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Abstract—Cooperative communication methods in wireless net-
works, ranging from relaying by a common neighbor over a
single wireless hop to opportunistic routing at the network
layer, have been shown in recent years to offer significant
performance gains over traditional approaches that ignore the
broadcast nature of the wireless medium, and are particularly
valuable in environments prone to channel shadowing and fading,
such as mobile ad-hoc networks. A common feature of various
cooperative methods proposed in the literature is the coordination
required to discover the available neighbors and determine
the optimal one(s) to be involved in the cooperation. However,
the overhead cost of such coordination may be prohibitive
in networks with highly dynamic topology (e.g. due to high
mobility), as the discovery and negotiation overheads may negate
much of the cooperation gains. Accordingly, we present the
case for uncoordinated cooperative retransmission, where a node
overhearing a frame may retransmit it “blindly” without any
prior coordination with the transmitter, intended receiver, or any
other neighbors in the vicinity. We pose and solve the problem
of finding the optimal retransmission probability as a function of
location, and characterize the optimal uncoordinated cooperation
region through the solution of an integral equation that depends
only on the a priori node density and wireless propagation model.
Through numerical evaluation, we demonstrate that uncoordi-
nated cooperation provides a low-overhead viable alternative,
with a frame delivery probability that can even exceed that of
coordinated cooperation methods in situations with high noise
(or low transmission power) and high node density.

[. INTRODUCTION

The traditional layered design of wireless networks has
followed a similar approach to wired networks, where the
route between a source and a destination is determined in
advance and each node along the route is solely responsible for
delivering the respective data frames to its next hop. Hence,
the only remedy available against a failed reception by a
node’s next hop is retransmission by the same node, either
of the frame itself (classic ARQ) or of error-correcting codes
providing additional redundancy (hybrid ARQ). Clearly, this
approach is inflexible in responding to short-term variations of
wireless link quality. Recognizing this limitation, the concept
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of cooperative communications has attracted considerable re-
search attention in recent years. Cooperative communication
methods take advantage of the broadcast nature of the wireless
medium and provide diversity against link fades and outages
on the main path, by allowing additional nodes in the vicinity
of a route that overhear a transmitted signal to assist in
delivering the data to its destination.

The majority of cooperative methods considered in the
literature fall under the category of physical-layer cooperation,
or cooperative relaying. For a single relay, these range from
amplification of the analog source signal directly (amplify-
and-forward) to retransmission of the frame after its decod-
ing (decode-and-forward) [1], [2], or transmission of error-
correcting code bits allowing the receiver to decode the frame
by combining the signals from both the original source and the
relay (coded cooperation) [3]. Similar methods have been pro-
posed for multiple-relay cooperation, where the relay signals
are multiplexed on orthogonal CDMA [4] or TDMA [5] sub-
channels. More recently, there has been increasing interest in
multiple-relay cooperation methods over a single subchannel,
based on space-time codes (cf. [6]-[8] and references therein).

Cooperative methods have been considered in a higher-layer
(i.e. multi-hop) context as well. In network-layer cooperation,
commonly known as opportunistic routing, a frame is broad-
cast at every hop and the next-hop node to take responsibility
of forwarding it further is chosen opportunistically among
the nodes where the broadcast has actually been received;
this provides path diversity to the route of each data frame
(rather than diversity for a single link). Several alternatives
have been proposed for the coordination process among the
receiving nodes to choose the next hop. Selection Diversity
Forwarding (SDF) [9] uses explicit acknowledgments to the
broadcasting node who then selects and notifies the best
next hop, and Geographic Random Forwarding (GeRaF) [10]
follows a similar procedure using RTS/CTS control frames
rather than ACKs of the actual data frame. In Extremely
Opportunistic Routing (ExOR) [11], instead of explicit ACK or
CTS exchanges, nodes simply wait for a random period before
forwarding the frame, or discard the frame if they overhear it
being forwarded by another node in the meantime.

A common feature of these and similar cooperative tech-
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niques in existing literature is the coordination required among
the participating neighbors. In cooperative relaying, the initial
set-up generally involves the discovery of neighbors in the
vicinity and the selection of the best one(s) whose cooperation
will maximize the performance improvement. For multiple-
relay methods, further coordination is required to allocate the
separate subchannels or the space-time codes for the relayed
signals. The overheads associated with such coordination
mean that existing cooperative methods are suitable mostly
for networks with static or relatively stable topologies, such
as wireless mesh networks, so that the respective overheads
can be amortized over a large number of frames. When the
topology is highly dynamic — such as in ad hoc networks with
highly mobile nodes, or sensor networks with unpredictable
sleep patterns — these overheads are incurred frequently
and can negate much of the potential performance gains.
Furthermore, when opportunistic routing is employed, the
coordination process of the next-hop decision imposes an
additional per-frame overhead, either in terms of the explicit
control messages exchange or, as in ExOR [11], traded for
a higher expected latency of each frame, which makes it
impractical for highly dynamic networks.

Motivated by the above observation, we set out to explore
the option of uncoordinated cooperation, where a node over-
hearing a frame may take a cooperative action — namely,
immediately retransmit the frame — without any prior coordi-
nation with other nearby nodes, and even without being aware
of their existence (apart from the transmitter and receiver of
the frame). Due to the lack of coordination, such cooperative
retransmissions are prone to collision at the receiver if made
by several nodes simultaneously. Accordingly, we define the
cooperation strategy of a node as a probability value to
make the cooperative retransmission. Our model assumes that
every network node knows its own location at all times,
and the cooperation strategy may therefore depend on the
location of the node itself, the locations of the transmitter
and receiver (which are assumed to be included in the header
of each frame), and general a priori assumptions about the
spatial distribution of other nodes (e.g. the density of a point
Poisson process) and the wireless propagation characteristics
of the environment (e.g. the transmitted power attenuation as
a function of distance). However, the strategy may not depend
on the actual locations of any other nodes, as we explicitly
assume an uncoordinated cooperation that does not rely on a
prior neighbor discovery phase.

Our contribution in this paper is twofold. First, we present
a generic analysis of finding the optimal cooperation strategy,
i.e. one that maximizes the probability of successful decoding
by the receiver. Unlike most optimizations encountered in
related studies, which involve a finite or at most a countable set
of variables, the optimization in our case is over a function of
a continuous location, and is therefore tackled using functional
optimization methods. It turns out that a deterministic optimal
strategy always exists, defined by an optimal cooperation
region such that neighbors within that region should always
retransmit an overheard frame with probability 1, while neigh-
bors outside that region should not retransmit. This optimal

region is characterized by a solution of an integral equation
that depends only on the a priori spatial distribution of the
nodes and the signal propagation model. Second, we conduct
a numerical evaluation for a variety of scenarios based on a
realistic propagation model, and demonstrate that the frame
delivery probability of our proposed method is competitive
with other methods, especially in high-noise (or low transmis-
sion power) environments with high node density, while not
incurring any coordination overheads.

The rest of this paper is structured as follows. Section II
describes our network model and formulates the functional
optimization problem, and its analytical solution is presented
in Section III. The numerical study that demonstrates the
superior performance of the proposed method is presented in
Section IV. Finally, Section V concludes the paper.

II. MODEL AND PROBLEM FORMULATION
A. Model description

Consider an ad hoc network in a region V in which
nodes are distributed according to a generalized point Poisson
process with bounded density p(v),v € V. The density
function can be either two- or three-dimensional, and may
or may not be constant throughout the region. We assume
that this function is time-stationary, which, for example, is
generally the case with random direction mobility models [12].
We assume a localization mechanism such that each node is
aware of its own location. Furthermore, when a connection is
established between two nodes, the locations of both endpoints
are included in all subsequently exchanged frames. Therefore,
when a node overhears a frame transmitted in its vicinity,
it becomes aware of the locations of that frame’s sender
and receiver. Other than that, we assume no knowledge of
the network topology; thus, there is no neighbor discovery
protocol in the background, and moveover, if any location
information was available in other frames overheard in the
past, we assume that nodes either do not keep track of it, or
that any such information becomes stale very quickly. Thus,
no node (including the sender) knows the number of any other
nodes that may potentially overhear the frame, their locations,
or their channel conditions.

The subsequent discussion considers cooperation strategies
in the context of a generic single frame between a given
sender and receiver. If the frame is not received successfully
(as is detected by a lack of acknowledgment), a node that
had overheard it will make a single immediate retransmission
with probability 7(v), where v is the location of the node.
We refer to 7(v) as the strategy function, and the goal of
our analysis will be to find the function that maximizes the
probability of successful delivery to the receiver. Thus, we
deliberately focus our attention on the simplest possible unco-
ordinated cooperation strategy, with just a single cooperative
retransmission attempt that immediately follows the original
frame. Our analysis of this strategy and its performance will
present the case for uncoordinated cooperation and its potential
benefits, and establish the required fundamental framework for
investigating further possible enhancements, such as carrier
sensing and/or random waiting before the retransmission, or
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coded cooperative transmission of error-correcting bits rather
than the frame itself. The further study of such enhancements
and their potential benefits is left for future work.

We proceed to introduce the notation to describe the
wireless environment for a given sender and receiver. We
assume that the radio channel between any two nodes is either
“good” (i.e. a transmission over that channel will be decoded
successfully, barring interference from other simultaneous
transmissions) or “bad” (a frame transmitted over the channel
will not be decoded) for the duration of a given frame, and that
the channel conditions in different locations are independent
of each other. Accordingly, we define the following location-
dependent probabilities for a generic location v € V:

e Py, (v) is the a priori probability that the interim channel
(i.e. the channel between the source and a node located
at v) is good, i.e. the node overhears a transmitted frame;

e P,4(v) is the a priori probability that the relay channel
(i.e. the channel between a node at location v and the
destination) is good.

We emphasize that the functions P, (v) and P,4(v) are used
to model the wireless environment; in other words, they are
conditional probabilities, describing the channel quality in a
location conditioned on a node indeed existing in that location.
We point out that this notation is extremely generic, as P, (v)
and P, 4(v) can be arbitrary. For example, they may be based
on any popular distance-based propagation model (e.g. a unit
disk model, log-normal shadowing model, etc); however, our
analysis does not require any particular structure of these
functions, or even that they are monotonic in the channel
distance. The only assumption we make is that these a priori
functions are known to the nodes in advance, and any node
can thus evaluate them for its own location.

We now describe our assumptions about interference among
multiple simultaneous retransmissions. We assume that, if
two or more retransmissions are made over respectively good
relay channels, they will always collide and result in mutual
destruction. If there is one transmission over a good relay
channel with other transmissions taking place simultaneously
over bad ones, we distinguish between the following two cases.

e Case I: the transmission is successful (i.e. transmissions
over bad channels does not cause interference). Broadly,
this corresponds to the case where the underlying cause
for bad channels is signal blockage (e.g. by a physical
obstacle), leading to low received signal power through-
out the duration of the transmission. We henceforth refer
to this case as “non-interfering bad channels”.

o Case II: the transmission is unsuccessful (i.e. a transmis-
sion over a bad channel destroys another good one at the
receiver). This happens when the signal(s) over the bad
channel(s) are received with sufficiently high power to
cause interference, despite not being able to be decoded,
and can be caused by a variety of wireless propagation
phenomena (e.g. multipath fading, shadowing, Doppler
shifts, or a combination of the above). To keep the discus-
sion generic, we simply refer to this case as “interfering
bad channels”.

For the sake of clarity of presentation, we conduct the
analysis in section III for each of these “pure” cases first, i.e.
assuming that all bad relay channels in the network are of the
same kind (either interfering or non-interfering). Subsequently,
we extend the analysis to a mixed scenario where both kinds
of bad channels can coexist in the network, governed by a
location-dependent interference probability of its own.

B. Problem formulation

Consider the success probability of a cooperative retrans-
mission attempt in the above model. Since all retransmissions
immediately follow an unsuccessful one by the source and are
uncoordinated, collisions are possible, resulting in an ultimate
failure even though some of the nodes had good interim and
relay channels. Therefore, we define the optimization problem
of finding the retransmission strategy 7(v) to maximize the
overall success probability of the retransmission. Clearly, since
7(v) is a function of a (continuous) location v, the corre-
sponding optimization is defined and tackled using functional
analysis methods.

We now derive the target functionals (namely, the probabil-
ities of successful retransmission) for each of the two cases
of bad channels, as defined in the previous subsection. To that
end, we divide the space V into a lattice of small cubes of
size Av and assume that nodes can only be placed in the
centres of the cubes (i.e. in discrete locations), such that the
probability of a node existing in the cube containing location
v is p(v)Av + o(Av).

For case 1, since retransmissions over bad channels do not
cause interference, the only requirement for a retransmission
to be successful is that there is precisely one node which
(1) overhears the frame (i.e. has a good interim channel),
(2) makes a retransmission, and (3) has a good relay channel,
while all other nodes fail at least one of these three conditions:

PsIuc = ZPsn(U)T(U)Pnd(v)p(v)AU'

[T [~ Paue)r () Praw o) 0] (1)
v'#v

As Av — 0, we note that

[1- Psn(U/)T(v/)Pnd(U/)p(U/)AU} =

: _ / ’ ’ ’ _
Al}}rgo exp Z#: log [1 — Psp (v)T(v") Pra(v') p(v") Av]

I =N P (6)7(0) Paa (@) p(v') A 5 =
Jim_exp 27; on (V)T (0") Pra(v') p(v') Aw

o {= [ Pul)r @t} @)

becomes independent of v (reflecting the infinitesimal impact
of a single excluded point in a continuous space). Therefore,
we can drop the distinction between v and v’, and the
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expression for the success probability (1) becomes

Pl.= /ev Py (0)7(v) Pra(v) p(v)do-

exp {f /. me)r(v)Pnd(v)p(v)dv} e

Remark. Expression (3) can also be derived using the
theory of marked Poisson processes [13], by defining a
‘marked’” node as one that has good interim and relay
channels and transmits (i.e. a node is marked with proba-
bility P, (v)7(v)Pn4(v)), and concluding that the number
of such nodes is Poisson-distributed with a parameter of
Joev Pen(v)7(v) Paa(v)p(v)dv. Then, expression (3) corre-
sponds simply to the probability of having exactly one marked
node in V. Nevertheless, we follow the above direct derivation
as it can be readily extended to the other case below.

For the case of interfering bad channels (case II), a suc-
cessful cooperative retransmission requires one node that has
a good interim channel, chooses to retransmit, and has a good
relay channel, while all other nodes must either not overhear
the frame or not retransmit it; unlike case I, the state of the
relay channels of the other nodes is immaterial. Using a similar
division of space as before, we arrive at the expression

Pl = Pan(0)7(v) Paa(v)p(v) Av-

[ (1 = P (v)r(v")p(v)) Av]  (4)
v'F#v
which, in the limit of Av — 0, becomes

Pl = / Pt ) Pua(w)ple)ar

exp {f /. me)r(v)p(v)dv} 6

Thus, the difference between the two cases is that P,4(v) is
omitted from the integral inside the exponent in the latter.

We now consider the possibility that it is the source itself,
rather than one of the cooperative neighbor nodes, that makes
an immediate retransmission. To that end, we denote by P,y
the probability of the direct channel between the source and
destination to become good again, immediately after a failed
original transmission. Note that, due to the possible temporal
correlation of channel quality, Psq can (and typically will) be
lower than the normal a priori probability of a good channel
between the source and destination locations. We assume Pgy
is independent of the state of all other channels.

For a retransmission by the source to be collision-free, the
same requirement holds as before for retransmissions of other
nodes (namely, no simultaneous retransmissions over good
relay channels in case I, and no simultaneous retransmissions
at all in case II). If the retransmission probability (i.e. strategy)
of the source node is 75, the respective success probability
expressions become

Pl = {(1 — 74 Pyq) / o Psn(v)T(v)Pnd(v)p(v)dv—l—TSPsd}

e {- | . P00 Paa0)p(0)ds | 6)

and

pl

suc

(=7 [ Pl Puaohpto)d 7P

exp {f /. me)r(v)p(v)dv} e

To summarize, we state the functional optimization problem
that is the subject of the analysis in the next section:

Maximize Ps,. (given by (6) or (7), respectively)
subjectto 0 <73, <land 0 < 7(v) <1,veV.

III. OPTIMAL RETRANSMISSION STRATEGY ANALYSIS

In this section, we first solve the functional optimization
problem defined above for each of the ‘pure’ cases separately.
We then consider the mixed case where interfering and non-
interfering bad channels can coexist in the same network.

A. Case I: non-interfering bad channels (signal blockage)

We define A £ [ | Py, (v)7(0) Poa(v)p(v)dv for conve-
nience, and rewrite expression (6) as

Pl,.=7:Pq(1 — ) exp(—A) + Aexp(—)). 8)

suc
Clearly, the entire dependence of the success probability on
7(v) is captured through A. Thus, the functional optimization
reduces to a simple optimization problem of two variables,
with corresponding constraints of

0<7<1 C)
D<A A L / Py (V) Prg(v)p(v)dv,  (10)
veV

where A\™?* is the largest possible value of A that can be
obtained by setting 7(v) = 1 everywhere. Once the optimal A
is found, a degree of freedom remains for the choice of any
particular function 7(v) that corresponds to that value of .

We observe that (8) is linear in 75; hence, its maximum will
always be attained at either 7; = 0 or 7, = 1. Furthermore,
if the maximum is attained with 7, = 0 and not 74, = 1,
then the coefficient of 7, must be negative, implying A > 1.
However, expression (8) in that case becomes simply P! =
Aexp(—A), which, of course, is maximized at A = 1 — a
contradiction. Therefore, we conclude that the maximum P/
is always attained with 7, = 1.

It remains to find the optimal value of \. Since 75 = 1 in
the optimum, expression (8) becomes

Pl =[P+ (1 — Pyg)\ exp(—=\). (11)

suc
A straightforward analysis of this expression easily leads to
the following conclusions:

o If P,y > 0.5, then (11) is monotonically decreasing in A;
hence, the optimal value is A = 0 (no retransmissions by
any nodes but the source), resulting in Psy. = Pyq;

o If Py < 0.5, expression (11) increases with A\ up to

a maximum at A = %. Therefore, the optimum is

attained at A = min (11_275*“, )\ma">.
—LIsd
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B. Case II: interfering bad channels

Once again, due to the linearity of expression (7) in 75, the
maximum value of P,,. must be attained at either 74, = 0 or
Ts = 1. We begin by considering the case of 7, = 0 first.

If 7, = 0, then the probability of successful retransmission
is given by (5). We tackle the maximization of (5) by con-
sidering it as the limit of a discrete problem. Accordingly, we
again divide the space V into a lattice of small cubes of size
Awv as above; thus, the probability of successful retransmission
is given by (4). We now calculate the partial derivative of (4)
with respect to a single variable 7(vg), corresponding to a
particular location vg:

o PI I

WL:LOC) = Ps'n(UO)Pnd(vO)p(vo)AU.

exp g — Z Py, (v)1(0")p(v")Av § +

v'F#vg
Z Psn(v")T(v")Pnd(v”)p(v”)Av'
v vy
[ Pan(v0) p(vo) Av] -

exp { — Z Py, (V)1 (0" ) p(v") Av
'U/#v//
Therefore, as Av — 0,
1 oP!!

suc

Avs0 Av dr(vo)

Pon(v0)p (1) [Pndwo) -/ . Psn<v>7<v>Pnd<v>p<v>dv} -

exp {—/Uev Psn(v)T(v)p(v)dv}. (13)

We observe that the sign of the derivative is determined by
the sign of the part in brackets on the right-hand side of (13),

[Pndm - Psnw)r(v)Pnd(v)p(v)dv} e

Furthermore, we note that (14) is independent of the choice
of 7(vg) itself, i.e. varying 7(v) in a single point v = vg
has infinitesimal impact on the derivative (and its sign). We
conclude that PZl is maximized if 7(v) is set to 1 wherever
the derivative is positive, and to 0 wherever it is negative.

Thus, we have established the following lemma.

12)

Lemma 1. If the function 7(v) satisfies
T(0) =1 Poa(v) > [ ey Pon(v)7(0) Pra(v)p(v)dv
T(v) =0 Pri(v) < [ ey Psn(v)7(v) Pra(v)p(v)du
15)

then it maximizes PLI,

for 7, =0 (as given by (5)).

Unfortunately, Lemma 1 does not lead to an explicit solution
of 7(v), since the condition is stated in a recursive fashion.
The following theorem provides the final link to that end.

Theorem 1. Expression (5) is maximized by a function 7(v)
that satisfies

where the threshold T and region Ry C {v|P,q(v) =T}
solve the integral equation

Pon(0) Pra(v)p(v)dv.  (17)

S
{v|Pna(v)>T}U R
Proof: If 7(v) satisfies the conditions in (16), then, by the
definition of 7" and Ry, it is easily confirmed that it satisfies
the conditions of Lemma 1.

It remains to show that the integral equation (17)
has a solution. Indeed, we observe that the integral
It) = f{v\P,,,,,(v)>t} Py (v) Ppa(v)p(v)dv is positive and
monotonously decreasing in ¢ (since a larger ¢ implies a
smaller integration domain). Consequently, there exists a
unique finite 7 that is the supremum of {¢|t < I(¢)} (or, equiv-
alently, the infimum of {¢|t > I(¢)}). It is possible that I(t)
is discontinuous at ¢ = 7', such that I(T") = I(T) < T and
I(T~) > T. Accordingly, we define AT £ [(T~) — I(T) =
T- f{v\Pnd(v)=T} Py, (v)p(v)dv. If AT = 0 (no discontinuity),
then, obviously, equation (17) is satisfied for any Ry. Other-
wise, since Ps,(v)p(v) is bounded, there must exist a region
Ry C {v|Pua(v) =T} such that T - [, Py, (v)p(v)dv =
T — I(T), and that will therefore be a solution of (17). H

Remark. Theorem 1 does not claim that the maximizing
solution as given by (16) is unique. In fact, as is always the
case when the optimization target is defined by an integral,
there cannot be a unique maximizing strategy, since the
integral is not impacted by any variation of the solution over
any set of measure 0.

We make several comments about the practical implications
of Theorem 1. First, equation (17) can be solved numerically
by a search for the solution of the equation I(¢t) —t = 0 (e.g.
using Newton’s method), followed by a separate search for
the region Rr if the first search fails due to a discontinuity
of I(t). Moreover, we underscore that such a discontinuity
is not possible under many common propagation models,
where the set {v|P,q(v) =T} has measure zero for any T
(e.g., in a model with distance-based path loss and log-normal
shadowing, any given probability value of the received power
to be above the threshold necessary for decoding corresponds
to a sphere (in 3-D) or a circle (in 2-D), which has measure
zero); consequently, the extra complication of finding the
region Ry does not arise. Finally, we emphasize that finding
the solution of equation (17) is not a process that needs to
be undertaken by every node after every overheard frame.
Rather, it only needs to be solved once in advance based on
the a priori density and propagation model. Moreover, for
most common propagation models where the function P, 4(v)
depends only on the distance to the destination, the optimal
threshold of P,4(v) can be translated to a corresponding
threshold in terms of distance, leaving every node only to
check for every overheard frame whether its distance to that
frame’s destination is below the threshold.

Finally, we recall that the above analysis has considered the
maximization of PII for 7, = 0. We now consider the option

T(w) =1 Ppa(v) >T or Pyy(v) =T and v € Ry (16) of 7, = 1. Obviously, if 74 = 1, then PSIJC (expression (7)) is
T(v) =0 Prg(v) <T or Ppa(v) =T and v ¢ Ry maximized with 7(v) = 0 everywhere (indeed, a transmission
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by any other node will cause a certain collision); hence, in
this case, we have PIl = P,;. Accordingly, the optimal
cooperative retransmission strategy is defined by Theorem 1
if it results in PLI, > Py; otherwise, the optimal strategy is
to have a retransmission by the original source only.

C. Mixed case: non-interfering and interfering bad channels

We conclude this section by considering a mixed scenario,
where different relay channels in the same network may fail
either due to signal blockage by physical obstacles or due to
other wireless propagation impairments; thus, the network may
contain a mix of non-interfering and interfering bad channels.
To that end, we define the function Pip,,4(v) as the probability
of the channel from v to the destination to be blocked
by a physical obstacle (i.e. be of the non-interfering kind),
conditioned on the relay channel at location v indeed being
bad. In other words, Psp,q(v) reflects the relative likelihood
of the relay channel in a particular location to be affected
by signal blockage rather than wireless impairments such as
fading, shadowing, Doppler shifts, etc, that do not block the
signal power at the receiver. For the direct channel between
the source and destination, we denote this probability as Pspsq.
As with all other location-dependent probabilities defined in
the paper, we assume that the probabilities Pypp,q(v) and Pygpsq
are independent among different locations.

With this definition, the total probability for a transmission
from location v to cause interference (assuming another trans-
mission taking place simultaneous over a good relay channel
from a node elsewhere) is

Pini(v) £ Pra(v) + (1 — Popna(v))(1 — Pprg(v)),  (18)
and for the direct channel from the original source, we denote
Pisq & Psq + (1 — Pspsa)(1 — Pyg). Thus, the probability of
successful retransmission becomes

Pyye= [(1 - TSPisd)/vEVPsn(U)T(’U)Pnd(v)p(’l})d’l)+7'spsd:| .

exp {f/ Py (0)7(0) Pyt (v) p(v)dv (19)
Obviously, expressiggv(w) reduces back to (6) or (7) in the
limit when Pgp,q(v) and Pygpsq are set to 1 and 0, respectively.
From here, an essentially similar derivation to that of the
previous subsection can be repeated. In particular, once again,
due to the linearity of (19) in 74, the optimum must be
achieved at either 7, = 0 or 7, = 1. For the case of
7, = 0, considering the partial derivative with respect to the
retransmission probability at a given location vq yields

. 1 apsuc _
A};IEO Av Ot (vg) = Pon(v0)p(v0)-

{Pnd(wo) — Pine(vo) /U

Psn(v>T(v>Pnd<v)p<v)dv] -
(2%

exp {—/ Psn(v)T(v)Pmt(v)p(v)dv}. (20)
IS
Therefore, following the same considerations as in the lead-
up to Theorem 1, we find that the optimal 7(v) that maxi-
mizes (19) is given by

where the threshold 7, and region Ry C {v % = TO}
are now the solution of the integral equation
To :/ Py (0) Ppg(v)p(v)dv.  (22)
{v] Fads >To} U R
For the case of 7, = 1, the calculation of the partial
derivative of (19) with respect to 7(vg) yields
1 OPsyc

Alzl;IEO HaT(UQ) = Psn(’l)())P(’U())'

{ [Prsten) = Posten) | Puntedrto) Pratolptoras]
(1 — Pisg) — Pins(vo) - Ps }

exp {—/ Psn(v)T(U)Pmt(U)p(v)dv}, (23)
veV

which leads to the optimal 7(v) being defined by
Pna(v)

T(v) =1 ) > T or 711;:’1((2)) =T, and v € Rt 4)
T(v) =0 751‘1((?) <T; or g"dt((z)) =Ty and v ¢ Ry
with the threshold 77 and region Ry C <v % =T

this time given by the solution of the integral equation

Py
Tl - ﬁ PS”(U)Pnd(U)P(’U)d’U.
— Lisd
(25)

Due to space limits, we omit the detailed derivation
of (21)—(22) and (24)—(25) and the rigorous existence proof of
the respective integral equation solutions, which are obtained
as straightforward extensions of the proof of Theorem 1.

We conclude this section by observing (without proof) that,
while a retransmission strategy with either 7, = 0 or 75 = 1
can be better in any particular network instance (depending on
the parameter values), it holds in general that, with everything
else being equal, the optimal 7 is monotonic in Psg, i.€.
there exists a threshold value of P!% such that the optimal
retransmission strategy has 7, = 1 if and only if Pyq > P%.

Pa(v)

o,
{f| poa>mumr

IV. NUMERICAL STUDY

In this section, we demonstrate the performance of the
uncoordinated strategy and its dependence on various network
parameters numerically. First, we describe some assumptions
that will be used in all the following scenarios.

We assume a signal propagation model that combines a path
loss with a log-normal shadowing component, as follows:

log P. =log P, — L — alogd + 1, (26)
where P, is the received power, P, is the transmitted power, L
is the power loss at a unit distance from the transmitter, d is the
distance between the channel endpoints, « is the path loss ex-
ponent, and v is the random shadowing (Gaussian-distributed
with a zero mean). Henceforth, we assume o« = 2.7 and
oy = 11.8dB; these values are chosen to represent a typical
city environment, based on the measurement study in [14]. We
define a channel to be “good” if P, is greater than some fixed
threshold P, necessary for decoding (e.g. due to receiver
sensitivity and/or ambient noise). The probability of a channel

— Pra(v) Pra(v) _
T(v) =1 I;mi(v) > To or I;ni(v) =To and v € Ry (21) to be good is thus Pr {t > log Ppin — log P, + L + alogd},
7(v) =0 #t((? <Tp or Pmi((l;)) =Ty and v ¢ Ry i.e. governed by the Gaussian distribution of 1. Hence, there
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- uncoordinated (node density: 1 node per unit area) O B

“X7-_pre-selected (node density: 1 node per unit area)

Success probability

Punit_distance

Fig. 1. Success probability vs. Pypit_distance-

is a one-to-one correspondence between P; and the probability
of a good channel over a unit distance, which we henceforth
denote by Pynit_distance; €.2., this probability is 0.5 for
log P; = log Pupin+ L. We assume below that P; and P,y are
identical for all nodes in the network, and that the nodes are
distributed on a two-dimentional plane with constant density
p(v) = p (i.e. a point Poisson process).

We choose to conduct all the following evaluations for
case II, and to assume P,; = 0, i.e. the direct channel has
negligible probability to recover in the time slot immediately
after a failed transmission. The reason for these choices is to
focus on the most “hostile” possible scenario for our proposed
method. Indeed, any combination of transmissions that leads
to successful reception in case II does so in case I as well, but
not vice versa; thus, the optimal success probability achievable
in case II is always lower than for case I (or any mix thereof).
Similarly, the success probabilities achievable with Psq = 0
(which immediately implies 75, = 0) are a subset of those that
are possible with Pyq > 0. Therefore, all the subsequent results
represent a lower bound on the success probability achievable
with an uncoordinated retransmission strategy. Incidentally, we
point out that, since the propagation model implies that P, 4(v)
depends only on the distance to the destination, it follows
that the optimal cooperation threshold (see Theorem 1) always
translates to a circular region around the destination.

The results are presented in figures 1-3. Figure 1 shows
the success probability of the optimal uncoordinated retrans-
mission strategy as a function of P,pit_distance (€quivalently,
transmission power), for several values of density p, while Fig-
ure 2 plots the success probability versus p, for several values
of Pynit_distance- The values in both figures are normalized
to a unit distance defined as the distance between the source
and destination. Finally, in Figure 3, the success probability
is shown as a function of the physical distance between
source and destination, with a fixed transmission power and
for several values of physical node density. For comparison
purposes, we also calculate the expected success probability
achievable by an optimally-located single cooperative relay
selected a priori, which is simply the maximum Pk, P,
among all nodes in the network (obtained as an average of
the maximum Ps, P, value in a large sample of random
networks of density p); this is labeled as “pre-selected” in the

: T : : : T T T T
@ uncoordinated (P . 1)

‘O pre-selected (B~ " "=0.1)
071 -‘- uncoordinated (P, _
{ pre-selected (B, .\, =0-

|| - uncoordinated (P,
g Pre-selected (P

unit_distance”
osh vV
v

unit_distance™ "

Success probability
o
G =

80 .0 OO0 OO

0 1 2 3 4 5 6 7 8 9 10
Node density

Fig. 2. Success probability vs. normalized node density.

T T T T
@ uncoordinated (node density: 1 node per 10 m?)
Q) pre-selected (node density: 1 node per 10
uncoordinated (node density: 1 node per 100 m?) [
Q) pre-selected (node density: 1 node per 100 )
W uncoordinated (node density: 1 node per 500 m?) | |
N/ pre-selected (node density: 1 node per 500 )
uncoordinated (node density: 1 node per 1000 m?)
X pre-selected (node density: 1 node per 1000 &) ||

Success probability

Absolute distance between source and destination (m)

Fig. 3. Success probability vs. source-destination distance for fixed trans-
mission power (set to have channel probability 0.5 at distance 30m).

figures. Note that our comparison does not consider multiple-
relay cooperation, which requires either multiple separate
subchannels for the relayed signals or a significant per-frame
overhead for choosing an optimal relay (as opposed to a single
relay chosen a priori); as explained above, neither would be
realistic in a highly dynamic ad hoc network.

We observe from figures 1-2 that, if Pypnit_distance 1S large,
then uncoordinated retransmission performs much worse than
the coordinated single relay. This is expected, since a single
well-placed relay will have very good channels to the source
and destination, while the performance of an uncoordinated
strategy is limited due to collisions. Indeed, the uncoordinated
success probability is bounded by maxy Ae™* = é ~ 0.368
for case I (see (8)), and hence for case II as well. Incidentally,
we note that this is the same bound as for the slotted ALOHA
throughput [15], which features a similar uncoordinated access
to a shared resource with collisions.

On the other hand, in the region of low Pypit distance, the
uncoordinated strategy performs almost as well, or, for higher
densities, even better than a coordinated single relay; this effect
is best observed in the curves of Pypit distance = 0.25 in
figure 2. We explain this effect as follows. For a single relay,
regardless of the node density, the success probability cannot
exceed that of an ideally placed relay mid-way between the
source and destination, which is the square of the channel
probability at half a unit distance. On the other hand, the
uncoordinated strategy exploits high node densities by defining
a small cooperation region around the destination (Figure 4).
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Fig. 4. The uncoordinated cooperation region.

Even if the channel quality at unit distance is low, for a
sufficiently high density, the probability of overhearing by
a node in the cooperation region will be reasonably high,
due to the sheer number of nodes in the region (and the
assumption of independent channels to different nodes); that
node will then successfully retransmit it to the destination over
a short distance. In fact, it can be shown that, for any fixed
Pinit_distance (10 matter how small), the success probability
of the uncoordinated strategy will tend to % as p — o0.

The same effect is even more pronounced in Figure 3, which
is based on practical values of node density and transmission
power. Here, each curve corresponds to an average density,
ranging from 1 1“00312 (a dense network, e.g. a small room of
people with wireless devices) to 1 10‘})"(?;2 (a sparse network
in an open field or large hall). We set the transmission power
to correspond to a channel probability of 0.5 at a distance of
30m, and vary the distance dsq between the communicating
endpoints (source and destination) between 10m and 100m.
Clearly, as dsq grows, the channel quality deteriorates and
the performance of both the coordinated single relay and
our uncoordinated retransmission strategy degrades. However,
we clearly observe that the uncoordinated success probability
degrades far more gracefully, and considerably outperforms
coordinated relaying when the distance is large. The reason is
that, with increasing dsq4, the normalized node density per unit
distance (alternatively, the expected number of nodes in the
general area between the source and destination) increases as
well, as the square of dsq, which does not matter to the single
relay but crucially compensates for the reduction in channel
quality with an uncoordinated retransmission strategy.

V. CONCLUSION

We have studied uncoordinated cooperative retransmission
in ad-hoc wireless networks, where a node may retransmit
an overheard frame without any prior agreement with its
neighbors, thereby risking collision among multiple such re-
transmissions but eliminating the cooperation overhead if the
transmission turns out successful. We modeled the respective
tradeoff as a functional optimization problem, seeking the
retransmission probability as a function of location to max-
imize the probability of successful reception, and provided a
generic solution of the optimal cooperation region depending
only on the a priori node density and the wireless signal
propagation model. Our numerical evaluation demonstrated
that the strategy performs especially well in scenarios with
low channel quality (i.e. low transmission power or high
level of noise) and high node density, in which case it even
outperforms traditional (coordinated) relaying methods.

Our aim has been to present the potential benefits of
uncoordinated cooperation via a simple strategy of a single
immediate retransmission. Our analysis is completely generic

and can be applied with any wireless signal propagation
model. Nevertheless, further work is required to extend our
results and alleviate some of our simplifying assumptions.
First, we considered the optimization problem for a single
frame in isolation, and the analysis must be extended to the
scenario where multiple original frames can be transmitted in
the network at the same time. In addition, more sophisticated
strategies may be able to achieve an even higher performance,
e.g. via carrier sensing for a small random period of time
ahead of the cooperative retransmission, or by allowing sev-
eral successive uncoordinated retransmission attempts before
declaring a failure and reverting to the link-layer protocol. The
extension of our analysis to more sophisticated strategies is left
for future work.
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