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Abstract— It is well known that TCP experiences performance
problems (unfairness and starvation) in multi-hop wireless net-
works. Such problems are often traced to the misbehavior of
dynamic routing protocols in case of link failure. However, in
this paper we show, through simulations, that unfairness and
starvation of �ows also take place with static routing; thus
competition between TCP �ows in a multihop TCP network
has an unfair outcome, independently of the routing protocol
involved. We also show that a simple multi-channel MAC is able
to partially solve these problems.

I. I NTRODUCTION

It is well known that TCP performance degrades signif-
icantly in IEEE 802.11 multi-hop wireless ad hoc networks.
Early papers pointing at this problem are [1] and [2], in which
the authors studied the interaction between two TCP �ows
in a simple multi-hop 802.11 scenario. They reported that
when two multi-hop TCP �ows, traversing the same number of
nodes, compete to access the shared medium they experience
long and random periods in which one of them effectively
shuts down; thus the two TCP sessions cannot coexist in the
network (incompatibilityproblem). Moreover, if the competing
�ows traverse a different number of nodes, the longer chain
is starved while the shorter one seizes the channel (unfairness
of TCP connections in multi-hop 802.11 networks).

In [1] [2] the underlying cause of these problems is identi-
�ed as the fact that when the MAC layer reports a link failure,
the dynamic routing protocols report a route failure and so they
begin the route discovery function. Rerouting takes a long time
in which the TCP session is not able to send data. The authors
pinpoint the root of these problems to the MAC layer, thus
suggesting that this layer be modi�ed in order to improve the
performance of TCP.

Reference [3] draws the attention to the fact that the request-
to-send/clear-to-send (RTS/CTS) handshake cannot be usedto
reserve the channel for broadcast frames, and that broadcast
frames cannot be acknowledged by each receiver; as a con-
sequence, both Address Resolution Protocol (ARP) request
messages and route request messages have a low success rate
and degrade the functionality and ef�ciency of the network.
For this reason the authors propose a dual channel scheme:
one channel is used as a standard IEEE 802.11 channel, while

the other carries a busy tone, transmitted by each node when
it is sending a broadcast frame.

The end-to-end performance can be improved by modifying
one or more of the involved layers: MAC, data link, network
transport (TCP). The solution in [3] is an example of a MAC-
level approach. Other works follow a link layer approach. In
[5], [6] the authors propose a solution based onRED(Random
Early Detection): each node discards packets in order to tune
the TCP contention window size around an optimal sizeW � .
In [7] a pacing scheme is introduced to control the sending
rate of the source, so that TCP packets belonging to the same
�ow do not collide with each other.

A different approach is to operate at the TCP layer. In [8]
the authors propose a scheme to increase the TCP window
size with a fractional increment� � 1 (this is done by adding
one packet to the window size at every1=� round-trip-time).
In this way the contention window is prevented from growing
too much, thus reducing the loss rate due to collisions.

Two are the contributions of the present work: the �rst is
to clarify that routing protocols and broadcast frames are not
the only causes of the incompatibility problem and of the
unfairness of TCP sessions. In fact, these problems are also
apparent when routing and address resolution employ static
tables. With dynamic there is, of course, a further degradation
in the performance of TCP. The second contribution is to show
that, besides being able to increase the saturation throughput
of an ad-hoc network (see e.g. [9] [10] [11] [12] [13] [14]), a
simple multi-channel MAC can also improve the behavior of
TCP in a multi-hop network.

The rest of the paper is organized as follows. In Section
II we describe the scenario under study. In Section III we
introduce a multi-channel solution aiming at reducing the
collision probability. In Section IV we present a performance
comparison with the standard single-channel 802.11 MAC.
Finally, in Section V we discuss future work and draw the
conclusions.

II. T HE MULTI -HOP SCENARIO

In wireless multi-hop networks packets are routed from
the source node to the destination node traversing one or
more relaying nodes. Figure 1 shows the simplest multi-hop



topology we can consider. It is made up ofN � 3 equally
spaced nodes such that each one can transmit to its neighbors
(the nodes at distanceD) while it cannot transmit to the other
nodes (those at distance� 2D).

In this paper a two-ray ground re�ection radio propagation
model [15] has been adopted. A simpli�ed physical model,
in which an interfering signal disrupts an ongoing reception
with probability 1 if the interference power level is higher
than a �xed threshold, and with probability 0 otherwise, is
also adopted. The radio channel is assumed to be error free,
thus packets can only be lost due to collisions. With these
assumptions we can identify acoverage areain which each
transmission can be correctly received and aninterference area
in which each transmission can be heard (sensed) and it can
interfere with an ongoing reception.

This simple model is the most used in the literature and it
is implemented in theNetwork Simulator(NS-2), which we
used in our simulations. The topology we studied is the same
considered in [1] [2] [3] [5] [7] [8], the only difference being
that we con�gured static routing and ARP tables. This has
two effects: (i) collisions involving routing packets or ARP
requests are eliminated; (ii) there are no route failure events,
thus the multi-hop network is always connected. By removing
a potential source of TCP performance degradation, we are
thus able to isolate the anomalies resulting from the interaction
between TCP and the 802.11 MAC.
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Fig. 1. Multi-hop scenario

III. M ULTI -CHANNEL SOLUTION

In this Section we describe a multi-channel MAC aiming at
reducing the number of collisions due to hidden terminals;
as shown in Section IV, this can help TCP achieve better
performance in terms of fairness and throughput stability,and
facilitates the coexistence of competing TCP �ows.

We refer to the multichannel 802.11 protocol de�ned in
[14], in which the overall bandwidthW is divided into one
control channel, with bandwidthWc, used to carry RTS and
CTS frames, andN data channels each with a bandwidth(W �
Wc)=N used to carry data packets and acknowledgments.

As extension of the standard 802.11, each node tracks the
state of each channel both with physical carrier sensing and
with virtual carrier sensing by setting one NAV (Network
Allocation Vector) timer per channel. Each node builds a list
of idle data channels on the basis of the NAV timers.

The control channel is accessed with CDMA/CA as in
802.11. If there is at least one idle data channel, the node

sends to the destination an RTS frame, which includes the
list of free channels (see also �gure 2). The destination node
selects a data channel among those in its idle channel list
and in the list included in the received RTS, and sends the
index of the selected data channel in the CTS frame. If no idle
data channel is found, the node does not send the CTS frame.
A SIFS after the reception of the CTS both nodes switch to
the selected data channel for the data packet transmission and
acknowledgement. Other nodes receiving the CTS set the NAV
according to the duration �eld1.

Fig. 2. Multichannel MAC protocol

In [14] our multi-channel MAC protocol has been shown
to bring about a capacity gain, mostly due to separating
signaling from data traf�c. The numberN of data channels
has a relatively small impact on performance. For this reason
many of the performance results shown in Section IV-A have
been obtained with the multi-channel MAC with only one data
channel (referred to in the following assplit-channelMAC).

A similar, but more complex, approach has been used in
[16]. In this paper the authors propose a bidirectional multi-
channel 802.11-like MAC. When a node has data to send
it begins a three way handshake to reserve one channel for
a bidirectional communication. As in our protocol the RTS
carries the free channel list and the estimated transmission
duration. When the destination node receives the RTS, if it
has data to send back (for example TCP ACKs), it increases
the channel reservation duration to include its own frame and
it sends back this information in the CTS. The three way
handshake ends with a CRN frame to inform hidden nodes
not receiving the CTS of the selected channel number and
of the duration of the bidirectional transmission duration. A
drawback of this approach is that it heavily modi�es the MAC
layer, while our simpler protocol is transparent to the MAC
and it can be implemented at the PLCP layer.

IV. SIMULATION RESULTS

We carried out simulations in the scenario described in
Section II, by using a static routing table in each node. With
the NS-2 standard values for the transmission power, carrier
detect threshold and defer threshold the radius of the coverage
area is 250 meters, while that of the interference area is 550
meters.

Figure 3 plots the throughput of the network versus the
number of hops between source and destination nodes, for

1Note that only CTS frames can be used to set NAV timers since RTS
frames carry a list of indices of free data channels and not a single index.



various values of the maximum sizeW of the TCP advertised
window. In order to validate the simulator, for the simplestcase
W = 1 we also plot the throughput evaluated analytically as
T HN = payload=RT TN , whereRT TN is the round-trip-time
for a N -hop network:

RT TN = N [2 (lRT S + lCT S + lACK + lDIF S +

+3 lSIF S + BO
�

+ lT CP � DAT A + lT CP � ACK
�

The termslDIF S , lSIF S are the time duration of the DIFS and
of the SIFS (50� s and 10� s), lRT S , lCT S andlACK are the
duration of the RTS, CTS and ACK frames transmitted with
a data rate equal to2Mb=s, lT CP � DAT A andlT CP � ACK are
the duration of the transmission of the 802.11 DATA frames
carrying the TCP-DATA packet and the TCP-ACK.BO is
mean duration of the backoff (it is 16 slots, each one of 20
� s). For all simulations a �xed TCP packet size of 1500 bytes
has been used, soRT TN = N � 8768�s .
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Fig. 3. Throughput as function of the number of hops and of themaximum
TCP window size

In the same �gure, TCP throughput is also compared to
that of an UDP reference source, designed so as to reach a
quasi-optimal throughput. When there are less than 3 hops
between source and destination, each transmitting node is able
to sense the transmissions of all the other nodes: thus for what
concerns the physical carrier sensing the nodes are in full
visibility of each other, and the source saturates the network,
thus achieving the maximum throughput. With more than 3
hops there are hidden nodes in the network; in order to achieve
the maximum throughput we transmit at the highest possible
constant rate while avoiding collisions. To do so, the source
works as a CBR traf�c generator, with a time between packets
equal to the maximum time necessary for a packet to traverse
3 hops when the backoff stage is 0 (no collision scenario).

We can see in �gure 3 that the TCP throughput decreases
due to the collisions between packets traversing differenthops.
Short chains of nodes can achieve a slightly higher throughput
by using a small TCP window size. On the contrary, in the
case of long chains, a small TCP window size does not allow
us to use the “pipeline” of the network and so the throughput
will be low. It is important to note that the UDP throughput
is always greater than the TCP throughput for both short and
long chains. Let us distinguish the two cases:

� For less than 3 hops the UDP source saturates the
network, and many packets are lost due to buffer over-
�ow. TCP instead works avoiding loss of packets, thus
reducing the offered load. For this reason it is obvious
that in full visibility scenarios UDP outperforms TCP in
terms of throughput.

� For 3 or more hops our UDP source has also been
designed in order to avoid packed loss2. In this case the
TCP throughput decreases with an increasing number of
nodes, until it reaches a minimum (for large windows)
that is almost half the UDP throughput.

In �gure 4 we plot the throughput of a 4-hop �ow versus
time for the case of advertise windowW = 32 (left �gure)
and W = 1 (right �gure). With W = 1 TCP works as the
simple STOP-and-WAIT algorithm and only one packet for
each round-trip-time is in �y in the whole multi-hop network
and so no collisions occur. In these graphs we can see that,
due to collisions, the throughput achieved by the TCP session
using a large contention window is not stable and its average
is smaller than the one obtained by sending one packet for
each round-trip-time. This happens because when a packet is
discarded by the MAC due to the limit on the number of
retransmissions, TCP assumes the network is congested and
so it reduces the transmission window size. Moreover, if the
TCP sender (in this case node 0) does not receive an ACK
within the retransmission timeout it re-enters the slow start
phase.

The effect shown in the last �gures is due to the interaction
of one TCP �ow with itself and with the collision avoidance
algorithm of the 802.11. This is the incompatibility problem
described in [1].

The next two �gures illustrate the problem of unfairness
among many TCP �ows, discussed in [2]. Figure 5 plots the
throughput achieved by two contending �ows in an asymmet-
rical scenario: a multi-hop �ow (2 hops) competing with a
single-hop �ow3. We can see that the multi-hop session is
completely shut down after the single-hop session starts.

Figure 6 plots the throughput of two competing �ows in a
symmetrical scenario. In this case we can see that in the long
period there is fairness in the throughput achieved by each
�ow, but there are long periods of time in which the �ows are
alternatively shut down.

These effects happen because a IEEE 802.11 node that
experienced a collision in the last transmission, doubles its
contention window (until the maximum size is reached) and
so it has a smaller probability of accessing the channel for
the next transmission compared to a node that experienced a
success. In symmetrical scenarios, as the one in �gure 6, the
disadvantaged node succeeds after some attempts, and so the
situation overturns. In asymmetrical scenarios some nodesare
always disadvantaged for topological reasons and so they have

2Note that this is true because we assume there are no packets lost due to
channel error, but only due to collisions, which we avoided with an opportune
pacing of the UDP source.

3Here and for all the following result we set the advertise window W = 1
to avoid collisions between packets of the same �ow.



Fig. 4. Throughput of a 4-hop �ow versus time for advertise window W=32 (left �gure) and W=1 (right �gure)

very little probability to access to the channel. In this case the
retransmission timeout of the longer (in terms of number of
hops) multi-hop TCP session expires, the TCP source re-enters
the slow start phase and retransmits the packet. With very high
probability the retransmitted packet will be discarded again by
the MAC and so the RTO expires again; the effect is that RTO
grows and the TCP source is shut down because it is almost
always waiting an ACK.
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Fig. 5. Throughput of a single-hop �ow and of a multi-hop �ow in
competition

Fig. 6. Throughput of two competing multi-hop �ows

A. Performance with multi-channel MAC

In this section we compare the performance of the multi-hop
network using the single-channel standard IEEE 802.11, with
the results obtained by adopting the multi-channel protocol
described in the Section III.

Figure 7 plots the throughput versus time for a multi-hop
�ow (2 hops) competing with a single-hop �ow in wireless net-
work adopting the split-channel protocol. Comparing this with
�gure 5 we can see that while in the single-channel network
the multi-hop session is completely shut-down after the single-
hop session starts, in the split-channel network this effect is



partially reduced thanks to the reduced number of collisions.
In this case, the multi-hop TCP connection achieves low and
unstable throughput but is not shut-down. This instabilityof
the throughput is due to the fact that collisions also happen
with multi-channel protocol even if with a lower probability;
moreover, the exponential backoff mechanism favors the node
that experiences a successful transmission.
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Fig. 7. Throughput of a single-hop �ow and of a multi-hop �ow in
competition in a split-channel network

In �gures 8 and 9 we plot the throughput of two competing
�ows in a symmetrical multi-hop network in the case of split-
channel and multi-channel MAC (2 data channels). Comparing
these �gures with �gure 6 we can see that while in the single-
channel scenario there are long periods of time in which the
�ows are alternatively shut-down, using the split-channelMAC
the �ows fairly share the capacity even in the short period.
Notice that, while for the split-channel MAC there is instability
due to the still high collision probability, using 2 data channels
the throughput of the 2 TCP sessions is stable: without a
static decision the data channels are dynamically and “well”
assigned to the 2 TCP sessions such that they can run together
and the number of collisions does not compromise the network
functionality. Notice also that in all the cases reported the
multi-channel solution achieves lower aggregate throughput
and lower per user throughput. This because the bandwidth
is statically divided into two parts: 20% to the control channel
and the remaining 80% to the data channels. RTS, CTS, DATA
and ACK are thus transmitted in a slower channel and for this
reason the multi-channel protocol achieves lower throughput.
However, thanks to the reduced number of collisions the multi-
channel protocol works better than the single-channel.

Fig. 8. Throughput of two competing multi-hop �ows using thesplit-channel
MAC

V. CONCLUSIONS AND FUTURE WORK

We have shown that, in a multi-hop wireless network, com-
petition between TCP �ows results in a very unfair outcome,
in which some �ows may starve completely. Contrarily to what
stated in some works, this is a basic problem related to the
interaction between MAC and TCP, and cannot be solved by
modifying the routing protocol or even by suppressing routing
and ARP packets. We have also shown how a multi-channel
MAC protocol can allow multiple TCP �ows to coexist. In
the future we aim at developing an algorithm to dynamically
adapt the number of data channels to the traf�c situation.
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