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Abstract—Non-orthogonal multiple access (NOMA) is an ef- same time and frequency block and users can decode their
fective means to improve the spectral efficiency of a wireles own message using successive interference cancellatiG. (S
communication system. When applied to cellular networks, ell Since 2013. NOMA has attracted more and more attention.
edge users may suffer from low bit rate, or the associated bas In [2] [3], the 'authors adobted suboptimal fractional traits
stations may need to use excessively high power to serve teos ’ p P e e
users. In order to alleviate the problem, this paper consides the Power control (FTPC) to the NOMA system, which is similar
integration of NOMA with coordinated transmission techniques. to the power allocation in LTE and compared the sum rate
A two-cell system is considered, in which there are two usensear performance of the NOMA system with the OMA system. A
their associated base stations and a cell edge user servedtth  yigtripyted optimal solution of downlink multiple-userssgm

base stations. It is assumed that each user has a data rate rgce- . o
ment, and the system objective is to minimize the total transit was proposed in [4] and it is showed that NOMA can save

power. With a formal problem formulation, the feasibility of the ~More energy than OMA.
problem is characterized by using Helly’s theorem. When the ~ However, due to the decoding order of SIC, equal perfor-
problem is feasible, we design both centralized and distrited mance can be difficult to achieve for the users near to BSs and
algorithms to solve it. Numerical results show that NOMA can e ce|l-edge users which have worse channel conditions. In
significantly outperform an orthogonal multiple access schme in
terms of power consumption and outage probability. [5], [6], the near-BSs users are _used as relays to construct a
Index Terms—Non-orthogonal multiple access (NOMA), co- Cooperative NOMA system. The integration of NOMA system
ordinated multipoint (CoMP), power control, power domain With beamforming technique was adopted in [7] [8] to improve
multiplexing. user fairness. These methods need extra complex technique
while the coordinated NOMA (CO-NOMA) can guarantee
. INTRODUCTION weak users’ performance in a simpler way. In [9], with the

) ) . . . assumption of the symmetric channel conditions and equal
To satisfy the growing demand of mobile services, higfangmit power of near-BSs users, Alamouti code was used

requirements have been requested for future generations, 0ty coordinated BSs and the performance in terms of the
m9b"e cel!uar systems. Among th_em, high spectral ef'f'q'en%rgodic capacity was discussed. The work in [10] evaludted t
brings a big challenge to the multiple access scheme. Dueglkiam-jevel performance of CO-NOMA system in which all

the scarcity of available radio spectrum, how to do it in &f)sers are served in a coordinated way with a suboptimal power
efficient way appears particularly important. To allocate-1 5 5cation solution of FTPA. Besides, a multi-tier NOMA
ited spectral resources to multiple users, conventiorr@ses strategy was considered in [11].

are adopted, which focus on time, code or frequency domaingyiftarent from [9]-[11], which focus on the sum rate
(TDMA, CDMA, OFDMA, etc.). These schemes can avoi erformance, in this paper, we concern more about power

the mutual interference between users by orthogonal désig onsumption of a CO-NOMA system. The coordinated trans-

the corresponding domain. However, the potential of SReCtfyission of two BSs is adopted to improve the performance of
resources are not fully exploited by these schemes and they|_eqge user. We formulate the problem with a optimimati

are not optimal in the fie_zld of spectral eﬁicie_zncy. In thi'i)arameter and show a necessary and sufficient condition
case, non-orthogonal multiple access (NOMA) is proposed &p 4o feasibility derived from Helly’s theorem [12]. Next,

provide higher spectral efficiency [1]'_ The prevalent chC_ewe propose a centralized optimal solution and a distributed
of NOMA is power domain multiplexing. Different transm'tsuboptimal solution aiming to different scenarios. Fipalie

powers are assigned to different users according to thej, jate different scenarios of CO-NOMA as well as optimal
channel conditions. For downlink, transmitters broadd¢hst solution of OMA and compare their numerical results.

messages of several users with superposition coding in ther o organization of the rest of this paper is as follows.
_ _ Section 1l describes the system model and problem setup.
This work was partially supported by a grant from the Rededscants

Council of the Hong Kong Special Administrative Region, &hi(Project The .fea3|b|I|ty of the prOblem are dISCUS.SGd n SeCt'or! .
No. CityU 121713). Section IV presents two proposed solutions and algorithms.
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BS 1 BS 2 r (\/93,1]93,1 + \/93,2]93,2)
3 = .
NoW + g3,1p1 + 93,202
Note that we have assumed that the signals transmitted by bot
BSs for user 3 are aligned in phase so that the received power

of the two signals can add up in . The corresponding rate of
useru is then given as

R, (p) =Wlog, (1+T,). (4)

To make sure that users 1 and 2 can both decode the mes-
Fig. 1. Two-cell downlink NOMA system model with three users ~ sage for user 3, the following constraints should be imposed

®3)

User 3

91,1P3,1
R =Wlo <1+ o )27‘ 5
. . o 5 NoW + g1,2 (p2 + ps,2) + 91101 s )
Section V reports their performance and compares the optima

solution of OMA in terms of power consumption. Finally, the
conclusion of this paper is showed in Section VI Ry = Wlog, (1 + 92.2P3,2 ) >3 (6)
' NoW + g2.1 (p1 + p3,1) + 92,202
Il. SYSTEM MODEL Although both BS 1 and 2 transmits the message of user 3,

) ) ) the signals arrived at users 1 or 2 cannot be aligned in phase
We consider the downlink of a NOMA system with toye 1o different propagation delays. Therefore, in (5) weeha
base stations (BS) which use the same channel. As shoydymeq user 1 decodes the message of user 3 from the signal
in Fig.1, each BS serves a user near to it (user 1 or usenglnsmitted by BS 1, treating the signal transmitted by BS 2
while the cell-edge user (user 3) is served by both BSs. FQL sise. The same assumption applies to (6).
u e {1,2,3}, b € {1,2}, let g, , be the power gain of the  the gpiective of this work is to minimize the sum of

link from BS b to useru, and letr, be the rate requirementy,nsmit power with the constraints of the minimum rate

of useru. The bandwidth of the channel 1§ requirements and the decodable constraints. The problem ca
As user 3 is attached to two BSs, each BS broadcags formulated as follows:

messages to its two users with superposition coding and the
messages to user 3 from different BSs are the same. In other min ||p]], (7)
words, the transmitted signal of BBis |/py Xy + /P35 X3

for b € {1, 2}, wherep; andp, are the powers for users 1 anqSUbJeCt o
2 while ps ; andps 2 both are the powers for user 3. So the R, (P)>7ry, u=1,2,3, (8)
total transmit power of BS 1 ig; +p3,1 and the total transmit
power of BS 2 isps + p3 2. Let § = (p1,p2,p3,1,p3,2). FOr R(P) >rs, i=1,2, (9)
u € {1,2,3}, the received signal of user is LT
Yy =v/9u,1p1X1 + \/Gu,2D2 X2 p=0. (10)
+ (/Guab3 1 + /GuzPuz) X3 + Nu, We call this problenp-OPT.
where N, is a Gaussian random variable with variangge> Ill. FEASIBILITY
0.

. ) ___Due to the expression dfs, the constraints of this problem
For user 1, with the decodable constraint to be descrlbgpe not all linear. On the other hand, it can be expressed as a

later, it can first decode the message for user 3, use Smesﬁbrameterized family of linear programming problems. Te se

interference cancellation (SIC) to remove it from its ree€i .« \ve define a parameter as the ratio betweeps » and
signal, and regard the signal from BS 2 as noise. It is similg?r) 1' i.e.,pso = aps 1. Definevy, 2 227« — 1 for u = 1.2.3
v Po,a T Lt K2 — Ly ey I

for the other near-BS user (i.e., user 2). For the cell-edge u” ™
(i.e. user 3), thg messages of users 1 and 2 are not decol‘_j&%ma 1 p-OpT is feasible only if

and the interfering signals are simply treated as noisetheet

noise power spectral density at each userNge The post- 911922 > 7591729271, (11)
processing SINRs (i.e. after mterferen.ce cancellatidnthe anda e (7392)1 g )

three users can then be expressed as: 92,2 ’ Y3912

I, = g1.1p1 ) Proof: To ensure that (5) and (6) can be satisfied with
PTONoW + 91,2 (p2 +p32) non-negative power values, we must have, respectively,
92,2P2 91,1 — Y3912 > 0, (12)
Iy = : : 2 B
T NoW g2, (p1+p3,1) (2) 92,20 — 7y3g2,1 > 0. (13)



These inequalities together imply (11) and the feasiblgeanLemma 2 ([16]) ConsiderG,G € Q such thatG differs
of a. B from G only in one row. Lep = éilﬁé andp = éilﬁé.
o ~ There existp € {p,p} such thatGp > 7i5 and Gp > 7.
Assume that the condition in Lemma 1 holds. With slight
abuse of notation, we shortgnto a three-dimensional vectorTheorem 2 Helly’s theorem [12])Let F' be a finite collec-
by removing the last componepy », since it can be expressedion of convex sets ilR". The intersection of all the sets &f
asaps 1. Then, the constraints (8) and (9) can be written i non-empty if and only if any + 1 of them has non-empty
matrix form as intersection.
Ap > 1, (14)

Theorem 3 Given an instance gh-OPT in which (11) holds,
where

al the instance is feasible if and only if there exisis
i (L2t S1 ) gych that
A a% g2,2 7 ¥391,2
A= ag max\(I — G) < 1.
a3 GeQ
3 . . .
as Proof: If the problem instance has a feasible solution,
e s ae there exists a power vectgf > 0 such thatAp > 7. Then
191,2 191,2 - .
1 i TToia VG € Q,Gp > n > 0. According to the power control
— 22 1 — 2 theoremyG € Q, A(I-G) < 1. So,maxgea A\(I-G) < 1.
a |- g Y932 1 (15) The necessity is proved.
(Vo1 vTmaa) (Vo1 vTme) ) Next, assumenaxgeo A(I—G) < 1. By Theorem 1¥G €
T orinsgiaa T oniysarea Q, there exist®a~! > 0, andp’ = G~ '# > 0 exists.
T 92.20—7392.1 T 92.20—7392.1 1 ‘We first define a convex set{ = {FeR?:alp>ni}.
and Similarly, we can define the convex sets,, Ai, A3, and
Y1 NoW A3. Among these five convex sets, we choose any four
nt e of them and take the intersection. There are five possible
nl 7292—; combinations. We patrtition them into two groups, where the
2o | T a | —NW first group is{A{ N AN A3N A3}, {ATnAjN AN A3}
n=|ni| = 7 |. (16) group 1Az (A3 Azyp, (A Az 11 A3 11 A3
o (vaw T+ o aa) and {Al N AL 1 A2 1 A3).
ns g1,1—7391,2 Let
3 ’y3NOW ai ai
g2,2x—7392,1
. G.= |al| andG, = |all
Define the set of square matrices ! ? 2 2
as as
1
ay . . PR _,
where . By Lemma 2, there existg such thatG1p >
Q2 |ad] e R®3, wherei =1,2,3 3, = HA]_, y- " L P S ; 1P =
al 11 andGep > na. Sop € < A;NA; N Ay N A3 and the

) ) _ intersection of each combination in this group is not empty.
which consists of three square matrices. For ev@rg (2, the Next, consider the second group, which consists of
matrix I — G is irreducible. Note thatG can be regarded Al N AL A2 ﬁAg} and {A% N AN A2 ﬂAg}. We want
as a link gain matrix for a conventional power-controllegy show that both of them are non-empty. By symmetry, it
system, which consists of three co-channel point-to-poigttfices to consider onl){A} NALNA2n Ag}. We can first
unicast system. For this reason, we caI_I ed&ha unicast |g¢ p2 = 0. The resulting system is equivalent to a system
setting. Note also that eadH is parameterized by. _characterized by the x 2 matrix A’ which is constructed

The following three results are needed for us to del’l\fﬁ/ removing the second row and second column frem
feasibility conditions ofp-OpPT. The first one is a well-known Similarly, we can defin&? and G’ for A’. Note that the
result in the classical power control theory, the secondi®@e gimension of the power vector of this system is reduced from 3
power control result originally derived for a multicast 81, 5 2 Now we want to prove that the new system has a feasible
while the second one is a basic result in discrete geometrys| tion. We repeat the previous argument. For the new

system, there are four combinations of any three convex sets

Theorem 1 (Power control theorem [13]-[15)Consider a Like the original system, the first group 34,1 A A’:l,, A A’g},

unicast settingG and assumel — G is irreducible. The

following statements are equivalent: iA’} NASNASL and { AT NA2NASL. We can prove
1) There exists a positive power veci@rsuch thatGp > that each of them is non-empty in the same way with the
7. first group of the original system with Lemma 1. The second

2) M(I-G) < 1, where\(I —G) is the Perron-Frobenious group consists of only A’S N A’3 N A’g}, which is also non-

eigenvalue off — G. empty, since we can easily find a feasible solutjgn:= 0 and

~ 00 k .
3) G =00, (I = G)" >0 exists. ps1 = max {n},n3,n3}. By Helly's theorem, there existg’



such thatA’p’ > n’. Then insertingp, = 0 back intop’, we For this scenario, we propose a suboptimal solution. We

can getp € {A{ N AN AN A3}, adopt the same two-step approach in the previous subsection
In conclusion, as the intersection of all combinations dfhe first step is to choose a value @fto approximate the

any four convex sets are non-empty, by Helly’s theorem, tloptimal value ofa. Since cross-link gains have less influence

intersection of all convex sets is non-empty and the probleim this system compared to other parameters, we neglect the

is feasible. The sufficiency is proved. B cross-link gains, assuming that they are zero and solve for
We remark that our approach can be generalized to tthee optimal value ofx for this simplified system. Note that

case where there are maximum power constraints imposeithout cross-link gains, the system becomes

at the base stations, based on the results in [17]. Moreover,

our approach can also be extended to a large network which Ap =i (17)

consists of multiple base stations and users.

where
IV. POWERCONTROL ALGORITHMS 1 0 0

In this section, we consider two approaches to sph@pT. 0 1 0
One is centralized, which requires a controller which knows 4 _ | — dsgsa o _ vags2 (18)
all the channel gain information. This approach may not be (vas.1+v9s.29) (vas.1+ves.29)
practical but it serves a benchmark for comparison. Therothe B 0% 1
one is a distributed approach, which removes the burden of 0 S 1
measuring cross link gains, which is much more desirabla frogng
a practical viewpoint. A NoW
A. Centralized Algorithm o NaW ”i

In the centralized scenario, we assume that there is a _ s NoW n%
central controller which knows the values of all the channel "= (vei+ymea) | T n% (19)
gains. According to the constraint matrix, the solution ban %;Y—[’]W n%
decomposed into two steps: 23 No W "3

92,2¢

1) Choose a value for the optimization parameter
2) Given the value ofy, optimize the total power consump-
tion.

In the first step, the controller performs one-dimensiomal g

By the constraints above, the transmit power values to user
1 and user 2 are independent of the transmit power value to
user 3, since the interference of user 3 is canceled at user 1
search over within the range(“-"“ 911 ) Given each and user 2. Obviously, the minimum transmit power values to

. 22 773912 . user 1 and user 2 are} andni, respectively. The remaining
value of, the second step is a linear programming problem . — . .
toblem is to minimizeps ; and ps » with the constraints as

which can be efficiently solved. It is clear that the solutio

. : . ollows:
obtained is optimal.
Alternatively, this problem can also be solved by convex P31 > %W 2 q,
optimization techniques. Note thatpnOPT, all the constraints Pao > v NoW(i+72)) & b (20)
are linear except the one in (8) with= 3, i.e., T 92,2 ’

V93,1031 +1/93,2D3,.2 2 ¢,

Rs3 (p) > 3.
wherec £ /3 (NoW + g3.1n} + g3,2n3).

Letx £ /ps1 andy = | /p32. We can then re-write the
93,1(]93,1 - 73171) + 93,2(]?3,2 - 73]?2) +24/93,193,2P3,1P3 2 above problem as follows:

We can rewrite it as

= 13 NoW. min 2% + 32 (21)
Since, /p3,1p3.2 is a concave function, the whole problem can
be cast as a convex optimization problem, and thus can be x> +/a,
solved by standard solvers. s.t. y > Vb, (22)
B. Distributed Algorithm V93,12 + /G320y = €

In the distributed scenario, each BS knows only the link can be seen that we need to find a feasible point that
gains of the users associated with it, i.e., BS 1 knows tf@inimize its distance from the origin.
values ofg; 1 andgs; 1 while BS 2 knows the values af o If we have,/g31a + /g3 20 > ¢, then we can obtain =
and g3 ». The cross link gainsg; 2 and go; are not known +/a,y = Vb, anda = b/a. Otherwise, the optimal point must
by the system. This consideration is especially importanaf be on line L defined by,/gs 1z + /g3 2y = c. We assume
large network, since there are many interfering signalsaha that the distance between the origin and the paigt 4o) is
treated in noise during decoding. It is practically impbksi the minimum among the distances of all the point on line
to measure all the cross link gains in the network. L. Since the line connectingro,yo) to the origin must be



perpendicular to linel, we must haveyy/zo = 1/93,2/33.1- 2000+

Solving the two simultaneous equations, we obtain A BS
1500+ - User
C C
vo = —YIBL andy, = V92 (23)

93,1+ g32 93,1+ g32 1000+
So for this case, the optimal point dfs i,ps2) can be 500+

expressed as follows: %
. or

(25, v5) if 2o > /a andyo > vb s

2

(a, Sy iy < vaandyo > VB . 2a) 0%

93,2

((C*\/gs,zb) b) if 2o > va andyo < VB ~1000}

93,1
Hence,a can be obtained. With the estimated valueagf ~1500¢

we use an iterative distributed algorithm for the secong@.ste _p0p ‘ ‘ ‘ ‘
The system in (17), with cross link gains non-zero, can t 2000 ~1000 xis 1000 2000
expressed as

— Fig. 2. Locations of the three users after 5000 times’ sitrara
p>1(p), (25) 9

whereT = [I} I} I} 12 13]" is called the inter-
ference function. It can be easily proved thhtsatisfies
the following three properties and is thus called a stand
interference function [18]:

1) Positivity: I () > 0

2) Monotonicity: If 5> 5’ ,thenI () > I (p)

3) Scalability: For all & > 1, thenal (p) > I (ap)

wherer,, for v = 1,2, 3, are the same rate requirements as
&8t the NOMA schemes and the variahlee [0, W].

Given the value ofw, it is straightforward to minimize
the total power||p]||,. Therefore, the optimal sum power for
the OMA scheme can be obtained by a one-dimensional grid
search forw.

For our case, the algorithm can be written in the form: Next, we compare the performances of OMA and NOMA
51 _ (-<t—1)) (26) systems. We consider two neighboring hexagonal cells with
b= p ’ radius of 500 meters. As shown in Fig. 2, in each cell, there

is one BS in the center and one user uniformly distributed
. A . ... in a circular area around BS. The radius of the circular area
standard interference function by [18, Theorem 5]. In addt is 150 meters. And there is also one user located in the cell

the convergence of this algorithm has been proved in [18]'e(|ige the distance from this user to BS1 or BS2 can range

In this scenario, the two BSs do not need to know all chan . -
information and they only have to communicate with ea(?ﬁom 350 meters to 650 meters. The system bandwidth is

other in the first step. The search of optinals avoided by assumed to be 10 MHz and the noise power spectral density

. . is_assumed to be -174 dBm/Hz. In the propagation model,
an estimated value. We will discuss the performance of theSe . . .
: . : we consider the distance-dependent path loss, shadowgfadin

two algorithms in the next section. . S
and small-scale fading. The path loss component is given by

V. SIMULATION AND COMPARISON 128.1 + 37.6log,o d, in which d is the distance between the
To evaluate the performance of our model, we first thinkansmitter and the receiver in km. Lognormal shadowing has
about the downlink of a corresponding OMA system with tw§€ Standard deviation of 8 dB. For small-scale fading, each
channels whose bandwidth ate and W — w.The messages USer experiences independent Rayleigh fading with vagidnc
from BS 1 to user 1 and from BS 2 to user 2 share a commonFig- 3 shows the total power consumption of the two NOMA
channel and the messages from BS 1 and BS 2 to user 3 §gaemes and the OMA scheme with increasing rate require-

whereI’ = [T} I} max {I},12,13}]", which is also a

the other channel. Here, the rate constraints become: ment. We generate randomly 5,000 problem instances for each

target rate. Among them, we calculate the average power

Rowma1 = wlogy (1 + %) > (27) consumption of the instance in which all the three schemes
Now + g1,2p2

are feasible. We can observe both NOMA schemes outperform
the OMA scheme and the advantage increases with the rate
Roaaz = wlog, (1 4+ 922P2 ) > 1y (28) requirement. When the rate requirement is 12 Mbit/s for each
Now + g2,1p1 user, the optimal NOMAscheme sav88.52% of average
power consumption and the distributed NOMA scheme saves
(\/93,11?3,1 + \/9372]?372)2) 31.32% of average power consumption compared with the

No (W —w) OMA scheme. Moreover, according to the performance, the
distributed scheme can be a good approximation to the optima
273 (29)  centralized scheme, especially for low rate requirements.

Ronraz = (W — w) log, (1 +



0 minimization problem is shown to be a parameterized family
—+— OMA

of linear programming problems, so that it can be solved by

e oA doing a grid search over a single parameter. Such an approach
however, requires the knowledge of all the link gains in the
system, which is practically difficult to implement. For ghi
reason, a distributed heuristic algorithm is proposed,ctvhi
eliminates the need of measuring cross link gains. Numlerica
results show that it outperforms an OMA benchmark system.

While this work considers only a small network, the ap-
proach is expected to be applicable to a large network with
many base stations and users. In a large network, however,
some other issues need to be addressed, such as user grouping

120

Average power consumption/ mwW

13 14

i i
11 12
Rate requirement/ Mbps

15

(1]

Fig. 3. Power consumption versus minimum rate requiremehtthree
schemes. (2]
0.25 : [3]
—+— OMA
NOMA(distributed)
—*— NOMA(centralized) [4]
0.2t f
> (5]
5 015F
8
o 6]
% [
5 0.1f
o
[71
0.05F
(8]
0 | i i i
8 9 10 11 12 13 14 15
Rate requirement/ Mbps [g]
Fig. 4. Outage probability versus minimum rate requiremeot three [10]
schemes.
[11]

To compare the outage probability of the three schemesy
we assume the maximum transmit power of each base station
is 100 mW. Fig. 4 represents the numerical results of e
outage probability, which is determined by the percentage o
the outage instances among all the instances. With the grd¥#
ing rate requirements, the outage probabilities also aswe
and the NOMA schemes also outperform the OMA schemss)
significantly.

VI. CONCLUSION [16]

This work considers the downlink of a coordinated NOMA
two-cell system, which serves two near-BS users and a C‘ﬂ'?]
edge user. The power minimization problem for such a system
is formulated subject to rate constraints. The feasibigue
o . g o [18]
is investigated, and a necessary and sufficient condition™1s
derived by means of Helly’'s theorem. Furthermore, the power

and base station association, which are left as future work.
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