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ABSTRACT In this paper, the link selection algorithm in buffer-aided cooperative networks with multiple
co-channel interferers for green internet of things (IoT) is investigated. In the considered system, the relay
node selects the better link from the first and the second hop with the help of buffers. We evaluate the
effects of the system parameters by deriving the analytical analysis as well as the asymptotic results on the
exact expressions of the outage probability. The impacts of system parameters, such as the predefined target
rate, the priority-outage tradeoff parameter, the buffer length and the number of interferers are evaluated
in different setup scenarios. Considerable performance gains can be obtained compared with the classical
decode-and-forward relaying networks. Simulation results are provided to verify the theoretical analysis.

INDEX TERMS Buffer-aided, co-channel interference, link selection, outage probability, cooperative

networks.

I. INTRODUCTION

In the recent years, there has been an explosively develop-
ment in wireless communication and the transmission rate
[1]-[3]. To support the demand of high data-rate transmis-
sion, many new wireless techniques have been proposed
[4]-[6]. With the deployment of the fifth-generation (5G)
wireless communication systems, the associated applications
such as green internet of things (IoT) have attracted a lot
of attention from both the academy and industry [7]-[10].
To support the application of 5G and green 10T, many new
techniques are proposed to improve the capacity of the sys-
tem. Among these new techniques, Buffer-aided cooperative
networks, which was shown to enhance the quality of the clas-
sical wireless relaying system, have attracted much attention
from both academic and industry groups. With the help of
buffers, the better link can be selected for transmission. For
example, authors in [11] proposed the max-max scheme to
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selects the relay with the strongest SNR between the first
and the second hops. Moreover, without delay constraints,
the max-link scheme is introduced in ref. [12], which selects
the best link in an available set. To reduce the packet delay,
authors in [13] choosed the second hop with priority than the
first hop, and analyzed the outage probability and the average
packet delay of the proposed scheme compared with conven-
tional schemes. As an extended work, considering the weight,
the quality and the priority of the links, ref. [14] proposed a
combined metric to select the best relay node. The proposed
scheme is evaluated in terms of outage probability, the delay
and the throughput of the system.

On the other hand, the presence of the co-channel inter-
ference, which is usually introduced by frequency reuse
or other wireless systems, may greatly lower the QoS
of the networks [15]-[18]. Specifically, authors in [19]
derived the closed-form expression for the outage proba-
bility when the interfering signals experience Nakagami-m
fading. With the presence of multiple independent inter-
ferers at the destination, the outage performance of an
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amplify-and-forward two-hop two-user channel is studied
in [20]. While, authors in [21] investigated the effects of
co-channel interference on the security performance in mul-
tiple relaying networks.

However, to the best of our knowledge, there is little
literature studying the effect of the co-channel interference
for the buffer-aided cooperative networks with link selection.
Motivated by that, in this paper, we will discuss the link selec-
tion algorithm for buffer-aided cooperative networks with
co-channel interference. Assisted by the buffers, the relay
node can select the better link from the first and the second
hop to relieve the effects of the interferers. We evaluate the
effects of the system parameters by deriving the analytical
analysis as well as the asymptotic results on the exact expres-
sions of the outage probability.

The main contributions of this paper are summarized as
follows:

« We employ the buffer-aided relay combining technique
for the co-channel interference networks, which can
exploit the benefits of both branches in the system and
meanwhile reduce the implementation complexity.

o« We provide an exact outage probability expression
for the buffer-aided co-channel interference networks,
in order to evaluate the transmission performance
achieved by the buffer-aided protocol.

« We present new results for the asymptotic outage
probability of the buffer-aided co-channel interference
networks. These asymptotic expressions enable us to
determine the major factors that regulate the transmis-
sion performance in the high transmit power region.

The impacts of system parameters, such as the predefined
target rate, the priority-outage tradeoff parameter, the buffer
length and the number of interferers are evaluated in different
setup scenarios.

Notations: We use CN(u, 02) to represent the circularly
symmetric complex Gaussian random variable with mean
0 and variance o2, fx(x) and Fx(x) denote the probability
density function (PDF) and cumulative distribution func-
tion (CDF) of a random variance x, respectively, diag(A) is
a row vector consisting of all diagonal elements of A, and
R — D denotes the link from R to D.

Il. SYSTEM MODEL

Fig.1 depicts the model of the two-slot buffer-aided relaying
system. In the considered system, the source node S transmits
message to the destination node D. We assume that no direct
links exist from the source node to the destination node
[22]-[24], while a relay can be used to assist the information
transmission with decode-and-forward mode. All nodes are
assumed to be equipped with single antenna.

Moreover, the relay holds a data buffer of finite size
L [25], [26], which can be used to store packets decoded
correctly from the source. Specifically, the relay is cor-
rupted by M co-channel interferers {f,,, m € [1,2,..., M]}
with fixed transmission power P;. Let hsg € CN(0, B1),
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FIGURE 1. System model of two-slot buffer-aided relaying networks.

hgp € CN(0, B2) and hy,g € CN(O, €) denote the instan-
taneous channel fading coefficients of the wireless links
of S — R, R — D and I, — R, respectively. All links are
quasi-static Rayleigh block fading and stochastically inde-
pendent between each other.

The transmission protocol is equally slotted and the target
rate is predefined as rg bit per channel use (BPCU). Let
or € [0,1,...,L] denotes the occupied buffer length in
the k-th time slot, with initial status as ¢9 = 0. To obtain
better outage performance, the max-link scheme as in [12] is
adopted, where in each slot either the S — R link or the R — D
link is selected based on the quality of the links. Specifically,
if ¢ = 0, only the S — R link is available. While in the case
of o = L, R — D is selected. If ¢y is partial filled, the better
link of § — R and R — D will be active. Moreover, the status of
¢ can be changed as follows: (a) the ¢ increases by one,
if the S — R link is selected and the relay can decode the
packet correctly. (b) the ¢ decreases by one, if the R — D
link is active and the destination node can decode the packet
successfully. (c) if neither link can successfully decode the
packet, the outage occurs and the ¢ remains unchanged.
Note that the retransmission signal can be sent through an
error-free dedicated feedback channel with ACK mechanism.

IIl. LINK SELECTION AND PERFORMANCE ANALYSIS
For the case that S — R link is selected, the received signal at
relay can be given by

M
Y& = /Pshsrxs + Y v/Prhi,gxm + ng, e))
m=1

where Ps and P; are the transmission power of S and I,
respectively. xg € CN(0, 1) and x,, € CN(0, 1) are the trans-
mission symbols of the source and interferer. ng € CA(0, Ny)
denotes the additive white Gaussian noise (AWGN) received
at R [27]-[29], where the effect of noise on the communica-
tion systems can be found in the literature such as the works
[301-[32].

Thus, the signal-to-interference-plus-noise ratio (SINR) at
R can be written as

uPg
M
Zm:l WmPI + NO

YR =
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where Ps = Pgs/Np and P; = P;/Ny are the average
transmission SNR of source and interferers. u = |hgg|? and
Wi = |hy, R|2 represent the channel fading gains of the links
of § —R and I, — R, respectively. z = Z%=1 wy Py is the total
interference power received at R.

According to the Sum Distribution Theorem in [33],
we can obtain the PDF of z as follows

_ M_M -1 _—z/n
f(2) = mZM e , z2>=0, 3)
the CDF of z is
L N
F.()=1- I;) E(ﬁ) M, @)

and the characteristic function of z is
=(jw) = E-(e %) = (1 + jop)™, ()

where u = €Py.
According to the definition of yg in (2), we can obtain the
CDF of yr as follows

Fp(x) = Pr[yg < x] = Pr[ <x]

z+1

X X
= Pr{u < == 4+ 2
Ps  Pg

— EJ1—¢ PshiTsA

=1—¢ PE][e Tsh] 6)
By using the characteristic function of z in (5), we can
rewrite F,(x) as
Fo(x)=1—¢ PsPE[e Tsh]

=1—e ¥ (1 +xu/cl)_M @)

where ¢; = /311_’5.

Conditioned on that the buffer state is empty, and only S —R
link can be selected, the outage probability of this case can be
calculated as

Po,SR = Pr[log2(1 +vr) < ro]
= Pr[yg < ]
= Fy,,(v0), (8

where yp = 20 — 1.

Note that it’s easy to prove that the diversity order of p, sg
is 1 with respect to Ps.

For the case that the buffer is full, and only R — D link can
be selected, the received signal at D can be given by

Yp = +/Prhrpxs + np, 9
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where Py is the transmission power of R and np € CA(0, Ny)
denotes the AWGN received at D.
Thus, the SNR at D can be expressed as

YD = —— = VPp, (10)
with its CDF and PDF as

Fp() =Piv< = ]=1—-¢ Pfr =1—¢ 2, (1)
Pr

1 = 1 _x
= — PR = —e <2, 12
Syp(x) 5P e ¢ (12)

where Pp = Pr/No = £Pg /Ny is the average transmission
SNR of R, and ¢; = BoPg = pPaPs.

Similarly, conditioned on that the R — D link is selected,
the outage probability of this case can be expressed as

Por = Pr| logy(1 + ) < 1o

= Pr[yp < ).
= FV[)(VO)- (13)

By using equ.(11), it’s easy to prove that the diversity order
of p,.rp is 1 with respect to Pg.

As a benchmark, we can obtain the outage probability of
the classical DF relaying networks without buffer (i.e. L = 0)
as follows:

Poref = Pr[log2(1 + min{yg, yp}) < ro]

= Pr[ min{yz, yp} < 0]
= Fypr(¥0) + Fyp(00) — Fye(Y0)Fyp (vo).  (14)

We will compare the performance of the buffer-aided coop-
erative networks with the classical DF relaying networks by
exact outage probability as well as the simulation results in
the following sections.

Consider the link selection algorithm, we assume that if the
SINR of the first hop is greater than that of the second hop by
o times, i.e. Yg > ayp, the first hop is activated. Otherwise,
the second hop is selected for transmission.

Given the function definition that

J(0) = /6 Fyp(@x)f,, (x)dx. (15)

According to the definitions of yg and yp, we have the
following equation:

J(0) =/9 Fyp(ax)fy, (x)dx.

= /oo[l — g/ (1+ ocxu/cl)_M]fyD(x)dx
0

1
=1—Fy,,®)— G, c4, —, M), (16)
a3

1
P

where « is a priority-outage tradeoff parameter used in the
link selection algorithm, ¢c3 = au/ci,ca = aj/c1 + 1/ca,
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and G@,c,B,n) is
ref. [34], i.e.,

defined as eq.(3.353) in

o0 e—CX
G@,c, B, = —d
©r . p.m) fe (lerﬁ)"x

R T
=) (n— DO + BF

k=1
(o
(n—1)!
and FEi(x) is the exponential integral function defined in
eq.(8.211) of ref. [34] as

ePEI—O + B)cl, n>2 (17)

oo ,—t
Ei(—x) = —/ ert. (18)

If the buffer of R is partial filled, the probability of that ¢y
increases by one can be written as

p+ = Pr[yr > ayp, vr > 10]
= Pr[yR > ayp > yo] + Pr[yR > Y > ayD], (19)
By using the CDF of yg and yp on the first item in (19),

we have

p+.1 = Pryr > ayp > n]
= Pr[yR > YD, YD > Vo/‘x]
o
= / [1 - F),R(ax)lfyn(x)dx
"

0/a

_ [1—FVD(§)]— /y  Pr@0fy,(0dx (20)

Consider the second item in (19), due to the independence
between yg and yp, we obtain

p+.2 = Prlyr > vo0 > ayp|
= Pr[yr > »]Pr[yp < yo/«]
= [1 - FVR(VO)]FVD(%)- 21

Applying (16) on (20) and substituting (20) and (21) into
(19), we obtain

py =1 —FyR<yo>FyD<§> - [ ey (0)dx
=1- FyR(yo)Fy,)(%) - J(%» 22)

And the probability of that ¢; decreases by one can be
expressed as

p— = Prlyr < ayp. vp > W)
o0
= / Fyp(ax)fy,,(x)dx
Yo

= J(v0). (23)

Thus, for the case that the buffer is neither empty nor full,
the outage probability can be expressed as

Po,l = 1 - (2 +P7)
= Fyk(yo)FyD(§> + J(?) —J0). @4
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We use p3% to denote the probability that the first hop is
selected, i.e.,
s, o
P = P> aml = 1= [ Fplan),od
0
=1-J(0). (25)

On the other hand, the probability that the second hop is
activated can be expressed as

PP =1-p*F =J(0). (26)

Let A represents the state transition matrix of the buffer
length, and the entries of A can be defined as follows

Aiyijr1 =Prloesr = ilgxk =j]. Vi.jel[0,L]. (27)

By using the previous mathematical derivations, we can
rewrite A; j as

Po,SR Ifi=0,j=0

(I =posg) Ifi=1,j=0

p— Ifi=j—1,0<j<L
S A CT

P+ Ifi=j+1,0<j<L

(1—=porp) Ifi=L—-1,j=L

Do,RD Ifi=L,j=L

0 Else.

From the definition of the state transition matrix, we can

easily obtain that lejll A;; = 1,Vj. Thus, the transition

probability matrix is column stochastic, and the stationary
distribution can be given as

T=A—-I1+B b, (29)

where » = (1,1,....,D7, B;; = 1,Vij n =
(1, 2, ..oy 1) and iy = Prlgp =i, k — oo].
And the system outage probability can be calculated as

L+1
Po = diag(A)r = Y Ay . (30)
=1

Since the transition probability matrix A is reversible [12],
by using the global balance equation, we have

wiAj i = wiA;j, Vi, j. (3D

Specifically, if i = 1, we have

Ar g I — po.sr
=TT .

T = M| =m (32)
Ao P—
If2 <i <L, we have
A Py P+
Wiyl = T; =m— =(—)""m
Aiit1 p-  p-
P+.i—1,1 — Posr
= () 1 (—>F)m
p- p-
=nti ', (33)
1—po
where 1] = %, and t = ’;—f.
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Considering the sum of stationary distribution is always 1,
1.e., Zéill mr = 1, we can calculate the stationary distribu-
tion for the empty state as
L
2

Iy -1
tz) . (34

1—
JT]—(l'l'llZl +t11

Thus, the average buffer length can be expressed as

L+1

L=) (i~ Dml. (35)

IV. ASYMPTOTIC OUTAGE PROBABILITY

In order to give a insight into the effects of the system
parameters, we present the asymptotic analysis on the exact
expressions of the outage probability, where both Ps and Pg
are large enough.

Firstly, we will focus on the case of finite buffer length. We
assume that Pg = £Pg, Ps — oo. By using the approxima-
tione™ ~ 1 —xand (1 +x)™™ ~ 1 — Mx on (7), we can
rewrite F,(x) as

Fpe(x) =1- e/ (1 +X/L/Cl)_M
I =1 —=x/c)(l —Mxp/cr)
1+ MeP
- M (36)
B1Ps
Thus, if the buffer is empty, the asymptotic outage probability
of this state can be expressed as

&

vo(l +Me Pl)
Do,sR = Fyp(yo) ® ———— 37
BiPs
Considering the scenario of interference limited, i.e., P>
1, po,sr can be simplified as

)/()MEPI
Po,SR ~ (38)
” B1Ps
Similarly, we can rewrite F,,(x) in (11) as
by X by
FVD(‘x) N — = — = —, (39)

2 PoPr  PréPs

and the asymptotic outage probability for the case that the
buffer is full can be expressed as

Yo
=F 0) ~ —. 40
Po.RD = Fyp(Y0) 5rePs (40)
According to the definition of f,,, (x) in (12), using the sub-
section integral method and applying variable substitution,

we can rewrite J(0) as

© ax
J(O) ~ / [— (1 + M w)lfy, (x)dx
6 C1l

= 3(1 + M )0 + cp)e /e

ﬂzé 0
N—l—i-MP 1- — 41
A ( 1)( 5 P) (41)

258
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Particularly, for the case that the transmission power is
large enough, i.e., Ps — 00, we obtain

J(0) ~ aﬁ—ﬁ(l + MePp) (42)

Since pRP = J(0), we can conclude that the probability that
the second hop is activated is a linear function with respect to
the radio of average link fading power of the second hop to
the first hop.

Considering the differential of J(6), when the transmission
power is large enough, we can have the following approxima-
tion

J (1) = J(62)

%

% ax
f 0+ Ml (s

01
_a(l+Mp)
- 2c1c2
Substituting (36) (39) and (43) into (24), we can obtain the
asymptotic outage probability of the state that the buffer is
partially occupied as follows

03 — 07). (43)

Y0 2(1+M€P1) a(l + MePy) 2
por ~ BPEES i ¢ — (o/a)’]
14+ MeP
(P—)2—( Rt D) (44)
S

Obviously, « = 1 is the global optimal value for p, ;.

From the asymptotic expressions on the outage probability
for the case that the buffer is either empty or full, we can give
the following remarks:

Remark 1: For the case that the buffer is either empty or
full, the diversity order of the asymptotic outage probability
is 1 with respect to the transmission power.

Remark 2: With empty buffer, in the case that interference
power is large enough, the asymptotic outage probability is
a linear increasing function with respect to the interference
number and average interference power, respectively.

Remark 3: For the case that the buffer is neither empty
nor full, the diversity order is 2. Furthermore, the priority-
outage tradeoff parameter « = 1 is the optimal value for
minimization of the outage probability.

Remark 4: Since the outage probability of the case that the
buffer is either empty or full is the dominated contribution to
the total system outage probability in (30), the diversity order
of Ppis 1.

V. SIMULATION RESULTS
In this section, simulation results are provided to verify the
theoretical analysis. The impacts of system parameters, such
as the predefined target rate ry, the priority-outage tradeoff
parameter «, the buffer length L and the number of interferers
M, are evaluated in different setup scenarios. The simulation
results are compared with the theoretical analysis as well as
the asymptotic results.

Fig.2 and Fig.3 show the effects of the predefined target
rate rp on the outage probability for the partial occupied state
and the system outage probability, respectively. The system
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FIGURE 2. Effects of ry on the outage probability for the partial occupied
state.
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FIGURE 3. Effects of ry on the system outage probability.

setup is as follows. The buffer length is 2, the number of
interferers is 2, the average channel fading gains are set as
B1 = B2 = € = 1, and the priority-outage tradeoff parameter
and the power factor are both set as 1, ie.,, « = & = 1,
while the predefined target rate ro changes from 1 to 3 bps/Hz.
The simulation results and the analytical results as well as
the asymptotic results are compared in both figures. We can
see that the analytical lines match the simulation lines well,
and in high SNR regions, converges to the asymptotic ones.
Moreover, larger 7y can results in higher outage probability,
while the diversity order remains the same, which is coinci-
dent with normal intuition. Specifically, we can conclude that
the diversity order is 2 for the partial occupied state, and for
the system outage probability, the diversity order is 1.

Fig.4 presents the impacts of the priority-outage tradeoff
parameter « on the outage probability for the partial occupied
state. The system setup is as follows. L = M = 2,§ = 1,
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FIGURE 4. Effects of « on the outage probability for the partial occupied
state.
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FIGURE 5. Effects of L on the outage probability for the system outage
probability.

the average channel fading gains are set as 81 = B, =
€ = 1, and the predefined target rate o is 1 bps/Hz, while
the priority-outage tradeoff parameter changes from 1 to 3.
According to the remarks in the theoretical analysis, ¢ = 1
is the optimal value for the outage probability. Also, from
the figure, we see that the performance curve of @ = 1
is better that other curves. And the larger « introduces the
higher outage probability, which is coincident with the result
in eq.(44).

Fig.5 presents the impacts of the buffer length L on the
system outage probability. The system setup is as follows.
M = 2,a = & = 1, the average channel fading gains are
set as B = B> = € = 1, and the predefined target rate
ro is set as 1 bps/Hz, while the buffer length changes from
0 to 5 with step 1. Note that L = 0 denotes the classical DF
relaying networks without buffer. From the figure, we can
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FIGURE 6. Effects of M on the outage probability for the system outage
probability.
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FIGURE 7. Effects of g; on the outage probability for the partial occupied
state.

see that the large L can improve the performance of the
outage probability, while the diversity order is remains 1. The
reason is that the bottle-neck of the system is the state of
empty or full, and the large L can lower the probability of
the state of empty and full, then the outage probability can
be enhanced. Furthermore, the buffer-aided cooperative net-
works can obtain about 3dB gain compared with the classical
DF relaying networks. The reason is that the equivalent SNR
of the classical DF relaying networks as in equ.(14) is the
minimum of the two hops, while in the buffer-aided networks,
the equivalent SNR is the maximum of the two hops. Thus,
obvious performance gains can be obtained.

Fig.6 presents the impacts of the interferers’ number M on
the system outage probability. The system setup is as follows.
L =2, = & = 1, the average channel fading gains are set
as f1 = P = € = 1, and the predefined target rate ry is
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set as 1 bps/Hz, while the number of interferers changes from
2 to 6 with step 1. Obviously, the larger M can result in higher
outage probability. The reason is that more interference power
will be introduced by the larger M, then the outage probability
will be higher.

The effects of the average channel fading gain f; on
the outage probability the partial occupied state is shown
in Fig. 7. The system setup is as follows. L = M = 2,0 =
& = 1, the average channel fading gains are set as B, =
€ = 1, and the predefined target rate ry is set as 1 bps/Hz,
while g1 changes from 1 to 8. From this figure, we can see
that the larger B can greatly improve the outage probability,
while the diversity order is still 2. The reason is that the larger
B1 can improve the quality of the first hop, while the outage
probability can be enhanced.

VI. CONCLUSIONS

We investigate the link selection algorithm in buffer-aided
cooperative networks with multiple co-channel interference
for green I0T. With the help of buffers, the relay node can
select the better link from the first and the second hop. In
order to give an insight into the effects of the system parame-
ters, we present the analytical analysis as well as the asymp-
totic results on the exact expressions of the outage probability.
Based on the theoretical analysis, we find that the outage
probability of the case that the buffer is either empty or full is
the dominated contribution to the total system outage proba-
bility. Furthermore, the diversity order of the system outage
probability is 1. While for the partial occupied state, the diver-
sity order is 2. Simulation results are provided to verify
the theoretical analysis. The impacts of system parameters,
such as the predefined target rate, the priority-outage tradeoff
parameter, the buffer length and the number of interferers
are evaluated in different setup scenarios. In future works,
we will study the intelligent algorithms such as deep-learning
based and reinforcement learning based algorithms to the
considered systems [35]-[39], in order to enhance the system
transmission performance. Moreover, we will investigate the
physical-layer secure techniques for the considered systems
[40]-[42], in order to guarantee the security of wireless data
transmission.
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