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Abstract—Non-orthogonal multiple access (NOMA) has re- Il. SYSTEM MODEL

cently received considerable attention as a promising candate Consider a broadcast channel with one base station (the

for 5G systems. A key feature of NOMA is that users with better C o .
channel conditions have prior information about the messags of sour(_:e), afndK ushers (the dgs“”agogs.)- Crlloofpli:‘lratl_ve NOMA
the other users. This prior knowledge is fully exploited in his consists of two phases, as described in the following.

paper, where a cooperative NOMA scheme is proposed. Outage A Direct Transmission Phase

probability and diversity order achieved by this cooperative . ) )

NOMA scheme are analyzed, and an approach based on user  During this phase, the base station serlsmessages to
pairing is also proposed to reduce system complexity in praize. the destinations based on the NOMA principle, i.e., the base
station sendiﬁzlpmsm, wheres,, is the message for the
m-th user, andp,, is the power allocation coefficient. The

.~ INTRODUCTION observation at thé-th user is given by

Non-orthogonal multiple access (NOMA) is fundamentally K
different from conventional orthogonal multiple accessAM
. . = h 1
schemes, where multiple users are encouraged to transmit at Y1,k Z EPmSm + Nk, (1)

m=1

the same time, code and frequency, but with different power
levels [1]. In particular, NOMA allocates less power to the Where h;. denotes the Rayleigh fading channel gain from
users with better channel conditions, and these users can dée base station to the-th user andn, denote the additive
code their own information by applying successive intenfise ~ Gaussian noise. Without loss of generality, consider that t
cancellation [[2]. Consequently the users with better ckhnn users are ordered based on their channel quality, i.e.,
conditions will know the messages intended to the others; il < --- < |hx? @)
however, such prior information has not been exploited fey th =" =1kl
existing works about NOMA[3] and [4]. The use of NOMA implies|p:|? > -+ > |pk|?, with

_ In this paper, a cooperative NOMA transmission schemey® 2 — 1. Successive detection will be carried out at
is proposed by fully exploiting prior information avail@l the K-th user at the end of this phase. The receiving signal to

in NOMA systems. In particular, the use of the successivgoise ratio (SNR) for the<-th ordered user to detect thieth
detection strategy at the receivers means that users wiitr be yser's message, < k < K, is given by

channel conditions need to decode the messages for thes other
and therefore these users can be used as rela i e [pi|?
ys to improve _ K|7|Pk

; O . . SNRk & 7 , (3)

the reception reliability for the users with poor connectido ’ > |hp,, |2 + 1
. e . m=k+1 |IVKPm o

the base station. Local short-range communication teclesiq ) )
such as bluetooth and ultra-wideband (UWB), can be used therep is the transmit SNR. After these users’ messages are
deliver messages from the users with better channel conditi decoded, the<-th user can decode its own information at the
to the ones with poor channel conditions. The outage probdollowing SNR
bility and diversity order achieved by this cooperative N@M - 2 12
scheme are analyzed, and these analytical results dem@nstr SNRxx = plhx|lpl™ (4)
that cooperative NOMA can achieve the maximum diversityTherefore the conditions under which theth user can decode
gain for all the users. In practice, inviting all users in theits own information are given by
network to participate in cooperative NOMA might not be
realistic due to two reasons. One is that a large amount of log(1+ SNRk ) > Ry, V1<k<K,
system overhead will be consumed to coordinate multi-usefnere B, denotes the targeted data rate for théh user.
networks, and the other is that user cooperation will coresum _
extra short-range communication resources. User paiisng iB. Cooperative Phase

a promising solution to reduce system complexity, and we During this phase, the users cooperate with each other via
demonstrate that grouping users with high channel quatigsd  short range communication channels. Particularly the regco
not necessarily yield a large performance gain over orthajo phase consists of X — 1) time slots. During the first time
MA. Instead, it is more preferable to pair users whose chlanngsjot, the K-th user broadcasts the combination of & — 1)
conditions are more distinctive. messages with the coefficienig, i.e.,Zi;} qFK.mSm, where
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for k < K, wheregy ;. denotes the inter-user channel gain.i < n with the special case ofify " = qK nLK=n
The (K —1)-th user uses maximum ratio combining to combinegng bk~ = 0. In addition, definea;,™ = p? and

the observations from both phases, and the SNR for this us%k n o "iK P2 for1 < k < (K — n) By using the
- m=k+1'm>

to decode the:-th user's messagé, < (K — 1), is given by def|n|t|on of the outage probability, we can have the follogyi
|hi—1|?p: proposition for the diversity order achieved by the progobse
SNERg-11 = (6) cooperative NOMA scheme.

K
|hK—1|2Zm:k+1pgn+% . ;
g 242 Proposition 1. Assume that the (n— 1) best users can achieve
+ il ’K; - Kok . reliable detection. The proposed cooperative NOMA scheme
lgrc, 11> kg1 Qoo + l can ensure that the (K — n)-th ordered user e<periencm a

After the (K — 1)-th user decodes the other users’ message@'vers'ty order of K, conditioned on ¢, < 51 = for 1<k <
it can decode its own information with the following SNR (K — ) and 0 <i < n.

|h e 1|2]92 Proof: For notational simplicity, deflnezK o=
“—KIHQKK gk k1 (7) pHety
|hrc—1[*p% + _ where 1 < k <

SNRi_1, k-1 =

2 2
‘gKf'H»le*nI‘qK—H»l,k

o lgr —it1,-nl|? Eﬁ;}wl e ivimty
Similarly at then-th time slot,1 <n < (K —1), the(K —n+ (K —n) and 1 < i < mn, except Z;’(( nooo=
1)-th user broadcasts the combination of {fi&—n) messages Plgic—ni1,—nl?@% i1 sc_ne In addition, deflnezgo _

with the coefficientsgr v y1m, i€, S5 " qx nitmSm- e n 202 _
The k-th userk < (K —n + 1), observes - gif,i:kfl pa The SNRs can be expressed as follows:
K—n
Yok = Z 9% — i1 kK —nt1,mSm + M1 (8) SNRi -k = 2o +ZZ ; (12)
m=1

Combining the observations from both phases, (thie- n)-th ~ for 1 <k < (K —n). Therefore the outage probability can be
user can decode theth user's message, < k < (K —n), rewritten as follows:

with the following SNR
PE =P (S +sz7;" <ep,Vke {1, K —n}

< Z P (Zko —t—zn:z,fi_" <e;€> .
i=1

_ |hK—n|2pi
SNRg —n s = — — (9)
(hic—nl? D k1 P + »

" |95 —it1,/0— n|2q?< i+1,k

+ )
1 . . .
=1 9K —iv1,6-nl? Zm k+1 0% - i+1m T 5 Because channel gains are independent, the outage pigbabil
and it can decode its own information with the following SNR can be further bounded as follows:
K—-n n
2,2
SN sl (10) pi < S [P(sm<a). @)
\hie—n|* Yok —ni1 P + % h=1=0 pl,f(
n—1 _ 2.2 All the elements in[(T2) except’, " andz5 " n.n Share the
+ g5 i i "| I —i+1,K—n - same structure as follows:
i=1 |gK i+1,K— "| Zm K—n+1 qK i+1,m + P K akK;nx
n __ )
+ p|gK—n+1,K—n| QK—n+1,K—n- Phii CopEng 4 LT (14)
14

Recall‘htlt(tat,‘ \;VithOUt cooperation, the SNR at théh user is  \yhen ; s exponentially distributed, the cumulative density
n K—n

[TENED > S . Compared it to[(1l0), one can find function (CDF) ofz " is given by
out that the use of cooperatlon can boost reception ralabil akom
I1l. PERFORMANCEANALYSIS P n(Z < 2) = 1 if 22 bK =

Provided that the(n — 1) best users can achieve reliable **
detection, the outage probability for thi& — n)-th user can

be expressed as follows: where the definitions for the coefﬁuemé( andbs " are
Ken o given in the proposmon '

Py " =P(SNRg-nk <ep,Vk €{l,--- K —n}), (11) At high SNR, W — 0, and the probability for

Ui

| TETETT o
— € ’ T 5 o 67’107,56

where ¢, = 2fx — 1. Note that the use of local short- the eventz/[; " < ¢, can be approximated as follows:
range communications does not reduce the data rate For o
notational simplicity, define:; i = Ak itk and by ki = p (Z]“ - ﬁk) 1 AT ) o Zc_n’ (15)

S hi1 0% i1 Wherel < k < (K —n) and1 < pay



K—n

which is conditioned or < Qi Reducing System Complexity via User Pairing

plc—m - . e ]
The density functions of thkél two special caseg_” and Inviting a}ll the users to participate in NOMA may not be
Ken . 0 preferable in practice because of the extra system overtoead
2K, n» C2N be obtained as follows. Note that the source-Us&yordinate multiple users. Furthermore, the more usetticpar
channels are sorted accord(;;l[?;%o their quality. By applyingpate into cooperation, the more short-range communicatio
order statistics [5], the CDF of, ', " can be found as follows: pandwidth resource is consumed. A promising solution s thi

issue is to reduce the number of users for cooperation. \itho

szgn (Z <2z)= loss of generality, we focus on the case to select only twosuse
’ JE—n An important question to be answered here is which two users
1, if z> b}?ﬁn should be grouped together.
k,0

Consider that the users are ordered [ds (2), andnthé
andn-th users are paired togethen, < n. The conventional

W —x
%0 ko *__ e K-n—1 ; . .
f E-—n-DI" dz, otherwise TDMA can achieve the following rates

0

Again applying the high SNR approximation, the probabil- _ 1 _ 1
ity, P(z4 g " < ex), can be approximated as follows: R = 5 log (1+plhml?),  Rn = 5 log (1+ plhnl?) . (29)
o m pK-—n—lg—= The rates achieved by cooperative NOMA is quite com-
P (Zk70 "< ek) = / bk mdu’ﬂ plicated, so we first consider conventional NOMA which can
0 K ' achieve the following rates
€k
~ 16) B 1292
K—n ) ( p| m| pm
—n “n R, = 1 1+ —F-"—, 20
(1 —myt (o) o8 (14 o) 0)
" af o e o and
conditioned one;, < FR Similarly the probability for the
k,0 _ 2
eventzﬁjﬁyn < €, can be approximated as follows: Ry = log (14 ppalhnl®) (1)
P(ZK—n < exn) = €k—n (17) where R,, is achievable sincég (1 + %) > R
Ko " (J%,MLK,HP The gap between the two sum rates achieved by TDMA and
Combining [IB), [I6), [16) and{1L7), the diversity order conventional NOMA can be expressed as follows:
achieved by the cooperative NOMA scheme can be obtained, R,, + R, — R, — R,, (22)

which completes the proof.
P P log plhm|*  log p|hn|?

2 2

2
L B xlog (1+p—’§) +log ppj |ha|® —
The overall system outage event is defined as the event that Pn

any user in the system cannot achieve reliable detectiorfwh  log|h,|?  log|hm|?
means the overall outage probability is defined as follows: —7 5 - 2 )

. K . where the approximation is obtained at high SNR. It is
P, 21-[[ (1-Pk). (18)  interesting to observe that the gap is not a function of power
k=1 allocation coefficientsy,,,. By applying order statistics, the
By using Propositiofl]1 and the fact that the source-degtimat average of the gap can be calculated as follows:
channels are independent, the following lemma can be adain = =
straightforwardly. E{Bm + B — By — R} (23)

_ * logz e Tzt ®logx e Txm !
Lemma 1. The proposed cooperative NOMA scheme can ~ Tillda: — Tillda:.
ensure that the n-th best user, 1 < n < K, experiences 0 (n—1)! 0 (m —1)!

a diversity order of K, conditioned on ¢, < Z}»{_ﬁ for By using Eq. (4.352.1) in [6], the averaged gap is given by

ki

1<k<(K-n)and0<i<n. E{Rpm + Ry — Ry, — Ry} (24)
Note thatK is the maximum diversity order to the addressed ~loge - ey
scenario. For example, the user with the worst channel con- T 9 (%(n) —(m)) = Z PR

dition gets help from the othgiK’ — 1) users, in addition to

its own direct channel to the source, which implies that thewhere (x) denotes the Euler’s integral, and the last equation
maximum diversity for this scenario i&. As can be seen is due to the property of(z), i.e., ¥(z+ 1) = (z) + %

from Lemma[l, encouraging user cooperation can ensure that Therefore to conventional NOMA, the worst choice 1af
the maximum diversity order of{ is achievable to all users, andn is n = m + 1, and it is ideal to group two uses
regardless of the quality of their direct link to the base¢ista ~ who experience significantly different channel fading. sThi
whereas a non-cooperative NOMA can achieve only a diversitpbservation is also valid to cooperative NOMA. Particylah
order ofn for the n-th ordered user [4]. important observation froni(3) is that the data rate forthéh



plhn|?p2,
p\thp%-ﬁ—l
hyn 2,2
can be as large akg (1 + m +p|gn,m|2)- where
the bound is due to the fact that theth user need25 to decode

o i ; ; plhnl"py,
the m-th user’s information. Sincéog (1 + W)

log (1 + ’;i’;), the conclusion obtained for conventional
NOMA can also be aoplied to coonerative NOMA.

o

user is bounded aB,,, < log (1 + ) althoughR,,,

~
~
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Fig. 2. Outage capacity achieved by cooperative NOMA.

others’ messages. Analytical results have been develaped t
demonstrate that cooperative NOMA can achieve the maxi-
mum diversity gain for all users. User pairing and its impact
on system throughput have also been discussed in order to
implement cooperative NOMA with low system complexity.
One promising future direction is to apply game theoretic

0.4 1.6 18

Fig. 1. Outage probability achieved by cooperative NOMA.

IV. NUMERICAL STUDIES

In this section, the performance of cooperative NOMA is
evaluated by using computer simulations. In Eig. 1, the gaita
probability achieved by the three schemes, e.g., the oothalg
MA scheme, non-coopertive NOMA, and cooperative NOMA,
is shown as a function of SNR, with® = 2. As can be seen
from the figure, cooperative NOMA outperforms the other two
schemes, since it can ensure that the maximum diversity gain
is achievable to all the users as indicated by Lenitha 1. In
Fig. [2, the outage capacity achieved by the three schemes
is demonstrated, by settin; = R,. With 10% outage
probability, the orthogonal MA scheme can achieve a rate of
0.7 bits per channel use (BPCU), non-cooperative NOMA can
support0.95 BPCU, and cooperative NOMA can suppar?
BPCU, much larger than the other two schemes.

In Fig. [3, the impact of user pairing is investigated by
studying the difference between the sum rates achievededy th1]
orthogonal MA scheme and NOMA, i.&{R,, + R, — R, —

R,} as in [2B). Particularly, consider that ttié-th ordered
user, i.e., the user with the best channel condition, iscidlied, o
and Fig.[3 demonstrates how large a sum rate gain can dé
obtained by pairing it with different users. As discussed in[3]
Sectior ], it is helpful to increasé{R,,+ R, — R,,— R, } by
scheduling two users whose channel connections to theesourc
are more distinctive. Such a conclusion is confirmed by the4]
results shown in Fid.13, where pairing tté-th user with the
first user, i.e., the user with the worst channel conditi@an c
yield a significant gain. This observation is consistenthe t
motivation of NOMA in [1] which is to schedule two users,
one close to the cell edge and the other close to the BS. (6]

V. CONCLUSIONS
[7]

: . 7

In this paper, we have proposed a cooperative NOMA
transmission scheme which fully uses the fact that some
users in NOMA systems have prior information about the

(5]

algorithms for opportunistic user pairing/grouping, whesers
can form coalitions in a distributed manngt [7].

3 T

25r

Non-cooperative NOMA with
the (K-1)-th ordered user scheduled| |
Coperative NOMA with
the (K-1)-th ordered user scheduled|
Non-cooperative NOMA with
the first o,r]dered user scheduled
Coperative NOMA with
the first ordered user scheduled

15r

Averaged sum rate difference

N " " e N

L L L L L L L L
5 10 15 20 25 30 35 40 45 50
SNRin dB

Fig. 3. The impact of user pairing on the sum rate.
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