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

cently received considerable attention as a promising carndate . . .
for 5G systems. A key feature of NOMA is that users with better Consider a broadcast channel with one base station (the

channel conditions have prior information about the messags of sour(;e), andy" users (the destina_tions). Cooperatiye 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 . -
probability and diversity order achieved by this cooperative A. Direct Transmission Phase

NOMA scheme are analyzed, and an approach based on user During this phase, the base station sedflsnessages to
pairing is also proposed to reduce system complexity in prdte.  the destinations based on the NOMA principle, i.e., the base

station sendigzlpmsm, wheres,, is the message for the

I. INTRODUCTION m-th user, andp,, is the power allocation coefficient. The

Non-orthogonal multiple access (NOMA) is l‘undamentall)9bserv{mon at thé-th user is given by

different from conventional orthogonal multiple accessAM K
schemes, as in NOMA multiple users are encouraged to Yk = Z hipmsm + 1, 1)
transmit at the same time, code and frequency, but with m=1

different power levels[1]. In particular, NOMA allocatessk whereh,;, denotes the Rayleigh fading channel coefficient from
power to the users with better channel conditions, and thébe base station to the-th user andn; denote the additive
users can decode their own information by applying suceessiGaussian noise. Without loss of generality, consider that t
interference cancellation ][2]. Consequently the usersh wiusers are ordered based on their channel quality, i.e.,
better channel conditions will know the messages intended h |2 <. <|h |2 @)
to the others; however, such prior information has not been ==Kl
exploited by the existing works about NOMAJ[3] arid [4]. The use of NOMA implies|p;|> > --- > |px|?, with

In this paper, a cooperative NOMA transmission schenEszlpfn = 1. Successive detection will be carried out at
is proposed by fully exploiting prior information avail&bl the K-th user at the end of this phase. The receiving signal to
in NOMA systems. In particular, the use of the successivmise ratio (SNR) for thé<-th ordered user to detect tiieth
detection strategy at the receivers means that users wiitr beuser’'s messagd, < k < K, is given by
channel conditions need to decode the messages for thesother e 2 pa|?
and therefore these users can be used as relays to improve SNRkr = 7 ° = 3)
the reception reliability for the users with poor connegtido > m=hi1 [REDm|* + »

the base station. Local short-range communication teciesiq wherep is the transmit SNR. After these users’ messages are

such as bluetooth and ultra-wideband (UWB), can be useddgcoded, thes-th user can decode its own information at the
deliver messages from the users with better channel conditi f4|jowing SNR

to the ones with poor channel conditions. The outage proba- ) )
bility and diversity order achieved by this cooperative NOM SNRkx = plhkl*|pk|* 4)
scheme are analyzed, and these analytical results demtms_t-r—herefore the conditions under which tHé-th user can

that cooperative NOMA can achieve the maximum diversitysode its own information are given bys(1+ SN Ry ;) >

gain for all the users. In practice, inviting all users in th w V1<k< K, whereR, denotes the targeted data rate
network to participate in cooperative NOMA might not b%r’the L-th user. ’

realistic due to two reasons. One is that a large amount of

system overhead will be consumed to coordinate multi-us@r Cooperative Phase

networks, and the other is that user cooperation will corssum During this phase, the users cooperate with each other via
extra short-range communication resources. User paisngshort range communication channels. Particularly the regco

a promising solution to reduce system complexity, and wshase consists of K — 1) time slots. During the first time
demonstrate that grouping users with high channel quatigsd slot, the K-th user broadcasts the combination of {#ié— 1)

not necessarily yield a large performance gain over orthabo messages with the coefficients, i.e., Zﬁ;} qK,msm and

i i iK1 K—1
MA. Instead, it is preferable to pair users Who_se_ channelggaiy~* Gicm = 1, where} "~ g%, = 1. The k-th user
the absolute squares of the channel coefficients, are mefgserves the following
distinctive. o1
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combine the observations from both phases, and the SNR Eﬁ_fﬁl Q% _it1.m» Wherel < k < (K — n) and1 <
this user to decode thie-th user's messagé;, < (K —1),is i < n with the special case ozfzK o = qK n+1 Ken

given by and b = 0. In addition, definea ;" = p? and
|hie_1|?p? b = Som_jy1 P, for 1 < k < (K —n). By using the
SNERg-11 = 125K P2 41 ©)  gefinition of the outage probability, we can have the follogvi
m=k+1 27"2 P proposition for the diversity order achieved by the progbse
|9K,KI;1| Ik & cooperative NOMA scheme.

\9rc 1 2 Zk1 Them + % Proposition 1. Assume that the (n—1) best users can achieve

After the (K — 1)-th user decodes the other users’ messagég/iable detection. The proposed cooperative NOMA scheme
it can decode its own information with the following SNR ~ can ensure that the (KX — n)-th ordered user exper iences a

diversity order of K, conditioned on ¢ <2 K —, for 1 <k <

|hr— 1|2p§< 1
=+ l9x. k-1 qx - () (K—n)and0<i<n.

SNRg 1 k—1=7—5—7
|hg— 1|2PK+

Similarly at then-th time slot,1 < n < (K —1), the (K —n+ Proof: For notational simplicity, definez,’; =

) 2.2
1)-th user broadcasts the combination of {#&—n) messages IgK”’*;'K;qu*;“”‘ -, Wwhere 1 < &k <
with the coefficients e, S En s oKttt Lo G —igrm Ty

UK —n+lms L8 2in=1 IK—nt1mSm- (¢ _ p) and 1 < i < n, except z5_" =

The k-th user,k < (K —n + 1), observes K-mn

Pl9K —n+1,K—n|?q% _ni1 _n- IN addition, definez ;™ =
& LY The SNRs can be expressed és follows:
Ya.p = Z I i1 kUK —nt1mSm + Mg (8) TP TR phty P '
m=1
Combining the observations from both phases, (thie- n)-th SNRK-nk = 2455 " + Z Zhi (12)
user can decode thieth user's messagd, < k < (K — n),
with the following SNR for 1 <k < (K —n). Therefore the outage probability can be
Ih 2p2 rewritten as follows:
SNRy i = PO ©)
Ihi—nl* Yommeis1 P+ 5 PEm =P () —i—Zz "< e, Vke{l, -, K —n}
= 9K —it1,K- n|26ﬁ< i1k .
1’ g
1 l9x—it1,K-nl? Zm k41 qK ir1m T 5 < P <zk70 +ZZ,” ) ) (13)
and it can decode its own information with the following SNR k=1
e n|2p2 sinceP(A U B) < P(A) + P(B). Because channel gains are
SNRK k= K—nl PK-—n (10) independent an®(a +b < ¢) < P(a < ¢) +P(b < ¢), the

K -
\hic—nl? 3 — 1 P + % outage probability can be further bounded as follows:

n—1 2.2
9K —i+1,K—n| a5 _ i+1,K—n Kon n

+Z 1 PK” < ZHP(Z,” <ek), (14)

o 9K —iv1,k—n]? ZmKanK it1m T k=1 i=0

lgx 1K= G i1, All the elements in[(T2) except ™ andz; )" share the
Recall that, without cooperation, the SNR at t#h¢h user is Same structure as follows:

‘hK n‘2p§< n H - K—n
(e S S Compared it to[(2l0), one can find z,ff” O ' (15)
out that the use of cooperation can boost reception reliabil i kai Ny 4+ %
Ill. PERFORMANCEANALYSIS When x is exponentially distributed, the cumulative density

Provided that the(n — 1) best users can achieve reliabléunction (CDF) szk is given by

detection, the outage probability for tli& — n)-th user can SK—n
be expressed as folloﬁs L, if 22 biii
Pxn(Z<z2)= - . ki, (16)

PE" 2 P(SNRk_pp < e, ¥k € {1, K —n}), 11) 1—e AR otherwise

where ¢, = 2% — 1. Note that the use of local short- where the definitions for the coeﬁicierttg;" andbf;" are
range communications does not reduce the data rate. Boren in the proposition.

notational simplicity, definer; ;" = ¢% _,,,, andb; ;" = At high SNR, m — 0, and the probability

k,i

Ken . .

1Because of the use of short-range communications, the catdephase for the ev?m'zk»i < (.:an be gpproxmated by u§|ng the
does not consume any cellular frequency, ieg.= 2%+ — 1. Without usmg power series of exponential functions [5] as follows:
short-range communications, the targeted receive SNResg, = 2K K — W €

1, but the analytical results about the diversity order otediin this paper PzK*" (Z < Ek) =1—c¢ ki ~ %7 (17)
are still valid with some straightforward modifications. ki pay; "



K—n
which is conditioned or;, < ‘;f(_f Reducing System Complexity via User Pairing
ki Practical implementation of cooperative NOMA may face

. . ot . —n
KT_rLe density functions of the wo special case$, " and oo challenges, such as large time delay, extra system
ZK v €8N be obtained as follows. Note that the source-Usgferhead for coordinating multiple users, as well as ol
channels are sorted according to their quality. By applyingyort-range communication bandwidth resources consuared f

order statistics [6], the CDF of’; " can be found as follows: cqoperation. This motivates the study of user pairing/giiog.

P rnl(Z <2)= (18) Part!cularly ifc is more practical to dividfe the users ?n one
k.0 cell into multiple groups, where cooperative NOMA is imple-
K—n . . .
1 if 2> Yo mented within each group and conventional MA can be used
b) —_ bk’;n

for inter-group multiple access. Since there are fewersuger
IW - Ken1 , each group to participate in cooperative NOMA in this hybrid
’ R 07 1 A dz, otherwise MA system, the aforementioned challenges can be effegtivel
Again applying the high SNR approximation, the probabimitigated. Without loss of generality, we chus on the case t
ity, p(zlﬁfo—n < ex), can be approximated by using the powe$€lect only two users. An important question to be answered

series of exponential functions! [5] as follows: here is which two users should be grouped together.

x Consider that the users are ordered [ds (2), andntké
_ (K E ) Tl dn-th ired h h ional

p (zK n o Ek) _ kT e o andn-th users are paired together, < n. The conventiona

0 0 (K —n-1)! TDMA can achieve the following rates
K—n
- €k _ 1 _ 1
~ ;o (19 R, = 3 log (14 plhm|?), R, = 5 log (1 + plhal?) . (22)

(K —n)! (akKJ")K npKfn
o The rates achieved by cooperative NOMA is quite com-
conditioned one;, < ‘;f(_g Similarly the probability for the plicated, so we first consider conventional NOMA which can
Ken 0 . _ achieve the following rates
eventzy—, , <€, can be approximated as follows: 22
P < )~ (20) I e
’ Ak —ni1,K—nP "
sincezj; ', can be treated as a special case[of (15). and R,, = }Ing(% + pp;lhal?), whereR,, is achievable since
Combining (1), [(d7), [(A9) and (P0), the diversity ordelog (1 + Mﬁ) > Ry,
achieved by the cooperative NOMA scheme can be obtainedThe gap between the two sum rates achieved by TDMA and
which completes the proof. m conventional NOMA can be expressed as follows:
The overall system outage event is defined as the event that
any user in the system cannot achieve reliable detectioichwh B

. . . i 2
means the overall outage probability is defined as follows: ~log <1 i Z;—’;) + log pp2 | hn|? —

K n

P, 21— [[(1-P). (1)  log|ha|*  log|hm|?

k=1 -2 2
By using Propositiofil1 and the fact that the source-destimatwhere the approximation is obtained at high SNR. It is
channels are independent, the following lemma can be dhteresting to observe that the gap is not a function of power
tained straightforwardly. allocation coefficients,,, but depends on how different the
two users’ channels are. Therefore to conventional NOMA,
the worst choice ofm andn isn = m + 1, and it is

+ R, — Ry — R, (24)
log p|hm | log plhnl®
2 2

Lemma 1. The proposed cooperative NOMA scheme can
ensure that the n-th best user, 1 < n < K, experiences

g . q ; ditioned akom ; ideal to group two users who experience significantly dif-
a diversity order of K, conditioned on ex < gr=, fOr ferent channel fading. This observation is also valid to co-
1<k<(K-n)and0<i<n. operative NOMA. Particularly an important observationnfro

This diversity order result is not surprising as explained i@) is that the data, rate for thei-th user is bounded as

1 ; . plhalp3,
the following. Take the user with the worst channel conmecti fom < 108 (1 + p|hn|2pa+1)’ althoughR,,, can be as large as
to the source as an example. When cooperative NOMA jig, <(1 1 _plhmlPpy, + plgn.m|?), where the bound is due to

. . : plhm[?pg+1
implemented, it gets help from the othek” — 1) users, in e Yact that then-th user neéds, to decode the-th users

?hddtittir?n to itsbownfdlirzct chzi\jnnetzl tottt?efsourire], which i'e?"’"tinformation. Sincelog (1 + pp}ljﬁigl}_l ~ log gl 4 Z’%?
atthe number of independent paihs rom the source to 'EH% conclusion obtained for conventional NOMA can also be
user is K, i.e., the achievable diversity order for this use&pplied to cooperative NOMA

is K. In general, cooperative NOMA can efficiently exploit '
user cooperation and ensure that a diversity ordefsofs
achievable by all users, regardless of their channel ciomgit
whereas non-cooperative NOMA can achieve only a diversityIn this section, the performance of cooperative NOMA is

order ofn for the n-th ordered user [4]. evaluated by using computer simulations. In Eig. 1, the gaita

IV. NUMERICAL STUDIES
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V. CONCLUSIONS

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
others’ messages. Analytical results have been develaped t
demonstrate the performance gain of this cooperative NOMA
scheme. It has been recognized that optimizing power al-
location coefficients can improve the performance of non-
cooperative NOMA [[7], [[8] and it is a promising future
direction to study optimal power allocation in cooperative

NOMA systems for further performance improvement.

10°

probability achieved by the three schemes, e.g., the ofthog
onal MA scheme, non-cooperative NOMA, and cooperative B
NOMA, is shown as a function of SNR, witlk = 2 and 10
p? = %. 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 LemmBl1. In Fif] 2, the outage capacity achieved .
by the three schemes is demonstrated, by setiing= R.. 10
With 10% outage probability and the transmit SNR equal to

15 dB, the orthogonal MA scheme can achieve a rate of 10710+C°°f:fa‘ive’“§0m — - Y .
0.7 bits per channel use (BPCU), non-cooperative NOMA SNRin dB

can supporf.95 BPCU, and cooperative NOMA can supporfig- 3.

Outage Performance
=
o

—o— Non-cooperative orthogonal MA
—e&— Cooperative orthogonal MA
—e— Non-cooperative NOMA

Outage probability achieved by cooperative NOMAhwiit using
1.7 BPCU, much larger than the other two schemes. Fig. ogal short-range communications, = 1.2 BPCU andfz = 1.9 BPCU.
demonstrates that the proposed cooperative NOMA scheme : ‘

can still outperform the comparable schemes, particularly 25
high SNR, even if local short-range communication banduwidt
resources are not available. Note that without using short
range communications, ext(d/ — 1) time slots are used for
cooperation transmissions.

_._ Non-cooperative NOMA with
the (K-1)-th ordered user scheduled
_a_ Coperative NOMA with

the (K-1)-th ordered user scheduled
Non-cooperative NOMA with

the first ordered user scheduled
Coperative NOMA with

the first ordered user scheduled

In Fig. [4, the impact of user pairing is investigated by
studying the difference between the sum rates achieved by

Averaged sum rate difference

the orthogonal MA scheme and NOMA. Particularly, suppose o
that the K'-th ordered user, i.e., the user with the best channel o5 ‘ ‘ ‘ ‘
condition, is scheduled, and Fig. 4 demonstrates how large a 0 10 XsnRinde “ %

sum rate gain can be obtained by pairing it with differentsise Fig. 4. The impact of user pairing on the sum rate.= 10.
As discussed in Sectidn1ll, without careful user schedylin
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