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Previous studies used unequal error-protection techniques to improve the throughput

of a wireless communication system in which a transmission is received by several radios

with different capabilities. These capabilities may correspond to differences in path

loss, fading, or interference. By taking advantage of the broadcast nature of the channel,

additional messages for the more-capable receivers can be included on transmissions

to the less-capable receivers at little cost (in terms of required energy at the transmitter

or error probabilities at the receivers). This technique has been termed simulcasting or

multicast signaling.

We consider this technique in an ad hoc network. This technique impacts link

throughput, end-to-end throughput, and network connectivity. First, we investigated

the basic properties of simulcasting, including how the choice of parameters for the

simulcasting technique affects several key network performance metrics. The results

show that a properly chosen simulcasting technique can improve the link and end-to-end

throughput in ad hoc wireless networks with only a slight degradation in other metrics

such as connectivity. Next, we propose cross-layer techniques for unequal resource

allocation to improve network performance when using simulcasting. We then propose to

ix



allocate the channel more often to radios that can simulcast. This unequal channel access

is achieved by a simple modification to the back-off parameter in the MAC algorithm. We

then consider the distribution of traffic over multiple routes according to the simulcasting

capabilities of the radios along the routes. Finally, we propose schemes to adapt the

transmit power and signal constellation shape based on the channel conditions to the

intended receivers. Results show that these cross-layer approaches effectively enhance the

performance of simulcasting in wireless ad hoc networks.
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CHAPTER 1
INTRODUCTION

In most ad hoc wireless networks, a radio’s neighbors often vary considerably in

their ability to communicate with that radio because of differences in channel conditions,

such as propagation loss and interference levels. In unicast transmissions, in which a

single transmitter communicates with a single receiver, the transmitter can compensate

for these variations in capability by using adaptive signaling if the channel conditions

are accurately known. However, the shared channel is not necessarily used effectively

because a signal that is intended for one radio may also be received by other radios in

the system that have much better link conditions than the original destination receiver.

We refer to such radios as more-capable radios. In this scenario, additional messages

could be included for the more-capable radios at little expense to the original destination

of the unicast transmission. Similarly, broadcast transmissions, which are intended

for all of a radio’s neighbors, are often required for network maintenance in ad hoc

networks. Broadcast transmissions are generally ineffective in their use of the shared

communication medium because the transmissions must be designed to allow reception

by the least-capable of a radio’s neighbors. Thus, for any broadcast transmission there are

often many more-capable receivers that could successfully receive additional messages

that are simultaneously transmitted with the broadcast message.

The concepts behind simultaneous transmissions schemes were originally explored

in the context of broadcast channels by Cover and Bergmans [1], [2]. Pursley and Shea

previously showed that modulation and coding schemes can be modified to allow the

inclusion of additional messages for more-capable receivers at very little cost to the

performance at the less-capable receiver [3]–[6]. In these papers, the term multicast

signaling is used to refer to such techniques. However, in ad hoc networks, multicasting

1
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refers to a process that is primarily associated with the network layer in which a single

message is delivered to multiple destinations, not all of which are necessarily neighbors

of the source radio. In this dissertation, we refer to our techniques as simulcasting to

distinguish them from multicasting and to convey their ability to simultaneously transmit

multiple messages to different neighboring radios of a transmitter. Previous work shows

that nonuniform phase-shift-key (PSK) constellations provide a simple and effective

way to convey multiple messages from a single transmitter to two receivers of different

capabilities [3]–[6].

Unlike the previous work, which investigated the physical-layer design and per-

formance of simulcasting schemes, we propose to investigate the opportunistic use of

simulcasting in wireless ad hoc networks. We consider the necessary modifications to the

higher-layer protocols to fully utilize the additional capabilities provided by simulcasting.

For complete cross-layer design of such a wireless communication system with simul-

casting, the link- and network- layer protocols including the packet selection algorithm,

routing protocol, and collision resolution algorithm should be appropriately designed.

The design of the simulcasting scheme will impact many aspects of network performance

including link and end-to-end throughput, network connectivity, and route length. We

investigate the optimal signal spacing for nonuniform quadrature phase-shift-keying

(QPSK) for randomly distributed radios.

We consider a system that uses slotted ALOHA [7]–[11] for channel access.

The routing algorithm used is a minimum-hop routing algorithm that is modified to

incorporate the simulcasting capability. The packet selection mechanism is also modified

to provide efficient use of the simulcasting capability. We use nonuniform PSK to

show how the design of the simulcasting technique affects link throughput, end-to-

end throughput, and network connectivity. We first present analytical and simulation

results for random topologies with our simple “good/bad” channel model and with

mobility. For the simple “good/bad” channel model, in which we do not consider any
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interference, whether two radios are neighbors depends only on if one of the radios is

in the transmission range of the other. In the “good/bad” channel model, the collision

occurs when linked radio(s) to a receiver transmit(s) a packet simultaneously when the

receiver receives another packet. The results indicate that simulcast transmission can

improve the link and end-to-end throughputs in wireless ad hoc at a small cost to network

connectivity.

We investigate three cross-layer approaches to improve network performance when

simulcasting is used. First, we propose to adapt the parameters of the MAC protocol

based on simulcasting capabilities. A radio that can simulcast to its neighbors can

transmit two packets per slot, whereas a radio that cannot simulcast can only transmit

one packet per slot. In the terminology of [12], the simulcasting radio requires lesseffort

to transmit a packet than the unicasting radio. Thus, to improve link throughput, more

channel resources should be allocated to simulcasting radios. We use Dianati et al.’s

notion offair shareto determine the back-off parameters at different nodes to provide

a balance between channel allocation that ignores effort and service based allocation

[13]. These unequal back-off parameters can improve link throughput at the expense

of fairness in the view point of eveness. For instance, the parameters can be such that

a few radios will nearly always be able to transmit while the other radios are blocked.

The link throughput increases because there are few collisions, but the network becomes

useless as the end-to-end throughput decreases and most radios are unable to transmit any

packets. Therefore, in comparing different back-off parameters, we also consider both the

fairness provided and end-to-end throughput. We present fairness results using the typical

min-max fairness index [14] and the utility-based fairness index introduced in [13].

Second, we consider how to take advantage of the simulcasting capability on a route

to reduce queueing delay and improve end-to-end throughput. Because radios that can

simulcast packets send more packets per transmission opportunity, it maybe appropriate

to route more packets along routes with more more-capable links and with a greater
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number of radios with more-capable links. We propose a simple scheme in which packets

are distributed unequally across two routes according to a Bernoulli random process.

We evaluate the effect of different choices for the Bernoulli parameter on the end-to-end

throughput and delay for several network topologies. The results show that unequal

distribution of the packets over the two routes offers the best performance in terms of

end-to-end throughput and delay.

Third, we investigate adapting the transmission power and offset angle of the simul-

casting modulation based on the number of neighbors of the transmitter. For systems in

which the transmitted power is fixed, the transmission power under a certain radio density

decides the network degree, which is defined as the average number of neighbors of a

radio in a network, where two radios are neighbors if they can communicate directly.

When the radios in a network use a large transmission range, the required number of hops

for a transmitted packet to reach a destination from a source radio will be small. However,

a large transmission range also results in a large network degree. From the perspective

of a receiver, as interference from neighboring radios becomes large, the probability of

packet collision will increase. The link throughput can be improved by decreasing the

transmission power and hence the network degree. However, for low network degree, the

probability that the network is connected will be small and the number of hops in a route

will be large. So, the tradeoff among the effect of transmission range on probability of

packet collision, number of hops in a route, and network connectivity is a critical problem

to solve in an ad-hoc network.

We investigate schemes to adapt the transmission power and signal constellation

shape based on the distances between the transmitter and the receiver(s). We consider

unequal power allocation so that radios that can simulcast have a higher probability of

packet success than radios that cannot simulcast. We present analytical and simulation

results. The results indicate that the reduced transmission energy and the unequal
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interference assignment schemes improve link and end-to-end throughput as well as

throughput efficiency, which is defined as throughput per unit energy consumption.

As prior works of simulcasting, Cover [1] considers the simultaneous communi-

cation of information from one source to several receivers and gives upper and lower

bounds on the capacity region of simultaneously achievable rates. Bergmans [2] considers

several transmitters using a superposition scheme that pools the time, bandwidth, and

power allocation of the transmitters. He determines the optimal set of rates simultane-

ously achievable.

Pursely and Shea have previously shown that modulation and coding schemes can be

modified to allow the inclusion of additional messages for more-capable receivers at very

little cost to the performance at the less-capable receiver [3]–[6]. This general technique

is called multicast signaling and uses unequal error-protection signaling to transmit

multiple messages that require different receiver capabilities for accurate reception. As

previously mentioned, we use the termsimulcastingfor these techniques to distinguish

them from network- or application- layer multicasting. In [3]-[6], the authors focus on

techniques that utilize nonuniform phase-shift keying (PSK) because of its simplicity,

adjustability, and constant envelope. This previous works is focused on physical-layer

considerations, primarily signal design and link-level performance, although simulcast

transmission also requires interactions with the higher layers in the protocol stack. They

also introduce and analyze performance measures that are useful in characterizing the

performance tradeoffs in simulcast packet transmission.

Simulcast transmission can be achieved through a variety of other unequal error-

protection techniques. These include other types of nonuniform modulation [15]-[18],

unequal error-protection coding [19]-[24], combined modulation and coding schemes

[25]-[28], [5], and space-time coding [29]. Any of these techniques can be used for

simulcasting in ad hoc networks. The nonuniform PSK constellations described in

this dissertation have several advantages over nonuniform QAM, proposed in [20],
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[25] for unequal error protection, for mobile wireless communication channels. For

example, PSK constellations have constant envelopes, and knowledge of the received

signal amplitude is not required for their demodulation. Such knowledge is required

for optimum demodulation of QAM signals, but the received signal amplitude may be

unknown and difficult to estimate. Thus, for mobile wireless communication, nonuniform

PSK may often be more appropriate than QAM. Convolutional coding and nonuniform

QAM constellations have also been investigated in [20], [25], where the goal is to provide

unequal error protection for multiresolution source-encoded analog information. Li

and Ephremides studied pulse amplitude modulation (PAM) and QAM for passive rate

adaptation in the presence of channel fluctuation due to fading [30]. The goal of the work

is the tradeoff between more reliable detection of fewer bits and less reliable detection of

more bits.

Wireless network has become increasingly popular since their emergence in the

1970s. The ad hoc net work is one of the two variations of mobile wireless networks.

The ad hoc network is infrastructureless and the other one is infrastructured. For an ad

hoc network, all radios have mobility and can be connected dynamically in an arbitrary

manner without the use of fixed routers. Interconnections between radios can be changed

continuously. Characteristics of an ad hoc network such as arbitrary spatial distribution

and dynamic connectivity result in communication link disparities that are exploited in

the dissertation via simulcast signaling.

In the simulcasting schemes considered in this dissertation, some radios are more

capable than other radios in that they can transmit two packets per slot instead of one, so

it makes sense to have an unequal allocation of resources in the network to utilize this

capability. The fairness of such an unequal allocation should be assessed. There are many

approaches previously proposed for measuring fairness [12]–[14], [32]. The “Min-max

index” [14] is a well known index for fairness which indicates evenness of a system, but it

may not be good in indicating how the system uses available resources effectively when
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different radios have resource utilizing capabilities. Recently, Dianatiet al. proposed a

“Utility Fairness Index(UFI)” in [ 13]. TheUFI is parameterized to allow a trade-off

between service fairness and effort fairness.

Various protocols for multipath routing has been researched [33]-[36]. Multipath

routing exploits network resources effectively to maximize utilization. It reduces blocking

probability and aggregates bandwidth on various paths so as to allow higher transmission

rate to a network compared to single path [33]. In this dissertation, multipath routing is

applied to exploit the simulcasting capability of radios on a route. By assigning higher

transmission rates to routes with more simulcasting capability, the end-to-end throughput

and delay can be improved.

Many researchers have investigated the optimal transmission range in ad hoc

networks [37]-[43]. Kleinrock et al. [37], [38] interpret transmission power in an ad hoc

network in terms of the number of neighbors of a radio and suggest a “magic number”

of neighbors based on maximizing a packet’s expected forward progress toward its

destination. Their analysis indicates that a radio should transmit with a power so that

the average number of neighbors within transmission range is six [37] or eight [38] to

maximize overall network throughput. One of the critical assumptions in their analysis

is that the network will not become disconnected because of power control. However, as

the packet transmission power decreases, the number of neighbors of a radio decreases,

and thus the network may have a high probability of becoming disconnected. Gupta

and Kumar consider the effect of transmission power on connectivity and determine

the critical power to guarantee connectivity of the overall network [42]. In [43], they

show that ifr is the range of transmission, then the relaying burden due to increment

of the number of hops grows likeO(r−1), but the interference grows likeO(r2). Thus,

the net effect (the product) is a growth ofO(r). Their analysis implies that the smaller

transmission power the better in terms of maximizing network throughput. However,

if one chooses too small a range, then the network may loose connectivity. So, they
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conclude that the optimal transmission power in an ad hoc network should be determined

based on network connectivity.

Along with the optimal transmission range, energy efficiency is one of the key

concerns in wireless communication systems. There has been a lot of research on

transmission power control schemes over the past few years [44]-[50]. The chief

motivation of these schemes is to mitigate the effect of interference that one user can

cause to others. The results range from obtaining distributed power control algorithms to

determining the information theoretic capacity achievable under interference limitations

[51], [52]. Whereas most power control schemes aim at maximizing the amount of

information sent for a given average power constraint, a recent study [53] considers

minimizing the power subject to a specified amount of information being successfully

transmitted. Rather than minimizing power, [54] considers the question of minimizing

energy directly, and compares the energy efficiency, defined as the ratio of total amount

data delivered and total energy consumed, of several medium access protocols.



CHAPTER 2
NETWORK MODEL AND PROTOCOLS FOR SIMULCASTING IN AD HOC

NETWORKS

Before developing the application of simulcasting in ad hoc networks, we first

provide an overview of the network model used in this research. The network model was

chosen to be as fundamentally simple as possible, while still providing insight into the

effects of using simulcasting. The system is a slotted transmission system, where we

assume that all radios are perfectly synchronized. The packet arrival process is modeled

by a Bernoulli random process. We assume that the radios have large packet buffers.

Multiple access is provided by slotted-ALOHA [9].

Our physical-layer models are also selected to avoid obscuring the effects of

simulcasting among other physical-layer phenomena. We begin by specifying some

maximum transmission range at which a basic message can be received with a target

error probability. Radios are considered to be neighbors if they are within that maximum

transmission range. A packet collision occurs whenever a radio transmits a packet

during a time slot and there is also a transmission by any of the neighbors of the packet’s

designated recipient. We assume that signals from radios that are not neighbors can

neither be received nor cause a packet collision by interfering with transmissions from a

radio’s neighbors. Furthermore, we assume that all collisions result in packet errors and

that there is immediate and perfect feedback on packets that collided or were otherwise

received in error. Retransmissions occur after a back-off period that is chosen according

to a geometric random variable, as discussed in Section2.2.

9
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Tx

Rx1

Rx2

Figure 2–1.Simple scenario illustrating simulation at the link level.

2.1 Simulcast Transmission

Simulcasting has the potential to increase the average link throughput by allowing

some radios to simultaneously transmit multiple packets to several different receivers

while using approximately the same network resources as are required to transmit a

single packet with unicasting. The easiest way to visualize this is in terms of propagation

distance, which generally results in lower average received energy at the more-distant

receivers. Figure2–1shows this in the case of two receivers.

Suppose that the power spectral density of the noise is the same at the two receivers

and the only difference in received power is due to the difference in propagation dis-

tances. Then receiver 2 will be more-capable than receiver 1 in the sense that the higher

signal-to-noise ratio at receiver 2 will allow it to successfully recover a message transmit-

ted with a higher code rate or higher-order modulation than can be successfully recovered

at receiver 1. Thus, in the terminology of [3]–[6], receiver 1 is a less-capable receiver,

and receiver 2 is a more-capable receiver. By using unequal error-protection modulation

or coding, each time that the transmitter sends a message to receiver1, it can include

extra messages that can be recovered by receiver 2 because of its higher signal-to-noise

ratio. In this case, the message intended for receiver 1 is called a basic message, and the

messages intended for receiver 2 are called additional messages. We refer to these as the

class of the messages.

Simulcast transmission can be achieve in many ways but depends on the ability to

achieve a different level of error protection for the basic message than for the additional

messages. One simple way that this unequal error protection can be achieved is through
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Figure 2–2.Nonuniform 4-PSK that achieves different levels of error protection for each
bit.

nonuniform modulation [3], [4]. For instance, one of the simplest examples is the

nonuniform quadriphase-shift key (QPSK) constellation illustrated in Figure2–2.

For this constellation, the nonuniform spacing makes it much easier for a receiver to

correctly recover the first bit than the second bit. Thus, the first bit can be used to send a

basic message that is intended for a less-capable receiver or for all of a radio’s neighbors,

while the second bit is used to convey an additional message that can only be recovered

by more-capable receivers. Thus, this technique can be used to simultaneously send two

packets in a single slot, effectively doubling the link throughput. However, the use of this

or any other simulcasting technique will result in some degradation in performance at the

less-capable receiver if the transmit power is unchanged.

In [3], [4], two important parameters are introduced that provide a simple physical-

layer characterization of simulcast transmission schemes that carry only two classes

of messages. The parameters are the degradation and the capability disparity. Both of

these parameters are typically specified in decibels. In general, these parameters must be

specified in terms of the target error probabilities for the basic and additional messages.

In this dissertation, the target error probabilities for these messages are assumed to

be equal. By using a simulcast signaling scheme instead of a traditional signaling

scheme that only conveys one basic message, the performance of the basic message
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must be degraded. The degradation measures the additional amount of energy that must

be received to achieve the same performance for the basic message with a simulcast

signaling scheme as is achieved with a traditional signaling scheme. The capability

disparity, or simply disparity, is a measure of how much more capable a receiver must be

in order to recover an additional message in comparison to a receiver that only recovers

the basic message. It can be calculated as the amount of additional energy that is required

at a more-capable receiver to recover the additional message at the target error probability

in comparison to the amount of energy required at a less-capable receiver to recover

the basic message at the target error probability. In AWGN channel, for the same error

probabilities for both of basic and additional message, the degradation and the disparity

are given by for the offset angleθ [4]. Typical values for the degradation and disparity

from [4] are0.5 dB and9.1 dB, respectively.

DdB(θ) = 20 log10(secθ), (2–1)

δdB(θ) = 20 log10(cot θ). (2–2)

We begin by considering systems in which the transmit power is fixed, and the effects

of this degradation on network performance are investigated. Furthermore, we initially

assume that the simulcasting scheme is also not adapted to the network topology; in

other words, the offset angleθ shown in Figure2–2is the same at all radios in the

network. In Chater6, we consider adaptation of the signal constellation shape along

with the power in response to the channel conditions to the intended receivers. For most

simulcasting techniques, when the offset angleθ is fixed, the performance degradation

to the less-capable receivers can be made very small while still achieving a significant

gain from transmissions to more-capable receivers. For example, if we consider only path

loss for the transmission of a packet, by the definition of degradation and disparity, the

transmission range for basic message,dl, and additional message,dm, are given simply
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from the transmission range of unicasting,dU , as

dl(θ) = dU10−D(θ)/10n, (2–3)

dm(θ) = dU10−δ(θ)/10n. (2–4)

So, if the transmission range by unicasting,dU , is 1, 000m under the assumption

that the propagation constantn is 4, we can gain592.24m for the transmission range of

additional message at the expense of just28.37m reduction for the transmission range

of basic message with0.5 dB and9.1 dB for values of the degradation and disparity,

respectively. Further discussion and examples are given in Section3.1.

In order to be able to demonstrate the advantages and disadvantages of simulcasting

in the context of ad hoc networks, we employ the simple example of nonuniform

QPSK described above for the remainder of this dissertation. With this scheme, each

transmission can include at most two classes of message: a basic message packet and an

additional message packet. All packets are assumed to be of the same length.

In the context of an ad hoc network, the concepts of more-capable and less-capable

receivers must be extended, as each radio may act as a transmitter or receiver at different

times. When a radio is acting as a receiver, its capability level will depend on its link

(channel) from the transmitting radio. Therefore, we define the radiolinksas being

more-capable or less-capable links. For the results presented in this paper, we assume that

the only differences in link qualities are caused by differences in propagation distance.

This also implies that links are symmetric, so if the link from radio 1 to radio 2 is a more-

capable link, then so is the link from radio 2 to radio 1. Radios are able to discover the

capabilities of neighboring radios during network maintenance or during regular packet

transmission.

An example link map from our simulation is illustrated in Figure2–3. Figure2–

3 shows the link capabilities for two different values of degradation and disparity, as

explained below. The maps are based on typical degradation and disparity values from
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Figure 2–3.Link capabilities for a ten-node wireless network. Solid lines indicate less-
capable links. Dashed lines are more-capable links. (a) NW1: For degrada-
tion of 0.5 dB and disparity of 9.1 dB (b) NW2: For degradation of 0.3 dB
disparity of 11.4 dB.

[4] and exponential path loss proportional to the fourth power of distance. The figure

illustrates the link capabilities for two scenarios: (a) NW1 is the case thatθ = 19.25

degrees, which yields a degradation of0.5 dB and disparity of9.1 dB, and (b) NW2 is the

case thatθ = 15 degrees, which yields a degradation of0.3 dB and disparity of11.4 dB.

The thin lines represent the less-capable links, and the thick lines represent the more-

capable links. In scenario 2, NW2 has a more stringent requirement on the degradation,

which results in a higher disparity. Thus NW1 has a larger number of more-capable links

than NW2.

The use of simulcasting also causes some performance degradation to the less-

capable links. For a fixed transmission power, the degradation results in the transmission

range for the basic message being smaller for simulcasting than for unicasting. Thus,

some links may break, which will cause two main effects to the network. First, a link may

be critical to network connectivity, and when that link breaks, the network will become

disconnected. Secondly, some routes may become longer because a node that is reachable

in a single hop with unicasting may no longer be directly reachable. The increase in the
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length of routes will reduce the end-to-end throughput. The expected number of links that

break increases as the degradation increases, while the expected number of more-capable

links increases as the degradation increases (and the required disparity decreases). Thus,

the simulcast signaling scheme should be designed to ensure that the increase in link

throughput from having a greater number of more-capable links translates into an increase

in end-to-end throughput and that the impact on network connectivity is minimal. Results

on this tradeoff are given in Sections3.3and3.5.

As previously mentioned, we assume that the basic and additional messages require

the same error probability. In fact, we consider a packet communication scheme in which

any packet may be transmitted as either a basic or additional message, depending on the

availability of more-capable links. The fact that a packet has been transmitted as one

class of message over a link does not affect the class to which it will be assigned on later

links. Thus, a packet may start out as an additional message, be transmitted as a basic

message over some intermediate links, and be sent over the final link to its destination

as an additional message. The only requirement that we place on the transmissions is

that additional messages should be transmitted whenever possible in order to improve

the network efficiency. This approach differs from the approaches in [3]–[6], in which

nonuniform signaling techniques are used to transmit different classes of multimedia

messages that may have different requirements on the packet error probability.

Each simulcast transmission contains two full packets, each of which has full

headers. Thus, when a radio detects a packet, it will attempt to demodulate and decode

the headers for both the basic and additional message. A receiver does not need to know

a priori whether a packet contains an additional message; if no additional message is

present, the receiver will not recover a valid header for that message (typically the CRC

will fail). If neither of the packets is intended for a radio, then as usual, the radio can turn

off its transceiver until the next slot to conserve energy. If either or both of the packets

is intended for a radio, then they will be recovered in the usual way. We note that we
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assume that all nodes will listen to the headers at the beginning of each slot. If a sleep

schedule is employed to conserve energy at the radios, the performance of simulcasting

may be significantly degraded by a reduction of receivers with more-capable links that are

awake during any particular slot.

2.2 Medium Access Control

In the system that we consider, radios contend for the channel via slotted-ALOHA.

We assume that the radios have long packet buffers such that every radio will always have

a packet to transmit. When a radio suffers a collision, the radio will wait a random back-

off time that is selected according to a geometric distribution. When a radio is successful

in transmitting, it may immediately transmit in the following slot. For the system

parameters that we consider, the performance is dominated by the effects of contention.

Thus, the way that the probability of retransmitting in each slot (or equivalently, the

average number of slots that the system will back off after a collision) is determined can

have a significant effect on the performance of the system. For the results presented in

the Chapter3, each radio uses the same retransmission probability in any time slot. We

show the simulcasting performance when we assign back-off time for retransmission

unequally in Chapter4. By adjusting this transmission probability, different average

network attempt rates,G, can be obtained.

2.3 Routing Algorithm

In this dissertation, we consider a form of minimum-hop (min-hop) routing [31] in

which the routing tables are modified to effectively utilize the capability of simulcasting.

Our approach to including simulcasting in the network is designed to allow the transmis-

sion of an additional message whenever possible. As previously mentioned, we allow any

packet to be sent as an additional message if an appropriate link is available. Whether

a packet can be sent as an additional message at any node will depend on the packet’s

destination and the link capability of the next link on any minimum-hop route to that

destination.
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Figure 2–4.Example link map for a four-node wireless network.

Table 2–1.Routing table for radio A in Figure2–4.

Destination Next Hop No. of Hops

Normal B B 1
Entires C C 1

D B 2

Simulcast C C 1
Enties D C 2

The new routing tables are a superset of the standard min-hop routing tables. The

standard min-hop routing table is always used for selection of the next-hop radio for the

basic message. To this routing table is added a set of simulcast entries. For a routing table

entry to be a valid simulcast entry, it must have a first hop that is a more-capable link

and it must be a minimum-hop route. It is not required that the links after the first link

be more-capable links. Thus, as previously mentioned, a packet that is transmitted as an

additional message over one link may be transmitted as a basic message over other links,

and vice versa.

To illustrate the modified routing table, consider the simple four-node network

shown in Figure2–4. In this figure, the more-capable links are shown as dashed lines, and

the less-capable links are shown as solid lines. Table2–1shows example routing table

for radio A. The routing table is formed as follows. The simulcast entries are specified

first. Note that there will be no simulcast entry for destination radio B because there is

no minimum-hop route for which the next hop from A is a more-capable link. However,

there are simulcast entries for destination radios C and D. Both destinations C and D can
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be reached in the minimum number of hops by first sending the packet over the more-

capable link A to C. The routing table entries for the basic messages are labeled “Normal

Entries” in Table2–1and are selected from the possible min-hop routes in the usual

way. For the results presented in this section and Chapter3, the normal and simulcast

routing-table entries for a particular destination are allowed to be identical, even if other

min-hop routes exist.

In Chapter5, we consider how simulcasting impacts performance under multipath

routing. Because radios that can simulcast a packet send more packets per transmission

opportunity, it may be appropriate to route more packets along routes with more more-

capable links.

2.4 Packet Selection Algorithm

The packet-selection algorithm should also be modified to ensure efficient use of

the simulcasting capability. At each time that a radio transmits, it will attempt to utilize a

more-capable link if one is available. By doing so, the link throughput can be increased

because two packets are sent simultaneously by a radio in a single packet transmission

interval whenever possible. An important feature of the simulcasting technique is that the

basic and additional messages in a transmission do not have to have the same next-hop

radio. Thus, for the network illustrated in Figure2–4, radio A can simultaneously send a

basic message to radio B and an additional message to radio C.

The packet-selection algorithm determines which packet(s) in a radio’s buffer will

be transmitted in any given packet transmission interval. The packet-selection algorithm

used in this dissertation is a modified first-in, first-out (FIFO) algorithm that ensures that

more-capable links are utilized whenever possible. It functions in the following way. A

radio that has at least one more-capable link will first try to select from its queue the first

packet that can be sent as an additional message. This will not necessarily be the first

packet in its queue. After the additional message (if available) is selected, then the first

packet from the remaining set of packets will be sent as the basic message. In the absence
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of mobility, packets intended for a particular destination will be transmitted in order,

thereby minimizing the impact of simulcasting on the out-of-order arrival problem.

Table 2–2.Example packet buffer for radio A for network shown in Figure2–4.

Packet ID Destination

1 B
2 B
3 D
4 C

A brief example serves to illustrate this packet selection algorithm. Suppose that

radio A’s packet buffer contains four packets, as shown in Table2–2. The first and the

second column of the table show the packet IDs and the destinations of each packets,

respectively. Then during the first interval in which radio A transmits, it first searches its

buffer for the first packet that can be sent as an additional message. To do so, it compares

the destination for each packet to the set of destinations in the simulcast entries in the

routing table. In this case, the first packet that can be sent as an additional message is

packet 3, which, based on the simulcast entry for destination D in Table2–1, will be sent

to next-hop radio C. Packet 1 is then selected for transmission as the basic message. So,

when radio A transmits, it will simultaneously send messages to radios B and C using

simulcast transmission. On radio A’s next transmission, packet 4 will be selected as

the additional message, and packet 2 will be sent as the basic message. Note that this

simulcast transmission scheme is significantly different than multicasting that occurs

at the network or application layers, in which one message is distributed to a group of

different receivers. In simulcasting, multiple messages are simultaneously transmitted to a

one or more neighbors of the transmitting radio.



CHAPTER 3
PERFORMANCE OF SIMULCASTING IN AD HOC NETWORKS WITH FIXED

BACK-OFF ALGORITHM

In this chapter, we analyze the link and end-to-end throughputs for simulcasting

in an ad hoc network. We consider a fixed network topology with a noise-free channel.

Thus, for unicast signaling, the link throughput depends on the probability of collision

and the time between transmission attempts, and end-to-end throughput depends on the

link throughput and the number of hops the messages must travel. For simulcasting,

these throughputs will also depend on the simulcasting parameters through the number

of messages that can be sent as additional messages and the changes in the number of

hops, which are caused by changes in the maximum transmission distance for the basic

messages.

The analysis that follows is for three scenarios. In the first, the network topology is

fixed, which allows the topological parameters to be easily calculated. In the second,N

radios are uniformly distributed over an areaA. Edge effects are neglected in the calcu-

lations. In the third scenario, the nodes are distributed according to a two-dimensional

Poisson point process over an infinite plane.

3.1 Network Parameters

We begin by considering the effects of simulcasting on the network topology. In

particular, we consider two network parameters that have a significant effect on the link

and end-to-end throughputs. The first is the network degree,Ndeg, which is the average

number of neighbors of a radio. Here, we define a neighbor as any radio that is directly

connected to the radio of interest by either a less-capable or more-capable link. The

second parameter isRm, which is the proportion of radios with more-capable links for

fixed networks and the probability that a radio has at least one more-capable link for

20
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random networks. For the network topology illustrated in Figure2–3, Rm = 7/10 for

D = 0.5 dB(θ = 19.25 degrees), andRm = 4/10 for D = 0.3 dB (θ = 15 degrees).

For our simple “good or bad” channel model, since the only factor that affects

the signal-to-noise ratio is exponential path-loss (no random fading or shadowing is

considered), whether two radios share a link depends only on the distance between the

radios. LetdU denote the maximum link distance for unicast signaling, and letdl(θ) and

dm(θ) denote the maximum link distances for less- and more-capable links, respectively.

These distances can be calculated as in Section2.1,

dl(θ) = dU10−D(θ)/10n,

dm(θ) = dU10−δ(θ)/10n,

whereD(θ) andd(θ) are the degradation and disparity (both in decibels), respectively.

For nonuniform QPSK, these simplify to

dl(θ) = dU [cos(θ)]
2
n ,

dm(θ) = dU [sin(θ)]
2
n ,

wheren is the path-loss exponent. It is interesting to consider the coverage area of a

transmitter, which is defined as the area of the region in which radios will have a link

to that transmitter. Then the coverage areas for the basic and additional messages are

given byπdl
2 andπdm

2, respectively. Consider the coverage area as a proportion of the

coverage area for unicasting,πdU
2. Forθ = 10 degrees, the proportions of coverage for

the basic and additional messages are given by 0.985 and 0.174, respectively. Thus, for

a reduction in coverage area of 1.5%, 17.4% of the coverage area supports more-capable

links. If θ = 20 degrees, the coverage area for the basic message is 6.0% less than that

of unicasting, but the coverage area for the additional message is increased to 34.2% of

unicasting. Thus, by appropriately choosingθ, the coverage area for additional message
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transmission can be made reasonably large without significantly reducing the coverage

area for the basic message.

Consider an arbitrary node in a network with nodes uniformly distributed over area

A. Let pl andpm denote the probabilities that some other node is connected to that node

by a less-capable link and more capable link, respectively. Thenpl(θ) ≈ [dl(θ)]
2/A, and

pm(θ) ≈ [dm(θ)]2/A, where the approximations come from ignoring the edge effects of

the finite area over which the nodes are placed. Then the network degree is given by

Ndeg(θ) = (N − 1)pl(θ)

= (N − 1)
(π)[dl(θ)]

2

A2

= Ndeg(0)[cos(θ)]4/n. (3–1)

For the simulation results in Section3.5, the transmission distance is close to the

dimension of the simulation area, so the edge effect makes (3–1) yield inaccurate

estimates ifpl(θ) anddl(θ) are determined as specified above. However, we find that

(3–1) gives a good approximation if the correct value ofNdeg(θ) is found via simple

topological simulation; therefore, we use this approach for the results in Section3.5. The

proportion of radios with more-capable neighbors can also be simply calculated by

Rm(θ) = 1− [1− pm(θ)](N−1).

Now consider an infinite network with nodes distributed in a plane according to a two-

dimensional Poisson point process. Letλ denote the expected number of neighbors for

unicasting. I.e., the expected number of radios in the area of sizeπdU
2 is λ. Then for

simulcasting with parameterθ, a radio is a neighbor of a particular radio if it is within

distancedl(θ) = dU [cos θ]2/n. The neighbors of a radio lie within an areaπdU
2[cos θ]4/n,

and thus the number of neighbors is a Poisson random variable with expected value

Ndeg(θ) = λ[cos θ]4/n. Then, the probability that a radio has at least one more-capable
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link is

Rm(θ) = P (≥ 1 neighbors in aread2
U(sin θ)4/n)

= 1− P ( 0 neighbors in areaπdU
2(sin θ)4/n)

= 1− e−λ(sin θ)4/n

.

3.2 Link Throughput

We apply the conventional techniques for link-throughput analysis of slotted

ALOHA [ 9]. Let E[Di] be the expected value of the delay (in terms of number of slots)

required for a packet transmitted by radioi to be successfully received by the designated

next-hop radio. Then the link throughput at radioi, Si, is defined bySi = 1/E[Di]. The

average link throughput for a network of N nodes is given by

S =
1

N

N∑
i=1

Si. (3–2)

We evaluate (3–2) for two different scenarios. In unicast transmission, simulcasting

is not allowed, and each radio sends at most one packet to one next-hop radio during a

time slot. For simulcast transmission, two packets can be sent simultaneously by a radio

during a time slot if that radio has any more-capable links, as described in Section2.1.

The link throughputs for unicast and simulcast transmission are denoted bySU andSS,

respectively.

The link throughput will depend on several parameters. DefineGi to be the attempt

rate of theith radio. LetSU,i andSS,i(θ) be the link throughput at radioi for unicast

and simulcast transmission with phase offsetθ, respectively. The throughput at radioi

depends on the number of neighbor radiosBi(θ), the probability of collisionCi(θ), and

the retransmission rate for unsuccessful packetsRi(θ).

3.2.1 Unicast Transmission

For unicast transmission, a radio sends only a single message in a slot, and that

message is intended for only one of its neighbors. In this case, the throughput for theith
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radio can be determined as follows. The attempt rate must satisfyGi = SU,i + Ri, where

Ri = GiCi. Then the throughput is given by

SU,i = Gi(1− Ci), (3–3)

where, if radioi hasBi neighbors andG is the average attempt rate over all radios, then

Ci ≈ 1

Bi

Bi∑
j=1

Ci,j. (3–4)

HereCi,j is the probability of collision at thejth neighbor of radio i, which is given by

Ci,j ≈ 1− (1−G)Bi,j , (3–5)

whereBi,j is the number of neighbors of thejth neighbor of radioi. The result in (3–4) is

approximate because it assumes equal probability of transmission to each neighbor, and

(3–5) is approximate because the offered load from the potential interferers is replaced by

the average offered load. The average link throughputSU can be approximated by using

(3–3)-(3–5) in (3–2).

3.2.2 Simulcast Transmission

We consider the link throughput of simulcasting using nonuniform QPSK with

parameterθ. First consider the throughput for the basic message. Although the number

of neighbors that can be reached by direct transmission is reduced, the interference range

stays constant. Thus the link throughput for the basic message will be approximately

equal to the link throughput for unicasting,SU,i. Now consider the additional message.

For the case of long packet buffers, if the packet generation rate is sufficiently high

then a radio that has a more-capable link will always have a packet that can be sent

as an additional message. Then the link throughput for theith radio with simulcast

transmission,SS,i(θ) can be approximated asSS,i(θ) ≈ 2SU,i if radio i has a more-

capable link andSS,i(θ) = SU,i, otherwise. For a network ofN nodes, and letM(θ, i)

be an indicator function such thatM(θ, i) = 1 if radio i has a more-capable link and
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M(θ, i) = 0 otherwise. Then the throughput for simulcast transmission for the fixed

network can be approximated by

S ≈ 1

N

∑
j=1

[2SU,iM(θ, i) + SU,i(1−M(θ, i))], (3–6)

and for the random network,

S ≈ E[SU,iM(θ, i) + SU,i(1−M(θ, i))]

= SU,i[1 + Rm(θ)]. (3–7)

So for long packet buffers and high packet generation rates, simulcast transmission

has the capability to improve the link throughput by a factor of up toRm(θ). However,

it is not clear that this increase in link throughput will translate into a corresponding

increase in end-to-end throughput. This is the topic of the next subsection.

3.3 End-to-end Throughput

We consider the end-to-end throughput for simulcasting as a function ofθ. Then

the end-to-end throughput for unicasting can be found by settingθ = 0. The end-to-end

throughput overT time slots is defined by

Sete ≈ ND(T )

T
,

whereND(T ) is the number of packets that reach their final destination inT time

slots. We are interested in steady-state conditions and consider the expected value of

Sete, which is not a function ofT . Consider a generic route, as shown in Figure3–1.

DS A B C

Figure 3–1.Example route for estimating end-to-end throughput.

We analyze the throughput by considering the delay required to transmit two packets

(corresponding to the two types of messages) over such a route. Under the best-case



26

scenario, one of the packets can be sent as an additional message over each of the more-

capable links (shown as dashed lines). Then for each less-capable link (shown as solid

lines), the expected delay is2E[Di] for the two packets. For each more-capable link, the

expected delay is onlyE[Di] for the two packets. Thus for the example in Figure3–1,

the expected delay for both packets to reach the destination (not counting queuing delays)

is 6E[D], whereE[D] is the expected delay at an arbitrary node. Then the average

end-to-end throughput for each packet is

Sete ≤ 2

6E[D]
≈ SU

3
.

Let H(θ) be a random variable representing the number of hops in an arbitrary route.

Note that asθ changes, the distribution ofH changes, as discussed in Section2.1. Then in

general, the end-to-end throughput can be approximated by

Sete ≈
N∑

i=1

2P (H(θ) = i)

iRm(θ)E[D] + 2i[1−Rm(θ)]E[D]
. (3–8)

This expression is approximate because the distribution of the number of hops for

the packets that take a more-capable link may be different than for the packets that do not

take any more-capable link. For instance, more-capable links may be used more often

than less-capable links to transmit a packet to its destination.

Note also thatSete(θ) is a non-linear function ofRm(θ). Unlike the link throughput,

the end-to-end throughput does not increase in direct proportion toRm(θ). Note that the

summation term will decrease asθ andRm(θ) increase, as the number of hops increases.

Then if the distribution of the number of hops is constant, a 50% increase in end-to-end

throughput requires at leastRm(θ) = 2/3. Forθ large enough to satisfy this requirement,

the expected number of hops may be significantly larger than for unicasting, thereby

reducing the gain from the increase in link throughput.

We investigate the value ofθ that maximizesSete by estimating the distribution

of H(θ) via empirical and analytical distributions. The results using the empirical
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distribution are given in Section3.5. Here we investigate the performance under two

simple analytical distributions forH(θ).

Consider a network of radios distributed according to a Poisson point process over

a plane. Consider first the distribution forH(0), the number of hops in a route when

unicasting is employed. We wish to use distributions such that:

1) ∃ k 3 ∀ i > k, j > k, P (H(0) = i) > P (H(0) > j) for all i < j, and

2) P (H(0) = i) > 0, i=1,2,...

The first criterion provides locality. Beyond some local neighborhood, it is more

likely for a packet to have a closer destination than one further away. The second criterion

allows any radio in the network (other than the source) to be a destination for the packet.

We first analyze the performance for a geometric distribution for the number of

hops. Suppose first thatH(0) has geometric distribution with parameterα, and let

H̄ = E[H(0)],

P (H(0) = i) =





α(1− α)i−1, i=1,2,....

0, otherwise.

Then, the distribution ofH(θ), 0 < θ ≤ 45 degrees, should be geometric with parameter

β(θ), β(θ) < α. To determine a reasonable estimate forβ(θ), consider the probability

of having a 1-hop route for unicastingP (H(0) = 1) = α. The probability that the

destination radio is still within communication range when simulcasting is employed is

(πd2
l )/(πd2

U) = (cosθ)4/n. There are four cases to consider for a particular link along a

route in going fromθ = 0 to θ > 0:

1) The link is still within communication range, so the route is not affected.

2) The link is not within communication range, but another link can be used to achieve

the same number of hops in the route.

3) The link is not within communication range and so the number of hops in the route

increases by one.
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4) The link is not within communication range and that link failure requires significant

rerouting, resulting in the number of hops in the number of hops in the route

increasing by more than one.

Based on the probability of being able to reach the same 1-hop destination above, we

modelH(θ) as a geometric random variable with parametersβ(θ) = α(cosθ)4/n. This

most accurately models cases 1 and 3 above. We note also that cases 2 and 4 will have

opposite effects onH(θ), so this model seems reasonable, if perhaps a bit optimistic

because of the large impact of case 4. For this distributionE[H(θ)] = H̄(cos θ)−4/n.

For the infinite network,Rm(θ) is the probability that a radio has at least one

more-capable link and is given by

Rm(θ) = 1− Pb(0 radios in areaπd2
U(sinθ)4/n)

Let λ′ = (sinθ)4/nλ. Then, as previously calculated the proportion of the radios with

more-capable link(s)Rm(θ) in Section3.1,

Rm(θ) = 1− e−λ′

= 1− e−λ(sinθ)4/n

. (3–9)

The average end-to-end throughput can then be approximated by

Sete ≈ SU

1− 0.5[1− e−λ(sinθ)4/n ]

∞∑
i=1

α(cosθ)4/n[1− α(cosθ)4/n]i−1

i
. (3–10)

From [55],

ln(1 + z) = z − 1

2
z2 +

1

3
z3 − 1

4
z4 + .....

Then,

ln

(
1

q

)
=

∞∑
i=1

(1− q)i

i
. (3–11)
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Letting q = α(cos θ)4/n and using (3–10) and (3–11) yields

Sete ≈ SU

1− 0.5[1− e−λ(sinθ)4/n ]

α(cosθ)4/n

1− α(cosθ)4/n
ln

[
1

α(cosθ)4/n

]
. (3–12)

Although (3–12) is too complicated to allow the maximum value to be found via direct

analysis, the maximum value can easily be found via numerical methods.

The results of this numerical optimization are shown in Figures3–2–3–4for n = 2

and in Figures3–5–3–7for n = 4. The results in Figures3–2–3–4are forH̄ = 1
α

is equal

to 2, 4, and 8, respectively, as are the results in Figures3–5–3–7. The graphs labeled (a)

illustrateGete, the maximal gain in the end-to-end throughput from using simulcasting

instead of unicasting,Gete(θ) = Sete(θ)/Sete(0). The graphs labeled (b) illustrate the

values ofθ that maximizesGete, which is defined as optimal offset angleθo. The results

indicate that the expected gain in the end-to-end throughput for simulcasting varies from

20.9% to 62.2% for n = 2 and from60.1% to 90.0% for n = 4, whereλ varies from 4

to 12. The maximum gains from simulcasting are achieved when the distributions favors

shorter routes (1
α

= 2) and larger number of neighbors (λ = 12). This is reasonable

because the impact of simulcasting on increasing route length will be smallest when the

routes are shortest for unicasting under assumption of full connectivity of network. When

λ is large, the probability of having a more-capable neighbor increases, and thus more

radios can transmit two messages in each interval. The simulcasting gain is greater for

n = 4 thann = 2 because of the way that the exponential path loss translates differences

in energy into differences in distance. The energy for the basic and additional messages

scale as cos2θ and sin2θ, respectively. However, the coverage areas for the basic and

additional messages scales as(cosθ)4/n and(sinθ)4/n, respectively. Considerθ = 30

degrees. Forn = 2, the coverage areas for the basic and additional messages are75%

and25%, respectively, of that for unicasting. Forn = 4, the coverage areas for the basic

and additional messages are86.6% and50%, respectively, of that of unicasting. Thus for
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Figure 3–2. (a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, at 1

α
= 2, andn = 2.

n = 4, the coverage areas for both the basic and additional messages are significantly

greater than forn = 2 at the same value ofθ.

Theθo varies from 27.5 degrees to 34.5 degrees forn = 2 and from 18.9 degrees

to 32.2 degrees forn = 4. It decreases asλ increases. That is, theθo is maximum for

distributions favoring shorter routes and fewer neighbors and is minimum for distributions

favoring longer routes and many neighbors. It means that, as we discussed, under the

assumption of full connectivity of network, the effect of increasing route length by

employing simulcasting is larger with longer routes. Having more neighbors increases

the probability of being able to perform simulcasting for even smallθ. So, in order to

maximize the end-to-end throughput, smallerθ is required to avoid increasing route

length by employing simulcasting as the number of neighbors increases.

Figures3–8and3–9show the maximum end-to-end throughputs versusθs for

variousλs atn = 2 andn = 4, respectively, over the attempt rateG of 0 to 1 withH̄ = 4.

The unicasting throughputSU is assumed as unity in this results. Asλ increases from 4 to

12, theθm which maximizes the maximum end-to-end throughput decreases from of 35

to 25 and from 30 to 15 degrees forn = 2 andn = 4, respectively. Forn = 4, the value

of θo is smaller and decreases in a larger range asλ increases compared to forn = 2. In

other words, forn = 4, θo is more sensitive toλ compared to forn = 2. This is because,
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Figure 3–3. (a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, at 1

α
= 4, andn = 2.
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Figure 3–4. (a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, at 1

α
= 8, andn = 2.
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Figure 3–5. (a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, at 1

α
= 2, andn = 4.
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Figure 3–6. (a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, at 1

α
= 4, andn = 4.
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Figure 3–7. (a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, at 1

α
= 8, andn = 4.
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Figure 3–8.The maximum end-to-end throughputs for simulcasting with various network
densityλs in geometric distribution for the number of hops, at the expected
value of the number of hops1

α
= 4, and propagation constantn = 2.

at a same value ofθ, the coverage areas for both of basic and additional messages when

simulcasting is employed are greater forn = 4 than forn = 2, and whenλ is large, the

probability of having a more-capable neighbor increases.

The Maximum end-to-end throughput increases from 0.55 to 0.73 and from 0.72

to 0.87 forn = 2 andn = 4, respectively, asλ increases from 4 to 12. Note that in

Figures3–8and3–9, for n=4, the maximal end-to-end throughput achieved is greater

compared to forn = 2 as previously discussed.

The second distribution that we consider for the number of hops is a modified

Poisson distribution. The Poisson distribution has probability mass at zero, which is

undesirable for our application, so we letH(0) − 1 be Poisson with expected valueγ.

Then,

P (H(0) = k) =





e−γ γk−1

(k−1)!
, k=1,2,....

0, otherwise,
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Figure 3–9.The maximum end-to-end throughputs for simulcasting with various network
densityλs in geometric distribution for the number of hops, at the expected
value of the number of hops1

α
= 4, and propagation constantn = 4.

andH̄ = λ + 1. Following similar argument as for the geometric distribution, we let

H(θ) − 1 be Poisson with expected value ofγ(θ) given byγ/(cos θ)4/n. As for the

geometric distribution,E[H(θ)] = H̄(cos θ)−4/n. The average end-to-end throughput can

then be approximated by

Sete =
SUe−γ(θ)

1− 0.5[1− e−λ(sinθ)4/n ]

∞∑

k=1

γ(θ)k−1

k(k − 1)!
.

Note that

∞∑
i

γ(θ)k−1

k(k − 1)!
=

1

γ(θ)

∞∑

k=1

γ(θ)k

k!
=

eγ(θ)

γ(θ)
.

Thus,

Sete =
SU

1− 0.5[1− e−λ(sinθ)4/n ]γ(θ)
,
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and

Gete =
Sete(θ)

Sete(0)

=
(cos(θ))4/n

1− 0.5[1− e−λ(sin(θ))4/n ]
.

Note that, for the Poisson distribution for the number of hops, the simulcasting gain is

independent on the average number of hops.

Figures 3–10and3–11show the analytical results for the end-to-end throughput

of simulcasting under the Poisson distribution for the number of hops forn = 2 and for

n = 4, respectively. The graphs labeled (a) illustrateGete, and the graphs labeled (b)

illustrate the values ofθo according to various network densities.

The results indicate that the expected gain in the end-to-end throughput for simul-

casting varies from10.0% to 46.4% for n = 2, and from53.1% to 86.1% for n = 4

for λ in the range of 4 to 12. The maximum gains from simulcasting are achieved when

the distributions favors larger number of neighbors (λ = 12) as the case of geometric

distribution, but the gains are 5% to 10% smaller than for the geometric distribution. This

is reasonable because the Poisson distribution has lower probability of choosing shorter

routes than the geometric distribution, which significantly impacts on the end-to-end

throughput. The simulcasting gain is also greater forn = 4 thann = 2 for the same

reason described for the geometric distribution.

Theθo varies from 25.3 to 27.8 degrees forn = 2 and from 26.7 to 17.3 degrees

for n = 4. These values are about 5 degrees smaller than for the geometric distribution

for both ofn = 2 andn = 4. The intuitive explanation is that the effect of increasing

route length by employing simulcasting with relatively largeθ is more significant for the

Poisson distribution.

Mostly, theθo decreases asλ increases. However, notice thatθo is no-monotonic for

n = 2. This is because the probability of choosing a short route is low for the Poisson

distribution. For the geometric distribution,θo is maximal with the shortest routes and the
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Figure 3–10.(a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, atn = 2.
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Figure 3–11.(a) Maximal gain in end-to-end throughput,Gete, and (b) optimal offset
angle(degree),θo, to maximizeGete, atn = 4.

fewest neighbors because the effect of increasing route length by employing simulcasting

is less with shorter routes and with fewer neighbors, under the assumption of full network

connectivity. However, for the Poisson distribution, the effect increases route length when

simulcasting is used with a small number of neighbors because of the smaller probability

of choosing a short route. Forn = 2, it is more apparent because the probability that

the destination radio is still within communication range when simulcasting is employed

(cos θ)4/n is smaller forn = 2 than forn = 4.

Figures3–12and 3–13show the maximum end-to-end throughputs for simulcasting

in Poisson distribution for the number of hops according to variousθs along with various
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λs forn = 2 andn = 4, respectively, over theG of 0 to 1 withγ = 4. The unicasting

throughputSU is assumed as unity as of geometric distribution case.

As λ increases from 4 to 12, theθm which maximizes the maximum end-to-end

throughput decreases from 25 to 30 and from 15 to 25 degrees forn = 2 andn = 4,

respectively. As the geometric distribution, forn = 4, the end-to-end throughput is more

sensitive toλ compared to forn = 2. The maximal end-to-end throughput ranges from

0.33 to 0.46 and from 0.33 to 0.58 forn = 2 andn = 4, respectively. The overall pattern

is similar and can be explained with the same reason as for the geometric distribution

case.

In comparison with the geometric distribution, for the Poisson distribution, the

achieved maximal end-to-end throughputs and the values ofθo to achieve them are less

and the range ofθo over the domain ofλ is relatively smaller. As previously discussed,

it is because the Poisson distribution has lower probability of choosing short routes and

the variation of Poisson distribution is less than for the geometric distribution. Based

on the analysis and the numerical results of the end-to-end throughput, if the number of

hops follows the geometrical distribution, a higher end-to-end throughput is expected,

and if the number of hops follows the Poisson distribution, a relatively stable end-to-end

throughput is achieved.

3.4 Mobility

The mobility model is an important issue in the study of mobile ad hoc networks.

Recent studies [56]-[59] report that in simulations of mobile ad hoc networks, the

probability distribution governing the movement of the nodes typically varies over time

and converges to a “steady-state”, or stationary distribution.

Thus a simulation of a network of mobile radios often experiences a transitory

period before conveying to the steady state. One approach to deal with the fluctuating

conditions is to throw away the simulation data for some initial time period. A more

efficient alternative is to choose the initial locations and speeds of the radios from the
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Figure 3–12.The maximum end-to-end throughputs for simulcasting with various net-
work densityλs in Poisson distribution for the number of hops, at the
expected value of the number of hopsγ = 4 and propagation constant
n = 2.
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Figure 3–13.The maximum end-to-end throughputs for simulcasting with various net-
work densityλs in Poisson distribution for the number of hops, at the
expected value of the number of hopsγ = 4 and propagation constant
n = 4.
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stationary distributions for the mobility model so that convergence is immediate and

no data needs to be discarded. However, because the initial location and speeds with

stationary distributions bring a centralized shape of distribution (the most convergent

speeds and the locations are gathered at a certain range of speed and location), it is hard

to see the effects of mobiles moving around in a large area. The uniformly distributed

“steady-state” needs to be studied.

We use the random waypoint mobility model, which is one of the most popular

mobility models for communication networks, for our simulation. In this model, an

initial point p0 and a destination pointp1 are assigned uniformly in the areaA, and

speed is assigned to a mobile at the inital point uniformly in an arbitrary range of speed.

The initial and destination points are chosen independently. Once the mobile reaches

the destination, a new destination is chosen uniformly, independently of all previous

destinations and speeds. Mobiles may pause when it reaches each destination, or they

may immediately move to the next destination without pausing. If they pause, the pause

times are chosen independently of speed and location.

The random waypoint model is a commonly used mobility model in the simulation

of ad hoc networks. However, it has problems such as the decay of average speeds as the

simulation progresses, a difference between the initial and the final nodes distribution. It

is known that the spatial distribution of network nodes moving according to this model

is, in general, nonuniform. For example, with this model, a mobile spends more time at

lower speed, therefore it is more likely to be sampled at low speed. The initial mobile

position is uniform in the areaA, however, with time, the distribution of mobile positions

tends to be more dense towards the middle of the area.

To overcome the problems of random waypoint model, J. Le Boudec [59] recently

presented how to obtain the stationary distribution of location and speeds for the simu-

lation of mobility model based on palm caculus. By palm calculus, the histogram of the

terminating or non-terminating ergodic simulation can be predicted. It is applied to the
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random waypoint model to achieve an initial distribution equal to the stationary distri-

bution of random waypoint. Simply, how to generate the stationary distribution of the

previous and next waypoint and the current mobile position can be obtained as follows.

Let ∆ be an upper bound on the diameter of areaA.

1. do

drawMo, M1 iid Unif(A)

drawV Unif [0, ∆]

until V < ‖M1 −M0‖
Prev(t) = Mo andNext(t) = M1

2. DrawU ∼ Unif [0, 1]

3. M = (1− U)M0 + UM1

Mo andM1 are initial and next waypoint, respectively. Note that the initial waypoint of

time stationary waypoint simulation is obtained by the above procedure, not by drawing

a point uniformly inA. Once a node reaches the initial next waypoint, the later next

waypoint is chosen uniformly. In our simulation, the mobile velocity is always constant.

So, we don’t consider time stationary distribution of the mobile speed. There are 15

mobiles in the area of5Km x 5Km. Mobile speed is constant as30Km/h. Warmed-up

and final status are at 1,000 and 15,000 time slots of running, respectively. Throughput is

counted after warmed-up status. The simulation result is shown in Section3.5

3.5 Simulation and Results

The performance of simulcasting in ad hoc networks is evaluated using the analytical

expressions described previously in this chapter and Monte Carlo simulations. We

used a custom simulation programmed in MATLAB because this provided us a simple

approach to develop a simulation that incorporates the ability to transmit multiple packets

to multiple different receivers in a single transmission slot and to adapt the link- and

network-layer protocols to take advantage of the simulcasting capability. We begin by

considering the link throughput for the fixed network topology of ten nodes illustrated
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Table 3–1.Position of radios in ten-node network in Fig.2–3

Node ID X position (km) Y position (km)

1 1.15 2.00
2 1.53 3.59
3 1.95 2.55
4 3.50 2.25
5 2.40 3.21
6 2.55 2.12
7 3.71 2.57
8 3.10 4.01
9 2.58 4.18
10 2.06 2.00

in Figure2–3. The positions of these radios are given in Table3–1. The network

degree is 2.2. The link distances are figured out with incorporation of transmission in

additive white Gaussian noise (AWGN), where the bit error probability at the maximum

transmission range of 1 km is10−4. It is assumed that the packet length is 1000 bits

and an error-control code is used that can correct up to 10 bit errors. For this case of no

mobility, we expect that there will be almost no performance degradation from the noise,

as the transmission range for nodes to be considered neighbors is such that the packet

error probability is very small. The simulation results match closely with the analytical

results.

The results in Figure3–14show the link throughput performance of the network as

a function of the average attempt rate. Solid lines represent the performance predicted

by the analysis from (3–2) to (3–5), and (3–7). The markers illustrate the performance

results from our simulation. The performance is illustrated for three different network

configurations. For the results marked “Unicast”, the nodes are constrained to not employ

the simulcast signaling technique, and thus each node transmits at most one packet in

a time slot. For the results marked “Simulcast(NW1)”, simulcast transmission is used,

where the more-capable links are determined based on a degradation of0.5 dB and a

disparity of9.1 dB.
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The results marked “Simulcast(NW2)” illustrate the performance for a network

with fewer more-capable links because the required capability disparity is increased to

11.4dB, which corresponds to a degradation of0.3 dB. The link throughput for these

fixed topologies with equal back-off times is illustrated in Figure3–14. The results

indicate that simulcasting can significantly improve the throughput in the ad hoc network.

Next, let us consider a network withN = 15 radios placed uniformly over a1km

by 1km area. We consider the simple good/bad channel model with a maximum link

distance for unicasting (or, equivalently, simulcasting withθ = 0o) of 381 m. We consider

first some basic network parameters as a function of the offset angleθ of the nonuniform

QPSK used for simulcasting. The results in Figure3–15illustrate the network degree

(expected number of neighbors) as a function of the offset angleθ. The analytical results

are determined from (3–1). The simulation results are shown for two cases. The results

for “all networks” is the average over 100 random topologies. The results for “connected

networks only” shows the average network degree for 10 of the random topologies that

formed a connected network for all degrees. The results show the sensitivity of the

network degree to the parameterθ. For all networks, unicasting (θ = 0) yields a network

degree of approximately 4.5, while for QPSK (θ = 45 degrees), the network degree drops

to 3.4. We note that if we consider only connected networks, then the network degree is

biased above the value for all networks.

One of the primary effects of changes in the network degree is an impact on the

connectivity, which we define as the probability that every node has a route to every other

node in a randomly generated network. The connectivity is shown as a function of the

offset angleθ in Figure3–16. The unicast link distance of381m was chosen because

it provides connectivity of approximately 0.9. The network connectivity decreases asθ

increases. However, forθ < 25 degrees, the connectivity remains above 0.85. Thus, ifθ is

kept small, simulcasting can be used with relatively little impact on network connectivity.

As θ approaches its maximum value of 45 degrees, the connectivity rapidly decreases to
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approximately 0.66. Thus, it is not possible to switch to a uniform QPSK constellation

without a significant loss in network connectivity.

The results in Figure3–17show the expected proportion of radios that have a

more-capable link as a function ofθ. As shown in Section3.1, this parameter has an

important effect on both the link and end-to-end throughputs. The results show that as

θ increases from 0, the proportion of radios with a more-capable link increases rapidly.

The analytical expression (3–2) is shown to closely match the simulation results. There is

no significant effect on this parameter of only considering connected networks instead of

all randomly generated networks. At the previously mentioned value ofθ = 25 degrees,

the proportion of radios with a more-capable link exceeds 0.8. Thus, there is little to gain

from increasingθ further, and any further increase comes at a significant expense in terms

of network connectivity, as shown in Figure3–16.

We next restricted the simulations to 10 fixed topologies that are connected for all

0 ≤ θ ≤ 45 degrees, which were randomly selected from the 100 randomly generated

topologies. In this way, we can be sure that we can calculate end-to-end throughput for

each network. However, the distribution of the nodes will no longer be uniform, which

will affect the results. Each topology still consists of 15 nodes distributed over a 1 km 1

km area, with maximum link distance of 381 m for unicasting. Each simulation consisted

of 1500 time slots after a 100 time slot warm-up period.

The results in Figure3–18show the average link throughput for unicasting and

simulcasting with offset angleθ = 25 degrees for the networks described above. The lines

represent analytical results and the markers represent simulation results. The simulation

and analytical results differ slightly because the analytical results are for randomly

generated networks, but the simulation results are for a set of connected networks.

The results show that forθ = 25 degrees, the maximum link throughput is almost

twice as high with simulcasting as can be achieved with unicasting. From Figure3–

16, the network connectivity forθ = 25 degrees is approximately 0.85 versus 0.9 for
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unicasting, so the link throughput can be significantly increased with little cost to network

connectivity.

The results in Figure3–19show the maximum link throughput achieved as a

function of the offset angle . Here, the maximum is taken over all possible attempt rates.

The line is the analytical result, and the circles are from simulations. Note that asθ

increases, so does the link throughput that can be achieved. This is reasonable because as

long as the network remains connected, each node will have at least one node to which it

can transmit. Furthermore, asθ increases, the probability of collision goes down along

with the expected number of neighbors, and the number of nodes with more-capable links

goes up. The combined effect is that the maximum throughput withθ = 45 degrees is

approximately 2.7 times higher than the maximum throughput with unicasting. However,

from Figure3–16, we see that the network connectivity suffers greatly asθ becomes

large.

In addition to the impact on network connectivity, increasingθ also affects the

length of routes in the network, which may impact the end-to-end throughput. The

results in Figure3–20illustrate the average number of hops in a route as a function

of the offset angle. Asθ increases from 0 to 45 degrees, the average number of hops

increases from approximately 2.25 to 4.2. The number of hops increases rapidly as

θ increases beyond 20 degrees. The results in Figure3–21illustrate the maximum

average end-to-end throughput as a function ofθ. Here, the maximum is over all attempt

rates. The solid line illustrates the analytical results (using the empirical values for

the expected number of hopes), and the simulation results are the circles. The results

show that the end-to-end throughput is a non-monotonic function ofθ. The analytical

results are optimistic forθ > 10 degrees. However, they do show the same trends as

the analytical results. We believe that the primary differences in the two curves come

from the fact that the simulation results are not for randomly generated networks because

we have enforced that the networks must be connected. The simulation results show
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that the end-to-end throughput is maximized byθ = 30 degrees. The end-to-end

throughput atθ = 30 degrees is approximately 0.042 versus 0.027 for unicasting. Thus,

simulcasting results in an increase in end-to-end throughput of over 55%. If we use a

more conservative value ofθ in the range20 ≤ θ ≤ 25, then the end-to-end throughput

is still more than 40% higher than unicasting, while having a smaller impact on network

connectivity. Note that these values ofθ match closely with those found via analysis in

Section3 for a infinite network with a geometric distribution for the number of hops in a

route.

We next investigate the effect of having out-of-date information about the network

links because of mobility. A radio’s link information may indicate that a node is a

neighbor even though that a radio has moved out of range. Similarly, a radio may believe

that a link is a more-capable link even though the radio’s movements have reduced the

capability of a link to an extent that the packet error probability over that link degrades

performance. We model these effects by only allowing for a periodic update of routing

tables. We assume a slot time of20ms and a routing table update every 300 slots (6

s). Fifteen mobiles move around with constant velocities of 30, 50, or 100km/hr in a

5Km x 5Km area. We employed the time stationary random waypoint mobility model

described above.

Figures3–22and3–23show the simulation results for the link and the end-to-

end throughputs, respectively. They show that the throughputs for both unicasting and

simulcasting degrade as velocities increase. However, simulcasting still provides a

significant throughput gain. As expected, higher mobility levels generally result in lower

throughput as routing table information is more likely incorrect. This is observed to be

especially true at high average attempt rates.
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Figure 3–16.Network connectivity as a function ofθ for simulcasting with nonuniform
QPSK in a wireless ad hoc network with random node placement.

0 5 10 15 20 25 30 35 40 45
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Offset Angle θ (degrees)

P
ro

po
rt

io
n 

of
 R

ad
io

s 
w

ith
 M

or
e−

ca
pa

bl
e 

Li
nk

, R m

Analysis 

Simulation results,
connected networks only

Simulation results,
all networks 

Figure 3–17.Proportion of nodes with a more-capable link as a function ofθ for simul-
casting with nonuniform QPSK in a wireless ad hoc network with random
node placement.



48

10
−2

10
−1

10
0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Average Attempt Rate

A
ve

ra
ge

 L
in

k 
T

hr
ou

gh
pu

t

Simulcasting − Analysis 

Simulcasting − Simulation 

Unicasting − Simulation

Unicasting − Analysis 
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CHAPTER 4
PERFORMANCE OF SIMULCASTING WITH ADAPTIVE BACK-OFF

ALGORITHMS FOR SIMULCASTING

When a radio suffers a collision, the radio will wait a random back-off time that is

selected according to a geometric distribution. If the average value of the back-off time

is specified asTB, then the radio will begin its retransmission in each of the following

slots with probabilityTB
−1. So far, our study was based on assigning equal probability of

retransmission to every radio when a source radio recognizes that the transmitted packet

has collided with another transmission. In this dissertation, we investigate two approaches

to choose the parameterTB. In the first approach, the back-off time is equal for every

radio, named as “Equal Back-off (EQB)”. The performance of simulcasting with this

scheme was already investigated in Chapter3. The radios simulcasting can transmit two

packets while the radios unicasting can do just one packet per time slot, which means

resource utility available for the radios simulcasting can be up to twice that for the radio

unicasting. The second approach, the focus of this chapter, is named as “Priority Back-

off(PRB)”. In PRB, the back-off time is chosen unequally to give higher retransmission

probabilities to radios simulcasting than to radios unicasting.

We investigate the fairness of each scheme in terms of the achieved throughputs

across the radios in the network. The most simple interpretation of the fairness is how

close the distribution is to even sharing of resources among all the radios in a network.

However, the concept of fairness is multi-faceted depending on its application. For exam-

ple, as defined in [13], in terms of the equality of each radio’s link throughput, fairness

should be taken as evenness, defined as “service fairness”, but in terms of maximization

of network throughput, it should be taken as each radio’s effective utilization amount,

defined as “effort fairness”. In this dissertation, Dianatiet al.’s fair share allocation and
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utility based fairness [13] are modified to allocate back-off time unequally according to

simulcasting capability, and to measure “service fairness” and “effort fairness” whenPRB

is applied.

4.1 Priority Back-off

In this section, we modified Dianatiet al.’s fair share allocation scheme [13] to

assigns a higher chance of retransmission in each slot to the radios that have more-

capable links. The normalized fair share resource allocation of radioi is defined as

S
(a)
i =

1

Nt

+

(
S

(u)
i − 1

Nt

)
αA, (4–1)

whereNt is the total number of radios,αA is a constant from 0 to 1, and

S
(u)
i =

[1 + mi(θ)]∑Nt

i [1 + mi(θ)]
. (4–2)

Here,αA is used to trade off betweenservice fairnessandeffort fairness. WhenαA = 0,

S
(a)
i is not sensitive to theeffort fairness, and whenαA = 1, S

(a)
i has maximum sensitivity

to theeffort fairness. We considerαA = 0, 1/2, or 1 for our work, whereαA = 0 gives

equal share amount,αA = 1/2 gives equal sensitivity to sharing the common resource

(service fairness) to using it efficiently (effort fairness), andαA = 1 gives maximized

sensitivity toeffort fairnessfor resource allocation .Then,

S
(a)
i =





S
(a)
i,0 = (1− αA) 1

Nt
+ αA

Nt[1+Rm(θ)]
, mi(θ) = 0,

S
(a)
i,1 = (1− αA) 1

Nt
+ 2αA

Nt[1+Rm(θ)]
, mi(θ) = 1.

We select the unequal back-off timeT P
B,j for PRBwith simulcasting based according

to

T P
B,j =

TE
B

KS
(a)
i

. (4–3)
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where,TE
B is back-off time byEQBat a corresponding average attempt rateG, and

K is a constant to adjust the resultant back-off time to yield the average attempt rateG by

TE
B .

4.2 Fairness Index

Using unequal back-off parameters can improve link throughput at the expense of

evenness. For instance, the parameters can be such that radios simulcasting will nearly

always be able to transmit while the other radios are blocked. The link throughput

increases because there are few collisions for the radios simulcasting by blocking the

radios unicasting, but the network might become useless as the unequal back-off scheme

would cause significant blocking of a certain radios unicasting. Therefore, in comparing

different back-off parameters, we also consider the fairness provided using two different

fairness metrics. The first is the well known “Min-max index(MMI)” [ 14] which compares

the ratio of the minimum to the maximum amount of allocated resources among all the

users in a network as below, wherexi is the amount of allocated resource to useri. In this

dissertationxi is replaced with the achieved link throughput of radioi.

Imin−max =
min(xi)

max(xi)
. (4–4)

As we discussed fairness has different facets specified differently in the different

domain of resource allocation. In other words, fairness cannot always be considered as

even resource distribution because a system which is fair in terms of evenness (service

fairness) may not be fair if it is viewed in terms of the resource allocation amount to

each users to maximize network performances (effort fairness) when they have different

resource utilizing capabilities. Dianatiet al. proposed in [13] the “Utility Fairness

Index(UFI)” to capture the fairness sensitive toeffort fairness. For example, in our

simulcasting system, it makes sense to provide additional resources to those radios that
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can send at a higher rate (simulcasting), and they should not be penalized for that in the

fairness in the view point of optimized resource utilization.

By the application of Dianatiet al. [13], the normalized achieved throughput is

defined as

si =
xi∑
xi

. (4–5)

The value ofxi is replaced with link throughput of radioi, over a certain attempt rate

G. Then, the utility functionUi(s
(f)
i ) with the fair share allocation at a certain value ofα

is defined as

Ui(S
(f)
i ) =





√
si, si ≤ S

(f)
i

√
S

(f)
i , other wise,

where

S
(f)
i =

1

Nt

+

[
1 + mi(θ)∑
i(1 + mi(θ))

− 1

Nt

]
αF (4–6)

is the fair share of radioi, andαF indicates the trade off betweenservice fairness

andeffort fairness. Then, the “Utility Fairness Index(UFI)”, is defined as in [13] as

F (x) =




∑n
i=1 Ui(S

(f)
i )

∑n
i=1

√
S

(f)
i




2

. (4–7)

4.3 Simulation and Results

We perform simulation of back-off allocation byPRB based on utility based back-

off allocation in the random network previously described in Section3.5. Simulations

are carried out with various values ofαA. The markers∗, ◦, and¤ represent the results

for αA is equal to0.0, 0.5, and1.0, respectively. The 100 different uniformly distributed

random networks have been generated, and 4 fully connected networks are chosen for
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simulation among them. The running time is 5,000 time slots for each random network.

The simulation results are averaged over the 4 fully connected networks.

The results in Figure4–1shows the simulation results of maximum link throughput

as a function of the offset angleθ. The maximum is taken over all possible attempt

rates as in Section3.5. Note that asθ increases, so does the link throughput that can be

achieved. The results show that, in the relatively large range of offset angle, from 15 to 40

degree, the maximum link throughput increases up to about 10% and 20% byPRB with

αA equal to0.5 and1.0, respectively.

The results in Figure4–2shows the simulation results of maximum end-to-end

throughput as a function ofθ. The maximum is taken over all possible attempt rates as we

discussed. The results show that the end-to-end throughput is a non-monotonic function

of θ. The simulation results show that the end-to-end throughput is maximized byθ = 20

degrees. The results show that, in the relatively large range of offset angle, from 15 to 40

degree, the maximum end-to-end throughput also increase up to about from 3% to 10%

by PRB with αA equal to0.5 and1.0, respectively.

Figure4–3shows the simulation results ofMMI as a function ofθ. The results

show that theevennessdegrades as we allocate back-off to be more sensitive toeffort

fairness. The evenness for all three cases with differentαA values decline whenθ is over

25 degrees.

Figure4–4shows the simulation results ofUFI as a function ofθ. TheUFI is

observed at the same values ofαF with αA of fair share resource allocation except for the

marker4 which indicates the case withαA = 1.0, fully sensitive toeffort fairnessfor

the fair share resource allocation, andαF = 0.0, fully sensitive toservice fairnessfor

the fairness index. The results show that while theservice fairnessis degraded byPRB,

there’s no big change inUFI as the value ofαA increases compared toMMI. However,

theUFI also become worse asαA increases, which means, as same reason withMMI
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Figure 4–1.Maximum link throughput byPRB with variousαA values in random net-
work topology as the function of offset angleθ.

case,PRBis dependent ofRm, and becomes more sensitive at the value ofθ over25

degrees.
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Figure 4–2.Maximum end-to-end throughput byPRB with variousαA values in random
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CHAPTER 5
UNEQUAL RANDOM ROUTE SELECTION FOR SIMULCASTING

In this chapter, we investigate how the simulcasting capability can be exploited

at the network layer by adjusting the distribution of packets across multiple routes in a

system employing multipath routing. The modified min-hop routing for simulcasting

that we use in previous sections in this dissertation is presented in Section2.3. Based

on this min-hop routing algorithm, we may have several routes that have same number

of hops from a source radio to a final destination. However, each route is still likely to

differ in terms of simulcasting capability because of different numbers of relay radios

with more-capable links. Routes that have more relay radios with more-capable links will

transmit more packets per transmission opportunity and therefore be more efficient in

relaying a packet along the route. If a radio has multiple routes to a destination, this effect

should be considered when determining what proportion of packets to transmit on a route.

In this chapter, we provide a preliminary investigation of how simulcasting capability can

be exploited in the network layer in the allocation of packets across multiple routes. We

investigate the performance of varying the packet distribution across routes with different

simulcasting capabilities for several network topologies.

5.1 Network Model

The example networks that we consider have a source(S) and a destination(D)

radio connected by two routes with same number of hops but different simulcasting

capabilities. The three network topologies that we consider are shown in Figures5–

2–5–4. In order to reduce the simulation complexity and run time, we do not simulate

radios in the network other than those on the two routes fromS to D as if they were part

of a larger network. Every radio is modeled as having the same average attempt rateG

and same number of neighborsNb, which is defined as the network degree. So, given a
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transmission, the collision probability isPC =
∑Nb

i=1 CNb
i Gi(1 − G)Nb−i as in Section

3.2.1. Then the link throughput by unicasting is given bySU = G(1 − PC) and by

simulcasting isSS ≈ 2G(1 − PC), as in Chapter2. These values determine statistics

of the queue, such as the arrival and the service rates for a queue of a relay radio on a

route. If a packet from the source radio collides with another transmission at one of the

radios along the route, the packet will stay in the queue of the transmitting radio to wait

for re-transmission.

We consider a multipath routing scheme in which packets fromS are distributed

across the two routes according to a random distribution,as illustrated in Figure5–1. The

sourceS transmits packets at attempt rateG to only the destinationD. The two routes

have same number of hops toD, but may have different simulcasting capabilities. We

define themore-capable routeas the route which has larger simulcasting capability, and

the less-capable routeas the route which has less simulcasting capability. We select a

route for transmission randomly with probabilityR1 for themore-capable routeandR2

for the less-capable routeat each transmission, whereR1 + R2 = 1. We also define

theoptimal route selection rateas the route selection rate for themore-capable routeto

achieve the maximum end-to-end throughput.

S R1

R2

G

g

R1 + R2 = 1

Figure 5–1.Packet transmission from source radio to randomly selected route based on
simulcasting capability.
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We model three topologies of transmission routes in wireless ad hoc networks with

identical wireless radios deployed within a two-dimensional geographical territory. There

are two routes as we mentioned above. The two routes have same number of hops from

source radio to destination radio, but different simulcasting capabilities due to the number

of relay radios with simulcasting, or different number of more capable links along each

route. The upper route is themore-capable route, and the lower route is theless-capable

route. We assume that each route does not interfere with each other because they are

not within transmission range. We measure the end-to-end throughput as the number of

packets successfully transmitted fromS to D per time slot. Figures5–2–5–4show the

three topologies for which we present results. The filled circles represent radios that can

utilize simulcasting because they have more-capable neighbors, and the empty circles

represent radios that can only unicast. The bold lines represent more-capable links,

and the thin lines represent less-capable links. Topology 2 has more relay radios with

simulcasting on themore-capable routethan on the route of topology 1, but the number

of more-capable links are the same. Topology 3 has the same number of relay radios with

simulcasting on themore-capable routeas topology 2, but has more more-capable links.

The conditions of theless-capable routes are same for all topologies.

S D

Figure 5–2.Topology 1 for unequal random route selection based on simulcasting capa-
bility.
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S D

Figure 5–3.Topology 2 for unequal random route selection based on simulcasting capa-
bility.

S D

Figure 5–4.Topology 3 for unequal random route selection based on simulcasting capa-
bility.

5.2 Link Properties

In this section, we describe how we generate packets at the intermediate radios

along the routes fromS andD as if these radios were part of a larger network but without

simulcasting the other radios in the network. We model the inflow and out flow of traffic

to the queue of a radio along the route, as illustrated in Figures5–5. The statesn and

n + 1 in the circles represent the number of packets in the queue,p andq are arrival rate

and service rate, respectively. For the purposes of modeling packet arrivals and departures

at the radios along the two routes, we treat the arrivals and departures as independent. In

fact, these are not independent, as a radio may not successfully transmit and successfully

receive simultaneously. However, we expect this approximation will have little impact on

our results. Then,Q is the probability of no change in the number of packets after one

transmission time slot, which we approximate byQ = pq + (1− q)(1− p) + (1− p)P (0),

whereP (0) represents the probability that there is no packet in the queue at the current

transmission time slot.

The statistics of the queue status depend on the simulcasting capability, which is

determined by several network parameters such as the number of neighbors, the number
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Figure 5–5.Markov status diagram for the number of packets in a queue.

of more-capable links of a radio, and the number of more-capable link on the route.

Figures5–6– 5–10illustrate possible link statuses and their properties. The service rate

q simply includes any packet outgoing which include the packet fromS to D. However,

the arrival ratepb includes only basic message incoming by unicasting, and the arrival rate

due to additional messages incoming by simulcasting is represented by the symbolpa.

The traffic generated according to probabilitiespb andpa is not used to model the traffic

from S to D, which is fully simulated. The total incoming ratep is equal topb + pa. The

dotted arrows in Figures5–9and5–10represent additional message other than from the

source that is received by simulcasting at a radio along themore-capable route.

Figure5–6represents one of the possible link conditions,link model 1, that the relay

radio doesn’t have any more-capable link. So, it’s arrival and service rate correspond

to the link throughput by unicasting. However, because the total arrival ratep doesn’t

include the traffic incoming fromS, based on the assumption that every radio involved in

the transmission in the network is identical, and send packets uniformly on each branch,

the arrival ratep is related with the amount of packets incoming except from one branch

among allNb branches. Then,

p =
Nb − 1

Nb

SU + g,

q = SU .

Also, because the link on the route fromS is a less-capable link, traffic from the

source will be one packet at a time.
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Figure 5–6.Link model1 for analyzing queue status in random route selection based on
simulcasting capability. The relay radio doesn’t have a more capable link.

Figure5–7illustrates another possible link condition,link model 2, that the relay

radio can simulcast but doesn’t have any more-capable link on the route. So, it’s arrival

and service rate correspond to the link throughput by simulcasitng. The service rateq

is simply2SU . The arrival ratep is figured out in similar way withlink model 1, but

corresponds to throughput by simulcasting, and because this relay radio can simulcast, it

includes arrival rate for additional messagepa. The relay radio doesn’t have any more-

capable link on the route, so based on the assumption that sending additional message on

each more-capable links is uniform and independent on transmission of basic message,pa

is Su(Nm/N2
b ). Then, with similar analysis oflink model 1, whereNm is average number

of more-capable links of a radio,

p = SU

(
Nb − 1

Nb

+
Nm

N2
b

)
+ g,

q = 2SU .

Because the link on the source side on the route is a less-capable link, the traffic

coming from that direction arrive one packet per transmission.

Figure5–8illustrates another possible link condition,link model 3where the relay

radio can simulcast and has a more-capable link on the source side on the route. So,

it’s arrival and service rate correspond to the link throughput by simulcasitng. The

service rateq is simply2SU . The arrival ratep is figured out as similar way withlink
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Figure 5–7.Link model 2for analyzing queue status in random route selection based on
simulcasting capability. The relay radio has more capable links, but not on
the route.

model 2. However, one additional message comes from the source side. So, the amount of

additional messages included inpa is lessened by the proportion of one branch amongNm

branches. Then, the arrival rate for the additional message is given bySU(Nm − 1)/(N2
b ).

Then,

p = SU

(
Nb − 1

Nb

+
Nm − 1

N2
b

)
+ g,

q = 2SU .

Because the link on the source side on the route is a more-capable link, traffic

coming from that direction arrive two packets per transmission.

p
b

q

Traffic from

source

p
a

Figure 5–8.Link model 3for analyzing queue status in random route selection based on
simulcasting capability. The relay radio has more capable links, and one of
them is included on the source side of the route.

Figure5–9illustrates another possible link condition,link model 4, where the relay

can simulcast and has more-capable link on the destination side of the route. The only
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difference withlink model 3is that an additional message incoming to the radio is from

the destination side. So, the arrival rate for additional messagepa includes the additional

message from a radio on the destination side of the route. Then,

p = SU(
Nb − 1

Nb

+
Nm

N2
b

) + g,

q = 2SU .

Because the link on the source side of the route is a less-capable link, traffic from the

source side will arrive with only one packet per transmission.

p
b

q

Traffic from

the source

p
a

Figure 5–9.Link model 4for analyzing queue status in random route selection based on
simulcasting capability. The relay radio has more capable links, and one of
them is included on the destination side of the route.

Figure5–10represents the final possible link condition,link model 5, where the

relay radio can simulcast and has more-capable links to both neighbors on the route. The

arrival rate for additional messagepa in this condition is same withlink model 3. Then,

p = SU(
Nb − 1

Nb

+
Nm − 1

N2
b

) + g,

q = 2SU

Because the link on the source side of the route is a more-capable link, the traffic from

that direction will arrive with two packets per transmission.

In the above network model, we consider the end-to-end throughput which is

measured as the number of packets successfully transmitted from the source radio to the

destination radio per time slot. The statistics of the queue delay at each relay radio for the
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Figure 5–10.Link model 5for analyzing queue status in random route selection based on
simulcasting capability. The relay radio has more capable links, and two of
them are included at the both of source and destination sides of the route.

traffic from the source radio will affect to the end-to-end throughput. Now, we investigate

unequal random route selection which randomly assigns an unequal amount of traffic

from the source radio to each route.

5.3 Simulation and Results

We performed separate simulations for each of the three network topologies with

variations in the network degree and average number of more-capable links of a radio

with simulcasting. The source radio transmits packets at the same attempt rate as the

rest of the radio in the network, and all the packets transmitted by the source radio are

destined to destination radio. We randomly select a route for a packet to be transmitted

with probability ofR1 for themore-capable routeandR2 for the less-capable route.

The probabilitiesR1 andR2 are varied subject to0 ≤ R1 ≤ 1, 0 ≤ R2 ≤ 1, and

R1 + R2 = 1. The queue status of each relay radio is determined by the statistics

mentioned in Section5.2. If a packet transmitted from source radio is collided by the

collision probabilityPC in Section5.1at any relay radio on a route, the packet stays

in the queue of the original radio to wait for retransmission at average attempt rateG.

Simulation is performed on various attempt ratesG in the range from0 to 1. If a packet

is successfully transmitted, it moves to the end of the arrival queue of the next radio. The

packet selection is based on FIFO as mentioned in Section2.4. We ran 100,000 time
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slots to count the numbers of packets that were transmitted from the source radio and that

arrived at destination radio successfully for various probabilities ofR1 andR2.

We also performed simulations for a high-density network scenario in which the

network degree is 8 and the average number of more-capable links of a radio with

simulcasting is 4, and for a low-density network scenario in which the network degree is

6 and the average number of more-capable links of a radio with simulcasting is 3. The

results in Figures5–11and5–12show the simulation results for maximum throughput

in the high-density network and the low-density network, respectively, in each of the

three topologies. The marks∗, ¤, and◦ represent the simulation results for topology

1, topology 2, and topology 3, respectively. The low-density network results show the

same pattern of end-to-end throughput as in the high-density network, but give 43.24%,

32.14%, and 26.79% higher maximum end-to-end throughputs in topology 1, 2, and 3,

respectively. We believe that this is because the low number of neighbors gives a lower

collision probability at receivers. The results for the high-density network in Figure5–11

show that topology 2 and 3 give around 52% higher maximum end-to-end throughput

than topology 1, but almost no difference between topology 2 and 3. The results for

the low-density network in Figure5–12show that topology 2 and 3 give 39.62% and

33.96% higher maximum end-to-end throughput than topology 1, respectively, and the

difference between topology 2 and 3 is as small as 4.23%. This indicates that the end-

to-end throughput using random route selection is strongly dependent on the number of

relay radios with simulcasting, but not as much on the number of more-capable links on a

route.

The results for the high-density network in Figure5–11show that the maximum

end-to-end throughputs are improved by 270%, 450%, and 410% for topology 1, 2, and

3, respectively, by random route selection compared to the case that we choose theless-

capable routeonly. Compare to the case that we choose themore-capable routeonly, the

maximum end-to-end throughput is improved 37.04%, 27.27%, and 33.33%, for topology
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1, 2, and 3, respectively, by random route selection. Theoptimal route selection rateis in

the range from 0.6 to 0.9 which is over the equal distribution point (0.5) for the topology

2 and 3. For topology 1, it is in the range of 0.3 to 0.9, although it is very slightly higher

between 0.7 and 0.9.

The results for the low-density network in Figure5–12show that the maximum

end-to-end throughputs are improved by 270%, 410% and 390% for topology 1, 2, and

3, respectively, by random route selection compared to the case that we choose theless-

capable routeonly. Compare to the case that we choose themore-capable routeonly,

maximum end-to-end throughput is improved by 33.3%, 24.1%, and 21.1%, for topology

1, 2, and 3, respectively, by using random route selection. The optimal route selection rate

is around 0.5, and 0.7 for topology 1, and topologies 2 and 3, respectively.

The simulation results for both the high-density and low-density network show that

the optimal route selection rate is higher for topology 2 and 3 than in topology 1. This

indicates that the optimal route selection rate is strongly dependent on the number of

relay radios simulcasting on a route. The simulation results indicate that knowledge of

the simulcasting capabilities of radios along a route can be utilized in the network layer to

improve end-to-end throughput in a system employing multi-path routing.
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Figure 5–11.Maximum end-to-end throughput versus route selection ration for route 1 at
high density network.
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Figure 5–12.Maximum end-to-end throughput versus route selection ration for route 1 at
low density network.



CHAPTER 6
UNEQUAL POWER ALLOCATION FOR SIMULCASTING

In this chapter, we show that simulcasting is an effective technique to improve

throughput efficiency, which is measured as the throughput per unit energy, and propose

some distributed power control approaches to further improve the throughput efficiency

of simulcasting. The adaptation of the transmission power and spacing of points in the

constellation are considered in order to improve throughput efficiency. In the power

control scheme that we consider, the transmission power is adapted based on the link

distance of the intended receiver. We also consider the allocation of higher transmission

powers for radios simulcasting. Simulation results show that the proposed approaches

improve both throughput and throughput efficiency.

6.1 Power Allocation Scheme

6.1.1 Link Adaptive Transmission Power

The proposed strategy in this section is based on the assumption that the transmitter

can estimate the signal attenuation at a receiver by a certain channel measurement before

the actual transmission. Before the transmitter transmits a packet, it estimates the received

transmission power to satisfy target error probabilities for the basic and additional

messages, which adaptively determine the signal constellation point for simulcasting. So,

the offset angleθ is varied for each transmission based on the condition of the links to the

less-capable and more-capable receivers. The main purpose of this scheme is to reduce

the transmission power needed while satisfying a certain target error probability, so as

to reduce network interference to the rest of the radios in the network and minimize the

required transmit energy. The throughput may not be affected with this scheme because

the received signal power comes less at the same ratio that the network interference

does. However, it is expected to improve network performance in terms of throughput

71
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Figure 6–1.Symbol movement by minimized transmission power.

efficiency, which is defined as the throughput per unit energy [60]. Figure6–1illustrates

the signal constellation change by link adaptive transmission power for simulcasting.

Ebas,o, Eadd,o, andOffseto represent the original, before power control, energy for the

basic message, energy for the additional message, and offset angle, respectively.Ebas,p,

Eadd,p, andOffsetp represent the power-controlled energy for the basic message, energy

for the additional message, and offset angle, respectively.

6.1.2 Unequal Transmission Power Allocation

In order to better utilize the simulcasting capability, we also investigate allocating

more transmission power for simulcasting. Because a simulcast transmission delivers two

messages at a time, letting simulcasting have a relatively higher probability of successful

packet transmission by allocating more transmission energy is expected to increase both

throughput and throughput efficiency. In this dissertation, the additional transmission

power that is allocated to the radios is a parameter that is varied. Because allocating

higher transmission power to the radios simulcasting will cause higher interference to

the radios unicasting, the improved network performance by unequal transmission power

is achieved at the expense of unbalanced evenness such that the radios simulcasting

blocks the radio unicasting. However, as we discussed in Chapter4, fairness should be

interpreted in multi-faceted way. So, in this Chapter, we investigate the fairness described

in Chapter4 when unequal transmission power is applied.
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Figure 6–2.Unequal transmission power allocation.

Figure6–2illustrates the unequal transmission power allocation scheme. In the

figure,dl anddm indicate the link distances from the transmitter to the less-capable and

more-capable receivers, respectively.Pt indicates transmission power for unicasting, and

Pt,b andPt,a indicate the transmission power for basic message and additional message,

respectively, when a radio is simulcasting. Hereα andβ, α ≥ β, are power control factor

for simulcasting and unicasting, respectively.

6.2 Network Model

Figures6–3and6–4illustrate the transmission power allocation for unicasting

and simulcasting, respectively. We consider only the path loss in computing minimum

transmission powerPt, Pt,b, or Pt,a to achieve a target error probability at a receiver in

an AWGN channel without consideration of interference. Then the computed minimum

transmission power is unequally adjusted by power weightsβ andα for unicasting and

simulcasting, respectively. The weighted transmission powerPU andPS for unicasting

and simulcasting, respectively, are constrained such that the transmission range by power

control will not be over the original transmission power rangeR, which for discussion

purpose we normalize to 1.0. We also normalize the original transmission powerPo,

which is required for a target error probability at the boundaryR, as 1.0. In Figure6–3,

RM is the transmission range for an additional message, so the radio unicasting exists in

the range betweenRM andR. RU is the limit that the transmission range weighted byβ
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Figure 6–3.Diagram of transmission power range for unicasting.

is not overR when a radio is inside of the range. So, when a radio is outside ofRU , the

value ofβ should be adjusted so as final transmission range is not overR. In Figure6–4,

RS is the transmission range for basic message and is the limit that the transmission

range weighted byα is not overR when a radio is inside of the range. So, when a radio is

outside ofRS, the value ofα should be adjusted so as final transmission range is not over

R.

Let A be the event that a receiver radio is in the range betweenRM andRU , andA is

the event that the radio is out ofRU . Then the adjusted transmission power for unicasting,

PU , for a certain target error probability at a receiver distancedl from the transmitter is

PU =





β∆U = βdn
l , A : RM < dl ≤ RU

1, A : RU < dl ≤ 1,

where∆U = dn
l . RM = 2−1/n is the maximum transmission range for additional

messages. Similarly, for simulcasting, the adjusted transmission power,PS, weighted by



75

R

R
S

T
X

Bs

Bs

Figure 6–4.Diagram of transmission power range for simulcasting.

the power weight factor for simulcasting,α, is

PS =





α∆S = α
√

d2n
l + d2n

m , B : s ≤ RS

1, B : s > RS,

wheres =
√

d2
l + d2

m anddm is the link distance of more-capable receiver.B is the

event that a receiver radio is in the rangeRS, andB is the event that the radio is out of

RS. Then, the received signal strengthsSr,U andSr,S by unicasting and simulcasting,

respectively, at the receiver sites distancesdl anddm for the basic and additional message,

respectively, are

Sr,U =





β, A : RM < u ≤ RU

d−n
l , A : RU < u ≤ 1,

Sr,S =





α, B : s ≤ RS

ŝ−n, B : s > RS,
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where

ŝ =





dl, for basic message

dm, for additional message.

Then, the interference at the receiver from an interfereri, Ii, when the interfereri

transmits a packet, is

Ii = Pid
−n
i

wherePi is the adjusted transmission power of the interfereri, di is the distance between

the interfereri and the receiver. Then, the total interference,I, at the receiver is

I =
∑
i∈T

Ii,

whereT is the set of interferers which transmit simultaneously with the packet under

consideration.

Let Z be signal to interference and noise ratio(SINR) at the receiver. Then,

Z =





Sr,S

No+I
, if M = 1

Sr,U

No+I
, if M = 0.

whereM is the indicator that indicates a radio simulcasting whenM = 1, or unicasting

whenM = 0. Now, the transmitted packet is considered as collided at the receiver when

Z < γ, whereγ is the targetSINR. We measure the throughput efficiency defined as

throughput per unit energy consumption,

Slf =
S

P

Sef =
Sete

P
,

whereSlf andSef are the link throughput efficiency and end-to-end throughput effi-

ciency, respectively.S, Sete, andP̄ are link throughput, end-to-end throughput, and

average power consumption.
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6.3 Simulation Results

We let the target error probability be10−4, the transmission range by unicasting

without power control,R, be 1Km, the original transmission power,Po, for the target

error probability at the boundaryR be1, and the thermal noise,No, be−8.4dB. The

simulation was carried out overG from 0 to 1. The optimalG to maximize the link and

the end-to-end throughput is variable, and the effect of power control on the link and

the end-to-end throughput is quite different over the range ofG. So, we measure the

performances of the link and the end-to-end throughput as the summation of the link and

the end-to-end throughput overG from 0.1 to 1, which includes themaximal attempt rate,

Gm, which maximize the throughputs and call them the “total link throughput” and “total

end-to-end throughput”, respectively.

Figure6–5shows the simulation results for link throughput in (a), link throughput

efficiency in (b), end-to-end throughput in (c), and end-to-end throughput efficiency

in (d). The results indicate that link throughput as well as throughput efficiency can be

increased by properly allocating transmission power. For the link and the end-to-end

throughputs, the performances increase as bothα andβ increase, and at theα values

over3, they are almost saturated. For the link and the end-to-end throughput efficiencies,

the performances are not so sensitive toα as toβ, but have a greater dependence on

β. By allocating the transmission power unequally with power allocation weights of

β = 1.0 andα = 2.5, the link and the end-to-end throughput efficiencies increase about

34.4% and34.3%, respectively, with degradation of17.8% and15% for the link and the

end-to-end throughput, respectively. Depending on the applications, the weights can be

chosen to provide a trade off between throughput and throughput efficiency. For example,

by allocatingβ = 1.6 andα = 2.5, the link and the end-to-end throughput efficiencies

increase about15.6% and16.0%, respectively, with degradation of only6.7% and4.0%

for the link and the end-to-end throughput, respectively, compared to the maximum

values we found.
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Figure 6–5.Throughput and throughput efficiency by unequal transmission power alloca-
tion.

Figure6–6shows the simulation results ofMMI in (a),UFI with αF = 0.0 in (b),

UFI with αF = 0.5 in (c), andUFI with αF = 1.0 in (d) as discussed in Chapter4.

Fairness in terms ofMMI decreases from0.22 to 0.05 asβ decrease from2.4 to 1.0

over the range ofα greater than2. In terms ofUFI, it decreases from0.75 to 0.60 at the

same variation ofα andβ. All the fairness index which include theMMI and theUFIs

with three differentαF has similar patterns. That means the unequal transmission power

allocation doesn’t significantly affect the tradeoff betweenservice fairnessandeffort

fairness.
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Figure 6–6.Fairness by unequal transmission power allocation.



CHAPTER 7
CONCLUSIONS

We introduced the use of simulcast transmission techniques for ad hoc networks.

We applied a cross-layer approach in which the link- and network-layer protocols were

modified to effectively utilize the new capability presented by simulcasting. We proposed

some modifications to the routing, packet-selection, and back-off algorithms. The per-

formance of simulcast signaling was analyzed and simulated for a network that employs

slotted ALOHA. We presented detailed results on the effects of varying the offset angle

θ when nonuniform QPSK is used for simulcasting. We showed that we cannot simply

increase the signal constellation size to a larger constellation with uniform spacing

without severely affecting the network connectivity and end-to-end throughput. The

analytical and simulation results confirm that by choosing the simulcasting parameters

appropriately, simulcasting can significantly improve both link and end-to-end throughput

for static networks at the expense of a slight decrease in network connectivity.

Unequal resource allocations were studied to effectively utilize simulcasting

capability. First, modifications to the back-off parameters were simulated. A priority-

based MAC protocol was investigated in which the retransmission probabilities were

increased for those radios that have a more-capable receiver and decreased for those

radios that have only less-capable links. Increasing the priority was found to allow a

higher average link throughput to be achieved at high average attempt rates. Second, we

investigated random multiple route selection based on the simulcasting capabilities of

the radios along two routes in a system that employs multi-path routing. The simulation

results show that the end-to-end throughput was substantially increased by using multiple

routes and assigning greater transmission rates along the more-capable route. Third,

unequal transmission power for simulcasting was investigated. The simulation results
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show that throughput and throughput efficiency defined as throughput per unit power

consumption are increased by assigning relatively higher transmission power to the radio

simulcasting. Overall, unequal resource allocation for simulcasting increases throughput

and throughput efficiency at a certain expense of fairness.
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