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ABSTRACT This paper investigates the application of non-orthogonal multiple access (NOMA) in a
coordinated direct and relay transmission (CDRT) system, where the base station (BS) directly communicates
with the near (i.e., cell-centric) user, while it requires the help of a dedicated full duplex (FD) relay to
communicate with the far (i.e., cell-edge) user. For the considered NOMA-FD-CDRT system, we derive
closed-form expressions for the outage probabilities and ergodic rates experienced by the downlink users,
under the realistic assumptions of imperfect channel state information (I-CSI) and imperfect successive
interference cancellation (I-SIC). Expressions for system outage probability and ergodic sum rate are also
presented. The links are assumed to experience independent, non-identically distributed Nakagami-m fading.
The analysis of outage probabilities are carried out for both integer and non-integer values of the fading
severity index. Extensive simulation results are described to validate the accuracy of analytical results, and
to illustrate the performance gain of the considered system, as compared to NOMA-HD-CDRT system
and the orthogonal multiple access (OMA) based CDRT system. Our results show that, both channel
estimation error variance and I-SIC factor have significant impact on the performance of the considered
NOMA-FD/HD-CDRT system. Further, to ensure fairness in terms of outage, we numerically determine
the power allocation coefficient at the BS that provides equal outage performance for both the near and
the far users in the presence of I-CSI and I-SIC. Furthermore, we derive closed-form expression for the
optimal power allocation (OPA) coefficient at the BS that minimizes the system outage probability of the
NOMA-FD/HD-CDRT network under I-CSI. With the help of numerical and simulation investigations,
we establish that the proposed OPA significantly reduces the system outage probability, as compared to
random (i.e., non-optimal) power allocation at the BS.

INDEX TERMS Channel state information, coordinated direct relay transmission, full/half duplex, non
orthogonal multiple access, successive interference cancellation.

I. INTRODUCTION

Recently non-orthogonal multiple access (NOMA) technique
has been proposed for improving the efficiency of chan-
nel access in the fifth generation (5G) wireless networks.
In power domain NOMA, multiple users can coexist and
share the same time-frequency resource block by employ-
ing power domain multiplexing [1], [2], i.e., the transmitter
will use superposition coding for combining multiple user’s
information signals with distinct power levels; the receiver
will use successive interference cancellation (SIC) to decode
the message. To enhance the reliability of weak or cell-edge

The associate editor coordinating the review of this manuscript and

approving it for publication was Antonino Orsino

VOLUME 7, 2019

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

users, cooperative NOMA has been proposed, where either
strong users (i.e., users experiencing better channel condi-
tions) or dedicated nodes are configured to act as cooperative
relays [3].

In NOMA based coordinated direct and relay transmis-
sion (CDRT) system, the base station (BS) directly commu-
nicates with the near (i.e., cell-centric) user while it requires
the help of a dedicated relay to communicate with the far
(i.e., cell-edge) user [4]. Since the BS can transmit the
messages intended for the two downlink users in the same
time-frequency resource, the spectral efficiency of the result-
ing NOMA-CDRT system is higher than the conventional
orthogonal multiple access (OMA) based CDRT system.
Further, in NOMA-CDRT system, the relay node can be
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operated in two distinct modes: (i) half duplex (HD) or (ii) full
duplex (FD). When the relay node operates in HD mode, two
distinct time slots (i.e., orthogonal resources) are needed to
complete the transmission of message from the BS to the far
user via the relay node. In the first time slot, the BS will
send the NOMA signal carrying messages for both the near
as well as the far user. According to the NOMA principle,
the near user will first decode the intended message for the far
user and then will apply SIC to decode its own message [3].
Meanwhile, the relay will decode the message corresponding
to the far user and will forward the re-encoded message to
the far user in the second time slot. Finally, the far user will
decode the message at the end of the second time slot.

Operating the relay node in the FD mode enables it to carry
out simultaneous reception and transmission [5]. Thus, when
the NOMA signal is transmitted by the BS, the relay node
implements reception and re-transmission of the re-encoded
message in the same time slot. Accordingly, the transmission
of the message to the far user can be completed within
the duration of one time slot itself (i.e., assuming that the
processing delay at the FD relay is negligible). Thus, use of
FD relaying further improves the spectral efficiency of the
NOMA-CDRT system. However, the resulting NOMA-FD-
CDRT system suffers from strong self-interference (SI) at
the relay node, which is induced from the relay’s transmitter
to its receiver section [5]. Even though, the effect of SI
can be mitigated by sophisticated interference suppression
techniques, the relay node will still be affected by the residual
self-interference (RSI), which proportionally grows with the
transmit power used at the relay [6]. The focus of the current
work is on performance analysis of NOMA-FD/HD-CDRT
systems.

A. LITERATURE SURVEY

The performance of HD based cooperative NOMA (i.e.,
C-NOMA) system has been extensively studied in the litera-
ture (e.g., [7]-[11] and references therein). The performance
of HD based NOMA-CDRT (i.e., NOMA-HD-CDRT) sys-
tem has also been studied in the literature [4], [12]-[14].
In [4], the authors have analyzed the outage and ergodic
sum rate performance of downlink NOMA-HD-CDRT sys-
tem. In [12], the authors have considered uplink NOMA
in HD-CDRT system, where the ergodic sum capacity has
been analyzed under both perfect and imperfect SIC. In [13],
the authors have analyzed the outage and ergodic rate per-
formance of the near and the far user in NOMA-HD-CDRT
system, where an energy harvesting (EH) relay has been
employed to assist the BS for delivering message to the
far user. The authors of [14] have considered NOMA in
HD-CDRT system with two cell-centric users (CCUs) and
a cell-edge user (CEU), which is assisted by a relay. How-
ever, operating the relay in HD mode leads to spectral effi-
ciency degradation owing to the requirement for orthogonal
resources to carry out reception and transmission at the relay
node in C-NOMA system. The current work aims to address
this research gap by focusing on the performance analysis of
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NOMA-FD-CDRT system. Use of in-band FD relaying can
improve the spectral efficiency of the CDRT system; however
the presence of RSIin FD system reduces the effective signal-
to-interference plus noise ratio (SINR) and consequently,
there exists a trade-off between the gain in spectral efficiency
and performance degradation due to RSI. Accordingly, there
is a need to revisit the performance evaluation of NOMA-FD-
CDRT system in realistic fading channels.

Recently, NOMA-FD-CDRT system has been considered
in [15], where the authors have analyzed the outage and
ergodic rate performance assuming perfect channel state
information (P-CSI); however due to the existence of the
channel estimation errors, such an assumption is too idealistic
and does not provide clear insight on the performance of
practical networks [16]. The impact of imperfect CSI (I-CSI)
on conventional NOMA system has been extensively ana-
lyzed, (e.g., [17]-[20] and references therein). The results
have shown that I-CSI leads to significant degradation of the
performance of NOMA systems. From the detailed literature
survey, it has been observed that the analysis of NOMA-FD-
CDRT system under the influence of I-CSI has not appeared
in the literature so far.

In this paper, we consider a downlink NOMA-FD-CDRT
system where user 1 (Uj) is the near user and user 2 (U)
is the far user. While the BS has direct communication link
to Uy, a dedicated FD based relay (R) is used to deliver
messages to U,. According to the NOMA protocol, the strong
(near) user has to first decode the symbol intended for the
weak (far) user; then use SIC to cancel the signal corre-
sponding to the far user from the received signal, before
decoding its own symbol. Now SIC is said to be perfect
if the near user has perfect estimate of the symbols corre-
sponding to the far user, which leads to perfect cancella-
tion of the corresponding interference term at the near user.
In the presence of imperfect channel estimates, ideal SIC
condition cannot be ensured [21]. Thus, we need to consider
the residual interference generated at the near user due to
imperfect SIC (I-SIC). Accordingly, in this paper, we inves-
tigate the impact of I-CSI and I-SIC on the performance
of NOMA-FD/HD-CDRT system. Specifically, we focus on
the minimum mean square error (MMSE) channel estimation
error model reported in [22]. We derive analytical expressions
for the outage probabilities experienced by both the near as
well as the far users in NOMA-FD/HD-CDRT system under
I-CSI and I-SIC. We obtain expression for the system outage
probability as well as ergodic sum rate in the presence of
I-CSI and I-SIC. Further, we investigate the optimal power
allocation (OPA) coefficient at the BS that minimizes the
system outage in the presence of I-CSI. To the best of our
knowledge, this is the first paper that considers the impact of
I-CSI and I-SIC together, on the outage and ergodic rate per-
formance of NOMA-FD/HD-CDRT system, in the presence
of RSL

The performance of FD based C-NOMA system has been
investigated extensively in the literature [15], [23]-[33].
In [15], the authors have analyzed the outage and ergodic rate
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performance of FD C-NOMA system assuming P-CSI/P-SIC.
The outage probability, ergodic rate and energy efficiency
of FD C-NOMA system has been investigated in [23] under
P-CSI/P-SIC. In [24], the authors have analyzed the out-
age probabilities and ergodic rates of the users in an EH
based FD C-NOMA system, assuming P-CSI/P-SIC. In [25],
the authors have analyzed the outage and the ergodic sum
rate performance of FD C-NOMA system. The OPA factor
at the BS to minimize the system outage has been inves-
tigated under P-CSI/P-SIC. The outage and ergodic sum
rate of NOMA-FD-CDRT system has been analyzed in [26],
in Nakagami fading channels under P-CSI/P-SIC. To simplify
the analysis, the RSI at the relay node has been modeled
as a Gaussian random variable in [26]. Apart from these
papers, the performance analysis of FD C-NOMA systems
reported in research works [27]-[30] have assumed P-CSI/P-
SIC conditions.

The outage performance of FD C-NOMA system has been
analyzed in [31] as well, considering Nakagami fading chan-
nels under I-SIC; however evaluation of ergodic rates and
the ergodic sum rate have been ignored. In [32], the outage
and the ergodic sum rate of FD C-NOMA system has been
analyzed under I-SIC and I-Q imbalance, in Rayleigh fading
channels, ignoring channel estimation errors. The outage per-
formance of FD C-NOMA system has been analyzed in [33]
as well under I-SIC; however evaluation of ergodic rates and
ergodic sum rate have been ignored. Notice that, none of
the above papers consider the impact of I-CSI and I-SIC
jointly. Further, the evaluation of system outage probability
and the investigation of OPA at the BS to minimize the
system outage under I-CSI have been ignored in these papers.
Recently, the authors of [34] have investigated the joint
effects of residual hardware impairments, channel estimation
errors and I-SIC on the outage and ergodic rate performance
of EH based C-NOMA system, assuming Nakagami fading
channels. The impacts of residual hardware impairments and
channel estimation errors on the outage performance of EH
based C-NOMA system has been investigated in [35], assum-
ing Weibull fading channels. However, the works in [34],
[35] consider HD relaying, which leads to spectral efficiency
degradation. In [35], the authors have considered P-SIC in
their analysis, while the evaluation of the ergodic rate has
been ignored. Moreover, the authors of [34], [35] do not
consider the evaluation of the system outage probability of
the network and the investigation of OPA that minimizes the
system outage probability.

B. MAJOR CONTRIBUTIONS
The major contributions of the paper can be stated as
follows:

o We consider NOMA-FD/HD-CDRT system under the
realistic assumptions of I-CSI and I-SIC. We consider
the channel corresponding to the RSI link at the relay in
NOMA-FD-CDRT system to experience Nakagami-m
fading.
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« We derive closed-form expressions for the outage prob-
abilities experienced by the users and system outage
probability in NOMA-FD/HD-CDRT system in the
presence of I-CSI and I-SIC, assuming Nakagami-m
fading. Approximate closed-form expressions for the
ergodic rates of the users are also derived under the
influence of I-CSI and I-SIC. We provide expressions
for the outage probabilities considering the fact that
the fading severity index m can take both integer and
non-integer values.

« Extensive evaluations of the impact of I-CSI and I-SIC
on the outage and ergodic rate performance of the users
are presented. Furthermore, results for the system outage
probability and ergodic sum rate are also presented. The
performance gain of the considered NOMA-FD-CDRT
system has been compared against that of NOMA-
HD-CDRT system and the conventional OMA based
CDRT system. Analytical results are corroborated by
Monte-Carlo based extensive simulation studies.

o It is observed that default selection of NOMA power
allocation coefficient at the BS leads to higher outage
probability for the near user as compared to the far users.
To ensure fairness in terms of outage, we numerically
determine the NOMA power allocation coefficient that
provides equal outage performance for both the near
and the far users in the presence of I-CSI and I-SIC.
Analytical expression for the OPA coefficient at the
BS that minimizes the system outage probability of
NOMA-FD/HD-CDRT network in the presence of I-CSI
has been obtained. We evaluate the percentage reduc-
tion in system outage probability under the proposed
OPA as compared to the random power allocation at the
BS. With the help of numerical and simulation investi-
gations, we establish that the system outage improves
significantly under the proposed OPA strategy.

The rest of the paper is organized as follows. Section II
describes the system model while the derivation of outage
probabilities is presented in section III. Section IV describes
analytical models for ergodic rates considering I-CSI and
I-SIC. Section V considers system outage probability mini-
mization under I-CSI. The results are described in section VI,
while section VII describes conclusions.

Il. SYSTEM MODEL

We consider a downlink cooperative NOMA-FD-CDRT sys-
tem as shown in FIGURE 1, where U; is the near user
and U, is the far user. The BS has direct communication
link to Uj, while due to heavy shadowing, the direct link
between BS and U, is absent. Accordingly, the BS employs
a dedicated decode-and-forward (DF), full duplex (FD) relay
(R) to deliver the messages to U,. Notice that the message
delivery for U; happens directly from the BS without the help
of the relay node. This model can be applied to a general
relay assisted transmission scenario and the related investiga-
tions can provide the theoretical foundation for the design of
NOMA assisted cooperative networks for future diversified
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FIGURE 1. Full duplex based NOMA-CDRT system.

applications. Let {h;,i € (s,r),j € (r,1,2)} represent
the fading coefficients corresponding to the links between
nodes i and j, which are assumed to experience independent,
non-identically distributed (i.n.i.d) Nakagami-m fading with
shape parameter m;; and mean power E[|h,-j|2] = m;j. The
assumption of Nakagami-m fading model for all the links
in the network makes the analysis more general. This is
because, Nakagami fading can represent variety of realistic
fading scenarios, which include both Rayleigh as well as
Rician fading. Under I-CSI, h; = h; + €; [22], where
}Azij denotes the estimated channel coefficient; the probability
density function (PDF) of |fzij| is assumed as Nakagami-m
with shape parameter |7i;;| and E[|h;;|?] = #;;. Further, €;; is
the estimation error, which is assumed as complex Gaussian,
ie. € ~ CN(O, oijz.) [22]. Assuming that |/;;|? and |e;j|? are
statistically independent, E[|ilij|2] = E[|hij|2] —E[|6ij|2]. Let
E[|hjl*] = m; = (dij/do) ™" so that E[|h;|*] = (dij/do) ™" —
01.12. where n is the path loss exponent; dj; is the distance of the
link connecting nodes i and j; and d is the reference distance.

Notice that |h,]| have Gamma PDF with shape parameter
7 and scale parameter :311 = 7;j/m;j. The PDF of |h,]| is
given by [36]:

_ ﬁlt/ mz; (2x)m,, %XZ
flhnl( x) = <n ) F(m,]) €

where I'(.) is the gamma function. The PDF of |fz,-j|2 is given
by [36]:

ey

ij

ml,'—l Y
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T(y)© @

The cumulative distribution function (CDF) of |ﬁ,-j|2 is
given by
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where y(a, b) is the incomplete gamma function. Further,
frequency flat block fading has been assumed throughout,
and all the nodes in the network experience additive white

Gaussian noise of equal variance o2.

A. SINR CALCULATIONS IN NOMA-FD-CDRT

SYSTEM UNDER I-CSI AND I-SIC

The BS applies superposition coding to generate the power
domain NOMA signal x(¢), which is given by

x(1) = v Psaixi (1) + v/ Psazxy(1) “

where P; is the total transmit power of the BS; x1(¢) and x»(¢)
are the signals for U and U, respectively with E [|x1(t)|2] =
E [|x2(t)|2] = 1. Here a; and a; are the power allocation
coefficients such that a; + a» = 1 and a; < ap. Thus at the
BS, U> is allocated higher power as compared to U;. Higher
power allocation for the weak user, i.e., U, is according to
the conventional NOMA principle [3], [4]. When the BS
transmits x(¢), both R and U; will receive the signal in the
same time slot. Since R operates in FD mode, it will imple-
ment simultaneous reception and transmission, i.e., from the
received signal, R decodes the symbol x, and forwards it
to Ua, after re encoding, in the same time slot. Finally, U,
decodes x» from the received signal. Meanwhile, the near
user U; will implement SIC to decode x; in the same time
slot. Assuming that the processing delay at R, U; and U, are
negligible, successful delivery of symbols x| and x can be
ensured within the duration of the considered time slot itself.

However since R operates in FD mode, it suffers from
strong SI, which is the loop back interference induced from
its transmitter to the receiver. Since directional antennas
can considerably reduce the SI [37], we assume that R
employs two directional antennas for implementing simul-
taneous transmission and reception (STR), while all other
nodes in FIGURE 1 use single antenna each. Several other
techniques have been proposed for mitigating the SI effects
in FD systems [38]-[40]. Inspite of all these developments,
researchers have reported that FD nodes suffer from RSI,
which is directly proportional to the transmit power used at
the FD relay nodes [5], [6]. Further, several experimental
studies have reported that the RSI channel can be modeled
as a fading channel [40]. Experimental results in [40], [41]
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have reported that the RSI channel can be modeled as either
Rician or Rayleigh. As a generalization, we assume the RSI
fading channel coefficient |/, | to follow Nakagami-m fading
with parameters m,, and mean RSI power E[|h;, |2] = ko,
where k> (0 < kp < 1) denotes the level of SI cancellation,
i.e., ko, = 0 implies that RSI is absent in the system.

The received signal at R is given by

Vr(8) = (hyr + €5)(/Psarxi (1) + V/Psaria (1)
++/ Prhyxo(t — 1) +n,(8)  (5)
In (5), the term /P, h,rx2(t — 7) is the RSI, which is indepen-
dent of the received signal from BS; P, is the transmit power
of R; 7 is the processing delay at R and n,(¢) is the AWGN
component at R, i.e., n,(¢) ~ CN(O, 02). When R attempts to
decode x», the SINR over the BS-R link is given by
|ilsr|2P592

|]:lsr|2Psal + Uszrps + |hrr|2Pr + 02

|],:lsr |2,0s(12
|hsr|2psa1 + |hrr|2pr + 0—52,«:03 +1
_ |hsr|2psa2 (6)

|hsr|2psal + |hrr|210r + 6

where §; = oszr,os + 1, ps = 5/02 and p, = Pr/oz. After
decoding x», R forwards its re-encoded version to U, with
power P,. The received signal at U is

2(t) = (hya + €2V Prxa(t) + na(t) @)

where n(t) is the AWGN at U;. The SINR at U, correspond-
ing to the decoding of x; is

FD __
1-‘r2 -

FD |ilr2|2:0r |ilr2|2,0r
1—‘22 =" = s
Uerr + 1 2

®)

where §, = orzzpr + 1. Meanwhile, the received signal at Uy
is given by
Y10 = (hs1 + €)Y/ Psarxi(t) + /Psazxa(1)]

++ Pr(hy1 + €,1)x2(t — 7) +n1(2) 9)
Notice that y;(¢) includes the received signal from BS and
the interference generated at U; due to the transmission of
the symbol x; from R to U,. From the received signal, U

decodes x; first and then apply SIC to decode x;. The SINR
corresponding to the decoding of x; at U] is given by

riP — _ 5112 psar
|hst12psa1+ |he1 2 pr+03 ps(ar + az) + 04 pr + 1
_ \hs1 2 psa
s Posar + i 2o, + 02 s + 02 pr + 1

B2
_ |hs1|* psaz (10)

|,:ls1 |2)05a1 + |]:lr1 |2pr + 03
where 83 = aszlps + arzlpr + 1 and E[|fzr1|2] = ki, with
0 < k; < 1. When k; = 0, the residual interference at U;
due to transmission by U, becomes zero. With 0 < k; < 0,
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the interference is non-zero. Notice that Uy can successfully
decode x; if and only if Fsz > ugD where ugD is the target
SINR corresponding to the decoding of symbol x;.

After decoding x2, U; will try to decode x; using SIC.
In this case, x; must be subtracted from y;(¢) before the
decoding of x is carried out. If x, is decoded successfully,
it can be completely subtracted from the received signal,
i.e., SIC will be perfect. Otherwise decoding of x; will be
carried out in the presence of residual interference due to
I-SIC. Thus SINR corresponding to the decoding of x; at U
in the presence of I-CSI and I-SIC is given by

FD
F11

7251 |2psal

o psar+1h1 2 Bpsaz+ b1 |2 pr+ 02 Bosar+o pr+1
|hs1 2 o5t
st 12 Bosaz + 1112y +02 ps(ar+Bax)+o? pr+1
_ |12 pst1
 Bapslhs 2411 2o+

Y

where 84 = 02 ps(a1 + Bax) + 0% pr + 1 and B is the factor
representing the residual interference arising due to I-SIC,
where 0 < 8 < 1;i.e., 8 = Omeans P-SICand 0 < 8 < 1
implies I-SIC.

B. SINR CALCULATIONS IN NOMA-HD-CDRT SYSTEM
UNDER I-CSI AND I-SIC
In NOMA-HD-CDRT system, during time slot 1, the BS
transmits the NOMA signal. From the received signal, R
decodes the symbol x; by treating the signal component
corresponding to xp, as interference. The SINR at R corre-
sponding to the decoding of x, ng) can be written similar
to (6), with the exception that the RSI component is absent.
Thus FgD is given by
HD hy|* psa

P = |il.ir|2‘ple‘i81 (12)
In the second time slot, R forwards the re-encoded version of
X2 to Up, where the decoding of x> happens. The SINR at U;
corresponding to the decoding of x; is similar to (8) and is
given by

|hr2|2,0r
[p)
Meanwhile, U; receives the NOMA signal in the first time
slot itself. Since BS allocates higher power for x;, the signal
component corresponding to x» in the received signal at U
has higher power. Thus U; decodes the far user’s symbol
xy firstly and then use SIC to decode its own symbol xj.
Notice that, since R operates in HD mode, transmission from
R happens in the second time slot only. However, decoding of
symbols x; and x; at U; happens in the first time slot itself.
Thus, unlike the FD case, the decoding of symbols at U is not
affected by R’s transmission to U,. Accordingly, the SINR

P = (13)
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corresponding to the decoding of x; and x; at U; in the
NOMA-HD-CDRT system (i.e., FHD and FHD respectively)
can be written similar to (10) and (1 1) respectlvely, with the
exception that the term |fzr 1 |2 pr 1s absent in these expressions.
The corresponding equations are given by

72
HD |hs11 psaz
rysy = T — (14)
|hs1|=psar + 83

D — |i1s1|2psal (15)
Bazpslhsi > + 84

IIl. ANALYSIS OF OUTAGE PROBABILITY

UNDER I-CSI AND I-SIC

In this section, we describe analytical models to find the
outage probabilities experienced by U; and U; as well as
the system outage probability under I-CSI and I-SIC. Let
r1 and r, be the target rates (expressed in bits per channel
use, bpcu) for the successful decoding of symbols x; and x;
respectively. Further, let uf D — 2" _1and uF D —2m _1be
the corresponding target SINR values.

A. OUTAGE PROBABILITY EXPERIENCED BY U, IN
NOMA-FD/HD-CDRT NETWORK

As described earlier, Uy has to decode the symbol x, first
and then x; by using SIC. Thus the probability that U; will
experience outage in NOMA-FD-CDRT network is given by

Pl PATY =P, T{P =u{P}  (16)

outl_l_

Case (i): Positive integer values of

Proposition 1(a): When u < Z—Z, ufD < “1
B1 > P2, ax > «ap and k1 # O, the outage probabll-
ity of U; under the effect of I-CSI and I-SIC is given by
(17), as shown at the bottom of this page, whereDau =

FD

Uy~ pr _ ’42 53 _ Ml Pr
— = —24—, o —L
ps(ay—ub tll) & ostay—utPay)’ 2 ps(a1—pulPay)

— 1084 ke,
B = Ps(al ﬂuFDaz) and *C; = '(k j), Further, y(.,.) and

I'(.,.) are the lower and upper incomplete gamma functions
respectively.

Remark 1(a): When u5P < o uf? < 7o and ky = 0,
the outage probability of U; under the effect of I-CSI and
I-SIC is given by

LU IV TR
PFD — 1 —e ¢FDpxﬁ51 - (18)
out, 1 "\ $FD . B
j=0 J: ¢ psﬂsl
FD FD
. aj)—u a aj—pax u
where ¢/? = mmL 2 FDZ‘S LA inS L } Further, when
3 4
ut? > “2 or when u" ﬁ - ,P(flg , becomes unity.

Case ( ii): Positive non-integer values of 7
Proposition 1(b): When ugD < Z?, ufD < “7’2, B1 >
B, an > «ap and k1 # 0, the outage probability of U
under the effect of I-CSI and I-SIC for positive non-integer
values of 77 is given by (19), as shown at the bottom of this
page.

Remark 1(b): When u{? < 2 P < o> and ki = 0,

the outage probability of U; under the effect of I-CSI and

(k1,3r1) e

FD e
P =1—|[e P —
out-! H ,;0 k!(ﬂﬂ) TG

xy<j+ﬁ11 <ﬂ+ ! )('B]

T\B kipn /) \w—
—

£

i=0 o2

LS
(o) ren (o )E)] o
Bst kiBri Bs1  kiBr/) \@2 —aj

Sl (o)
a1 :le kl.Brl

p Ml ( ) (et By~
,331 (1)

e¢]

G, () (G52
Pout 1 — =1- |:|:
(1)

o B\ i V(
xXe /3v| Z msl+gC ( 1) a’lnsl"l‘g
k=0

Bi—B2

)™ 3 1 < 1 )’hslﬂf
1_‘(”;’lrl) 2=0 F(ﬁlsl +g+1) ,35]

mg1 +me + g — k, (/31 +k1:§rl)(g; g?)>]

(Ol_] 1 )msl+mrl+g7k
Bsi klﬁrl

D1, (o) (B=E)
* [ TG )

IRCT DR - R
— —~ - _— e s1
L'@me1) g(; Cmng +i+ D(ﬁsl)

it
ijl+lc <ﬂ1> ;ﬂ:1+l
g

=0
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- - : 1 Bi—=p
g 4 e i 1 (8 ) (Bt 0;))
— (19)
o 1A )my1+mr1+lfl
Bs1 k1Br1

VOLUME 7, 2019



V. Aswathi, A. V. Babu: FD/HD Cooperative NOMA Under I-SIC and Channel State Estimation Errors

IEEE Access

I-SIC with non-integer values of 7;; is given by

]

1
— 1
P —=e ¢FDPA'/351 [ —_————————
out, 1 gzzo Pimg +g+1)

1 ”A/lsl +8
( P psBit ) ]

Proof: Refer Appendix A.

Corollary 1: To find the outage of Uj in the equivalent
NOMA-HD-CDRT system (Pom 1)» we consider the target
SINRs for the decoding of x; and x» as u’l'ID = 221 1
and ugD = 222 _ 1. However, as described in section II,
successful decoding of symbols at U; is not influenced by
the RSI present at R and the residual interference caused by
|lAz, 112. Thus PHD 1 can be written similar to PF i given in
(18), with necessary modifications:

For positive integer values of 7, ngt)’l is given by

_ HD1 A g —1 1 1 j
PP — | _ ¢ iy —<—> 1)
out! Z J (bHDpsﬂsl

Jj=0

For positive non-integer values of rh,-j, | is given by

OMZ‘

7% 00 1 1 g1 +g
e[S (LY
20 C(mgi+g+1) 1P ps B
(22)
HD HD
HD . )a—uyar ai—Bax ui” | HD a.
Where ¢ = mln{ Mg053 ) II-ID(S4 }’ u2 < ap’
HD a1
I < Bay-

B. OUTAGE PROBABILITY EXPERIENCED BY U, IN
NOMA-FD/HD-CDRT NETWORK

To ensure reliable delivery of symbol x at Us, it must be
decoded successfully at R and U,. Thus the outage prob-
ability experienced by U, in NOMA-FD-CDRT system is
calculated as follows:

Pl =1—PATP > ufP: TSP > ufP)  (23)

Case (i): Positive integer values of i
Proposition 2(a): When uy? < 22, the outage probability
of U; is given by

Mmyy fitsr —1
pout2_1_|:e prDﬂ M l

C(my) i=0 J!

-1
e ( ) (l + my — 1)'
<,0st ﬂvr) Z :
—l—my
X( pr_ 1 )
pstD/gsr k2Brr

ubPsy diyy— 11 WS\
xe prhp Z ;( 2 A2>i| (24)

i=0 orBr2
FD m FD :
where 1// P - Further, P,/ , becomes unity when
ufP >
2 = a1
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Case (ii): Positive non-integer values of 7
Proposition 2(b): When ugD < Z—f, the outage probability
of U, with positive non-integer values of 77;; is given by

P

out,2
—1- [(1 ey & 1
L(nyr) o= g +h+1)
1 mgr+h .
X <—A > e P?‘/’FDﬂrr (IO )m”+h
psW P By,

l—‘(’;’\/lsr + Vhrr + h— k)
or 1 )}’Arlsr+7}lrr+h7k

o0 R S k
X Z m,rr+hck <_1>
_ Pr L
k=0 ( ps‘//['Dﬂsr kZﬁrr

utPsy oo 7

T FD mp+g

(- S ) )
S TG 5+ D\ prfia

(25)

Proof: Refer Appendix B.
orollary 2: The outage of U in NOMA-HD-CDRT
system (Pom ,) can be determined starting from (23) and
by followmg the steps outlined in Appendix B. How-
ever, for the HD case, FHD is given by (12) and FHD i
given by (13). Thus the f1nal expression for P ;.o can be
obtained.
For positive integer values of 7;; P

HD . .
our.2 1S given by

HD - — " 81 /
Pout 5 = =1 |:g ps it Bsr Z ]—'<—A>

j=0 Ps wHD lgsr

ugDSZ }’An,.zfl

2.2 1 (uflPsy\/
xe Prbe Z l'< ﬂ )] (26)

1=0 PrPr2

.o, . A HD . .
For positive non-integer values of my;, P;,; , is given by

HD
Pout2 =1- |:<
”;l.vr‘l’g _”SID‘52
(w ; ) ) )X <1_e v
PsPsr

o MHD82 fip+h
93 Gm) )] e
-0 F(mr2+h+ 1Y) PrBr2

ar—utPa;
where /P = 22 4
u
2

31 o 1

— ¢ VDo e —
g:ZO LCing +g+ 1)

73

and ugD .
a

C. SYSTEM OUTAGE PROBABILITY OF
NOMA-FD/HD-CDRT NETWORK

Define the system outage probability of the FD-CDRT net-
work as the probability of the event that either any one of the
user or both the users suffer outage, i.e.,

Py = 1= PATTE = 2 P = 2,110 =

out,sys
riy > ufP}  (28)
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Case (i): Positive integer values of 7i;
Proposition 3(a): When uFD < ZZ , ufD < ﬁ“;z B1 > Bo,
az > o and ky # O, the closed-form expression for Pou, sys
under I-CSI/I-SIC is given by (29), as shown at the bottom of
this page.

Remark 2(a): When uF D

the closed-form expression for PP

< Zz,ufD < a—'andkl =0,
under I CSI/I-SIC is

out,sys
given by:
FD
Pout ,SYS
_ 1 g —1 1 j
— 1 _ [6 ¢FD/)sl§sl - X <—A)
Z J! ¢FDPS,31

1

(kZﬂrr) M e < ) k
pwmﬁ =
e I'(myr) kz:(:) ,Osl/fFD,Bsr Z

PN ] O,
x<—1> (1+m,,—1)!< pr_ 4 )
Pr pstDﬁsr k2,3rr

utDsy imyp—1 FD i
-9 2 1/u (32
B =2
xe i Y i!< ¢ )} (30)

i=0 orBra
FD FD
. a u a ay—paz u
where ¢fP? = mln{ 2“’25 LA ‘3028 L } and ¢fP
3

FD
ay—uy-aj FD a2 FD aj FD
e . Further, if either ;" > oru” > Bay’ s Poui sys

becomes unity.

Case (ii): Positive non-integer values of 7

Proposition 3(b): When uf? < ull:D < /3‘22 B1 > B,
oy > o and k1 # 0, the closed- form expression for Pom sys
under I-CSI/I-SIC with positive non-integer values of 7; is

given by (31), as shown at the bottom of the next page.

Remark 2(b): When 5P < ZZ, utP < “' and k; = 0,
the closed-form expression for P(f,ﬁ s under I-CSI/I-SIC
with positive non-integer values of 7y is given by

FD

Pout sys

__ 1 0 1
=1- |:(1 —e oFDps By Z _
=0 Fimg +h+1)

X( ! )ﬁ’““‘)(l_(kzﬂ;r)ﬁlrr
$"Ppfun

o 1 1 V;lsr"l‘g
X T gt < g )
g=0 (msr + 8 ) osUr P Byr

% ~ e A 81 k
xe psvIPpy (pr)mxr+g E msr+gck (_)
pr

k=0
1—‘(ﬁ/lsr + ’/hrr + 8 — k)
( Pr 1 )r;lsr‘i”’;lrr‘i’g*k
pstD,ésr kZﬁArr

uWtDs, oo 7 1

_uy 8y FDg N\ fipo+i

(- S () ]
i=0 Lo +i+1) PrBr2

(32)

Proof: Refer Appendix C.
Corollary 3: With HD relaying, FHD is given by (12); FZD,
FfIZD and FfIlD are given by (13), (14) and (15) respectively.
Thus system outage of NOMA-HD-CDRT (P’;IMDt sys) €an be

determined by following the steps outlined in Appendix C

and for positive integer values of iy, Pl . is given by
1ty 1 J
piD | _ [e #HD pgy Z _< )
out,sys . Y
j=0 J' ¢HDIOS,3_¥1
oy ety S k
xe psWHD pgy Z —(—1/\)
k=0 k! pstDﬂsr
s BT g,
xe Prbr Z — ~ (33)
i!
i—0 PrBr2
For positive non-integer values of 7, ngy sys 18 given by

the following equation:

HD
P out,sys

i

1 o0 1

1 — e_ ¢‘HDﬂsl3;1 _—
ggo L(mg +g+ 1)
1 "hsl+g _ 81
X (—A) ) <1 — e WHDPxﬁ.;r
HP pyBs1
i ( 8] >7;l.vr+h>
va+h+n V0 f,

52 0 1 nglD(S2 i
ﬂrﬂrz —~ (34)
2 TGt D\ i

TGty
B1 'hé'l_l

FD B,
Pout ,Sys =1- |:|:|:e st Z
k=0

(kl,Brl)_m1 ke ( ) _j<ﬂ 1 )—j—rh”
(ﬂsl) T(,1) Z aq /3;1 * k1/§r1

(a1 (BB 27 1(_) (kpry ,<)‘P
XV<J+mrlv(,3:~1+k1;§r1)(0‘2—“1>)} [e = "\Ba/ Tl Z

o 1 —p=iiry R o 1
X = ~ r p+me, | —+ ~
Bs1 kiBn Bs1 k1B

)(ﬂl - ﬂ2>>:|:|e 1//FD;3 (kZﬂrr) e mi_:l < Pr _ )x
o — o Clmp) =5 \psyFP By,

XZXC <81> ()’+mrr—1)'< Pr =

psYr Fb Bsr
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FD > .
—y—mp fz mpy—1 1 MFDS 2
4 ) e i ) ._( 2 2)] (29)
ko Brr : i! orBr2

i=0
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HD HD
HD . . ay—uy -ay  aj—pa u) HD _
where ¢ = mm{ 5, A, Y =
HD
a—u; "d1  HD a HD aj
T’ ) < a and I/tl ‘5—‘12-

IV. ANALYSIS OF ERGODIC RATE
Here we present analytical models to evaluate ergodic rates

over the BS-U; and BS-U; links.

A. ERGODIC RATE OF U,
IN NOMA-FD/HD-CDRT NETWORK
The ergodic rate achieved by U; in NOMA-FD-CDRT net-
work (E[RP]) is determined as follows:
EIR["] = Ellog>(1+ T}l

:/ logz(l—l—x)frlplu(x)dx

0
1 oo 1 — Frr(x)
= — / — (35)
n2 1+x
where frlplp (x)and F, rp (x) respectively are the PDF and CDF

of I'FP.

Proposition 4: When k1 # 0, an approximate closed-form
expression for E [Rf D] in the presence of I-CSI/I-SIC
obtained by using Gaussian-Chebyshev quadrature is given

by:
1 7.
(ki By~ i '
E[RFD T ke
[R71= Nin2 T(my1) Z Z
x(i+mr1—1)!z%e—% (36)
n=1 n
where

(¢n + Dpr

k
n=|——> (1—9¢2).
¢ <02ﬁps(1 — ¢u)Bs1 ) ¢
bn =2 aB + ai(¢n + 1),

c:< (6 + 1)54 )
" N aBos(l — ¢n)Bu

( @+ Dpr 1 )’””
aBos(1 — )byt ki ’
by = COS(M)

2N
and N is the complexity-accuracy trade-off parameter.

Remark 3: When ki = 0, an approximate closed-form
expression for E [RfD ] in the presence of I-CSI/I-SIC
obtained by using Gaussian-Chebyshev quadrature is given
by:

Pn =

g — 1 N

E[RFD] ~ m Z Z Z" o Cn (37)

n=1

(Ppn+1)d4 a2
(azﬁps(l—%)ﬂ;l) (1 — ¢;). Further by, cn, ¢n

and N are defined as above.
Proof: Refer Appendix D.
Corollary 4: With HD relaying, ' is given by (15). Thus
ergodic rate of U; in NOMA-HD- CDRT system (E[RfP])
under [-CSI/I-SIC is given by:

g —1

RHDY ~ On o—Cn
ElR™1= N(21n2) Z J'Z (38)

B. ERGODIC RATE OF U, IN NOMA-FD/HD CDRT
NETWORK
The ergodic rate of U, (E[R/P]) in NOMA-FD/HD-CDRT

system is determined as follows:
E[REP] = Ellogy(1 + min{TTP, TIP 11Dy

Ellogr(1 +Y)]
1 *®1-F
- —Y(y)dy (39)

where Fy(y) is the CDF of Y = min{I'f?, I'EP 112},

where o0, =

- [T w1 (g
_ . i _ - _ —-— e Psl
out ,sys INCID) '(m;1) 0 Fmg +g+1) Bs1
1 Bi—8
S (o R ).
szm-gck =) e -
o ((2[_1+ lA ) g iy +g—k
k= Bst ki1

(k)

e¢]

Lt G )G )
-

F(mr1) F(’:’\/lrl)

F(msl +m +h—m, (
m51+h

1 1 g1 +h _A
> () <™
=0 Fmg +h+1) Bs1

1 )(/31—/32

o Bi\"
x Z mS1+hCm<_> of
m=0 o1

o)
(le +

Bs1 + ki "‘2_"‘1)>
lA )msl"l‘mrl"rh—m

kiBr1
&\, OO e A
X[(] _ (k213ri) _ 1 : 1 _ ) e psV/FDﬂsr (p )myr+l var‘HC (81>
L(myr) =0 Plmg +i+1) ps¥IP By, n=0 Pr
FD
» F(’/hsr + ﬁ’lrr +i—n) ) y <1 _ e_L:’ZV/;Z i 1 <u§D82>mr2+l)]:| 1)
r 1 \fsr ity +i—n ' T l 1 3
(PsWiDﬁxr + kzlérr) 1=0 (mrz + 0+ ) ,Orﬂr2
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Proposition 5: With ki # 0, an approximate
closed-form expression for E [RgD] obtained by using
Gaussian-Chebyshev quadrature is given by

N . 1
(ko)™ (et )1 "SS
E[RP] = - IC;
2 T(ny) TGy Z Z l
. ””71 I
x{—1 G+my—1) i B
(pr ' ; I\ pr
i Ik fity2—1
S 1 =«
1 1
X Z Ck<—) (mrr +k — 1)' -
]
P Or L Nin2
N o4 enfs
y Z n€nfn&nqn o5 n g~V (40)
T'n
n=1
where
ax(¢gn + Dp
dy = (—————=Y\/1 - 92,

ax(1 — én)psPsi
_ a(pn + Dpr
en =(——m>),

a2(1 - ¢n)psﬁsr

( prax(l + ¢n) 1 >""""‘
n — ~ + )
ax(1 — @u)psBsr k2/3”’
82 a2(¢n + 1))(17

2a10rBr2

_ ( prax(+¢) 1 )";’“‘f
" ax(1 — ¢n)ps,ésl kl,érl ’
ax(¢n + D)oy ax(¢n + 1)83
sp=(———"7—), hi=(—-"—"F5),
ax(1 — @) psBsr ax(1 — @u)psPsi
82 ar(¢n + 1) _2artadn+ 1)

V= ——" =

8n =

2a10/Br2 2a;
2n—1)m
¢n = cos( N )
and N is the complexity accuracy trade-off parameter.
Remark 4: With k; = 0, an approximate closed-form

expression for E [RgD] obtained by using Gaussian-
Chebyshev quadrature is given by

msr—l

(ko)™ ! e
1_‘(mrr) Z 12(; l‘( ) Z
51 I—k iy —1

x(—) (myy +k = 1)! Z =

E[RP] =

Pr
r w enfng
nenjnén _s, 1, —v
n n n 41
><NanZ 'n ¢ ee “h

where w, = ( “(21("5:?)23; Y/1 — ¢2. Further, e,, fu, &n» Tns
ap n)PsPsl

Sn» Iy Vi, @ and N are defined as above.
Proof: Refer Appendix E.
Corollary 5: Following the procedure detailed in
Appendix E, ergodic rate of U in NOMA-HD-CDRT can
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be determined by utilizing the expressions for I''P, ' and

Fg’zD given by (14), (12) and (13) respectively. Thus E [RHD ]
can be approximated as follows:
7] m,2 1

1 1 eng
E RHD o~ naon _Sn —Vn 42
&1 = 12(; Il &gl N(zznz)Z e @

V. SYSTEM OUTAGE PROBABILITY

MINIMIZATION UNDER I-CSI

In this section, our aim 1s to find the optimal power alloca-
tion (OPA) factor aFD/ that minimizes the system outage
probability in the cons1dered network. For the analysis of
OPA, we ignore the interference generated at Uj by R’s trans-

mission to U, (i.e., we set k; = 0). Thus the minimization
problem can be defined as follows:
. FD/HD
min Poulys

st.ap+ay=1 (43)

where Pgm sys and Pom sys are given by (30) and (33) respec-

tively.
Proposition 6: The OPA coefficient a1 opt that minimizes

PP of NOMA-FD-CDRT network under I-CSI is given

out,sys

by
—B— VB —4AC
FD _
A opr = N (44)
wngere AFD—FEufDazlpb — ufD Yzl,oéu2 ,B = FD 31,0é

ut utPubP — ufPs; andC—ulFD
Proof: From (30), Pf,g sys = £ 1 —(Ag x By x Cp) where
Ap, Bp and Cy are given as:

k3 (LY
) (L L
j=0 -]' ¢FDIO$,BSI
— g —1 k
By=c¢e pchD/S w (LA)
I(myr) k=0 psWFP By
k PN
kaQ(—) (I + my — 1))
=0 Pr
1 —l—myy
x( 4 ) (45b)
pvl/fFDﬁvr k213”’
D5y i —1 FDg \ i
2 2 1 /us™és
Co=e ni 3 ._'< 2 3) (450)
i—o © PrBr2
_,FD
In (45b), yfP = 2= > 0 which implies a2 >
2
a1u2 Since a» = 1 — aj, this implies a; <

1+uf?”
FD FD
— min ay—uy~a;  aj—Pay u;
utPss 7 ulPsy )

= 0 (i.e., P-SIC) which implies ¢P? =

Now consider Ay, where ¢/P
Let us assume B

FD
min] 212 4 a1
FDS; ’ ufD34

. This gives rise to two distinct cases

as given below:
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Case(i): @i Pan 9 while a; < L. Since
T ulPss ufPs, ! 1+ufP”
a; = 1 — ay, this implies that a; < 1 -5— where §3 =

U583
1+U5P+ 55
2 ufD54

O’SZI ps+ land 84 = aszl,osm + 1. Substituting for &4, the fol-

: o . . —B—+/B2—4A
lowing condition can be imposed on ay, i.e., “B-V B HAC
1 _ _FD 2 _ _ FD_2 " FD _
a; < m, where A = —u|“op0s — u/"o;psuy”, B =

ufDaszl,oS — ufD — u’l:DugD — u§D83 and C = ufD. Thus we
write P, Cas PRD (a1) = 1 — [Ao(a1) x Bo(ar) x Col
where Ao(a;) and By(a) are given by

Ap(ar)

”5083 g1 —1

—=e (]—alfugDal)pxﬁsl § — X <

=

u§D83 )j
1 —ar — ubPay)psfsi
(46a)
Bo(ar)
(kP

S b/ —my,
ﬂs(l—alfalugl))ﬁxr (kz’Brr) i
I'(my)

= e

FD
Priy

gy —1 id 5 j—l1
Z <ps(1 —dar — alugD),Bsr> Z Pr

j=0 =0
FD —l—my,
1 Y
x(1+mrr—1>!< s N )
os(l —ay — al”gD),Bsr k2 frr
(46b)

Notice that Ag(a;) and Bg(a;) are obtained as above bg
—aj—ufD P
substituting ¢'? = % and P = lalu#
in (45a) and (45b) respectlzvely. The first order derivative of

[Pg,?,’ sys(@1)] with respect to aj is given by

[Phh) 5@l = —Co([Ao(a)] Bo(ar) + Ao(a)[Bo(an)])
(47)
where [Ag(a;)] and [Bg(ay)]’ are the first derivative of Ag(ay)

and Bg(a) respectively. Now [Ag(ay)] = x(a;) + y(ay)
where x(a1) and y(aj) are given by

ugDﬁ_g

FD FD _
utDs — (" ar+a;—1)
2 n 2 (1 ugD)e pSﬁSI :

PsBs1

x\a = —
(@ (—ulPay — a; + 1)?

}’Anslz—l 1( M§D53 )/

X - A

I\ = ay — ubPay)psBsi
FD

j=0
) g1 —1
(1-aj=u§Pap)pshy)

(48a)

1

yla) = e S
=0 I
—utPs . utPs U
2_ 3(—M§D _ 1)]< 2 93 >

PsPsi s Bs1 (—ubPay—ay+1)
X

(—ubPa; — ay + 1)
(48b)

Similarly, [Bo(a1)]" = f(a1) + g(a1) + h(ar) where f(a1),
g(ayp) and h(ay) are given by equations (49a), (49b) and (49c)
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With the help of numerical investigations, it is observed
that [nggsys(a])]’ > O for the range of a; considered.

Thus we conclude that PFP

out,sys 18 @ monotonically increasing

. . . BB
function of a; in the interval %‘mc

<a < .
1 l+u§D

az—ugDal

. Sin = 1- n
205, Since ap a; and

o

Case(ii): 705,
_B— 2 _

84 = aszl psa1 + 1, the above implies 0 < a; < W.

In this case, let PiD = 1 — [A1(a1) x Bo(ar) x Col

where Bo(ap) is given by (46b) while Aj(a;) is obtained by
substituting ¢f? = in the expression for Ag

given by (45a), as:

aj
ufP (o psar+1)

WP (62 pea g — :
_ Ii{pfél:]allwmlzl .l(ufD(oszliOsm + 1))’ (50)
j=0 J' psBsiai
The first order derivative of ng) sys €an be computed as
[PhD os@n]’ = —Co([A1(a1)]'Bo(ar) + Ai(a)[Bo(a1)])
where [Bo(a;)]’ has been determined under case (i) above,
which is obtained by combining (49a)-(49c¢), as shown at the
bottom of the next page. Now [A(a;)]’ can be written as

A1[(a1)] = u(ay) + v(ay) where u(a;) and v(a;) are given

Ai(a))=e

by
Pl psa+) |
ufDe psBs1al ms1— 1 Mll:‘D(o*Szlpsal + 1) J
u(ay) = ) Z .—'X —_—_—
psBs1a =0 J: PsBsiai
(51a)
FD, 2 - FD: “fD("szlpS“IJrl) o
B A ST
viai) =e psPsral Z 5 X ~—
j=0 J: pS:leal
(51b)
Through numerical investigations, we observe that

[P(}::B,sys(al)]/ < 0 for the range of a; considered. Thus
PED is a decreasing function of a; for 0 < a; <

out,sys
is a monotonically

—B—+/B2—4AC
2A
. . —B—+/B2—4A
decreasing function of a; for 0 < a; < TC and

. . . . —B—+/B2—4AC
monotonically increasing function of a; for —5—— <

;FD. Hence the OPA coefficient a’f D that minimizes
1+u; »opt

FD _ —B—+/B?’—4AC
lLopt — 2A :

FD
Pouz,sys

. Accordingly,

a) <

the system outage is obtained as a
Proposition 6 is thus proved.
Corollary 6: As a continuation of proposition 6, the OPA
coefficient af?t that minimizes the system outage of
NOMA-HD-CDRT network under the influence of I-CSI

can also be determined. For this, we write Ph}

i HD
given by (33) as Pom’sys = 1 — (Py x Q_O x Ro),
1 J
- ¥ s1—1 1 1
where Py = e ™o Ym0 1 1 1} _
0 ZJ:O ] 1D ps By QO
3y N 11 5 k _uéﬂ)éz
- HD g Mgy — _ -
e psvE Bsr k;ro F(—pwl‘;DﬂA> and RO = e Prrbr2 x
;) ST

L D\ . .
Y : ll, (usz) . Adopting the procedure outlined above,
- S\ PrPr2
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HD : .
@y gpr CAN be obtained as:
P —4DF
a; opt — 2D (52)
= _yfPy2 o _ yHD 2, HD — yHDs2
wlglgre DHD HDu i—glleS " Yl'01{112)2 = uToges -
7 uuy d3and F = u)

VI. NUMERICAL AND SIMULATION RESULTS
Here we describe the results of our investigations. The ana-
lytical results are validated by Monte-Carlo simulations con-
sidering a set of 107 channel realizations. We consider a
2-D topology for the network with (x;; y;) representing the
coordinates of node i. Unless specified otherwise, we assume
BS, R, U, and Uj to be placed at (0,0); (0.25,0); (0.5,0); and
(0.25,1) respectively, so that the distances between the nodes
are: dg1 = 1.03dy, dy, = 0.5dy, d» = 0.5dy, where dy (i.e.,
reference distance) = 1 km. Further, we set r; = 0.3 bpcu,
= 03 bpcu, a; = 0.3,/ = 2,05 = 02 = 02 =
2 =0.001,8 = 03, n = 3 and we set p, = p; = p.
In the figures ‘Sim’ represents the result of Monte-Carlo
simulations, while ‘Ana’ represents the results obtained from
the analytical model.

A. EVALUATION OF OUTAGE PROBABILITIES

OF U; AND U,

FIGURE 2 compares the outage experienced by U; and
U, (in NOMA-FD-CDRT network) under I-CSI/I-SIC
and P-CSI/P-SIC. Notice that, here we assume residual

interference from R to U; to be zero (i.e., k; = 0). Results
show that P,,; of U; and U, become significantly higher
under I-CSI/I-SIC. When transmit power (o) becomes higher,
U, suffers outage floor under both P-CSI/P-SIC as well
as I-CSI/I-SIC. For larger p, the mean RSI power (7,,)
increases, which leads to outage floor for U,. Successful
decoding of x; at Uj is not affected by RSI; thus under P-
CSI/P-SIC, U; does not experience outage floor in the high p
region. However, U] suffers outage floor under I-CSI/I-SIC,
since larger p increases the residual interference generated
by I-SIC at U;. For the entire range of p considered in FIG-
URE2, PP > PID  since the power allocation coefficient
at BS (a1) has been chosen arbitrarily, i.e., symbol x, has
been allocated higher power at BS. The P,,; of U; and U,
under OMA are also shown in FIGURE 2. Under OMA,
BS transmits x; to Uj in time slot #1, which is decoded in
the same time slot. In time slot #2, BS transmits x; and the
DF relay (R) simultaneously forwards x; to U,. Since OMA
requires two time slots, the achievable rate gets halved. For
outage comparison, both OMA and NOMA have to achieve
the same target rates; thus the threshold SINR is higher for
OMA, which makes the P,,; of U; and U, to be higher under
OMA, as compared to NOMA.

FIGURE 3 compares the P,,; of U; and U in FD/HD
systems under P-CSI/P-SIC and I[-CSI/I-SIC. The outage
probabilities of U; and U, are observed to be higher in
NOMA-HD-CDRT system, in the low transmit power region,
as compared to that observed in NOMA-FD-CDRT system.

W£Ps
il (1 4 ubPye oshsr e FfPar+ar—1) .
flay) = — 2P (ka By )™
(cufPar—ar+ 12 Tlm)
g —1 FD » - B
pruz ) J < ) prM2 {
X " wrme ; + (49a)
j_zo <pS(1 o a1u2 ),Bsr Z ps(l—aq —a1u§D),3sr ka By
51142 B
— Y FD.2 k My
glay) =e Ps(l—u]*alugD)ﬂsr %
rr
e FD j—1
i = rD j uy " Pr .
J'ﬂSr AﬁAr(_ — + ) ) 6 j
Z P P. i ‘121 ai+a P ZJCZ(_I) (l+mrr _ 1)'
~ (it e+ =0 \Pr
_l m
rit 1 -
( — N ) o
pS(l — a1 T diy )IBSr kZﬂrr
_i ' oy
ha)) = e ps(i—ay—ayus )by %
mrr
g1 FD »
el
X ¢
jg(; <pS(1 a1 aluzD),Bsr Z:
l rr 1
Pruz (— - DU +my) L N | m
psBsr "\ poBor(—iEPay—ar+1) Yoy
x(I 4+ my — D! x (49¢)

179972

ugDal —a;+1

VOLUME 7, 2019



V. Aswathi, A. V. Babu: FD/HD Cooperative NOMA Under I-SIC and Channel State Estimation Errors

IEEE Access

——NOMA (I-CSl and I-SCI) Ana.
N * NOMA (I-CSl and I-SCI) Sim.
S OMA (I-CS! and I-SCI) Ana.
&) OMA (I-CSI and I-SCl) Sim.
N . ——NOMA (P-CSl and P-SCI) Ana.
© NOMA (P-CSI and P-SCI) Sim.
‘e D - - ~OMA (P-CSl and P-SCl) Ana.
. S| © OMA (P-CSl and P-SCI) Sim.

<
S
T
.
‘.
Y,
o

Outage probability of U‘ and U2
3
A
o4

S,
&
T
.
'
.
*

10'8 1 1 1 1 1 L L
0 5 10 15 20 25 30 35 40

p (dB)
FIGURE 2. Outage probability of U; and U, in NOMA-FD-CDRT network
v/s p (8 =10.3,62=0.009,r; =0.3,r, =0.3,RSI = -3 dB, k; =0,
a = 0.3).
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FIGURE 3. Outage probability of U; and U, in NOMA-FD/HD-CDRT

network v/s p (8 = 0.3, aez =0.009,r; =0.3,r, =0.3,RSI = -3 dB,
k; = 1072, a; = 0.4648).

Outage probability of U, and U,
S
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'
|
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When R operates in HD mode, two time slots are needed to
complete the transmission of x; and x» in the system. For
outage comparison, both HD and FD systems have to achieve
the same target rates; thus the threshold SINR requirement is
higher for HD systems, which makes P,,; of U; and U; to
be higher in NOMA-HD-CDRT system. For very large p,
both U; and U, suffers an outage floor in NOMA-FD-CDRT
network under both P-CSI/P-SIC as well as I-CSI/I-SIC.
Here U, suffers outage floor, owing to the higher level of
interference created by RSI and I-SIC. The near user U; suf-
fers outage floor under P-CSI/P-SIC due to the interference
generated at U; by R’s transmission to U,, which becomes
very high when p is increased. It suffers outage floor under I-
CSI/I-SIC as well due to the combined effect of residual inter-
ference and I-SIC. In NOMA-HD-CDRT network, U; and U
suffer from outage floor under I-CSI/I-SIC alone, i.e., outage
floor is absent under P-CSI/P-SIC since HD networks do not
suffer from RSI, and other interference effects.

Now, FIGURE 4 shows the outage probabilities user 1 and
user 2, with non-integer values for nAuj. Here we assume
m;j¥i, j to be equal. The results show that the outage improves
significantly, when 7y; is increased. FIGURE 5 shows the
outage results which are obtained by changing the locations
of U and Uy, i.e., for distinct values of d,» and ds1. As dy;
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FIGURE 4. Outage probability of U; and U, in NOMA-FD/HD-CDRT
network v/s p: for non-integer values of rh,-l- (8=0.3, a} = 0.009,

r; =0.3,r, =0.3,RSI = -3 dB, k; = 1072, a; = 0.4648).
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FIGURE 5. Outage probability of U; and U, in NOMA-FD/HD-CDRT
network v/s o: Distinct distances (8 = 0.3, 62 = 0.009, r; =0.3,r, = 0.3,
RSI = -3 dB, k; = 102, a; = 0.4648).

is increased, P,y 2 becomes higher, while increase of dy;
makes Pyy;,1 to become higher. The results thus show that
the analytical model can be applied to find the outage and
other metrics when the position of the nodes are changed.
FIGURE 6 and FIGURE 7 respectively show the impact of
channel estimation error variance (062) and I-SIC factor (8) on
the P,y of U and U, in NOMA-FD-CDRT network. As o2
increases from 0.001 to 0.005, Pg£,1 increases by 82%, while
Pf,ﬁ 2 increases by 67%. As § increases, residual interference
due to I-SIC increases P§£,13 however B does not influence
PFD _ since U, does not suffer from interference due to I-SIC.

out,2
For p = 20 dB, increase of 8 from 0.2 to 0.4 makes PP

out,1

to increase by 97%. Results in FIGURE 7 further show that

higher mean RSI power () increases P(’;Z,Q significantly

owing to the SINR degradation over the BS-R link. With
o = 30 dB, increase of 7, from —15 dB to —3 dB makes

Pf; 5’2 to increase by 90%.

FIGURE 8 and FIGURE 9 show P,,; of U; and U, (in
NOMA-FD-CDRT network) against a; for various values of

UL,Z, B, r1, ry and 7. As aj increases, PFD - decreases, while

out,1
Pglg ., becomes higher owing to the larger power allocation at

the BS for the symbol x;. However, PFD tends to unity when

out,1
FD FD 1. pFD
u,” > az/ay or when u|~ > ai/Bay while Pout,Z becomes
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FIGURE 6. Outage probability of U; and U, under I-CSI/I-SIC in
NOMA-FD-CDRT system v/s 62 (0 = 30dB, § = 0.3, r; = 0.5, r, = 0.5,
ki =0).
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FIGURE 7. Outage probability in NOMA-FD-CDRT system v/s p for distinct
B(ry=1,rp=1,02=0.001,k; =0).
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FIGURE 8. Outage probability in NOMA-FD-CDRT system v/s a,
(p =30dB, RSl =-3 dB, r; = 0.5, r, = 0.5, k; = 0).

unity when ugD > ap/ay. For certain values of a; (i.e.,

afDmr), P,y of Uy and U; can be made equal, (i.e., ng,l =

pD ,) and these values are listed in Tables 1(a) and 1(b).

out,
When the I-SIC factor § increases, bef; | becomes higher; to

satisfy the equal outage criterion, alF ?Mir shall be increased.

Further, increase of m,, makes P§£ , to be higher; thus to

satisfy the equal outage criterion, aglf)mr shall be increased.
Increase of target rate r| (keeping r» constant) makes Pfg 1
to be higher. To ensure the equal outage criterion, af ?m.r
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FIGURE 10. Outage probability with a; = a‘:l)f'air v/s p (B =0.3).

shall be increased. FIGURE 10 shows P,,; of U; and U,

by choosing a; = af’7, according to Table 1. Selection of
a) = all: ?air ensures Pgﬁ 1= P‘;ﬁ 5> OVer the entire range of

p considered; thus fairness in terms of P,,; can be ensured
under I-CSI/I-SIC.

B. EVALUATION OF ERGODIC RATES

FIGURE 11 and FIGURE 12 respectively show the ergodic
rates and the ergodic sum rate in NOMA-FD/HD-CDRT net-
work. In FIGURE 11, ergodic rates E [Rf Dy and E [RgD ] are
plotted for distinct values of o> and 8. As o2 increases, both
E[REP] and E[RSP] decreases. When B is increased, E[REP]
decreases owing to the interference generated by I-SIC, while
E [RgD ] does not depend . The ergodic rate achieved by the
users in the FD system is higher than the equivalent HD sys-
tem, where additional time slots are needed to complete the
transmission of symbols. The ergodic sum rate results shown
in FIGURE 12 are observed to be sensitive to the changes in
o2 and B. When p becomes higher, NOMA-FD/HD-CDRT
systems will become interference limited due to higher inter-
ference generated by RSI and I-SIC in FD systems and due to
[-SIC in HD systems, which leads to saturation behavior for
the ergodic rate plots. Moreover, it can be seen that non-zero
values for ki introduce residual interference at U; (due to
transmission from R). This effectively reduces the ergodic
rates of the users and the ergodic sum rate as well.
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TABLE 1. (a) aff’,m.r that ensures ngt’l = ngt,z (0 = 30dB, RSI = -3 dB, r; =r, = 0.5). (b) aff’,ai, that ensures ngl’t,] = Psgt,z (0 =30dB, 8 = 0.3,
62 =0.001).
(@)
o2 = 0.001 o2 = 0.002 aZ = 0.003 oZ = 0.004
5 0.1 02 | 03 0.4 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
af?a” 024 | 027 | 0.3 | 0.32 | 0.25 | 0.286 | 0.32 | 0.345 | 0.255 | 0.3 | 0.33 | 0.36 | 0.26 | 0.305 | 0.34 | 0.37
(b)
FD
ay fair
r1 =0.3,7r2 =05 [ r1 =05,72 =03 | r1 =0.3,72 =0.3
RSI = —-3dB 0.195 0.415 0.285
RSI = —5dB 0.23 0.465 0.33
RSI = —10dB 0.29 0.55 0.42
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FIGURE 11. Ergodic rate of U; and U, v/s p in NOMA-FD/HD-CDRT
network.
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FIGURE 12. Ergodic sum rate of NOMA-FD/HD-CDRT network v/s p.

C. EVALUATION OF SYSTEM OUTAGE PROBABILITY

The system outage probability (Pyy,sys) results are shown in
FIGURE 13 for NOMA-FD/HD-CDRT networks. When p
is increased, Py sys reduces; further, I-CSI/I-SIC leads to
significant increase of Py sys, as compared to P-CSI/P-SIC.
As seen earlier, HD network suffers from higher Py, sy as
compared to FD network, owing to the requirement of higher
threshold SINR for the latter. For very large p, NOMA-
FD-CDRT network suffers from outage floor under both
P-CSI/P-SIC and I-CSI/I-SIC, due to the combined effects
of RSI and I-SIC. However, NOMA-HD-CDRT network
suffers from outage floor under I-CSI/I-SIC alone, due to
the interference generated by I-SIC, while outage floor is
not observed under P-CSI/P-SIC (since RSI is absent in HD
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FIGURE 13. System outage probability of NOMA-FD/HD-CDRT network
v/s p (8 =0.3,62 =0.009, r; =0.3, r, =0.3).
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FIGURE 14. System outage probability in NOMA-FD/HD-CDRT network

v/s p: non-integer values of ﬁ1,-l- (B =0.3, ag =0.009,r; =0.3,r, =0.3,

RSI = -3 dB, k; = 1072, a; = 0.4648).

0 5 10 15 40

case). Now, FIGURE 14 shows system outage probability,

with non-integer values for 7;;. FIGURE 15 shows Pf;,ﬁ’ sys

versus aj, for distinct target rates r; and rp. Notice that
Pfg! sys becomes higher either when a; is low or when a;
becomes higher. When a; is low, U; will experience higher
Po: whereas for higher values of aj, U suffers higher P, ;
both these events lead to higher PXD Further, an optimal

out ,sys* D/HD
D) os- Table 2 lists @ O/t

out,sys*
. ¢ FD/HD
and the corresponding Poy, ("
FD/HD
1,0pt

ap (af lzpt) exists that minimizes P

FD/HD

that minimizes P(,umys

When rq is higher (with r; fixed), a shall be increased
opt,FD/HD

to minimize P, g

. Likewise, when r, is higher, (with
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TABLE 2. Optimal a; that minimizes Pyt 5ys in NOMA-FD/HD-CDRT network (o = 30 dB, RSI = -3 dB).

2 = 0.001 a2 = 0.005 02 =
t,HD t,F'D t,HD T, FF'D t,HD t,F'D
TaIgEI a{—{o’;t af?pt P:'ft,sys P:'ft,sys a{{ont af?pt P(?‘ff,,sys Pao'tzl.)t,sys aftgzt a{:ont Ps’st,sys Pt())ft,sys
rate
r21::015 0.4041| 0.5094| 0.00025983 | 0.000023153 | 0.3702| 0.4618| 0.0135 0.00012687 | 0.4286| 0.5469| 0.00011748 | 0.000013050
ri2=:OiS 0.1061| 0.1625| 0.0022 0.000023259 | 0.0552| 0.0813| 0.0105 0.00012782 | 0.1429| 0.2265| 0.00011773 | 0.000010378
:; z gg 0.2808| 0.3446| 0.000050255| 0.0000069906| 0.2000| 0.2423| 0.00024218| 0.000035632| 0.3333| 0.4142| 0.000021716| 0.0000031033
:; z } 0.1754| 0.2808| 0.00095342 | 0.000054838 | 0.1312| 0.2000| 0.0033 0.00024685 | 0.2000| 0.3333| 0.00053301 | 0.000027836
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FIGURE 15. System outage probability of NOMA-FD-CDRT network v/s a,
(62 =0.001, r; =0.5,r, = 0.5, p = 30 dB).
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FIGURE 16. System outage probability of NOMA-FD-CDRT network v/s o
optimal and non-optimal (r; =1, r, = 1).

r1 fixed), ai%fm shall be reduced (i.e., aiDUZ-[D shall be

increased). FIGURE 16 and FIGURE 17 show P, for
optimal/non-optimal cases, where the non-optimal values for
Pg,ﬁ’ sys are obtained by setting arbitrary values for a; (we call

this as random power allocation). From FIGURE 16, Pl
improves by 78% over the non-optimal case (a1 = 0.4, p =
30 dB, 7 = 0.001, r1 = r» = 1). With the proposed a{’, ,
the improvement in P2 is found to be higher under I-CSI
as compared to P-CSI, as can be seen in FIGURE 17. In the
above investigations (i.e., FIGURES 14-17), we have kept
ps = pr = p. In FIGURE 18, we set p; = 30 dB and choose
distinct values for p,. The system outage is determined for
distinct values of p,. It is observed that increase of p, reduces

the system outage for both optimal as well as non-optimal
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FIGURE 18. System outage probability of NOMA-FD-CDRT network v/s or:
optimal and non-optimal (ps = 30 dB).

cases. At the same time, the analytical and simulation results
shows that a?g/ tFD does not depend on p,. This is evident
from (44) as well as (52). Overall, our investigations have

revealed that PED can be minimized by setting a; =

out,sys
a; '™ in NOMA-FD/HD-CDRT system.

VIl. CONCLUSION

The objective of this paper was to investigate the applica-
tion of NOMA in a coordinated direct and relay transmis-
sion (CDRT) system, where the BS serves two geographically
separated users, i.e., a near user and a far (cell edge) user, over
the downlink; the far user being served with the assistance of a
dedicated FD relay node. Realistic assumptions of imperfect
channel state information (I-CSI) and imperfect successive
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interference cancellation (I-SIC) were taken into account
for the investigations. Exact closed-form expressions for the
outage probability and approximate closed-form expressions
for the ergodic rates of the users were derived, under the
influence of I-CSI and I-SIC. Extensive simulations were
conducted to validate the accuracy of analytical results.
The performance gains of the considered NOMA-FD-CDRT
system were illustrated by comparing against NOMA-HD-
CDRT system and conventional OMA system. Further, ana-
lytical expressions for the optimal power allocation (OPA)
coefficient at the BS that minimizes the system outage prob-
ability of NOMA-FD/HD-CDRT were derived, considering
[-CSI. Through extensive numerical and simulation investi-
gations, it was established that selection of OPA coefficient
according to the criterion given in the paper can significantly
improve the system outage performance of the considered
NOMA-FD/HD-CDRT network.

APPENDIXES
APPENDIX A
(i) Derivation of (17) and (18):
Substituting the expressions for I'/? and I'f? in the defi-
nition for P2 | in (16),

out,1
Pio
_1_p { _ Iilsll2/3saz _ WD,
|hst|?psar + |he |2 or +83
\hs1 P psar N MFD}
Barpslisi |2 + lherPor +84

=1 = Pr{lhai*pstaz — u5ar) = ufP (i pr + 83);
|hsl|2ps(al - ,314117[)612) > ufD(|hr1|2pr +84)}

. FD
=1 —Pr{|hs1|2ps >

(QZTQ)(VAHHZM +33);
2 — Uy dj

o FD
h ._— hr r+8
e 2 o P “)}
- BL— B
zl_{pr{mm > aylhe1* + Bi; lhe|* <
o) — o]
. . - BL— B
Pr{lhsl > = aalhpi * + Ba; 1] >
o) — o]
21 (Z+2) (53)
FD FD
where o = i ,Or /61 = —& v =

ps(az—ub] al) ps(az—ubPay)’

”1 ,Or 64
— L and = —L1 ——~— To determine Z; and
ps(ar— Bul’ P2 py(al —putPay)’ 0

Zi in (Sé) we use the expressions for the PDF and the CDF

of |hU| glven in (2) and (3) respectively. Further, we assume
ull < 2 yfb a“z—‘ B1 > o and ar > «;. Thus Zg and
Z) are obtamed as follows:

. - BL— B2
Zy = Pr{lhmz > ailhy1 P+ Bis 1 P <

oy — o]

B1=B2 gy —1
e~ TN x4+ By

e Fa E —— fI;lrllz(x)dx
X

=0 k=0 k! :3sl
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B1=P2 g —1 ~ A
e algtﬂl Kl <0l1x + ﬁl)k(klﬁrl)_m"
) -

e ~ A
-0 k! Bs1 I'(me1)

k=0

R S
xe kb xMri—l gy

pm ( )(klﬂrl)—mrl
/3;1 (1)

= 67 f}sl E
_ 9y

B ﬂz
x/‘ar Le (a1x+/31) e "1"5r1)cmrl lax  (54)
x=0
Invoking Binomial expansion of the term (x + g—:)k in (54),
we get

B r;lSI—I
Zy = e_/f?sll ( ) (klﬂrl) Zk
ﬁsl F(m 1)
_ Bi1—82
i am—a; —(2L
x<&> /2 e (ﬁvl+"1ﬂr1) K=l gy (55)
o] x=0

To evaluate the integral in (55), we use the result from [42]
(3.351.1). Accordingly, we get the following expression
1 g —1

for Zy:

- (klﬂrl)m
Z = lgsl
0= Z (,BS> GO

() ()
ol ,Bvl kl,érl

N aj 1 B1— B
ol (e aza)) o

In (56), y (., .) is the lower incomplete Gamma function [42].
Notice that Z; in (53) is similar to Zp. Following the
approach used for the evaluation of Zy, Z; can be obtained as
follows:

Z"C

ﬁZ msl 1 o l A _Vhrl [
2\ k1Br1) I
2= AL () e X
i—o U \Bs1 Unr1)

)

a2 ﬂsl kl,Brl

r(i+ﬁm,(ﬁ+ ! )(’31 ’32)) (57)
Bs1  kipr/ \o2 —aq

In (57), I'(., .) is the upper incomplete Gamma function [42].
By combining (56) and (57) and substituting in (53), we will
get (17). In the absence of residual interference at U; (i.e.,

when k; = 0), the outage probability of user 1, i.e., P‘;ﬁ 1
can be derived as follows:
]’,‘l 2
Pouzl_l—Pr{—A| ;1| Ps2 > FD;
|hs1 12 psar + 83
”Alsl |2Pval FD}
x5 . =W
,3612/05|hs1|2 + 84
=1- Pr{|hsl| psaz — u Cll) > u2D537
|1 1* psar — ButPaz) = ufPsy) (58a)
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FD
A u 83
=1-P {|h1|2p > —2
1T T (@ - ubPay)
FD
o ui" 84
511?05 > 1—}
T (a1 - utPay)
I 1
=1—Prlhal” = FD (58b)
Ps
__FD _ FD
where ¢fP? = min{a2 FL;}(S a4 ﬂ%ul } Assume that
3
gD < 2 and uFD < g From (3), Pr(lhg|* > x) =

X

X (=
e ﬁsl Z]ms(l) ! ﬁ;‘ Substituting this relation in (58b) and

after effecting suitable change of variables, P/ out,

as in (18). From (58a), it is apparent that, when either u;
FD > o Pf,ﬁ | becomes unity.

(ii) Der1vat1on of (19) and (20):

To derive (19), we start from (53). For non-integer values

of mjj, Zy and Z; are determined as follows:

1 is obtained
FD >

Zy = Pr{mmz > apli1 1>+ i lhn|? <

oy — U]

B — /32}

o o0 1 @)
= / (1 — Z —_— € Bs1
x=0 an+g+n

((alx +m)>’"ﬂ+g> (ki)™

e kb X1y

Bs1 (/1)
Ao BL—B2 .
— M/aral e kb =1 gy
F(mrl) x=0
" =i ms+g B
UGS S (L) ¢ h
L (my1) 2=0 Lmg +g+1) Bs1
;‘31:»‘32 7(017] . )
X e e Bs1 ' k1B x(oqx =+ ﬂl)';'“""gx'h’l_ldx

x=0
(59)

Using Binomial expansion for the term (1 + Of—lx)’;’fl+g for
non integer values of (7151 + g) in (59), we get

(ky )t ¥ Gt (—)(5; 5?))

Zy = =
'(my1) (m)mrl
(k1 Br1) i 1 1 )’hfﬁg B
— — — _— e /55|
L'(m1) 2=0 Fimg +g+ 1) <ﬂsl
o0 k B1=P> o
Soiingy (B ares [F i)
=0 o] x=0
s st +g—k=1 g
y G, G (=)
B (1)
(ki 1)~ o 1 ( 1 )mw o
— —~ ~ —_— e bBsi
FGi1) gg TG +2+ D\ By
179978

st|+gc <'3] ) am31+g

<ms1 Tt g~k (131 + klllérl)>£; g?

(0(_1 1 )m.vl+mrl+g_k
B kipr1

X

(60)

For non-integer values of 7;;, the quantity Zy in (53) can be
determined by following a similar approach. Thus Z; is given
by

L. (=) (=8

oy —u]

Iﬁ(mrl)

IR R
_ — -~ - _— e s1
r'@m1) ; Cing +i+ D(ﬂsl)

7 =

B kipn’ ) e2—a
((}_1 ;A) gy iy +i—l
Bt kiBri
Combining (60) and (61) and substituting in (53), we will get
(19). In the absence of residual interference at U; (i.e., when
k1 = 0) and non-integer values of m, the outage probability
of user 1 can be derived from (58b) and is given by

F(msl+mrl+l_l( + 1 ))ﬂl by

(61)

A 1
FD 2
R T 1
R LTl S —
Cimg +g+1)
g=0
1 ’;lxl+g
x (—) (62)
¢FDpsﬂsl

Propositions 1(a) and 1(b) are thus proved.

APPENDIX B
(i) Derivation of (24):

Substituting the expression for FfZD and FQD in the defini-
tion for PF .2 in (23), we get

P

out,2

hgr |2 psar
—1-p, |hsr 1< 0s >M§D;

|h;r|2,0sa1 + b Por + 81
|hr2|2,0r ~ D
&2 ="

(63a)

= 1= P, lhy*ps(az — Par) = ubP (| P o1 + 81):

FD
o us" 6o
ha|* > 2—}

r

(63b)
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A 1
=1- Pr{|hsr|2 z pSwFDﬂhrrlzpr + 31)}

o ukPs
XPr{|hr2|2 > 22 2} (63¢)
Pr
21— Xy x Yo) (63d)
__FD
were wF D = KZZMI;—ZDGI Here (63c) follows since

N N 2
|hfr| and |h32| are assumed to be independent. Further,
sy ~ Gamma(igy. 7sr) and |hyo|* ~ Gammain, 7y2).
For integer values of 7, and 72, Pr(lhyl? >

. jl

b and Py(lhp? = y) =

X ~ 1 (=
x) = e Bsr ms6_ ﬁ;f

(% >k
?’20 12 —~42— . Thus Xp and Yy in (63d) are determined

as follows:

A 1
Xo = Pr{|hﬂ|2 =~ Ipmqmﬂpr +81)}

_ /we m@ﬂr-ﬁsl) i l(ypr+81 )
y=0

UID pgBsr

_r
e bra

X fi 2 )y

co yor+81 m” .]
= / e (wprsﬂsr) Z ! (M)
0 j:O PNy tP By,

my—1

y
T(myy)

(o) A ( pr )/’
L(my,) wFDpS,ésr

PR
X (k2,3rr)_mrr —e Fri2 dy

—e wFD

o i mp—1 7($+k ;19” )y
x| At/ p Yy e ey SR dy - (64a)
y=0

By using Binomial expansion of the term (y + %)i, (64a) can
be written as follows:

— sr—1 j
Xo =€ Vs 7( 2Br) " " 1 ( Pr >]
[ (myy) WP pg ﬁvr

J / 5 j—1
Fe(2)

*° ~Crg T Y
y=0

To simplify (64b), we use the following result from [42]
(3.351.3):

o
/ x"e M dx = nip ! (65)
0
Thus the final expression for Xy is given by:

T = ( pr )f'

Xo=c¢e m'l/FDﬁ _
L(myr) PsWFD.BSr
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J 51\
foc, =) d+m—1)
or
=0

—l—myy
) (66)

1
X( P
pstD,Bsr k2 Brr

Next Yy is determined as follows:

FD o~ .

FD8 ) 8 myp—1 1 MFD8 i

2 2}:e Prﬂ;z E —< 2 AZ)
i!

r i=0 orBr2
(67)

Using (66) and (67) in (63d), we get the final expression
for ngt 2 - as given in (24). Notice that (24) is valid if and
only if uf? < &2. From (63b), it is clear that if ull > 2,
the probability term on the RHS of (63b) becomes zero, which
makes PF D » equal to unity.

(i) Derlvatlon of (25):

To derive (25), we start from (63d). For non-integer values

of 7;j, Xo and Y are determined as follows:

YO = Pr{|ilr2|2

A 1
Xo = Pr{|hsr|2 2 s + ao}

o) o0 1 _ Gpr+dp)
— / (1 — Z e — e 4 ps¥FD By
x=0 =0 C(mg +h+1)

x(<xpr+61>)ﬁ“f+’1>(kz/3 p) s

ko Brr x’hrr_ldx

pstDBsr F(mrr)
L (k)T & 1
L) = Tling +h+1)

1 m:r+h _ 31
X (—A) e sy FP By
pstDﬂsr
oo _ Pr 1 N .
x / |:6‘ ( st D By + kabrr )x (,Orx +81 )msr +hxmrr ) 1i| a
x=0
(68)

Using Binomial expansion for the term (14 p‘;—lx)’;‘”*h for non
integer values of (my; + h) in (68), we will get

Xo

=1 (ko) ™ 1 ( 1 )’""*h
PGy = Tlngr +h+1) o DB,
X e pTWFDBW (10 )er+h mer"l‘hc (8] )
k=0 Pr

o _ or__ 1 . .
X / e (p“ﬁFDﬂ-W+k2/3rr)xxmsr+mrr+h—k—1 dx
x=0

(k2 Brr) ™ & 1 ( 1 )mﬁh
l—‘(ﬁ/lrr) h— 1—‘(’/hsr +h+ 1) Ps IﬁFDﬁsr
xXe PM//FDﬁJr ()0 )mvr+h Z mrr+hC <81 )
=0 Pr
F(fhsr + ﬁlrr + h— k)
( Or 1 )ﬂl;r-l—r;lrr-l—h—k (69)

ps‘/’FD,ésr k2}§rr
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For non-integer values of m;;, Y in (63d) can be determined
by using (3) as follows:

FD
N us" 8o
Yo = Pr{|hrz|2 > 2 }

r

uz D5, o0 F my+g
=1—¢ rhn Z ~ ! ! ?2 (70)
S TG +g+ 1)

orBr2

Substituting (69) and (70) in (63d) gives (25). The proposi-
tions 2(a) and 2(b) are thus proved.

APPENDIX C
(1) Derivation of (29) and (30)

Substituting the expressions for I‘f lD , Fsz , FF D and FF D
in (28), PFP _ becomes:

FD
Pout ,8YS

—1—P { |ilsl|20sa2 - MFD,
|hs1 |2:Osal + A |2Pr + &3 -
712
_ |71 psal = D
Bazpslhst 1> + |he1?pr + 84
Iy |2 psa o2
_ |5y |” psar > 4P 172" pr ZM};D}
|hsr|2psa1 + |hrr|2,0r + 5

out,sys

(71a)
=1- Pr{lﬁsilzps(az —ubPay) = WbP (|1 1 pr + 83);

st 12 ps(ar — BulPas) > ulD(|hrl| or + 84);
\hr 12 ps(az — ubPay) = ubP(|hy 1> pr + 81),

|ilr2|2,0r > M§D82} (71b)
=1- |:{Pr{|il$‘1|2 > (X1|hr1|2 +/317 |i’\lr1|2 ﬂl ﬂZ}
oy — o]
Pr{lfm|2 > a1 2+ Bo; o1 |2 > B — ,32”
o) — O]
| 2ol = i o0
d st = rrl Pr
psytP
FD
2 8
Pr{lhr2|2 = _MZ 2 }:|i| (71C)
Pr

where B1, Ba, a1, as and YfP were defined earlier. Under

i.n.i.d fading, Pg,f; sy becomes
P§£ Sys = 1 - [(EO +F0) X G() X HO] (71(1)

where the quantities Ey and F( are equivalent to Zy and Z;
respectively in Appendix A; further the quantities Gy and Hy
are equivalent to Xo and Y respectively in Appendix B. Here
gD < ufD 74, B1 > prand ax > ay. Accordingly,
we substitute Zy and Z; given by (56) and (57) for Eqy and Fy
in (71d). Further, we substitute X and Yy given by (66) and
(67) for G and Hy in (71d). Thus PLD sys given by (29) can
be obtained.
In the absence of residual interference at U; from R (i.e.,

k1 = 0), P(mt sys €an be determined as follows: when k; = 0,
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|he1|%p, term will be absent in the expressions for Ff lD and

1. Accordingly, PED  becomes:

FD
Pout sys

]’,} 2
:1_P{A|Sl|ps512 Zugpy
hs1|?psar + 83
72
|hS1i Psdl > ufD,
Bazps|hsi > + 84
|hvr|2pY(12

FD |hr2| Pr - MFD}
u -, —_——)
|hsr|2psal + |hrr|2pr + 81 L))
(72a)
=1- Pr{lilsl|2ps(a2 - UgDal) > M12:D83,
|ilsl |2,0s(al ﬂazulD) > u1D84,
\hsr | ps(az — ubPar) = ubP(1hyy 2o + 61),
hy2l?pr > u?’éz} (72b)
=1 —Pr{v%mz > F}) ;
P ps
N 1 . uFDS2
e |* = ——5 (R pr + 81): i |* = 2— }
v or
(72¢)

where ¢fP and P were defined earlier in Appendix A
and Appendix B respectively. Under i.n.i.d fading, P

out ,SYS
becomes
~ 1
FD 2
Poutv)v_ —Pr{|hsl| Z¢FD,03}
P {u% s (o +al>}
r Sr - rr r
psy P
FD
o us”é
><Pr{|hrz|2 > 2 2} (72d)
Pr
21— (Ag x By x Cp) (72¢)
FD

a FD _ ai "
Here u;” < @ and u}™” < By ThAe quantities Ag, By and Co
are determined as follows: Since |hg|? ~ Gamma(ing , 7s1),
for integer values of 71,1, Ag is given by:

1 g —1

1 1 1 J
A() —e ¢FDpsﬂs1 - (—A) (73)
j:ZO '\ @fP oy

Now By in (72e) is same as Xg defined in (63d), thus final
expression for By is given by (66), i.e.,

(k2Brr)™ myy o1 < Pr )k

Bo=¢ # wFDﬁ _
I'(my,) ,Osl//FD/gsr

k=0

k k—1
)
x ) :"Cz<p—) (L +my — 1)
=0 r

—l—myy
) (74)
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Finally Cy is same as Y in (63d) and is given by (67). Thus
PhD s is determined by combining (73), (74) and (67) with
(72e) and is given by (30). Notice that, when either u‘sz >
az or uf D > ‘“ﬂ, the probability term on the RHS of (72¢)
becornes zero so that Pfg sys
is thus proved.

(i1) Derivation of (31) and (32)

For non-integer values of 7, PED sys given by (31) and
(32) can be obtained by following the above approach and
by utilizing (3). For this, we start with (71d). When ﬁzij takes
non-integer values, the quantities Ey and F( are derived in
Appendix A. These are given by Zy and Z; in Appendix A in
(60) and (61) respectively. Similarly, for non-integer values of
m;j, Go and Hy in (71d) are same as X and Y in Appendix B
given by (69) and (70) respectively. Thus utilizing (60), (61),
(69) and (70) in (71d), we get (31). The proposition 4 is thus
proved.

becomes unity. Proposition 3(a)

APPENDIX D

DERIVATION OF (36) AND (37)

To find E [RF D1 using (35), we need F. P (x), which is deter-
mined as follows:

Frip)

( |I:ls1|2r0sal )
=1-P = ~ > X
.302Ps|hs1|2 + |hr1|2,0r + 84

. het)? b
—Pr(|hsl|2 > x—(| rll Pr + 4)>
ps(ar — xBaz)

1 [(kl,érl)_'h” -
— | ————c¢

~ ps(a —xay B)By
'(my1)

g —1 k
% —’
,;) k! (ps(al — xazﬂ)ﬁsl )

[ee] ( xpr ST )
X/ e \pstag—xaypby klﬁrl (Z,Or-i-54)lzm’1 ldz
z
(76)

Notice that (76), is obtained by utilizing the PDF and CDF of
|hlj| given in (2) and (3). By using Binomial expansion for
the term (z + & )’ (76) can be written as,

(75)

F{P(x)

1 [(klﬁrl)_mrl -
=1—-|—"—-¢

- ps(ay—xay B)fs)
'(my1)

1

g —1 ki
Il ke
) 1(2:;) <:0s(al —Xa2/3),3s1> z(:) < )

1
o0 XPr
X / e_(ﬂs(ﬂ] *-fa2/3)1§51 +
z=0
Using [42] (3.351.3), (77) can be written as

FEP )

[Uqﬁn)—’hrl -
=1—-——e¢

W)sz“;‘”ldz} (77)

mg—1 1
ps(ay —xap B)fs

1-‘(ﬁ%l) =0 E
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k 54) ~
S — 84Ny — 1!
X<,Os(al—xazﬂ)ﬂn> 2; ( i

1 —k—ri,
x( or 4 ) ] (78)
os(ay _xa2/3):351 klﬂrl
Substituting (78) in (35), E[RfP] is given by

E[R(P]
1 k
1 Gy ™03 . 54 X
Wibr) G Y
= Ty 2 .Z e
k=0 i=0
x64
/ﬂzﬁ e " ps(a)—xaz B)Bg) < x84 )k
X
x=0 I+x ps(ar — iGZ,B)ﬂsl
1 - mry
x( 1 ) d (79)
ps(ar —xazB8)Bs1 k1B

Notice that it is challenging to obtain a closed-form expres-
sion for E [RfD ]. Hence we use the Gaussian-Chebyshev
quadrature [43] to find an approximation for the inte-
gral term in (79). The basic approximation relation in
Gaussian-Chebyshev quadrature method is given by

b [ <(2n 1>n>]
80
vt ;f (80)

By substituting x = 2 o 5 (14 ¢») and using (80), the integral
in (79) becomes,
X8y

5 ¢ e X8 /
f ~ dx
—o 14+x ps(ar — xazﬁ)ﬁsl

Z_Z“"p” —an(81)

n=1

where

(n + Doy )"
p=(—2 2 ) — g2,
¢ (azﬂps(l—qsn)ﬂsl Ja-o

(60 + D54
bn =2 + (¢n + 1)1 n — (—A>s
@2p = \@pn( = dwb

( @t Do 1 )"‘ i

az/(gé?s(l T)cpn)ﬂ}l ki ’

n—

bn = OS(T)
and N is the complexity-accuracy trade off parameter. Sub-
stituting (81) in (79) gives (37). Now, when k; = 0, E[R[P]
can be determined by finding F rpﬁ (x) and substituting in (35).
Accordingly,

FLP(x)

Pn =

|51 |2psa1 >
> X

. (—
ﬁaboslhsl |2 + 64
1—P (|iz P> x4 ) (82)
= — 1 _—
T pslar — xBay)

_$ mg1 1 k
=1—¢ m@@—aph Z l(#) (33)
k=0 ,OS(CI] - xazﬂ)ﬂsl
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Substituting (83) in (35), E[RYP] is given by

x84
vl 1
wh e " psta) —xayB)fs)
E[R™] = /2 -
&7 anZk‘x 14x

( - )k
X| —————— dx
ps(ar — xazﬂ)ﬂu

mg—1

On
Nin2 Z k! Z (59

($nt1)d4

— — 2 P
where 0, = <a2ﬁps(l—¢n)ﬁ;1) /(1 = ¢7). Thus the proposi

tion 4 is proved.

12

APPENDIX E

DERIVATION OF (40) AND (41)

To determine E [RgD ] using (39), we find the CDF of Y as
follows:

Fy(y) = P {min(T'{?, T/, T3 < y)}
= 1= [P} > ) x PA(TD > y) x P,(T5) > )]
£ 1 —[A] x Ay x A3] (85)

Now Aj, Ay and A3 are determined as follows:

( |11 psaz )
=P = a >y
R |hsl|2psal + A1 |2:Or + 63
- y(lhr |2,0r + 33))

ps(az — ary)

_ 93 mg1—1 /
e Pslag—ya )Bs1 l <L)
E .' ~

=0 ps(az — ya1)Bs1

Ap =P.(T[Y > )

=P, (“jlsl |2

_ (kipr)™
l-‘(’;hrl)

00 _( Yor 41 )
X f e \psla—yaphy klﬁrl (zpr + 63)/Zmrl ldz
z=0
(86)
By using Binomial expansion, (86) can be written as,
5 —fnrl _ ¥83 }’;13171
Al =1-— [Me ps(ary—yay)Byy —

F(’%rl) =0 j!

j—i
x| ———— /C< )
(ps(az —ya1),3u> 12(;
oo YPr
X/ e (ﬂs(uzfyal)/én—’_
Z

k1 By )sz+ﬁ1r1—1dz] (87)

=0
Using [42] (3.351.3), (87) can be written as
83 ”;‘slfl
Al =1 [Me ps(ay— Va])ﬂs] -
F(””lrl) =0 J!
< Yor )j
X\ —mmm—
ps(az — yar)Bsi
o 53 j—i
x ch,(—) (i + Ay — 1!
; or
i=0
1 7]’ myy
><< S ) ] (88)
ps(az —ya1)Bs1 k1B
179982

( |ilsr|2,0saz )
=p(— ~y
|hsr|2psal + |hrr|2'0r + 5

Ay = P.(TfY > )
. hyr)? 8
_ Pr{|hsr|2 - (b |7 pr + l)}
ps(az — aiy)

Notice that (89a) is similar to the term X defined in (63d).
Thus A, can be obtained similar to Xy given in (66) and is
given by

(89a)

_ 31y —m ”;'sr_l
A2 =e¢ Px(a2*ﬂ1)')l§sr M l

Lom,) = 1!

1—k
l 1
S B SN ey — 1!
X<pv(a2_a1y):8vr> Z ( ) "

1 —k— My
X < ~ + >
ﬁs(aZ aU’)ﬁw 2P

Further, A3 is similar to Yy in (63d) and (67); thus A3 is given
by

(89b)

¥y iy —1 1 s q
Ay=e rin Y ( Y02 ) (90)
q=0

)Or,BrZ

Substituting (86), (89b) and (90) in (85) gives Fy(y). Using
Fy(y) in (39) and rearranging, £ [RgD ] becomes:

— Af -1 Asrfl I
29T Ty i I o
L'(my) =S e Pr
ol
x(my +k —1)! i
g q'ln

afar _ oo LE
X/ e (112—“1}')Pxﬁxre pslay—ayy)Bgy
0

X( ory )]< YPr )l
ps(az — a1y)Bs1 ps(az — aly),Bsr
1 —Jj— m)l
X( yor L )
ps(az — yai)Bsi k1Br1

] Myy k
,Os(a2 aly) St 7

Sy q
xe P ( 52? ) Ldy 1)
orBr2 I+y

Let the integral in (91) be represented as I;. Since I
cannot be reduced to a closed-form expression, we use the
Gaussian-Chebyshev quadrature [43] to find an approxima-
tion for /1. By substituting y = é 32(1 ~+ ¢,) and using (80),
I becomes,

N
~ T dnenfngndn Sy —ty =y
11 = ]V Z T@ e e (92)
n=1
where
axy(p, + 1) ;
d, = (%—[)’Ay /1—¢2,
612(1 - ¢n)ps/3sl

ax(¢n + Doy 1
ey =(—7),

ax(1 — ¢n) psBsr

VOLUME 7, 2019



V. Aswathi, A. V. Babu: FD/HD Cooperative NOMA Under I-SIC and Channel State Estimation Errors

IEEE Access

ax(1 — @) psBsr k2 Brr
é w1
gn = (M)q’
2 a1prBra )
( praz(1 + ¢y) 1 )"””‘f
qn = — + x ,
ax(1 — ¢n)ps,8sl klﬂrl
ar(¢pn + Doy
Sp = (————),
ax(1 — (bn)psﬂsr
o a(¢n + 1)d3 N & ax(gn + 1)
T w = opb T 2aiphe
2a) + ax(p, + 1) 2n — Dm
n = . n = cos(————)
2 ay 2N

and N is the complexity-accuracy trade-off parameter [43].
Substituting (92) in (91) gives (40). Now, when k; = 0, A
can be obtained as:
Ap =P (T2 >y)
hy1 | ps
:Pr(A|sl|psa2 >y>
|51 |2,0sa1 + 83
Pr <|]:le |2

3y )
> %Y
ps(az — ary)

7537} .yl_l J
= l<53—y) 93)
'\ ps(az — a1y)Bsi

=07

It can be seen that A, and A3z are same as those expressions
obtained earlier, i.e., (89b) and (90) respectively. Substituting
A1, Az, Az in (85), we get modified expression for Fy(y) for
the case of k; = 0. Utilizing Fy(y) in (39), the new expression
for E[R4P] is obtained as:

(ko) " Z

BB = oy

Z p( ) Zl
=0
myy—1

51\ * 1
><<—> (my+k =11 Y a

Or 4=0

1 ar/ay  _ »o B3y
X —— e (a—apsPsr o pslag—ary)bs
n2

y < 83y )j ( Yor )’
ps(az — a1y)Bs1 ps(az — aq)ﬁxr

1 —Myr
8 < or )
os(az — ary)Bsr Brrka

N 1
xe "’ﬁr2< ZAy ) —dy
PrBra I+y
Let the integral term in (94) be I. Using, the Gaussian-

Chebyshev quadrature method [43], I can be simplified as

(94)

e Sne e

7w enfng
12 ; - n né&n
N ; n
where w, = ( ‘1(21(4)’;)283 Y/1 — ¢2. Further, e,, fu, gn» Sns
ap n
th, Vn, Fn, ¢ and N are dgefmed as above. Substituting (95) in
(94) gives (41). Proposition 5 is thus proved.

—Vn (95)
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