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A Technique to Exploit Cooperation for Packet
Retransmission in Wireless Ad Hoc Networks

Haesoo Kim and R. Michael Buehrer

Abstract: In wireless data communication systems, retransmission
of an erroneous packet is inevitable due to the harsh communica-
tion environment. In this paper, an efficient retransmission scheme
using cooperation from neighboring nodes is investigated. In the
cooperative retransmission scheme, an erroneous packet is trans-
mitted to the destination by cooperative nodes which have favor-
able channels. This cooperative retransmission scheme requires no
a priori information of neighboring nodes and has no limitation on
the number of cooperating nodes. Distributed beamforming is used
to accommodate multiple cooperating nodes. Phase and frequency
offsets of cooperating signals are extracted from the NACK mes-
sage and used to co-phase retransmitted data packets. The outage
probability of the cooperative retransmission scheme is analyzed
for the case of perfect synchronization and when the offsets are es-
timated. To reduce the impact of the residual phase and frequency
offsets in cooperating signals, a low-rate feedback scheme is also
investigated. It is shown that improved outage probability and re-
duced packet error rate (PER) performance can be achieved even
for long data packets. The proposed cooperative retransmission
- scheme is found to outperform simple retransmission by the source
as well as decode-and-forward cooperation.

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

I. INTRODUCTION

Cooperative communications have received increased interest
as a means to overcome fading channels with a limited num-
ber of antennas at a portable device. The basic i1dea of coop-
erative communications is that multiple single antenna devices
share their antennas to create a virtual multiple antenna system.
It has the potential to provide distributed spatial diversity and
beamforming gains especially when the number of nodes in the
networks 1s moderate to large. Cooperative diversity was first
proposed in (1], where it was shown that the capacity and ro-
bustness of wireless systems were increased via user cooper-
ation. The performance of several cooperative protocols have
recently been investigated in [2]-[6]. Another approach to im-
prove system performance using cooperative nodes is distrib-
uted beamtorming [7], where multiple cooperative nodes trans-
mit the same signal at the same time after proper preprocessing
to obtain beamforming gain at the destination.

In cooperative diversity methods, orthogonal signaling di-
mensions are required for each cooperating signal (e.g., differ-
ent time slots, frequency bands, or spreading codes), which re-
sults in poor spectral efficiency. Even for cooperative space-time
block codes (STBC) where all corresponding code blocks are
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transmitted via the same signaling dimension, an initial stage
is still needed to identify cooperating nodes and generate the
corresponding code blocks [4], [8]. Also, proper synchroniza-
tion of cooperating signals is required to achieve cooperative
diversity [9]. In [4], the authors proposed a coded cooperation
technique by combining user cooperation with channel coding
to utilize the given resources more efficiently where two nodes
form a group and transmit the partner’s or their own informa-
tion depending on the decoding result of the partner’s received
code block. Another example of coded cooperation was investi-
gated in [10], where the total encoded data is divided into blocks
and each block is transmitted by a different cooperative user in
order to introduce temporal diversity even in slow fading. How-
ever, the quality of cooperating signals cannot be guaranteed
since those methods do not account for channel conditions from
the various transmitters to the destination. Those facts result in
some inefficiencies in cooperative diversity schemes since nodes
may cooperate even when their transmission is not useful.
Distributed beamforming is more efficient than cooperative
diversity in terms of system bandwidth usage since it accommo-
dates multiple cooperating signals in the same signaling dimen-
sion. However, it requires strict synchronization to achieve dis-
tributed beamforming gain. There are three synchronization is-
sues in distributed beamforming: Symbol timing, carrier phase,
and carrier frequency. Symbol timing offset occurs due to prop-
agation delay differences and can be ignored when the symbol
duration is sufficiently long as compared to propagation delay
differences. In [11], for example, it is shown that a 10% timing
jitter does not have much effect on the performance of the coop-
erative transmission. Carrier phase information for cooperating
signals can be obtained from a reference signal which is broad-
casted by the destination [7]. For carrier frequency synchroniza-
tion, a master-slave architecture was considered in [7] where the
master node broadcasts the reference signal periodically to co-
operating nodes. However, this approach requires a master node
for carrier frequency synchronization as well as additional refer-
ence signals from the destination for carrier phase synchroniza-
tion. Even though better spectral efficiency can be achieved by
distributed beamforming as compared to cooperative diversity,
it still requires an initial stage to form the cooperating cluster
as well as additional overhead to achieve synchronization of the
cooperating signals. Again, the quality of cooperating signals 1is
not considered in the current distributed beamforming approach.
A number of protocols have been proposed to use opportunis-
tic relay channels in wireless ad hoc networks [12], [13]. In
those protocols, however, only one relay will be selected to for-
ward the data packet to the destination and additional informa-
tion is required for the node selection procedure such as inter-
node loss rates and geographic distance. Furthermore, those ap-
proaches limit the potential performance gain by restricting the
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number of the forwarding nodes to one even when multiple
neighboring nodes can be involved in cooperation.

Erroneous packet reception is inevitable in wireless commu-
nication systems. In [10], cooperative diversity was achieved
by using an incremental redundancy (INR) scheme. However,
it can be viewed as a method to obtain block fading channels,
1.e., temporal diversity, not an automatic repeat request (ARQ)
method since decoding at the destination is performed after re-
ceiving all coded blocks. The idea of cooperative ARQ for ad
hoc networks was introduced in [14] and [15], where the neigh-
boring nodes around the direct link monitor the packet exchange
and retransmit the packet if an error occurs. The authors show
that significant performance improvement can be achieved in
terms of throughput and average delay by reducing the average
duration of retransmission trials. However, this work is focused
on the upper layer performance (i.e., the throughput and the av-
erage delay of the ARQ protocol scheme) and does not consider
the important issues in the physical layer such as node selection
or their coordination when there are multiple possible cooperat-
ing nodes around the direct link. Retransmission by the neigh-
boring nodes is also proposed to increase throughput in multihop
networks [12]. However, it can be considered as a dynamic rout-
ing protocol rather than an ARQ method since the closest node

to the final destination will be the receiving node of the current
transmission.

In this paper, an efficient cooperative retransmission scheme
is examined which combines packet retransmission and user co-
operation. When the received packet can be decoded success-
fully with only the direct link, the overhead to form coopera-
tive transmission and cooperating signals to the destination will
be wastetul. Therefore, user cooperation without considering
the quality of the direct link decreases network efficiency. In
the proposed cooperative retransmission scheme, the erroneous
data packet is retransmitted to the destination via cooperative
nodes only when it is requested by the destination. Cooperat-
ing nodes are self-selected by overhearing the packet exchange
when the destination receives a data packet and requests retrans-
mission via a feedback message (i.e., a NACK). The proposed
approach requires no initial setup and no information sharing
between neighboring nodes for cooperation. Furthermore, only
those neighboring nodes which have good channels to the desti-
nation will be involved in retransmission. Multiple cooperating
nodes are involved in retransmission by using distributed beam-
forming where carrier phase and frequency information for co-
operating signals is obtained independently at each cooperat-
ing node by observing the retransmission request message from
the destination. The outage probability of cooperative retrans-
mission 18 analyzed first with perfect synchronization and latter
with offset estimation. The residual phase and frequency offsets
of cooperating signals can diminish the benefits of cooperative
retransmission especially for long data packets. Thus, phase ad-
justment via a low-rate feedback channel is examined to reduce
the effect of the residual offsets. It is shown that outage prob-
ability and packet error rate (PER) performance is substantially
improved at the cost of a small feedback bandwidth.

The rest of this paper i1s organized as follows. In Section II,
the cooperative retransmission scheme and system model are de-
scribed. In Section III, the outage probability of the cooperative
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retransmission scheme is analyzed for the case of perfect syn-
chronization as well as with offset estimation and compensation
using the NACK message. The effect of the residual offset is
examined in Section IV. Phase adjustment method via a feed-
back channel is investigated and the numerical results for out-
age probability and PER performance are also shown. Section
V concludes this paper.

II. SYSTEM MODEL

The network configuration shown in Fig. 1(a) will be consid-
ered in this paper. There are multiple neighboring nodes which
are assumed to be uniformly distributed around a source and
a destination. The neighboring nodes have no a priori knowl-
edge of the channel to the source or the destination. The source
transmits a data packet to the destination at a given time. It is as-
sumed that nodes in the networks use the same frequency band
to transmit and receive the packets (i.e., time-division duplex-
ing). The channel is assumed to be reciprocal between nodes
and constant during the time interval of NACK and data retrans-
mission. It is also assumed that each node is operating with a
decentralized manner based on its need.

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 developed here, the source transmits the packet to the
destination at 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 if no NACK is heard during a given time
interval. When the destination cannot correctly decode the re-
ceived data and requests a retransmission with a NACK mes-
sage, a subset of the neighboring nodes also overhear this mes-
sage. Those neighboring nodes which can decode both the infor-
mation data and the NACK message successfully will be cooper-
ative nodes and will retransmit the data packet to the destination
in the next time slot. 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 which are ex-
changed between the source and the destination. 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. This assumption 1s
reasonable for short-range sensor networks. Table 1 shows the
procedure of the proposed cooperative retransmission scheme.
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Fig. 1. Example of the cooperative retransmission scheme in distributed
networks.

Table 1. Cooperative retransmission scheme in ad hoc networks.

Transmit data packet C1 to destination
Decode C1 at destination and neighboring nodes
Send ACK or NACK to source

If ACK is received, go to next packet

If NACK is received at neighboring nodes which receive C1 correctly
Extract phase and frequency offset information from NACK message
Transmit Co, which could be C, after compensating offsets

If no relays can send Co, retransmit Co at source after random backoff

Fig. 1 shows an example of the proposed retransmission
scheme for an ad hoc network. During the first exchange of data
and ACK/NACK packets, R4 and R5 can decode both packets
correctly and will be cooperating nodes. When packet retrans-
mission 1s requested by the destination, these nodes retransmit
the data packet to the destination using distributed beamforming
as shown in Fig. 1(b). Note that the retransmitted data packet C,
can be same as C; or different depending on the ARQ method.
While cooperating nodes retransmit the data packet, the source
performs the random backoff procedure. If the source receives
the ACK message during the backoff interval, retransmission
procedure will be stopped and the next packet will be transmit-
ted following the normal step. If the NACK message is received
during the backoff interval, it will be ignored and the normal re-
transmission procedure will be performed. The proposed coop-
erative retransmission scheme will be continued for the next re-
trial packet with the same procedure. In this paper, we will focus
on the performance of the cooperative retransmission scheme
with only a single retrial.

There are several advantages of the proposed cooperative re-
transmission method. First, this method does not require any a
priori information concerning the neighboring nodes or an ini-
tial setup stage to form the cooperative cluster, which reduces
the required overhead. Second, cooperative nodes are selected
based on channel conditions from the source to the nodes as
well as from the nodes to the destination, which results in good
signal quality for the retransmitted data packet. Finally, distrib-
uted beamforming gain is exploited when multiple relays are
involved in the cooperation.
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ITII. ANALYSIS OF OUTAGE PROBABILITY

A. Retransmission via Source

The outage probability of the proposed cooperative retrans-
mission scheme will be examined in this section. It 1s assumed
that the same data packet is retransmitted if necessary and both
received signals are combined with maximum ratio combining
(MRC).

First, let’s consider the outage probability when the source re-
transmits the erroneous data packet. The received signals during
two time slots are given by

I'n = «/ asdhsd,ls + 1

ro = \/Qsghsd 28 + N (1)

where a4 is the large scale path loss of the direct link and Aq4 ;
is channel coefficient of the ith transmission of the direct link
which is complex Gaussian random variable with zero mean and
0.5 variance per dimension. It is assumed that channel coetfi-
cients of the first and the second transmission are independent
by considering random backoff time before retransmission. s is
the transmit signal and n; is noise vector of the received signal ¢
which entities are complex Gaussian random variables with zero
mean and variance ¢2. The mutual information of the first re-
ceived signal and the combined signal with the second received
signal are given by |

1%, =logy (1 +nlhsaq|’)

1
I3 = 5 log, (14 n[|hsa1]? + |hsa,2]?])

@

where 77 = azq/02 is the average SNR of direct link. |hsq1]? is
an exponentially distributed random variable, Uy, and |hsq,1]° +
|heq2|? is the sum of exponentially distributed random vari-
ables, Us. The probability density function (pdf) and cumula-
tive density function (cdf) of the sum of k£ exponential random
variables can be easily evaluated by multiple convolution and its
integration which are given by

1 k=1 _ —u
fu,(w) = o e
1
Fy,(u) = =)t 1)!’7(’%’“) (3)
where ~(a, ) is incomplete gamma function given by
v(a,x) = / t ety (4)
0

After k times retransmission from the source, the outage proba-
bility of the combined signal can be obtained by

sd k 2kR —1
Po,k — Pr{Isd < R} = FUk -

7
1 kR _ 1

- ~{k —=

(k—l)!f}/(’ 7 )

where R is transmission data rate.

(5)
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B. Cooperative Retransmission with Perfect Synchronization

When L cooperating nodes are involved in cooperation, the
received signal during the second time slot is given by

I
1

ry = —-\/: E V/Ord 1hrd s + Ny (6)
L=

where a..q; and h,q; represent the large scale path loss and
channel coefficient of the cooperating link [, respectively. The
total transmit power of the retransmitted signal is normalized
with the number of cooperating nodes. When perfect synchro-
nization is assumed in cooperating signals, the mutual informa-
tion of the combined signal is given by

L
1 1 2
I(i) = 510g2 (1 + 77|h/8d,1|2 + = |: E \/ Of?“d,l|h'r’d,l|:| )
=1

(7)
The distribution of the combined signal is not easy to obtain for
general case. For simplicity, consider the case when the long
term path loss of all cooperating nodes is same, as.; = KQsq
and o,q; = dagq forl = 1,2,---, L. The scale factor x and
d depend on the relative distance between the cooperating link
and the direct link, which is given by x = (ds,./dsq) ™ and § =
(dra/dsq)~™ with propagation coefficient n. d;; is the distance
between node 7 and node j, where i, j € {s, r,d} and s, r, d
stand for source, relay (i.e., cooperating node), and destination,
respectively. Then, (7) can be rewritten as

1

)
I(f:) = 5 10g2 (1 + N ‘:‘hsd’llz —+ EWI%:‘)

(8)

where W, = Zf’:l \hra]. W, is not a sum of typical Rayleigh
random variables but a sum of partial Rayleigh random vari-
ables since only good channels are involved in cooperation. The
distribution of W, depends on the average SNR of cooperative
links and hard to find as a closed form. Instead of finding the dis-
tribution of the sum of partial Rayleigh random variables, W7, is
assumed to be a sum of Rayleigh random variables and its min-
imum values will be included at the final distribution. With this
assumption, the approximated pdf of W7, is given by [16]

2L —w? /2b(L)

wt—le
~ 9L—1 L ®)
2L (L)L — 1))
where b(L) = 5-[(2L — 1)!]/L and (2L — 1)!! = (2L — 1) -
(2L —3)----3-1. The pdf of X; = W3 is given by
L1,z /2b(L)
S @) = somr -

The distribution of the combined signal is the sum of the expo-
nential random variable and the weighted X, Y, = U1+ %X I.
The pdf and cdf of Y, can be obtained by

fw, (’LU)

(10)

- =Y 1 —¢(L)
N <L’ ) y)
| 1 —e7Y B (L)
Fy, (y) = (1—-&(L)E (1 —&L)E
L—1
(1 — &(L))! Y
ZZ; I ’Y(Hl’i(L)) oY
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where £(L) = 26b(L)/ L. Since the received SNR of cooperat-
ing signals is greater than the required SNR for the successful
reception of the NACK message, random vartable y should be
greater than the normalized value y. = nyack /Mrd, Where 9,4
is the average SNR of »r — d link and ny ac K 1S the required
SNR to receive the NACK message correctly. Then, the outage
probability with L. cooperating signals can be approximated as

22R—1

FYL( -

) — Fy; (ye)

Pgeg"f =Pr{IL <R} ~ (12)

The outage probability of the proposed cooperative retrans-
mission scheme depends on the probability that the neighboring
node is involved in cooperation. To be involved in retransmis-
sion, the neighboring node should receive the data packet and
the NACK message correctly. Therefore, the probability of co-
operation of the neighboring node is given by

Pco :Pr{Is'r > R} Pr{n'rd|hrd|2 > nNACK}

( 28— 1 ) ( NNACK )
=exp | — exp | —
Nsr Nrd

where 7, 18 the average SNR of s — r link.
The outage probability of the cooperative retransmission
scheme with M neighboring nodes 1s given by

(13)

o =(1 = peo)™ P35
M M
- Zl( - )pl’f;(l ~peo)T PR (14)

The first term represents the outage probability when there is
no cooperating node out of M neighboring nodes and the sec-
ond term represents the outage probability when there are m
cooperating nodes out of M neighboring nodes.

C. Cooperative Retransmission with Offset Estimation

In the proposed retransmission scheme, the preamble part of
the NACK message will be used to obtain carrier phase and fre-
quency offsets between the cooperating node and the destina-
tion. It is assumed that the preamble signal is divided into NV,
subgroups with the length of L,,. The received preamble part of
the NACK message at the cooperating node m is given by

rpm(t) = /Ordmhrame ™ ™tc + ny, (15)

where c is the preamble signal and f,, is carrier frequency off-
set between the destination and the cooperating node m. The
matched filter output for each subgroup 1s given by

Tm(?f) = ’ard,m|hrd,m|Lp6j9m(i) +Um(z)’ 7 = 1,...7Np

(16)

where 6,,(7) is phase value of ith sample at the cooperating
node m, and v, (1) = Z;’ii(’i_l)LpH c(l)n,(l). The estimate
of phase offset at the cooperating node m can be obtained by
0,,(1) = Zrp(i) fori = 1,---, Np. Using two samples of
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phase estimates, frequency offset between the destination and
the cooperating node m can be estimated as

m 2r(k — )T,

where T}, is time duration of a subgroup.
The distribution of the mimimum mean square error (MMSE)

phase estimation error at the cooperating node m is given by
[17]

1 2
Do, (Q,Um) :__2_6*% [1 + \/Zlm—mCOS felm cos 0
ﬂ'

.Q(_\/szcose)}, —r << (18)

where 1, = pd.m|Pram|*Ly/0? and Q(-) is the Q-function.
The average phase estimation error for a given channel is

belm) = [

The frequency offset estimation is obtained by the amount of
phase shift between two estimated phase estimators. The esti-
mation error of phase shift, ¢., is the sum of i.i.d. random vari-
able .. The distribution of phase shift estimation error can be
evaluated by convolution and given by

(17)

6|pe. (8, nm )d0. (19)

Pé. (D, m) =/ P9 (® — 0,10m)pe. (68, nm)dO

— o0

™

= = [ {1 + /47y, cos(¢p — )
e 00 (< B cos(o - ) |

{1 + /47N, cos e cos” °Q (—- \/ 27, COS 9) } dé.

(20)

The average estimation error of phase shift for a given channel
can be obtained by |

e (m) = /_1

The average frequency estimation error is directly related with
®e{nm ) and given by

|¢|pg. (@) 11m )do. 21)

fe(nm) = ¢§§T7;:?:)

where T, 1s time duration between two phase samples.

Figs. 2 and 3 show the average estimation errors of phase and
frequency offsets at five cooperating nodes which have the same
average received SNR. For the preamble signal, L, = 32 and
N, = 6 are assumed. It is shown that the analytical and numer-
ical results are well matched. |

When cooperating nodes adjust their phase and frequency off-
sets with the estimated values, the received signal of the cooper-
atively retransmitted packet can be expressed by

(22)

L
1
2 \/Emzz:1 Vrdm|Prd m| 2 (23)
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Fig. 2. Phase offset estimation error with NACK message (5 cooperating
nodes, L, = 32, N, = 6, maximum frequency offset = 2 kHz).
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Fig. 3. Frequency offset estimation error with NACK message (5 co-
operating nodes, L, = 32, N, = 6, maximum frequency offset = 2
kHz).

where w,, 1s the loss factor of the cooperating signal m
due to the offset estimation errors which is given by w,, =

B (M) Fo(m)- Let Xy = S8 _ W+ /@rdim| hrd,m|, then the
outage probability with the offset esttmation scheme is given by

X, |2
|L02', ) <R}. (24)

n

: 1
Pj}slf% = Pr {5 log, (1 + nlhsd|2 +

When there are M neighboring nodes around the direct link,
the outage probability of the proposed cooperative retransmis-
sion scheme is given by

;3\/1 =(1 _pCO)MPoS,% |
M
M m —m pesti
+ ) ( - )pco(l—pco)M Pt (25)
m=1

Fig. 4 shows the outage probability of the cooperative retrans-
mission scheme with perfect synchronization and offset estima-
tion. It is assumed that ny 4o x = 5 dB, transmission bandwidth
is 1 MHz, and the length of data packet is 2 ms. It is also as-
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Fig. 4. Outage performance with cooperative retransmission scheme
using phase and frequency offset compensation (M = {3, 5}, packet
length = 2 ms, maximum frequency offset = 2 kHz, d,; = 0.8d4).

sumed that all neighboring nodes are located at the same po-
sition as dsr = 0.2dq and d,.q = 0.8dsq. The analytical re-
sults are well matched with the numerical results even though
there are some performance differences for the perfect synchro-
nization case due to approximation. The proposed cooperative
retransmission scheme works well and its outage performance
is close to the case of perfect synchronization. As the num-
ber of neighboring nodes increases, better outage performance
1s shown as expected. The proposed cooperative retransmission
scheme shows better performance than decode-and-forward co-
operation by exploiting good cooperating signals with distrib-
uted beamforming. Note that again the transmit power of the co-

operatively retransmitted signal was normalized with the num-
ber of cooperating nodes.

IV. COOPERATIVE RETRANSMISSION FOR LONG
DATA PACKETS

A. Effect of the Residual Phase and Frequency Offsets

The cooperative retransmission scheme with offset estima-
tion using the NACK message performs very well for short data
packets as shown in Fig. 4. When the length of the retransmit-
ted packet increases, cooperating channel coefficients for the re-
transmitted packet could not be assumed as constant anymore.
Furthermore, the latter part of the retransmitted packet will be
more out of phase due to the residual frequency offset. Fig. 5
shows the outage probability for long retransmitted packets. It
is assumed that the packet length is 10 ms and cooperating chan-
nels are also varying with doppler frequency of 20 Hz. As shown
in Fig. 5, the proposed cooperative retransmission scheme does
not work well anymore due to channel variation and phase ro-
tation caused by the residual frequency offset. The effect of the
residual offsets is more clear from the fact that there is no per-
formance gain even with the large number of neighboring nodes.
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Fig. 5. Outage performance with cooperative retransmission scheme us-
ing phase and frequency offset compensation (M = {3, 5}, packet
length = 10 ms, maximum frequency offset = 2 kHz, Doppler fre-
quency = 20 Hz, d.g = 0.8d,4). :

B. Phase Adjustment with Feedback Channel

A low-rate feedback channel will be considered to adjust
phase variation due to time-varying channel and the residual off-
sets. To track the phase variation of each cooperating signal, a
small phase offset will be induced intentionally at the retrans-
mitted signals. Since no information of other cooperating nodes
is available, each cooperation node adds the randomly generated
phase offset during a feedback interval and updates its phase off-
set according to feedback information. |

Let ®,,, be an induced phase subset in the cooperating node
m, which is independently generated at each cooperating node
as ©,, = AGA,,. Af is the amount of the intentional phase
offset and A,, is a set of the randomly generated binary bits at
the cooperating node m. ©,, has the length of N, and is re-
peated IV, times to form a final set of the induced phase offset,
B, = {0,,,0,, ,0,}. Forexample, with N, =4, N;
=2,and A,, = {1,1, -1, 1}, the final induced phase offset is
given by B,, = {A§, A9, —Af, AG, Af, Af, —AF, Ab} dur-
ing eight transmit symbols. The number of feedback message,
Ny, is decided by N¢ = |T;;/T | where T} is the retransmitted
packet duration, T’ is a feedback interval, and | z | is the nearest
integer of z towards negative infinity.

The received signal of the cooperatively retransmitted packet
during a feedback interval can be expressed by

L
1
r(t) = 7= Y VOramlbram|Eramsy +15  (26)
m=1

where E,. 4 ., is the term of the phase mismatch by both offset
estimation errors and the induced phase offset, which is given by
E,qm = elfemei?2mfemteiBm g, and f, ,, are the residual
phase and frequency offsets of the cooperating signal m, respec-
tively. s and n are the transmit signal and noise vectors during
a feedback interval.

After receiving cooperating signals during a feedback inter-
val, the destination averages the magnitude of N subsets of the
received signal and searches the index £ in the subset ®,,, which
has the maximum average magnitude. The index & is delivered
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Table 2. Phase adjustment procedure with feedback channel.

When NACK is received at cooperating node m
Extract phase and frequency offsets from the preamble of NACK
Compensate phase and frequency offsets of the cooperating data
packet with the estimated values
Set initial reference phase offset as zero, 01, e =0
Generate the induced phase offset, B, (©Om)
forp=1to Ny
Retransmit data packet after inducing phase offset By,
At the destination
Find the index k of ©®,, which has maximum average
received magnitude
Deliver k to cooperating nodes via feedback channel
At the cooperating node m
Update reference phase offset as 0y, e +— O ref + Om (k)
Regenerate the induced phase offset, B,
Add reference phase offset to By, B — B + 01 ey

10 " | —©&— Perfect sync. (analysis)
H - -© - Perfect sync. (simulation)

L —8— QOffset compensation (analysis)
B - Offset compensation (simulation) [~ """ S 3
|| —*%— Decode-and-forward (analysis) [~~~ 7T
bl -~ % - Decode—and-forward (simulation) - ----> et
&+ Feedback approach (simulation)

...............................
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Fig. 6. Outage probability with cooperative retransmission scheme using
phase and frequency offset compensation (M = 3, packet length =
10 ms, Doppler frequency = 20 Hz, maximum frequency offset = 2
kHz, d,.q = 0.8d.4).

to cooperating nodes via a feedback channel. Note that the mod-
ulated signal is assumed to be a constant envelope such as M-
ary phase shift keying. After receiving the index of the induced
phase set, each cooperating node updates its reference phase off-
set as O ref < Om rer + On (k). The update of phase offset
for cooperating signals continues to the end of the retransmit-
ted data packet. The phase adjustment method using a feedback
channel 1s summarized in Table 2.

Figs. 6 and 7 show the outage probabilities of the coopera-
tive retransmission scheme using a feedback channel with M =
3 and 5, respectively. The same parameters used for Fig. 5 are
assumed for the transmission channel. For the feedback chan-
nel, 10 kHz bandwidth, N, = 16, Ny = 25, and A8 = 30° are
used. As shown in both figures, outage probability is substan-
tially improved by using a small feedback channel where band-
width usage of a feedback channel is included in the numerical
results. As compared to the performance without a feedback
channel, the performance gain is also achieved as the number of
neighboring nodes increases.

The proposed cooperative retransmission scheme can be eas-
ily used in INR ARQ scheme by transmitting the redundant
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Fig. 7. Outage probability with cooperative retransmission scheme using
phase and frequency offset compensation (M = 5, packet length =
10 ms, Doppler frequency = 20 Hz, maximum frequency offset = 2
kHz, d,.q4 = 0.8d:q).

code block via cooperating nodes. INR ARQ scheme 1s suitable
for the proposed cooperative retransmission scheme since the
length of the retransmitted data packet is shorter than that of the
full retransmission scheme. To examine the PER performance
of INR ARQ with the cooperative retransmission scheme, a
R. = 1/3 convolutional code with K = 4 is considered.
The polynomial generators are g1 = 15(g), g2 = 17(3g), and
gs = 13(g). The first code block, Ci, is a B, = 1/2 convo-
lutional code which is obtained by puncturing the whole code
block. The punctured bits will be the redundant code block,
Cs,, which will be delivered to the destination if necessary. The
length of information data is assumed to be 10ms, which will be
1250 bytes of the retransmitted data packet. The transmission
bandwidth is assumed to be 1 MHz and BPSK modulation is
used.

High PER performance gain can be achieved even for long
data packets with a low-rate feedback channel as shown in
Fig. 8. The retransmission by the source can be considered as
decode-and-forward cooperation in this numerical result since it
is assumed that cooperating nodes are located at the same posi-
tion as the source. When the feedback channel is not used, there
is no benefit with a large number of neighboring nodes using the
proposed method. By using a small feedback channel, however,
the proposed cooperative retransmission scheme can efficiently
utilize a large number of neighboring nodes and outperforms the
retransmission scheme by the source.

V. CONCLUSION

A cooperative retransmission scheme for ad hoc networks 1s
proposed and analyzed which accommodates multiple neighbor-
ing nodes in the cooperation. The proposed cooperative trans-
mission scheme uses system resource more efficiently than pre-
viously proposed approaches by initiating user cooperation only
when 1t 1s requested. Specifically, when the destination requests
retransmission of an erroneous packet, multiple cooperative
nodes retransmit data packet after adjusting their phase and fre-
quency offsets, which are estimated from the NACK message, to
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Fig. 8. PER performance of INR ARQ scheme with cooperative retrans-
mission (M = {3, 5}, retransmit packet length = 10 ms, doppler fre-
quency = 20 Hz, maximum frequency offset = 2 kHz, d,; = d.q4).

obtain distributed beamforming gain. The proposed cooperative
retransmission scheme does not require any a priori knowledge
concerning the neighboring nodes or initial setup to form the
cooperative transmission. Since channel conditions from coop-
erating nodes to the destination are included during the node

selection, good signal quality for the retransmitted data packet
can be achieved.

The outage probability of the proposed cooperative retrans-
mission scheme is analyzed with perfect synchronization and
offset estimation using the NACK message. The analytical re-
sults of the proposed retransmission scheme are well matched
with the numerical results and it performs well for short data
packets. The residual offsets of cooperating signals can diminish
the benefits of the cooperative retransmission scheme especially
for long data packets. A low-rate feedback scheme is investi-
gated to reduce the impact of the residual offsets. It is shown
that outage probability and PER performance are substantially
improved at the cost of a small feedback bandwidth in the pro-
posed cooperative retransmission scheme.
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