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Throughput and Delay Performance with a Cooperative
Retransmission Scheme Using Distributed Beamforming

Haesoo Kim

Abstract: In this paper, an efficient retransmission scheme using co-
operation from neighboring nodes is investigated. In the coopera-
tive retransmission scheme, an erroneous packet is retransmitted to
the destination by cooperative nodes where distributed beamform-
ing is used to accommodate multiple cooperating nodes. A Markov
model is used to analyze throughput efficiency and average delay of
the proposed retransmission scheme. It is shown that the analytical
results are well matched with the simulated results and improved
throughput and delay performance can be achieved as compared
to the traditional retransmission scheme. The performance of the
proposed cooperative retransmission is investigated in the multi-
hop configuration via computer simulation. The transmit power
for retransmission packet is also investigated and it can be signifi-
cantly reduced by using a small feedback channel.

Index Terms: Cooperative communications, distributed beamform-
ing, Markov model, packet retransmission.

I. INTRODUCTION

Cooperative communications has received increased interest
recently as a means to overcome fading channels with a limited
number of antennas and limited power at a portable device. The
basic idea behind cooperative communications is that multiple
single antenna devices share their antennas to create a virfual
multiple antenna system [1]-[3]. One approach to improve sys-
tem performance using cooperative nodes is distributed beam-
forming [3], where multiple cooperative nodes transmit the
same signal at the same time after proper preprocessing to obtain
beamforming gain at the destination.

Erroneous packet reception is inevitable in wireless commu-
nication systems. In [4], cooperative diversity was achieved by
using an incremental redundancy (INR) scheme. However, this
approach can be viewed as a method to obtain temporal diver-
sity not an automatic repeat request (ARQ) method since de-
coding at the destination is performed after receiving all coded
blocks. The idea of the real cooperative ARQ for ad hoc net-
works was introduced in [5], [6], where the neighboring nodes
around the direct link monitor the shared channel to retrans-
mit the packet when errors occur. The authors show that sig-
nificant performance improvement can be achieved in terms of
throughput and average delay by reducing the average number
of retransmissions. In [5], however, proper coding and decoding
schemes such as the distributed space-time code (STC) are as-
sumed to achieve a full diversity gain, which requires additional
information of neighboring nodes. Furthermore, there is loss in
data rate for full diversity when the number of cooperating nodes
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is greater than two. Multiple relay selection and transmission
scheme was proposed in [7]. However, full instantaneous chan-
nel information including relay nodes need to be available at the
source which requires additional overhead for cooperative relay
scheme.

In this paper, a more efficient cooperative retransmission
scheme is examined which combines packet retransmission and
user cooperation. Erroneous data packets are retransmitted to
the destination via cooperative nodes only when it is requested
by the destination. Cooperating nodes are self-selected by over-
hearing the packet exchange when the destination receives a data
packet and requests retransmission via a feedback message (i.e.,
a NACK). The proposed approach requires no initial setup and
no information sharing between neighboring nodes for cooper-
ation. Furthermore, only those neighboring nodes which have
good channels to the destination will be involved in retransmis-
sion. Multiple cooperating nodes are involved in retransmission
by using distributed beamforming where carrier phase and fre-
quency information for cooperating signals is obtained indepen-
dently at each cooperating node by observing the retransmis-
sion request message from the destination. To improve system
performance, all received signals are combined using maximum
ratio combining (MRC). A Markov model is used in order to
investigate throughput efficiency and average delay of the pro-
posed cooperative retransmission scheme and the analytical re-
sults are compared with the simulated results. The analytical
and simulated results show that the proposed cooperative re-
transmission scheme outperforms the traditional retransmission
scheme especially when the direct link has low SNR. The per-
formance of the proposed cooperative retransmission scheme is
investigated in the multihop network configuration by transmit-
ting multiple packets to the final destination to verify the sce-
nario of the concurrent packet transmission. The average trans-
mit power of the retransmitting packet is also investigated and
it can be reduced significantly by using a small bandwidth feed-
back channel.

The rest of this paper is organized as follows. In Section II,
the cooperative retransmission scheme and system model are de-
scribed. In Section III, throughput efficiency and average delay
are analyzed by using a Markov model for both the traditional
and the cooperative retransmission schemes. The analytical re-
sults are examined and compared with the simulated results in
Section IV. The concurrent packet transmission in the multihop
configuration is investigated via computer simulation and power
control for the retransmitting packet is also examined. Section V
concludes this paper.
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II. SYSTEM MODEL

The network configuration as shown in Fig. 1 will be con-
sidered to analyze and simulate throughput efficiency and aver-
age delay performance. A source delivers packets to a destina-
tion and there are M neighboring nodes around the direct link.
dsq denotes the distance between the source and the destination.
dsr; and dyrq ; denote the distance from the source and the des-
tination to neighboring node 4, respectively.

When the received packet is erroneous in delay-tolerant wire-
less networks, retransmission is typically performed based on
a predefined ARQ scheme. In the cooperative retransmission
scheme proposed here, the source transmits the packet to the
destination in a given time slot. While the destination decodes
the first received packet, neighboring nodes around the direct
link are also able to decode the overheard packet. If an ACK
message is sent by the destination, the next packet is transmit-
ted from the source. Neighboring nodes which decode the data
packet correctly discard their overheard packet if the ACK mes-
sage is received or no correct message is received during a given
time interval. When the destination cannot correctly decode the
received data packet and requests a retransmission with a NACK
message, a subset of the neighboring nodes also overhear this
message. Those neighboring nodes which can decode both the
information data and the NACK message successfully will be
cooperative nodes and will retransmit the data packet to the des-
tination in the next time slot. More details of the cooperative re-
transmission scheme considered in this paper are shown in [8],
where outage probability and packet error rate (PER) were in-
vestigated with perfect synchronization and offset estimation of
cooperating signals. The quality of the retransmitted packet has
a high probability of being acceptable since the selected cooper-
ative nodes have good channels as demonstrated by their ability
to decode the NACK message correctly.

Each neighboring node decides independently to retransmit
the data packet based on the overheard messages. Therefore, it
is possible for multiple nodes to retransmit the data packet at
the same time. To achieve the coherent sum of multiple signals
at the destination, the carrier phase and frequency from each
cooperative node must be synchronized when the data packet
is retransmitted. Channel state information (CSI) to the desti-
nation from each cooperating node can be obtained from the
NACK message and used for phase/frequency compensation. It
is assumed that the symbol duration is long enough to ignore
the propagation difference (i.e., symbol synchronization errors)
from cooperative nodes to the destination.

III. THROUGHPUT AND DELAY ANALYSIS

Throughput efficiency and average packet delay will be an-
alyzed for both the traditional retransmission scheme and the
proposed cooperative retransmission scheme in this section.

A. Throughput Analysis

A eight-state Markov process, which state transition table
is shown in Table 1, can be used to describe the packet suc-
cess/failure model for the cooperative retransmission scheme.
O(k) represents the state of the cooperative stop-and-wait (SW)
ARQ at packet k. O(k) is either in the transmission (T') state
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Fig. 1. Network model for the cooperative retransmission scheme.

Table 1. State Transition of SW ARQ scheme.
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or the retransmission (R) state. The transition of O(k) between
the 7 and R states depends on the previous state, O(k — 1),
the channel state of the direct link, D(k), and the state of the
retransmission link, C'(k). D(k) and C(k) will be in the good
state (GG) or in the bad state (B) depending on their channel con-
ditions. There are eight possible steady-states which are denoted
as S; fori = 0,---, 7 and p;, is denoted as the steady-state prob-
ability of being in state .S;.

In state T, the source delivers a new packet to the destination.
In state R, the erroneous packet is retransmitted by cooperating
nodes which might be only the source itself in the traditional
ARQ scheme and in the cooperative ARQ scheme when there
are no possible cooperating nodes.

Fig. 2 shows the state transition diagram based on the logic
given in Table 1. In steady-state, the state diagram is satisfied
with

P=BP 1)
DPso + Dsy +'”+p57:1
where P = [ps, Ds, - - 'PsJT and
[t tw O 0 o tw uv 0 ]
tv tw 0 0 tv tw w 0
tv tw O 0 tv tw uv O
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B= 0 0 wo ww 0 0 0 ww @
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Fig. 2. Markov model for {O(k — 1), D(k), C(k)}.

where (-) = 1 — (-). (t,u) is the good and bad reception prob-
ability of D(k), and (v, w) is the Markov parameters of C(k),
which are defined as

t = Pr{D(k)=B
u = Pr%DEk% =G% )
and
v = Pr{C(k)=B|C(k—-1)=G} @
w = Pr{C(k)=G|C(k—-1)=B}.

The steady-state probability P can be found by solving (1),
which will be expressed with (¢, u) and (v, w). The parameters
of Markov model used in [5] is adopted to find the through-
put efficiency of SW ARQ with the cooperative retransmission
scheme, which are defined as

X

2
Yy £

Pr{O(k) = R|O(k ~ 1) = T}

Pr{O(k) = T|O(k — 1) = R}. )

Using these parameters, the throughput efficiency of SW
ARQ with the cooperative retransmission scheme is given by

(51, 19]

- Y
S = .
X+Y ©
Then, X and Y are given by
—_ psz + psa
Psy T Psy +Ps; + P
30p84 'ilp% ;2]335 % 0

" Psy + Pes + Psg + Psr

Note that the throughput efficiency of the SW ARQ scheme can
be found directly from Fig. 2 with (¢, u) and (v, w). However,
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(5) and (6) give easier tractable formulas compared to the direct
approach.

The received signal of ¢ — 7 link after matched filtering and
sampling can be expressed by

Ti; = 4 /aijhijs + ng;. 8)

«;; the large-scale path loss of ¢ — j link, where 4, j € {s,r,d}
and s, r, d stand for source, relay, and destination, respectively.
h;; is small-scale channel coefficient of ¢ — j link which is
complex Gaussian random variable with zero mean and 0.5 vari-
ance per dimension. s is the transmit signal and n;; is noise
vector of the received signal of ¢ — 7 link whose values are
complex Gaussian random variable with zero mean and vari-
ance o2, It is assumed that the channel remains constant dur-
ing a packet transmission time. When the source transmits the
packet k to the destination, it cannot be decoded correctly if the
received signal-to-noise ratio (SNR) is below a certain threshold
SNR, nu, 1€,

B, if nsalheal® < men
Dik) = { G, if nsalhsal? > men &

where 1,4 = Qsq/ J,zl. Note that 7, is the required SNR for the
successful reception which depends on the coding and modula-
tion scheme system used. |hs4|? is an exponentially distributed
random variable and its probability density function (PDF) is
given by

= e Y/207 _ -y

frly) = (10)

The final equation is obtained by substituting o = 0.5, which is
channel variance per dimension as mentioned earlier. The prob-
abilities of the success/failure reception for the direct link are
given by

Bsd
fr(y)dy = Fy(Bsa) = (1

u=1- ’7(17 lgsd)

where Bsq = Tn/Nsa. Fy (y) is the cumulative density func-
tion (CDF) of the received signal, and (e, z) is the incomplete
gamma function given by

x
v(a, ) :/ t* et
0

The state of the retransmission link depends on the number
of retransmissions since each retransmitted signal is combined
with the previously received signals. Fig. 3 shows the Markov
mode] of the retransmission link where RT}, represents the state
of kth retransmission and g;, represents the probability of state
transition from state £ to state k- 1. It is assumed that all packets
are successful after N retransmissions, i.e., gy = 0.

Let p}, be the probability that the state of retransmission is in
state k. Then, the relation between state probabilities is given
by

t= an

(12)

) ﬁsd)

(13)

ap§ = Ypy (1 — a)pg
Qkpk_’pk;+17 k*‘1727"'3N—1 (14)
pi+ps+--+py =1
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Fig. 3. Markov model for the retransmission link.

After solving (14), probabilities of state transition for the re-
transmission link are given by

= 1->(1-
v Z1-a)
N-2 [ &k
1 (15)
wo= ~ %] - g
k=1 \j=1
where A is given by
N-1 k
A=1+> [ (16)
k=1 j=1

When there are k retransmissions and the channel of each re-
transmission is independent, the combined signal is the sum of
exponential random variables and its pdf and cdf are given by

fo, (w) = Euke*“
' (17

1
FU/c(u) = EV(k + 1,71')'

The probability of state transition from state k to state k + 1 is
given by q = Fy, (8s4) and finally probabilities of state transi-
tion for the retransmission link are given by

v :1_N1?7f,ﬂsd)
_ 1\ Yk +2,8:)\ 15 70+ 1,8a) U9
- : Il
A Pt (k+ 1) i1 41
where N
-1 k .
+1,8s
A:1+k11—[17(3 ]'ﬁd) (19)
= ]:

The state transition diagram in Fig. 3 can be also used for the
cooperative retransmission scheme and the state transition prob-
abilities are given by (15). The difference between the traditional
retransmission and the cooperative retransmission is the distri-
bution of the received signal at the destination. In the proposed
cooperative retransmission scheme, distributed beamforming is
used for accommodating multiple cooperating nodes. After as-
suming perfect synchronization as mentioned earlier, the re-
ceived signal through cooperating nodes can be approximated
as the sum of Rayleigh random variables. Note that the actual
distribution of the cooperating signal is not a sum of Rayleigh
random variables since the signal strength of each cooperating
signal is greater than the threshold for successful NACK recep-
tion. In the high SNR regime of » — d link, however, this ap-
proximation is well matched with the actual distribution. It is
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not easy to obtain the pdf of the sum of Rayleigh random vari-
ables for the general case. Without loss of generality, it is as-
sumed that the large-scale path loss of the cooperating links is
same, i.e., dgrj = dsr and dyq ; = dpg for j = 1,---, M. Then,
the received SNR of the combined signal with the cooperative
retransmission scheme at state & can be approximated by

kyt+l S L 2
Zk,L & Tsd Z il + Nsd g (Z |hl|>
=1 =1

kyt+1

2
S L
= oa | 3 1P+ 4 (Z |hl|> 0)
i=1

=1

where the first term represents the received signals from the
source and the second term represents the received signals from
L cooperating nodes. ky = |k/2| where |z] is the near-
est integer of z towards negative infinity. & is a scale factor
based on the relative distance of the cooperating link given by
§ = (drq/dsq) ™™ with propagation coefficient n. Note that the
total transmit power is normalized for the cooperatively retrans-
mitted signal. Let Zy 1 = Ug, 41 + (6/L)W} where Uy, is the
sum of k£ + 1 exponential random variables and its pdf is given
in (17). Wy, is the sum of L Rayleigh random variables and its
approximated pdf is given by [10]

w2L7167w2/2b(L)

Ju () = STy D)

3y

where b(L) = 2 [(2L — 1)M*% and 2L — 1)l = (2L — 1) -
(2L - 3)---3 - 1. The pdf of Zj, 1, can be evaluated by multiple
convolution and its integration which is given by

Zkf+Le—Z
§(L) (ks + L)!

R (L;L+kf +1; <1 -~ 5(1—L)> z) (22)

where (L) = 26b(L)/L and 1 Fi (a; b; ¢) is the confluent hyper-
geometric function of the first kind. The cdf of Z 1., Fz, , (2),
cannot be found as the closed form and will be obtained by com-
puter simulation using fz, , (2).

ka,L (z) =

The state transition probability of the cooperative link de-
pends on the number of cooperating nodes and their channel
conditions. To involve in cooperation, the neighboring node
should receive the data packet and the NACK message cor-
rectly. Therefore, the probability of cooperation of the neigh-
boring node is given by

Pco = Pr{nsr\hsr|2 > nth}Pr{nrd|hrd}2 > nNACK}

— o BergBra (23)

where SBsr = mn/Nsr» Bra = MNACK/Nra» and Nnack is the
required SNR for the successful reception of the NACK mes-
sage. When there are M neighboring nodes around the direct
link, the transition probability from state k to state k + 1 with
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the cooperative retransmission scheme is given by

gk = (1 - pco)MFka (;Bsd)
ke M

2
m=1

M
(") o1 =¥ G
(24)

ke = [k/2] where [z] is the nearest integer of z towards posi-
tive infinity. Probabilities of state transition using the coopera-
tive retransmission scheme can be obtained by substituting (23)
into (15) and (16).

B. Delay Analysis

Packet delay is defined as the time required to complete the
packet delivery from the source to the destination. Since re-
source allocation is not considered in this paper, delay analysis
does not include the queuing delay such as random backoff time.
Then, the average packet delay depends on the packet length and
the number of retransmissions. Let T’ be the length of a packet
which is assumed to be fixed. When there is no packet error from
the source to the destination, the total transmission delay will be
T. However, the average packet delay is expected to be higher
than this value due to possible packet errors. The average packet
delay of the cooperative retransmission scheme is given by [5]

X+Y

D=
Y

Ty. (25)

1IV. NUMERICAL RESULTS
A. Single-Hop Configuration

Throughput efficiency and average delay will be compared for
the traditional and the cooperative SW ARQ schemes to observe
the benefit of the proposed retransmission scheme. The config-
uration shown in Fig. 1 will be considered where two neigh-
boring nodes are located around the direct link, M = 2, with
dsrj = 0.7dsq, and drq; = 0.7dgq for j = 1,2. Tt is assumed
that path loss coefficient is four, and the required SNR for the
successful reception of data and NACK packets are 5 dB and 3
dB, respectively. IEEE 802.11 MAC protocol was implemented
with computer simulation and physical layer was simplified with
channel condition and the corresponding threshold values. We
consider the lowest SNR of the direct link as { dB, where three
retransmission of the direct link is enough for successful recep-
tion with MRC at the destination. Ten retransmission, N = 10,
is assumed in analysis and simulation to make sure for success-
ful reception after maximum retransmission.

Fig. 4 shows throughput efficiency of both the traditional
ARQ and the cooperative ARQ schemes. The throughput ef-
ficiency without combining of the previously received pack-
ets is also shown in the figure. Throughput efficiency without
MRC for both schemes can be analyzed easily by using simi-
lar Markov models, which is not included in this paper due to
the page limitation. The analytical and the simulated results are
well matched for all cases. Significant throughput gain can be
achieved by using the cooperative retransmission scheme when
erroneous packets are discarded at the destination. When MRC
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Fig. 4. Throughput efficiency with both retransmission schemes (M =
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Fig. 5. Average delay with both retransmission schemes (M = 2,T; =
10 ms, dsr = 0.7d,y4, drg = 0.7d,q).

is used for the retransmitted packets, both schemes show rela-
tively good performance even for low SNR ranges. The coop-
erative ARQ scheme outperforms the traditional ARQ scheme
especially when the direct link has low SNR.

Fig. 5 shows the average delay performance with 10 ms
packet length. As shown in the figure, the average delay can
be significantly improved with the cooperative retransmission
scheme even without MRC at the destination. When MRC is
used, the proposed cooperative ARQ scheme still outperforms
the traditional ARQ scheme and the average delay is reduced by
about 30% at low SNR ranges where channel condition of the
direct link is poor. The benefits of the cooperative retransmis-
sion scheme decrease at high SNR ranges since retransmission
through the source is enough to recover the erroneous packet.

B. Multi-Hop Configuration

A single-hop configuration with the same distance of coop-
erating links was considered in the previous section to verify
the analysis of the proposed cooperative retransmission scheme.
The performance of the cooperative retransmission scheme will
be investigated with the randomly distributed network configu-
ration as shown in Fig. 6. It is assumed that 100 nodes are ran-
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Fig. 6. Random network configuration (# of node = 100).

domly distributed in 100 square meters and there are two trans-
mission links with six hops from the source to the final desti-
nation. It is also assumed that each initial source node has ten
packets to deliver the final destination and the length of each
packet is 10 ms. The dual busy tone multiple access (DBTMA)
is assumed to be used with ACK at the end of message delivery
[11]. When channel is busy or packet reception is unsuccessful
at the receiver, random backoff procedure will be initiated at the
transmitter based on IEEE 802.11 standard [12].

Transmit power for the retransmitting packet is also an im-
portant issue in terms of battery lifetime and interference to
other nodes. In the analysis of the previous section, the trans-
mit power of cooperating signals is assumed to be normalized
with the number of cooperating nodes. In the proposed ARQ
scheme, however, the cooperative retransmission is decided in-
dependently at each neighboring nodes and there is no infor-
mation exchange among them. When channel is assumed to be
constant during the consecutive data packet transmission, each
cooperating node can adjust its own transmit power of the re-
transmitting packet based on the channel condition of the NACK
message. It will be referred as power control with local informa-
tion. Due to the limited information, the received signal power
for the retransmitted signal might be greater than the required
one when there are multiple cooperating nodes. More efficient
power control can be achieved if cooperating nodes share their
information which will be referred as power control with global
information. However, it requires the additional overhead for in-
formation exchange and the proper coordination among cooper-
ating nodes. In {8], a small feedback channel is used for phase
adjustment in the cooperative retransmission scheme, which can
be also used for power control of the retransmitting signal. At
the start of the retransmitting data packet, power control with
local information is performed at each cooperating node. Af-
ter receiving the cooperatively retransmitted packet, the destina-
tion observes the received signal power and reassigns the proper
transmit power for the cooperating signal through the feedback
channel. More details of the feedback approach are shown in
[8]. Note that outage probability with channel estimation was
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compared with the perfect synchronization case in {8] where
performance difference is less than 1 dB with three neighbor-
ing nodes between the direct link. The singie-hop and multi-hop
configurations considered here are well covered by that scenario
and perfect synchronization can be assumed with a small perfor-
mance difference.

Fig. 7 shows throughput efficiency of two paths considered
in network configuration. Four power control schemes are con-
sidered for the cooperative ARQ. For the normalized transmit
power and the power control with global information, it is as-
sumed that additional information such as the number of coop-
erating nodes and CSIs of cooperating links is provided at co-
operating nodes. Power control methods with local information
and feedback channel can be performed with the proposed coop-
erative retransmission scheme. Unit distance for average SNR is
assumed to be 10 m. The cooperative ARQ with any power con-
trol approach shows better performance than the typical source
retransmission. All power control methods considered show al-
most same performance, which means that the signal quality
of cooperating links is good enough to recover the transmitted
packet as regardless of power control methods.

Fig. 8 shows the average packet delay from the source to the
final destination. There is significant delay performance gain
with the cooperative retransmission scheme. For example, about
40% packet delay can be reduced for the first path with the pro-
posed cooperative ARQ when the average SNR of each hop is
poor.

The advantage of the cooperative retransmission scheme is
diminished in terms of throughput efficiency and packet delay
as the average SNR of each hop increases. However, transmit
power for retransmission can be reduced with the proper power
control method. Fig. 9 shows the average transmit power of
the retransmitted signal. As indicated in the figure, the coop-
erative retransmission scheme with the normalized power uses
the same transmit power as the source retransmission scheme.
The transmit power of the retransmitting packet can be signifi-
cantly reduced when all information are shared among cooper-
ating nodes. When each cooperating node knows its own chan-
nel information only and adjusts its transmit power based on
it, redundant power will be received at high SNR ranges where
a large number of neighboring nodes are involved in coopera-
tion. The transmit power with the proposed cooperative retrans-
mission scheme can be reduced significantly by using a small
feedback channel without sharing channel information of other
cooperating nodes.

V. CONCLUSION

A cooperative retransmission scheme for ad hoc networks
has been proposed which accommodates multiple neighboring
nodes in cooperation with distributed beamforming. The pro-
posed ARQ scheme requires no a priori information about the
neighboring nodes. The previously received signals are com-
bined using MRC to improve system performance. A Markov
model was used to investigate throughput efficiency and aver-
age delay of the proposed cooperative retransmission scheme.

The analytical resuits were found to be in good agreement
with the simulated results. Even with a small number of neigh-
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boring nodes, improved throughput efficiency and delay perfor-
mance can be achieved by using the cooperative retransmission
scheme in wireless ad hoc networks. When MRC is used for the
erroneous packets, for example, about 30% performance gain
can be achieved at low SNR ranges with only two neighbor-
ing nodes in the vicinity of the direct link. It is shown that the
benefits of the cooperative retransmission scheme increases es-
pecially when channel conditions of the direct link is poor.
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