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ABSTRACT

Cooperative communications have been considered as a powerful technique for enhancing
network reliability by increasing the successful packet transmission probability. In this paper,
we propose an opportunistic cooperative scheme for single-hop wireless networks that exploits
the signal-to-noise ratio and the remaining queue length at each potential relay to choose the
best relay for the source-destination link. The best relay (or the winner node) is the relay node
that expires their timer first and becomes the helper for the direct link. The proposed method is
based on the local channel measurement and requires no topology information. The collision
probability of the proposed relay selection scheme is analyzed with the combination between
continuous and discrete-time random variables. Simulation results are conducted to evaluate
the ability of the proposed scheme in improving the network performance in terms of the packet
delivery ratio. The proposed cooperative scheme leads to single-hop wireless network
applications such as cellular networks and 802.11-based networks.

Keywords: relay selection; cooperative communications; random access; queue length;

packet delivery ratio.

1. INTRODUCTION

Cooperative diversity
solution to enhance the reliability and
performance of wireless networks by
increasing the probability of success for
packet transmission [1]-[6]. In [7], EI-Sherif
and Liu presented a novel cooperative scheme
for random access networks that is modeled
using Markov chains and queueing analysis.
However, the cooperation is implemented
through a predefined relay node, without the
relay assignment process. Alonso-Zarate et al.
presented a MAC protocol called PRCSMA
[8] to coordinate the retransmissions of the
relays based on ARQ. However, these
schemes do not take the channel condition and
interference caused by the relay assignment
process into account. In [9], Jiang et al.
proposed a robust cooperative scheme based
on space-time coding to deal with the
outdated channel state information where a
predefined number of relays, instead of a
single relay in opportunistic relay selection
schemes, are opportunistically selected from

is a potential

some K cooperating relays. In [10], Eltayeb et
al. proposed a compressive sensing based
relay selection algorithm that reduces the
feedback overhead of relay networks under
the assumption of noisy feedback channels. In
[11], a max - link relay selection scheme was
incorporated the instantaneous strength of the
wireless channel and the status of the finite
relay buffers to provide diversity gains for
applications without latency constraints.
However, the selection scheme in [11] simply
considered the relay buffers to decide the
available links that participate in the relay
selection decision.

Laneman et al. [12] categorized two
relay strategies called selective relaying (SR)
and incremental relaying (IR). For the SR
scheme, if the channel response is lower than
a certain threshold, the source will retransmit
the packet to the destination. Otherwise, the
relay forwards the packet toward the
destination, instead [3]. However, once the
destination can decode the packet from the
source successfully, the transmission from
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the relay and the packet-combining process
at the destination are not necessary.
Therefore, the utilization of network
resources becomes inefficient. On the other
hand, the IR exploits the limited feedback
from the destination to improve the
efficiency in using the degree of freedom of
the channel capacity. The source sends its
packet to the relay and the destination. If the
destination  replies with a negative
acknowledgment (NACK), the relay will
retransmit the packet to the destination,
without considering the channel condition of
the source-relay link. The received packet
from the source-relay link thus can be
decoded incorrectly, which causes more
errors at the destination.

In this paper, we propose an adaptive
strategy to overcome the drawbacks of the
foregoing two schemes and harness the
advantages of cooperative diversity to
improve network reliability and utilization
efficiency. This study focuses on the
system-level performance evaluation to
enhance the network performance with the
following contributions: (1) the proposed
cooperative scheme improves the network
performance in terms of the packet delivery
ratio; (2) the relay assignment is based on the
CSI and the current queue length of the
transmitting buffer of each relay so that the
most available path for information relaying
is chosen; and (3) probabilistic analysis
regarding the failure of the best relay
selection is provided. The proposed scheme
leads to applications of single-hop wireless
networks such as cellular networks and
802.11-based networks.

2. SYSTEM MODEL

We make the following assumptions: (1)
the fading channels between nodes are flat in
frequency and quasi-static Rayleigh fading;
(2) the channel is reciprocal; i.e., the channel
from i to j is the same as the channel from
j toi; and (3) The CSMA/CA scheme is used
for the random access.

If Pi is the received signal power at
receiver j from the source i, Px denotes the

interference power of other signals at j from
its surrounding nodes, and N is the noise
power (all in Watts).

Assuming that all nodes use an average
transmitted power P similarly under the
impact of a flat fading channel, the capacity
C(i, j) [bits/second] of link i-j calculated at
receiver j with an infinite bandwidth W [Hz]
and power spectral density No/2 [W/Hz]
related to the SINR by Shannon’s theorem is
Plhi.jlzdi_.ja

C(i,j) =Wlog,(+

NoW+Ek¢iP|hk.j|2dI:.7) @
where h;;, hyj, and d;;, d; denote the
channel gain and the distance between i, kK,
and j, respectively. h;; and hy ; represent
the small-scale fading from the transmitter to
the receiver, whereas d;; and d;5
approximate the signal path loss through the
environment. The calculated capacity is
compared with the required rate Ry,

3. DESCRIPTION OF
COOPERATIVE SCHEME

3.1 Source Transmission

THE

The source node denoted by s sends the
data packet toward its surrounding nodes. All
neighbors receive and estimate the SINR
with respect to the incoming packet.

3.2 Relay and Destination Checking

All neighbors, including relays r and
destination d, receive the packet and
calculate the respective channel capacity.
Once this value satisfies the required rate, an
acknowledgment (ACK) frame IS
broadcasted by the destination to all
surrounding nodes with the ID of the
respective data packet. Then, the potential
relays recognize that the packet has been
received at the destination successfully, and
they remove the packet from their buffer
because more transmissions from the relays
are not necessary. Otherwise, the destination
sends a NACK and defers to the next phase.

3.3 Relaying Contention

The source and destination maintain the
set of their neighbors, given by Ns and Ng,



Journal of Technical Education Science No.59 (08/2020) 87
Ho Chi Minh City University of Technology and Education

respectively. The relay candidate set N is
denoted by N =Ns N Ng + {s}. Since a set of
nodes contends together for the right to
transfer the packet after receiving an NACK
packet from the destination, this can cause
collisions on the wireless channel, which
reduces the channel utilization efficiency.
Thus, only common neighbors of both the
source and the destination are joined in the
relaying selection to reduce the contention
area. The source s also can retransmit the
packet if it wins the competition with other
relays. If the calculated channel capacity
satisfies the required rate, the packet
overheard from the source will be stored in
reserve for the relay selection phase. The
destination can decide to cooperate or not,
depending on the packet reception. Then,
each overhearing relay having the estimated
capacity that satisfies the required rate will
calculate a waiting period for its own timer t;,
following Eq. (2):
k k
T opil-q) P )
where pi is SINR on the link from the
destination to relay i. Whereas L, g; and g,
are maximum queue length, current, and
remaining queue length of the transmitting
buffer of each relay (q;, q, € [0, L]),
respectively. We let k be a heuristic
parameter that is used to adjust the timer
value if needed.

Each potential relay i starts its own timer
with an initial value ti that is inversely
proportional to the CSI and current traffic at
each relay. Without considering the effect of
collisions at the MAC layer, the best relay
with the largest product of channel quality
and the remaining queue length will expire
first and win the contention after a minimum
period of Tj, seconds.

The best relay sends a short duration
packet, called Flag_RTS to notify this event
to the neighboring nodes. The other relays
rely on this flag packet to give up the
contention phase. However, for the special
case that some relays are in hidden state from
each other, the destination needs to notify all

relays with another short duration packet
Flag_CTS to reduce unnecessary
transmissions from the other relays. The
queue length is used as follows in the relay
assignment: if a node has more packets in the
queue, it has lower priority to become a relay
node for another source-destination pair.

3.4 Destination Combining

At the destination, if the packet from the
source is received successfully, an ACK
packet is sent to confirm the successful
reception. Otherwise, an NACK packet is
broadcast, and the relay selection phase starts
as in the second step. The destination also
stores the packet for a further combining
process. Once the incoming packet is
received successfully, it is forwarded to
higher layer for further processing. However,
in the worst case, when all retransmission
attempts have failed, the destination will use
the maximal ratio combining technique
[12],[13] to recover the original packet from
the previous replicas.

4. PROBABILISTIC ANALYSIS OF
THE PROPOSED RELAY
ASSIGNMENT SCHEME

The failure of the relay assignment
scheme occurs since there are more than one
relay that become the best relay and
retransmit the same packet to the destination
within the same time interval ¢ which causes
by the switching time and the propagation
delay. This degrades the system performance
and efficiency because of the collision and
redundancy.

4.1 Cases of Failure

Based on the operation of the proposed
relay assignment scheme, we consider two
cases of failure as shown in Fig.1: (1) all
relay candidates N can listen to each other
and (2) some relays in set N are hidden from
each other. It is noted that the cooperative
scheme occurs after the NACK packet from
the destination. Then, the flag packets are
sent by the best relay and the destination to
confirm the winner of the relay contention.
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For the case of no hidden relays (case 1),
the collision between the best relay timer Ty
and two or more relays can happen during
the time interval c, depending on the
propagation delay needed for signals to travel
in the wireless channel and the radio
switching time from receive-to-transmit
mode (Eqg. 3). On the other hand, for the case
of hidden relays (case 2), the interval c is
increased by the duration of the flag packet

destination NACK_

from the best relay and the propagation delay
on the destination-relay links, as well as the
radio switch time at the destination (Eq. 4).
The interval ¢ can be considered as the
overhead period caused by the wireless
medium. The higher this interval conducts
the higher the probability of collision
between the best relay and the others.
Therefore, we assess the maximum value of ¢
in both cases.

Flag_RTS|.%4Flag CTS]|

relay 1 NACK Lo \Flag_CTS|
-— |
relay2 NACK | | A 4 |Flag_RTS ' |Flag_CTS
- E 4 {
L 'IE T " : )
relay 3 NACK : Flag_RTS | Flag_CTS
i/ | I
I | |
time frs =] i — »
Case 1 d+2d,
Case 2
Figure 1. lllustration for failure probability
c= |tb - tilmax + drr—max + dsw (3) (5)
= |tb - tilmax + drr—max + stw + tdur + Zdrd—max Let Ul < Uz < < UN be the Ordered

(4)
Where:

* t, and t;: the time that the best relay and
other relays i start their timers, respectively.

* d,,: propagation delay between two relay
nodes. drr—max is the maximum value.

* d,4: propagation delay between relay i and
destination d; d,g_max 1S the maximum
value.

* d, : receive-to-transmit switch time of
each radio.

* tgur: the duration of flag packet (Flag_RTS)
which is transmitted by the best relay.

Let t, (min {¢t;}) be the best relay
timer and T; be the other relay timers. Then,
the probability of collision between two or
more potential relays within the same
interval c can be written as follows:

Pr(collision) = Pr(any T; — T, < c|i # b,i N)

random variables {Ti}, where the minimum

timer T, is equivalent to U; and U, is the
second minimum timer, then

Pr(any T, — T, <c|i# b,iN)=Pr(U, <U; +¢)

(6)

Given that U; = %, then U; < U, <

-+ < Uy Is equivalent to the timer values

k_ k_< -+ < —— . Moreover, it is
P191 P292 PNAN
noted that the SINR p; is mainly

proportional to the power of channel response
lhij|> on the link between each relay i and
destination node j. Eq. 6 can thus be written

+2) @
Then, the probability of failure can be

calculated by Lemmal in [8]

PI‘(UZ < U1 + C) = 1 - IC (8)

=(N-1)["f@[1-FWI"2Fu- c)du (9)

Pr(U, < U; +¢c)=Pr ;2 12
|l @z |hojl T
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Where F(u) and f(u) are the cumulative
distribution function (CDF) and probability
density function (PDF) of the timer functions
T; of the N relays, respectively.

4.2 Probabilistic Analysis

To calculate the probability in Eg. 9, we
need to calculate the probabilistic functions
of the timer Ti. The CDF and PDF of each T;
are respectively given by:

F(t) = Pr[T; < t] = 1 — Pr[T; > t] = 1 — CDF}y, 5 (f)

(10)

d k k
f(t) = = F(t) = 5 PDF 2 (;) (11)
where CDF\, 2z and PDF, 2z are the

CDF and PDF of the product function
between channel response and the remaining
queue length. In order to find the distribution
of the production distribution, we conduct the
probabilistic function of each separate
distribution.

1) Fading Channel: Assuming that the
wireless channel is affected by Rayleigh
fading due to multi-path reflection, the
channel gain |k, 4| between the relay and
the destination follows the Rayleigh

distribution and its power |hr,d|2follows
the exponential distribution. The CDF and
PDF of the exponential variables with
parameter A > 0 are given by [14]

Fy(x) =1—e**(x>0)
fx(x) =re™*(x 2 0) (13)

2) Queue Model: For a simplicity, we
assume that node queues can be modeled
as M/G/1 queues which receive packets
based on a Poisson arrival process with
arrival rate As packets/sec and service rate
ps depending on the channel access
mechanism [7]. The thorough analysis of
the queueing model is beyond the scope of
this paper. The main objective of this
section is to evaluate the failure
probability of the relay assignment
scheme considering the arrival rate and
service rate as parameters. The detailed

(12)

queueing analysis will remain an
important part of future work. We follow
a simple approximation for the M/G/1
queue length distribution in [15] which
depends only on the first and second
moments of the service time distribution.
The PMF of the remaining queue length
distribution are respectively given by

PN =k] =P[N =L — k] = Upa"*" (1 - a)
(14)
fork=0,1,2,..,L—1
andP[N = k]=1-U,
3) Distribution of the timer function: We
obtain the joint CDF and PDF of the

product of the above random distributions
|hi1°q

F)=1- [UO(XL I1-—a)+ Zy 1 an’l‘ y-1(1-

a) (1 —e ;) +(1-Uy) (1 —e” ﬁ)] (15)

f(t)—{LilU o 1-a)ie M+ 1-U,)ie u} (16)

The probability of failure is now
calculated by substituting the above two
equations into Eq. 9. The probability of
collision is calculated with the average value

of any channel coefficient A = E [lhi, jlz] =

1 and N = 7 nodes. Besides, other
parameters such as U,, L are set to 0.85 and
100, respectively.

4.3 Results
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Figure 2. The probability of collision versus
various values of k/c in the case N=7 and
Uo=0.85

The probability of collision is calculated
with the average value of any channel
coefficient A = E[|hi,j|2] =1and N =7
nodes. Besides, other parameters such as
Uy, L are set to 0.85 and 100, respectively. It
is seen in Eq. 7 that the collision probability
reduces with the increase of k. However, k
cannot be arbitrarily large, since it increases
the time needed for each source to find out
the best relay. Therefore, there is a trade-off
between the collision probability and the
speed of relay selection. From the integral in
Eq. 9, the collision probability is a function
of k/c. The results are plotted in Fig. 2 for
various values of k/c with the server
utilization Uo= 0.85. Assume that the
distance between network nodes is less than
100 m. Whereas typical switching time
should be less than 5 ps [16], which results in
€ = 20us. For instance, in case of Ug = 0.85,
the collision probability is kept below 1%
since k approximates 52 x 107 Table 1
shows the list of k to keep the probability of
collision less than 1% according to a range of
the server utilization Uo.

Table 1. List of k according to a range of U

Uo 06 |065| 0.7 | 08 | 085 0.9

kic 691 | 6.1 | 529|349 | 258 | 1.93

k(x10%) | 138 | 122 | 106 | 70 | 52 | 39

Prob. (x10%)| 5.1 | 56 | 76 | 7.3 | 5.6 | 4.3

5 PERFORMANCE EVALUATION

The proposed scheme is evaluated by
simulation using OPNET Modeler 16.0 and
compared with two schemes: (1) direct
transmission (without cooperation) and (2)
the best relay scheme based on only channel
estimation [3]. We adapt the standard IEEE
802.11 MAC for the proposed scheme with
some modifications to the physical layer.
Whereas the relay assignment is executed at
the MAC layer. A group of 7 nodes and 1
sink are deployed within a coverage range of
100 m x 100 m. Each node generates traffic
with a packet length of 500 bytes according
to an exponential inter-arrival time. The
transmission range is set to 100 m, and the
data rate is 11 Mbps. We compared the
performance of the three schemes in terms of
the packet delivery ratio (PDR). Each
simulation result is executed through 5
simulation rounds and a confidence interval
of 90%.
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Figure 3. The PDR with respect to packet
inter-arrival times
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Figure 4. The PDR with respect to node
density

The PDR is defined as the total number
of packets received at the sink divided by the
total number of packets transmitted by all the
sender nodes. Fig. 3 and Fig. 4 show the
PDR versus various packet inter-arrival times
and the number of network nodes,
respectively. It is seen that in case of low
traffic (i.e., a large value of the packet
inter-arrival times) or small number of
network nodes, the performance of the three
schemes is almost same because in such
cases the impact of packet collision and
interference is small which leads to more
reliable for packet transmission. However, an
increase in network traffic, the PDR is

the surrounding nodes, which may cause
packets to be dropped. Besides, higher packet
loss also derives from the channel congestion
and overloaded nodes due to multiple traffic
flows which directed to them. In all
situations, the proposed scheme always
obtains a higher PDR than the other schemes.
It improves the possibility of receiving
packets successfully by retransmitting them
via the potential relay and combining them in
the sink. Moreover, an advantage of the
proposed scheme in comparison with the best
relay scheme [3] is that our scheme reduces
unnecessary transmission from the best relay
which may cause more collision for other
transmission if the sink successfully decodes
the packets from the source for the first time.

6 CONCLUSIONS

In this paper, we presented an
opportunistic relay assignment scheme for
single-hop wireless networks, where the DF
relay scheme at the physical layer and the
relay assignment process at the MAC layer
are incorporated with the objective of
enhancing network performance. The relay
assignment scheme combines the SR and IR
schemes from the destination based on the
channel state information and current queue
length. We plan to reduce the collision
probability between feedback and data

reduced in all three schemes. Similarly, an packets via more effective scheduling
increase in the number of network nodes also  strategies.
reduces the number of receiving packets at
the sink. This is because the higher traffic
produces more collisions and interference for
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