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Abstract—The impact of imperfect channel state (CSI) infor-
mation in an energy harvesting (EH) cooperative non-orthogonal
multiple access (NOMA) network, consisting of a source, two
users, and an EH relay is investigated in this paper. The relay
is not equipped with a fixed power source and acts as a wireless
powered node to help signal transmission to the users. Closed-
form expressions for the outage probability of both users are
derived under imperfect CSI for two different power allocation
strategies namely fixed and dynamic power allocation. Monte
Carlo simulations are used to numerically evaluate the effect
of imperfect CSI. These results confirm the theoretical outage
analysis and show that NOMA can outperform orthogonal
multiple access even with imperfect CSI.

Index Terms—NOMA, imperfect CSI, SWIPT, energy harvest-
ing, outage probability, Nakagami-m fading.

I. INTRODUCTION

Effective radio access technology development plays a key
role in achieving high data rate and enabling massive connec-
tivity for next-generation wireless networks. Non-orthogonal
multiple access (NOMA) is one of the key enabling technolo-
gies toward this goal [1]–[5]. NOMA improves the spectral
efficiency and increases the number of connections and is seen
as a promising candidate in 5G and beyond cellular networks.

Energy harvesting (EH), on the other hand, is an important
process toward green communication systems in which wasted
or unimportant energy, e.g., sound and radio frequency signals,
are captured and converted into electricity. By allowing wire-
less nodes to recharge their batteries from the radio frequency
signals, rather than the traditional energy sources, EH can play
an important role in powering wireless devices and has the
ability to prolong the lifetime of the energy-constrained nodes.
Wireless power transfer is one of the EH technologies in which
green energy can be harvested using either the ambient signals
or dedicated power sources, and has recently emerged as a
potential technology to assist reduction of power consumption
[6]–[8]. Simultaneous wireless information and power transfer
(SWIPT) is a technology that enables transmission of both
power and information at the same time. SWIPT can improve
power consumption and spectral efficiency and also can be
used for interference management. Understanding the theo-
retical aspects and potentials of SWIPT has attracted much
research interest [9]–[11].
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Fig. 1. A cooperative EH-NOMA consisting of a source (S) with two users
(U1 and U2) simultaneously through an intermediate EH relay (R). Both S
and R use NOMA for transmission.

Motivated by the diverse requirements of 5G systems [12],
combining NOMA and SWIPT has recently been studied by
different groups in various settings [13]–[17]. Specifically,
the application of SWIPT to NOMA in a single-input-single-
output system is explored in [13], in which three user-paring
schemes are examined via their outage performance. The
outage performance for EH-enabled NOMA relaying networks
is studied in [14]. Several NOMA user selection models,
including random user selection and distance-based user selec-
tions are investigated in [16], where the best-near best-far user
selection scheme is promoted to enhance the outage perfor-
mance. In the context of cooperative systems, SWIPT-NOMA
is introduced to lengthen the lifetime of the energy-constrained
relay nodes. Joint power allocation and user selection is then
considered to minimize the outage probability of all users
[17]. Most of the prior works have, however, assumed perfect
channel state information (CSI) and Rayleigh fading channels.
Due to the existence of the channel estimation errors, such an
assumption is too idealistic and does not provide an insight
on the performance of practical networks [18]. The analysis of
NOMA networks with imperfect CSI is particularly important
since the encoding and decoding of NOMA highly depends
on the quality of CSI.

In this paper, we investigate the effect of imperfect CSI in an
EH-NOMA network. Specifically, we consider a cooperative
NOMA network, consisting of a source, two users, and an EH
relay, as shown in Fig. 1, in which the relay simultaneously



receives information and harvests energy so that it can use the
harvested energy to help the source to transmit information
to the users. We assume that the perfect CSI of source-relay
link can be obtained whereas an imperfect CSI of the relay-
user links can be obtained. We drive closed-form expressions
for the outage probabilities of the NOMA users under the
above assumptions and for two different power allocation
schemes, namely fixed and dynamic cases. The obtained
results obviously include the Rayleigh fading case by setting
m = 1. The outage probabilities of the imperfect CSI case are
then compared with those of the perfect CSI to evaluate and
better understand the effect of imperfect CSI.

The paper is organized as follows. We describe the system
model in Section II, and evaluate outage probability of the
users under fixed power allocation and dynamic power allo-
cation in Section III and Section IV, respectively. The effect
of imperfect successive interference cancellation is studied in
Section V. Simulation results are presented in Section VI and
the paper is concluded in Section VII.

Throughout this paper, P{·} is the probability measure,
and fZ (·) and FZ (·) denotes the probability density function
(PDF) and the cumulative distribution function (CDF) of
random variable Z, respectively.

II. SYSTEM MODEL

Consider the cooperative NOMA network depicted in Fig. 1.
consisting of a source communicating with two users through
an intermediate EH relay. The relay uses decode-and-forward
relaying to assist the transmission between the source and
the two users. Both the source and the relay use NOMA to
transmit the users signals. All nodes are equipped with a single
antenna and operate in half-duplex mode [5], [19]. We assume
that perfect CSI of the source-relay link is available whereas
the estimation of the relay-user links is imperfect. This is
a step towards a more practical setting in which CSI at the
relay is obtained via channel estimation and thus is subject to
errors, unlike most of the previous works in EH-NOMA. All
channels experience independent and identically distributed
Rayleigh fading with zero mean and unit variance; hence,
the channel coefficients h and hn, n ∈ {1, 2}, are modeled
as complex Gaussian random variables CN (0, 1). 1 We also
define τ1 = 22R1 − 1, τ2 = 22R2 − 1 and τ0 = 22R1+2R2 − 1,
where R1 and R2 (bits/s/Hz) are the target data rates for user 1
and user 2, respectively.

The transmission from the source to users consist of two
phases. During the first phase, the source transmits a superim-
posed signal, xs ,

√
ξs2 +

√
1− ξs1, to both users through

the relay, where ξ ∈ [0, 1] denotes the power allocation at
the source. Let us define P , Ps

σ2 and P ′ , Pr
σ2 in which

Ps and Pr is the transmit power of the source and the relay
nodes, respectively, and σ2 is the variance of the additive
white Gaussian noise at the relay and users. Similar to [17],

1For the fixed power allocation in Section III, the source-relay link is
assumed to experience Nakagami-m fading which is more general than
Rayleigh fading.

maximum transmit power to ensure signal decoding at the
relay is given as

P ′ =
Pr
σ2

= η(Pg − τ0), g >
τ0
P

(1)

in which η ∈ [0, 1] denotes the energy harvesting efficiency,
g , |h|2d−α where d is the distance between the source and
the relay, and α is the path loss exponent. Similar to the source,
the relay also adopts NOMA for transmission.

During the second phase, the relay transmits a superposition
of the decoded signals, xr =

√
δs2 +

√
1− δs1, to both users,

where δ ∈ [0, 1] is the power allocation coefficient at the relay.
Due to imperfect CSI, the estimated channel gains of the

relay-user links are given as ĥn = hnd
−α/2
n + en (n = 1, 2),

where dn is the distance between the relay and user n,
en ∼ CN (0, σ2

e) is the channel estimation error and ĥn is the
estimated channel coefficients. We assume en is independent
of hn, thus ĥn can be modeled as a complex Gaussian
random variable with zero mean and variance d−αn +σ2

e . Now,
without loss of generality, let us order the estimated channel as
|ĥ1|2 > |ĥ2|2. Thus, the instantaneous signal-to-interference-
plus-noise-ratio (SINR) of user 2 to detect its own signal is
obtained as

γ2 =
δP ′g2

(1− δ)P ′g2 + P ′σ2
e + 1

, (2)

in which gn , |ĥn|2. In NOMA, optimal decoding order
depends on the channel gains [18]; the stronger user (user 1)
first decodes the weaker user’s (user 2’s) signal and next its
own signal after successive interference cancellation (SIC) of
user 2’s signal. The instantaneous SINR to detect s2 at user 1
is given by

γ1/2 =
δP ′g1

(1− δ)P ′g1 + σ2
eP
′ + 1

. (3)

If γ1/2 ≥ τ2, user 1 can decode s2 and remove it from the
received signal using SIC. Therefore, the instantaneous signal-
to-noise ratio (SNR) at user 1 to decode s1 after SIC2 is given
by

γ1 =
(1− δ)P ′g1

P ′σ2
e + 1

. (4)

III. FIXED POWER ALLOCATION

In this section, we consider a fixed power allocation scenario
for both users. Since the source node may have line-of-sight
with the relay, the source-relay link is assumed to experience
Nakagami-m fading, a more general case of Rayleigh fading
in which the shape factor is m = 1. Consequently, the outage
probability at user 1, p(1)

F is expressed as

p
(1)
F = 1− P

{
g >

τ0
P
, γ1/2 > τ2, γ1 > τ1

}
. (5)

2Due to imperfect CSI, there will be another error term in the denominator
of (3), i.e., SIC cannot be perfect. Equivalently, this can be seen as a reduction
in the target rate τ1. This will be discussed in Section V.



Lemma 1. For the FPA case, the outage probability of user 1
when δ > τ2

τ2+1 can be expressed as

p
(1)
F = 1−

m−1∑
i=0

(
m− 1

i

)
e−

τ0m

d−αP

( τ0m

d−αP

)m−i−1

×
3∑
k=1

(−1)
k−1

2iΓ (m)
e
−Φn1

Ωk βi+1
n,kKi+1 (βn,k), (6)

in which Kv (z) is the vth order modified Bessel function of
the second kind [20], βn,k = 2

√
m

d−αP
Φn2

Ωk
in which[

Φ11 Φ12

Φ21 Φ22

]
,

[
τ2

δ (τ2 + 1)− τ2
τ1

1− δ

]T [
σ2
e

1

η

]
, (7)

Ω1 = d−α2 +σ2
e , Ω2 = Ω1Ω3

Ω1+Ω3
and Ω3 = d−α1 +σ2

e . Also, note
that p(1)

F = 1 when δ ≤ τ2
τ2+1 .

Proof. See Appendix A.

Similar to (5), we have p(2)
F = 1 − P {P ′ > 0, γ2 > τ2} as

the outage probability for user 2. For δ > τ2
τ2+1 , p(2)

F can be
expressed as

p
(2)
F = 1−

m−1∑
i=0

(
m− 1

i

)
e−

τ0m

d−αP

( τ0m

d−αP

)m−i−1

× 1

2iΓ (m)
e−

Φ11
Ω2 βi+1

1,2 Ki+1 (β1,2) . (8)

Note that p(1)
F = p

(2)
F = 1 when δ ≤ τ2

τ2+1 .
Remark 1. When the source-relay link experiences a Rayleigh
fading, we can substitute m = 1 into (6) and (8) to achieve
the outage probability for both users.
Remark 2. Diversity order is zero at both users; i.e.,

D
(n)
F = − lim

P→∞

log p
(n)
F

logP
= 0, n = 1, 2. (9)

This is because in the high SNR regime, i.e., when P →∞,
we have βi+1

n,kKi+1(βn,k)→ 2iΓ(i+1) [20] and e−
τ0m

d−αP → 1.

Then, p(1)
F = 1−

3∑
k=1

(−1)
k−1

e
−Φn1

Ωk , p
(2)
F = 1− e−

Φ11
Ω2 , and

(9) holds.

IV. DYNAMIC POWER ALLOCATION

In this section, the power allocation is adjusted at the relay
to ensure signal decoding at user 2. Since it is not tractable to
adopt Nakagami-m fading model on the source-relay link due
to its mathematical complexity, we use the Rayleigh model in
this section. By solving γ2 = τ2 to find δ and, noting that
1− δ must be non-negative, we obtain

δ = 1−max

{
0,

P ′g2 − τ2
(
σ2
eP
′ + 1

)
(1 + τ2)P ′g2

}
. (10)

It should be highlighted that the performance of user 2, and
consequently user fairness can be further enhanced by letting
δ larger than what is given in (10). This, however, significantly
reduces the performance of user 1 and also the sum rate [18].

Based on (5) and (10), the outage probability at user 1 for
the DPA case is defined as

p
(1)
D = 1− P

{
g >

τ0
P
, g2 > τ2

(
σ2
e +

1

P ′

)
, γ1 > τ1

}
. (11)

Lemma 2. For the DPA case, the outage probability of user 1
is given by

p
(1)
D = 1− e−σ

2
e
τ0
Ω2
− τ0d

α

P ω0K1 (ω0)−ΥII, (12)

in which ΥII is defined in (B-3) and ω` = 2
√

1
ηPd−α

τ`
Ω2

, ` ∈
{0, 2}.

Proof. See Appendix B.

Further, the outage probability at user 2 for the DPA case
is given as

p
(2)
D = 1− P

{
g >

τ0
P
, g2 > τ2

(
σ2
e +

1

P ′

)}
. (13)

Then it is straightforward to show that the outage probability
of user 2 is obtained by

p
(2)
D = 1− e−σ

2
e
τ2
Ω2
− d

ατ0
P ω2K1 (ω2) . (14)

Remark 3. Similar to the FPA case in Remark 1, the diversity
order is zero in the DPA case too.

V. THE EFFECT OF IMPERFECT SIC

Obtaining (4) in Section II, we have assumed that SIC is
perfect. However, since the CSI of the relay-to-user channels
is imperfect, SIC cannot be error-free in practice. In this
section, we investigate the detrimental effect of imperfect CSI
in SIC and outage probabilities. It should be highlighted that
imperfect SIC can significantly affect the performance of the
system even if the channel estimation is accurate.

To study the joint impact of imperfect SIC and imperfect
CSI, an analysis similar to that of [21] can be carried out here.
However, applying this analysis for the DPA-NOMA scheme
is not straightforward and requires large modifications which
cannot be included due to the space limit. Recall that in the
DPA-NOMA case, the relay does not have the knowledge of
the SIC process at user 1 and thus can only adjust the power
allocation in a perfect SIC manner. Thus, we only discuss the
impact of imperfect SIC to the FPA-NOMA scheme.

We know that the received signal at user 1 (i.e. the stronger
user) is given by

y1 =
√
Pr

(√
δs2 +

√
1− δs1

)
(ĥ1 + e1) + n1. (15)

Then, the received signal after the SIC process is given by

ŷ1 =
√
Pr(1− δ)s1ĥ1 +

√
Prδĥ1(s2 − ŝ2)

+ (
√
Pr(1− δ)s1 +

√
Prδs2)e1 + n1, (16)

where ŝ2 is the estimated signal of the user 2 at user 1. Let
σ2
ic , E[|s2 − ŝ2|2] denote the expected residual power level

after SIC, σ2
ic = 0 would refer to perfect SIC case in which

s2 = ŝ2.
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Fig. 2. Outage probability of FPA-NOMA/DPA-NOMA cases versus σ2
e ,

where Ps = 15 dB.

The SINR at user 1 after imperfect SIC, i.e., the modified
version of (3), becomes

γ1 =
(1− δ)P ′g1

P ′σ2
e + P ′δg1σ2

ic + 1
. (17)

Then, for the FPA-NOMA with imperfect SIC, Lemma 1
requires a slight modification. Specifically, (7) should be
replace by[
Φ11 Φ12

Φ21 Φ22

]
,

[
τ2

δ(τ2 + 1)− τ2
,

τ1
1− δ(τ1σ2

ic + 1)

]T [
σ2
e ,

1

η

]
.

(18)

Note that p(1)
F = p(2)

F = 0 when either δ ≤ τ2
τ2+1 or δ ≥ 1

τ1σ2
ic+1

.

Proof. Taking similar steps as in Appendix A, we can get the
exact outage probability for this case. Specifically, p(1)

F and
p

(2)
F are simply derived by substitution into (A-2) which gives

Λmax ={
Φ11 + Φ12

Pg−τ0 ,
τ2
τ2+1 < δ < min

[
τ0−τ1

τ0+τ1τ2σ2
ic
, 1
τ1σ2

ic+1

]
Φ21 + Φ22

Pg−τ0 ,
1

τ1σ2
ic+1

> δ ≥ τ0−τ1
τ0+τ1τ2σ2

ic

(19)

VI. NUMERICAL RESULTS

In this section, numerical results are presented to validate
the analytic results and to evaluate the outage performance of
the downlink EH-NOMA network. The source-relay and relay-
users links are considered under Rayleigh fading environment,
σ2 = -30 dB and δ = 0.8. The distances between the Relay
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Fig. 4. Outage probability of FPA-NOMA/DPA-NOMA for imperfect and
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to each node are d = 1, d1 = 1, d2 = 10 and the path loss
exponent is α = 2. Note that the target data rates from Fig. 2
to Fig. 4, i.e. R1 and R2, are given in terms of bits/s/Hz.

As can be seen from Fig. 2 to Fig. 4, the analytical
curves match the simulation curves. In Fig. 2, the outage
probability at user 1 and user 2 increases as R1 and R2

increase. Choosing large values for R1 and R2 could make
the outage event always occur, i.e. the outage probabilities
become one. Figures 3 and 4 confirm that as Ps increases
the outage probability decreases. Specifically, in Fig. 3, FPA-
NOMA results in a higher outage at the weak user but provides
much higher success probability for the strong user than DPA-
NOMA. Unlike that in Fig. 4, it is seen that FPA-NOMA
can provide better performance for both users than OMA.
Further, it is observed that an outage floor appears in the
outage probability due to the channel estimation errors.

Further, the impact of channel estimation error σ2
e and SIC
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error σ2
ic is investigated in Fig. 5 and Fig. 6. It is observed

that a higher channel estimation accuracy leads to a higher
degradation in the outage performance with the same value of
σ2
ic. For example, for σ2

e = −40 dB the outage probability
with imperfect SIC is reduced more than 10 times from that
with perfect SIC, but for σ2

e = −20 dB this reduction is about
4 times. However, one can improve the system performance
as well as the gap between the perfect and imperfect SIC
by increasing the power allocated for user 1 (decreasing δ).
In fact, as δ decreases (but δ > τ2

τ2+1 holds), the effect of
imperfect SIC become less significant, e.g., resulting only
1.7 times reduction in the performance at σ2

e = −40 for
δ = 0.6. Further, by increasing the transmit power, the outage

performance can be improved but reaches different outage
floor depending on σ2

ic as depicted in Fig. 6.

VII. CONCLUSION

We have examined the outage performance of EH-NOMA
networks with imperfect CSI and imperfect SIC. We have
derived closed-form expressions for the outage probability
at each user. Simulation results confirm the analytic results
and show that NOMA can improve the outage probability of
both users. In addition, it is shown that FPA-NOMA achieves
better performance for the stronger user than DPA-NOMA
but poor fairness. Further, DPA-NOMA provides a higher
success probability for the weaker than FPA-NOMA and a
better fairness. It is also confirmed that FPA-NOMA can
outperform orthogonal multiple access schemes.

APPENDIX A

From (5) the outage probability of user 1 can be written as

p
(1)
F = 1− P

{
g > τ0

P , g1 > Λmax

}
, (A-1)

where

Λmax = max

(
Φ11 +

Φ12

Pg − τ0
,Φ21 +

Φ22

Pg − τ0

)
=

{
Φ11 + Φ12

Pg−τ0 ,
τ2
τ2+1 < δ < τ0−τ1

τ0

Φ21 + Φ22

Pg−τ0 , δ ≥ τ0−τ1
τ0

(A-2)

where the last step can be verified in view of (7). Since
Fg1

(γ) = 1 −
∑3
k=1 (−1)

k−1
exp(− γ

Ωk
) is the CDF of g1

and fg (γ) = mmdαm

Γ(m) γm−1 exp(−mdαγ) is the PDF of g [17],

p
(1)
F can be expressed as

p
(1)
F = 1−

∑3

k=1
(−1)

k−1 mm

Γ (m) d−αm

×
∫ ∞
τ0/P

zm−1 exp

(
−Λmax

Ωk
− mz

d−α

)
dz︸ ︷︷ ︸

Xm

. (A-3)

Next, using (A-2) for τ2
τ2+1 < δ < τ0−τ1

τ0
, with the help of

[20, Eq. 3.471.9], the integral in (A-3) is evaluated as

Xm =

m−1∑
i=0

(
m−1
i

)
e−

mτ0
Pd−α

(τ0
P

)m−i−1

× 2e
−Φ11

Ωk

(√
Φ12

Ωk

d−α

mP

)i+1

Ki+1 (β1,k) , (A-4)

in which
(
n
k

)
shows the binomial coefficient. Then, it can be

checked that for δ ≥ τ0−τ1
τ0

, the value of Xm is obtained by
replacing Φ11 and Φ12 with Φ21 and Φ22 in (A-4), respectively.
Substituting (A-4) into (A-3), respecting the value of δ, after
some mathematical manipulations the proof is completed.



ΥII =
∑

i∈{1,3}

dα

ΩīηP
e−

τ0
Pd−α

τ1+τ1τ2∫
0

e−Hī(ρ)σ
2
e

∞∫
0

(
σ2
e +

1

υ

)
exp

(
− Hī(ρ)− υ

ηPd−α

)
dυdρ

(a)
=

∑
i∈{1,3}

1

Ωī
e−

τ0
Pd−α

τ1+τ1τ2∫
0

e−Hī(ρ)σ
2
e

[
σ2
e2

√
Hī(ρ)

ηPd−α
K1

(
2

√
Hī(ρ)

ηPd−α

)
+

2

ηPd−α
K0

(
2

√
Hī(ρ)

ηPd−α

)]
︸ ︷︷ ︸

,hi(ρ)

dρ

(b)
≈

∑
i∈{1,3}

1

Ωī
e−

τ0
Pd−α

τ1 + τ1τ2
2

J∑
j=1

π

j

∣∣∣ sin(2j − 1

2J
π
)∣∣∣hi(ρn), (B-3)

where ρn = τ1+τ1τ2
2

[
1 + cos( 2j−1

2J π)
]

and J is the trade-off coefficient reflecting the approximation accuracy.

APPENDIX B

From (10) the outage probability of user 1 in (11) can be
further expressed as

p
(1)
F = 1− P

{
g1 > g2 > τ0

(
1
P ′ + σ2

e

)
, g > τ0

P

}
−P
{
g1 >

τ1(P ′σ2
e+1)(1+τ2)g2

P ′g2−(P ′σ2
e+1)τ2

, g > τ0
P ,

τ2
(

1
P ′ + σ2

e

)
< g2 < τ0

(
1
P ′ + σ2

e

)}
.

(B-1)

Note that fg2,g1
(x, y) =

∑
i∈{1,3}

1
ΩīΩi

exp
(
− x

Ωī
− y

Ωi

)
and

τ1 + τ2 + τ1τ2 = τ0. The proof of the first probability is
not shown in this paper as it involves simpler mathematical
computations than the second one and can be easily derived
by adopting steps in Appendix A. The second probability in
(B-1), denoted as ΥII, is obtained as follows

ΥII =

∞∫
τ0
P

τ0
(
σ2
e+ 1

η(Pz−τ0)

)∫
τ2

(
σ2
e+ 1

η(Pz−τ0)

)
∞∫

ν(x,z)

fg2,g1 (x, y) fg (z) dxdydz,

(B-2)
where ν (x, z) ,

τ1(1+τ2)(η(Pz−τ1)σ2
e+1)x

η(Pz−τ0)x−τ2(η(Pz−τ0)σ2
e+1) .

By letting υ = η (Pz − τ0) and then ρ = υ
υσ2

e+1x− τ2, the
above equality can be expressed by (B.3), where Hi (ρ) ,(
τ1(1+τ2)

ρ
1

Ωī
+ 1

Ωi

)
(ρ+ τ2), ī = 3/i, (a) is due to [20,

Eq.3.471.9] and (b) is obtained by using Gaussian-Chebyshev
quadrature [17].
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