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Abstract—This paper investigates a user-fairness relay selection
(RS) problem for decode-and-forward (DF) full-duplex (FD) relay
networks where multiple users cooperate with multiple relays in
each coherence time. We consider two residual self-interference
(RSI) models with or without direct links. We propose a sub-
optimal relay selection (SRS) scheme which requires only the
instantaneous channel state information (CSI) of source-to-relay
and relay-to-destination links. To evaluate performance, the
outage probability of SRS is derived for different scenarios
depending on RSI models and the availability of direct links.
To further investigate, asymptotic expressions are derived for
the high transmit power regime. For comparison purposes, i)
the average throughputs of FD and half-duplex (HD) modes
are derived; ii) non-orthogonal transmission is considered and
its performance is discussed with approximations; and iii) the
impact of imperfect CSI is investigated with the aid of analysis.
While simulation results are provided to verify the analytical
results, they reveal interesting fundamental trends. It turns out
that a significant throughput degradation occurs with FD mode
over HD mode when self-interference is fully proportional to the
transmit power. Since all users can communicate in the same
coherence time with FD mode, these joint RS schemes are useful
for user-fairness low-latency applications.

Index Terms—Full-duplex communications, multiple-user net-
works, outage probability, relay selection, residual self-
interference, throughput.

I. INTRODUCTION

Conventional wisdom had been that a radio node cannot
simultaneously transmit and receive on the same frequency
band. Recently it has been discovered that full-duplex (FD)
radio not only able do that, but also avoids typical spectrum
splitting employed across forward and reverse links and hence
improves spectrum efficiency compared to conventional half-
duplex (HD) radio in which silent times lead to a loss of
spectral efficiency (also known as the multiplexing loss) [1].
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For instance, FD nodes relaying can potentially double the
spectral efficiency achieved by the conventional HD relaying,
thereby extending network coverage while improving power
efficiency and robust connectivity [2]. However, since the
self-interference (SI) signal on a FD node can sometimes
be 100 dB above its legitimate received signal strength, the
benefits of FD radio are contingent on proper SI cancellation
[3]. Nevertheless, the measurement and fully suppression of
SI is challenging even with the recent signal processing
breakthroughs [4].

Although multiple relays can improve error-rate and link-
reliability by exploiting multipath diversity, overall spectral
efficiency can be affected because of the need for one orthog-
onal channel per each relay. This in turn increases bandwidth
utilization, time slots or spreading codes. On the other hand,
because relay selection (RS) schemes activate only one or
few relays from a large set of nodes, resource utilization and
overhead do not scale up as rapidly. Instead, RS enjoys the best
of both techniques, e.g., spectral efficiency and full diversity
gains [5]-[7]. Although RS requires an exchange of channel
state information (CSI) between the nodes, such multiplexing
losses can be recovered under the constraint of very limited
feedback [8]. The RS with FD radios is important because
it provides better diversity-multiplexing gain tradeoff (DMT)
at least at the high multiplexing gain regime where the FD
achieves a better multiplexing gain than that of the HD [9].
Effective FD RS strategies are thus the main focus of this

paper.

A. Related work

FD RS strategies have been considered for one-way commu-
nication [10]-[14], two-way communication [15]-[17], cog-
nitive radio [18], device-to-device (D2D) [19], physical-layer
security [20], energy harvesting [21], [22], and non-orthogonal
multiple access (NOMA) [23], to mention but a few. Outage
probability and asymptotic analysis of several RS schemes
which are based on the available channel state information
(CSI) are derived in [10]. A joint RS and power allocation with
outdated CSI is analyzed in [11]. Outage probability, average
symbol error rate, and ergodic capacity are derived for a joint
relay and transmit/receive antenna mode selection scheme in
[12]. In [13], channel capacities with RS are analyzed under
different adaptation policies including optimum power with
rate-adaptation and truncated channel inversion with a fixed
rate. For nodes distributed as a 2-D homogeneous Poisson
point process, an analytical framework is proposed to study
how RS strategies perform with HD and FD nodes by combin-
ing renewal theory and stochastic geometry in [14]. In [15], an

0090-6778 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2018.2877393, IEEE

Transactions on Communications

optimal RS scheme which maximizes the effective signal-to-
interference and noise ratio (SINR) is proposed and analyzed
for a two-way FD relay network. In [17], outage probability
based on max-min scheduling is analyzed for a two-way
multiple-user network where user pairs compete only for one
relay node. A multi-source multi-relay network is considered
with one destination for two-way network in [16], where the
best source is selected based on the instantaneous signal-to-
noise ratio (SNR) of the direct link and the best relay is
selected by using the max-min principle based on the selected
source. However, there is no simultaneous transmission from
all source nodes.

Optimal RS for the FD underlay cognitive radio networks
is analyzed with respect to the distributional properties of the
received SNR in [18]. A power-efficient RS scheme is for-
mulated as a combinatorial optimization problem to minimize
the power consumption of the mobile devices in multiple D2D
user pairs in [19]. The secrecy outage probability of a hybrid
RS scheme which switches between FD and HD modes is
studied in [20]. The FD RS for physical-layer security in a
multi-user network is recently considered under the attack of
colluding eavesdroppers in [24]. RS schemes for FD relay
networks with energy harvesting are considered for the power-
splitting protocol in [21] and the time-switching protocol in
[22]. In [23], the impact of RS on cooperative NOMA is also
investigated for both FD and HD modes by considering the
locations of relays where stochastic geometry tools are used.

B. Problem statement

As discussed above, in the existing literature, FD RS prob-
lems are limited to two scenarios: i) single source-destination
pair with multiple intermediate relays; ii) multiple sources
and multiple relays with single destination where only one
selected source communicates with the destination; or iii)
multiple source-destination pairs with single intermediate relay
where only one pair communicates at each coherent time
[25]. However, the model of single source-destination pair per
coherence time has limited applications as wireless systems
evolve from Long Term Evolution (LTE) to fifth generation
(5G), the number of active users per unit area is expected to
increase dramatically, making simultaneous communication is
a more urgent goal, with better resource utilization, supporting
ultra-reliable low-latency communication (URLLC) [26].

In FD relay studies [10], [11], it is commonly assumed
that no direct source-destination link exists because the direct
link is sufficiently weak due to obstacles and/or deep fading.
In HD relaying, however, a direct link is a great advantage
as the destination receives two copies of the same signal.
However, in FD mode, the relayed received signal at the
destination is the previous signal of the source. Unless the
source employs a smart strategy, e.g., coding such as space-
time code (STC), or destination employs a smart receiving
technique, e.g., buffering, this relayed signal interferes with
the direct-link received signal at the same time instance [27]-
[30]. In [31], the outage probability is derived for a basic
three-node FD relay network with direct link over Rayleigh
fading channels under distance-dependent path loss. Those

results reveal that the FD relay network can achieve the full
diversity order only when the self-interference is independent
of transmit power and when there is no direct link. In all
other cases, diversity gains are lost and an outage floor occurs.
Since existing FD RS is limited to single source-destination
pair, FD RS must be developed for multiple source-destination
pairs communicating via intermediate relays. Availability of
direct links and their interference are a special case of this
problem. This typical scenario has general applications in
future wireless systems, and the related FD RS has remained
widely open to date. Therefore, given this state-of-the-art, we
address this problem.

C. Challenges and contributions

With FD RS for multiple user pairs, we find the following
two challenges:

i) When a given relay cannot be shared by more than
one user and limited channel state information (CSI) is
available, the first challenge is to develop an RS scheme
which improves each individual user link as well as user
fairness. User fairness refers to the potential equality
of quality of service (QoS) parameters among different
users. In our problem, maximizing the SINR of the worst-
case link is a possible way to ensure fairness among
the users. For example, randomly choosing a relay, the
simplest RS scheme, does not need CSI but offers no
performance gains. On the other hand, with full CSI
availability, a naive RS strategy is to rank the best relays
and assign them to the users one by one. This scheme
clearly ensures QoS imbalances among users. Focusing
on user fairness, [32], [33] and [34] respectively proposed
and developed RS algorithms to find the set of paths that
maximizes the minimum end-to-end SINR of all users for
a full-CSI HD network and for a full-CSI FD network.
A crucial step in in-band FD communications is the full-
CSI estimation of time-varying self-interference channels
at relays and direct channels at destinations. Thus, in
practice, full-CSI may not be available at a central node
(relay selector) to perform such RS.

ii) The second challenge is the myriad of analytical diffi-
culties inherent in performance evaluation as all possible
user SINRs via multiple relays (see (4)) are non-identical
and also correlated random variables (rvs). In particular:
1) For a given user pair, a common direct link exists with
multiple relay links. Consequently, all possible end-to-end
SINRs via all relays are correlated due to this common
direct link, i.e., entries of each row of (4); and ii) For a
given relay, a common self-interference channel exists for
all users, and all possible end-to-end SINRs from all user
pairs via a given relay are correlated due to this common
SI, i.e., entries of each column of (4). Since the analysis
involves the order statistics of correlated rvs, this multi-
user RS problem is radically different from traditional
RS problems. This correlation among the rvs may also
be another reason for the lack of analysis of multi-user
FD networks thus far in the literature.

To address these challenges, this paper studies the RS
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Fig. 1: A full-duplex multiple-user pairs network with multiple
relays.

problem for multiple source-destination pairs and multiple
DF relays. In this respect, a recent paper [34] considered
Gaussian SI channels and having no direct links among source-
destination pairs. In contrast, in this paper, we consider the
more general scenario that the SI channel may either be
Gaussian noise or a random (fading) channel, and that direct
links may exist between source-destination pairs. The key
technical contributions are:

1) From practical point of view, we may reasonably assume
that the relay selector does not have knowledge of instan-
taneous direct channels and SI channels, but has partial
knowledge of them (statistics). Based on this realistic
assumption, we propose a sub-optimal relay selection
(SRS) scheme, which becomes equivalent to optimal relay
selection (ORS) if there are no source-destination direct
links and the SI channels are Gaussian.

2) We derive closed-form outage probability of FD SRS con-
sidering Rayleigh fading channels and for four different
scenarios based on SI models and the availability of direct
links. Asymptotic analysis is also provided to ascertain
the diversity order and the outage floor.

3) The average throughput of FD SRS is also derived for
comparison purposes. In particular, we compare it with
the HD mode, and also with interfering non-orthogonal
transmissions from source and relay nodes.

The rest of this paper is organized as follows. Section II
discusses the system model and RS scheme. Section III derives
the SRS performance analysis with exact and asymptotic
outage probabilities, and the average throughput. Section V
presents numerical results and discussions, followed by the
conclusions in Section VI. The respective proofs are relegated
to the Appendix.

II. SYSTEM MODEL

A. Network Model and assumptions

This work considers a general multiple source-destination
pairs dual-hop wireless relay network (Fig. 1), where the K
sources Si,...,Sk (source-cluster) communicate with their
corresponding destinations Dy, ..., Dk (destination-cluster)
via FD relays R;,..., Ry (relay-cluster). Thus, we have K
user pairs, denoted as user k, k € {1,..., K}. Each source
node and each destination node are single-antenna nodes. Each
FD relay has one transmit antenna and one receive antenna.
The power budget is fixed at p for each source and relay.
Different power levels can be considered for power allocation
problems, e.g. [35]. We assume that each user is helped by
one and only one relay, and each relay can help at most
one user. Thus, we need N > K!. To avoid interference
among users, the users are assigned orthogonal channels using
frequency-division or time-division multiple access. It is also
important to note that almost all FD RS papers in the literature
omit the direct link by assuming that the direct channel is
sufficiently weak to be ignored due to obstacles and/or deep
fading, e.g., [10]-[14]. Unless we use an advanced signal
processing technique at the destination, the direct link signal
is interference to the FD relay signal. While this is a widely
accepted assumption in the literature, in practice, we may
still have an impact from weaker direct links in wireless
environments due to multipath propagation. We thus consider
a more general multiple-user and multiple-FD-relay network
with and without direct links as shown in Fig. 1. To treat the
direct link signal as a useful signal in FD RS, we need different
signal processing techniques and joint resource allocations
which moves this situation beyond the scope of this paper.

We assume independent small-scale multipath Rayleigh
fading for all the links along with large-scale path-loss fading.
Further, the distance between clusters is much larger than the
distance between the nodes in the same cluster. Therefore,
the channel gains and distances in a given hop are identical
while the channel gains and distances of the two hops are not
necessarily identical. The fading coefficient, channel variance
and distance between Sy and R, (the first hop) are fi,,
a]% and [, respectively. Thus, all the fx,’s are independent
and identically distributed (i.i.d.) zero-mean complex Gaussian
with CN'(0,0%) for n € {1,...,N} and k € {1,...,K}.
Similarly, these parameters between R,, and D} (the second
hop) are gi,, o and I,4, respectively, i.e., grn ~ CN(0,07).
Further, those parameters of the direct link of user k are hy, oz
and ls4(< lsy + lrq), respectively, i.e., hy ~ CN(0,0%). Since
reception and transmission occur simultaneously, the R,, relay
receives a self-interference via its channel e,,. Moreover, fg,,
Jkn» hi, and e,, are independent but not necessary identical.

The scenario K > N should be treated separately due to a number of
reasons. If each relay can help at most one user, in each coherence time, only
N users can be selected, e.g., random-user selection or best-N-users selection.
If each relay can help more than one user, all K users can communicate in
every coherence time by jointly allocating relays and powers. If there are direct
links, any user can communicate with its destination via either the direct link
or a relay link where at least (K — V) users can use their direct links, given
that the direct-link carries useful information. Given these complexities, the
scenario K > N is beyond the scope of this paper and left as future research.
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B. Analytical Model

Without loss of generality, the user k£ helped by R, is
elaborated here. We denote the information symbols of the
source Sy and the relay R, as x,, and z,, , respectively,
with unit average energy (E [|z,,[?] = 1 where E[] is
the expectation). At time ¢, the received signal at R, is
Yrnlt] = [ finwsi[t] + inlt] + noaltl no= 1. N,
where 7 is the path loss exponent, n,,[t] is the additive
white Gaussian noise (AWGN) at R,, with zero-mean and o2
variance, and 7, [t] is the self-interference term.

Residual self-interference (RSI) models: If no interference
cancellation is performed at R,, we may write i,[t] =
VPenty, [t] and x,. [t] = &, [t—1]. Here, the symbol &, [t—1]
represents the decoded and forwarded information symbol at
the relay R, which was transmitted by Sy in the previous
time-slot at time (¢ — 1). Then the signal i, [t] can dominate
Yr.n[t] and can cause significant performance degradation [36].
To avoid this, each relay node applies some self-interference
cancellation, which results in RSI denoted as 7, [t].

To avoid excessive interference, each relay node applies
some self-interference cancellation, which results in RSI de-
noted as in [t] [37], [38]. The antenna isolation techniques such
as implementing a solid physical barrier between transmit and
receive antennas, utilizing directional antennas and exploiting
antenna polarization greatly mitigate the transmit power leak-
age especially via the line-of-sight (LoS) path. However, there
still exists RSI which is received due to the non-LoS multi-
path propagation. Among different options, the following two
RSI models which are often used in the literature are adopted
in this paper:

1) RSI Model I: i,[t] is a block-fading complex Gaussian
CN(0,02) variable, and the amplitude of RSI is thus
Rayleigh distributed. This model is valid when the trans-
mit signal from a relay returns to its receive antenna via
different multi-paths, and is used in [10]-[12] and many
more papers.

2) RSI Model II: 4,,[t] is i.i.d. with zero-mean, o7 variance,
additive and Gaussian, which has similar effect as AWGN
[2]. Based on the central limit theorem, the Gaussian
assumption holds in practice due to the various sources
of imperfections in the interference cancellation process.
This model is extensively used in the literature, e.g., [2],
[13], [16].

For performance analysis over block fading channels, the RSI
term is treated as a random variable only under Model I.
Further, the variance of the RSI depends on relay transmit
power and the SI cancellation technique. Since all relays have
the same transmit power P and the similar SI cancellation
technique is implemented at each FD radio, it is reasonable to
assume that RSI samples of all relays are i.i.d. By including the
impacts of several stages of cancellation into the RSI variance,
in general, it is modeled as J,? = wp” where the two constants,
w > 0 and v € [0,1], depend on the SI cancellation scheme
used at the relay [2]. One can thus investigate the effect of RSI
based on three cases: i) v = 0;ii) v = 1;andiii)) 0 < v < 1. In
terms of performance, the cases ¥ = 0 and v = 1 represent the
best-case scenario and the worst-case scenario, respectively.

Since the performance of the case 0 < v < 1 is in-between
those two cases [34], in this paper, we only consider v = 0
and v = 1.

We also define iy = |[finl® Brn = lgrnl®; 0k =
|hg|?; and e, |in|?. Then, we write channel gains in
the first-hop, second-hop, direct and self-interference links,
respectively, as H; = (ap,) € REXNHy = (Brn)
REXN:D = (§;) € REXL; and I = (¢,) € RYV*L. With
the DF relay R, the received signal at Dy is yqx[t] =

-Gt [t] + \/%hkxsk[t] + nax[t], Yk, where nglt]
is the AWGN at Dy, with zero-mean and o2 variance. Since
Dy, interests on the relay signal .. [t], the direct link signal
Zs, [t] is an interference. Thus, the receive SINRs at relay R,
(the first hop) and the destination Dy, (the second hop) can be
given, respectively, as

A%n . Tkn . I
S Thees = Thas Model-I;
- Allfen Thn
" ety = 1723;  Model-II, 0
S f’fggk = %= with direct link;
" bBkn = Ykn; without direct link,

respectively, where a =

_p
1, 02’ "o o2 d =

7575 Thn = AQkn; Yhn = bBn; un = cey; and vy, = ddy,.

. _ 1.
b:lan,C* o2

Thus random variable Z € {Zkn, Yin, Uk, Un }, is Exponential
probability density function (p.d.f.) and cumulative distribution
function (c.d.f.) given by

fz(z) = Xe™?

Here, the parameter \ for Z € {Zgn, Ykn, Un,vr} denoted
by DS {/\m,)\y, Au, Av }, respectively, takes the value A,
27>\y—b027/\u 12; and)\u—F
The effective end-to-end receive SINR of user k helped by
the DF relay R, is given by?

“and Fz(z)=1—e % )

Ykn = min (P}/kn,la ’Yk:n,2) . (3)

Thus, all possible user SINRs connected via any relay can
be given in matrix form as

T = () € REXV, 4)

C. Max-Min Fairness Relay Selection (RS) Scheme

From Fig. 1, it is seen that each user has /N possible paths
(relays). Since a relay cannot be shared between more than
one user, for a given relay assigned to one user, there are
(N — 1) possible relays for any next user. Likewise, there
are (N — K + 1) possible paths for the final user. We can
thus consider several possible RS schemes. But we know that
random RS has no performance improvement and naive RS
causes significant performance degradation for the final user
compared to the other users. Thus, we need an RS scheme,
which guarantees the individual performance as well as user
fairness, capable of choosing the set of paths that maximizes

2For AF relaying, the effective end-to-end receive SINR of user k can be

: AF _ _ Ykn,1 Vkn,2 : : _ AF
given by v, = T ——— Since this can be upper-bounded as v, <

min (wm,l, ’ykn,g), the results in this paper can be used as approximations
for AF relaying, especially in moderate and high SINR regions.
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the minimum end-to-end SINR of all users. Such an algorithm
is proposed for an HD relay network in [39]. Further developed
algorithm in [32] maximizes the minimum receive SINR of all
users, and guarantees an unique solution. The algorithm can
be performed on entries of the matrix I'.

o Optimal RS (ORS) with global CSI: If a central node
(which may also be one of the nodes in given network)
has global channel knowledge, i.e., fin, gin, hi and
En Vk,n, to calculate T', the RS matrix for the ORS
scheme I, i.e., max-min optimal, can be defined as

I',=T= (’Vo,kn) € RF*N where Yokn = Vkn-  (5)

o Sub-optimal RS (SRS) with some local CSI: A crucial
step in in-band FD communications is the estimation
of time-varying self-interference channels, for which we
need periodic estimation and reporting. Similarly the
destination may not have any knowledge of the source
transmission. Thus, from the practical point of view,
we may reasonably assume that the relay selector: i)
has instantaneous knowledge of fi, and g, Vk,n; and
ii) does not have instantaneous knowledge of hj and
En Vk, n, but has their partial knowledge, i.e., with known
statistic o7 and o?. Based on these assumptions and
known distances, the RS matrix for the SRS scheme I',
is defined as

Ty 2 (ys4n) € RV (6)

where
a

K= ;
1+cai27

with direct link;

Vs, kn = MiN (K Wr, 1t Bren ) ;

b .
= 1+dai’
b;

Upon calculating the RS matrices I', and I';, the RS can
be developed by extending the proposed algorithm in [39] and
further extended algorithm in [32] as following two steps:

no direct link.

e Step I: For I', for T's, we apply Main algorithmin
[39, Fig. 5] to maximize the minimum SINR across the
users. Denoted by u (and R,,), the user (and associated
relay) achieving the optimum.

e Step II: Since Step I may not maximize other users’
SINRs, in this step, the u-th row and corresponding R,,’s
column are deleted from I', or I'y, denoted as I, ,, or
I', ., respectively, and then Main algorithmin [39,
Fig. 5] is performed on I',, ,, or I ,,. This is iterated until
all users are associated to a relay.

These two steps guarantee the uniqueness of the solution. This
algorithm first optimizes the worst users SINR, then the second
worst user and so on, see [39] and [32] for details. Since
information transmissions of all K users take place after the
joint RS within the same coherence time 7, the user order
for information transmission does not matter. This multi-user
RS scheme jointly selects a set of relays for all K users in 7T,
and thus each user has an opportunity to communicate with its
destination in every 7.. However, if we implement a single-
user RS scheme in a multi-user network with round robin
scheduling, we need at least KT time period to complete one

transmission for each user. Therefore, our joint RS scheme is
extremely important for user-fairness and ultra-reliable low-
latency applications in future wireless networks.

Example 1: Let random channel matrices of a three-user
four-relay network be

[0.74 0.06 1.12 0.89] [0.12]
H,; = [3.08 165 264 1.14|:D = |0.29];
|1.78 0.08 1.04 3.06 2.28 ]
[0.47 2.82 0.57 0.29] 3'82
H, = [1.97 193 571 0.54|; I= 0'82
1352 1.83 2.00 1.40 0298

For normalized power and path-loss; and variances 02 = 03 =

0.1, 02 = 1.5 and o7 = 1.2; the corresponding SINR matrix
I', the ORS matrix I', and the SRS matrix I' can be calculated
as

0.16 0.03 1.21 0.82
I=T,=|066 0.77 2.86 1.06]:

0.38 0.04 084 0.59

(1.21)
0.36 0.04 0.44 0.22
_ | 0.66)

Fs= 1152 103 165 041

(0.59)

111 0.05 0.65 1.08

i) For the ORS, we first sort all entries in I',, in descending
order and fill a temporary matrix 1"5,1) starting from the
largest until each row and at least K = 3 columns have
entries. The last entry is assigned for the corresponding user
(user 2 for Rs), and remove the row and the column. This is
repeated until the other two users have a relay assigned by

: (2) (3)
generating I';™” and 'y

- = 1.21 0.82
r’lY=|— 077 286 1.06
- - 08 -
- x 121 0.82
r'®—=1|x x x X
- x 084 -
X X X X
r'®=1|x x x x
- x 084 x

This results in S; — Ry — D1, So— Ry — Do and S35 — R3 — D3
with effective SINRs 0.82, 0.77 and 0.84, respectively, where
the minimum SINR is 0.77.

ii) We repeat for the SRS with Ty, which results in S; — R3 —
D1, S9 — Ri — Dy and S5 — R4 — D3 with effective SINRs
1.21, 0.66 and 0.59, respectively. Thus, the minimum SINR is
0.59. The corresponding SINR of SRS are given on top of the
bolded elements.

iii) For the naive scheme, we first select the largest entry of
the first row which is assigned for the corresponding user, i.e.,
user 1 for R3, and remove the row and the column. This is
repeated for the other two users. The selection is S;— R3— D1,
Sy — R4 — Do and S3 — Ry — D3 with effective SINRs 1.21,
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1.06 and 0.38, respectively, where the minimum SINR is 0.38;
iv) The random RS (no unique selection) may give S; — R —
D1, So — Ry — Dy and S35 — R3 — D3 with effective SINRs
0.16, 0.77 and 0.84, respectively, where the minimum SINR
is 0.16.

This specific example shows the benefit of ORS and SRS
in term of user fairness.

III. PERFORMANCE OF MAX-MIN FAIRNESS SRS SCHEME

A. Outage Probability

The SRS matrix I's is generated as in (6). We now sort
Vs,kn s Which are elements of I's in descending order, and map
with their corresponding SINRs rates of I" in (4) as follows:

D > > a0 s s DN RN
b 4 4 ! + D
AR STV (A TR PPI
where v(gj ) is the jth largest entry of I's, and ) is the

corresponding SINR entry in I' which is not necessarily the
jth largest element of T'. According to the RS algorithm, any
selected entry of the RS matrix, i.e., in our SRS scheme 7§J ) of
T, satisfies the property 1 < j < (K — 1)N + 1. Because, in
worse case, the minimum SINR among users is (N —DE+1)
which occurs when all A((N-DE+D) > ... > ~(NK) gre
in a same row if K > N; or are either in same row or
column if K = N. Thus, the user k SINR, 7%, can be
Vi € {7(1)’ o ’7((K—1)N+1)}.

Let Ny be the random index of the relay selected for the
user k. Then, the outage probability of user k can be given as
P, = Pr[yr < ] where 7y, is the SINR threshold. Thus,

we have
“ (K—1)N+1
Pe(yn) = > Pry™¥) <y, Ny = 5]
j=1
( )(K71)N+1
= > Pr[Ny = ] Pr[y™H) < yn| Ny = 5]
=Pg)
“ (K—1)N+1 ®)
= Z P(j) Priy?) <y
= T,_/
:Fv&j)(%h)
W (K—1)N+1
= Z P E o (en)
j=1

where (a) follows as v, € {y),... A((E=DN+D1. (b)
follows from the definition of conditional probability; (c) is
because IV, is independent of the values (v(j))é\g (N}, only
depends on their positions within the matrix I'g); and (d)
follows as each (/) corresponds to a user pair and a selected
relay, and thus, without loss of generality, we write 7&] ) to
denote the value mln(v,(m) 1,77(3,3 ,) corresponding to y9) as
per (3).

Theorem 1: For a FD network with K users and N relays,
the outage probability of each user with SRS scheme given in

(6) can be given as
(K—1)N+1 KN—j (KN)!P(j)(—l)q(KI\éij)
DYKEN =j)! )

2 2(5 —
= = kopmog(d

j ('%7 M, a, b7 0f,0g, >\U7 )\va’yth)

where the function J (k, i1, a,b,0¢,04, Ay, Ay, 2), denoted as
J for the sake of brevity, which depends the RSI model and
the availability of the direct link can be given for four cases
as follows. Proof is in Appendix A.

Case I: RSI Model I with Direct Link

il (%7%>)\C( )\u7)\ ,u,i'g)
i (“;7“57% G+ Mt ) 52 8
T=1 ] (10)
IQ(ZZ’HM e(d + /\“’)‘”’wlf )
+14 (“T B2+ ), Amkuv%)v% <%
Where >\C = (%"’“}73)’ Il(ov¢aV7T7@ap) and

:2.2 (03 ¢7 v, T, ¥, P) are

T(ov +¢) te gte ST
(o + ) (0(pv + @) + ¢7)

e
v—p

—0v
- Te
I, = -
! (Vp(@y +7)
g™ <¢>(91(;+'r)
e
‘P< o —p)+7

re—0vt+op—dp

T o=
p(dp +¢)

I,

v (o eraE )

o [0 TR 0000+ p) + ) + 67)
p(Ov +7)(dp +¢)(0(dv +0) +67) |

Case II: RSI Model II with Direct Link

z . 1 1
sz(%JQ\c(]"‘Q)a)\v,W,W) (11)

where Z (0, z,v, 7, p,0) is

=5 ( ! +1)+
v \o—v p

067_2(%+U)

o0y — 00 +71)

7_6—01/+0<7—0z
o(v—0)0(v—0)+T1)
9267—2(%+u) B
(Ov+7)(0p+T)

0677%+V(7z)
o(fv+71)

Case III: RSI Model I without Direct Link

9 9 Kz _ 1 1
= |l — )\(' 7)‘ua777 12
\-7 I{O—f lu‘o—g < a y %y 4(] + Q) K}O’Q M02> ( )

where Z (0, z,v, T, , p) is

z(0v+T)
_ Bolote—v)e
Ov+71)0p+7)O —p)+7)
+ Te v tor—pz N pe”"* (piu + i)
(v—=p)(O0—p)+T) v
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Case IV: RSI Model II without Direct Link

2 2 . 1 1
RO o, —(Jt+gq ( + )z
f 12 g B ( ) ,m; ng .

(13)
(J+a)

J =

B. Asymptotic Analysis for High Transmit Power

Since the interference levels due to the RSI and/or direct
links may also be functions of transmit power p, it is important
to analyze the impact of interference at high transmit power
region (p — o0). When transmit power increases, outage
probability decreases in non-interference scenarios. However,
this trend may not hold with interference. According to the
system model, we can investigate two cases for the variance
of RSI as 07 = wp” when v = 0 and v = 1. We assume
normalized distances (Isr = l.q = 1) and channel variances
(af = 05 = ah = 1); and the same noise variances at the
relay and destination (02 = 02 = ¢2), which are common
assumptions for asymptotic analysis. In addition, we define
that r = I, /lsq and find

1
a:b:%; c=—; d:T%'
7 (14)
2 2
pe Pl and = P
1+407/0? 14+rp/o?

The asymptotic analysis helps to find the diversity order, d,
the decreasing rate of outage probability with the increase in
the transmit power p as p — oo. It is conventionally defined

log 1% .
asd= lim 8 . Further, the array gain can be calculated
p—oo logp )
as Q = lim (PdPO) . If the diversity order is zero, i.e.,

p—00
d = 0, we have an outage floor.

Theorem 2: For a FD relay network with K users and NV
relays:

1) Each user has the diversity order of N when there is
no direct links and the variance of RSI is independent
of transmit power. The outage probability of each user
in (6) can thus be approximated at high transmit power

region as
1 1
QpN +o pNH

where 1/() is given at the top of next page.

2) Each user has an outage floor at high transmit power
region when there is direct links and/or the variance
of RSI is dependent on transmit power. The outage
probability of each user in (6) can thus be approximated
at high transmit power region as

Py = 15)

(K—1)N+1 KN—j (=17

2 Z KN_J>

()

where K (w,r,y) is given at the top of next page.

For Case 1, we only consider scenario & > £, as scenario
1Y

= < & happens very rarely.

Proof: See Appendix B. ]

P, =1-
(16)

C. Average Throughput

The average throughput, an important wireless network per-
formance measure, is expressed as 7 = log, (1 + SINR) bits
per channel-use [bpcu]. Throughput analysis is particularly
important when we consider the same wireless network
(Fig. 1) for different transmission protocols which have distinct
channel-use utilizations, e.g., HD vs FD radios and orthogonal
vs non-orthogonal transmissions. Since the active nodes in
each hop are assigned orthogonal channels in each coher-
ence time, the instantaneous throughput of user k£ becomes
T = % log, (1 + &) [bpcu], where ; is the user & SINR
following the RS. The average throughput can then be written
as

(=)
_ Jo logy (1 +2) fry (z) da _ 0 ;ia: dz (17)
K Kln(2)

where f,, () is the p.d.f. of ;. By employing integration by
parts, 75, can be derived in terms of F,, (z) — the comple-
mentary cumulative distribution function (c.c.d.f.) of ;. Here
the c.c.d.f. may be written as F., (z) = 1 — P, (Vtn) |yup—z -
Due to the space limitation, we provide analytical expressions
only for the RSI Model II, i.e., Case II and Case IV only. The
RSI Model 1, i.e., Case I and Case III can also be analyzed
similarly.

For Case IV - RSI Model II without Direct Link: we have

Py (—1)2(*77 )
e*(JJﬂZ)(é‘Fﬁ)
B (~+) (37 + 757))
(= DUEN =) +q)
where this follows by substituting (9) and (13) into (17) with

o St = —e°Ei(—a) for a > 0 [40, 3.352.4]. Here, Ei(-)

denotes the Exponential integral.
For Case II - RSI Model II with Direct Link: We have

(K—=1)N+1 KN—j

2 X

q=0

(KN)!
K1n(2)

T =

(18)

(K—1)N+1KN—

. (KN)! Z’Pm(*l)q(mz*j)
Kn(2)(kof)(nog) = iz (G — DIEN —j)!
Bi(—) (i — 1) bt e )
v + uo(v —o)(v —o)
boT bt 2 bt (19)
ey () () A (n i)
te : vp N vo T bt bt
v (5~ &)
bt bt boT
,(up) 7 (v ) L7 (mi) 7o (i)
vp (22— b o(v—0) vo
where v = (j+q)(%+ﬁ,3),7 = ﬁap =
1 _ 1 S [e’s) —mz
ho?> g = Ko?” Fi (m, CL) - fo (erel)(aJrz) dz
Loy mp,
anc;ilma) + = 11£am) and .Fl m a fO 7(z+1)(a+z dz =
e lE i(a ma) 4 ¢ E‘Elm). Here, (a) follows by substituting (9)

and (11) into (17), and subsequent mathematical manipulations
with [40]. Since the intermediate steps involve straightforward
algebraic manipulations, we omit them.
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8
KN (2(2s4+w)) NPk _ _ _ N-1
l _ ( 3V(!Z(SV_1;J1)()1\/([2'(51)1))1N+1> = ' (Nq 1) (N(If_ll));f{:_ll) ) Case IV, 0'2 = w
- KN)IP (5 N— _
@ ]\5!(N11§!((KN(1I)<N—+11)))I Yoco (VD (DT M(s,w, ), Case III, 07 = w;
R - 2@t (VU g 1) )
(s +w) (ayN T EN(R= 1)+2q+1)+w(N(K 1)+q+1))+8+W‘y o)
M(s,w,z) =
s(s(2N(K — 1)+ 2q+ 1) +w(N(K—-1)+q+1))
z(2s+w N(K—-1)+g+1
(N(K — 1) +q) ( T vE(2s+w) (—(N(K=1)+q >>|y:0)
( (K=1)+q¢+1)(s@N(K —-1)+2¢+1)+w(N(K -1)+q+1))
i (ywz(25+w)(N(K 1)+q+1)+s+w)” 1oyz(2s+w) (= (N (K —-1)+q+1)) ’
- oy  (ywz+1)(ywz(s(2N(K—1)+2g+1)+w(N(K—1)+q+1))+s+w) y=0
(W323(2s + w)(N(K — 1) +¢q))~ !
1 C I and o2
Tz(j+q)2+j+q’ ) ase an O’L w
2(r?2(j+a)+r(i+a+2wz+2)tw(wz(G+q)+i+q+2) ) +2 2
TrrF D@ DEGFO rFo ) GG+ Case Land o7 =wp
m, Case Il and 0? = w
K (w,r,2) =4 @lteDe 20t | re*((j4q)(rtw)—w)
Y (j+q)((j+q)(r+wz—w) . (TZ()J+q)++w§(Jirq 1)+1)
rwz®(j+q—1)(r+w)e *0+a w)— 2 _
T DG Fes e DD GGFg ey Case Il and of = wp
m, Case 111 and Uf = wp
e—wz i+ 2 __
yu Case IV and 07 = wp
IV. FURTHER DISCUSSION ii) Asymptotic result:
A. Half-Duplex Radio NZ—I (2(N(K = 1) +w + MmN TN)
For HD, there is no self-interference at relays. When there = (DN (N(K 1) +1) — 7+ 2w)
are direct links, the maximal ratio combining (MRC) is used at Lo 2r (NN (KNP —iyn 1y en™ .
destinations. The equivalent user SINR matrix in (4) is given P2 (k — 1)[(]\[ + DI(N(K —1))lpN+17 22)
* HD _ ( hd) « REXN MG SHEN) Py (0 ()
P = (yp7) e RE™ (20) 2o 2N = DI+ N)(— 1)t
Cwyy) N

where 'y,}gff = min (Tgn, Ykn) + vip with direct link and
'y{gg = min (Tgn, Ykn) without direct link. The ORS and SRS
matrices for HD mode can be calculated as T'2/P = pHD
and THDP = (min (24, ypn)) € REXN respectively, as
v Vk is i.i.d. For a HD network with K users and N relays,
performance metrics of each user with SRS scheme can be

given as
i) Outage probability:

e iN“Kif (KN)PG) (1) ()
fr (G—DYKEN —j)!
T(AI, /\y, AU, 'yfh) with direct link;
P, = (K—1)N+1j-1 i{(KN)IP J)(] 1) 21
Z Z; (j — DUKEN —j)!
IR DTN po direct link.

(i—j+KN+1)

where T (Az, Ay, Av, 2) is

1_e—2(+w) Az +Xy) —2Xy.
W = Qa+ Ag)e™™;
. Ay
(.7 +w) = )\zi/\y’
e~ 2(F+w)Az+Ay) _—Avz .
(]'+U7)—>\I/\+/\y

T: 1—

e~ 2(F+w)(Az+Ay)
(+w)

)
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NUN(K-1))pN ’
where the first expression for with direct link and the second

expression for no direct link.
iii) Average throughput:

(KN)W(I§)+INK_j(—l)”Pm(KJij)
2KIn(2) & 2 (- DINK —j)!

Bi(=(j+w)(Az+Xy))
o= G+w)Aa+Ay) {(Hw)_

Ay
o t+ry

Tk = e MEI(—)y) Ei(—(j4+w) Az t2y)) (23)
Grw)—s2fyy e 0TI (tw) |
N K i— itw
(KN)! (z”“i J%Kﬁ( 1)+ (J D)
2Kln

Pm(l ”NK“) ”“I“WEI( w(he +Ay>>
(NK—)IG—j+NE+1) )

where the first expression for with direct link and the second
expression for no direct link.

Since proofs follow same as in Sections III-A, III-B and
III-C, we omit them. It is important to note that the HD mode
with direct and without direct links achieves diversity order
N + 1 and N, respectively. Further, the fraction T{ in Ty is
due to HD mode and orthogonal channel assignment for users,
which is 2 for the FD mode.
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B. Non-orthogonal Transmission

With non-orthogonal FD transmission, we need only one
time-slot or frequency band. Although time/frequency re-
sources appear to have been saved, inter-user interference
may significantly degrade the user SINR. Further, the SINR
matrix for a fully-connected K x N network is not easy
to write in general way because the second-hop user SINR
depends on the selected relay set. Since each user is supported
by only one relay, we have (N_LK'),K, possible relay sets,
denoted as Ry = {Rs1, -+ ,Rek, - ,Rs,x} where Rs , €
{R1,---,Rn}ands = {1,-~- ,m} Here, R, j which
is the relay in set R helps for user k. Abusing the notation, we
use ¢, to denote the parameter g of the connection between
user k and R j where q € {f,g,1}. All possible user SINRs
connected via any relay in R can be given in matrix form as

Ts = (vsr) € REE with v, p = min(ys 5.1, Vs k.2) (24)

where 7, 1.1 and 7, 1 2 are the first-hop and second-hop SINRs
which are given, respectively, as

Vs,kl = Pdyy”
- pds’ ZJ 1, J¢k|fs,3|2 *+o? 25)
N pd,;|gs k| .
o pd f:l, ik 19,417 + o
Then, the instantaneous throughput of user k is 7, =

logy (1 + vs,%) [bpeul.

As we do not know the RS scheme precisely (which is
still an open problem), the performance analysis seems more
involved than analysis for orthogonal transmission. We thus
derive an approximation which may be an upper bound for
the outage and a lower bound for the average throughput. We
consider single-user (say the first user pair in Fig. 1 ) RS
with [V relays where the received signal at each relay includes
interference from other (K — 1) users, and the received signal
at the destination includes interference from other (K — 1)
relays. Then, the first and second hops SINR are given,
respectively, for Model II without direct links (other cases can
be treated in the similar way) as

Vin1 = a|f1n|2 _ Tin
n, - K -
ady o lfinl?+a  Unta
9 (26)
_ blg1n| _ Yin
Yin,2 = =

K
by o ngroxy l9y?+1 vt

where a = lnp 7 b= z" 5% and ¢; = 1+ . It is important to
note that 7,1 is same as 75 k1 in (25). Smce it is difficult to
incorporate the selected relay set and the effect of RS scheme,
we approximate s in (25) by ~yi,,2. Further, ¢, and
y1n, follow exponential distributions Exp (1/a) and Exp (1/b),
respectively. Since w, and v are sum of (K — 1) i.i.d.
random variables of Exp(1/a) and Exp (1/b), respectively,
they follow Gamma distributions Gamma (K —1,1/a) and
Gamma (K —1,1/b), respectively. By using fur}(liamental
probability theory, we have F.,  (z) = 1 — % and

Fyop(@) =1~ e~ . Based on single-user best RS, the

9
instantaneous SINR of the user is
7= max min(Yin,1,V1n2) = MaxX Y 27
ne{l,N} ne{l,N

where y1, = min (15,1, Y1n,2). Then, the exact and asymp-
totic (p — o0) outage probabilities can be derived, respec-
tively, as

(—=1)7 (J;’)e—Ajwt;L
((ven + 1) (Gyen + )51
(_1)3' (Jj\_’)e—Aooj%h
= (@ + 1) Gyen + 1)

I
M=

P,

i
=]

J

(28)

P>~

I\

where A = (lg?:?“ (1+ Z—Z) + —lz‘fﬁ); A, = 0 for 0? =
w; and Ay, = 25 for 0? = wp. Although the orthogonal

transmission achieves full-diversity order for 0? = w, the non-
orthogonal transmission always approaches to an error floor
which is a drawback.

Since all active nodes in each hop transmit simultaneously
in each coherence time, the instantaneous throughput of user &
becomes 7, = log, (1 +7%) [bpcu], where 7y is the user k
SINR. Using (17), the average throughput can be derived as

j 1(N)67_}AL
_ J
T = (x+1 ](K 1>+1(]CE+ K- dm
e m st
In(2) j:2 jE-1 (1/j_1)(1+1)(K 1)
(O A)(l K)j 1)
+ + Ne®E A (29)
(1— w)mlxk D) 2x-1(A)
JK—1)+1 eA]ET(A])((K—ll;jIj—l—r)
+ j — -7
— (1/j— )(]+1)(K 1)+1
e80T - 5 A) () )|
+
~ (1 _1/J)J(K D+1+(K-1)—s

where E,,(z) is the exponential integral function and I'(a, 2)
is the incomplete Gamma function [40]. Since the intermediate
steps involve straightforward algebraic manipulations, we omit
them.

C. Imperfect CSI

Among different mathematical models for estimation error,
we use the model in [41, Sec. III]. Let us consider the true
channel galn as h ~ CN(0,02) and its estimate as h ~
CN(0, 0% ) For a least mean squares estimator, they are related

as h = h + h where h is the zero mean Gaussian estimation
error with variance of o7 = (1 — p)oj, and p = o7 /o7, which
relates to the correlation coefficient [42]. Further, h andﬁ
are independent. The channel absolute value, i.e., |h| or |h],
is Rayleigh distributed. In this section, we consider imperfect
CSI incurred by the imperfect channel estimation of fy,, and
Gin» Vk,n, which can be written as f;m = fen 4+ fin and
Jkn = gkn + Gkn where fkn ~ CN(O 0% ) gkn ~ CN(O 02)
and the Gaussian est1mat1on errors f;m and Jkn have zero
means and variances 0% = (1 — pf)af and 02 = (1 — py)o;
respectively, where correlation coefficients are py = U?/O’?c
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and p, = 02 /a Further, the amplitudes | fr,,| and |jn| are
Rayleigh dlstrlbuted rvs. Following Section II-B, the receive
SINRs of the first and second hops can be given, respectively,
as

GGgn . _Zkn e
Aoy = Trées = T4 Model-I;
n,1 = Gy . _Bin . _
Treo? = Ttee? Model-II,
b (30)
kn_  _ _Ukn
Sons = 4 1% i T ; with direct link;
bBrn = Yrn; without direct link,
P j2 Ao 1 A2 p .2 2\ 7 _
where a = ez C 52, 07 = (lgraf—i-UT),b =
7 ~2 2 2
l”faﬁ? d = # and 65 = (l%og + 05 ). We also have
sd d2 rd2
VSt Gk = | fenl? Ben = |Gknl? Ekn = @Gkn, Gen =
bBrn, Un = ¢e, and 0, = ddy, which follow exponential

p.d.f. as in (2). The parameter A for Z € {Zrn, Jkn, tn, Ok}
denoted by A € {A;z, Ay, i, As}, respectlvely, may have
s = 127)\23 bz,)\@:%, and \; doh

The end to-end SINR of user & helped by R, is given
by Y%kn = min (Yxn.1, Ykn2). Thus, the user SINR matrix
connected via any relay under imperfect CSI can be given
in matrix form as

f = ('?kn)
With imperfect CSI of fi, and g, and no instantaneous CSI

of hy, and 7, but their partial knowledge (o7 and o7 and known
distances), the SRS matrix I'g is defined as

€ RF*N where 4k, = min (Yun.1, Yen2) - (31)

~

L £ (Jokn) € RFN: 4 b = min (fi dkn,ﬂﬁkn) p (32)
where

i —b . direct;

/%:f‘égg; andﬂ:{éjdai’ '
Remark: If we replace 1v8 {n, Bkns Thns Ykns Un, Uk} in
(1) and (6) by {&kn, Brns kn, Jkns in, 0% }; and set of pa-
rameters {a c, 02 b, d, o2, k, p} in (1) and (6) by
{a, ¢, 62, b, d, 62, k, i}, respectively, we get (30) and (32).
Since correspondlng rvs in both sets also follow the similar
distributions, the outage probability and average throughput of
all cases can be deduced from analytical results in Section III
being replaced by respective parameters. Therefore, we omit
the derivation and do not present expressions for all cases.

However, to clearly show the effect of imperfect CSI on FD
RS, as an example, we consider Case IV (RSI Model II and
no direct links). For imperfect CSI, with the aid of (9), (13)
and respective parameter substitutions, the outage probability
of each user is

no direct.

A (K-DNFLEN G (K N)IPy (—1)7 (KNV=9)
Po=1- ) ?

2 2 (o)l - DIEN )]

n Froftol fogtod
—(3+q) D2 + po -2 Yth
e 10 f N 75

rd

(33)

Recall that 02— = —ps)ot, 05 = (1 —pg)oy, ps = 02/0f
and p, = 02 / o, Then, the outage probability of each user

can be approximated at high transmit power region as p — oo

(K—l)N+1 KN—j (KN)'P(])(*]_)(I(KJ\(;_])

24 G+ a)(i ~ DIEN )

j=1 (34)
e~ UtDAcrtn 4 o (1)
p
where A, = (iJrifZ) for 02 = w and A, =
- + L — 24 %52 | for 07 = wp. Bach user has an outage

7%
ﬂoor as the transmit power increases because the variance of

channel estimation error enhances with p. Note that we achieve
full diversity order with perfect CSI (see (15)) for af = w, as
given by

(K—1)N+1 KN—j Py (—1)4 (KN—j)
q

Z Z e (J+q)/\ (7 —1)!

Ei (—(j + ¢)As)
(KN =)' +q)

(35)

V. NUMERICAL RESULTS AND DISCUSSION

This section presents simulation results to validate our anal-
ysis, and discusses the performance of different multiple-user
FD networks. We set channel variances as JJ% =op =0, =1,
noise variances as 02 = o2 = 0.01, path-loss exponent
o = 3 and threshold v, = 5dB. To benchmark our proposed
SRS scheme, we also simulate the performance of the ideal
ORS, where the relay selector has global CSI, i.e., CSI of all

Jrn> Gkn, hi and %n’ Vk,n.

A. Outage result verification and Cases I-1V comparison

Fig. 2 shows outage probabilities of all four cases with trans-
mit power of three-user four-relay network for w = 0.2 and
normalized path-losses. This figure helps verify the analysis.
For FD mode, the outage probability of SRS is calculated with
(9) using (10)-(13) for Case I to Case IV, respectively; and
the asymptotic outage probability of SRS is calculated with
(15) or (16). Several observations are gained from Fig. 2: i)
For the entire simulated power range, our analytical results
closely match with the simulation results for SRS, which
confirms Theorem 1 and the accuracy of our analysis; ii)
Derived asymptotic results approach simulated results at high
p, which confirms the validity of our asymptotic analysis and
Theorem 2; iii) While Case II and Case IV with Jiz
have diversity order four which is the full-diversity order,
other cases exhibit an outage floor because self-interference
and/or direct-path interference depend on p; iv) For Cases I, I,
and III, the ORS outperforms SRS because instantaneous
channel varying effects of direct and/or interference channels
are considered in the ORS scheme. Performance gaps between
them are given in Table 1. While the 07 = w case has better
performance than the Uf = w p case, the former exhibits small
performance gap as well. Although Case II with 02 = wp
has a higher performance gap than that under Case I or
Case 111, its overall outage performance is higher than Case I
or Case III. It is important to note that both ORS and SRS

= W
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Fig. 2: Variation of outage probability with transmit power for FD (Cases I-IV) and HD modes.

have similar performance in Case IV because there is no direct
link and also no channel randomness with self-interference;
and v) The network is almost in 75% outage in Case I and
Case III with o7 = wp for both ORS and SRS as interference
power increases with more weight than the signal power when
transmit power increases. Fig. 2e depicts outage probability
variations with transmit power of the same network for the
HD mode. Our exact and asymptotic analytical results match
with the simulation for SRS, where diversity orders are four
and five without and with direct links, respectively. Although
the HD mode outperforms the respective FD modes, e.g., in
Figs 2c and 2d for these selected parameters, this may not be
a common observation for all scenarios/system parameters.

B. Throughput result verification and HD/FD comparison

Fig. 3 shows the average throughput with transmit power
for the FD mode with Model II (w = 0.01) and HD mode
of a three-user four-relay network. To keep the figure less
busy, we only consider SRS because SRS and ORS have
same or have very close performance. The simulated average
throughput is calculated with 10* channel realizations. The
value of path-loss is 140dB for the first kilometer of each

hop. In Fig. 3a, we consider two direct-link scenarios: 1)
legg = 375m, lg, = l.q = 200m; and ii) lgq = 1.9km,
ls = 1. = 1km. For the first scenario, we plot both analytical
and simulated results. Our analytical results closely match with
the simulations, which confirms the accuracy of our analysis.
It is interesting to see that the HD throughput increases
with p due to an interference-free transmission. However, the
FD mode has a throughput floor due to the introduction of
direct-link and/or RSI interference. Therefore, the HD mode
outperforms FD mode when p > 3.3dBm for o? = 0.01p
and p > 4.5dBm for 02 = 0.01 where these crossover p
values can be numerically calculated by using eqs. (18), (19)
and (23). Further, 07 = w case outperforms o = wp case
which is only by 0.1 bpcu at p = 10 dBm. This signals us that
even RSI has no effect from p, the direct paths interference
can still be the dominant factor on the performance. If we
increase distances (I;q = 1.9km, [, = .4 = 1km). the FD
mode with 02 = w outperforms the HD mode for the entire
simulated power range. In Fig. 3b, we again consider two
scenarios without direct links: i) o7 = 0.01; and ii) 0 = 0.2.
For both scenarios, we have a good match between the SRS
analytical and simulation results. Further, the FD with 02-2 =w
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Case I | Case II | Case IIl | Case IV
Uf =w 0.0059 | 0.0003 0.0073 0
Uf =wp | 0.0138 | 0.0708 0.0189 0

TABLE I: Performance gap between the ORS and SRS at p = 10dBm for the FD mode.
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Fig. 3: Throughput with transmit power of Model II for FD and HD when K = 3 and N = 4.

outperforms the HD mode where the FD has very significant
improvements with p. In simulated region, while the FD with
0? = wp outperforms the HD mode only when w = 0.01, the
FD mode has no throughput gain when w = 0.2p.

C. Impact of direct-links interference

Fig. 4 shows the average throughput of both FD and HD
modes with Model II with SRS. Both figures show that the
FD with direct-link throughput approaches the FD without
direct-link throughput when I, increases or o7 decreases as
diminishing the direct link interference. As shown in Fig. 4b,
while the FD without direct link outperforms HD with/without
direct link, the FD with direct link approaches the HD with
direct link at 02 ~ 1 and o7 ~ 0.5 when o? = 0.01 and
02 = 0.1, respectively. If we design an FD relay network
assuming no direct links, and unexpectedly direct links are
presented with o7 > 0.5, we do not gain any benefit with FD
mode over HD mode when o2 > 0.1, even with a proper RS
scheme.

D. Comparisons  between  perfect/imperfect CSI and

orthogonal/non-orthogonal transmissions

Fig. 5 shows the average throughput with p of Model II
without direct links. Fig. 5a compares the impact of non-
orthogonal transmission. Figure shows that the orthogonal
system outperforms the non-orthogonal one in almost all p >-
4 dBm. Moreover, the performance of the latter degrades fur-
ther with the increasing number of users due to enhancement

of inter-user interference. Our throughput approximation in
(29) tightly matches with simulated non-orthogonal throughput
for K = 2 and it is also a good upper bound for K = 3. As
we can expect, the tightness may loose as K increases. Fig. 5b
compares the impact of imperfect CSI. While throughput with
perfect CSI increases with p, as we prove in (35), imperfect
CSI reaches throughput floors 2.09, 1.32 and 1.00 [bpcu] for
correlation coefficients p = 0.99, 0.95 and 0.90, respectively.
Moreover, at p =10dBm, we loose around 0.44 [bpcu] with
p = 0.99 (very small estimation error) which is around 20%
throughput lost over perfect CSI. Similarly we loose around
44% and 57% with p = 0.95 and 0.90, respectively.

VI. CONCLUSIONS

We have considered the FD RS problem for a network with
multiple-user pairs and multiple DF relays. We have sought
an RS scheme (unlike random or naive RS) to ensure user
fairness by improving the minimum SINR among all users.
To this end, we have proposed a sub-optimal RS scheme
when the relay selector knows the instantaneous CSI of the
source-to-relay and relay-to-destination channels and only the
channel statistics of the RSI and source-to-destination. Thus,
this scheme has reduced channel estimation requirements,
which will enhance its potential in the context of practical FD
relay networks. This scheme, moreover, does become optimal
when the RSI channels are Gaussian noise and there are no
direct links. We derived analytical outage expressions to reveal
that all users achieve the full diversity order only when the
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self-interference is independent of transmit power and when
there are no direct links. In all other cases, there is an outage
floor, and that floor level depends on the interference caused
by RSI and/or the direct link. Although we expect FD to
exceed the throughput of HD, the former suffers significant
throughput degradation when the self-interference increases
with the transmit power and the source-destination distance
shrinks. We also found that even though orthogonal transmis-
sion requires more spectrum, it most probably outperforms
non-orthogonal transmission even with few users (e.g., two
users), which suffers from additional inter-user interference.

This paper opens the door for several future works: 1)
Derivatives of the proposed scheme for multiple-user FD
networks can be developed for various new 5G configurations
and applications, such as NOMA, energy harvesting, cognitive
radio, and others; ii) This work shows that the performance
of multiple-user networks depends on myriad of parameters.
However, there is no clear-cut way to determine when to
switch between FD and HD modes or between orthogonal and
non-orthogonal transmissions, which is an open problem,; iii) It
is important to design transmitter and receiver techniques (e.g.,
STC and buffering) in order to utilize the benefit of direct link
signal; and iv) The RS algorithm can further be extended to
a general multi-hop FD relaying networks with no restriction
on number of relays, i.e., K S N.

APPENDIX A
PROOF OF THEOREM 1

A. Case I

We calculate F7<j)(7th) in (8) for the RSI Model 1 with
direct link. According to the SINR of user k given in (3)
and individual hop SINRs in (1), we can denote yﬁf) =

<1+Z<)J), 1+(UJ()J)2 where (), 4 y() and v\ follow
distributions as in (2). Then, we have

L 2y
Fv.g\j) (Z) =Pr |:II11H <m, m) § Z:|

(4 (9)
—1_ z Yy
=1 PrL+ Z’1+v(j)>2]
(@

2 y(j)
=1-E|F,, (— — 1) E <— — 1)
z z
1 (x<j) > z) 1 (y(j) > z):|

oo 1B
Fiol>——-1|F, [ZF5— -1
“(“<<z>z ) ““((*;)z

G) < K2 G) < K2
l(ﬁa >a)1('uﬁ >b):|

where (a) follows as (/) and v() are independent for given
) and y); and it also follows as /) > 0 and v() > 0, and
F,(-) and F,;(-) are c.d.f.s of u9) and v(7), respectively.
Further, (b) follows as /) = aa) and y¥) = b5, and
with a simple rearrangement to help the application of the
RS criterion in (6). For a given Ayg] ), based on (6), Vs kn =

min

(36)

©y g

14
min (K, 4Bkn ), We have
(45) ) W, poy
(mm, u6<j>)= ( (j’)“ﬁ 2;) P-p1= R
(’W> @27 ) yWp. P2 = WZU?
(37)

where ‘w.p.” denotes with probability, po = 1—p, and uﬁ @ S0

() (J)

and Ko () mean that B89 > 4 and ka@ > 4}

respectlvely Smce ra'?) and ;LB(J are independent and their

’“’Zf and 1—e ‘“’3 respectlvely, the c.df. of

Vokn is Fy, . (2) = 1 —e** where A\, = —1» + Wg Then,
T¥

the p.d.f. of vy pn i fr, .. (2) = Ace A% Although raly)

and 131) are independent but not necessary to be identical,

we have i.i.d. v, gpn, Vn, k. Thus, the p.d.f. of the jth largest

element of I, ng ) 3

KNI\ (KN)\(—

>

q=0

cdfsarel—e

can be given as

D)

7)\C(j+q)2;.
(= DUEN = j)!

fo(z) =

(38)

Further, the p.d.f.s of oz(]) 2 ol )
>vs

and 49 2 g0 e,
¥s
respectively, as

TRy — ke (=)
e e M9
. — . — 39
fagj) (Z) I‘iO']% ) fﬁgJ) (Z) /wg
Then, we can rewrite (36) as
t
Fu) —lfpl/ / F,o) <m1>
max{t, 5=} o
F,o (Mz - )fﬁm( ) o (t)dwdt
(40)

w
- p2/ / F,o (m - 1)
max{t, 2} a

Foo) (“z - )f (g)( )f (J)( )dwdt.
b

With the aid of (37)-(39), we calculate the first and the second
integral terms, Z; and Z, in (40), respectively, as (41) and
(42), given in the top of next page.

To solve two integrals in (41) and (42), we define a function

I(97 QS? 197 T? <P7 p) as

Z(0,6,9,7,0,p) = / / (1 - 6_7(5—1))
0 max{t,}}
(1= em?E) ert Do duat.

Since the integration limit of w depends on 6 and ¢, we
analyze Z(0, ¢, 9,7, p,p) for 6 > ¢ and 0 < ¢, denoted as
Zo>4 and Ly, respectively. For 6 > ¢, we have

I¢9>¢—/ / f(w, t)dwdt = 5 (9194—7)

76*9%36‘7% 2
(@0 + @) (dp+ ) (0(00 + @) + ¢7)

3If we assume different power levels for each node and/or distances between
nodes, we have non-identical , and p values. Then, the p.df. f (;)(2)
results from independent but non-identically distributed (i.n.i.d.) rvs ‘Which
adds significantly to the complexity.

(43)

(44)
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where the second equality comes by  using
b o —pt— %e‘m’feep) —0p—a(p+a)
Iy f¢ e Plem™dwdt = . By using
(44) “and (45), we can solve Z; and Z, in (40), and

thus, F m( ) can be derived in closed-form. Because
Z(K DN+1p

(9) and (10).

y = 1, we can derive the user outage as in

B. Case Il
(]) 2 y@

In this case, we have 7, Treo? T400

= min ( ) Then,

we can write
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where this follows by applying steps in (36) and (40); and as
& < 1. These three double integrals can be solved in closed-
forms as follows:

e

e (%) (6 F(vo+9)(p0 + 9) — vpere?)
vp(vp + ¢)(pd + »)

1) £ W) o (s
(46)

)) e Pw=t) o=Vt gyt

We can then derive the user outage as in (9) and (11).

C. Case Il
In this case, we have 1Y) = min (%, y(j)). Then, we
can write

z oo t
F(z)=1-p /K / F,m <§ - 1) Fa (W) i (8)dwdt
oo [e o) t
—pl/ / F,m (E - 1) fo (W) f o) (8)dwdt
z t a g s
oo oo w
—pz/ / F,m <§ - 1) foo (W) @ (H)dwdt
z t a

where this follows by applying steps in (36) and (40); and as
= < 1. These double integrals can be solved in closed-forms
as in Case II and the user outage can be derived as in (9) and
(12).

(47)

D. Case IV

In this case, we have ~, ) — min (1+ 027y( ) With the
aid of (36) and (40), we can write

Fon(z)=1- /OO /too (plfﬁgj)(w) +p2fa§j>(w)> f o (t)dwdt.
(48)

After solving this double integral, we can derive the user
outage as in (9) and (13).

APPENDIX B
PROOF OF THEOREM 2
A. Proof of Theorem 2-1)

Let us consider P, in (9) for RSI Model II without direct
link with af = w. Then, we have P, as in (49), given in the
top of next page.
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By using the binomial identity for integers m > 0 and s > are given, respectively, as
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1: Zq:O (s+q) —  (s+m)! and Zj:l . P(j) o L, ‘fve e_w s(dz(j+q)+1)
have L(K, N,p,s,w,0) = 1. Further, by using the binomial Ip1 _>dz( Tt e ste
identities for integers m > 0: 330" ¢%(=1)(")) = 0 for JTarTiTe (53)
§=0,1,...,m—1and }7" ;¢*(-1)9(7) = 1 for s = m, —ew e (dz(j+q) + 1)+ dz(j + q))
we have L(K,N,p,s,w,t) =0 fort € {1,...,N —1}. By
using the similar binomial identities, for i = N, we have e—% (eﬁ(dz(j Y +1)—da(j+ q))
jp 2 — ‘ X .
N ’ dz(j+q)* +3j+4q
2(25+w
(KN)!( = )) P(r-1)n+1) (54)

L=—Nm= DI(N(K — 1))!

RO WE - +g N
Z (—1)N+a+l

q=0

(50)

For i« = ¢ where t € {N + 1,...,00}, L(K,N,p, s,w,t)
may not be zero. Therefore, with the aid of this discussion,
we prove (15) for Case IV with 0? = w. By using above
binomial identities and Zgi{; DN+1 Py =1, and with similar
mathematical manipulations, we can prove (15) for Case III
with 02 = w.

B. Proof of Theorem 2-2)

Let us consider the following term in (9) which depends on
transmit power p

1

To = oaiosd (Ro0:b,00,00 0 Xn2) - (51)
g
We substitute 05 =02 =07 =1; a=b=2%; c=2&; d=

2
H’Z# and p = H_p/%.
1) Case I: In this case, we consider g > % scenario in
(10) as 0? < rp may be more frequently valid in practice.
By substituting corresponding terms in (51) into (10), we may
have

p_. —
T?,K/—

2 2 2
o +oi)\rp+o N Z z
jp:( 1)§p )Il( 2 Tp )
p 1+% 1+5%
rp+ 202 +02) o2 o? o? A z
(p.—_ll)a*g,*ﬂ“'f‘* + L —5
p(j+q) o; Tp P 1+ 57 (52)
z  (rp+20%+0?) o? o? 02—1—01»2)
1+% pl+at Tl p

For U? = w, the first term of (52) is from (10). Then, we can
easily show that it approaches zero when p — oco. Further, the
second term of (52) can be approximated for 1 — 0 with the
aid of (10) by using following two terms 7, 1 and 7, » which

We thus derive J, in (51) as ), = Jp,1 +Jp,2 which results in
Tp =~ m £ K (w,r,2) and proves (16) for Case I
with 02 = w. For 02 = w p, by substituting 02 = w p into (52)
and following similar algebraic manipulations as in Case I with
02 = w, we can prove (16).

2) Cases II-1V: Following similar manipulations as in
Appendix B-B1, we can prove Cases II-IV. By substituting
corresponding terms in (51) into (11); (12); and (13), we can
prove for Case II with 02 = w and 07 = wp; Case III with
o2 =w p; and Case IV with 01»2 = w p, respectively.

.=
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