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Abstract—A large set of potential applications being designed
for Intelligent Transportation Systems (ITS) depend on the
broadcasting of information and control packets by roadside
infrastructure points to vehicles in their vicinity. This paper
considers thebroadcast capacity of broadcast schemes and eval-
uates and compares the broadcast capacity of strategies based
on time-splitting, frequency-splitting and superposition coding.
Frequency-splitting is shown to always dominate time-splitting
and the conditions under which superposition coding dominates
the other two are derived. For these regimes, it is shown that
the broadcast capacities associated with superposition coding are
optimal. A proportionally fair algorithm for scheduling broadcast
packets is then proposed and its performance compared against
other schedulers.

Index Terms—Broadcasting, multiplexing, scheduling

I. I NTRODUCTION

The development of Intelligent Transportation Systems
promises to revolutionize vehicular technology in terms of
safety, efficiency, entertainment and environmental impact.
Many ITS systems depend on the timely transfer of data
between vehicles and roadside infrastructure points. This
paper addresses the problem of developing a strategy for
broadcasting in infrastructure to vehicle communications. The
infrastructure based broadcasts considered in this paper are
for the scenarios where vehicles are given information based
on their location. Such broadcasts in vehicular networks may
be used by numerous applications, the most important of them
being safety and traffic information related [13], [17], [21]. For
example, lane closure information at toll plazas, construction
related lane closures and delays, information about unsafe
road conditions (e.g. icy bridges), changes in speed limits
due to weather conditions or construction etc. may all be
broadcast by roadside infrastructure points. Also, while many
forms of emergency messages originate at the vehicles, a
subsequent broadcast by an infrastructure point may be a
more efficient means of distributing such messages. Broadcasts
by infrastructure points may also be used to distribute non-
critical information such as expected travel times, available
facilities in a rest area, information on parking availability etc.
There are also commercial applications that may benefit from
infrastructure point based broadcasts such as advertisements
by establishments in a neighborhood.

In typical ITS system applications listed above such as
traffic advisories, road condition information, local mapsand
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restaurants, etc. a roadside infrastructure point may want
to deliver different information to vehicles in different geo-
graphical locations. There is an inherent tradeoff betweenthe
rate of transmissions and the distance till which they may
be correctly decoded, as characterized by the well known
Shannon’s channel coding theorem [19]. Thus a key decision
that the scheduler associated with a broadcasting station has
to make is:which region to broadcast to and at what rate, in
order to maximize the throughput while maintaining fairness?
This is the problem addressed in this paper. Note that this
paper is interested only in the one hop transmissions from an
infrastructure point (that are assumed to cover their intended
region) and not multi-hop transmissions to expand the scope
of the broadcast.

To address this problem, this paper uses the notion of
broadcast capacity, analogous to the notion of transport ca-
pacity developed in [7], to determine the utility associated
with a broadcast packet. In [7], the transport capacity of a
transmission is defined as the product of the rate and the
distance it traverses. In our case, we modify this definition
by giving multiple credit for broadcast packets, corresponding
to the number of receivers of the packet, as done in [18].
This paper compares the broadcast capacity of various trans-
mission strategies and evaluates the conditions under which
one strategy dominates the other. Finally, a proportionally fair
scheduling policy is proposed that strives to maximize the
broadcast utility while maintaining fairness.

For a given bandwidth and transmission power, a typical
broadcast strategy would be to either use the entire available
bandwidth to transmit to different regions over different peri-
ods of time (time-splitting) or to split the available bandwidth
into non-overlapping bands and transmit to different regions
simultaneously over different bands (frequency-splitting). Ex-
isting literature focusing on the communications from infras-
tructure points to vehicles are primarily based on variations of
the two schemes above. In [9] the author proposes variations
of centralized and decentralized time-splitting mechanisms.
Technologies based on both time and frequency-splitting for
infrastructure to vehicular communications are considered in
[10], [12], [15]. The upcoming IEEE 802.11p WAVE standards
for infrastructure to vehicular communications and the US
Department of Transport’s Dedicated Short Range Commu-
nications System (DSRC) is also based on time-splitting [6]
while a multi-channel variant is considered in [14]. Much
of the existing literature on broadcast protocols for vehicular
networks are for the multi-hop case with the focus on reducing
the number of re-broadcasts and are aimed primarily at ad hoc
networks and vehicle-vehicle communications [1], [3], [11],
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[20]. These papers do not address the problem considered in
this paper. Finally, while code division multiplexing may also
be used for vehicular communications [4], [16], the dynamic
reallocation of codes as vehicles move to different parts of
the network introduces additional overhead and is thus not
considered in this paper.

This paper first compares the effectiveness of schemes
based on frequency and time-splitting with a third mechanism
that uses superposition coding [5]. This paper shows that
while the broadcast capacity of frequency-splitting always
dominates that of time-splitting, under certain conditions,
superposition coding may dominate both time and frequency-
splitting. Unlike [2] where it is shown that the rates achievable
by superposition codingalways dominate that of time and
frequency-splitting, we show that this result does not holdin
all cases whenbroadcast capacity is considered as the metric.
The paper then proposes a broadcast scheduling algorithm that
maintains proportional fairness. Simulation results are used to
evaluate the performance of the proposed scheduler.

The rest of the paper is organized as follows. Section
II compares the broadcast utilities of different transmission
strategies and derives the conditions under which superposition
coding dominates other strategies. Section III proves the
optimality of the utilities associated with superpositioncoding
and Section IV presents the proportionally fair scheduling
algorithm. Finally, Section V presents the simulation results
while Section VI presents the concluding remarks.

II. COMMUNICATION STRATEGIES

This section considers three communication strategies and
evaluates them in terms of their broadcast capacity: time-
splitting, frequency-splitting and superposition coding. While
the Shannon capacity of these schemes is well known [2],
this paper considers the slightly different notion of broadcast
capacity. While superposition coding always dominates the
other two transmission schemes in terms of the Shannon
capacity [2], we show that this is not necessarily the case
when considering the broadcast capacity.

A. Transport Capacity

This section formally defines the notion of the broadcast
capacity of a broadcast packet based on [7], [18]. Consider a
communication system with a transmission power ofP watts
where the transmitter and receiver are separated by a distance
of d meters. The channel bandwidth is assumed to beW Hz
and the communication channel is subject to additive white
Gaussian noise with power spectral density ofNo watts/Hz.
A transmitted signal is assumed to decay according tod−α

with distance, whereα is the channel attenuation constant and
assumed to beα > 2. All antenna and system parameters are
assumed to be 1. Shannon’s theorem on channel capacity then
states that considering all coding schemes, the largest rate C

at which the transmitter may send messages with arbitrarily
low bit error rates to the receiver is given by [19]

C = W log2

(

1 +
Pd−α

WNo

)

(1)

In this paper, the terms “error free communication” and
“communication with arbitrarily low bit error rates” are used
interchangeably, as is the practice in literature.

The distance till which a given rate may be supported
with arbitrarily low error rates depends on the transmit power
and the ambient noise. Since a broadcast packet conveys
information targeted to all nodes that receive it, the broadcast
capacity associated with the transmission is a function of
the transmission rate, the distance it traverses, as well as
the number of nodes that receive the packet. In this paper
we are only interested in one hop broadcast data and not
multi-hop traffic. Thus the distance a message propagates due
to a broadcast transmission is not important in our context.
Consequently, we interpret the broadcast capacity as a quantity
that is proportional to the product of the data rate and the
number of receivers of the broadcast data. If the region around
the transmitter where vehicles may successfully receive the
broadcast packet can be described by a circular region with
radius dmax, the broadcast capacity of the transmission is
defined as [18]

U = C(dmax)γ (2)

whereγ is a parameter that can be selected to represent the
relationship between the transmission range and the number
of vehicles. The parameter is bounded by1 ≤ γ < 2 since the
road lengths and parking areas grow at least linearly with the
radius but not faster than(dmax)2. In the context of vehicular
networks, the broadcast capacity as defined above gives an
indication of the effectiveness of each transmission in terms
of the number of vehicles it serves and the rate at which it
transmits data.

Commercial wireless communication systems are built to
transmit at one or more predefined rates. For example, devices
complying to the IEEE 802.11a standards may transmit at
6, 9, 12, 18, 24, 36, 48 and 54 Mbps and employ different
modulation and coding schemes for different rates. Given
that a transmitter needs to convey information to receivers
at geographically diverse locations, different modulation and
coding schemes may be used to select the rate and split the
available power and bandwidth. In this paper, we assume
that two modulation and coding schemes are available to the
infrastructure point transmitter corresponding to rates of C1
and C2 (in contrast, existing work such as [18] assume that
a node may transmit at any arbitrary rate, leading to different
results). Without loss of generality, we assume thatC1 < C2.
While we expect our results to generalize for larger number of
modulation and coding schemes, extension of our results for
these cases remains an open problem. The broadcast capacity
of the three communication strategies are evaluated next.

B. Time Splitting

In the time-splitting strategy, the transmitter alternates be-
tween transmitting at rates ofC1 and C2 and uses the
entire spectrum and power for each rate. We denote byτ

the fraction of time that the transmitter devotes to rateC1
while the remaining1 − τ is spent transmitting at rateC2.
Let d1 and d2 denote the maximum distance till which error
free transmissions may be received at rates ofC1 and C2,
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respectively. From Eqn. (1) we then have

di =

[

P

WNo(2Ci/W − 1)

]
1
α

(3)

wheredi andCi, i = 1, 2 correspond to the two modulation
and coding schemes. Since a transmission rate ofC1 is
achieved for a fractionτ of the time whileC2 is achieved
for 1 − τ , the broadcast capacities that can be achieved by
time-splitting is given by

UTS
1 = τC1

[

P

WNo(2C1/W − 1)

]

γ
α

(4)

UTS
2 = (1 − τ)C2

[

P

WNo(2C2/W − 1)

]

γ
α

(5)

andτ may be varied in the interval[0, 1] to obtain the entire
range.

C. Frequency Splitting

With frequency-splitting, transmissions at both rates maybe
carried out simultaneously by splitting the available bandwidth
into two non-overlapping bands. Additionally, the available
power may also be split between the two transmissions to
control the distance till which error free communications may
be made at either rate. Denote byδ and1− δ, 0 ≤ δ ≤ 1, the
fraction of the bandwidth allocated to transmissions at rate
C1 and C2, respectively. Also, letǫ and 1 − ǫ denote the
fraction of available power devoted to transmissions at rate
C1 andC2, respectively. For a receiver at a distanced from
the sender transmitting with powerǫP and bandwidthδW ,
the maximum achievable error free communication rate is

C = δW log2

(

1 +
ǫPd−α

δWNo

)

(6)

The maximum distances till which transmissions at arbitrarily
low error rates can then be received for the two modulation
and coding schemes is then given by

di =

[

ǫiP

δiWNo(2Ci/δiW − 1)

]
1
α

(7)

where i ∈ {1, 2} corresponding to transmissions at rateC1
and C2 respectively andǫ1 = ǫ, ǫ2 = 1 − ǫ, δ1 = δ and
δ2 = 1 − δ. The corresponding broadcast capacities are then

UFS
1 = C1

[

ǫP

δWNo(2C1/δW − 1)

]

γ
α

(8)

UFS
2 = C2

[

(1 − ǫ)P

(1 − δ)WNo(2C2/(1−δ)W − 1)

]

γ
α

(9)

The parametersδ and ǫ can be varied independently over the
range[0, 1] to obtain the entire range of achievable broadcast
capacity points.

D. Superposition Coding

Superposition coding schemes have been proposed in [5]
wherein the transmitter uses the entire bandwidth indepen-
dently for transmitting simultaneously to multiple receivers,
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Fig. 1. Comparison of broadcast capacities of time-splitting(TS), frequency-
splitting (FS) for three values ofδ and superposition coding (SC). Parameters
used:C1 = 0.2, C2 = 0.5, α = 4, γ = 1.5, W = 1, No = 1 andP = 1.
Note: U1 is the primary receiver (with rateC1) and U2 is the secondary
receiver (with rateC2).

using two or more modulation and coding schemes. Consider
the operation of a superposition scheme with two simulta-
neous transmissions. With superposition coding, in addition
to sending a message to a primary receiver, the transmitter
superimposes an additional message destined to a secondary
receiver on top of the message destined for the primary
receiver. The available transmission power is split between
these two transmissions. The transmitter then modulates and
encodes the two packets separately at the desired rates and the
modulated symbols are scaled according to the desired power
split. The two signals are then summed to obtain the signal to
be transmitted.

Different rules are used by the two receivers to decode their
packets. The primary receiver decodes its packet while treat-
ing the superimposed signal as interference. The secondary
receiver first decodes the primary packet, then re-encodes the
packet, and then subtracts it from the original received signal.
It then decodes the remaining signal to obtain the secondary
transmission (also called successive interference cancellation).
If the distances from the transmitter to the primary and
secondary receivers ared1 andd2 respectively and a fraction
β of the power is spent on the primary transmission, the
achievable rates to the two receivers is given by

C1 = W log2

(

1 +
βPd−α

1

(1 − β)Pd−α
1 + WNo

)

(10)

C2 = W log2

(

1 +
(1 − β)Pd−α

2

WNo

)

(11)

To ensure that the secondary receiver is able to decode the
primary transmission whenever the primary receiver is able
to, and also to ensure that the remaining signal after the
subtraction has a sufficiently high signal to noise ratio, the
channel quality to the secondary receiver should be better than
that of the primary receiver.

This paper considers the applicability of superposition
coding schemes for infrastructure based broadcasting. If the
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ambient noise in the channel is governed by the same white
Gaussian noise process, regions closer to the infrastructure
point would have a statistically better channel quality than
those farther away. Thus vehicles in a nearer region can operate
as the secondary receivers while those in a region further away
may serve as primary receivers. Given that the infrastructure
point can only transmit at ratesC1 and C2, substituting
C1 = C1 and C2 = C2 in Eqns. (10) and (11) and solving
for d1 andd2, the maximum distances till which superposition
coding may be successfully employed are given by

d1 =

[

P − (1 − β)P2C1/W

WNo(2C1/W − 1)

]

1
α

(12)

d2 =

[

(1 − β)P

WNo(2C2/W − 1)

]
1
α

(13)

Note that Eqn. (12) implies that the power allocated to the
secondary transmissions must be kept sufficiently small in
order to make superposition coding feasible. Specifically,the
fraction of power allocated to secondary transmissions should
satisfy (1 − β) < 1

2C1/W to ensured1 > 0. When this
condition is satisfied, the broadcast capacities associated with
the superposition coding based broadcast are then given by

USC
1 = C1

[

P − (1 − β)P2C1/W

WNo(2C1/W − 1)

]

γ
α

(14)

USC
2 = C2

[

(1 − β)P

WNo(2C2/W − 1)

]

γ
α

(15)

When(1−β) ≥ 1
2C1/W , only one set of transmissions is feasi-

ble and the achievable broadcast capacity points(USC
1 , USC

2 )
belong to the set(0, USC

2 ). The parameterβ can be varied
over the range[0, 1] to obtain the entire range of achievable
broadcast capacity points.

Figure 1 compares the set of broadcast capacity points
achievable using superposition coding against those achieved
by time and frequency-splitting. For each case, the curves
are generated by varying the fraction of power allocated to
transmissions at rateC1 in the range[0, 1]. While superpo-
sition coding broadcast capacities dominate that of time and
frequency-splitting over a part of the figure, the relationship
is reversed in the rest1. The following subsections study the
relative performance of the three schemes.

Finally, we note that the ratesC1 andC2 for the primary
and the secondary transmissions may be interchanged without
loss of generality. The results in this section as well as the
subsequent ones still hold and we only need to interchange
C1 andC2 in the equations.

E. Dominance of Frequency over Time-Splitting

Figure 1 shows that for a givenδ, there exists a region where
the broadcast capacities achieved by frequency-splittingdom-
inates that of time-splitting. This section analytically shows
that the performance of a broadcast scheme using frequency-
splitting dominates that of a scheme based on time-splitting.

1If all the available power is allocated to one transmission, then both the
X and Y-axis intervepts would be the same for the superposition coding and
time-splitting curves.

Result 1: For any broadcast capacity point(UTS
1 , UTS

2 )
achievable using time-splitting, there exists an broadcast ca-
pacity point(UFS

1 , UFS
2 ) that dominates it in the sense

UFS
1 ≥ UTS

1 (16)

UFS
2 ≥ UTS

2 (17)

whereUTS
1 , UTS

2 , UFS
1 andUFS

2 are given by Eqns. (4), (5),
(8) and (9) respectively. The inequalities are strictly satisfied
in all cases except whenτ = 0 or τ = 1 when the expressions
hold with an equality.

Proof: First consider the case when0 < τ < 1. The proof
for this part proceeds in two steps. The first step shows that
for a givenδ, the curve corresponding to the set of broadcast
capacity points achieved by varyingǫ is concave downward.
Then the concavity result is combined with a result showing
that for any0 < τ < 1 there exists a0 < δ < 1 and0 < ǫ <

1 such that the frequency-splitting broadcast capacity curve
defined by the givenδ, as a function ofǫ, intersects with
the line defining the broadcast capacities achieved by time-
splitting.

Consider the parametric curve defined by the broadcast ca-
pacity points(UFS

1 , UFS
2 ) associated with frequency-splitting

for a givenδ asǫ varies in the range(0, 1). To show that this
curve is concave (downward), it suffices to show thatd2y

dx2 < 0
with x = UFS

1 andy = UFS
2 . Now,

dx

dǫ
= C1

[

P

δWNo(2C1/δW − 1)

]

γ
α γ

α
(ǫ)

γ
α−1 > 0 (18)

dy

dǫ
= −C2

[

P

(1 − δ)WNo(2C2/(1−δ)W − 1)

]

γ
α γ

α
(1− ǫ)

γ
α−1

(19)
Combining the two equations above, we have

dy

dx
= −

C2

C1

[

δ(2C1/δW − 1)

(1−δ)(2C2/(1−δ)W −1)

]

γ
α

[

1−ǫ

ǫ

]

γ
α−1

(20)

d

dǫ

dy

dx
=

C2

C1

[

δ(2C1/δW − 1)

(1−δ)(2C2/(1−δ)W −1)

]

γ
α
[

γ−α

αǫ2

][

1−ǫ

ǫ

]

γ
α−2

< 0 (21)

where Eqn. (21) uses the fact thatγ − α < 0 while all other
quantities are positive. Using the results of Eqns. (21) and(18)
we then have

d2y

dx2
=

d
dǫ

dy
dx

dx
dǫ

< 0 (22)

Since the second derivative is negative, the curve correspond-
ing to the frequency-splitting broadcast capacities for any δ is
concave.

Next, consider the intersection point of the time-splitting
broadcast capacity line and a frequency-splitting broadcast
capacity curve. For a givenτ , the broadcast capacities achieved
by time-splitting are given by Eqns. (4) and (5). The values
of δ and ǫ where the frequency-splitting broadcast capacities
are equal to the time-splitting broadcast capacities specified
by the givenτ are obtained by equatingUTS

1 = UFS
1 and

UTS
2 = UFS

2 and solving simultaneously forǫ andδ. Equating
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UTS
1 = UFS

1 gives

τC1

[

P

WNo(2C1/W − 1)

]

γ
α

= C1

[

ǫP

δWNo(2C1/δW − 1)

]

γ
α

⇒ ǫ = τ
α
γ

[

δ(2C1/δW − 1)

2C1/W − 1

]

(23)

Similarly, equatingUTS
2 = UFS

2 gives

(1−τ)C2

[

P

WNo(2
C2
W −1)

]

γ
α

= C2

[

(1 − ǫ)P

(1−δ)WNo(2
C2

(1−δ)W−1)

]

γ
α

⇒ 1 − ǫ = (1 − τ)
α
γ

[

(1 − δ)(2C2/(1−δ)W − 1)

2C2/W − 1

]

(24)

Substitutingǫ from Eqn. (23) in Eqn. (24),δ can be obtained
by solvingf(δ) = 0 for δ where

f(δ) = (1 − τ)
α
γ

[

(1 − δ)(2C2/(1−δ)W − 1)

2C2/W − 1

]

−

[

1 − τ
α
γ

(

δ(2C1/δW − 1)

2C1/W − 1

)]

(25)

Note that a solution to the above equation exists for0 < δ < 1.
This can be seen by observing that

f(0) = +∞ (26)

f(1) = −
[

1 − τ
α
γ

]

< 0 (27)

Thusf(1) andf(0) are of opposite signs and a solution must
exist in the range(0, 1). The value ofǫ can then be obtained
by substitutingδ in Eqn. (23). Now, Eqn. (24) implies

(1 − τ)
α
γ = (1 − ǫ)

2C2/W − 1

(1 − δ)(2C2/(1−δ)W − 1)

< 1 − τ
α
γ

(

δ(2C1/δW − 1)

2C1/W − 1

)

(28)

⇒ τ
α
γ <

[

1 − (1 − τ)
α
γ

] 2C1/W − 1

δ(2C1/δW − 1)
(29)

where Eqn. (28) results from the fact that for0 < δ < 1,
2C2/W −1 < (1−δ)(2C2/(1−δ)W −1). Substituting Eqn. (29)
in Eqn. (23) gives

ǫ = τ
α
γ

[

δ(2C1/δW − 1)

2C1/W − 1

]

<
(

1 − (1 − τ)
α
γ

)

[

2C1/W − 1

δ(2C1/δW − 1)

][

δ(2C1/δW − 1)

2C1/W − 1

]

= 1 − (1 − τ)
α
γ < 1 (30)

Also, sinceτ, δ, C1,W > 0, Eqn. (23) implies thatǫ > 0.
Thus the solution forǫ also lies in the range(0, 1). This
in turn implies that for any time-splitting scheme with0 <

τ < 1, there exists a feasible frequency-splitting scheme with
0 < δ, ǫ < 1 so that the line corresponding to the time-
splitting broadcast capacities and the curve corresponding to
the frequency-splitting broadcast capacities intersect.Since
the curve corresponding to the frequency-splitting broadcast
capacities for anyδ is concave, this in turn implies that
there exists a non-trivial portion of this curve above the

time-splitting line. As τ is varied in the range(0, 1), a
continuous set of broadcast capacity curves for frequency-
splitting is generated for the correspondingδ’s. The envelop
of these frequency-splitting broadcast capacity curves strictly
dominates the time-splitting broadcast capacity line since all
frequency-splitting curves have some portion of them above
the time-splitting line.

Finally, consider the cases whenτ = 0 or τ = 1. Whenτ =
1, the broadcast capacities associated with time-splittingcan
be compared with the frequency-splitting broadcast capacities
whenδ = 1 and ǫ = 1. This gives

UTS
1 = C1

[

P

WNo(2C1/W − 1)

]

γ
α

= UFS
1 (31)

UTS
2 = 0 = UFS

2 (32)

When δ = 1 and ǫ = 1 in Eqns. (8) and (9), the broadcast
capacities associated with frequency-splitting become the same
as the time-splitting case withτ = 1. Similarly, the time-
splitting broadcast capacities whenτ = 0 can be compared
with the frequency-splitting broadcast capacities whenδ = 0
and ǫ = 0. This gives

UTS
1 = 0 = UFS

1 (33)

UTS
2 = C2

[

P

WNo(2C2/W − 1)

]

γ
α

= UFS
2 (34)

which are the same as the frequency-splitting broadcast ca-
pacities whenδ = 0 and ǫ = 0 This completes the proof.

F. Dominance Results for Superposition Coding

This section shows that unlike Shannon capacity where
superposition coding always dominates, when the broadcast
capacity is considered, frequency-splitting may dominatesu-
perposition coding under certain scenarios. In Section II-D
it was noted that simultaneous transmissions at two rates is
possible with superposition coding if the fraction of power
alloted to transmissions with rateC2 satisfies(1−β) < 1

2C1/W .
This section determines the conditions required for broadcast
capacities achieved with superposition coding to dominate
those achieved by time and frequency-splitting. Conditions
determining the scenarios where frequency-splitting dominates
superposition coding are also derived. Note that since the
previous subsection shows that frequency-splitting dominates
time-splitting, it suffices to consider the relationship between
superposition coding and frequency splitting.

Result 2: If the fraction of bandwidthδ allocated to trans-
missions at rateC1 under frequency-splitting satisfies(1 −
δ)(2C2/(1−δ)W − 1) ≥ 2C1/W (2C2/W − 1), for any broad-
cast capacity point(UFS

1 , UFS
2 ) achievable using frequency-

splitting, there exists a broadcast capacity point(USC
1 , USC

2 )
achievable using superposition coding that dominates it inthe
sense

USC
1 ≥ UFS

1 (35)

USC
2 ≥ UFS

2 (36)

whereUFS
1 , UFS

2 , USC
1 andUSC

2 are given by Eqns. (8), (9),
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(14) and (15) respectively. The inequalities are strictly satisfied
in all cases except whenǫ = 0 and(1−δ)(2C2/(1−δ)W −1) =
2C1/W (2C2/W − 1) or δ = 1 andǫ = 1 when the expressions
hold with an equality.

Proof: Pick any broadcast capacity point achievable by
frequency-splitting as specified by a choice ofδ and ǫ with
(1 − δ)(2C2/(1−δ)W − 1) > 2C1/W (2C2/W − 1). Now,

(1−ǫ)(2C2/W −1)

(1−δ)(2C2/(1−δ)W −1)
<

(1 − ǫ)(2C2/W − 1)

2C1/W (2C2/W − 1)

≤
1

2C1/W
(37)

Using the result above to ensure its feasibility, select1 − β

such that

(1−ǫ)(2C2/W −1)

(1−δ)(2C2/(1−δ)W−1)
< 1−β <

1

2C1/W

[

1−
ǫ(2C1/W−1)

δ(2C1/δW−1)

]

≤
1

2C1/W

The broadcast capacity associated with the transmissions at
rateC1 then satisfies

USC
1 = C1

[

P − (1 − β)P2C1/W

WNo(2C1/W − 1)

]

γ
α

> C1

[

ǫP

δWNo(2C1/δW − 1)

]

γ
α

= UFS
1 (38)

The broadcast capacity associated with the transmissions at
rateC2 satisfies

USC
2 = C2

[

(1 − β)P

WNo(2C2/W − 1)

]

γ
α

> C2

[

(1 − ǫ)P

(1−δ)WNo(2C2/(1−δ)W −1)

]

γ
α

= UFS
2 (39)

Next, consider the special case whereǫ = 0 and (1 −
δ)(2C2/(1−δ)W − 1) = 2C1/W (2C2/W − 1). The broadcast
capacities associated with frequency-splitting in this case can
be compared with the special case of superposition coding
when1 − β = 1

2C1/W .

UFS
1 = 0 = USC

1 (40)

UFS
2 = C2

[

P

(1 − δ)WNo(2C2/(1−δ)W − 1)

]

γ
α

= C2

[

(1 − β)P

WNo(2C2/W − 1)

]

γ
α

= USC
2 (41)

Finally, when δ = 1 and ǫ = 1, compare the associated
frequency-splitting broadcast capacities with the special case
of superposition coding whenβ = 1. This gives,

UFS
1 = C1

[

P

WNo(2C1/W − 1)

]

γ
α

= USC
1 (42)

UFS
2 = 0 = USC

2 (43)

which completes the proof.

The condition(1−δ)(2C2/(1−δ)W −1) ≥ 2C1/W (2C2/W −
1) which ensures the dominance of superposition coding
broadcast capacities is related to the fraction of the bandwidth

δ that is allocated to transmissions at rateC1 by the frequency-
splitting scheme. Consider the broadcast capacities associated
with the superposition coding scenario where1− β = 1

2C1/W

as given in Eqns. (40) and (41). Simultaneous transmissions
at both rates are possible asβ is increased beyond this point.
The condition(1−δ)(2C2/(1−δ)W −1) ≥ 2C1/W (2C2/W −1)
ensures that even if all the available power is allocated to
transmissions at rateC2, the available bandwidth(1− δ)W is
not sufficient for the frequency-splitting broadcast capacities
to dominate those of superposition coding. The following
result shows the conditions under which frequency-splitting
dominates superposition coding.

Result 3: If the fraction of bandwidthδ allocated to trans-
missions at rateC1 under frequency-splitting satisfies(1 −
δ)(2C2/(1−δ)W −1) < 2C1/W (2C2/W −1) and1−β > 1

2C1/W ,
for any broadcast capacity point(USC

1 , USC
2 ) achievable using

superposition coding, there exists a broadcast capacity point
(UFS

1 , UFS
2 ) that dominates it in the sense

UFS
1 ≥ USC

1 (44)

UFS
2 ≥ USC

2 (45)

whereUFS
1 , UFS

2 , USC
1 andUSC

2 are given by Eqns. (8), (9),
(14) and (15) respectively. The inequalities are strictly satisfied
in all cases except whenǫ = 0 andδ = 0 when the expressions
hold with an equality.

Proof: With 1 − β > 1
2C1/W , the superposition coding

broadcast capacities for a givenβ are given by

USC
1 = 0 (46)

USC
2 = C2

[

(1 − β)P

WNo(2C2/W − 1)

]

γ
α

(47)

Consider aτ such that0 < τ < 1 − (1 − β)
γ
α . The cor-

responding broadcast capacities for the time-splitting scheme
are then

UTS
1 = τC1

[

P

WNo(2C1/W − 1)

]

γ
α

>
(

1 − (1 − β)
γ
α

)

C1

[

P

WNo(2C1/W − 1)

]

γ
α

> 0 = USC
1 (48)

UTS
2 = (1 − τ)C2

[

P

WNo(2C2/W − 1)

]

γ
α

> (1 − β)
γ
α C2

[

P

WNo(2C2/W − 1)

]

γ
α

= USC
2 (49)

Thus there exists a set of broadcast capacities achievable
with time-splitting that dominates superposition coding.From
Claim 1, for any set of time-splitting broadcast capacities,
there exists a set of frequency-splitting broadcast capacities
that dominates it. Thus there must exist a set of frequency-
splitting broadcast capacities that dominate superposition cod-
ing.
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III. O PTIMALITY OF SUPERPOSITIONCODING UTILITIES

The previous section compared the broadcast capacities
obtained by the three transmission strategies considered in
this paper. This section shows that the broadcast capacities
achieved by the superposition coding strategy is optimal. The
optimality holds only for cases where the fraction of total
power allocated to transmissions at rateC2 is less than 1

2C1/W

and thus error free transmissions at rateC1 are also feasible.
The set of achievable broadcast capacities with superposi-

tion coding,(USC
1 , USC

2 ) are given in Eqns. (14) and (15) for
the cases where1 − β < 1

2C1/W . We then have the following
result about the optimality of these broadcast capacities:

Result 4: No broadcast capacity point{U1, U2} such that

U1 ≥ C1

[

P − (1 − β)P2C1/W

WNo(2C1/W − 1)

]

γ
α

(50)

U2 = C2

[

(1 − β)P

WNo(2C2/W − 1)

]

γ
α

+ ∆ (51)

is feasible, where∆ > 0.
Proof: We prove the result above by contradiction. As-

sume that the broadcast capacities given by Eqns. (50) and
(51) are feasible. Since the quantitiesC2, W , No, γ andδ are
constants, the only way to increase the broadcast capacityU2

over that ofUSC
2 , as given in Eqn. (15), is by increasing the

power allocated to transmissions at rateC2. This can be seen
in the following:

U2 = C2

[

(1 − β)P

WNo(2C2/W − 1)

]

γ
α

+ ∆

= C2

[

(1 − β)P

WNo(2C2/W − 1)
+ ∆′

]

γ
α

= C2

[

(1 − β)P + λP

WNo(2C2/W − 1)

]

γ
α

where ∆′ =

[

(

(1−β)P
WNo(2C2/W

−1)

)

γ
α

+ ∆
C2

]
α
γ

−

(1−β)P
WNo(2C2/W

−1)
> 0 and ∆′ = λP

WNo(2C2/W
−1)

> 0.
Thus the power available for transmissions at rateC1 is
P − (1 − β)P − λP = (β − λ)P . Using Eqn. (12), the
maximum distance at which the transmissions at rateC1 can
be received with arbitrarily low error rates is given by

d =

[

(β − λ)P − (1 − β + λ)P (2C1/W − 1)

WNo(2C1/W − 1)

]

1
α

=

[

P − (1 − β + λ)P2C1/W

WNo(2C1/W − 1)

]

1
α

(52)

The broadcast capacity of the transmissions at rateC1 is then
given by the productC1(d)γ and we have

U1 = C1

[

P − (1 − β + λ)P2C1/W

WNo(2C1/W − 1)

]

γ
α

< C1

[

P − (1 − β)P2C1/W

WNo(2C1/W − 1)

]

γ
α

This is a contradiction of Eqn. (50) and the result is thus

proved.

IV. B ROADCAST SCHEDULING ALGORITHM

In this section we use the results from the previous sections
to develop a proportionally fair algorithm for scheduling
broadcast packets. We consider a static infrastructure point
that needs to broadcast packets generated by the ITS to
vehicles in its vicinity. The rate which a packet may be
transmitted depends on the distance to which it needs to be
sent. In addition to maximizing the throughput, we also aim
to maintain fairness between the vehicles in different regions
with respect to the throughput they receive.

Since the information relevant to a vehicle may depend on
its relative position from the infrastructure point, we assume
that each packet generated by the ITS specifies the region
within which it needs to be broadcast. The region around an
infrastructure point is divided intok circular rings. The outer
radius of thei-th region is denoted byri with r1 < r2 < · · · <

rk. The inner radius of thei-th region isri−1 for 1 < i ≤ k

and 0 for the first region. We assume that the transmitter at
the roadside infrastructure point can transmit at two possible
modulation and coding schemes corresponding to bit rates of
C1 and C2 with C1 < C2. Given a maximum transmission
powerP , we denote bydmax

1 anddmax
2 the maximum distance

till which transmissions at rateC1 andC2, respectively, can be
received with arbitrarily low error rates. We assume thatrk ≤
dmax
1 to keep the problem practical and concern ourselves only

with scenarios where the entire region of interest is covered
by the transmissions. We denote byRi, Ri ∈ {C1, C2} the
highest error free transmission rate that can be sustained in
the whole of regioni by the infrastructure point.

The scheduler needs to decide which region to transmit the
next broadcast packet to and what rate to use. Let a broadcast
packet be transmitted to regioni at rateC1 considering region
i to be the primary region. The minimum fractionβ of the
available powerP that needs to be spent can be obtained by
substitutingri for d1 in Eqn. (10) and solving forβ. We then
have

β =
(WNo + Pr−α

i )(2C1/W − 1)

Pr−α
i 2C1/W

(53)

If 1−β < 1
2C1/W , simultaneous transmission at rateC2 using

superposition coding is possible. For these cases, substituting
this value of β in Eqn. (13), we obtain the distance,d

p
i ,

till which error free transmissions at rateC2 can be made
given that regioni can receive transmissions at rateC1. If
1 − β ≥ 1

2C1/W , we haved
p
i = 0. On the other hand, if the

transmission at rateC1 to region i is made considering it
to be the secondary region, the minimum fraction1 − β of
the available powerP that needs to be spent is obtained by
substitutingri for d2 in Eqn. (11) and solving forβ. We then
have

1 − β =
WNo(2

C1/W − 1)

Pr−α
i

(54)

Again, if 1−β < 1
2C2/W , superposition coding is feasible. For

these cases, substituting this value ofβ in Eqn. (12), we obtain
the distance,ds

i , till which error free transmissions at rateC2
can be made given that regioni can receive transmissions at
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rateC1. If superposition coding is infeasible, we haveds
i = 0.

Combining the two cases above, the farthest regionD2
i , the

whole of which can receive error free transmissions at rate
C2 given that regioni can receive transmissions at rateC1,
is given by

D2
i = arg max

j
{rj |rj ≤ max{dp

i , d
s
i}}

Following a similar process, we can also obtain the farthest
regionD1

i , the whole of which can receive error free transmis-
sions at rateC1, given that regioni is receiving transmissions
at rateC2. We useD1

i = 0 and D2
i = 0 if no superposition

coding is possible.
The basic objective of the broadcast scheme is to maintain

fairness among the different regions in terms of the average
throughput of each region. However, in vehicular environ-
ments, emergency messages may be generated occasionally
that should be broadcast with higher priority than regular
information. The second objective of the proposed broadcast
scheduling algorithm is thus to provide preemptive priority
to higher priority emergency messages. At the infrastruc-
ture point, separate queues are maintained for the messages
destined for each region, along with a separate queue for
the emergency messages. We denote the queue for regioni,
1 ≤ i ≤ k, by Qi, the queue of the emergency messages by
Qp and the number of messages in these queues are denoted
by |Qi| and |Qp| respectively. The task of the scheduling
algorithm is then to pick the next queue to transmit from.

Consider the algorithm’s operation in iterationn. The
pseudo-code for the algorithm is shown in Algorithm 1. We
use Ti(n) to denote a measure of the number of packets
broadcast to regioni in a past window andtc is a time constant
that can be adjusted to select the time horizon over which to
maintain fairness. The scheduling algorithm consists of the
following steps:

1) If the queue corresponding to emergency messages is
non-empty, pick the first packet in this queue for trans-
mission. The transmission is scheduled at rateRi∗(n),
wherei∗(n) denotes the region this message is destined
for.

2) If there are more packets in emergency message queue,
the scheduler tries to transmit them using superposition
coding. If Ri∗(n) = C1 and D2

i∗(n) > 0, the scheduler
picks the first message whose destination regionj∗(n)
satisfiesj∗(n) ≤ D2

i∗(n). However, if D2
i∗(n) > 0 and

no emergency messages exist such thatj∗(n) ≤ D2
i∗(n),

the scheduler moves to step 4 to check for any low-
priority messages that may be sent. On the other hand,
if Ri∗(n) = C2 andD1

i∗(n) > 0, the scheduler picks the
first message whose destination regionj∗(n) satisfies
j∗(n) ≤ D1

i∗(n). Again, the scheduler moves to step 4 if
no additional emergency messages can be transmitted.

3) If the queue for emergency messages is empty, from the
other queues, pick the region (denoted byi∗(n)) that
maximizes Ri

Ti(n) :

i∗(n) = arg max
i=1,··· ,k

Ri

Ti(n)
(55)

4) In this step, the scheduler checks if simultaneous trans-
missions using superposition coding are possible. If
Ri∗(n) = C1 andD2

i∗(n) > 0, the scheduler then selects
the region where transmissions may be made at rateC2
according to

j∗(n) = arg max
i=1,··· ,D2

i∗(n)

C2

Tj(n)
(56)

On the other hand, ifRi∗(n) = C2 andD1
i∗(n) > 0, the

scheduler selects the region where transmissions may be
made at rateC1 using superposition coding according
to

j∗(n) = arg max
i=1,··· ,D1

i∗(n)

C1

Tj(n)
(57)

5) Based on the regions selected for transmission in Steps
1-4, the scheduler transmits one packet to the region
chosen for transmission at rateC1 and ⌊C2

C1⌋ packets
to the region chosen for transmissions at rateC2, if
any. If any non-emergency packets are transmitted, the
throughput measure of the corresponding region,Ti(n+
1), is then updated as shown in Algorithm 1.

Depending on the primary regioni∗(n) selected by the
scheduler, it may not always be feasible to use superposition
coding to simultaneously broadcast packets to another region.
Such a situation arises when the power required to transmit at
rateC2 is high enough to cause significant interference to the
transmissions at rateC1. As shown in Section II-D, this occurs
when (1 − β) ≥ 1

2C1/W . In these situations it was shown that
frequency multiplexing can lead to higher broadcast capacities.
The scheduling algorithm developed in this section resortsto
a special case of frequency multiplexing when superposition
coding is not feasible.

V. SIMULATION RESULTS

This section presents simulation results to compare the
performance of the proposed scheduler with some other pos-
sibilities. The performance is compared in terms of both the
fairness and the throughput. The simulations were done with
a custom built simulator written in C. We use parameters
corresponding to the IEEE 802.11p or Wireless Access in
Vehicular Environments (WAVE) standards. The parameters
used wereW = 10MHz, No = −112.9dBm/Hz, α = 4 and
γ = 1.5. Results are reported for two sets of transmission
rates: C1 = 6Mbps, C2 = 30Mbps andC1 = 12Mbps,
C2 = 30Mbps. The size of each broadcast packet is assumed
to be 200 bytes. The entire network is divided into ten circular
regions centered at the infrastructure point. The radiusri of
region i satisfiesri = ir1. The radius of the farthest region
equals the maximum distance till which transmissions at rate
C1 may be made with arbitrarily low error rates. It is assumed
that the infrastructure point always has data to send to each
region, i.e., we assume a saturated traffic model. Examples
of real-world applications where the scenario described above
is applicable include: (1) location specific traffic advisories
such as travel times to a toll booth, tunnel, bridge or point of
attraction such as a stadium; (2) area specific information on
nearby parking facilities; (3) information on the state (red or
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Scheme C1 = 6, C2 = 30 C1 = 12, C2 = 30
Throughput Fairness Throughput Fairness

Maximum Throughput 30.00 0.50 30.00 0.60
Round Robin 11.58 0.99 20.70 0.99

Proportionally Fair 32.40 0.79 33.48 0.91

TABLE I
COMPARISON OFVARIOUS SCHEDULING POLICIES (THROUGHPUT VALUES ARE INMBPS)

green) of traffic lights in a given area and the time before they
change and (4) construction or accident related information
such as lane closures and speed limit changes that are useful
to only cars in a specific area and direction.

We use two metrics for evaluating the scheduling policies.
The first is the throughput achieved by the infrastructure point
measured in Mbps. The throughput reported is the average
over all the ten broadcast regions served by the infrastructure
point. The second metric is the fairness. For evaluating the
fairness, Jain’s fairness index is used [8]. If the throughput of
region i at time t is denoted byxi(t), Jain’s fairness index
F (t) at time t is then given by

F (t) =
(
∑n

i=1 xi(t))
2

n
∑n

i=1 xi(t)2
(58)

which attains the value of 1 only when the allocation is totally
fair (x1(t) = x2(t) = · · · = xn(t)). Note that the broadcast
capacity of each region may be used instead of its throughput
in the expression for Jain’s fairness index with identical results.

Table I compares the performance of the proposed scheduler
with two others: (1) a scheduler that broadcasts messages to
different regions following a round robin policy and (2) a
scheduler that always selects the region which supports the
highest data rate. In the round robin policy, the infrastructure
point schedules each region in succession. If the next region
to be scheduled does not have any data to broadcast, the
infrastructure point moves on to the next region in the list.For
the region that is scheduled, the infrastructure point usesthe
maximum of the two ratesC1 andC2 that it can support for
that region. In the second scheduler that we consider, in order
to pick the next region to schedule, the infrastructure point
first lists all regions that have data queued up for broadcasting.
Among these regions, the infrastructure point then picks the
region for which it can support the highest data rate, i.e., have
the maximum throughput. In case there are multiple regions
with the same data rate, the tie is broken randomly. Note thatin
both the round robin and the maximum throughput schedulers
at most one packet may be transmitted at any given point
in time. The round robin scheduler is chosen because of its
fairness properties while the other one is chosen because ofits
throughput performance. The results in Table I are plotted after
n = 1000, i.e., 1000 iterations of the scheduler’s operation and
usestc = 100. The results show that the fairness of the pro-
posed scheme is between that of the other two. However, while
round robin scheduling can achieve excellent fairness, the
proposed protocol outperforms it in terms of throughput. Also,
the proposed scheduler outperforms the maximum throughput
scheduler in terms of both throughput and fairness. Thus the
proposed scheduler is a good compromise between throughput

tc C1 = 6, C2 = 30 C1 = 12, C2 = 30
Throughput Fairness Throughput Fairness

10 31.80 0.80 33.00 0.92
100 32.40 0.79 33.48 0.91
500 35.40 0.76 35.40 0.83

TABLE II
EFFECT OFPARAMETERS ONPROPORTIONALLY FAIR SCHEDULING

(THROUGHPUT VALUES ARE INMBPS)

α Throughput Fairness
PF MT RR PF MT RR

2.5 31.56 30.00 8.82 0.58 0.30 0.99
3.0 31.62 30.00 10.02 0.68 0.40 0.99
3.5 31.68 30.00 11.58 0.77 0.50 0.99
4.0 32.40 30.00 11.58 0.79 0.50 0.99

TABLE III
EFFECT OFα ON VARIOUS SCHEDULING POLICIES WITHC1 = 6MBPS,

C2 = 30MBPS (PF: PROPORTIONALLY FAIR , MT: M AXIMUM

THROUGHPUT ANDRR: ROUND ROBIN). THROUGHPUT VALUES ARE IN

MBPS.

and fairness. Note that the the round robin scheduler has
the best fairness since it strictly rotates the broadcast region.
However, the proposed scheduler prefers to pick regions
which offer a chance for simultaneous transmissions (thereby
improving the throughput) even through they may have been
served recently, thereby compromising on the fairness.

Table II evaluates the impact of the parametertc on the
scheduler’s performance. This parameter controls the time
horizon over which the scheduler maintains fairness. It can
be observed that astc increases, the scheduler achieves lower
fairness but higher throughput. The results reported here are
again after 1000 rounds of the scheduler’s operation. The
difference in the performance in terms of both throughput and
fairness, however, reduces as the scheduler runs for longer
periods.

Finally, we consider the effect of the parametersγ andα on
the performance of the schedulers. The throughput and fairness
of all schedulers does not depend on the valueγ. However, the
broadcast capacity does depend onγ and increases exponen-
tially with γ. In Tables III and IV we compare the performance
of the three schedulers forC1 = 6Mbps, C2 = 30Mbps
and C1 = 12Mbps, C2 = 30Mbps respectively for various
values of α and the rest of the parameters wereW = 1,
No = 1, P = 1, tc = 100 andγ = 1.5. We see that both the
throughput and the fairness tends to increase withα but their
values quickly saturate.

In addition to the throughput and fairness, other metrics
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α Throughput Fairness
PF MT RR PF MT RR

2.5 32.76 30.00 18.78 0.90 0.50 0.99
3.0 32.82 30.00 20.70 0.91 0.60 0.99
3.5 33.48 30.00 20.70.45 0.91 0.60 0.99
4.0 33.48 30.00 20.70 0.91 0.60 0.99

TABLE IV
EFFECT OFα ON VARIOUS SCHEDULING POLICIES WITHC1 = 12MBPS,

C2 = 30MBPS (PF: PROPORTIONALLY FAIR , MT: M AXIMUM

THROUGHPUT ANDRR: ROUND ROBIN). THROUGHPUT VALUES ARE IN

MBPS.

such as average queue lengths for each region served by the
infrastructure point may be used as an evaluation metric. Since
the proposed proportionally fair scheduler has maximizingthe
throughput subject to fairness constraints as its objective, its
performance in terms of queue lengths may be worse than
other schedulers. In particular, the round robin schedulerhas
lower average queue lengths, specially as the data arrival
rates increases. This is because with round robin service,
each region has a bounded waiting time before data for it is
scheduled. However, the maximum throughput scheduler has
the longest average queue lengths since regions with lower
sustainable data rates are starved in favor of regions with
higher throughputs. The performance of the proportionallyfair
scheduler lies between that of the other two schedulers.

To end this section, note that the round robin scheduler con-
sidered here belongs to the class of time-splitting schedulers.
Also, the maximum throughput scheduler can be considered
as an extreme case of frequency-splitting where the entire
spectrum is allocated to one rate.

VI. CONCLUSIONS

This paper considers the problem of transmission of broad-
cast packets by roadside infrastructure points. Using the
broadcast capacity as the metric, the performance of three
transmission strategies is compared: time-splitting, frequency-
splitting and superposition coding. It is shown that frequency-
splitting always dominates time-splitting and conditionsfor the
dominance of superposition coding are obtained. The optimal-
ity of the broadcast capacities associated with superposition
coding is proved. Finally a proportionally fair scheduler for
transmitting broadcast packets is proposed and its performance
is compared with other schedulers. Extension of the current
framework from two transmission rates to an arbitrary number
of transmission rates is an interesting avenue for future work.
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Algorithm 1 Proportionally fair scheduling algorithm.

1: Initialize Ti(0) to a constant value for all1 ≤ i ≤ k, n = 0 and evaluateR1
i andR2

i for all i

2: while (1) do
3: if |Qp| > 0 then
4: pick the next regioni∗(n) to transmit:i∗(n) = region of the first packet in the priority queue
5: else
6: pick the next regioni∗(n) to transmit:i∗(n) = arg maxi=1,··· ,k

Ri

Ti(n)
7: end if
8: additional region to transmit to:j∗(n) = φ

9: if Ri∗(n) = C1 then
10: if D2

i∗(n) > 0 then
11: if |Qp| > 1 then
12: pick j∗(n): the first packet inQp whose destination regionj∗(n) satisfiesj∗(n) ≤ D2

i∗(n)

13: end if
14: if j∗(n) = φ then
15: pick j∗(n): j∗(n) = arg maxj=1,··· ,D2

i∗(n)

C2
Ti(n)

16: transmit one packet at rateC1 to regioni∗(n) and⌊C2
C1⌋ packets to regionj∗(n) at rateC2

17: updateTi(n + 1), 1 ≤ i ≤ k: Ti(n + 1) =



















(

1 − 1
tc

)

Ti(n) + 1
tc

i = i∗(n)
(

1 − 1
tc

)

Ti(n) + 1
tc
⌊C2

C1⌋ i = j∗(n)
(

1 − 1
tc

)

Ti(n) otherwise
18: end if
19: else
20: transmit one packet at rateC1 to regioni∗(n)

21: updateTi(n + 1), 1 ≤ i ≤ k: Ti(n + 1) =







(

1 − 1
tc

)

Ti(n) + 1
tc

i = i∗(n)
(

1 − 1
tc

)

Ti(n) otherwise
22: end if
23: else
24: if D1

i∗(n) > 0 then
25: if |Qp| > 1 then
26: pick j∗(n): the first packet inQp whose destination regionj∗(n) satisfiesj∗(n) ≤ D1

i∗(n)

27: end if
28: if j∗(n) = φ then
29: pick j∗(n): j∗(n) = arg maxj=1,··· ,D1

i∗(n)

C1
Ti(n)

30: transmit⌊C2
C1⌋ packets at rateC2 to regioni∗(n) and one packet to regionj∗(n) at rateC1

31: updateTi(n + 1), 1 ≤ i ≤ k: Ti(n + 1) =



















(

1 − 1
tc

)

Ti(n) + 1
tc
⌊C2

C1⌋ i = i∗(n)
(

1 − 1
tc

)

Ti(n) + 1
tc

i = j∗(n)
(

1 − 1
tc

)

Ti(n) otherwise
32: end if
33: else
34: transmit one packet at rateC2 to regioni∗(n)

35: updateTi(n + 1), 1 ≤ i ≤ k: Ti(n + 1) =







(

1 − 1
tc

)

Ti(n) + 1
tc

i = i∗(n)
(

1 − 1
tc

)

Ti(n) otherwise
36: end if
37: end if
38: n = n + 1
39: end while


