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ABSTRACT This paper analyzes the performance of maximum-ratio transmission (MRT)/maximum-ratio
combining (MRC) scheme in a dual-hop non-orthogonal multiple access (NOMA) full-duplex (FD) relay
networks in the presence of residual hardware impairments (RHIs). The effects of channel estimation errors
(CEEs) and imperfect successive interference cancellation are also considered to deal with a more realistic
scenario. In the network, the base station and multiple users utilize¢ MRT and MRC, respectively, while a
dedicated relay operates in amplify-and-forward mode. Exact outage probability (OP) expression is derived
for Nakagami-m fading channels. Furthermore, tight lower bound and asymptotic expressions are also
derived to provide further insights in terms of diversity order and array gain. The investigated network has
been compared to half-duplex (HD)-NOMA and FD-orthogonal multiple access counterparts. The analytical
results validated by simulations and test-bed implementations (by using software defined radios) demonstrate
the importance of loop-interference cancellation process in the FD relay for the investigated system to
perform better than HD-NOMA counterpart. Also, a performance trade-off between the MRT and MRC
schemes is observed under CEE effects among users. Furthermore, it is shown that RHIs have a significant
effect on the performance of users with lower power coefficients, however it does not change the diversity
order. RHIs and CEEs have the most and least deterioration effects on the system performance, respectively.

INDEX TERMS Channel estimation error, full-duplex relay, imperfect successive interference cancellation,
MIMO-NOMA, residual hardware impairments.

I. INTRODUCTION

For the last decade, many researchers from academia and
industry have focused on non-orthogonal multiple access
(NOMA) in order to overcome challenges caused by mas-
sively connected smart devices and fulfill requirements of
forthcoming generation wireless networks, since the exist-
ing orthogonal multiple access (OMA) techniques are limited
in terms of spectral efficiency and massive connectivity [1],
[2]. The most important key feature of NOMA is to serve
multiple users in the same resources (time/frequency/code)
by allocating different power coefficients, and thus fair-
ness among users can be ensured. Successive interference

cancellation (SIC) technique is applied by users to separate
the superposed signals and obtain the desired information
related to user [3], [4]. So far, NOMA, especially power-
domain NOMA, has been widely investigated in the literature
in terms of fundamental aspects [5], [6], [7]. On the other
hand, in order to exploit benefits of spatial diversity, multiple-
input multiple-output (MIMO) techniques are also considered
in NOMA networks [8], [9], [10], [11], [12], [13]. Also,
exploiting machine learning and deep learning techniques
is a focus of the literature to determine an appropriate so-
lution for resource allocation and beamforming problems
[14], [15].

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Since relaying techniques offer extending coverage area
and establish reliable communication under harsh channel
environments and huge obstacles, recently, NOMA has been
considered in cooperative and relaying transmission [16],
[17]. The authors of [16] consider user-assisted relaying,
while [17] investigates both user-assisted and dedicated relay-
ing communication. In [18], outage probability (OP) analysis
of a dual-hop amplify-and-forward (AF) relaying NOMA net-
work, where the base station (BS) and users are equipped
with single antenna each, has been conducted over Nakagami-
m fading channels under channel estimation (CEE) effects.
In [19], the authors have investigated transmit antenna selec-
tion (TAS) at the BS and maximal-ratio combining (MRC)
at users in a dual-hop AF relaying NOMA system over
Nakagami-m fading channels by considering CEEs. In [20],
OP and ergodic capacity of cooperative two-user NOMA
networks with direct link, where single relay among multi-
ple relays and single antenna at users are selected, has been
analyzed in the presence of CEEs and imperfect SIC (ip-
SIC). In [21], the authors have analyzed OP of a dual-hop
MIMO-NOMA network, where maximal-ratio transmission
(MRT)/receive antenna selection (RAS) are adopted in both
hops, over Nakagami-m fading channels under CEE effects.
However, studies mentioned above are based on half-duplex
(HD) relaying technique. On the other hand, full-duplex (FD)
relaying technique has emerged as a promising solution since
the reception and transmission can be realized at the same
time/frequency yielding double capacity. FD relay has a ma-
jor drawback named loop interference (LI) caused by signal
leakage between the transmitter and receiver antennas. For-
tunately, thanks to the advances on antenna technologies and
signal processing approaches, effect of LI can be reduced to a
sufficient level in order for FD relaying be feasible in a practi-
cal manner [22]. Therefore, the authors of [23] and [24] have
considered using FD relay in NOMA systems to overcome
the loss of spectral efficiency caused by HD relays. Also,
in [25], a cooperative two-user NOMA network based on
cognitive radio is considered and joint beamforming optimiza-
tion problem for transmit/receive ends at decode-and-forward
(DF) FD relay is evaluated. The authors have also investigated
MRT/zero-forcing (ZF), ZF/MRC and ZF/ZF schemes at the
relay in a comparative manner. In [26], hybrid HD/FD relay-
aided uplink NOMA network is considered in the presence
of co-channel interference and ipSIC to investigate the dete-
rioration in an uplink communication. The authors conducted
performance evaluation over Rayleigh fading channels.

In practice, radio-frequency hardware components at
the transmitter and receiver suffer from different impair-
ments caused by high power amplifier non-linearity, in-
phase/quadrature (I/Q) imbalance and phase noise, which
seriously deteriorate the system performance due to mis-
match between the desired and actual signal [27]. In order to
compensate for the influence of these hardware impairments
(HIs), a lot of efforts in developing appropriate approaches
have been made in the literature; however, there still exist
residual HIs (RHIs) which can not be overlooked in real-life
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deployments [28], [29]. Although some of the aforementioned
studies on NOMA networks consider only CEEs, feedback
delay (FBD), and ipSIC without RHIs in a practical manner;
nevertheless, there are some works paying attention to effects
of RHIs in NOMA networks. For instance, in [30], the im-
pact of I/Q imbalance impairment in a secure single-input
multiple-output (SIMO)-NOMA network consisting of one
BS, multiple legitimate users and an eavesdropper has been
investigated over Rayleigh fading channels. In order to utilize
receive diversity, RAS scheme has been applied at receivers
of all users and eavesdropper. In [31], outage performance of
hybrid MRT/RAS scheme is investigated in single-hop multi-
user NOMA system in the presence of RHIs together with
CEEs and ipSIC. In [32], impact of RHIs on dual-hop multi-
user NOMA network with AF relay has been investigated
over Nakagami-m fading channels in terms of OP and ergodic
rate. In [33], the authors analyzed OP and ergodic capacity
of single-hop and dual-hop NOMA AF relay networks over
a — pu fading channels in the presence of CEEs, ipSIC and
RHISs. In [34], a cooperative two-user NOMA network, where
all nodes are equipped with single antenna and a DF hybrid
HD/FD relay assists the communication between the BS and
far user, has been investigated over Rayleigh fading channels
in the presence of RHIs. To demonstrate the level of system
performance, OP and ergodic capacity expressions have been
obtained. In [35], the authors have considered the same system
of [34] without direct link between the relay and near user, and
analyzed OP and ergodic rate over Rician fading channels.
In [36], the authors consider an overlay cognitive radio based
on NOMA transmission using FD relay. They investigate the
system in the presence of CEEs, ipSIC and RHIs, and propose
a deep learning framework to predict ergodic sum-rate.

As seen above, there are many studies in the literature
investigating effects of RHIs on single-hop and/or dual-hop
NOMA networks with or without CEEs/ipSIC. However, the
majority of them consider systems as consisting of HD re-
lays and nodes equipped with single antenna except studies
of [30], [34], [35], [36]. In [30], users and an eavesdropper are
equipped with multiple antennas to adopt RAS scheme while
FD relaying is considered in single antenna networks in [34],
[35], [36]. Therefore, investigations on the impact of RHIs
on both MIMO-NOMA and FD relaying based cooperative
NOMA, to the best of our knowledge, are still limited. Mo-
tivated by [30], [34], [35], [36], in this paper, we investigate
a dual-hop multi-user AF FD relaying based MIMO-NOMA
system, where MRT and MRC schemes are exploited at the
BS and users, respectively, over independent and identically
distributed (i.i.d.) Nakagami-m fading channels in the pres-
ence of RHIs together with CEEs and ipSIC. Note that these
three impairments together were not considered in dual-hop
multi-antenna NOMA networks unlike dual-hop single an-
tenna NOMA networks in [33], [36]. Contributions of the
paper are summarized as follows:

e Unlike the existing studies on cooperative NOMA with

RHIs, we consider using multiple antennas at the BS and
users while the relay operates in FD mode. Furthermore,
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our analyses have been conducted for a generic channel
model, Nakagami-m fading, and LI link at the relay is
also assumed to be exposed to fading variations.

e In order to deal with a more realistic scenario, CEEs and
ipSIC have also been taken into account in the analy-
ses. To characterize the system performance, exact OP
expression for any user has been derived. Moreover, a
tight lower bound and simple asymptotic expressions
have been obtained to provide further insights, such as
diversity behavior of the system. The investigated net-
work has been compared to HD-NOMA and FD-OMA
counterparts.

® Moreover, test-bed implementations by using USRP
software defined radios (SDRs), which is the most so-
phisticated NOMA implementation in the literature, are
conducted to demonstrate feasibility of the investigated
system in a real-life manner.

® We have demonstrated that the quality of LI cancellation
process is quite crucial for the investigated system to
outperform HD-NOMA counterpart, even error floors
may exist under the worst case of cancellation process.
Performance improvement of MRT is much more than
MRC in terms of users with lower power allocations in
the absence of CEEs, while there is a trade-off between
both schemes depending on the quality of channel con-
ditions in the presence of CEEs. In addition, RHIs have
much more effect on the performance of users with lower
power allocations while do not change the diversity order
of all users. Moreover, imperfections which have the
most and least deterioration effects on the performance
are RHIs and CEEs, respectively.

A. ORGANIZATION AND NOTATIONS

The rest of the paper is given as follows. In Section II, we
introduce the system model and channel statistics including
practical imperfections in detail. In Section III, we derive the
exact OP expression for any user together with lower bound
and asymptotic approximations. Section IV presents the test-
bed implementations of the investigated system. Numerical
results including comparisons are illustrated in Section V.
Finally, conclusions are interpreted in Section VI.

Notation: Bold lowercase letter and || - || denote vectors and
Euclidean norm while (-)" indicates Hermitian transpose of a
vector. CN(0, 0'2) is used to represent the complex Gaussian
distribution with zero mean and variance of o2. While Pr(-)
denote the probability of an event, E[-] represents the expecta-
tion operator. fx(-) and Fy(-) indicate the probability density
function (PDF) and cumulative distribution function (CDF) of
a random variable X, respectively.

Il. SYSTEM MODEL
‘We consider a dual-hop power domain downlink NOMA net-
work, where one BS (§) communicates with L users (U, [ =

1180

1,2,..., L) with assistance of an FD AF relay (R).] We as-
sume that the direct link is not available due to huge obstacles
and harsh environment conditions. The BS equipped with Ng
antennas transmits information by applying MRT beamform-
ing technique while users with Np antennas combine received
signals according to MRC scheme. Note that MRT and MRC
schemes are the optimum ones among transmit and receive
diversity techniques, respectively [37], [38]. On the other
hand, the FD relay has two antennas, one for receiving and
the other for broadcasting. hgg = {th}lxNS (1 <i < Ng),

h, = {h{}NDxl (1 < j < Np) and hy; denote channel coeffi-
cients corresponding to S — R, R — U; and R — R links. Since
channels are assumed to be distributed as i.i.d. Nakagami-m,
squared of channel gains follow Gamma distribution, thus
powers of links can be obtained by Qg = E[|th|2] = déTRa,
Q = E[|h/|*] = d; and Q17 = E[|h1s|*] = AP} ", respec-
tively. dsg and d; denote the normalized distances of S — R
and R — U links, respectively, « is the path loss exponent. A
(A > 0)and u (0 < u < 1) represent the quality of LI cancel-
lation process at R — R link.?

Since effects of CEEs are also considered to be more
practical, by following linear minimum mean square er-
ror estimation method, the BS and relay estimates channel
coefficients in the training period, thus erroneously esti-
mated channel coefficient vectors of S — R and R — U; links
can be represented by hggr = ﬁSR +éec.sr and h; = ﬁl +
&l respectively.’ &5 and &, are error vectors resulting
from imperfect estimation process and can be modeled as
e..sr ~ CN(O, Ue%SR) and e,; ~ CN(O, azl) with variances
of %Z,SR = Qg — Qer and O'€2J =Q; — fz,, respectively
[39].

Since the investigated system is based on NOMA trans-
mission, the BS transmits superimposed signals represented
by x(n) = Z,L: 1 ~/Psa;si(n) in the nth time interval, where
Ps and a; represent transmit power at the BS and power
allocation coefficient intended to ith user (ZiL=1 a; = 1), re-
spectively. Note that we represented signals according to time
index due to the FD relay transmission. Then, the received
signal at the relay under RHIs effect can be represented
as

yr(n) = hgr(W(n)x(n) + ngr(n)) + hrisg(n) + ng(n), (1)

where ng(n) ~ CN(O, a,%) is Gaussian noise at R, and
Nsr(m) = {nsplngx1 Tepresents aggregate distortion noise
(whose entries are subjected to CN(0, K§RPS)) resulting from

'We consider AF protocol, because DF protocol necessitates digital-to-
analog and analog-to-digital converters, and mixers, increasing hardware
complexity and processing delay much more than AF.

2It is worthwhile noting that the FD relay suffers from a LI effect between
transmit and receive antennas due to its inherent simultaneous transmission at
the same time/frequency. Although LI effects have been mitigated somehow,
there still remain some residual LI effects. Without loss of generality, we
consider the residual LI model determined according to active and/or passive
interference cancellation as in [22].

3Note that the utilized channel estimation model is widely considered in
the existing literature [10], [21], [33].
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RHIs at § — R link. KSZR = (K§)2 + (K{e)2 denotes aggregate
power level of RHIs, where «§ and «j are impairment lev-
els [27], [28]. Since FD relay applies LI cancellation methods,
we assume that the impact of RHIs distortion noise at link
R — R is absorbed by the LI cancellation parameter as in [40].
w(n) = h /||h5R |l is MRT weight vector at the BS, subjected
to ||W(n)||2 = 1. Also, sg(n) = Gyg(n — t) denotes the signal
to be transmitted from the relay, where t is processing delay
of the FD transmission and G is the amplification factor which
can be obtained as

P
= ST 2 2 2 2" @)
Ps(Ilhsgll” + o gp)(1 + «5g) + Prlhrs]” + o

Afterwards, the received signal vector at the /th user can
be written as yy,(n) = h;(sg(n) + ngu (n)) + ny(n), where
n(n) = {n'l’ (n)}npx1 1s Gaussian noise vector (whose en-
tries are subjected to CN(0, o; 2)) at [th user. Also, nry (n) ~
CN(0, KRUPR) denotes the aggregate distortion noise of RHIs
at R — U; link, where KI%U = (/cI’Q)2 + (/c{])2 is aggregate
power level of RHIs. Without loss of generality, as in [32], we
consider that users have the same effect of hardware impair-

A . . .
ments; such that K{]l = k{;. Then, if we substitute sg(n) into
yu, (n), the received signal vector at /th user can be rewritten
with the help of (1) as

= h[GhSR W(I’l — r)\/Psagsl(n — ‘C)

desiredsignal

+whn—1) Z;:l VPsapsp(n — 1)

ipSICterm

yu,(n)

L
+ wn— I)Zk=l+1 VPsasi(n — ©) + ngp(n — 1)

RHIsatS—R

IUlterm

+h G(hLISR(n — 1) +ng(n — T))+ nru (n)
— ——
Llterm RHIsatR—Uj
+mny(n). 3)

The received signals by Np antennas at the /th user
are combined according to MRC technique as yj/*¢ =

wmrc(n)yy, (n), where wMRc(n) h! /||| is MRC weight
vector subject to ||wyre(n)]|> = 1.
Vivvla;

Vi Ej + &+ D1) + Y 70203
+(W2y + 92) (Y3704 + U5)03

“)

ijal =

1Il. PERFORMANCE ANALYSES

In this section, end-to-end (e2e) signal-to-interference-
distortion plus noise ratio (SIDNR) expression is derived.
Then, the exact OP for any user is obtained together with
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lower bound and asymptotic expressions to provide further
insights into the system performance.

A. DERIVATION OF e2e SIDNR

According to NOMA transmission, weaker users (with poorer
channel qualities) are allocated higher power levels at the BS
for ensuring the fairness. Therefore, in the training period,
the relay estimates effective channel gains of R — U; links
by using pilot symbols sent from all users such that they
are ordered as |h;]|? < |hy||® --- < ||z ||> without loss of
generality, and then transmits the ordering to the BS and users
at the same time. Thus, the BS allocates power coefficients
to users as a; > ap > --- > ay, by using the ordering. Also,
the BS estimates channel gains of S — R link to apply MRT
beamforming. Since SIC is carried out at users, any stronger
user / detects and removes signal of the weaker user j, where
j < 1. On the other hand, signal of the stronger user k is
considered as interference noise by user /, where k > [ and
also named as inter-user interference (IUI). Consequently, by
using (2) and (3), instantaneous SIDNR defined as the /th user
detects the signal of jth user (j <) is given at the bottom of
this page (ij_ﬂ).

In (4), # = P/o? represents average signal-to-noise ra-
tio (SNR), where Ps = PR = P is assumed for mathematical
simplicity, while §; = Zk j+1ak and E] Zp 11 ap ,i,s,c are
IUI and ipSIC terms, respectively. Without loss of general-
ity, we assume that ipSIC is subject to Gaussian distribution

with power crlpm (O lpm < 1)asin [33], [41], [42]. Also,
Y1 = lhsgl? ¥ = lhy] and ¥3 = |hyl® definitions are
made to 51mphfy analyses. In addition, constant Varlables v

are given as: 9] = K2 + KRU(I + K3p), 9, = vog, +
9= (1 + kg )L+ k3g), 942

_1_
1+K52‘R '

1+2 , and 195_yoeSR+

B. OUTAGE PROBABILITY ANALYSIS

The outage event for the /th user can be defined as the /th user
can not decode its own signal or the jth user’s signal (1 < j <
[). Thus, let us define E; ; = {yUP, > Vi, j} as the event that
the /th user can decode jth user’s signal, where v, j = 2R
1 (Rp: bits per channel in use (BPCU)) is the target threshold
SIDNR for FD transmission. With the help of (4) and the event
of E; ;, the OP for the /th user can be written as

out_1_})7"(E110E12ﬁ

Wy + )
X (Y3704 + 05)038]

72 — 92038))

OEH)

=1-—Pr W1>

¥
, Yo > 1921935[ s

(&)

which is subjected to the condition of a; — vy, j(§; + £ 7+

Yih, j d

. A
1) > 0. Here, the notations §; = @y & A o) D
h,J S
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6; = 1max[{S 7} are made for mathematical tractability. Note
=j=<

that, (5) holds for the condition of a; > v ;(§; + §j + 1),
otherwise the OP results in 1. Then, (5) can be analytically
expressed as

P(iut - F];lz)(ﬁzl%(sl—t)
N /°° /00 b [(O7 F P27+ 95)038]
i—ty038] S0 V" 7(y — 02038))
Fusfy) 3)dzdy, (6)

where Fy ") and f}((l) denote the CDF and PDF of user with
the /th order statistic. Since channels are considered as i.i.d.
Nakagami-m fading, it is well-known that the squared gain of
any link will be distributed as Gamma. Thus, corresponding
CDFs and PDF of random variables y1, ¥ and ¥3 can be rep-

resented as Fy (x) =1 — e~ xmsk /S ZmSRNS ! —(meRr{ ,Q Sk)

>

sz(x) - 11— —xm,/Ql ZmIND 1 (xm[/Q/) ! and fT/’S (x) =
(mpp/ Q)™ ?(,L,: l)e_xm“ /8w, Here, msg, my, and my;

denote Nakagam1 -m channel parameters related to S — R,
R—U;, and R—R links, respectively. If Fy (x) is
substituted into (6) and then the integrals are rearranged, we
obtain

mgrNs—1

pPlo=1- Z / e £ (x + 92138] )dx

« / ez + b fy, (2)dz, ™

I

i s
X+102038; )+02) 039, 5 m,
(7 (x+0203 ) 2)03040, mgr and b = & aﬁg . By using

binomial expansion [43 eq (1.111)], integral property given
by [43, eq.(3.381.4)] and fy,(z), /) is obtained as

n mpj
n mry I'm+myy)
= 20)E)
— \n) \ QL1 C(mep)
m=
prm m —m—=mprj|
— (a+ 5= , @®)
a-"m Qpy
where () represents binomial coefficient, and thus (7) can be
rewritten as

where a =

msgNs—1 n

n\ (mpr/ Q)™
=1 D A
== % (o) s
F(m + mLI) b pr—m ( N miy )—m—mu
Lm A+ mir) i 07}
Fn+1) Jimo a™™ Qs
f” (x + 92038 )dx. )

In order to proceed, f;j? (x) should be determined.
By using order statistic properties [44], PDF of user
with the /th order can be expressed as f(l) x)=

1182

QY where Q) =
L!'/((L — D! — 1) [5], [18]. If previously defined CDF of
Fy,(x) and its derivative yielding PDF are substituted into

fl/(jlz) (x), we get
L—1
s

oty S
I'(mNp)

_xml(xl+1)
ni+mNp=1, &

o (5D (=1 GO (Fyy (0))! 571,

(1)(x)

DIDIEDD

s=0 s;=0
l+s—
S1

On, (51, myNp)x

L—1 I+s—1s1(mNp— 1)<

n1—0

(10)

In order to obtain the closed-form of féflz)(x) in (10), bi-
nomial expansion [43, eq.(1.111)] and power series method
given by [43, eq.(0.314)] are applied to (Fy, (x))!*5~!. Here,
0y, (s1, myNp) represents multinomial coefficient consisting of
a recursive summation [10]. Finally, by substituting (10) into
(9) and applying algebraic manipulations, the OP correspond-
ing to the /th user can be obtained as given at the top of this
page. In (11) shown at the bottom of the next page, ®;(x) can
be expressed by

O;x) = /OO X
x=0

i , i
oy (sp+1) (17217351 +02/y)1931956, SR
e 4 XS25R

ny+n3+m—+mpj—n

Pa(P02938] + 02)038 mser\
Xt — L L dx. (12)
V03048, msr 211 + mprSisg

As clearly seen in (11), it is difficult to infer considerable
insights for the performance behavior due to the complicated
form of the expression. Accordingly, we conduct lower bound
and asymptotic analyses to gain further insights for the inves-
tigated system in the following subsections.

C. LOWER BOUND ANALYSIS

In order to find a tight approximation for the exact OP given
by (11), SIDNR given in (4) can be upper-bounded, thus a
tight lower-bound for the exact OP can be obtained. Firstly,
(5) can be rewritten approximately as

Woyyng
out ~1—Pr <%
Wﬁ‘i‘y’ﬁzﬂ—z

where W = v /(73 + ¥5/104) for mathematical simplic-
ity. Then, by using the harmonic mean property of two random
variables defined as xy/(x + y) < min(x, y), lower-bound for
the exact OP can be analytically expressed as

[, low . 1 — 1 — T
P, =1—Pr(min W0—4,y1ﬂ219—2 > 7939,

—= _ —(l
—1—Fw (yﬂ3ﬂ45}) Fy) (1921935}) .

> ;71935]) . (13)

(14)
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In (14), the CDF of Fy (x) can be mathematically expressed

as
= Pr(_y—wl < ;7193045}>
VY3 + (Os/04) T — 2

X

=1- / / fl/n () fy; 0)dxdy.  (15)
y=0 Jx=x y+ 194

Fy (x)

Then, by substituting previously defined PDF of fy.,(x) and
derivative of the CDF Fy, (x) into (15), we can obtain
Fy@=1- Y

1 ( mry >mL1 1
— i\ Qw C(mer)
n=

/oo ymu—l <x <y + ﬁ) _mSR)n
y=0 YVa) Qsr
—x(v+ m)gﬁﬂ'm (16)

7 dy.
With the help of integral property given by [43, eq.(3.381.4)],
Fy(x)=1-— Z >

Fw (x) can be derived as
=l np= 0 <n2)
msr/S2sr)" 95\
(msgr/S2sr) F(n2+le)<__5>
'n+1) Y U4

—np—mpy
x" (xin SR + @>
Qs Qw1
On the other hand, if the PDF of f(l)(x) given in (10) is
integrated with respect to x, the CDF of Fvglz)(x) is obtained

as
L—1
N
_amysy
Q .

mgpNs—1

msrNs—1 n
(mpr /)™

C(mer)

_ XOsmsk
e TU4SR

a7

L—1 [+s s (mlND—l)

FRe=1-03 3% >

s=0 S1=1 n1=0
[+
51

(_1)s+s171
[+
If complementary versions of CDFs given in (17) and
(18) are substituted into (14), a tight lower-bound of the
exact OP corresponding to /th user can be obtained in
closed-form.

On, (s1, myNp)x"' e (18)

D. ASYMPTOTIC ANALYSES

In order to reveal further insights for the system per-
formance, asymptotic behavior of OP is considered by
applying high SNR approximation in this subsection.
Therefore, we have carried out the analyses accord-
ing to two cases which are presented in the following
subsections.

1) UNDER IDEAL CONDITIONS

e When the quality of LI cancellation is pu # 1 (i.e., 0 <
w < 1) In the presence of ideal conditions (which means that
there are no CEEs in the first and second hops), the system
exploits benefits of diversity order and array gain at high
SNR values (when y — 00). Thus, (13) can be approximated
as

WO 70,
| —pr <—/ vl ;719{1955})
W + 7,
=1-Pr (min (WO, 7y29}) > 7&{@55})

= Fie (7030] ) + F (918]). (19)

where W > 1 /3, 9] = 1 + k2 and 9} = 1 + k3, are de-
fined. By using high SNR approximation approach [45] we
can express asymptotic OP in (19) as in the form Pou‘fo ~
(AG)"/)_DO + 0()7_D0), where AG is the array gain, DO is
the diversity order and O(-) represents high order terms to be

neglected. Firstly, the asymptotic CDF of W can be derived
by Fi(x) = Pr(y1/y3 < x) = [[Z) F° () fy; (0)dy. Here,
the CDF of v is expressed as Fy, (x) = %
in terms of lower incomplete Gamma function [43,
eq.(8.350.1)], then it can be asymptotically obtained as

mgpN
FX(x) ~ % by using the property of y(x,y —

1
0) ~ y*/x [46, eq.(45:9:1)]. If F‘;IO (x) and previously defined
Sy (y) are substituted into Fij°(x) by replacing x with 371958;,
we obtain Fvﬁo(yﬁéé;) = (x17)"=#mseNs where x| can be
obtained as

msgNs—1 n  L—II4+s—1s1(mNp—1)ni+mNp—1 n

Pu=1-0Q 2, 2.2 2. 2 2 2

n=0 m=0s=0 s;=0 n;=0 ny=0 n3=

C(m + mp)(mpr/ Qo)™ (my [ y"Ne
['(n+ DT (mp)T(mNp)

(_ 1 )S+S1
Us

QsR
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Oy (51, myNp ) (920938] Y1 TmiNo=m=l™

n
pa\™ [ 03958 msg P\ R B N —m—mpy
(y_) <A—l 2138] + 7 (2u1Ssr)™ "™ (Vﬁ3ﬁ48;mSRQLI + mLIQSR)

()T

(1721736;)m1 (s1+1)

793'955;'"51?
Q T8

2SR

O(x). (11)
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X1

['(msrNs + 1) (mypy)

['(msgNs + mpy) %AITWSR
Qsgrmyy

S S
)mSRNS (I=mgrNg

(20)

In (20), A;r = )781T and independent from j . Therefore, the ex-
ponentially dominant constant on the average SNR (j) within
the expression of Fij°(y z?éSlT) equals to (1 — w)mggNs for the
first hop. Asymptotic expression of F (l)'oo(x) can be derived
by taking into account of lower order terms related to variable
. mjyN,
of x in (18) as F]/(/lz)’oo(x) R~ (?)(%)l. Afterwards,
by replacing x with 1918; and after mathematical manipula-
tions, we obtain FI;IZ)’OO(ﬁ{Sf) = ()27)""™No! where x> can
be found as

((L) 1 )wﬂlvnz Q
X2 = —_— _
1) (C(mNp + 1))! O Amy

From (21), the exponentially dominant constant on the aver-
age SNR (j) within the expression of F$’°°(z9{8;) equals to

2

mNpl for the second hop. Consequently, if F;°(y 1958;) and
F <l) °°(19 ) are substituted into (19), and with the help of
asymptotlc form P om ~ (AG7)™P9 4 0(y~P?), the asymp-
totic OP of the /th user can be obtained in simple form with di-
versity order metric DO = min{(1 — u)mgsgNs, m;Npl}. Fur-
ther, array gain can be found by using (20) and (21) as

X1 (I — w)mggrNs < mNpl
AG = | x2 (1 — w)mggNs > mNpl (22)
x1+x2 (1 — pymsgNs = m;Npl

e When the quality of LI cancellation is u = 1

In this case, S — R link will be extremely dominant in
e2e SIDNR due to the high LI effect. Therefore, asymptotic
OP for the /th user can be expressed as P, om ~ Iy (z‘/‘éAlT),
where W ~ i1 /3, by neglecting the effect of R — U; link
for high SNR values. Since Fy (ﬁéA;) is independent from
average SNR which also yields error floor level at high SNR
values (also means zero diversity), we can not carry out high
SNR approximation provided in [45]. Therefore, Fy (x) can
be obtained as

LA 9A]
V3

—
X

Fy(x) =

=1- / . Sy O fy; dxdy.  (23)
y=0 Jx=xy

Then, by substituting the PDF of v to get rid of the inner
integral and the PDF of 3 into (23), and with the help of in-
tegral property provided by [43, eq.(3.381.4)], the asymptotic
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OP of the /th user can be derived as

mSRNS—l

Par=1- %"

n=0

(mpr/ Q)™ (msg/Q2sr)"
L(n+ DI'(mpy)

—n—myj
mry
+ — (24)
Qry )

A;mSR

TC(n + mp)(95A )" ( Qo

As seen in (24), the OP is not dependent on average SNR (7).

2) UNDER PRACTICAL CONDITIONS

Since CEE parameters 062’ ; and aﬁ sg are dominant on the
e2e SIDNR, we can not apply asymptotic property y (x,y —
0) & y*/x given in [46, eq.(45:9:1)]. Thus, by considering the
dominance of CEE effects, in case of all quality of LI cancel-
lation values (u), the predeﬁned constants of ¥, and ¥5 can
be approximated as 1, ~ yo and U5 ~ yae s> Tespectively.
By substituting 9, and 95 together with other ¥ constants into
(11), asymptotic OP of /th user in the presence of CEEs can
be obtained.

Remark 1: Overall, the following inferences can be made
with the asymptotic analyses performed above. On the one
hand, in the presence of CEEs in both hops, the system cannot
take advantage of diversity order and array gain regardless
of whether LI cancellation process is perfect or not. On the
other hand, under ideal conditions (that is, no CEEs in both
hops), we should investigate the OP behavior in two cases
to infer more insights. For the first case, where the quality
of LI cancellation is at a good level (i # 1), the system
enjoys the benefits of diversity order and array gain, that
is, DO = min{(1 — w)msgNs, m;Npl}. One can see that the
quality of LI cancellation (with the parameter 1) has an effect
in the first hop of the network. If the diversity order is DO =
(1 — w)msgNs, RHI in the second hop has the most effect
on the system performance. As the quality of LI cancellation
increases, the adverse effect of RHI decreases. If the diversity
order is limited by the second hop (DO = m;Npl), RHI in the
first hop has the most effect on the system performance. Also,
the quality of LI cancellation does not have an impact.

IV. TEST-BED IMPLEMENTATION

A real-time practical test for the investigated dual-hop FD-
NOMA with MRT/MRC system was conducted by using
SDRs to support the theoretical analysis.* In order to observe
the performance of the MRT/MRC scheme, antenna configu-
ration has been set as (Ns = 2; Np = 2). Apart from this main
test, a trial test was run in order to validate the determined
system parameters and channel model, as will be explained
later on. The trial test includes neither the disruptive panel nor
the distance variations, unlike the main test; therefore it is only
the supportive experiment to find out related parameters to be
used for the main test.

4Test-bed implementation was realized at Istanbul Technical University
Wireless Communications Research Laboratory, Istanbul, Turkey.
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FIGURE 1. Test-bed set-up for dual-hop FD-NOMA with MRT/MRC system.

For the considered downlink scenario, one USRP-2901
transmitter acting as the BS, a USRP-2921 operating as the
FD relay, and 3 USRP-2921 as the receivers were used to
establish the test-bed set-up as given in Fig. 1 (next page).
While both models of radios can run in FD mode, the main
difference between the USRP-2921 and the USRP-2901 is
that the USRP-2921 has a higher sample-per-second rate than
the USRP-2901 model. During the experiment, SDRs were
configured for the same data transfer rates.

A total of 3 separate algorithms (BS, Relay, and User)
were conducted over the LabVIEW program and run by two
separate host computers. The test was taken by tuning the
transmitter gain to match different SNR values. Note that the
signal received by the relay has been transmitted as it is,
without being neither resampled nor decoded. The trial test
examined disruptive factors such as signal interference and
LI cancellation parameters, as will be discussed later. While
the computer with an Intel-Xeon E5-1620 processor managed
the relay operations, a personal host computer controlled BS,
users, and receiver-relay operations. In our system, a CDA-
2990 model £20 p s precision with oven-controlled crystal
oscillators is used for synchronization between transmitter
and receiver, which can provide a high-resolution reference
10 MHz signal with 25 ppb frequency accuracy. In the test
conducted indoor, all antennas were identical, omnidirec-
tional, and had 3 dBi gain. User antennas were placed at
the same distances from the relay to diversify users’ channel
difficulties, using 1.5 m long coaxial cables. In this test, dis-
tances are set as dsg = dj = dp = d3 = 0.5 m. Without loss
of generality, we assume that the first user (U ) is the weakest
user with the lowest channel gain while the third user (Us) is
the strongest one with the highest channel gain. Another detail
regarding the test environment is to prevent line-of-sight and
create a Nakagami-m distributed fading channel with parame-
ter m = 1 (in other words Rayleigh channel) by placing 1 m x
4 m sized silicon-coated wood panel sheets between each hop.

A. EXPERIMENTS
1) ACQUIRING THE PARAMETERS

In order to evaluate the impact of different parametric condi-
tions on each NOMA user, we found it appropriate to maintain
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a consistent user index, initially determined based solely on
effective channel gains. Before starting the test measurements,
firstly, power coefficient a; was allocated to the weakest user
with the lowest estimated effective channel gain value, a3
was allocated to the strongest user with the highest estimated
effective channel gain value, and a; was allocated to the mid-
dle user (U). In order to minimize the interference between
users in real-time experiments and ensure the user fairness, the
power coefficients were determined as a; = 1/2, ap = 1/3
and a3 = 1/6. The threshold SINR values for the outage are
determined as y;p,1 = 0.9, yip2 = 1.5, and y;3 = 2. These
values remain constant throughout the test. After the power
determination for the users, to characterize the shape fac-
tor of the Nakagami-m fading, the channel coefficients have
been estimated by using single-input single output (SISO)
and single carrier-OMA data transfer between BS-Relay and
approximated by the maximum likelihood estimation, conse-
quently we found it as approximately m = 1.33. In addition,
the mean square error amounts of the channel estimations
were recorded in a noise-free simulation environment by using
the transmitted and received pilot symbols at the end. As a
crucial point regarding CEE, the whole system contains CEEs
that cannot be ignored during the channel state information
(CSI) transmission between the relay and BS. Note that it is
not possible to estimate the RHI effect in whole system by
using the hardware itself, thus RHIs parameters (ksg and gy )
are quite unknown and unpredictable in this study. In addition,
SIC processes at the receivers are also imperfect. The CSI
required for the MRT operation of the test is found by de-
coding the single-carrier signal sent from the relay operating
in AF mode, so that the instantaneous CSI between the BS
and relay is constantly available in the BS. The experiment
consists of taking the instantaneous SNR values after MRC
processes and performing outage calculation for transmitted
data packets performed at different transmitter SDR gains.
The SNR value for test points taken in discrete time is shown
to be equal to the mean of the total SNR values received in the
set. As mentioned before, while the gains of the receiver and
relay radios were kept constant in the test, the output power
of the BS was changed to reach different SNR regions. The
operating frequency for the test was chosen as 2.11 GHz. The
bandwidth used for 500,000 samples transferred per second
corresponds to 400 kHz for these particular USRPs.

B. TEST CONFIGURATION

Test measurement steps for dual-hop FD-NOMA with
MRT/MRC system are as follows. 128-bit strings belonging
to all users at the BS are multiplied by the power coefficients
assigned to them right after they are modulated by BPSK
and added together to form a single 128-bit signal, namely
the superimposed NOMA signal. This signal is preceded by
a 48-bit barker string for synchronization. Then, a total of
17 pilots are added to predict the channel information, with
1 pilot symbol coming after every 8 information symbols.
After 8-factor sampling process is done, samples are sent to
the relay through the matched filter convolution. Containing
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1,544 samples per cycle, the test stops single set measurement
process after a total of 10,000 cycles.

After adding the pilot and barker, the MRT diversity tech-
nique is applied to the BS. In addition to the relay’s AF
operation, the same relay also provides data flow to the BS,
allowing the BS to have CSI by estimating the channel just
like all users do. As explained, the BS no longer only transmits
data but also obtains the channel information of the link BS-R
over a wired connection from the relay itself, and it uses
this information for the diversity operation. A 1.5 m coaxial
cable is used to make this one way connection to minimize
any disruptive effects in the feedback channel. While the
estimated channel is & = |h|e/?, the data to be transmitted
is converted into x' = [x; x2][e /" ¢ /21T in a precoding
approach. Thus, the MRT beamforming process is completed,
and the test continues with the sampling and transmission to
the relay.

The first hop relay operation is done by buffering the com-
plex data that was received by the relay SDR during the
test. The second hop process is completed by transferring
the buffered data to the users by amplifying the signal with
42 dB transmitter gain. After the incoming signals of the
users’ antennas with different channels on the user radio are
resampled, the decoding process is started. It should be noted
that users fully have the knowledge of both true pilot and
preamble symbols. Synchronization processes occur when
repetitive preamble sequences added per symbol at the source
are detected at the point at which autocorrelation reaches its
maximum at the receiver input. After this error is compen-
sated, the estimation of the carrier frequency offset (CFO)
arising from both the hardware and the channel exposure are
found practically by averaging the phase differences of the
sequential barker symbols and corrected with the inverse of
the estimated phase. After these processes, the effect of the
merged dual-hop channel is estimated by using the LS-based
linear estimation method by means of the pilots interleaved
into the data. The received signal matrix is y = [y; y»]” and
the estimated channel is h, = [A,, h.,] where h,, belongs to
the first antenna and h,, belongs to the second antenna. The
equalized signal according to the MRC technique equals to
X = hf y/|Ih.||?. Thus, by using one estimated channel vec-
tor and one non-equalized data for each antenna, the MRC
process is applied, and the signal equalization process is com-
pleted. For user detection, the SIC algorithm is applied as
in [47], while each user obtains its own data, other users are
assumed as noise for the first user, and this user is exempt of
SIC. Thus, the users get their own bits by going through the
demodulation operation.

The pilots used for channel estimation are also used for
SNR estimation. The SNR value was obtained by using the er-
ror vector magnitude (EVM) values of these pilots [48]. Since
this measurement, which was calculated as the SNR value,
also included the imperfect SIC and IUI effects, this value was
accepted as SIDNR. This estimation error was found by the
same linear minimum mean square error (LMMSE) method
used in the theoretical analysis by running the simulation
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of the noise-free test system. The variance of CEE found
as 02, = 0.0388 for a single hop, and it is assumed to be
equal for both 062’ ; and ae% sg» since no decoding operation
is performed at the relay. Note that since the channel gain
found by trial test containing all pilot data cannot indicate the
channel with 100%, the practically found CEE also contains
errors. In the last step, test is completed by performing an
outage calculation with the threshold values for the previously

determined system.

C. IMPLEMENTATION REMARKS
The main issues and points worth to be emphasized during
real-time testing are as follows:

e Considering that it is not possible to observe the per-
fect SIC in the test environment, the imperfection at
users with SIC was estimated as the variance of channel
gains relative to the first user without SIC. To quantify
non-ideal conditions, signals were normalized with their
power coefficients so that the only difference between
users was SIC. According to mean square error of the U,
to Uy, o ;. equals to 0.028.

¢ In the total of 10,000 packet transfers for each user, every
fifth packet had to be skipped due to the memory limita-
tions of the host devices during the data buffering. Due to
the independence of the packages from each other, it has
no effect on the test in terms of performance regarding
these uncovered data whatsoever. In summary, each user
kept and processed 8,000 of the 10,000 packages and
ignored 2,000.

e Performance analysis of each user is done one by one
for the sake of simplicity. Thereby, IUI can be neglected.
Considering that there is no uplink, it is reasonable to
assume that it does not cause an impact on test results.

e For the artificial Nakagami-m distributed environment
made by using panels, a one-time channel distribution
measurement containing 4.6 million channel coefficients
has been done. This measurement was made by single
carrier transmission and using the same least square es-
timation (LSE) channel estimation method used in the
tests with OMA structure. The distribution of the ab-
solute values of the channel coefficients was obtained
and the shape factor of this distribution was measured
as m = 1.33 by the maximum likelihood estimation for
Nakagami-m distribution. This result for one hop was
used for both hops in the simulations.

e Compared to theoretical analysis, in practical applica-
tions, the SIDNR value cannot be known and can only be
estimated [49]. While it is impossible to attain i.i.d. white
noise alone, in addition, the instantaneous strength of
interference caused by another signal is also a question
mark. While measuring the SNR value with the help
of the pilot used in the tests, CEE was also practically
exposed. Although the pilot powers are increased to min-
imize this error, it is not possible to completely eliminate
the error.
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® Throughout the test, some of the external factors that
have been observed to affect the measurements are as
follows: attenuation caused by the coaxial cable, reflec-
tions of the objects in the test environment, ambient
temperature and humidity, and noise figure between
5 —7 dB of the equipment. The measurements were
taken without using any shielding and screening meth-
ods, and it is known that they are exposed to crosstalk
and EMI effects between devices. In a study examining
the size of this distortion belonging to USRP model
radios [50], it has been observed that it has a crosstalk
power of about —50 dB. In addition, the tests were
carried out without limiting the frequency operation
ranges and maximum bandwidths of the radios, and it is
thought that the synchronization module, which makes
the devices independent from the internal timing and
frequency structure, eliminates the impairments of the
tests to a great extent.

e LI cancellation parameters of FD operation were also
measured in the trial run. After examining the relative
variability of A and p in the test system, this relation
was used in the simulations. While P, reaching the relay
equals to 0.0045 W, Pr becomes 0.09 W with 20 dB relay
receiver gain (Qz; = E[|hy|*] = )»P]’;_l).

e The mismatch in the high-SNR region between theo-
retical predictions and testbed results is due to aggre-
gated RHI when the USRP gain is constrained by the
non-linearity of the built-in amplifier (e.g., third-order
intercept point). To mitigate this, high gain on SDRs is
avoided.

® Due to non-line of sight (NLOS) paths, users experi-
ence varying channel gains from multipath components.
While strong fading is undesirable, it enhances SIC by
introducing channel diversity [51].

V. NUMERICAL RESULTS
In this section, theoretical results for the investigated sys-
tem verified by Monte Carlo simulations are presented. An
exemplary, the scenario with three mobile users (L = 3) is
considered. Unless otherwise stated, markers illustrate sim-
ulation results, SNR =y = P/az, o = 3 (for urban area
cellular radio), A =1 as in [22]. While power coefficients
to be allocated to users are set as a; = 1/2, ap = 1/3 and
az = 1/6, target SIDNR thresholds related to mobile users
for FD transmission are determined as yy,,1 = 0.9, v =
1.5 and y;,3 = 2, respectively. Also, normalized distances
of § — R link and R — U; links are fixed as dsg = 0.5 and
dy = dy = d3 = 0.5, respectively. For simplicity, Nakagami-
m channel parameters of R — U; links are assumed as m| =
my = m3 = mgy. For ease of reading, lower bound (LB),
asymptotic (Asymp) and theoretical (Theo) abbreviations are
made.

Fig. 2 depicts OP curves of the investigated system in case
of u = 1 (which means the worst scenario of LI cancellation

process), msg = my; = mpy = 1, o2

ipsic = 0, ksk = kgy =0

VOLUME 6, 2025

U
0.9 u
U,

< O o]

0.8 \

1

2

3 |
NS=2 H ND=1 -Theg

0.7F '\v : — — = Ng=3;Ny=2-Theoq

0.6F

OP

0.5

FIGURE 2. OP of the investigated system in case of 1 = 1 and ideal
conditions.
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FIGURE 3. OP of the system in case of different antenna configurations
under ideal conditions.

under ideal channel conditions (ae% sg = 0 and %2, ; = 0) for
different antenna configurations. We observe from the figure
that OP performance of the investigated system is strictly lim-
ited by error floor level, which is also known as zero-diversity
and validated by asymptotic results, at high SNR values for
all users. Also, OPs of all users are exposed to the same level
regardless of the number of antennas. On the other hand, given
the increased number of antennas (when the configurations
Ng = 3; Np =2 and N5 = 2; Np = 1 are compared), perfor-
mance of the system can be improved in the low SNR region
and with the decrease of error floor level in the high SNR
region. In addition, we also observed that the exact results are
supported by LB curves which are quite tight and match well
in the high SNR region.

Fig. 3 illustrates OP performance of the system for different
antenna configurations for u = 0.2, msg = mp; = mgy = 1,

2 2 2 _ _
Opsr =0¢) = 0, Opsic = 0 and ksg = kgy = 0. As clearly
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FIGURE 4. OP of the system in case of different antenna configurations
and RHIs.

observed from the figure, there is no error floor level when
u # 1, and thus all users enjoy benefits of diversity order
in the high SNR region. This result is also verified by the
asymptotic curves which are obtained by theoretical analyses.
Particularly, according to results of the first user, diversity
orders are (1 — w)mggNs for Ng = 1; Np = 1 and Ng = 2;
Np = 2 configurations, and mgy Npl for Ng = 3; Np = 2 con-
figuration, respectively. Also, if Ng = 3; Np = 2 and Ny = 2;
Np = 2 configurations are compared for OP= 107>, 11 dB
more SNR gain can be achieved for the second and third
users while 7 dB for the first user, which implies that MRT
beamforming is much more effective on the performance of
the second and third users than first user.

In Fig. 4, OP performance of the system is presented for
different RHIs parameters and antenna configurations. All
curves are obtained for u = 0.2, oiSR = ae%l =0, al%m»c, =0
and mgg = my; = mgy = 1. From the figure, we observed
that RHIs highly deteriorate the performance of users if kg =
kry = 0 and ksg = kry = 0.16 configurations are compared.
Particularly, according to Ng = 3; Np = 2 results, perfor-
mance gap between xksg = kgy = 0 and ksg = kgy = 0.16 in
terms of the second and third users is approximately 15 dB for
an OP value of 107> while 12.5 dB in terms of the first user.
Similar results are obtained for Ng = 1; Np = 1 configuration.
This result reveals that the impact of RHIs is more effective on
the performance of the second and third users relative to the
first user. A significant performance gain can be achieved as
the number of antennas is increased, even under the effect of
RHIs. Moreover, diversity order of the system is not affected
by RHIs and asymptotic analysis also validates this observa-
tion.

Figs. 5 and 6 depict OP curves of three users in the presence
of practical channel conditions (‘73, SR = af) ; = 0.03) for p =
0.2, alim.c = 0 and «sg = kgy = 0. In both figures, antenna
configurations are set as Nj:(Ns = 1; Np =2), N»:(Ns =
2; Np = 1) and N3:(Ng = 2; Np = 2) while channel param-
eters are my:(msg = 1;mpy = 1; mgy = 2) and my:(mggp =
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FIGURE 5. OP of the first user in case of 1 = 0.2, different fading and
antenna configurations under CEEs.
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FIGURE 6. OP of the second and third users in case of x = 0.2, different
fading and antenna configurations under CEEs.

2;mp; = 1; mgy = 1). In both figures, we observe error floor
levels in the high SNR region caused by the effects of CEEs,
even p # 1. From Fig. 5, if we compare N; (also means
MRC) and N, (also means MRT) configurations, MRT is
better than MRC when the channel condition in the second
hop is better (m; conf.), while MRC is better than MRT
when the channel condition in the first hop is better (m;
conf.). Consequently, performance behavior of the first user
according to MRT and MRC schemes also depend on the
channel conditions. Also, similar observations are obtained
for the second and third users from Fig. 6. Furthermore, as
clearly seen in both figures, although MRT and MRC schemes
improve the performance of the system, hybrid scheme of
MRT/MRC significantly increases OP performance of all
users. Note also that hybrid scheme performs better in the low
SNR region, significantly better in the high SNR region for m;
configuration.
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FIGURE 7. OP comparisons of test-bed implementation (USRP SDR) with
simulation and theoretical results for MRT/MRC.

In Fig. 7, test-bed implementation results together with
simulations are presented to support the analytical deriva-
tions for the hybrid scheme MRT/MRC. To obtain the OP
curves, parameters provided in Sect. IV are used, that is (Ng =
2;Np = 2), (a1 = 1/2;a2 = 1/35a3 = 1/6), (dsg = 0.5:d) =
dy =d3 =0.5), (yin1 =0.9ym2 =153 =2), 0lgg =
o, =0.0388, o7 = 0.028, (ksg = 0.075; kgy = 0.075),
and = 0.3. As seen in the figure, test-bed results (obtained
by using USRP SDRs) can be observed to have been quite
close to the simulation and analytical results, and exhibit the
similar performance behavior. The difference between test and
simulation results can be explained by cumulative estimation
errors, unknown RHI parameters, and channel fading approx-
imation. At the end of the experiment, it is expected that all
users will have more or less similar OPs around 10~!, by con-
sidering the continuation of outages in the high SNR region,
as well as not reaching a precise error floor yet. It is worthy
to note that test-bed results not only validate the theoretical
analysis but also demonstrate feasibility of the investigated
system in real-life manner. Although mobility (and Doppler
spread) is absent in BS-R and R — U links, dominant NLOS
multipaths and HI introduce a non-negligible CFO. Our global
reference signal distribution in Section IV-B improves the
signal quality, increases SNR, and reduces synchronization
complexity. The downlink NOMA demonstration shows that
a global synchronization signal, such as global positioning
systems (GPS), can significantly reduce computational com-
plexity for NOMA users.

In Fig. 8, OP curves of all users are individually depicted
for different RHIs and ipSIC parameters in case of u =
02,076 =0, =0,(Na =2;Np =2), (msg =2, my; = 1;
mpgy = 2) configurations. It is obvious that the first user is
not effected by ipSIC since it does not perform SIC cancel-
lation. However, RHIs seriously deteriorate the performance
of all users. In addition, (ksg = 0.14; kgy = 0) and (ks = 0;
kry = 0.14) configurations exhibit the same OP performance,
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FIGURE 8. OP of users in case of different parameters of RHIs and ipSIC.
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FIGURE 9. OP comparisons of the investigated FD-NOMA system with
HD-NOMA versus y for the fixed SNR = 15 dB.

thus RHIs in the first and second hops have the same effect
on the system performance. From results of the second user,

for an OP value of 10~%, difference between olim-c =0.03
2 . . . .
and O psic = 0 is approximately 15 dB in case of (ksg = 0.14;

kry = 0.14), while 3 dB in case of (ksgp = 0.14; xgy = 0).
Similar results can be obtained for the third user. This reveals
that RHIs effect the performance more than ipSIC.

Fig. 9 represents OP comparisons of FD-NOMA (inves-
tigated) and HD-NOMA systems versus the quality of LI
cancellation parameter p in case fixed SNR = 15 dB, 062’ R =
ail =0, alim-c =0, mgg =my; =mgy =1 and different
RHIs parameters. In the figure, case-1:(Ng = 2;Np = 2),
case—2:(Ng = 3;ND = 2), K12(KSR = KRU = O) and KQZ(KSR =
kgy = 0.14) definitions are made for simplicity. For fair
comparison, threshold SIDNRs have the following relation-
ship % log, (1 + VZII;IJD) = log,(1 + y[f,;?). Also, we set thresh-

old SIDNRs of HD-NOMA as y/7 = 0.9, y/2 = 1.5 and
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FIGURE 10. OP of users versus RHIs parameter in case of SNR = 15 dB.

yth 3 = 2 to ensure satisfying the condition of a;-y;p ;(§; +
£ i+ 1) > 0. As clearly seen from curves of the first user,
FD-NOMA is better than HD-NOMA at the most of values
w, however performance gap between them decreases as the
quality of LI cancellation gets worse. On the other hand, ac-
cording to the second and third users, FD-NOMA outperforms
HD-NOMA when the value of 1 is below 0.49 and 0.26 for
the configuration of (case-1,x1), respectively. Moreover, in the
presence of RHIs (k7), FD-NOMA is better than HD-NOMA
when p < 0.9 and p < 0.65 for the second and third users.
Consequently, the quality of LI cancellation under RHIs can
be worse than that of ideal HIs case for which FD-NOMA
outperforms HD-NOMA.

Fig. 10 illustrates the OP performance of the investigated
system versus RHIs parameters (ksg = kgy) for different ef-
fects of CEEs and ipSIC in case of fixed SNR =15 dB,
Ns =Np =2, u=0.2 and mgg = my; = mgy = 1. For the
figure to be better understandable, conﬁgurations are catego—
rized into 5 cases as following case-1: (ae SR = 0.03; o

0; 01—003) caseZ(G SR—003 o2

ipsic —

Ool—O)

ipsic
case3(o SR_O olpSl(,‘_O O 1—003) CaSe4(O' SR =
0; thstc = 0.03; ol el — = 0) and case-5: (O’ SR = =0; Ulpszc =0;

o? o1 = 0). As clearly seen from the results of all users, OP
performances get worse as the effect of RHIs increase, even
OPs equal to 1 under heavy RHIs effect. According to the first
user, CEEs in the second hop worsen the performance more
than that of in the first hop. However, in terms of the second
and third users, CEE:s in the first hop are much more effective
than that of in the second hop. Moreover, ipSIC deteriorates
the performance much more than CEEs in both hops for the
second and third users.

Fig. 11 depicts OP performance of the investigated system
versus distances between the BS and relay (dsg) in case of
fixed SNR = 15 dB and o, g = 0, = 0, ;. = 0. The nor-
malized distances in R — U; links are determined by dry, =
1-— dSR- In Fig. ll(a), K1:(KSR = KRy = 0.1), KQZ(KSR =
KRU = 0), case—l:(Ns = 2;ND = 1, mMsRr = mypj] = MRry = 1),
case—2:(Ng = 2;ND = 2, msr = Z;mu = l;mRU = 1). AlSO,
Fig. 11(b) is obtained for «ksgp = kpy = 0.1, msg = my; =
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FIGURE 11. OP comparisons of the investigated FD-NOMA system with
FD-OMA versus dsg in case of x = 0.2, SNR = 15 dB, different fading and
RHIs parameters, and number of antenna configurations.

mry =1 and log, (1 + y9M4) = Y1 logy (1 + yi) rela-
tion is used to obtain OMA curves. From Fig. 11(a), RHIs
have the same level of effect on the performance at all values
of distances for all users. It is observed that minimum OP
is achieved when dsg < dgy, for the second and third users
while dsg > dpy, for the first user since optimum relay loca-
tion has a close relation with diversity order and array gain
which are also provided in asymptotic analyses. On the other
hand, from Fig. 11(b), FD-NOMA outperforms FD-OMA
when the relay is close to the BS for the second and third
users while FD-OMA is better at all values of dgg for the first
user.

VI. CONCLUSION

This paper analyzed the performance of MRT/MRC scheme
in dual-hop NOMA FD AF relay networks over Nakagami-m
fading channels by considering the effects of RHIs. In addi-
tion, CEEs and ipSIC were also taken into account in order for
the system be more realistic. For performance criterion, exact
OP for any user was derived together with tight lower bound
and asymptotic expressions. Theoretical results validated by
Monte Carlo simulations and USRP SDR-based implemen-
tations demonstrated that performance of the investigated
FD-NOMA system is strictly limited by error floor in the high
SNR region, even all users are exposed to the same level, if LI
cancellation cannot be exploited. However, performance can
be improved by increasing the number of antennas. On the
other hand, all users can enjoy benefits of diversity order and
array gain thanks to the quality of LI cancellation. Also, our
analysis revealed that the MRT beamforming is better than
MRC on the performance improvement of users with lower
power allocations than user with the highest power allocation.
However, under CEEs, performance trade-off between MRT
and MRC schemes depends on imperfect channel conditions
in both hops.
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Besides CEEs and imperfect LI cancellation, RHIs seri-
ously deteriorate the performance, such that it is much more
effective for the second and third users relative to the first
user, while it has no effect on diversity order. Under RHIs
effect, LI cancellation process does not need to have a very
high quality compared to ideal HIs case such that FD-NOMA
outperforms HD-NOMA. It was also observed that imperfec-
tions which have the most and least deterioration effect on the
performance are RHIs and CEEs, respectively. Furthermore,
the minimum OP can be achieved with optimum relay location
which has a close relation with diversity order and array gain,
such that FD-NOMA outperforms FD-OMA when the relay is
close to the BS for users with lower power allocations.

REFERENCES

[1] Y. Liu et al., “Evolution of NOMA toward next generation multiple
access (NGMA) for 6G,” IEEE J. Sel. Areas Commun., vol. 40, no. 4,
pp. 1037-1071, Apr. 2022.

[2] B. Makki, K. Chitti, A. Behravan, and M.-S. Alouini, “A survey of
NOMA: Current status and open research challenges,” IEEE Open J.
Commun. Soc., vol. 1, pp. 179-189, 2020.

[3] Y. Saito et al., “Non-orthogonal multiple access (NOMA) for cellular
future radio access,” in Proc. IEEE Veh. Technol. Conf., Dresden, Ger-
many, 2013, pp. 1-5.

[4] M. Aldababsa, M. Toka, S. Gokeeli, G. K. Kurt, and O. Kucur, “A
tutorial on non-orthogonal multiple access for and beyond,” Wireless
Commun. Mobile Comput., vol. 2018, pp. 1-24, 2018.

[S] Z.Ding, Z. Yang, P. Fan, and H. V. Poor, “On the performance of non-
orthogonal multiple access in systems with randomly deployed users,”
IEEE Signal Process. Lett., vol. 21, no. 12, pp. 1501-1505, Dec. 2014.

[6] S. Timotheou and I. Krikidis, “Fairness for non-orthogonal multi-
ple access in systems,” IEEE Signal Process. Lett., vol. 22, no. 10,
pp. 1647-1651, Oct. 2015.

[71 G. Gui, H. Sari, and E. Biglieri, “A new definition of fairness for
non-orthogonal multiple access,” IEEE Commun. Lett., vol. 23, no. 7,
pp. 1267-1271, Jul. 2019.

[8] Z.Ding, F. Adachi, and H. V. Poor, “The application of MIMO to non-
orthogonal multiple access,” IEEE Trans. Wireless Commun., vol. 15,
no. 1, pp. 537-552, Jan. 2016.

[9] M. Toka and O. Kucur, “Non-orthogonal multiple access with Alam-
outi space—time block coding,” IEEE Commun. Lett., vol. 22, no. 9,
pp. 9697-9706, Sep. 2018.

[10] M. Toka and O. Kucur, “Performance analysis of OSTBC-NOMA
system in the presence of practical impairments,” IEEE Trans. Veh.
Technol., vol. 69, no. 9, pp. 9697-9706, Sep. 2020.

[11] M. Zeng, A. Yadav, O. A. Dobre, G. 1. Tsiropoulos, and H. V. Poor,
“Capacity comparison between MIMO-NOMA and MIMO-OMA with
multiple users in a cluster,” IEEE J. Sel. Areas Commun., vol. 35, no. 10,
pp. 2413-2424, Oct. 2017.

[12] Z. Ding, R. Schober, and H. V. Poor, “A general MIMO framework
for NOMA downlink and uplink transmission based on signal align-
ment,” [EEE Trans. Wireless Commun., vol. 15, no. 6, pp. 4438-4454,
Jun. 2016.

[13] F. Alavi, K. Cumanan, Z. Ding, and A. G. Burr, “Beamforming tech-
niques for nonorthogonal multiple access in cellular networks,” IEEE
Trans. Veh. Technol., vol. 67, no. 10, pp. 9474-9487, Oct. 2018.

[14] V. Ghanbarzadeh, M. Zahabi, H. Amiriara, F. Jafari, and G. Kaddoum,
“Resource allocation in NOMA networks: Convex optimization and
stacking ensemble machine learning,” IEEE Open J. Commun. Soc.,
vol. 5, pp. 5276-5288, 2024.

[15] G. Konstantopoulos and Y. Louét, “Deep learning aided beamforming
for downlink non-orthogonal multiple access systems,” IEEE Open J.
Commun. Soc., vol. 5, pp. 43374353, 2024.

[16] Z. Ding, M. Peng, and H. V. Poor, “Cooperative non-orthogonal
multiple access in systems,” I[EEE Commun. Lett., vol. 19, no. 8,
pp. 1462-1465, Aug. 2015.

[17] J.-B. Kim and L-H. Lee, “Non-orthogonal multiple access in coordi-
nated direct and relay transmission,” IEEE Commun. Lett., vol. 19,
no. 11, pp. 2037-2040, Nov. 2015.

VOLUME 6, 2025

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[37]
[38]

[39]

J. Men, J. Ge, and C. Zhang, “Performance analysis for downlink re-
laying aided non-orthogonal multiple access networks with imperfect
CSI over Nakagami-m fading,” IEEE Access, vol. 5, pp. 998-1004,
2017.

Y. Zhang, J. Ge, and E. Serpedin, “Performance analysis of non-
orthogonal multiple access for downlink networks with antenna selec-
tion over Nakagami-m fading channels,” IEEE Trans. Veh. Technol.,
vol. 66, no. 11, pp. 10590-10594, Nov. 2017.

X. Yan, J. Ge, Y. Zhang, and L. Gou, “NOMA-based multiple-
antenna and multiple-relay networks over Nakagami-m fading channels
with imperfect CSI and SIC error,” IET Commun., vol. 12, no. 17,
pp. 2087-2098, 2018.

M. Aldababsa and O. Kucur, “Performance of cooperative multiple-
input multiple-output NOMA in Nakagami-m fading channels with
channel estimation errors,” IET Commun., vol. 14, no. 2, pp. 274-281,
2020.

M. Duarte, C. Dick, and A. Sabharwal, “Experiment-driven characteri-
zation of full-duplex wireless systems,” I[EEE Trans. Wireless Commun.,
vol. 11, no. 12, pp. 4296-4307, Dec. 2012.

C. Zhong and Z. Zhang, “Non-orthogonal multiple access with co-
operative full-duplex relaying,” IEEE Commun. Lett., vol. 20, no. 12,
pp. 2478-2481, Dec. 2016.

T. M. C. Chu and H.-J. Zepernick, “Performance of non-orthogonal
multiple access system with full-duplex relaying,” IEEE Commun. Lett.,
vol. 22, no. 10, pp. 2084-2087, Oct. 2018.

M. Mohammadi et al., “Beamforming design and power alloca-
tion for full-duplex non-orthogonal multiple access cognitive re-
laying,” IEEE Trans. Commun., vol. 66, no. 12, pp.5952-5965,
Dec. 2018.

V. Ozduran, N. Nomikos, E. Soleimani-Nasab, I. S. Ansari, and P.
Trakadas, “Relay-aided uplink NOMA under non-orthogonal CCI and
imperfect SIC in networks,” IEEE Open J. Veh. Technol., vol. 5,
pp. 658-680, 2024.

T. Schenk, RF Imperfections in High-Rate Wireless Systems: Im-
pact and Digital Compensation, 1st ed. Dordrecht, The Nederlands:
Springer, 2008.

E. Bjornson, M. Matthaiou, and M. Debbah, “A new look
at dual-hop relaying: Performance limits and hardware impair-
ments,” IEEE Trans. Commun., vol. 61, no. 11, pp.4512-4525,
Nov. 2013.

E. Bjornson, J. Hoydis, M. Kountouris, and M. Debbah, “Massive
MIMO systems with non-ideal hardware: Energy efficiency, estima-
tion, and capacity limits,” IEEE Trans. Inf. Theory, vol. 60, no. 11,
pp. 7112-7139, Nov. 2014.

X. Liet al., “Security analysis of multi-antenna NOMA networks under
1/Q imbalance,” Electronics, vol. 8, no. 1327, pp. 1-17, 2019.

M. Toka and O. Kucur, “Performance of MRT/RAS MIMO-NOMA
with residual hardware impairments,” IEEE Wireless Commun. Lett.,
vol. 10, no. 5, pp. 1071-1074, May 2021.

F. Ding, H. Wang, S. Zhang, and M. Dai, “Impact of residual hardware
impairments on non-orthogonal multiple access based amplify-and-
forward relaying networks,” IEEE Access, vol. 6, pp. 15117-15131,
2018.

X. Liet al., “Residual transceiver hardware impairments on cooperative
NOMA networks,” IEEE Trans. Wireless Commun., vol. 19, no. 1,
pp. 680-695, Jan. 2020.

C. B. Le, D. T. Do, and M. Voznak, “Exploiting impact of hardware
impairments in NOMA: Adaptive transmission mode in FD/HD and
application in Internet-of-Things,” Sensors, vol. 19, no. 1293, pp. 1-24,
2019.

C. Deng, M. Liu, X. Li, and Y. Liu, “Hardware impairments aware full-
duplex NOMA networks over Rician fading channels,” IEEE Syst. J.,
vol. 15, no. 2, pp. 2515-2518, Jun. 2021.

C. K. Singh, P. K. Upadhyay, and J. J. Lehtomiki, “Performance analy-
sis and deep learning assessment of full-duplex overlay cognitive radio
NOMA networks under non-ideal system imperfections,” IEEE Trans.
Cogn. Commun. Netw., vol. 9, no. 3, pp. 664—682, Jun. 2023.

T. Lo, “Maximum ratio transmission,” IEEE Trans. Commun., vol. 47,
no. 10, pp. 1458-1461, Oct. 1999.

M. K. Simon and M. S. Alouini, Digital Communications Over Fading
Channels, 2nd ed. Hoboken, NJ, USA: Wiley, 2005, vol. 95.

M. Medard, “The effect upon channel capacity in wireless communica-
tions of perfect and imperfect knowledge of the channel,” IEEE Trans.
Inf. Theory, vol. 46, no. 3, pp. 933-946, May 2000.

1191



TOKA ET AL.: PERFORMANCE ANALYSES OF MRT/MRC IN NOMA FULL-DUPLEX RELAY NETWORKS

[40] B. C. Nguyen et al., “Impact of hardware impairments on the out-
age probability and ergodic capacity of one-way and two-way full-
duplex relaying systems,” IEEE Trans. Veh. Technol., vol. 69, no. 8,
pp. 8555-8567, Aug. 2020.

[41] A. Hasan and J. Andrews, “Cancellation error statistics in a power-
controlled CDMA system using successive interference cancellation,”
in Proc. IEEE Int. Symp. Spread Spect. Techn. App., Sydney, NSW,
Australia, 2004, pp. 1-5.

[42] D. Tweed, M. Derakhshani, S. Parsaeefard, and T. Le-Ngoc, “Outage-
constrained resource allocation in uplink NOMA for critical applica-
tions,” IEEE Access, vol. 5, pp. 27636-27648, 2017.

[43] 1. S. Gradshteyn and I. M. Ryzhic, Table of Integrals, Series, and
Products, 6th ed. New York, NY, USA: Academic Press, 2000.

[44] H. David and H. Nagaraja, Order Statistics, 3rd ed. Hoboken, New
Jersey, USA: Wiley, 2003.

[45] Z. Wang and G. B. Giannakis, “A simple and general parameterization
quantifying performance in fading channels,” IEEE Trans. Commun.,
vol. 51, no. &, pp. 1389-1398, Aug. 2003.

[46] K. B. Oldham, J. Myland, and J. Spanier, An Atlas of Functions With
Equator the Atlas Function Calculator, 2nd ed. New York, NY, USA:
Springer, 2008.

[47] M. A. Durmaz et al., “A four-user non-orthogonal multiple access
system implementation in software defined radios,” in Proc. IEEE Int.
Black Sea Conf. Commun. Netw., Odessa, Ukraine, 2020, pp. 1-5.

[48] H. A. Mahmoud and H. Arslan, “Error vector magnitude to SNR con-
version for nondata-aided receivers,” IEEE Trans. Wireless Commun.,
vol. 8, no. 5, pp. 2694-2704, May 2009.

[49] D. Pauluzzi and N. Beaulieu, “A comparison of SNR estimation tech-
niques for the AWGN channel,” IEEE Trans. Commun., vol. 48, no. 10,
pp. 1681-1691, Oct. 2000.

[50] A. Hussain, A. Alayon Glazunov, B. Einarsson, and P.-S. Kildal, “An-
tenna measurements in reverberation chamber using USRP,” IEEE
Trans. Antennas Propag., vol. 64, no. 3, pp. 1152-1157, Mar. 2016.

[51] Z. Ding, R. Schober, and H. V. Poor, “Unveiling the importance of SIC
in NOMA systems—Part 1: State of the art and recent findings,” IEEE
Commun. Lett., vol. 24, no. 11, pp. 2373-2377, Nov. 2020.

MESUT TOKA (Member, IEEE) received the Ph.D.
degree in electronics engineering from Gebze
Technical University (GTU), Gebze/Kocaeli,
Tirkiye, in 2021. He was a Postdoctoral
Researcher in electrical and computer engineering
with Ajou University, Suwon, South Korea. He
was also a Research and Teaching Assistant with
GTU, where he is currently an Assistant Professor
of electronics engineering. His research interests
include cooperative communications, full-duplex
communications, multiple access techniques,
reconfigurable intelligent surfaces, and space-air-ground integrated networks.

1192

ERAY GUVEN (Graduate Student Member, IEEE)
received the B.S. degree in electronics and commu-
nication engineering from Istanbul Technical Uni-
versity, Istanbul, Tiirkiye in 2021. He is currently
working toward the Ph.D. degree in electrical en-
gineering with Polytechnique Montréal, Montréal,
QC, Canada.

GUNES KARABULUT KURT (Senior Mem-
ber, IEEE) received the B.S. degree (with Hons.)
in electronics and electrical engineering from
Bogazi¢i University, Istanbul, Tiirkiye, in 2000,
and the M.A.Sc. and Ph.D. degrees in electrical
engineering from the University of Ottawa, ON,
Canada, in 2002 and 2006, respectively. From 2000
to 2005, she was a Research Assistant with CASP
Group, University of Ottawa. From 2005 to 2006,
she was with TenXc Wireless, Canada. From 2006
to 2008, she was with Edgewater Computer Sys-
tems Inc., Canada. From 2008 to 2010, she was with Turkcell Research
and Development Applied Research and Technology, Istanbul. From 2010
to 2021, she was with Istanbul Technical University. She is currently a Full
Professor of electrical engineering with Polytechnique Montréal, Montréal,
QC, Canada. She is also an Adjunct Research Professor with Carleton Uni-
versity, Ottawa, ON, Canada. She was the recipient of the Turkish Academy
of Sciences Outstanding Young Scientist (TUBA-GEBIP) Award in 2019.
She is also a member for the IEEE WCNC Steering Board and an Associate
Technical Editor (ATE) of IEEE Communications Magazine. She is also a
Marie Curie Fellow.

0GUZ KUCUR (Member, IEEE) received the B.S.
degree in electronics and telecommunication en-
gineering from Istanbul Technical University, Is-
tanbul, Tiirkey, in 1988, and the M.S. and Ph.D.
degrees in electrical and computer engineering
from the Illinois Institute of Technology (IIT),
Chicago, IL, USA, in 1992 and 1998, respectively.
From 1996 to 1998, he was a Teaching Assis-
tant with IIT. From 1998 to 1999, he was an
Assistant Professor with the Department of Elec-
trical Engineering, South Dakota State University,
Brookings, SD, USA. Since 1999, he has been with the Department of
Electronics Engineering, Gebze Technical University, Tiirkey, where he is
currently a Professor. His research interests include fading channels and
diversity techniques, multi-user communications, MIMO, and cooperative
communications.

VOLUME 6, 2025




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


