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Abstract

Existing routing and broadcasting protocols for ad hoc networks assume an ideal
physical layer model, where two nodes communicate if and only if they are at dis-
tance at most R, where R is the transmission radius. This article surveys our efforts
to consider a more realistic physical layer model, and its impact on routing and
broadcasting. We apply the log normal shadow fading model to represent a realis-
tic physical layer to derive (accurately and approximately) the probability p(x) for
receiving a packet successfully as a function of distance x between two nodes. We
define the transmission radius R as the distance at which p(R) = 0.5. We consider
routing algorithms with and without acknowledgements, with messages consisting
of one or more packets. For single packet routing with hop by hop acknowledge-
ments, we propose a MAC layer protocol where receiver node acknowledges packet
to sender node u times, where u ∗ p(x) ≈ 1. The expected hop count (EHC) be-
tween two nodes under this protocol is 1

p(x)2
+ 1

p(x) (for u = 1). We show that
forwarding to neighbor closest to destination is suboptimal, and that optimal for-
warding distance is one that minimizes EHC per progress made, that is, minimizes
h(x) = ( 1

p(x)2
+ 1

p(x))
1
x . Depending on the power attenuation factor β (between 2 and

6), the optimal forwarding radius is between 0.7R and 0.8R. The function h(x) can
be used to derive hop count optimal route discovery based routing. During route
discovery, each node, receiving message from a neighbor at distance x (distance can
be estimated from received signal strength), will set timeout proportional to h(x),
before retransmitting. The destination will respond to the first message received.
Neighbor discovery is not straightforward since hello messages are not received by all
neighbors. We proposed several localized routing schemes for the case when position
of destination is known, optimizing expected hop count (for hop by hop acknowl-
edgement), or maximizing the probability of delivery (when no acknowledgements
are sent). We then considered localized power aware routing schemes under realistic
physical layer, when nodes can adjust their transmission powers. Finally, we dis-
cuss broadcasting in ad hoc network with realistic physical layer, and propose new
concept of dominating sets to be used in broadcasting process.
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1 Introduction

Wireless as hoc networks emerged recently as a ’hot’ research topic because
of their potential applications in various situations such as battlefield, emer-
gency relief, and conference environments. Sensor networks are currently one
of prime research topics, and are being designed for monitoring environment
for chemicals, temperature, movement, fire and other events. Ad hoc and sen-
sor networks consist of hosts that communicate without a fixed infrastructure.
Communications take place over a wireless channel, where each host has the
ability to communicate with others in the neighborhood, determined by the
transmission range. Since there is no infrastructure, every host has to deter-
mine its environment when the network is formed.

We assume that each node has a low-power Global Position System (GPS)
receiver, which provides the position information of the node itself. If GPS
is not available, the distance between neighboring nodes can be estimated on
the basis of incoming signal strengths or time delays. Relative co-ordinates of
neighboring nodes can be obtained by exchanging such information between
neighbors [3].

In the routing task, a message is to be sent from a source node to the desti-
nation node. The nodes in the network may be static or mobile. The task of
finding and maintaining routes in ad hoc networks is nontrivial since host mo-
bility can result in unpredictable topology changes. Location updates schemes
for efficient routing are reviewed in [4]. In a broadcasting task, a node wishes
to send the same message to all the other nodes in the network.

We consider two routing scenarios. In one scenario, sender node is not aware
of destination location, and initiates route discovery, which is a broadcasting
task. In other scenario, source node is aware of geographic position of destina-
tion. Many routing algorithms proposed are non-local and require the complete
knowledge and maintenance of the network topology. Recently, many localized
routing algorithms have been proposed (a brief survey of them is given in [5]),
where nodes do not require the complete network topological information to
perform the routing task. More precisely, nodes only require the position of
itself and its 1-hop neighbors (in some cases also position of its 2-hop neigh-
bors), and position of destination. Consequently, neighboring nodes are aware
of distances between them.
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There are two assumptions about transmission power: fixed and adjustable. In
the first case, all nodes have a fixed and equal transmission radius R. Existing
network layer protocols (with few exceptions) for ad hoc networks assume
an ideal physical layer model, where two nodes communicate if and only if
the distance between them is at most R. In this model, known as the unit
graph model, two nodes within transmission radius can exchange correctly
bits, packets and messages (we assume that messages are composed of few
fixed length packets, and packets are composed of fixed length bit-strings).
In the unit graph model there exists therefore the unique transmission radius
at all layers of communication. We apply, however, log normal shadow fading
model to represent a realistic physical layer. By applying a realistic physical
layer, the notion of transmission radius needs to be carefully defined and
properly used in algorithms. The packet reception probability p(x) depends
on the probability of receiving a bit successfully b(x) and the length of the the
packet. There are different ways of determining R. Our approach is to divide
message into fixed size packets, and transmit each packet individually. In this
case, R can be determined so that packet error rate at distance R is 0.5. It
obviously depends on packet length. The error rate for acknowledgements is
then also 0.5 at distance R, since acknowledgements are assumed to be single
packets with equal packet length, therefore the same probability for their
reception is used. There are variety of ways to define medium access layer
for acknowledging the packets. This interpretation for R appears to be the
most convenient for deriving protocols and various acknowledgement schemes.
When nodes can adjust their transmission radii, the goal is to minimize the
total power for a route, with all retransmissions counted.

In this survey article, we consider routing with and without acknowledgements.
In the HHR (Hop-by-hop retransmissions) model, a packet is retransmitted
between two nodes until it is received and acknowledged correctly. We consider
the separate HHR variant, where acknowledgements to the previous node and
forwarding message to the next node are always done by separate messages.
The variant where retransmissions to the next node can serve as acknowledge-
ment to the previous node is left for future research.

For algorithms without acknowledgements, the probability of successful deliv-
ery of the packet (which is the product of all the probabilities of successful
delivery of hops along the found route) from source to destination is used as
a performance measure for routing algorithms.

2 Related Work

There exists a vast amount of literature devoted to position based routing
in ad hoc networks. Finn [6] proposed localized greedy scheme, where node,

3



currently holding the message, will forward it to the neighbor that is closest to
destination. Only nodes closer to destination than the current node are consid-
ered. Another milestone achievement is localized greedy-face-greedy (GFG)
algorithm, proposed in [7], which guarantees delivery under ideal MAC layer
and correct position information. It applies greedy algorithm whenever possi-
ble, and restores to face routing in recovery mode. Face routing uses a planar
graph to route from face to face between source and destination nodes. A
survey of position based routing schemes is given in [5]. Power and cost aware
routing was also intensively studied. The first localized algorithms which con-
sidered power and cost when making routing decisions, and having reasonable
performance when compared to globalized schemes, were proposed in [12].

Our work has been inspired by recent observations made in [8–11]. Qin and
Kunz [8] concentrate on the impact of a realistic physical layer (shadowing
propagation model) on simulating the performance of well known AODV
and DSR on-demand wireless routing protocols. AODV and DSR are non-
position based routing schemes, where source issues route discovery via blind
flooding (each node receiving route request message will retransmit it once),
and destination replies to source using memorized path. Qin and Kunz [8]
proposed new signal power thresholds for route discovery to enable the se-
lection of links with strong enough signal strength and reduce some protocol
control messages. They report significant increase in the packet delivery ratio
and decrease in packet latency, and suggest that link status is a better metric
than hop count for selecting routes in shadowing models.

MIT group [9] proposed to use the expected transmission count metric (ETX)
for finding high throughput paths on multi-hop wireless networks. The ETX
metric takes into account the effects of link loss ratios, asymmetry in the
loss ratios between the two directions of each link and interference among
links of a path. Then they apply ETX metric to DSDV and DSR routing
protocols and show that ETX metric improves performance. The protocols
are tested on an 29 node 802.11 test-bed. Their observations are based on
a real implementation, without giving any theoretical results or analysis in
support of observations.

Banerjee and Misra [10,11] considered the cost of retransmitting messages due
to link errors, and derive some optimal formulas and protocols for minimum
energy routing. They considered separately end-to-end retransmissions EER
(no acknowledgement or error recovery between any two links on a path) and
hop-by-hop retransmissions HHR (where message is retransmitted between
two nodes until it is received and acknowledged correctly). They first ob-
served that the bit error rate associated with a particular link is a function of
the ratio of received signal power to the ambient noise. In the variable-power
transmission, they conclude that it is optimal if a transmitter adjusts trans-
mitting power to ensure that the signal strength received by the receiver is
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independent of the distance d between two nodes. It is not clear what is the
optimality measure selected to make this conclusion. It is used, however, as
basis to make other conclusions. One immediate consequence of this approach
is that, since reception power is fixed, the link error rate between any two
nodes is fixed; therefore, probability plink used in expressions is a fixed num-
ber. It also follows that transmission power, to achieve that, is proportional
to dβ, where d is the distance between two nodes S and D. The authors then
derive optimal minimum energy paths in EER case. The optimal number of
hops N to minimize energy for transmission, assuming that retransmissions
from S and D are done until message is received, is computed. The cost of
acknowledging back from destination to source is not considered. In ideal case,
additional nodes are placed so that the distance between them is d

N
. The energy

for N such transmissions is N( d
N

)β. The probability of receiving it correctly
after N hops is (1 − plink)

N . Thus, it will be sent expected 1
(1−plink)N times

before receiving correctly. Thus, the expected energy after retransmissions if

necessary, is
N( d

N
)β

(1−plink)N . This is then considered as a function of N , with d and
plink being fixed, to derive the optimal value for N , which depends only on
β and plink. However, since the ’optimal’ value for N is independent of the
distance d between source and destination, the same derivation can be recur-
sively repeated between any two nodes in N intervals between S and D (thus
producing N2 intervals instead of N intervals), to arrive at even more power
efficiency with the same arguments. This is clearly contradictory. In fact, with
the energy model used, the optimal value for N is indeed the infinitely large
one. However, if the computing cost and minimal reception power are taken
into account, the optimal N is a finite number. The authors also considered
HHR case, using similar arguments. The problems of finding minimal energy
routes appears more difficult than assumed in this article, and we will address
it in our future work. In this article, we consider a simpler case of expected hop
count optimal routes in HHR case and create basis for later study of power
and cost efficient routes.

Broadcasting in ad hoc networks has been extensively studied recently. The
reader is referred to [13] for a survey of various methods proposed. Physical
layer impact on broadcasting task has not been studied so far.

3 The Log-Normal Shadowing Model

Most of the published results in ad hoc wireless routing and broadcasting are
based on free-space or two-ray ground propagation models, which are simplis-
tic and idealistic physical layer models. However in real scenarios, the received
signal strength is not only dependent on the distance between the transmitter
and the receiver but also on the environment. Moreover, subsequent trans-
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missions with the same transmission power, between same nodes in the same
environment are not received with the same signal power. This means that,
depending on threshold for correct reception, that message may or may not
be received based on some random events. Following [8], we model a realistic
physical layer using the shadow propagation model, where the noise element is
modelled by a gaussian distribution. A brief description of the shadow fading
model is given below.

The shadowing model is a statistical model. The mean received power at a
distance d is computed relative to Pr(d0) (since the free space and two-ray
ground models do not hold for d = 0) as

[
Pr(d)

Pr(d0)
]db = −10β log(

d

d0

) + Xσ.

This is also called the log-normal shadowing model (in dBs). The shadow-
ing model consists of two components, the path loss model, where d0 is the
reference distance, β is the loss exponent. Xσ is a Gaussian random variable
with zero mean and standard deviation σ. Both β and σ are obtained by
measurements.

The average path loss for an arbitrary distance d can be expressed as a function
of distance, using the path loss exponent β, as follows:

PL(d)∝ [
d

d0

]β

PL[dB] = PL(d0) + 10β log[
d

d0

].

With Log-normal shadowing model,

PL(d)[dB] = PL(d) + Xσ

= PL(d0) + 10β log[
d

d0

] + Xσ

Pr(d)[dBm] = Pt[dBm]− PL(d)[dB]

Pr(d)[dBm] = Pt[dBm]− PL(d0)− 10β log[
d

d0

]−Xσ,

where Xσ is the 0 mean random variable (in dB) with standard deviation of
σ (in dB). Free Space propagation model is used to calculate details at the
reference distance d0.
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3.0.0.1 Probability of Reception: Log-normal shadowing can be used
for area coverage calculations. The probability that the received power at a
location d exceeds γ can be given as:

Pr[Pr(d) > γ] = Q[
γ − Pr(d)

σ
]

where

Q[z] = 0.5[1− erf [
z√
2
]]

Pr[Pr(d) > γ] = 0.5(1− erf [
γ − Pr(d)√

2σ
]).
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Fig. 1. b(x), and p(x) with L = 80, 120, 160 for β = 2

Therefore signals fade with distance and noise and there exists a probability
for proper signal reception at the destination. We have derived the physical
layer model in our first article [14], as follows. The probability of receiving
packet is p(x) = b(x)L, where L is the length of the packet, and b(x) is the
probability of receiving a bit successfully. Note that here we do not assume
existence of any error correcting scheme, to recover some incorrectly received
bits. Figure 1 plots the probabilities of bit and packet reception, with β = 2
and L = 80, 120, 160, using the shadowing propagation model. The bit trans-
mission radius B is defined as the distance for which b(B) = 0.5 and the
packet transmission radius R is defined as the distance for which p(R) = 0.5
is satisfied. We can observe that for L = 120 and β = 2, B ≈ 5.98R.

The exact computation of p(x), for use in routing decisions, is a time consum-
ing process, and is based on several measurements (e.g. signal strengths, time
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delays, GPS) which are already causing some errors. It is therefore advisable
to consider a reasonably accurate approximation that will be fast for use. Hav-
ing in mind packet length L = 120 and an error within 4%, we designed the

following approximation for p(x). We approximated it by P (x) = (1 − ( x
R

)2β

2
)

for x < R, and
(
(2R−x)

R
)2β

2
for all other x, where β is the power attenuation

factor, with fixed value between 2 and 6. We received satisfactory precision
with this approximation for β = 2 and β = 4 values. One can observe that the
power attenuation factor in the approximation is 2β rather than β. This is due
to approximating packet probability rate rather than bit probability rate, and
the greater impact of packet length on packet reception at larger distances.
Our best approximation for bit probability rate is, in fact, the same expression
except that power attenuation factor is β instead of 2β. We anticipate that, in
general, power attenuation factor qβ can be used, where q depends on L. Note
that in the sequel we still use the notation p(x) although the results were in
fact derived using its approximation P (x).
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Fig. 2. p(x), P (x), and p(x)− P (x) graphs for β = 4, L = 120, B = 100, R = 41.

Figure 2 shows the difference between p(x) and the selected approximation
P (x) for β = 4, L = 120. The observed relative error of the approximation is
below 4% for x ≤ 2R.

4 MAC Layer Protocol Between Two Nodes

In this section, we consider HHR (hop-by-hop retransmission) routing proto-
col, where the sender of a packet requires the acknowledgement from receiver.
To simplify our protocols and analysis, we assume that receiving node needs to
send separate acknowledgement and forwarding packets to the previous and
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the next nodes on the route. We describe a simple MAC layer communica-
tion protocol between two nodes and present related analysis. After receiving
any packet from sender, the receiver sends u acknowledgements. If the sender
does not receive any acknowledgement, it retransmits the packet. We then de-
rive the expected number of messages in this protocol, which is our proposed
measure of hop count between two nodes. The count includes transmissions
by sender and acknowledgments by receiver. Both the acknowledgement and
data packets are of same length. This hop count is then used as weight in the
shortest hop count path algorithm, for performance comparisons.

Let S and A be the sender and receiver nodes, respectively, and let |SA| = x
be the distance between them. Probability that A receives the packet from S is
p(x). Probability that S receives one particular packet from A is p(x) and the
probability that it does not receive the packet is 1−p(x). Therefore, the prob-
ability that S does not receive any of the u acknowledgements is (1− p(x))u.
Thus, the probability that S receives at least one of u acknowledgements from
A is 1 − (1 − p(x))u. Therefore, p(x)(1 − (1 − p(x))u) is the probability that
S receives acknowledgement after sending a packet and therefore stops trans-
mitting further packets. Thus the total expected hop count between two nodes
at distance x is

1

[p(x)(1− (1− p(x))u)]
+

u

[(1− (1− p(x))u)]
,

where the first term represent message count while the second term represents
acknowledgement count. It is an interesting question to determine the value of
u which will minimize the expected hop count, for given distance x. It appears
that the best u value is one that satisfies u∗p(x) ≈ 1. The choice follows since
the expected number of acknowledgements is 1. Thus the best choice of u
for a given p(x) is round(1/p(x)). The experiments show that this choice can
be further optimized by using delayed rounding-off ((round((1/p(x)) − .1))
to reduce the hop count variations between u transitions. Figure 3 shows the
expected hop count for u = 1, 2, 3, 4 and confirms that dynamically calculated
u values using the above method are optimal choices for different probability
values.

Thus the choice of u does not need to be fixed in MAC protocol. It can be dy-
namically calculated using the p(x) value for optimal hop count performance.
This expected hop count can be used as a weight in the Dijkstra’s shortest
path algorithm to derive hop count optimal paths between any two nodes.
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5 Optimal Packet Forwarding Distance is Less Than Transmission
Radius

In [14], we further show that the optimal packet forwarding distance to min-
imize the hop count is less than the transmission radius R. To derive this
result, we place (n − 1) equally spaced additional nodes, if needed and de-
sired, between source S and destination D, along the straight line joining S
and D. Let x = d/n be the distance between two consecutive nodes (see Fig.
4). We now derive the optimal values for n and x, by finding the expected hop
count of such placement, and finding its minimum analytically. We then show
that such an ideal placement is achieved for x < R.

S DA B

x x

n = d/x

|SD| = d

Fig. 4. Placing n nodes.

By applying the earlier analysis in Section 4, the total expected hop count
from source to destination is

d

x

[
1

[p(x)(1− (1− p(x))u)]
+

u

[(1− (1− p(x))u)]

]
.

In order to discuss optimizing a function independently on particular distance
d, and particular transmission radius R, we consider then optimizing instead
the function
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h(x, u, β,R) =
R

x

[
1

p(x)(1− (1− p(x))u)
+

u

(1− (1− p(x))u)

]
.
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Fig. 5. Hop Count as a function of distance x, for different u ( β = 2).

Figure 5 shows h(x, u, β, R) as a function of x, for β = 2. The expected hop
count is obtained when these normalized values are multiplied by d

R
. We can

observe that the expected hop count values are low in the range approximately
0.60R to 0.90R for u = 1, about 50% higher at x = R and very high for x > R.
For small x, the expected hop count is very high (and is not even shown in the
figure, where x starts from 0.1R). Let IHC(u, β) be the minimum value for
h(x, u, β, R) over all values of x. Using our approximation for p(x), for β = 2,
we derived the minimum IHC(1, 2) = 3.4572 for u = 1, at x = 0.7272R,
and the ideal expected hop count is 3.4572 d

R
. For β = 4, the minimum is

IHC(1, 4) = 2.8519 for u = 1 and x = 0.7902R. The expected hop count is
minimal for u = 1.

6 Route discovery

We shall first consider the case when source node is not aware of the location of
destination node, and not even aware of the location of its neighboring nodes.
In coming sections, these assumptions will change. Qin and Kunz [8] already
observed that, by applying reception signal thresholds, the delivery ratio and
latency of selected route can decrease significantly. Position information was
not used. In [15], we described several position based route discovery schemes.
Based on distance from the sender node, the receiving node makes forwarding
decision, to be explained below. We first observe that the position information
can be replaced by signal strength or time delays to obtain a similar type of
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schemes. Based on signal strength received (the last packet alone, or average
over several last packets), the receiver may estimate the distance and then
follow approaches based on distance. The alternative approach is to estimate
packet reception probability based on signal strength received, and use this as
the function p(x) needed in our derivations.

The signal threshold based scheme [8] can be replaced by distance threshold
scheme as follows [15]. Each node, receiving the route discovery message for
the first time, will retransmit the message if and only if its distance from the
sender node is at most tR, where t is selected threshold. In routing without
acknowledgements, smaller threshold is likely to increase the probability of
delivery. However, in routing with hop by hop acknowledgements, threshold
based technique reduces the success rate, and can increase or decrease expected
hop count if threshold is selected far from optimal value.

The alternative methods designed in [15] is based on the optimality results
described in the previous section. While in traditional route discovery process
the waiting function is a random function (e.g. as specified by IEEE 802.11
protocol), the idea [15] is to apply a timeout at receiving node that depends
on its suitability as forwarding node with respect to expected hop count. In
general, nodes closer to optimal forwarding radius should be given smaller
timeout, and chance to retransmit first. One algorithm in [15] is to set the
timeout proportional to the difference between distance from receiving node
and sender node, and optimal forwarding distance. However, this approach
does not correspond to the optimality function described in the previous func-
tion, as some nodes may be penalized more and some nodes penalized less
than fair value. However, on the other hand, such function has ’sharp’ slope
around optimal forwarding distance, which means that smaller constant of pro-
portionality can be used, and destination being then discovered faster. The
accumulated expected hop count can be forwarded with the message, so that
the destination may wait for several incoming route discovery messages before
selecting one of them as being best.

Another algorithm [15] is based on the timeout value that is proportional to

1

x

[
1

p(x)(1− (1− p(x))u)
+

u

(1− (1− p(x))u)

]
(1)

where u is selected as discussed (up(x) ≈ 1). The receiving node therefore
assumes that all remaining hops will be made with the same distance x as the
distance from sender node, and makes then fair estimate of the expected hop
count it will generate if it contributes to the selected route. These timeout
values can be accumulated and forwarded with the message, so that the des-
tination receives also the expected hop count information for the first route
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received. The first route discovery message will also have the optimal expected
hop count, since it is proportional to the accumulated delay in receiving route
discovery message. Note that, to avoid simultaneous retransmission, the factor
of proportionality could be large, since the function around optimal value has
zero slope. To reduce the delay in finding the destination, and still find close
to optimal route, a random value, selected in desired interval, can be added
to the timeout. This modification leads to consideration of several incoming
route discovery messages at destination before selecting best one.

7 Neighbor discovery

In the traditional unit graph model, the neighbor discovery is a trivial problem.
Each node sends a hello message, which is received by all nodes at distance
at most R. When physical layer model is considered, the problem becomes
non-trivial, and more sophisticated protocols are needed.

Suppose that all nodes use equal power for transmission. We proposed s-hello
protocol [16] as follows. Each node sends s hello messages to all its neighbors.
The probability that a neighbor at distance x receives at least one of s hello
messages is q(s, x) = 1 − (1 − p(x))s. We can consider s-unit graph as the
graph with n nodes with weights equal to q(s, x). Theoretically, with s going
to infinity, all nodes will get at least one hello message, but this is obviously
not realistic. According to the derived function p(x), only nodes at distance
up to 2R may receive one of hello messages for ’reasonable’ values of s. For
x > 2R we therefore may assume s-unit graph values q(s, x) = 0. With this
assumption, we can then conclude that, when s goes to infinity, the unit graph
with transmission radius 2R is obtained.

For finite values of s, s-unit graph, obtained with s-hello protocol, may be
directional. That is, a node A may hear a hello message from B, but node B
may not hear any hello message from A.

For dense networks, 1-hello protocol provides sufficient number of neighbors
for good performance of a localized routing protocol. In case of sparse net-
works, however, each node may need to transmit several hello messages before
all of them collect sufficient number of neighbors. In the variable-hello protocol
[16], each node sends hello messages until sufficient number of such messages
is heard from other nodes. In this way, routing performance has a trade-off
with hello messages.
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8 Routing Algorithms with Acknowledgements

We now assume that each node is aware of its location, location of its neigh-
bors, and position of destination node. Localized routing algorithms require
only this information. In this section, we will consider routing with hop by
hop acknowledgements (moreover, assuming that acknowledgement to previ-
ous node is made independently from forwarding message to the next neighbor
on the route). We describe several localized routing protocols [14].

C

A

D

x

a

c

Fig. 6. Selecting the best neighbor A in localized routing schemes.

The Ideal Hop Count Routing (IHCR) [14] is based on the ideal packet for-
warding. Let C be the node currently holding the packet destined for D. Node
C will forward it to a neighbor A (closer to destination than itself) that min-
imizes the sum of the expected hop count measure from C to A and the ideal
hop count between A and destination D. More precisely, the neighbor A that
minimizes ( 1

[p(x)(1−(1−p(x))u)]
+ u

[(1−(1−p(x))u)]
) + a

R
IHC(1, β) is selected, where

x = |CA| and a = |AD| (see fig 6). The value of u is dynamically calculated
based on distance x = |AC|, as described in Section 4. Only neighbors closer
to the destination than C are considered. In the last term, however, the value
for u is fixed at u = 1, since that choice gives the best expected performance
in ideal conditions. The process continues until the destination is reached, or
a node is reached that has no neighbor closer to the destination.

Let |CD| = c, |AD| = a and |CA| = x (see fig 6). The progress made by
forwarding from C to A is c− a. Regular greedy scheme [6] maximizes c− a,
by sending to a neighbor closest to the destination (minimizes a).

The progress that can be made by sending a packet to A is probabilistic. In
aEPR algorithm [14], a node C currently holding the packet will forward it to
a neighbor A (closer to destination than itself) that maximizes the expected
progress, which is the product of the probability of successful delivery of the
packet from C to A and the progress made (|CD| − |AD|) by forwarding to
A. Thus in aEPR, the neighbor A that maximizes p2(x)(c− a) is selected.

The progress that can be made by sending a packet to A can also be considered
with respect to the cost measure for making such progress. The cost measure
considered is the expected hop count. The expected hop count depends on dis-
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tance and selected number u of acknowledgements. The progress made could
be measured in different ways. In aEPR-1 algorithm, a node C currently hold-
ing the packet will forward it to a neighbor A (closer to destination than itself)
that maximizes the ratio of expected progress and cost for the progress made.
Since the considered cost, expected hop count, is 1/p(x)2 + 1/p(x), aEPR-1
will select the neighbor A that maximizes (c− a)/(1/p(x)2 + 1/p(x)).

Now consider the variant of the algorithm where best value of u is selected.
The best value of u is approximated as u = round((1/p(x))−.1). The expected
hop count is then f(u, x) = 1

[p(x)(1−(1−p(x))u)]
+ u

[(1−(1−p(x))u)]
. This variant, called

aEPR-u , will select neighbor that maximizes (c− a)/f(u, x).

Projection Progress based algorithms [14] differ from aEPR schemes in the
progress measure only. Instead of c− a, it is measured by dot product (|CD| ·
|CA|). In the ProjectionProgress scheme, a node C, currently holding a
packet, will forward it to a neighbor A (closer to destination than itself) that
maximizes p2(|CA|)(|CD|·|CA|). By substituting this new progress measure in
aEPR-1 and aEPR-u, we obtain two new routing schemes called 1-Projection
and u-Projection progress, respectively.

The well known greedy routing scheme, proposed by [6], works as follows.
Node C, currently holding the packet, will forward it to the neighbor (among
neighbors closer to destination than itself) that is closest to the destination.
This algorithm is unambiguous with the existing definition of transmission
radius in ideal unit graph model. However, with a realistic physical layer, it
can receive different interpretations. We therefore modified its definition to
accommodate the log normal shadowing model as follows. Consider as neigh-
bors all nodes that are located at distance at most tR from C. Among these
nodes, select one that is closest to destination (among those that are closer to
destination than C) [14]. This algorithm is called tR-greedy routing scheme.

It was observed that the packet probability rate drops to near 0 at distance
2R. Therefore the value t = 2 may be interpreted as sufficient to include all
neighbors with sufficient packet probability rate to establish communication
with C via some repeated hello messages. For example, if packet probability
rate is 0.2, it is expected that one out of five transmitted hello messages
can reach the neighboring nodes, so that node might be used for forwarding
messages. However, such choices do not necessarily lead to optimal values
for expected hop counts. As will be seen in experimental results, a neighbor
at distance close to 2R may have extremely high expected hop count. We
therefore believe that a better performance will be achieved if t < 2R.

We now present the results of our simulation study [14]. Each of n nodes
(n = 250) is selected uniformly at random inside the square area. Dijkstra’s
shortest path scheme was used to test network connectivity, and only con-
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nected graph were used in measurements. The network density d is defined as
the average number of neighbors per each node using the unit graph model.
Two nodes are considered neighbors in this graph if and only if the distance
between them is at most hR, where p(R) = 0.5 and hR is the distance such
that p(hR) = w, for suitably selected threshold value w. Based on our approx-
imation function, and value w = 0.05, the obtained h = 1.4377. We select d
as the independent variable, and then find the appropriate value for R, which
depends on network area size. Then this value of R is used in the approxima-
tion P (x) for p(x). The proposed experimental design allows for flexibility in
the neighbor definition by selecting appropriate density. For example, if two
nodes are considered as neighbors only when their distance is at most tR, then
the corresponding density d′ of a graph is approximately d′ = (t/1.4377)2d,
where d is the density that corresponds to 1.4377R neighbors. All the density
values reported in tables are with respect to 1.4377R neighbors. We tested for
d = 6, 8, 10, 20, 24, 32, 40 and 80. For acknowledgement based algorithms, the
value of u is dynamically calculated based on the p(x) value. We have used
β = 2. We tested some other parameter settings, but the relative comparison
remained the same.

We compared the success rates and expected hop count performance of or lo-
cal algorithms IHCR, aEPR, ProjectionProgress and tR-greedy for t = 1,
and t = 1.4377 and shortest path algorithm(where link weights are com-
puted as explained in Section 4). For averaging the hop count measure, only
source-destination pairs where all of competing methods successfully found
their routes to destination were considered (for low densities, the success rate
of R−greedy method is near zero, and it was then exceptionally ignored while
averaging expected hop counts). We define the hop count dilation as the ratio
of the expected hop count performance of the specific algorithm to that of
the shortest path. The hop count dilation ratios and success rates are given
in Figures 7 & 8.

It can be observed from tables that IHCR, aEPR and Projection progress
based localized algorithms have very similar performances.

Most importantly, at higher densities, aEPR, IHCR and Projection Progress
protocols had only relatively small additional hop counts with respect to the
shortest weighted path algorithms, which requires global information. This is
a very important achievement for localized routing schemes. Therefore, all the
schemes remain candidates for future extensions (e.g. to routing scheme with
guaranteed delivery).

The performance of tR-greedy routing algorithm was very dependant on the
selected t value. For higher t, both success rates and hop count measures
increase. The success rates for t = 1 and t = 1.25 are low, while hop count
for t = 1.4377 is high. We tested more values of t in tR-greedy algorithm
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Fig. 7. Hop count performance of the algorithms for different densities (β = 2)
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Fig. 8. Success rate of the algorithms for different densities (β = 2).

(t = 0.9, 1.3, 1.6, 1.7) but received either very high hop count or low success
rates, and value t = 1.25 appears near best possible. Therefore, we concluded
that tR-greedy scheme is inferior to other localized routing schemes proposed
in this article for all values of t.

9 Routing Algorithms Without Acknowledgements

In the EER model, there are no hop-by-hop acknowledgements. When (and
if) a message arrives at the destination, there may or may not be acknowl-
edgments sent from the destination to the source node, as a routing task. We
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shall describe several localized routing protocols for EER model [17].

Consider the routing task of sending a message from source C to destination D.
Consider intermediate nodes at distances x1, x2, . . . , xn. The probability that
D receives the full message from C is p(x1)f(x2), . . . , p(xn), which needs to
be maximized. This is equivalent to maximizing log(p(x1)p(x2), . . . , p(xn)) =
log(p(x1)) + log(p(x2)) + . . . + log(p(xn)). The shortest weighted path algo-
rithm can be applied to find the route with maximal probability of delivering
packet by assigning −log(p(x1)),−log(p(x2)), . . . ,−log(p(xn)) as the respec-
tive weights for the links.

In order to derive an ideal EER algorithm, consider placing n−1 equally spaced
nodes between the source and destination nodes, S and D. Let x = d

n
be the

distance between the two consecutive nodes, where |SD| = d. The probability
of receiving a message at the destination D is p(x1)p(x2), . . . , p(xn) = (p(x))n.
By taking the logarithm, this can be written as nlog(p(x)) = d

x
log(p(x)), which

needs to be optimized for the optimal placement distance x and for calculating
ideal probability.

By applying l’Hôpital’s rule, and the approximation for p(x), we can show
that, for the function d

x
log(p(x)), the optimal value of x is 0 and the ideal

probability is 1.

Following this observation, a localized EER algorithm can be described as fol-
lows [17]. The node C currently holding a message will forward it to a neigh-
bor A (closer to destination that itself) that maximizes the sum of logarithmic
probability to deliver to A and ideal logarithmic probability of delivering from
A to D. However, the later ideal probability is 1 (that is, the logarithmic prob-
ability is 0). Therefore, the algorithm simply forwards the packet to neighbor
A that maximizes p(x), where x = |CA|, which is the closest neighbor to C
among nodes which are closer to D than C. The process continues until the
destination is reached or a node is reached that has no neighbor closer to the
destination.

The described localized algorithm will also be referred to as the NC (nearest
closer) routing scheme. This localized routing scheme was already proposed in
[12].

The progress made by forwarding from C to A is c − a. This progress is
probabilistic. In non-acknowledged progress routing (nEPR) algorithm [17],
a node C currently holding message will forward it to a neighbor A (closer
to destination than itself) that maximizes the expected progress, which is the
product of the probability of successful delivery p(x) of the message from C
to A and the progress made (|CD|− |AD|) by forwarding to A. Therefore, the
neighbor A that maximizes p(x)(c− a) is chosen to forward the message.
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The Iterative Expected Progress Algorithm (InEPR) [17] is an improved
variant of nEPR. The algorithm can be described as follows. As in nEPR, a
node C currently holding message will first find a neighbor A that maximizes
p(|CA|)(|CD| − |AD|). Then, an intermediate node B (closer to destination
than C, if exists) is found (that is neighbor to both C and A) which satisfies
p(|CB|)p(|BA|) > p(|CA|) and has the maximum p(|CB|)p(|BA|) measure. If
found, B becomes new forwarding neighbor, taking the role of A. This process
is iteratively repeated until no improvement is possible. Node C will forward
the message to the selected neighbor A which than applies again the same
scheme for its own forwarding.

Projection Progress based algorithms [17] differ from nEPR schemes in the
progress measure only. Instead of c− a, it is measured by dot product (CD ·
CA). In the ProjectionProgress scheme, a node C, currently holding a packet,
will forward it to a neighbor A (closer to destination than itself) that maxi-
mizes p(|CA|)(CD ·CA), where (|CD|·|CA|) is the dot product of two vectors.
The Iterative projection progress scheme [17] is very similar to the InEPR
scheme, except that the first candidate node A is found using the projection
progress method, (maximizes p(|CA|)(CD · CA)), instead of nEPR scheme.

The two performance measures we have used to compare the algorithms are
the success rate and the probability of successful delivery. Success rate mea-
sures the rate of success in finding a route from the source to the destination in
the attempted cases. The probability of successful delivery is the product of all
probabilities of successful delivery along all hops of the computed route. The
success rates in finding a route and probability of successful delivery along the
found route to the destination are computed for the InEPR, Iterative Pro-
jection Progress and EER (NC) algorithms. Their performance is compared
with that of tR-greedy (with t values 1, and 1.4377), and globalized shortest
(weighted) path algorithm. The weight assignment scheme is as described in
Section 9. The probabilities of delivering along found routes are measured only
for source-destination pairs for which respective routes were successfully found
by all the considered schemes (for low densities, the success rate of R−greedy
method is near zero, and it was then exceptionally ignored while averaging
probabilities).

We define the probability dilation as the ratio of the probability of success-
ful reception at the destination of the particular algorithm to that of the
shortest path algorithm. The probability dilations are given in Figure 9 for
n = 250. The results we obtained give low probability even for the short-
est weighted path algorithm (for example 0.00334884, 0.00684035, 0.0302591,
0.361463, 0.467599, 0.64934, 0.761852 and 0.933141 for densities 6, 8, 10, 20,
24, 32, 40 and 80 respectively).

Figure 10 gives the success rates of these algorithms. For higher densities,
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Fig. 9. Probability dilations at destination for different algorithms, n = 250.

our localized algorithms InEPR, Iterative projection progress and EER(NC)
nearly match the performance of the shortest path algorithm (on both mea-
sures), which is a significant success. However, tR− greedy methods were in-
ferior. For sparse networks, InEPR and Iterative projection progress schemes
performed best among localized schemes, better than EER(NC), while tR−
greedy methods appear extremely inferior. Therefore InEPR and Iterative
projection progress schemes are good candidates for use with a localized re-
covery routing scheme to guarantee finding a route.
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Fig. 10. Success Rates
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10 Power Aware Localized Routing

The transmission power so far was assumed to be fixed. If nodes can adjust
transmission power, a natural criterion is then to minimize the power needed
for routing, instead of minimizing expected hop counts. Localized power aware
routing schemes, for the unit graph model, were described in [12], and recently
in [18]. Physical layer impact on power aware routing is considered in our work
currently in progress [19], as follows.

So far we have used packet reception probability function p(x) for two nodes
at distance x, assuming fixed transmission power at each node, and we defined
transmission radius R so that p(R) = 0.5. In order to simplify further discus-
sion, we shall use a normalized function g(y) defined by g(y) = p(Ry). That
is, g(0) = p(0) = 1, but g(1) = p(R) = 0.5. In this way, we reduce number of
variables in derivations.

Suppose that message is short, the size of one packet, and consider energy
needed to transmit the message, with acknowledgement (HHR case). Assume
that two nodes A and B are at fixed distance d. What is the minimal expected
energy to send a message between them (retransmissions are counted)? If the
impact of realistic physical layer is ignored (which is the case in almost all
existing algorithms) then there exist a threshold for received signal power for
correct packet reception. In order to receive signal with minimal necessary
signal strengths, the power for sending message must be proportional to dβ.
The exact transmission power is then dβ multiplied by a constant, which is
assumed here to be 1 for simplicity. Let E is energy for processing signals at
both transmitter and receiver nodes. Therefore the energy needed by sending
node is E + dβ, while energy at receiving node is E, for a combined energy
2E + dβ. When realistic physical layer is considered, the probability of packet
reception depends on transmitted energy. There exists again a fixed reception
power needed so that the packet reception probability is 0.5. The physical
constant multiplier for dβ is then selected with respect to such probability,
and we again assume that it is 1 for simplicity. With such choice of physical
constants, if two other nodes are at distance r then the transmission power
needed to achieve reception probability 0.5 is rβ.

Assume now that two nodes are at distance d, but packet is sent with trans-
mission power rβ. What is probability of reception? The function p(x) was
derived assuming transmission power is fixed, but distance to sender varies.
Here we have opposite behavior, distance between nodes is fixed, but trans-
mission power varies. These two scenarios reflect the same physical aspects,
therefore the reception probability is p(Rd/r) = g(d/r).

We assume same MAC protocol used in article [14]. Receiver node sends u
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acknowledgements for each received packet. Transmissions and acknowledge-
ments in general do not need to be done with the same transmission powers.
However, since they use the same probability function, we can argue that the
optimal power is achieved when they both use the same power. Receiver node
acknowledges the message only after receiving it correctly. Therefore sender
node would like to minimize power needed for expected one reception of mes-
sage. The same logic applies for acknowledgements; the expected number of
them received should also be 1. Thus the problem decomposes into one of
minimizing energy needed for receiving expected number of one packet be-
tween two nodes. Further, the optimal value for u is 1, because of the shape
of function p(x).

The sender node needs on average 1/g(d/r) messages to send for one correct
reception. The energy needed for each transmission and reception is 2E + rβ.
The expected number of transmitted packets (for u = 1) is 1/g2(d/r), while the
expected number of acknowledgements is 1/g(d/r). Thus the overall required
energy is (2E+rβ)/g2(d/r))+(2E+rβ)/g(d/r)) = (2E+dβ(r/d)β)/g2(d/r))+
(2E + dβ(r/d)β)/g(d/r)). This is a function of one variable that needs to be
optimized for r as function of d.

Suppose that two nodes A and B are at distance D, and we want to minimize
the transmitting power by dividing interval into N hops. The length of each
hop is d = D/N . Each of N transmissions can be assumed to be taken at same
power, thus each transmission takes power (2E + (zd)β) = (2E + (zD/N)β).
Thus the total power is (D/d)((2E + rβ)/g2(d/r)) + (2E + rβ)/g(d/r))). This
function needs to be optimized for d. When E = 0, optimal value would be
d = 0.

Optimal hop count and power aware routing for EER and HHR cases can
be derived in several ways. One is based on paradigm [12] for minimizing the
sum of power to a neighbor and ideal power consumption from that neighbor
to destination, which is obtained by minimizing above expression.

Other localized routing algorithms [19] are based on progress based routing
schemes described in [18]. For example, progress (c− a) is made with the cost
equal to energy spent in forwarding to a neighbor, which is derived above.
Then neighbor that maximizes (c − a)/(2E + dβ) is selected. Several other
schemes can also be derived [19].

11 Routing multi-packet messages

In [20] we considered routing of messages that are composed of several packets.
Assume that a message is divided into M packets, each packet sent separately.
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We consider here only routing with acknowledgements in hop by hop fashion
(HHR case). To simplify, we assume that with one acknowledgement packet,
receiver may acknowledge several packets at once. Obviously this may not be
possible if the message is very long (for instance, the number of packets is more
than the packet length). We assume that such long messages are subdivided
into manageable numbers of sub-messages, each of them being handled as
follows.

In general, acknowledging each packet separately is not a hop count efficient
solution. To simplify, we assume that sender and receiver are aware of each
other, and that the value of M , the number of unacknowledged packets m
(initially m = M), and packet ID number, are in each packet, so that the
receiver knows where packets belong and how many of them are expected. If
acknowledgement packet is not received correctly by sender node, no informa-
tion about receiving any of packets can be derived. We proposed the following
efficient MAC layer protocol [20].

Sender node A marks each of its m = M packets as unacknowledged. The
following loop repeats until all M packets are acknowledged (or m = 0).
Sender node A sends all m unacknowledged packets to the receiver node B. If
any new packet is received correctly, receiver B sends back to A one packet,
containing information on each packet whether or not it is received, u times. If
any of u acknowledgement packets is received correctly, A will read the report
and mark acknowledged packets which will not be sent again (and update m).

Note that, if none of packets is received correctly by B in a round, no ac-
knowledgement is sent then. It is a challenge to find the best value of u. For
very good channel, more than one acknowledgement merely increases packet
count, while for a noisy channel, few packets may be beneficial to acknowledge
several received packets and prevent retransmitting all of them. Additionally,
u may depend on M , and also on the percentage of correctly received packets
(as alternative or corrective measure of p(x)). Further, as the number of un-
acknowledged packets decreases, the value of u may be dynamically adjusted
(reduced). The goal is to minimize expected hop count.

First we need to decide what is the best value for u. The number of packets
sent by A is M . Assume that at least one of them is received by B. Then u
acknowledgements are sent, so total number of packets sent is M +u. Each of
them is received by B with probability p(x), and acknowledged correctly with
probability p(x)[1 − (1 − p(x))u] = g(u, x) (to shorten notation). Therefore
the expected number of received packet acknowledgements is Mg(u, x). This
is the benefit, whose cost is u packets to send to get the benefit. Thus the
expected profit is Mg(u, x)− u. This needs to be optimized for u, which can
be done with straightforward calculus means.
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Transmission between two nodes consists of several rounds. In the first round,
the number of packets sent is M + u. The number of packets that remains
unacknowledged, for the next round is then m = M − Mg(u, x) = M(1 −
g(u, x)) where u is taking best determined value. The best u value for it may
change. It appears that it is challenging to design a formula for the overall
expected hop count (EHC) (summation of m+u(m) over all rounds). However,
EHC can be found by a local computation at each node, and the obtained
result can be used in a shortest weighted path routing scheme. These values can
be also used to define greedy progress based routing algorithm, as follows. Let
EHC(AB) denote the weight on edge AB, that is expected hop count between
them. Let the message be at node A, let C be one of neighbors of A, and let D
be destination. The progress made is |AD| − |CD|. Choose neighbor C which
minimizes cost per progress, that is, minimizes EHC(AC)/(|AD| − |CD|).
Similarly, projection progress based routing can be considered [20].

12 Broadcasting

We shall now consider the task of broadcasting, assuming that each node is
aware of the position of itself and its 1-hop (and possibly 2-hop) neighbors.
The proposed solution [21] is based on the notion of physical layer based
dominating sets, as follows.

Let A1, · · · , Ak be active neighbors of given node B, and let x1, · · · , xk be
their distances to B. Then p(x1), · · · , p(xk) are packet probability rates. The
probability q that at least one of packets from active nodes is received by B
is then q = 1− (1− p(x1))(1− p(x2)) · · · (1− p(xk)).

Node B is m-covered by active nodes A1, Ak if q ≥ m [21]. A set of nodes is
m-dominating set if each node is either in the set or is m-covered by nodes
from the set [21].

These new simple definitions can then be used to efficiently design some dom-
inating sets based on realistic physical layer. We shall describe here physical
layer based generalized dominating sets, following the corresponding notion for
the unit graph model, described in [13] (note that the original definition is due
to Dai and Wu, improved then in [13] to eliminate communication overhead
in defining the set, and further simplified by D. Simplot).

Let A1, · · · , Ak be the set of higher ID neighbors of B. If the set is empty or
disconnected then B is in dominating set. If the set is connected and each
neighbor of B is m-covered by them then B is not in dominating set. Finally,
if any neighbor of B is not m-covered by the set then B is in dominating set.
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Note that, when we place m = 1 in all mentioned definitions and protocol,
that we get the corresponding definitions and protocols for the unit graph
model. Also, note that the connectivity needs to be defined as well, to make
the definition complete.

We shall now describe how to broadcast by using this notion of dominating
sets. After receiving a broadcast message, node A will set a timeout, short if it
is in dominating set, and long if not. It calculates probabilities of each neigh-
bor receiving the same message, and eliminates m-covered neighbors from the
list. These probabilities are updated for any further copy of received mes-
sage. Updates may include timeout that can be extended with more incoming
messages. At end of timeout, if all neighbors are m-covered, retransmission is
cancelled. Otherwise, node retransmits.

Further research is needed to relate dominating set definitions and the cor-
responding broadcast protocol with the probability of delivering message to
each node in the network. This is not straightforward, and is related to the
considerations of connectivity in given ad hoc network. What it means that
a set of nodes is connected? When message is broadcast from a source, there
exists probability of reaching any of other nodes. Connectivity can also be
considered via the routing task between any two nodes. Routing can further
proceed with and without hop by hop acknowledgements. A single route, sev-
eral routes, or all routes between two nodes can be considered. For instance,
one can propose the following definition for connectivity, which leaves details
to be clarified in further research.

Definition: A set of nodes is q-connected if the probability of a packet to be
routed/broadcasted successfully between any two of nodes is ≥ q.

13 Conclusion

To the best of our knowledge, this is the first study of position based routing
and broadcasting in ad hoc network with a realistic physical layer. We inves-
tigated routing with and without acknowledgements, and presented several
greedy routing algorithms for ad hoc wireless networks. We show that realis-
tic physical layer does have impact on the choice of best localized schemes.

The localized nature of the protocols avoids the energy expenditure and com-
munication overhead needed to build and maintain the global topological in-
formation. Our simulation results show that, for higher densities, the perfor-
mance of our localized algorithms is close to the performance of the shortest
(weighted) path algorithms, which require global knowledge.
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Our group plans to address, in our future research, several other problems,
including physical layer based GFG routing with guaranteed delivery [7], loca-
tion updates for efficient routing, greedy beaconless routing, depth-first search
based routing, power aware beaconless routing, beaconless GFG routing, and
area coverage in sensor networks. A number of other extensions to presented
work remain as open problems for future research. For instance, we considered
only separate HHR model, while one could study also model where forward-
ing messages may be used also as acknowledgement messages. We considered
only a simple packet reception model, bit by bit. If some error correcting codes
are applied, the packet probability rate will also change. New approximation
of p(x) is then needed, which may impact the performance of algorithms.
Appropriate MAC layer protocols may be required to accommodate consid-
ered coding schemes. Next, we considered log normal shadowing model. It is
possible to consider other models for physical layer, such as Raleigh fading.

We anticipate that this direction of research will soon receive more attention
in the ad hoc networks research community.
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