2) Further Discussion of Theorem 1: As shown in (8), P; is
determined by 6;. The first-order derivative of P; with respect
to ¢; can be derived as:

—AmAr? A()3 T (M — §+ 1)
o(M; + 1) .
VFL[M; — §+ 25 M+ 2; —2mr ()9 ] < 0.
(13)
Based on (13), we can obtain the following remark, which is
related to the monotonicity of P;.

Remark 2: The coverage probability P; is a decreasing
function with respect to 6;.

Moreover, Theorem 1 shows that the P; is related to the
detection order of U;. Furthermore, the coverage performance
of C; is mainly decided by the coverage probability of Uy, .
The reasons can be explained as follows: (i) As pointed out in
[8], to ensure the performance gain of NOMA, the coverage
probability of Uy, should be guaranteed. (ii) Based on Remark
2 and (8), when the value of 0, is minimized, 01, ...,0x,_1
also decrease since they are defined based on a subset of
{m,...,nu,}. Therefore, optimizing #,;, can improve the
coverage performance of all users of C;, and thus fairness can
be ensured. Then, the following corollary about the coverage
probability of Uy, can be provided.

Corollary 3: In order to maximize the coverage probabil-
ity of Uyy,, the following constraint should be satisfied:

Ve, P; =

N = =NM, = Onin, a4

where 7),,, follows the notation given by Theorem 1. When (14)
can be satisfied, the power allocated to U; can be expressed
as

M
[1,=; @

Z%l:l ( Hf\z/[:Im a") 7 ;

(15)

pj = p, J=1,..

where a,, = Mn(l‘f'u +1) n=1,...,M;—1and ap, = pn;-.

Omin can be expressed as O, = Zf\,f:l (Hiim an).

Proof: Based on Remark 2, it is equivalent to prove that
Orr, can be minimized when (14) is satisfied, and a proof
by contradiction is provided. In particular, we assume that
P* = [pi,---,phy] is the optimal power allocation strategy
to minimize 0y, Y37, pi = p. which should satisfy the
following three constraints:

C1) To grantee the reliability of NOMA transmissions, p*
should follow the constraint g,, = py, — um(z,i”:m 41PK) >0
given by Theorem 1, m =1,..., M;.

C2) (14) should not be satisfied when p* is employed.

C3) p* can minimize the value of 0,.

Due to C2, we assume that 7;(p*) is strictly larger
than 71(p”), ..., 1j—1(P"),j+1(P"), -, mas,(P"), and thus
Onr, (P*) = 1; (P").

By adjusting power allocation to U; and Uj;;, another
power allocation strategy can be obtained, which can be
denoted as pf = [p7,... 05+ Ap,piiy — Apy. .oy phy,]s and
the following constraint of Ap should be satisfied:

. . b
Ap<m1n{(uj+1+1)pj+1 S P Z pk}
Hi k=j+2
(16)

Due to (16), p' follows the constraint given by CI, and the
relationship between 7 (p*) and 7 (p') can be expressed as:

) < n;(p*), and 7, (ph) = n’m.(p*), an
m# j,j+ 1.

Note that (17) shows that 8y, (p*) > 0, (p'), which contra-
dicts with the assumption that 6, (p*) is the minimum value
of ar,. Moreover, if there exist multiple 7;(p*)-s that can
achieve 0y, (p*), a similar p can be obtained by following
(16). Therefore, (14) must be satisfied to maximize Py,.
The power allocation strategy given by (15) can be obtained
directly based on (14) and Zj\il p; = p, and a closed-form
expression for 6,,;, can be derived based on Lemma 1 and
Appendix B in [9]. Then the proof is completed. [ ]

n;(P"), nj+1(p'

B. Coverage Performance of A Cell C;
The average coverage probability of C; is defined as P =
{ I ZU cv; Bi } where P; follows the definition given
by (6). Based on Corollary 3, a closed-form expression of P
can be obtained, according to the following theorem.
Theorem 4: When Corollary 3 is satisfied, the average
coverage probability of C; can be expressed as:

1—exp [ —21A(« ))\r29r2n/li]
2mA(a) Ar2022

where 0,,;, is defined in (14). -
Proof: When 0; = Onin, P can be derived as follows
based on (11) and (12):

M;
P= EM7{ / (Z 7 > 6727rA(a))\030/;‘a:2d }

J

P:

; (18)

(19)
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Fig. 1. The average coverage probability of NOMA.
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Fig. 2. Comparison between NOMA and OMA schemes.

Moreover, J in (19) can be expressed as:

g3 (MY (Y (e e
_j=1 M; —j)\r2 r2 r2 - p2’

(20)
Substituting (20) into (19), P can be written as (18), and
Theorem 4 has been proved. [ |

As shown in (18), P is a decreasing function with re-
spect to Onin, which is related to the number of user-
s participating NOMA transmissions and the threshold of
total transmission delay of each content object. Moreover,
1 — exp[—2r A(a)Ar262.%] ~ 2w A(Q)Ar262.> as Onin ap-

proaches 0, and thus the average coverage probability of C;
approaches 1.

IV. SIMULATION RESULTS AND DISCUSSIONS

The simulation results are provided in this section. The
coverage radius of each BS is set as » = 15 m, the bandwidth
is B = 10 MHz, the path loss exponent is o = 3. The size
of each content object is set as L = 1 kB, and the data rate
of backhaul is rgiy = 100 Mbps. The number of local cached
content objects is 2, and the BS density is A = 5 x 1075,

In Fig. 1, the average coverage probability given by Theo-
rem 4 is plotted. As shown in the figure, the average coverage

probability increases as 7' increases. Moreover, the analyt-
ical results match the Monte Carlo results perfectly, which
verifies the accuracy of Theorem 4. In Fig. 2, a comparison
between NOMA and OMA schemes is provided. The spectrum
efficiency of OMA scheme is set as 7 = 1/M; to ensure
the fairness of the comparison, and other settings are the
same as NOMA scheme. Since there exists a tradeoff of the
transmission delay between the access and backhaul links in
the NOMA scheme, the implementation of caching can reduce
the transmission delay of backhaul links, and ensures that
NOMA can achieve the performance gain. As shown in Fig.
2, the coverage performance of NOMA is always better than
that of OMA when P;; = 1, and the performance gain of
NOMA is reduced as P;;; decreases.

V. CONCLUSIONS

In this paper, the coverage performance of NOMA in
wireless caching networks has been studied. First, the coverage
probability of a typical user has been analyzed by employing
stochastic geometry and order statistics, which can provide
useful insights on how to improve the coverage performance
of NOMA. Second, a closed-form expression of the average
coverage probability has been provided. Finally, simulation
results are provided to verify the accuracy of analytical results
and show the performance gain of NOMA in wireless caching
networks. In our future research, sophisticated user scheduling
and pairing mechanisms should be designed to improve the
performance gains and the flexibility of NOMA transmissions.
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