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Abstract—In wireless networks that use centralized transmission scheduling, reducing the transmission power normally leads to
higher network transport throughput. In this paper, we investigate power control and spatial utilization in a different scenario, where the
network adopts distributed MAC-layer coordination mechanisms. We first consider the widely adopted RTS/CTS-based MAC
protocols. We show that an optimal power control protocol should use higher transmission power than the “just-enough” power in order
to improve spatial utilization. The optimal protocol has a minimal transmission floor area of ©(d;;dy..), Where d,,,, is the maximal
transmission range, and d,; is the link length. This surprisingly implies that if a long link is broken into several short links, then the sum
of the transmission floors reserved by the short links is still comparable to the floor reserved by the long link. Thus, using short links
does not necessarily lead to higher transport throughput. Another consequence of this is that, with the optimal RTS/CTS based MAC,
rate control can at best provide a factor of two improvement in transport throughput. We then extend our results to other distributed
MAC protocols that use physical carrier sensing or busy tone as the control signal. Our simulation results show that the optimal power
control scheme outperforms other popular MAC-layer power control protocols. We also validate our analysis regarding the impact of

routing choices via extensive simulations.

Index Terms—Wireless ad hoc networks, power control, MAC protocols.

1 INTRODUCTION

IN wireless networks, the channel is a shared resource for
all users. Nearby transmitter-receiver pairs can interfere
with each other, and therefore, the number of links that can
be activated simultaneously is constrained. From this point
of view, we can treat both the space and time utilized for
transmissions as a shared resource [1]. Therefore, efficient
utilization of this limited (space-time) resource is key to
improving the performance of ad hoc networks.
Transmission power control is a technique for increasing
the efficiency of space-time utilization in wireless networks.
Loosely speaking, reducing the transmission power causes
less interference to nearby receivers. Therefore, more links
can be activated simultaneously, improving the overall
throughput of the network. Gupta and Kumar show that the
network capacity can be achieved through centralized
assignment of transmission power and network traffic [2].
However, typical wireless ad hoc networks do not have
centralized coordinators. It is difficult for a node in ad hoc
networks to predict the future transmissions of its neigh-
bors. Thus, instead of centralized assignment, distributed
MAC protocols are widely adopted in wireless networks for
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contention resolution. In this paper, we investigate the
space-time utilization in distributed MAC systems and
show that some of the conclusions drawn from the
centralized system do not hold any more.

There is a common belief that using just-enough power
to reach the receiver will both reduce the transmission
energy consumption and increase the network throughput.
Most distributed power control schemes [3], [4], [5] adopt a
linear power assignment scheme, as defined in [6]. Such
schemes use transmission power of Cdf; for a link (4, j)
with length d;;, where C is a constant, and « is the path-
loss exponent. Linear power assignment achieves a just-
enough received power level for the receiver to successfully
decode the message; thus, the sender introduces minimal
interference to other nearby nodes. Such power assignment
is efficient when the transmission power and schedule are
centrally assigned. However, linear power assignment
overlooks some side effects when distributed MAC
protocols are used.

In distributed MAC protocols, it is necessary to dis-
seminate collision avoidance information (CAI) to resolve
collisions. Most distributed MAC protocols use control
messages to carry the CAI such as request to send/clear to
send (RTS/CTS) exchange [7], physical carrier sensing [8],
[9] or busy tone [3]. To avoid collision, transmitters/
receivers need to send out control messages to block future
transmissions that may interfere with them. Linear power
assignment achieves the same received power level at the
receiving end for different link lengths. Thus, all receivers
have the same tolerance for future interference no matter
how close the transmitter-receiver pair is. This leads to a
uniform transmission range for control messages; i.e., we
need to clear the same size of region around the receiver,
irrespective of the link length. As we will show later, this
requires the control messages to cover neighboring nodes
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within a long distance, which is of the order of the maximal
transmission range, even for a short link. In other words, a
short link with linear power assignment may need to block
senders in a large region for a collision-free transmission,
which actually wastes the limited space-time resource.

How can the space-time utilization be improved in such
distributed MAC schemes? We observe that there is a basic
trade-off between transmission power (which determines
how much interference the link has introduced to the
channel) and interference tolerance (which determines how
many future transmissions are blocked by the link) when
selecting the transmission power for a particular link. When
the transmitter increases transmission power, the signal
strength at the receiver is higher. As a result, the receiver
only needs to inform nodes within a smaller area to keep
silent during its reception. On the other hand, if the
transmitter reduces its power, the receiver is more
susceptible to interference and will have to block transmis-
sions in a larger area. On the other hand, the transmitter
will introduce less interference to other nearby links in this
case. This implies that there is an optimal power that
minimizes the space-time usage of a link, considering both
the interference introduced by the transmitter and the
number of future transmissions blocked by the receiver.

We first use a simple model, which is the RTS/CTS
protocol with a fixed transmission rate, to investigate this
basic trade-off in distributed MAC systems. The transmis-
sion floor of a link in such protocols is the union of the RTS/
CTS region; i.e., nodes either in the RTS range or the CTS
range of an existing transmission cannot send any packet.
To meet the Signal-to-Interference-plus-Noise Ratio (SINR)
requirements for a certain data rate, the receiver needs to
properly set the range of CTS according to the transmission
power of the data/RTS packet used by the transmitter. In
order to increase the aggregated throughput, we minimize
the transmission floor used in each transmission subject to
the SINR constraint of capture threshold 5. We show that
for a link (7,7) with a link length of d;;, the minimal
transmission floor is @(ﬁl/ “dijdmaz), Where dpg, is the
maximal transmission range, and «a is the path loss
exponent. The maximal transmission range normally is a
constant for a given network to make the network become
connected. This implies that the transmission floor is
proportional to link distance and not the square of the
distance. Consequently, we show that routing mechanisms
that favor short hops over long hops give at most a constant
factor improvement in network throughput. This indicates
that power control can reside at the MAC layer, and
selecting shorter hops in the routing layer has little effect in
improving the network throughput in RTS/CTS-based
systems.

We then extend our results to other distributed MAC
solutions, including rate-adaptive MAC, physical carrier
sensing, and sending a busy tone in a separate control
channel. We show that with the optimal RTS/CTS-based
MAC scheme, changing the transmission rate with respect
to the link distance can at most increase the throughput by a
factor of 2. Also, our conclusion drawn from the RTS/CTS
scheme holds in both physical carrier sensing and busy-
tone approaches, which implies that the trade-off between
transmission power and interference tolerance is deeply
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rooted in distributed MAC systems. Finally, we conduct
extensive simulations to prove that the choice of hop length
has little effect on performance and also show that our
MAC protocol outperforms linear power assignment
schemes and the 802.11 protocol.

The main results and contributions in this paper are
listed as follows:

e We first investigate the trade-offs in power control
for networks using distributed MAC protocols. We
show that reducing the transmission power does not
necessarily lead to less “interference” to other links.

e Based on the analysis, we propose a new power
assignment scheme for RTS/CTS-based MAC pro-
tocols, which can minimize the transmission floor of
a given link. And, the area of the transmission floor
is proportional to dijdmmﬁﬁ, where d;; and d,,,, are
the link length and the maximum transmission
range, respectively.

e Based on our analysis on space-time utilization, we
show that routing mechanisms that favor short hops
over long hops can give at most a constant factor
improvement in network performance. This indi-
cates that power control should reside at the MAC
layer and not at the routing layer.

e We extend our results drawn from the RTS/CTS
system to other distributed MAC systems. We show
that with the optimal RTS/CTS-based MAC scheme,
changing the transmission rate with respect to the
link distance can at most increase the throughput by
a factor of 2.

The rest of this paper is organized as follows: Section 2
summarizes the related works in this area. Section 3
investigates power control on control messages and pro-
poses a new way of controlling the power of RTS/CTS.
Section 4 shows that routing layer is less important in power
control when using our protocol. Section 5 extends the
analysis to more generalized cases and discusses the trade-
offs in a general sense. Section 6 gives the simulation results
on different distributed power control schemes. Finally,
Section 7 concludes this paper.

2 RELATED WORK

There are two major objectives for power control at the MAC
layer: one is to improve the space-time utilization [3], [4],
and the other is to save the energy used in transmission [10].
For energy-conserving MAC protocols, Jung et al. show
that transmissions with lower power are more vulnerable
to interference [10]. Nodes outside the maximal transmis-
sion range of RTS/CTS may still be able to interfere with
the receiver when the transmission power is reduced. The
solution suggested in [10] is to periodically increase the
power level to the maximum and use physical carrier
sensing to alert potential interfering nodes. However, the
major objective of this protocol is energy saving, and short
links consume the same transmission floor as long links in
this protocol, resulting in poor space-time utilization.
Physical carrier sensing has been used as a method of
protecting long-distance transmissions in 802.11 [8], [9].
However, the physical carrier sensing area is centered at the
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sender, which may only overlap partially with the interfer-
ing area around the receiver [11]. Thus, physical carrier
sensing generally reserves a larger transmission floor than
the CTS area, which we will further discuss in Section 5.

In order to improve space-time utilization, many MAC
protocols use a separate channel to send control messages
[3], [4]. A busy-tone-based approach is proposed in [3]. In
this protocol, transmitters use just-enough power to
guarantee a constant interference tolerance margin at the
receiver. To avoid collision, the receiver will send a busy
tone in a separate channel to inform nearby nodes. A single-
channel solution is proposed in [5] to save the separate
channel for a busy tone. In this protocol, neighboring links
will negotiate their transmission powers within an access
time window after the CTS of the first transmitter-receiver
pair. Then, they will begin data transmission simulta-
neously with the first pair. This approach is similar to using
a time-division channel for control messages. All these
approaches use linear power assignment or its variants, in
which the reserved interference margin is independent of
link distance. In this paper, we use power assignment
schemes other than linear power assignment to improve the
network space-time utilization.

Recently, Moscibroda et al. show that both the linear
power assignment and the uniform power assignment in
802.11 are suboptimal for link scheduling [6], [12]. Using a
power level between these two schemes, they construct an
efficient scheduling algorithm for network connectivity.
However, the main focus of [6] is network connectivity and
not space-time utilization. In this paper, we do not study the
space-time utilization for centralized scheduling. Instead, we
consider distributed MAC protocols and show that using a
transmission power that lies between linear and uniform
assignment improves the spatial reuse significantly.

Power control can also reside at the routing layer as
network topology control [13], [14] or power-controlled
routing schemes [1], [15]. Several power control schemes
such as COMPOW [1] and CLUSTERPOW [15] are
proposed for the link layer. The power-controlled routing
schemes try to assign a globally optimal transmission
power for each transmission. However, routing schemes
still depend on the MAC layer to resolve collision. A power
assignment may be optimal from the view of routing, but it
may be impossible to schedule it in a distributed manner.
Joint routing and scheduling algorithms may solve the
problem [16]. However, such protocols are usually centra-
lized, and the optimal solution is known to be NP-complete.

3 PoweR CONTROL FOR RTS/CTS-BASED
SYSTEMS

3.1 System Model and Assumptions

In this section, we study the space-time utilization in a
simple model of RTS/CTS-based systems with fixed
transmission rates. This model will be extended to more
general cases in later sections.

We consider RTS/CTS-based MAC protocols, where
each transmission pair reserves a transmission floor by
exchanging RTS/CTS messages [7]. The control messages
are sent in the same channel as data packets. A node that
is within the transmission floor (either in the RTS or the

CTS range) of another transmission pair cannot transmit or
receive. We assume that a node has no knowledge of
future transmissions in the vicinity before they occur. For
simplicity, we assume that RTS messages and data packets
are transmitted at the same power level. We also do not
consider physical carrier sensing in this section. We will
relax these two assumptions in Section 5.

We assume that the transmission signal power decays
with distance d as d™“, where « is a constant with range
of 2-4. Suppose that node i is sending data to node j with
transmission power Pt(l). If the distance between nodes :
and j is d;;, then the received power P (j) at node j is

(1)
POG) =T 1)
ij
where G;; is the antenna gain." In the following sections, we
assume that all nodes are using the same omnidirectional
antenna, so we treat G;; as a constant G.

We assume that the message can be successfully decoded
when the SINR at the receiver is larger than a predefined
capture threshold 5

: > f, 2
s PY ) + Pa(h) .

where P%)(j) is the interference caused by the simultaneous
transmission of node k, and P, (j) is the noise level at node j.
In the following discussions, we assume that all nodes
experience the same noise level of P,.

We use the metric of Transport Capacity introduced in [2]
to evaluate the performance of a network. For a particular
network, we define its transport throughput as the sum of
products of the rate and link length over all simultaneously
active links, which is measured in bit-meters per second.
The transport capacity considers both the end-to-end
throughput and the summed end-to-end distance between
the source-destination pairs. Therefore, a network that can
transmit at 2 megabits per second (Mbps) over an end-to-
end distance of 10 m has a higher capacity than a network
that can transmit at the same rate over 1 m.

3.2 Power Control of RTS/CTS: Constant Rate

We first consider power control in RTS/CTS-based systems
with a fixed transmission rate. Note that the nodes in the
RTS range may be unnecessarily blocked, so this protocol is
not as efficient as the other MAC mechanisms that we will
discuss later. However, this approach catches some basic
properties of interference in wireless networks. Loosely
speaking, the RTS range can serve as a measurement of how
much interference the sender introduces to its neighbors
when transmitting the RTS/data packet. The CTS range will
be the measurement of “interference” introduced by the
receiver that blocks future transmissions around it. Our
protocol minimizes the overall “interference” so that the
spatial utilization can be increased. This point will become
clearer in our later discussions on other distributed MAC
protocols.

1. Here, G;; accounts for the antenna gain of both the transmitter and the
receiver.



The simple RTS/CTS framework that we study here
resembles the IEEE 802.11 protocol. In the IEEE 802.11
MAC protocol, the RTS/CTS exchange reserves a fixed area
for transmission, irrespective of the distance between
transmitter and receiver. This results in poor spatial
utilization [5]. Furthermore, the fixed CTS range cannot
prevent collisions for long links [17]. The received power
decreases to the receiving threshold when the link distance
is close to the maximal transmission range. Therefore,
nodes outside the CTS area can still interfere with long
links [17]. To address these problems, we introduce a
scheme that adjusts the power of RTS/CTS to maximize
spatial utilization while preventing collisions.

In our power control scheme, each link strives to
minimize its transmission floor in order to maximize the
spatial utilization of the network. The reason behind this is
explained as follows: As we have assumed, a node cannot
predict the future transmissions around it. Also, when the
transmitter-receiver pair initializes the transmission, none
of them should have received any RTS/CTS messages sent
by ongoing transmissions. This implies that the transmitter
and the receiver also have no knowledge about ongoing
transmissions. Since nodes do not have information of
ongoing and future transmissions, it is impossible for
nearby links to cooperatively adjust the transmission power
so that their transmission floors can “fit” with each other to
increase the spatial utilization. Therefore, in our distributed
system, each link can only independently minimize its own
transmission floor, which is the union of the RTS and the
CTS regions, to improve the spatial utilization of the whole
network. Theorem 1 gives the lower bound of the
transmission floor required by a link with a length of d;;.

Theorem 1. For a transmitter-receiver pair (i, j) separated by the
distance of d;;, the minimum transmission floor reserved by
the RTS/CTS-based system is @(61/ “dmazdij), Where dyqy is
the maximum transmission range used in the network.

Proof. Consider a transmitter-receiver pair (i,7). Using (1)
and (2), the maximal interference that the receiver j can
tolerate (power margin at node j) is

e
Pmar(in(j) - ta - Pn- (3)
If a node k is transmitting at the maximal power P,
and has a distance of dy; to the receiver and if we have

PG PYG
Pr(k> (]) — _mar~ > L > Pmn,r m(j)a (4)
diy, = dpB !

then node k will interfere with the reception of node j.
From (4), we have

PoawdsB)"
dj < (%) . (5)
Ptl

1
Praadii ) . : ;
=0 ) , which is the distance
t

threshold within which a node transmitting at P4,

Define diu(j) =

can interfere with node j's reception from node i.
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In wireless ad hoc networks, it is difficult for a node to
predict the future transmissions and the transmission
power that its neighbors will use, especially when nodes
are mobile. In heavily loaded systems, node j needs to
inform all potential interferers to stay silent. Then, the
transmission range of CTS should be at least d;;(j). Note
that we only consider the interference of one neighbor to
get the lower bound on the CTS range of d;,:(j). When
more than one neighbor can interfere the transmission,
the CTS range should be even larger than d;,;(j). Thus,
dint(j) gives a lower bound for the reserved transmission
floor. To ensure that all nodes within d;,;(j) can decode
the CTS message, the received power of the CTS at a
distance d;,;(j) must satisfy

> B‘cc’u (6 )

to make the neighbors hear the CTS message, where P,
is the receiver sensitivity. Consequently, the CTS
transmission power should be

Pt 5 T oot o
PG

Note that the required CTS power can be larger than
P,.: when 8 > 1 and d; is close to d,,q,. To comply with
the maximal transmission power, the possible link length
of d;; should be smaller than d,,q, in this case. Otherwise,
the CTS message will not be able to inform all possible
interfering neighbors. _

From (7), we see that the transmission power Pfﬁ of
the CTS is inversely proportional to the transmission
power Pt(Z> of data and RTS. So, there is a trade-off
between the transmission power of RTS and CTS. When
we reduce the power of the data packet, we need to
increase the power of CTS accordingly, since the receiver
is more vulnerable to interference.

The maximal transmission range is given by

GPrar\"
dm(w B ( Precv ) . (8)
Combining (7) and (8), we get
) pli) dij \“
Pt })t 2 ' P’"L(l.'L‘ﬂ' (9)

The transmission range of CTS and RTS, defined as d. =
(PYG) Preey)V and d, = (P G/ Preey) ", will satisfy

. i 1/a G2 1/a
dcdr — (Pf(])Pf( )) (P2 )

recv

d;; (P2 .G25> e (10)

max

P2

recv

>

- d"LlL(L’

= Bl/admawdij .

Recall our system assumptions. We try to minimize
the union of the area consumed by the RTS and CTS
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messages. Let the area of the transmission floor be
A;j(d.,d,). This area must be larger than the RTS or the
CTS region. Thus, we have”

Aij(d.,dy) > max{nd?, wd’}. (11)
The selection of d. and d, is subject to the following

constraints:

dcdr > ﬂl/udmawdijv
dc > dij7
d, > dy.

(12)

When +/8Y%dyq.d;; > dij, it is easy to see that
max{dm dr} > \/ ﬁl/udmamdqjj, and we get

min{ Aij(de, dr)} > 78"/ dpaedly. (13)

If / ﬁl/“dm,ndjj < dj,j, we have d,] > ﬂl/adm,u. This only
happens when 3 <1 and d;; is large. In this case, we
have d.>d;; and d, >d;. Since d;; is bigger than
8Y%d, 0, the reserved floor is also larger than
77'ﬂl/(ydm(wdij-

It is easy to see that A;;(d.,d,) is actually minimized
when we have d; =df = /3Y%d,4,d;;. This hints an
optimal way of setting the transmission power, given the
link distance. Under this optimal power control scheme,
we can further upper bound the area of reserved
transmission floor as

. B < %2 k2
1(}11(}3{147,]((1(:7 dr)} <nd.” + md;

(14)
= QWﬂl/admax dz]

Together with the lower bound in (13), we see that

T3 oy < min{Aij(de, )} < 208" dpandiy. (15)

Thus, the area of reserved floor is ©(3"/ “dmazdij) When

using the optimal power control scheme.

Note that this scheme assumes that there is only
one interfering node. When there are multiple interfering
senders, we can simply increase d;,,; by a constant factor
of (ﬁ)l/ “ when a > 2 (see the Appendix). In that case,
the reserved floor still remains as ©(5"/ “dmazdij). O

2. The actual expression for A;;(d.,d,) is

) L (Bl (A
Aij(de, dy) = md +md} —d? cos 1<12(1T —d} cos™! W

1
+§ \/(_dz‘j +d. +dr> (dij - dc+dr) (dz] +d. _dr) (dij +d. +dr)~,

when |d, — d,| < d;;. It can be shown that the minimal value of this function
is achieved at d} = d! = B/ dmaedij. To avoid cumbersome mathematical
manipulations, we only study the lower bound.

3.3 Comparison with Linear Power Assignment
Linear power assignment chooses a transmission power to
guarantee a fixed receiving power level of pP,.., where p is
a constant [3]. In such a scheme, we have

PP recv d;;

_ GPrai B\

Using the expression (?f ey in (8), the transmission range
of CTS is dini(j) = (8/p)*dmaz, which is a constant compar-
able to d,,q,. Therefore, even when nodes ¢ and j are very
close to each other, node j still needs to send the CTS to clear
a transmission floor with an area proportional to nd? .. We
observe that when the CTS is sent in the same channel as
data packets, linear power assignment suffers from the same
problem as 802.11, ie., the area taken by the CTS is
proportional to d2,,, irrespective of the link distance. When
the CTS is sent in the same channel as the data, it will also
interfere with the data transmission. Therefore, most linear
power assignment schemes use a separate control channel
for the CTS/busy tone so that the interference generated by
the CTS/busy tone can be minimized. However, this does
not totally resolve the problem, which we will discuss in

Section 5.

4 DiscussioNs ON RTS/CTS-BASED SYSTEMS
4.1 Routing-Layer Choices

In Section 3, we see that the optimal transmission range of
the RTS and CTS is ©(,/d;;) and the optimal transmission
floor area A;; will be O(d;;). This leads to a surprising
conclusion that the routing layer plays a minor role in
power control. Suppose that we have a source node S that
wishes to send messages to a destination node D. In a dense
network, we can either route the messages by a large
number of short links or by a small number of long links. At
first glance, the first choice seems superior, since short links
use much smaller space than long links. However, there is
actually not much difference in spatial utility, since the total
transmission floor will be ©(dsr) for both cases when the
optimal transmission power control is used.

In the following sections, we will investigate the spatial
utility improvement of routing layer choices more carefully.
We assume that the optimal power control scheme is used.
We also assume that some node will use the maximal
transmission power, which gives a transmission range of
dmaz, to achieve network connectivity or for broadcasting.
To prevent interference from such nodes, every link must
reserve a transmission floor area lower bounded by
Theorem 1.

4.1.1 Uniform Link Length

We first study routing protocols that choose a uniform link
length of d for most data transmissions, while the maximal
power may be used occasionally for broadcasting or other
operations.
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Fig. 1. Overlapping of transmission floors when a uniform link distance
is used.

Theorem 2. For a network deployed in a field with area A, if all
links are using the same transmission range of d and the
transmission rate of R, the maximal total transport through-
put of the network is T' = @(31/ )

Proof. Consider two concurrent transmitting links (i, )
and (k,l). The optimal RTS/CTS range will be
d=d = v/ BYd,q.d. Therefore, any two nodes in
different links must be separated by more than d};
otherwise, they will be in the RTS/CTS range of other
links. In this case, the union of disks of radius 0.5d}
centered at ¢ and j (denoted by Uj;;) cannot overlap with
the union of disks of the same radius centered at k and !
(denoted by Uy; see Fig. 1). Since the area of Uj; is larger
than gdiQ, the maximal number of simultaneous trans-

missions in the network with an area of A is upper
bounded by

A 4A
N < < 18
~ Area Of va o ’7T_B1/(Tdmul'd7 ( )

and the maximal transport throughput is upper
bounded by
4AR

X Rd < S ed, (19)
where R is the transmission rate, and each link
contributes transport throughput of Rd. Note that this
bound holds for any value of d smaller than the
longest transmission range permitted by the power
limit of P,

We use a packing approach to get the lower bound for
the transport throughput [18]. In a packing problem,
one looks at how well an area can be filled with
nonoverlapping randomly deployed shapes such that
the remaining area is minimized. Packing density is the
fraction of covered area after it has been packed to the
limit with nonoverlapping shapes. The packing density
for uniform-sized disks in a plane is nearly 0.56, which
means that 56 percent of the total area can be occupied by
randomly packed disks [19]. Consider packing disks with
uniform radius d+ 2 x % d . Each of these disks contains
one Uj;; thus, each of them can contain a transmission
without overlapping with others. Since the packing
density of such disks is 0.56, we can pack at least

A
<=
~ Area of Uy

3. Note that the longest data range is not exactly d,,,, when the optimal
RTS/CTS has a range of dynq,, dij = —.

Fig. 2. The transmission floor of short links is totally included in the floor
of long link.

0.564
T (d+d*)?
network is dense enough. The transport throughput is

transmissions simultaneously, given that the

ARd
x (d+d)?
AR

7T(d + 2 ﬂl/admamd + ﬁl/adm{m)
xBVod,,. (ﬂwd + 2\/7 +1)

AR
Wﬂl/admw(ﬂ_l/“ + 25—1/20, + 1) .

By defining a constant v = 553y,
throughput 7" between two constants:

T >0.56 x

=0.56

(20)
=0.56

>0.56

we can bound

A 4A
VAR <7 R (21)
ﬂ—ﬁl/admaw 7T/8 / Hl[l.L
irrespective of the link length d. 0

By Theorem 2, for a fixed maximal transmission range,
no matter how small the link length d chosen by the routing
layer is, the transport throughput can at most be improved
by a constant factor.

4.1.2 Heterogeneous Link Length

When heterogeneous link lengths are used, the nonoverlap-
ping argument used above no longer holds. A short link,
which can tolerate more interference, may get its transmis-
sion floor fully included in a long link’s transmission floor
when it transmits first. Considering Fig. 2, assume that the
short link (i,j) starts the transmission before link (k,1).
Since (4, j) transmits its RTS/CTS at a small power, nodes &
and ! cannot hear the RTS/CTS of link (4, ;). Thus, it is
possible that links (4, j) and (k,!) transmit simultaneously.
Due to the high tolerance of the short link, the long link will
not interfere with it. In this case, the transmission floor of
the short link is totally included in the long link, so there is
no exclusively reserved floor for link (¢,5). Therefore, the
simple packing arguments used earlier do not hold
anymore, and it is hard to get tight bounds on the transport
throughput.

However, the upper bound cannot be increased by a
factor of more than O(logn) in random networks. Consider
a random uniformly distributed network of n nodes. To
make the network connected, d,,,, must be O( w»
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where k(n) — oo as n increases [20]. Substituting this into
(21), we get a transport throughput of O(y/n/logn). The
per-node throughput is O(1/y/nlogn). Since the per-node
throughput of an arbitrary network with n nodes is upper
bounded by O(1/y/n) [2], the throughput benefits from
considering heterogeneous link length is bounded by
O(y/1ogn). We conjecture that for random networks, such
overlaps in the transmission floor will at most increase the
throughput by a constant factor. We validate this conjecture
by simulation results in Section 6. Moreover, even if the
benefit of combining links of different lengths can improve
the throughput by more than a constant factor, finding the
optimal link distribution that can maximize the spatial
reuse is still an open problem.

4.2 Power Control in Routing Layer

The RTS/CTS mechanism is the most widely used collision-
resolving method. However, the network throughput of such
protocols is mainly decided by a global parameter, i.e., the
maximal transmission range d;,q., as shown in Theorem 2. In
most ad hoc networks, the maximal transmission distance is
a predefined network parameter to guarantee network
connection. So, the routing-layer choices cannot greatly
affect the network throughput.

Due to randomness in the network topology, certain
regions in the network may have a higher node density. To
utilize the high node density, some routing-layer protocols
propose to choose shorter links in clusters with a higher
density [15]. However, the short link needs to clear a certain
area to avoid collision by nodes using the maximal transmis-
sion power for intercluster communication or broadcasting.
From Theorem 2, the network throughput improvement of
such protocols is upper bounded by a constant factor when
RTS/CTS-based MAC protocols are used.

The above discussions hint that power control should be
done at the MAC layer, especially when the major objective
of power control is throughput improvement. However,
when the major objective of power control is to save energy,
the routing layer can still choose shorter links to reduce the
transmission energy.

4.3 Energy Consumption

Aside from increasing the network throughput, the other
main objective of power control is to reduce the energy used
in transmission. Since the transmission power decreases as
d* with the distance d in linear power assignment, when a
long link is broken into several short links, the total energy
used in transmission can be saved [13].

From (9), the optimal transmission power for link with
length d;; is

Pl — ( dij >a/2p B2 = C,do?
t - max - ya

ij

(22)

dTV 1ax

where C,, = 32d,%/?P,,,, is a constant. In our scheme, the
transmission power decreases with the link length in a
much slower fashion. When « =2, the power used in

transmission will be C,d;;. Thus, when we break long links

into short links, the sum of energy used in transmission
over the short links is the same as that used over the long
link. In other words, one does not obtain much savings in
energy by transmitting over shorter hops when a = 2.
Shorter links will result in smaller total power consumption
only for a > 2. This shows that our optimal transmission
range for spatial utilization is not optimal for energy saving.
If the main objective is energy saving, we need to sacrifice
some throughput for energy. We can send data by linear
power assignment while increasing the power of CTS. The
total energy consumption can be reduced, since the CTS
packet is normally much shorter than data packets.

4.4 Link Asymmetry

Link asymmetry is an important issue in transmission
power control schemes [21], [22]. Power control schemes
reduce the transmission power of short links. This may
cause fairness problems in RTS/CTS-based systems. Con-
sider the short link (4, j) in Fig. 2. The nearby long link (k,[)
cannot hear the RTS/CTS of link (4,j), so it will always
assume that the channel is idle, even when (i,7) is
transmitting. On the other hand, when the link (k1) is
transmitting, node (7, j) will be blocked by the RTS/CTS of
(k,1). This may lead to the starvation of link (¢, j), as shown
in [21] and [22].

Our optimal power control scheme can mitigate the
starvation problem by properly selecting the transmission
power. The transmission power for node ¢ in our scheme is
large enough so that node k cannot interfere link (3, j) once
the transmission of node i has started. When node k
transmits first, node ¢ can learn the transmission finish time
of node k’s packet from the RTS/CTS packet of link (k, ). At
the end of node k’s transmission, both nodes 7 and k& will use
a contention-based protocol such as the IEEE 802.11 DCF to
compete for the channel. In this case, node i can have a
nearly similar probability as in node %k to win the
contention, and the link (7, ) will not be starved. However,
the short link still cannot have a fair access on the channel in
this situation. The long link (k,l) can always access the
medium, while the short link (i, j) needs to contend with
link (k, I) before it can access the channel. This phenomenon
will be further studied in our simulations.

4.5 Remarks on Optimal Power Selection

We propose the optimal power control scheme to investigate
the bounds for transmission floors in the ideal case. Although
implementation issues are out of the scope of this paper, our
power control mechanism can be easily implemented in the
MAC layer when the path loss Loss;; = P,@(j)/Pt(i) = G/d;
between the transmitter and the receiver can be measured.

The optimal transmission power can then be set as

V BPaz Precy .
Py =Y—==2 Note that the numerator only contains
g v/ Lossi;

fixed hardware parameters for a given transmission rate.
Thus, we only need to measure the path loss for the given link

to calculate the transmission power.
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5 SPATIAL UTILIZATION IN OTHER DISTRIBUTED
MACs

The simplified RTS/CTS system in Section 3 provides some
insights to the trade-offs in distributed MAC systems.
However, are these observations dependent on the model
that we used? To answer this question, we study several
more sophisticated distributed MAC protocols in this
section:

1. Rate-adaptive MAC. The node can adapt its
transmission rate according to the interference that
it experienced. The link can tolerate more inter-
ference when the transmission rate is reduced. Thus,
more nearby links can be activated simultaneously,
and the links can be “packed” more densely. In this
section, we will study the trade-offs between
transmission rate reduction and the increase in
active link density.

2. Physical carrier sensing. Physical carrier sensing [8],
[9] is widely used in distributed MAC systems. In
these systems, the carrier signal of the data packet
will act as an implicit control signal to block
potentially interfering neighbors. In this section, we
compare the physical carrier sensing approach with
an RTS/CTS system and show the spatial utility of
this approach.

3. Busy tone. We also consider more efficient protocols
that use busy tone sent in separated channels as
control messages [3]. RTS/CTS-based schemes un-
necessarily block exposed nodes that are only close
to the transmitter so that they only hear the RTS
message but not the CTS message. This makes RTS/
CTS schemes less efficient compared to the busy-
tone approach. The busy-tone scheme only blocks
interferers around the receiver and allows nodes
around the transmitter to send. Moreover, nodes that
hear the busy tone can also dynamically determine
whether its transmission will interfere with the
ongoing transmissions. When it can use a low
transmission power without interfering with the
ongoing transmissions, it is also allowed to transmit.

5.1 Rate-Adaptive MAC

If we increase the transmission rate, the transmission time
for a given packet can be reduced. Therefore, more data can
be transmitted within a given time duration. The price paid
for higher transmission rates is that such transmissions are
more vulnerable to interferences, and it requires a larger
transmission floor.

In this section, we study the trade-offs between the
transmission rate and the required transmission floor size.
The transmission rate R depends on the received SINR.
Suppose that each transmitter-receiver pair can choose its
own capture threshold 5 and transmission rate R(3). This
adds one more dimension to the transmission space-time
minimization problem. Consider the space-time taken by a
packet with a length of L bits. We need to minimize the
transmission floor multiplied by the time that the link

occupies the floor, which is %. From (15), the

7Y Ldpardij 273 Ld,,,,..,,.d,,_/]

minimal space-time floor is within | G RG)

for a given value of (.

Suppose that we fix the capture threshold to §*, which

o ﬁl/u
T R(B)"

(8,d.,d,) cannot use a space-time floor smaller than

(89" Ldyasdi;
R(B")

we fix § to 3%, we can choose d and d as in Section 3. As

minimizes the function f(5) By (15), any selection of

. . s Bl/a
, since #* gives a minimum value of };(—ﬁ) When

shown by (15), this scheme uses space-time of at most
%ﬁjd’ . Therefore, even if we change the 3 according to
the current interference conditions, the space-time used by
the transmission cannot be two times smaller than using a
fixed . Thus, using a fixed rate is order optimal within a

factor of 2.
For example, in an Additive White Gaussian Noise
(AWGN) channel, the channel capacity is given by

R(B) < Wlog, (1+ f),

where W is the bandwidth. So, we can find the * that
minimizes the function f(8)= #/(Hﬁ) and use this
fixed §* for all links. By setting the derivative f/(3) to 0,

B* must satisfy

(23)

af = (14 6)in(1+B).

Equation (24) has a positive solution 5* > 0 when a > 1. For
example, we can get 3* = 3.92 when o = 2.

When the optimal rate R(5*) is high, links with long
distances close to d,,q, may not be able to use the optimal
rate due to the limitation on transmission power. In this
case, we can use reduced rate for long links or remove long
links to ensure that all links are using transmission power
smaller than P,,,,.

(24)

5.2 Physical Carrier Sensing

Physical carrier sensing normally has a larger effective
range than CTS, because the carrier sensing threshold P,
is much lower than P,..,. For a fixed carrier sensing
threshold of P, the carrier sensing range can be
expressed as

dphy = dr] X (Prem:/Pphy)l/a> (25)

when the data transmission range is dy = (Pt(l) G/ P,,e(,v)l/ e,
where th is the data packet transmission power. Since the
physical carrier sensing region is centered at the transmitter
instead of the receiver, to block all possible interfering
nodes, we need to have

dphy Z d7] + dmf(]) (26)

Similar to (10), we also have the relationship of
dadint(7) > BY*d,ard;j. Substituting (25) into (26), we get

PTP(’U 1/(1 B
dq <P_) > dij + dint (§)
phy

ﬁl/n/ dmam du
dq

> ﬂl/a dmaz dij

dg

>d;;+ (27)
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Thus, we have dd > \/(Pph,y/Prem:)1/aﬂl/admamdij- Applylng
(25), we have

dph,y > \/(Precv/Pph,y)l/aﬁl/admaxdij-

As (Prew/ Pphy)l/ “ is constant for a given protocol,
physical carrier sensing also takes a transmission floor of
O(3'°d, 40 d;;). Moreover, since Peq/Pyn, normally is
bigger than 1, we see that physical carrier sensing takes a
larger transmission floor than the RTS/CTS approach.

For physical carrier sensing that considers a rate-SINR
trade-off [8], we can use similar arguments as in rate-
adaptive MAC to show that adapting rates at most
improves the throughput by a constant factor.

(28)

5.3 Busy-Tone Approach
5.3.1 System Model

The busy-tone approach described in [3] uses a separate
channel for the receiver to send a “busy” signal while it is
receiving a packet. The busy tone will notify nodes around
the receiver so that they will not interfere with it. Consider a
transmitter/receiver pair (,j). Similar to the analysis in
Theorem 1, the receiver j needs to notify nodes within d;,, ()
when the transmitter ¢ uses a transmission power of Pt(”. The
receiver uses a busy tone that is sent with a power of [3]:
Pt(j) = M’ (29)
G
where P, is the carrier sensing threshold. So, the busy
tone sent by the receiver j can be sensed at a distance of
dint(j). Define the transmission range of the busy tone as
dy = (PYG/Py,)"'* = diy(j). A potentially interfering
node k within d, will sense the busy tone and refrain
from using the maximal transmission power to send a
packet during the reception of node j. The busy-tone
approach still allows the node k to use a smaller power,
which will not interfere with node j, for it to transmit,
even it is within a distance of d; to node j. Suppose that
the transmitter k receives the busy tone from node j with
a power of PY)(k). Then, the transmission power budget
that node k can use is defined as [3]

. P?TL(I.’ITP 1],
Pbudget(k) = mln{ip}'} s Pmaz } . (30)

P (k)
Thus, the power budget for a node k closer to the receiver j
will be smaller. By (1), it is easy to see that the interference
of node k at node j will be smaller than P44, (j) if node k
keeps its power to be smaller than Py,4. (k). The busy-tone
approach can achieve very high spatial utilizations, since it
only blocks transmissions where the transmission power is
high enough to interfere with ongoing transmissions. Also,
the control message (busy tone) is transmitted in a separate
channel that can use high power without interfering with
data packets.

5.3.2 Linear Power Assignment in Busy Tone

Many busy-tone schemes use linear power assignment, in
which the transmission range of a data packet d; decreases
as O(d;;). However, we show in Section 3.3 that the

transmission range of the busy tone is O(dpq,) for linear
power assignment. Thus, both long links and short links
will use nearly the same transmission power to send the
busy tone.

The fact that long links and short links have nearly the
same busy-tone range makes the system unfair to long
links. As a short link can use small transmission powers, it
can be activated, even when the transmitter/receiver hears
the busy tone of other links. Once activated, the short link
takes nearly the same resources in the busy-tone channel as
long links. They will block all long links in their busy-tone
range and only allow short links to transmit within that
range. As short links have a much higher probability of
being activated than long links in the same neighborhood,
long links will rarely get a chance to be activated in a
heavily loaded network.

Furthermore, the transport throughput for a single link is
proportional to the link distance. Short links have smaller
transport throughput than long links. But, they take nearly
the same resources as long links in the busy-tone channel in
linear power assignment schemes. This implies that linear
power assignment is not efficient in spatial reuse for busy-
tone schemes.

5.3.3 Optimal Power Assignment Rule

We make the same assumptions as in Section 3 when
deriving the optimal power assignment rule for busy-tone
schemes. We assume that nodes cannot obtain enough
information to cooperatively optimize the transmission
floor used by different links. Note that nodes actually can
have partial knowledge about the ongoing transmissions by
listening to the busy tone and data channel. However, it is
hard for nodes to calculate the location of the current
transmitter /receiver in order to cooperate with them. So,
we assume that links independently optimize their trans-
mission power to improve the spatial utility. The problem
of cooperative power assignment will be considered in
future work.

In order to improve the spatial utility, a link needs to
minimize the “interference” that it introduces to the
channel. The “interference” of a link can be broken into
two parts. First, the transmission power emitted by the
transmitter interferes with receivers in other links. Second,
the busy tone transmitted by the receiver blocks the
transmitters of other links. We use the total number of
possible future links blocked by a link (z, ), denoted as I;,
to quantitatively study the interference of the link.

Consider a link (k,1) that is close to an active link (%, j).
When dj; is larger than d;, node k will not sense the busy
tone, and it can use P, to send its packet. When dy; = vdy,
with 0 < v < 1, by (1) and (30),we have the power budget of
node k as

Pbudget(k) = ’yaprrzuw~

If the transmission power budget Py, 44 (k) for node k is too
small for it to reach its receiver [, the link (k,l) will be
blocked.

Node j needs to estimate the expected number of
transmissions blocked by the busy tone that it sent
without knowing the future traffic patterns. As nodes in

31)
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wireless ad hoc networks can move, node j can only
assume that traffic is uniformly distributed around it,
with an intensity of A. Under this assumption, the
expected number of transmissions initiated on a region
with area A will be AA per unit of time. For a given
transmission attempt on link (k,[), whether it can be
activated depends both on the link distance dj; and the
power budget of Pyqg(k). If the link distance is too long
and the power budget is not enough, the link will be
blocked. As node j has no information on the link
distance distribution around it, it is rational for node j to
assume that the link distance distribution is stationary
and independent of the position of node k. Therefore,
given a power budget of Pyq.(k), the probability that
the link will be blocked can be calculated as
1 — Fy(Ppugger(k)) = 1 = P{P") < Pyugpe(k)}, where F(P)
is the Cumulative Distribution Function of the transmis-
sion power used by node k. As we will show later, the
exact expression of Fy(P) is not important for the
calculation. We only require that F;(P) is independent
of the location of node k.

The expected number of transmission blocked by the
busy tone of node j during the packet transmission time of
t, can be expressed as*

1
I (dy) =t, / (1= Fy(4" Poas)) x A27(vds)dy dry
0

1
32
=t,d} / 2mAY(1 = Fy (7" Ppaz)) dy (32)
0

= Cbtpdz,

where C, = fol 27AY(1 — Fy(y* Paz))dy is a constant for a
given node j.

Similarly, the transmitter ¢ in link (¢,7) can also block
future transmissions by interfering with neighboring
receivers. Consider the interference of node i when the
data transmission range of node i is dy4. By (1), a receiver [,
which has distance of wd; to i, will experience an
interference of Pr(”(l) = w %P,.. We can also assume that
with a probability of Fy(P" (1)) = P{Pﬁlmgm < P9(1)}, the
receiving of | will be blocked. So, the number of transmis-
sions blocked by the transmission of node i can be
expressed as

Il(dg) =t, /0 Fy(w™*Preey) X N2m(wdy)dy dw

— / AW F (W Progy) dw (33)
0

2
= Cytpdy,

where Cy = [i° 2nAwF(w™*Pe) dw is a constant.
Therefore, the total number of transmissions blocked by
link (7, 7) will be a function of the data transmission range of
dq and the busy-tone range of d; in a similar way as in
Section 3. Note that if a transmission is blocked by both the
busy tone and the interference of link (i, j), it will appear in
both If’j(db) and I,fj(dd). So, the expected number of I;;(dy, d)

4. Here, we only consider the busy tone blocking the transmitter k.
In certain protocols, the link will also be blocked if the receiver I
cannot reply to the transmitter. We can include such cases by simply
increasing the A in (32).

TABLE 1

Parameters Used in Simulation
Data packet size 1KB
Data link speed 2Mbps
Carrier frequency 2.472GHz
Capture threshold (3) 6 dB
Receiver sensitivity (Precv) -64 dBm
Maximal transmission power (Pmaz) 24.5 dBm

is smaller than the sum of I);(d;) and I;(ds). However, we
can bound it in a similar way as in Section 3:

max{ I%(dy), I8(da) } < Tij(dy, da) < () + I(da). (34)
Equivalently, we have
HlaX{Cbtpdl%, Cdtpd?l} < Iz'j(dg” dd) < Cbtpdg + Cdtpdfl. (35)

We also have the relationship of dyd, > gY dynazdij as in
(10). In the busy-tone case, it is difficult to calculate the
intersection of I};(d;) and I};(ds). However, we still can
apply the same bounds as in (15) by substituting d; and dg4
with d;, = /Cyd, and d;=+/Cyds. The bounds will be
changed to

grblbrdl{fu(db,dd)} = Cbcdtpﬁ drmudz,/v

(36)
gnidn{lij(dbv dd)} <2 V Cbc’dtpﬁ] /admaaz'dij~

So, the number of transmission blocked by the optimal
choice of d; and d, is 6(1&1]61/ “dmazdij). Also, the choice of
dy = da = \/VC,CaB/*dyrdl; will be order optimal in this

case. This shows that the trade-offs in power control for

busy-tone systems are similar to the RTS/CTS-based

systems.

The above derivations show that our results can be
extended to many MAC protocols other than RTS/CTS-
based systems. In recent years, directional antenna [23],
multiple-channel systems [24], and MIMO systems [25], [26]
have become important ways of increasing the network
throughput. The trade-off between transmission power and
interference tolerance described in this paper also exists in
such systems, and results in this paper may also be useful.
The performance of power control in these systems will be
interesting future research topics.

6 EXPERIMENTAL RESULTS

6.1 Simulation Setup

We evaluate the performance of different power control
schemes by using the ns2 network simulator (version 2.28).
The parameters used in the simulation are summarized in
Table 1. These settings give a maximal transmission range
dmaz = 250 m. We turn off the physical carrier sensing in the
MAC layer and use only CTS messages to avoid collisions.
We use on-off messaging in the simulation, i.e., nodes
hearing a RTS or CTS will defer their transmission. All our
simulations run on single-channel systems, where the data
and control messages are sent through the same channel.



WANG ET AL.: POWER CONTROL FOR DISTRIBUTED MAC PROTOCOLS IN WIRELESS AD HOC NETWORKS 11

A B C D
F e —
.—».‘ d [ v J
f | | n—
100 m 20 m

Fig. 3. The string topology used in simulation.

In this section, we first compare the performance of our
MAC protocol with 802.11 and linear power assignment
protocols. We show that our MAC protocol outperforms the
other MAC protocols in most scenarios. We then investigate
the effect of choosing long hops versus short hops at the
routing layer.

6.2 Comparison to Other Power Control Schemes

Our simulation compares power control schemes as
follows:

e NTPC (no power control). This protocol sends RTS,
CTS, and data in the maximal power, which is just
the 802.11 MAC protocol with the physical carrier
sensing turned off.

e TPC-O (optimal power control). In this scheme, RTS,
CTS, and data are sent at the optimal power as
derived in Section 3.

e TPC-L1 (linear power assignment 1). This scheme
uses linear power assignment for RTS and data, i.e.,
RTS and data are sent at a power, which ensures that
the received power is just 3 dB above P,.,. In this
scheme, the CTS is sent using maximal power to
prevent collisions.

e TPC-L2 (linear power assignment 2). The only
difference between TPC-L1 and TPC-L2 is that the
CTS power in TPC-L2 is the same as the data/RTS
power. Thus, this scheme uses minimal transmission
floor for short links. However, it takes the risk of a
high collision rate.

e TPC-E (power control for energy saving). This
scheme sends RTS/CTS at maximal power but uses
linear power assignment for data transmission. Such
schemes are usually used for saving transmission
energy, which is the BASIC protocol in [10].

Note that for TPC-O, TPC-L1, and TPC-L2, the required
power for RTS/CTS may exceed P, when the transmis-
sion range is close to d,,q,. In this case, we only use P,,,, to
send the control message.

6.2.1 String Topology

We first use a string topology to show the basic behavior
of each power control scheme. The topology contains four
nodes, as shown in Fig. 3. There are two single-hop
transmission pairs: A — B and C — D. Each transmission
uses a constant bit rate flow of 8 Mbps, which is enough
to saturate a single link. The distance between the source
and the destination is 100 m and 20 m, respectively. In
the experiment, we fix the link distances and move the
second pair (nodes C' and D together) to the left. At each
test point, we fix the position of nodes for a time period
and record the throughput and collision rate. The results
are shown in Fig. 4.

When the distance d between nodes B and C' is smaller
than 100 m, all nodes can hear each other. Therefore, the

3000
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Fig. 4. Performance comparison in string topology. (a) Aggregated
throughput. (b) Data collision rate.
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two pairs share the transmission space-time, and all
schemes give a total throughput of nearly 1.5 Mbps. As
nodes C and D move away, the two pairs become
decoupled gradually. The TPC-O scheme decouples first
at the point that the distance between nodes B and C is
larger than 100 m, where node B is out of the RTS/CTS
range of nodes C' and D. Hence, nodes A and B can
communicate at maximal rate, while nodes C and D can
transmit when they are not blocked by node B’s CTS.

Although TPC-L2 also has a smaller RTS/CTS range, the
reduced data transmission power for the pair C and D
makes the link between C' and D vulnerable. The CTS of
node B can easily collide with link C' — D. This can be seen
in the collision rate graph (see Fig. 4b). The collision rate of
TPC-L2 rises when d is close to 150 m, where node B’s CTS
cannot be heard by node C. Yet, it will interfere with node
D’s reception. This phenomenon can also be seen in TPC-E.
The only difference is that TPC-E has two peak collision
rates: one at 160 m and another one at 260 m. The first peak
is due to that node A cannot hear the RTS/CTS of the
second pair, and its RTS message can collide with their
transmission. The second peak is because node B cannot
hear the RTS/CTS of the second pair, and its CTS message
collides with their transmission.

TPC-L1 uses full power for CTS but smaller power to
send data and RTS. In this scheme, when the distance
between nodes B and C' is larger than 60 m, the two pairs
cannot hear each other’s RTS. This causes the increase in
collision rate to be beyond 60 m. Unlike TPC-L2 and TPC-E,
the collision rate of TPC-L1 does not go up at 150 m. This is
because the maximal power CTS of node D can block
node B, while in TPC-L2, the power-reduced CTS cannot.
Also, the RTS in TPC-L1 uses a smaller power and thus will
not collide node C’s transmission as in TPC-E.



12 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL.7, NO. 8,

1800

[_JLink (A,B)
1500 ]| Link (C.D) |

1200

Throughput (Kbps)
Qg
8

g
8
8

Q
8
8

L]

o T
0 20 40 60 80 100 120 140 160 180 200 220 240 260
Distance (m)

Fig. 5. Link asymmetry in TPC-O.

The comparison shows that TPC-O and TPC-L2 can
increase the spatial utilization by decoupling two transmis-
sions when they are close. But, only NTPC and TPC-O can
provide perfect collision avoidance. The TPC-L1, TPC-L2,
and TPC-E schemes can cause severe collisions, which may
reduce the throughput.

Fig. 5 shows the throughput of links (4, B) and (C, D)
under TPC-O. When d is smaller than 100 m, node B can
hear the RTS of node C, while node A cannot. Therefore,
node B can only respond to the RTS message sent by
node A when node C is not sending. As node A has no
information on the transmission finish time of node C, it
will have a very low success rate to get a response from
node B, and the throughput of link (A4, B) is quite low.
When d is longer than 100 m, the situation is similar to what
we have discussed in Section 4. In this case, node A can
always send at the highest rate, while node C needs to
contend with node A after node A finishes its transmission.
However, node C can learn the information about the
ongoing transmission from the CTS of node B. Therefore,
node C can win the channel contention with nearly the
same probability as node A. When node C starts the
transmission, nodes A and B cannot interfere the transmis-
sion so that link (C, D) can achieve a high throughput of
1,300 kilobits per second (Kbps) when d is larger than
100 m. This shows that our power control scheme mitigates
the starvation problem of short links in power-controlled
schemes.

6.2.2 Random Networks

In this section, we use a randomly deployed network to
compare our power control scheme with other schemes.
Since TPC-E is focused on energy saving, we excluded it.
The experiment is conducted on a 500 m x 500 m network
with 200 randomly deployed nodes. We randomly choose
20 source destination pairs that are apart by more than
250 m. In each experiment, we increase the packet arrival
rate for the 20 constant bit rate flows until the throughput
gets saturated. The results are averaged over five randomly
selected topologies. We evaluate the throughput in
three different geographic routing schemes:

e  Routing Scheme 1. The next-hop node is chosen to be
the one that is closest to the destination and is not
more than 250 m from the source.

e  Routing scheme 2. This scheme is similar to scheme 1
but restricts the next-hop node to be within 100 m.
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TABLE 2
Information on Routing Scheme
Routing 1 Routing 11 Routing 111

Hops per flow 2.03 4.47 10.76
Number of link used 40.6 89.4 215.2
Average link length 172.42m 82.27m 35.71m
Minimal link length 20.04m 22.31m 4.17m
Total path length 7003.91m 7353.29m 7687.99m

e  Routing scheme 3. This scheme prefers shorter links.
The next-hop node is selected as the closest node to
the current transmitter among nodes that provide a
positive progress toward the destination.

Table 2 shows the information of different routing
schemes.

Fig. 6 shows the aggregate end-to-end throughput of
different schemes. In routing scheme 1, NTPC and TPC-O
give a similar aggregate throughput. They saturated at a
total throughput close to 500 Kbps. The throughput of TPC-
L1 and TPC-L2 are lower than NTPC and TPC-O. This is
because these two schemes cannot prevent collisions, as
shown in the string topology. NTPC and TPC-O also have
some collisions when the transmission range is close to
dimaz. In this case, the optimal range of the CTS might be
larger than d,,,;, as shown in Section 3. Since we restrict the
maximal transmission range of CTS, the CTS cannot fully
protect a long link. This problem is alleviated in routing
scheme 2, where the transmission range is restricted to
100 m. However, the throughput of TPC-L1 and TPC-L2
drops, since they reduce the transmission power for shorter
links and make them vulnerable to collisions.

Routing scheme 3 uses shorter links and more hops to
deliver the packets. In this scheme, TPC-O provides the best
throughput, while TPC-L2 performs close to TPC-O. The
throughput of NTPC reduces, since it uses maximal power
to reserve the transmission floor, even for a small transmis-
sion range. TPC-L1 performs worst, because the full-power
CTS can easily corrupt the power-reduced data packet.

Fig. 7 shows that TPC-O also gives the best end-to-end
transport throughput, defined as the distance weighted sum
of per-flow throughput. Although NTPC also has nearly the
same transport throughput in routing schemes 1 and 2, the
performance of NTPC is not as good as TPC-O when there
are a large number of short links (routing scheme 3). The
advantage of TPC-O is that it can work well when there are
both long links and short links in the network. The maximal
transport throughput in TPC-O for different routing
schemes is similar. This verifies our analysis that the
network throughput will not change by an order of
magnitude for different routing when TPC-O is used.

6.3 Transport Throughput with Different Routing
Schemes

We further use grid and randomly deployed networks to
verify our conjecture that the transmission throughput will
not greatly change for different routing schemes. Here,
great change means changes proportional to the average
link length used in transmission. We compare the perfor-
mance of the different routing schemes using both uniform
and heterogeneous link lengths.
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Fig. 6. Experiment results in random topology: aggregated throughput. (a) Routing scheme 1. (b) Routing scheme 2. (c) Routing scheme 3.
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6.3.1 Uniform Link Length

We first show the transport throughput for different routing
schemes when a uniform link length is used. The experi-
ment is conducted on a 480 m x 480 m grid network. There
are 169 nodes placed on a 13 x 13 square grid with a grid
size of 40 m. Each node in the first row/column is a source
sending a constant bit rate flow to the corresponding node
in the last row/column. Thus, there will be 26 flows
(13 horizontal and 13 vertical), each with a total transmis-
sion distance of 480 m. We gradually increase the arrival
rate of the 26 flows to saturate the network throughput.
Routing schemes 1, 2, and 3 use uniform link lengths of 240,
120, and 40 m, respectively.

Fig. 8 shows the throughput under different schemes.
Routing scheme 3, which uses shortest link length, gives
the largest aggregated throughput. However, decreasing
the link distance gives, at best, a 20 percent improvement
in the aggregated throughput and not an order of
magnitude improvement. Since all flows have the same
transmission distance of 480 m, the end-to-end transport
throughput is just the aggregated throughput times 480 m
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Fig. 8. Aggregated throughput of grid network.

for all routing schemes. Thus, the transport throughput of
routing scheme 3 also is only 20 percent larger than other
schemes. As predicted in Section 3, the routing layer
choices will at most affect the throughput by a small
constant. Although routing scheme 3 uses six times smaller
link lengths, the overall improvement is just 20 percent.
This shows that the routing layer plays a minor role in
network throughput when optimal power control is used
in the MAC layer.

6.3.2 Heterogeneous Link Length

A random network is generated, and heterogeneous link
lengths are used in the simulation. To minimize the
disturbance of high collision rates when the link length is
close to dp,qz, we do not use routing scheme 1. Instead, we
compare routing schemes 2 and 3 to a random routing
scheme, which randomly chooses a next-hop node that is
within 100 m and is closer to the destination.

The network region is a fixed 500 m x 500 m square,
and we increase the number of nodes deployed in the
network from 40 to 400. Each node will be randomly
selected as either a source or a destination, so there will be
20-200 flows in the network. We average over five different
topologies for each network size. As the network density
increases, there will be more short links available in the
network. The three different routing schemes use different
average link lengths in high-density networks (see Fig. 9a).
In Fig. 9b, we see that the overall aggregated throughput of
the three different routing schemes does not differ by more
than 30 percent, while their average link length differs by
nearly a factor of 4. If we look at the end-to-end transport
throughput (Fig. 9c), once again, we do not see dramatic
differences for different routing schemes. We see that as
the network size increases, the overall transport through-
put increases first and then slowly drops. The increase is
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(c) Transport throughput.

due to the fact there are more flows in the network so that
there will be more chances to fully utilize the network
space. But, the collision of RTS/CTS messages makes the
throughput decrease when the network density becomes
extremely high.

7 CONCLUSION

In this paper, we have investigated the trade-off between
transmission power and interference tolerance in distrib-
uted MAC systems. Due to this trade-off, the optimal
transmission floor area of a link is proportional to the link
length in RTS/CTS-based systems. Consequently, the
transport throughput is determined by the maximal
transmission range rather than the choice of routing
protocols. Our analysis shows that the network throughput
cannot be improved by more than a constant factor, unless a
cooperative MAC [5] or centralized scheduling is used.
However, we must be aware of the system complexity and
message overhead of such centralized MAC protocols.

APPENDIX
MULTIPLE INTERFERING SENDERS

In the proof of Theorem 1, we only consider a single
interfering node. Here, we show that it is enough to increase
dint(j) by a constant factor of (%5 2)1/ “ to prevent collision
from multiple interfering nodes when o > 2.

We first assume that all interfering nodes are using a
transmission power of P,,,;. In this case, interfering nodes
have an RTS range of d,,,,, and each interfering node at
least takes a transmission floor of Zd?,,., as we have shown
in Section 4.1. Therefore, the maximum density of interfer-
ing nodes is d‘} nodes per unit area, and the maximum
interference power emitted per unit area is upper bounded
by I = Py

When the interfering nodes use a smaller transmission
power of v*P,.,, with 0 <~y <1, the RTS range of the
interfering node is ~ydp.. In this case, the maximum
interfering power emitted per unit area is

ma x

,yu R”(LIL'
% ('Vdmaz ) ?

As we have 0 <y <1 and « > 2, the interference power

emitted per unit area is smaller than I = 4P,,,,/(7d?,, ).

a—2 413m(w

2
ﬂ—dmaz

(37)

Define d,,,(j) = (:%)""dine(j) as the range that the
receiver will send its CTS. We assume that the interfering
nodes are uniformly distributed when calculating the
cumulated interference outside the range of d,,(j) [27].
Consider a thin ring of r with a width of dr. The interference
that comes from this ring is upper bounded by 27rdr x I,
and the received power at node j will be at most %’Td—”a
Summing the interference from all rings, we have the
following cumulated interference:
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Thus, the cumulated interference is smaller than P,qr4ir ()
when ignoring P,.

We have shown that setting dj,,(j) = (%5 )1/ “dint(§) is
enough when o > 2. When a <2, we can see that the
cumulated interference power in (38) is unbounded. This
means that the cumulated interference will go to infinity in
a large network when o < 2. However, in most cases, a will
be larger than 2 when the distance is larger than a certain
threshold.

(38)

(d:nt( ))70‘
As we have d,,,(j)

SP)HL(LLG
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(39)
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