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Abstract—Non-orthogonal multiple access (NOMA) is an
emerging technique promising to accommodate the increasing
data rate requirements of next generation networks. In power-
domain (PD) NOMA, this challenge is addressed by allocating
two or more users on each orthogonal resource block while
assigning significantly different power levels to all users. Recently,
an interesting alternative to conventional PD-NOMA has been
NOMA-2000 where multiple access is done using two sets of
orthogonal waveforms. In this paper we make a comparison
of these two NOMA schemes based on their outage probabil-
ities where the analytical expressions are derived without any
simplifying assumption about the statistical dependencies caused
by the presence of more than one user signal in each resource
block. These derivations are validated by computer simulation
results, which appear in tight agreement with the analysis
and corroborate the claim that NOMA-2000 may significantly
outperform PD-NOMA under realistic channel conditions and
with different overload factors.

Index Terms—Non-orthogonal multiple access, outage proba-
bility, performance evaluation.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) is based on signal
superposition at the transmitter side and successive interfer-
ence cancellation (SIC) at the receiver. Signal superposition
can be achieved by using different power levels, modulation
types, non-orthogonal codebooks, etc., as summarized in [1],
[2]. The most popular version on which the literature has been
heavily based on is the so-called power-domain NOMA (PD-
NOMA). In its simplest form with two users this consists of
superposing a strong user signal and a weak user signal. At
the receiver, each user message is decoded from the received
messages in a sequence depending on the channel gains and
also using the SIC procedure to cancel the interference from
the other user(s) as shown in [3].

Although it is relatively easy to implement and known to
potentially achieve improved rates, the PD-NOMA approach
faces two major practical problems: First, while a uniform
power distribution among users seems to be the natural choice
for providing them with the same data rate and performance,
PD-NOMA needs signals in the same resource block to
have different power levels at the receiver. This means that
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providing the same quality-of-service (QoS) for users with
superimposed signals may require the use of explicit power
allocation or resource scheduling strategies at the expense of
imposing additional computational constraints on the system.
Second, since user signals interfering with each other are
decoded by a single-shot SIC receiver, a signal-to-noise ratio
(SNR) degradation occurs at practical bit-error rate (BER)
values, which might be significant unless the interfering signal
power is substantially reduced.

To compensate for these drawbacks, an alternative NOMA
technique was recently proposed in [4]–[6], as a revival of an
early NOMA concept introduced in [7], [8]. This approach,
called NOMA-2000, consists of superimposing signals from
two user groups rather than from two single users. In a multi-
carrier system with N subcarriers, NOMA-2000 is employed
as follows: A first group of N active users transmit in orthogo-
nal frequency-division multiple access (OFDMA) mode with a
separate subcarrier assigned to each user. Next, a second group
of M ≤ N active users transmit in multi-carrier code-division
multiple access (MC-CDMA) mode by spreading their signals
over the entire band and superimposing them to the signals
of the first group of users. Notice that, with this approach,
the power imbalance between user signals at the receiver is
inherent in the spreading of the MC-CDMA signals, and hence
the power imbalance requirement of PD-NOMA disappears.
Another virtue of this approach is that the iterative interference
cancellation used at the receiver reduces the SNR degradation
virtually to zero, which is not possible with the single-shot
SIC receivers used in PD-NOMA. Bit-error rate performance
of NOMA-2000 is compared with that of conventional PD-
NOMA over Gaussian channels in [4], [5] and over fading
channels in [6] both with a static channel assignment and also
with a dynamic user grouping strategy. In almost all scenarios
NOMA-2000 is shown to significantly outperform PD-NOMA.
Notice that compared to PD-NOMA, NOMA-2000 has a small
increase in the transceiver circuitry and the computational
complexity due mainly to the additional spreading/despreading
operations required to decode the signals of the MC-CDMA
users, which is nevertheless justified by the substantial perfor-
mance gains mentioned above.

In this paper, we compare PD-NOMA and NOMA-2000 in
terms of their outage probability, which is the relevant perfor-
mance metric when coding is used and the channel is subject
to non-ergodic fading. We consider an uplink multicarrier
communication system employing either PD-NOMA on each
of its subcarriers or NOMA-2000 with two sets of orthogonal
waveforms, and derive the exact outage probabilities over
Rayleigh fading channels. For clarity of presentation and
ease in derivations we consider the use of a practical but
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effective user grouping strategy given in [6], however the
analytical framework presented here can also be extended
to the configurations with more sophisticated user grouping
strategies. The outage probability of PD-NOMA was analyzed,
e.g., in [9]–[12] with the simplifying assumption that the
outage events of different users occur independently. Notice
that this assumption does not comply with the system or outage
event model, and hence may lead to severely inaccurate results.
On the other hand in [13], this dependency is taken into
account but the outage probability derivations are made with a
simple model where only single carrier PD-NOMA is studied
with two users and the multicarrier scenario is not considered.
For this reason, the first contribution of our work is to remove
the independence assumption that appears in [9]–[12] and
extend the analysis in [13] to the multicarrier PD-NOMA
systems and to provide a theoretical framework incorporating
the correlation among multiple user signals on each subcarrier.
As a second contribution, we consider the same framework and
the analytical outage probability expressions for NOMA-2000
as well. Then we compare the outage probability performances
of PD-NOMA and NOMA-2000 via both exact analytical
expressions and simulation results, which reveal that NOMA-
2000 significantly outperforms PD-NOMA in all scenarios
with different overloading factors.

The rest of the paper is organized as follows. In Section II,
we present the system models for both NOMA schemes. In
Section III, the outage probabilities are defined and analytical
calculations are derived. Simulation results are presented in
Section IV followed by our conclusions in Section V.

II. SYSTEM MODEL

In this section we present the basic principles and system
models for the two NOMA systems in consideration. For
both PD-NOMA and NOMA-2000, we consider an uplink
multicarrier system model with N subcarriers and K > N
users. We define M = K −N as the number of excess users
and the overloading factor (OF) as the ratio M

N of the excess
users to the total number of subcarriers. The total number of
users can be partitioned into two groups, U1 with users indexed
as 1, . . . , N and U2 with the remaining M overloading users,
indexed as N + 1, . . . , N +M .

A. PD-NOMA
In PD-NOMA, we assume that each subcarrier is either

assigned to a single user from U1 or to two users, one from U1

and the other from U2. To distinguish between these two cases,
we further partition U1 into two subgroups Û1 and Ũ1, where
Ũ1 includes the users not sharing the subcarrier. We adopt the
dynamic user grouping strategy in [6] where the users with
the N highest channel gains are assigned to the group U1,
while the remaining M users with the lowest channel gains
are assigned to the group U2.

If users n ∈ Û1 and N + n ∈ U2 are on subcarrier n, the
superimposed signal rn received on this subcarrier becomes

rn =
√
Pnhnan+

√
PN+nhN+nbn+zn, n ∈ {1, . . .M} (1)

where Pn and Pn+N are the powers of the two users on subcar-
rier n, hn and hn+N are their channel coefficients, an and bn
are the information symbols transmitted by these two users,

and zn is an additive white Gaussian noise (AWGN) term
with variance σ2. Each channel coefficient can be expressed
as hi = gi/li where li is the large-scale path loss and gi is the
small-scale channel fading coefficient that is assumed to be
Rayleigh distributed. Therefore, the “channel gain” V , |gi|2
is an exponential random variable with the probability density
function (PDF), i.e., V ∼ Exp(µ) where µ = σ2.

The BS decodes users’ signals in decreasing power order
by treating interfering signals as noises. After the first signal
is decoded, the interference affecting the first-user signal is
subtracted from the superimposed signal before the detection
for the second-user signal starts in the SIC operation. The
corresponding signal-to-interference plus noise ratio (SINR)
for the first group of users (strong signal users) and the SNR
for the second group of users (weak signal users) at each
subcarrier n (n ∈ {1 ... M}) can be written as

Γ
(n)
U1

=
Pn|hn|2

PN+n|hN+n|2 + σ2
, Γ

(n)
U2

=
PN+n|hN+n|2

σ2
. (2)

On the other hand, if user k is the single user in a subcarrier,
the received signal rk can be expressed as

rk =
√
Pkhkak + zk, k ∈ {M + 1, ..., N}, (3)

and the corresponding SNR is Γk =
Pk|hk|2

σ2
.

In conventional communication systems, user powers are
determined so as to also compensate for the effect of path
loss [14]. Specifically, as shown in [9], the power assignment
to user i can be done to generate a power imbalance such that

Pi =

{
min

(
Pmax, Pt l

2
i

)
, i ∈ {1 ... N},

min
(
Pmax, εPt l

2
i

)
, i ∈ {N + 1 ... N +M},

(4)

where Pmax is the maximum allowed power, Pt is the target
received power and ε ∈ (0, 1) is a system parameter that de-
termines the amount of power imbalance. This enables outage
probability to rely mainly on small scale fading coefficients.

B. NOMA-2000
Following [4]–[6], in uplink NOMA-2000 two sets of or-

thogonal signal waveforms are utilized: while OFDMA forms
the first signal set, and MC-CDMA is used as the second signal
set. The first N users operate in OFDMA mode with one
subcarrier assigned to each of them, while the additional M
users are assigned to one MC-CDMA waveform by spreading
their signals using a length-N Walsh-Hadamard (WH) code.
As with PD-NOMA, we assume that users are grouped accord-
ing to the method described in [6]. The corresponding signal
on subcarrier n (n = 1, 2, . . . , N ) can be written as

rn =
√
Pnhnan + In + zn. (5)

Here In denotes the interference on subcarrier n, given by

In =
1√
N

M∑
i=1

√
PN+i(wi,nhN+i)bi, (6)

where wm,n is the nth chip of the WH sequence associated
with user m. The factor 1/

√
N is included for energy nor-

malization. Because of spreading, MC-CDMA users interfere
less with OFDMA users, and the OFDMA user signals can be
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decoded under this interference. After that, the decoded signal
ân, n ∈ U1, is subtracted from the superimposed signal. Using
multi-user MC-CDMA detection, the signal of the mth MC-
CDMA user can be decoded from signal

rm =
√
PN+mhN+mbm + Im + um, (7)

where um is an AWGN term with the same statistics as zn.
Im is the interference caused by the spreading of the OFDMA
signals, and can be expressed as

Im =
1√
N

N∑
j=1

√
Pj(wj,mhj)(aj − âj). (8)

The final SINR value of the nth OFDMA user and the SNR
of the mth MC-CDMA user can be written respectively as

Γn =
Pn|hn|2

1
N

∑M
i=1 Pi+N |hi+N |2 + σ2

, Γm =
Pm|hm|2

σ2
. (9)

III. OUTAGE PROBABILITY DERIVATIONS

In this section we define the outage events and derive
the outage probabilities for NOMA users. We start with the
simplest case of a single carrier and two users, next we extend
our calculations to multicarrier NOMA.

A. PD-NOMA
Based on the system model of Section II in which user

n ∈ Û1 and user N +n ∈ U2 share the same subcarrier, EPDn
and EPDN+n are defined as the coverage events where user n has
an SINR level higher than the target SINR and user N+n has
an SNR level higher than a target SNR after SIC, respectively.
The outage of user n is defined when EPDn does not occur.
On the other hand, user N+n is in outage if neither EPDn nor
EPDN+n occurs, in which case the BS cannot decode the signal
of user N + n because it fails to decode the signal of user n.

The corresponding events can be written as

EPDn =

{
Pn|hn|2

PN+n|hN+n|2 + σ2
≥ φ

}

=

{
|gn|2 ≥ φ

PN+nl
2
n

Pnl2N+n

|gN+n|2 + β1

}

=

{
|gn|2 ≥ α|gN+n|2 + β1

}
, (10)

EPDN+n =

{
PN+n|hN+n|2

σ2
≥ φ

}
=

{
|gN+n|2 ≥ β2

}
,(11)

EPDn ∩ EPDN+n =

{
|gn|2 ≥ α|gN+n|2 + β1, |gN+n|2 ≥ β2

}
, (12)

where β1 , φ
Pt
σ2, β2 , φ

εPt
σ2, α , φε, and φ , (2R̂ − 1)

and R̂ is the target rate. Then the outage probabilities of users
n and N + n can be formulated as

Prn,out = 1− Pr(EPDn ),

P rN+n,out = 1− Pr(EPDn ∩ EPDN+n),
(13)

In some works (e.g., [9]–[12]), events EPDn and EPDN+n

are assumed to be independent, which leads to Prout,N+n =

1 − Pr(EPDn )Pr(EPDN+n). However, it can be seen that the
random variable |gN+n|2 is common to both events, and
therefore these are generally not independent.

Starting with the simplest case where N = 1 and K = 2,
outage probabilities of the events EPD1 EPD2 and EPD1 ∩EPD2

can be computed in closed form, using (10), (12) and (13), as

Pr(EPD1 ) = 2

∫ ∞
0

∫ ∞
αx2+β1

fV1(v1)fV2(v2)dv1dv2

=
2

α+ 1
exp(−β1/2µ2), (14)

Pr(EPD2 ) =

∫ ∞
β2

2fV (v)(1− FV (v))dv = exp(−β2/µ2),

P r(EPD1 ∩ EPD2 ) = 2

∫ ∞
β2

∫ ∞
αv2+β1

fV1
(v1)fV2

(v2)dv1dv2 (15)

=
2

α+ 1
exp

{
− (α+ 1)β2

2µ2

}
exp(−β1/2µ2).

Notice that the independence assumption is only valid
when α = 1, which makes Pr(EPD1 ∩ EPD2 ) =
Pr(EPD2 )Pr(EPD1 ).

Next we consider the general case of N subcarriers and
K users. First, define two new random variables X and Y
modeling the channel gains of the users in groups U1 and U2,
respectively. We can derive the PDF of these two groups by
assuming that any user in U1 has a channel gain higher than
a threshold value τ , and vice versa for U2. Manipulation of
the original exponential distribution allows us to express the

PDFs of X and Y as fX(x) =
C1

2µ2
exp

(
− x

2µ2

)
, (x ≥ τ),

and fY (y) =
C2

2µ2
exp

(
− y

2µ2

)
, (τ > y ≥ 0), where C1 and

C2 are PDF normalization constants The threshold τ can be
easily calculated as τ = 2µ2 ln(1 +M/N).

The outage probability of users who share their subcarriers
with an excess user, denoted PrPD

Û1,out
, can be found as

PrPD
Û1,out

= 1− Pr
(
|gn|2 > α|gm|2 + β1||gn|2 > τ, |gm|2 < τ

)
= 1− C2

t1∫
0

fY (y)dx− C2C1

τ∫
t1

∫ ∞
αy+β1

fX(x)fY (y)dxdy

= 1− ρ1C2

(
1− e−

τ−β1
2µ2α

)
− γe−

β1
2µ2

(
e
− (α+1)t1

2µ2 − e−
(α+1)τ

2µ2

)
,

where γ , C1C2

α+1 . The integral is divided into two parts at
t1 , max(0, τ−β1

α ) because when the secondary users have
channel gains lower than (τ −β1)/α the primary users on the
same subcarrier are never in outage. Additionally, the outage
probability for the users who are the sole dwellers of their
respective subcarriers, denoted PrPD

Ũ1,out
, can be derived as

PrPD
Ũ1,out

= 1− Pr
({
|gk|2 ≥ β1

})
= 1−

∫ ∞
max(τ,β1)

fX(x)dx

= 1− exp

(
−max(τ, β1)

2µ2

)
. (16)

The outage probability of the group 1 users can be found as

PrPDU1,out =
M

N

(
PrPD

Û1,out

)
+
N −M
N

(
PrPD

Ũ1,out

)
, (17)
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and of the group 2 users as

PrPDU2,out = 1− ρ2ρ3C2

(
e
− β2

2µ2 − e−
τ−β1
2µ2α

)
− ρ2γe

− β1
2µ2

(
e
−t2 α+1

2µ2 − e−
(α+1)τ

2µ2

)
(18)

by assuming that when β2 is larger than τ , all U2 users are
in outage. Further, in order to simplify the integration limits
we have defined t2 , −max(β2, τ−β1

α ), ρ1 , u(β1 − τ),

ρ2 , u(β2 − τ) and ρ3 , ρ2u

(
β2 −

τ − β1
α

)
where u(·) is

the unit step function.
Then, PD-NOMA outage probability can be expressed as

PrPDout =
NPrPDU1,out

+MPrPDU2,out

M +N
. (19)

B. NOMA-2000

As with PD-NOMA, coverage events for user n ∈ U1 will
be denoted as EFDU1,n

. The outage probability for n ∈ U1,
PrFDout (n) = 1− Pr(EFDU1,n

), which can be written as

PrFDout (n) = 1− Pr
(
|gn|2 >

α

N

M∑
j=1

|gj |2 + βn
)
. (20)

Unlike PD-NOMA, the signals of MC-CDMA users can
be decoded under the interference caused by the decoding
error of OFDMA users. If the signal of the nth OFDMA user
is incorrectly decoded, it causes an interference with power
4Pn|hn|2/N . For the sake of the simplicity, assume that the
users in U1 are sorted in descending order of their channel
gains. Then, define EFDU2,m,k

as the event that mth user of U2

is on the coverage under the interference caused by k users
with lowest channel gains from U1. Accordingly, we can write
the outage probability of a MC-CDMA user as

PFDout (U2,m) = 1− Pr

(
N⋃
k=0

(
EFDU2,m,k ∩ E

FD
U1,N−k

))
,

EFDU2,m,k =

{
|gm|2 >

4φ

εN

N∑
i=N+1−k

|gi|2 + β2

}
.(21)

For simplicity, we first define a new random variable Z ,
N−1

∑M
k=1 Yk modeling the interference on each subcarrier

caused by signals from U2. Invoking the central limit theorem,
we approximate Z with a Gaussian random variable. Then the
following relations hold between the channel gains of MC-
CDMA users and interference: E[Z] = M

N E[Y ], E[Z2] =
M
N2E[Y 2] + M2−M

N2 E[Y ]2, Var(Z) = M
N2E[Y 2] − M

N2E[Y ]2

where E[Y ] = 2C2µ
2 − C2e

− τ
2µ2 (τ + 2µ2) and E[Y 2] =

8C2µ
4 − C2e

− τ
2µ2
(
τ2 + 4τµ2 + 8µ4

)
.

Defining µZ , E[Z] and σ2
Z , Var(Z), the distribution of

the interference can be approximated as Z ∼ N (µZ , σ
2
Z). To

obtain a closed-form solution, the terms associated with signals
decoded under interference are removed from equation (21).
With this removal, we assume that if any OFDMA users are
in outage, so are all MC-CDMA users regardless of their SNR
values. This means that the outage probabilities of MC-CDMA
users are bounded by that of the weakest OFDMA user. As

in PD-NOMA, we assume that the channel gains of all MC-
CDMA users are less than τ and have the PDF of Y . Then,
the outage probability for MC-CDMA users can be derived as

PrFDU2,out = 1− Pr(Z <
τ

α
− µZ , Y > β2) (22)

≈ 1− Pr(Z <
τ

α
− µZ)Pr(Y > β2)

= 1− ρ2

(
1−Q

(
τ−β1

α − µZ
σZ

))(
1− C2 + C2e

− β2
2µ2
Z

)
,

where Q( · ) denotes the Gaussian tail function.
The outage probability for U1 users can also be derived as

PrFDU1,out = 1− Pr(X >
α

N
Z + β1) ≈ 1− Pr(X >

α

N
µZ + β1)

= 1−
∫ ∞
max( αN µZ+β1,τ)

fX(x)dx = 1− C1e
−
max( αN µZ + β1, τ)

2µ2
,(23)

by considering σz � µz and approximating the interference
as µZ . Then, the average outage probability can be written as

PrFDout =
NPrFDU1,out

+MPrFDU2,out

M +N
. (24)

IV. SIMULATION RESULTS

In this section we validate our analysis and compare the
two NOMA schemes using computer simulations. For all
simulations, the power-imbalance parameter ε was selected as
0.5, and 106 iterations were performed.
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Figure 1: Outage performance of the single carrier case.

Fig. 1 shows the outage probabilities for the single-carrier
case. Simulations are repeated for different target rates. It is
seen that the simulation results for all users and situations
validate equations (14) and (15). On the other hand, we
show that there is a significant difference between simulation
results and the analytical results in [9] for a target spectral
efficiency 2.0 bit/s/Hz. This difference disappears when the
target spectral efficiency is 1.6 bit/s/Hz, because this value
makes the value of α become close to 1, thus making events
E1 and E2 approximately independent.

For both multicarrier PD-NOMA and NOMA-2000, the
simulations are carried out with the same parameters. In these
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Figure 2: Outage performances of the multi-carrier NOMA
systems for R̂ = 2 bits/s/Hz, N=256 subcarriers.

simulations, 256 subcarriers are used and the target spectral ef-
ficiency is chosen as R̂ = 2 bit/s/Hz with different overloading
factors. In Fig. 2, it can be seen that the results (19) from the
analysis are close to those obtained by the simulations. A small
disagreements between (24) and the simulation results can be
observed, especially between 7 and 9 dB. For more accuracy,
equation (22) may be expanded by considering the situations
where MC-CDMA users can decode their signal under the
interference caused from weak OFDMA users. Hence, we
can conclude that all assumptions are valid for both NOMA
schemes and user groups, and for all overloading factors. It can
also be seen that the outage probabilities of PD-NOMA reach
an error floor at SNR> 15 dB. This is due to the fact that some
subcarriers experience relatively higher interference, which
limits the performance as the OF increases. On the other hand,
in NOMA-2000 the interference occurs due to the average
of the received powers of all users U2, causing the outage
probabilities to decrease dramatically with SNR. At high SNR,
outages in U2 dominate the performance of NOMA-2000,
therefore the performances are similar at different OFs.

In Fig. 2, we also present a theoretical lower bound which
corresponds to the orthogonal multiple access (OMA) case
where all users are allocated to an orthogonal resource block
without sharing it with any other user. It can be derived
easily from the NOMA analytical derivations as a special case
as N

K

∫ β1

0
fX(x)dx + M

K

∫ β2

0
fY (y)dy. Notice from Fig. 2,

NOMA-2000 equipped with a simple dynamical user grouping
algorithm not only outperforms PD-NOMA but also actually
performs very close to this bound at low SNR values where
the gap is due to the imperfect SIC at these SNR’s and
reaches the OMA lower bound at moderate-high SNR regions.
We conclude that NOMA-2000 outperforms PD-NOMA under
dynamic user grouping.This performance improvement can be
justified by the fact that NOMA-2000 inherently exploits the
code domain in addition to the power domain as given in [5].

V. CONCLUSION

In this paper, exact outage probability expressions have
been derived for both PD-NOMA and NOMA-2000 systems in
single- and multi-carrier uplink scenarios assuming Rayleigh

fading channels. This has been done by taking into considera-
tion the statistical dependencies caused by each resource block
possibly being occupied by more than one user signal. Both the
analytical derivations and simulation results corroborate the
fact that NOMA-2000 significantly outperforms PD-NOMA
in terms of outage probability.

Notice that both for clarity of presentation and also for fair
comparisons with previous work on the subject, a practical
user grouping strategy of [6] and a fixed power allocation
strategy have been considered in both the analytical derivations
and simulations. However, future work will involve the use
of more sophisticated user pairing algorithms such as those
proposed in [15], [16], advanced SIC schemes as in [17]
and outage optimum power allocation to evaluate and com-
pare the optimum performances of both approaches. Another
interesting direction is the extension of this work to other
fading channel models and to the analysis under imperfect
channel state information (CSI). Future work may also involve
the performance analysis and comparison of PD-NOMA and
NOMA-2000 in terms of other important performance metrics
such as capacity, average BER, fairness and complexity.
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