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Abstract— The Wireless Token Ring Protocol (WTRP) is
a medium access control protocol for wireless networks in
Unmanned Aerial Vehicles. It supports quality of service
in terms of bounded latency and reserved bandwidth. This
quality of service guarantee is critical in mesh stability of
the formation of the vehicles. The communication of the
speed and the velocity of the lead vehicle to all other ve-
hicles in the formation had been shown to be sufficient for
mesh stability of the system.

WTRP is efficient in the sense that it reduces the number
of retransmissions due to collisions. It is fair in the sense
that each station takes a turn to transmit and is forced to
give up the right to transmit after transmitting for a speci-
fied amount of time. It is a distributedprotocol that supports
many topologies since not all stations need to be connected
to each other or to a central station. It can be used with an
admission control agent for bandwidth or latency reserva-
tions. WTRP is robust against single node failure. WTRP
is designed to recover gracefully from multiple simultane-
ous faults.

Keywords—Medium Access Control, Wireless Token Ring
Protocol, IEEE802.11, IEEE802.4, Quality of Service,
Intelligent Transportation Systems, Automated Highway
Project. Mission Critical Systems.

1. INTRODUCTION

In an unreliable medium such as wireless, problem of pro-
viding quality of service (QOS) at the network layer us-
ing queuing and routing techniques is not sufficient. QOS
must also be addressed at the data-link layer. The IEEE
802.11[?] in PCF (Point Coordination Function) mode, the
HiperLAN[?], and Bluetooth[?] achieve bounded latency
by having a central station poll the slave stations. Most
academic research has focused on this centralized approach
[?] [?]. The centralized approach is suitable for networks
where only the last hop is wireless. In the centralized ap-
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proach, the network is managed centrally from a central sta-
tion. This is a limitation in wireless networks with ad-hoc
topologies.

The Wireless Token Ring Protocol (WTRP) discussed in
this paper is a distributed medium access control proto-
col for ad-hoc networks. The advantages of a distributed
medium access control protocol are its robustness against
single node failure, and its support for flexible topologies,
in which nodes can be partially connected and not all nodes
need to have a connection with a master.

WTRP is to be deployed initially in the University of Cali-
fornia at Berkeley PATH Advanced Vehicle Safety Systems
Program[?], the CALTRANS-PATH Demonstration 2002,
and the Berkeley Aerobot project[?]. These projects im-
pose stringent bandwidth, latency, and speed of failure re-
covery requirements on the medium access protocol. The
platoon mode of the automated highway project involves
up to 20 nodes in each platoon, and requires that informa-
tion (approximately 100 bytes per vehicle for speed, accel-
eration, and coordination maneuvers) be transmitted every
20ms. The failure recovery time for the communication
system must be within 40ms.

As in the IEEE 802.4[?] standards, WTRP is designed to
recover from multiple simultaneous failures. One of the
biggest challenges that the WTRP overcomes is partial con-
nectivity. To overcome the problem of partial connectivity,
management, special tokens, additional fields in the tokens,
and new timers are added to the protocol. When a node
joins a ring, it is required that the joining node be connected
to the prospective predecessor and the successor. The join-
ing node obtains this information by looking up its connec-
tivity table. When a node leaves a ring, the predecessor
of the leaving node finds the next available node to close
the ring by looking up its connectivity table. Partial con-
nectivity also affects the multiple token resolution protocol
(deleting all multiple tokens but one). In a partially con-
nected network, simply dropping the token whenever a sta-
tion hears another transmission is not sufficient. To delete
tokens that a station is unable to hear, we have designed
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a unique priority assignment scheme for tokens. Stations
only accept a token that has greater prioirity than the token
the station last accepted. The WTRP also has algorithms for
keeping each ring address unique, to enable the operation of
multiple rings in proximity.

2. PROTOCOL OVERVIEW

In the WTRP, the successor and the predecessor fields of
each node in the ring define the ring and the transmission or-
der. A station receives the token from its predecessor, trans-
mits data, and passes the token to its successor. Here is an
illustration of the token frame.

FC RA DA SA Seq GenSeq
1 6 6 6 4 4 bytes

FC stands for Frame Control and it identifies the type of
packet, such as Token, Solicit Successor, Set Predeces-
sor, etc. In addition, the source address (SA), destination
addresses (DA), ring address(RA), sequence number(Seq)
and generation sequence(GenSeq) number are included in
the token frame. The ring address refers to the ring to which
the token belongs. The sequence number is initialized to
zero and incremented by every station that passes the token.
The generation sequence number is initialized to zero and
incremented at every rotation of the token by the creator of
the token.

The Connectivity manager resident on each node tracks
transmissions from its own ring and those from other nearby
rings. By monitoring the sequence number of the transmit-
ted tokens, the Connectivity Manager builds an ordered list
of stations in its own ring. The Connectivity Table of the
manager holds information about its ring (Figure ??). In
Figure ??, station E monitors the successive token transmis-
sion from F to D before the token comes back to E. At time
0, E transmits the token with sequence number 0, at time
1, F transmits the token with the sequence number 1, and
so on. E will not hear the transmission from B and C, but
when it hears transmission from D, E will notice that the se-
quence number has been increased by 3 instead of 1. This
indicates to E that there were two stations that it could not
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hear between A and D.

The Ring Owner is the station that has the same MAC ad-
dress as the ring address. A station can claim to be the ring
owner by changing the ring address of the token that is be-
ing passed around.

Stations rely on implicit acknowledgements to monitor the
success of their token transmissions. An implicit acknowl-
edgement is any packet heard after token transmission that
has the same ring address as the station.

Each station resets its IDLE TIMER whenever it receives
an implicit acknowledgement. If the token is lost in the ring,
then no implicit acknowledgement will be heard in the ring,
and the IDLE TIMER will expire. When the IDLE TIMER
expires, the station generates a new token, thereby becom-
ing the owner of the ring.

To resolve multiple tokens (to delete all tokens but one), the
concept of priority is used. The generation sequence num-
ber and the ring address define the priority of a token. A to-
ken with a higher generation sequence number has higher
priority. When the generation sequence numbers of tokens
are the same, ring addresses of each token are used to break
the tie. The priority of a station is the priority of the token
that the station accepted or generated. When a station re-
ceives a token with a lower priority than itself, it deletes the
token and notifies its predecessor without accepting the to-
ken. With this scheme, it can be shown that the protocol
deletes all multiple tokens in a single token rotation pro-
vided no more tokens are being generated[?].

The ring recovery mechanism is invoked when the monitor-
ing node decides that its successor is unreachable. In this
case, the station tries to recover from the failure by reform-
ing the ring. The strategy taken by the WTRP is to try to
reform the ring by excluding as small a number of nodes as
possible. Using the Connectivity Manager, the monitoring
station is able to quickly find the next connected node in the
transmission order. The monitoring station then sends the
SET PREDECESSOR token to the next connected node to
close the ring.

WTRP allows nodes to join a ring dynamically, one at a
time, if the token rotation time (sum of token holding times
per node, plus overhead such as token transmission times)
would not grow unacceptably with the addition of the new
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node. As illustrated in Figure ??, suppose station G wants
to join the ring. Let us also say that the admission con-
trol manager on station B invites another node to join the
ring by sending out a SOLICIT SUCCESSOR. The Admis-
sion Control Manager waits for the duration of the response
window for interested nodes to respond. The response win-
dow represents the window of opportunityfor a new node to
join the ring. The response window is divided into slots of
the duration of the SET SUCCESSOR transmission time.
When a node that wants to join the ring, such as G, hears a
SOLICIT SUCCESSOR token, it picks a random slot and
transmits a SET SUCCESSOR token. When the response
window passes, the host node, B can decide among the slot
winners. Suppose that G wins the contention, then the host
node passes the SET PREDECESSOR token to G, and G
sends the SET PREDECESSOR to node C, the successor
of the host node B. The joining process concludes.

As shown in Figure ??, suppose station C wants to leave the
ring. First, C waits for the right to transmit. Upon receipt of
the right to transmit, C sends the SET SUCCESSOR packet
to its predecessor B with the MAC address of its successor,
D. If B can hear D, B tries to connect with D by sending
a SET PREDECESSOR token. If B cannot hear D, B will
find the next connected node, in the transmission order, and
send it the SET PREDECESSOR token.

The ring address of a ring is the address of any one of the
stations in the ring. The station is called the owner of the
ring. In the example, the owner of ring A is station A. Be-
cause we assume that the MAC address of each station is
unique the ring address is also unique. The uniqueness of
the address is important, since it allows the stations to dis-
tinguish between messages coming from different rings.

To ensure that the ring owner is present in the ring, when
the ring owner leaves the ring, the successor of the owner
claims the ring address and becomes the ring owner. The
protocol deals with the case where the ring owner leaves the
ring without notifying the rest of the stations in the ring as
follows. The ring owner updates the generation sequence
number of the token every time it receives a valid token. If
a station receives a token without its generation sequence
number updated, it assumes that the ring owner is unreach-
able and it elects itself to be the ring owner.

3. PROOF OF TOKEN RING PROTOCOL

A more formal proof can be found in [?].

Assumptions

1. No transmission error occurs after t.
2. Topology remains constant after t.
3. Stations do not voluntarily go out of a ring (into OF-
FRING state).
4. If station x is in transmission range of station y, then y is
also in the transmission range of x.
5. If station x is in reception range of station y, then y is also
in the reception range of x.

Constants

1. MTRT: Maximum Token Rotation Time. In this proof,
MTRT is the maximum time it takes for a token to visit a
station twice.
2. IDLE TIME: amount of time that a station waits be-
fore regenerating a token when the medium is quiescent.
IDLE TIME � MTRT
3. INRING TIME: amount of time that a station waits
when the station is not receiving any acceptable token, be-
fore going into the OFFRING state. INRING TIME � IDLE TIME � MTRT,
INRING TIME � 2 IDLE TIME

Definitions

1. �������
	 : a set of nodes in ring i.
2. �����
�
	 : a set of tokens in �������
	 .
3. Token p and token q are said to be equivalent when their
ring addresses are the same.
4. x.NS(t): MAC address of the station to which station x
forwards tokens.
5. x.PS(t): MAC address of the station from which station
x accepts tokens.
6. �������
	�� : number of the stations in the graph at time t.

Network

1. Definitions
(a) For stations x and y, if x.NS = y, y.PS = x, and if y can

receive and accepts NORMAL tokens from x then, we say
that x has the bijection with y.

(b) S =
� ����������� x has the bijection with y �

(c) A set of stations, � � ���
	 , is called a ring if for all
x �������
�
	 , x has the bijection with its successor, y.

Summary

We first prove that all equivalent tokens are deleted by mul-
tiple token resolution protocol in finite time. Then we prove
that the bijection that represents correct relationship be-
tween predecessor and successor for the exact definition)
increases monotonically to the number of nodes in the graph
in finite time. When the number of bijection converges,
then we say that all rings are correct since rings are defined
by predecessor and successor relationship.
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Proof

Lemma 1: Choose any token p at time t = ��� , and build an
ordered list of paths taken by p, say � � ��������� 	���� ���������
	���� �
	�����	 	�� � � �
� ���
������� 	 � , where ��� is the time that token p visits the sta-
tion � � , and � � ��� � � � . If there exists a station � ��� ���
in the pair list such that 0 � i � j � m and � ��� ��� ��������� ,
then there must be a k such that i � k � j, and �� owns p.

Suppose we find � �!� �"� such that 0 � i,j � m and �#� � � � �
MTRT, but we cannot find the owner of token p, �� , such
that i � k � j. This means that the generation sequence num-
bers of the token when it arrives at � � and the generation se-
quence number when it arrives at �$� is the same, because no
station other than the owner of the token modifies the gen-
eration sequence number.

�"� could not have been in the OFFRING state at any time
since ��� , because � � could not have been able to rejoin an-
other ring after exiting a ring for one MTRT, by implemen-
tation. Because a station is not allowed to receive a token
when it is in the OFFRING state, it could not have received
p before time � � + MTRT. Thus, � � could not have been in
the OFFRING state since time �
� . By implementation, the
priority of a station can only increase while it is not in the
OFFRING state and thus, it does not make sense that token
p could have survived station � � .

Lemma 2: If no multiple equivalent tokens exist at time t,
then no multiple equivalent tokens exist at time s � t.

Suppose that there exist multiple equivalent tokens at time
s when there were no multiple equivalent tokens at time t,
such that s � t. Because of our assumption, it is impossi-
ble for a station to generate multiple equivalent tokens from
transmission errors. Then a station must have generated a
token when a token that it has previously generated is still in
the graph. But the IDLE TIME is greater than MTRT. And
we know that a token dies when it doesn’t see its owner for
MTRT. Thus the station could not have generated the equiv-
alent token when the token that it has previously generated
is still in the graph.

Lemma 3: No multiple equivalent tokens exist at time t +
2MTRT.

All surviving equivalent tokens will go though the owner
of the token in one MTRT by definition. After one MTRT,
the owner will remember the highest priority token among
them. Within the next MTRT, all or all but one equivalent
token will be deleted, because the owner will not pass any
token that has a lower priority than the highest priority to-
ken that it received.

If the owner of the token leaves the ring at any time, all to-
kens will be deleted since the owner is not able to come back
to a ring in less than one MTRT.

Lemma 4: There exist a time s, such that s � t + 2MTRT
and no multiple equivalent tokens exist any time u � s.

Follows from ?? and ??.

Lemma 5: If station x has the bijection with its successor y,
then the INRING TIMER of x goes off before y.

The fact that x has the bijection with y shows that the last
token y accepted was from x. Then x must have reset its
INRING TIMER before y had. Thus, INRING TIMER of
y cannot go off before x.

Lemma 6: When a station goes out of ring (into the OF-
FRING state), � % � , the number of the bijections, does not
decrease.

Let us say the predecessor of y is x, and the successor of y
is z. When station y goes into the OFFRING state, it forms
a ring of its own by the following assignment: y.NS = y and
y.PS = y. We distinguish the two cases where a station can
be kicked out. The first case is when the INRING TIMER
expires. In this case, from the lemma ??, x could not have
the bijection with y, because if it did, the INRING TIMER
of x would have gone off before y. In this case, regardless of
whether y had bijection with z or not, � % � will not decrease,
because in the worst cases � % � stays the same if y had the
bijection with z. The second case is when y is kicked out
because it is not successful in finding a successor. Again
regardless of whether x had the bijection with y or not, � % �
will not decrease, because in the worst case we lose the bi-
jection from x to y, but gains a self-bijection of y.

Lemma 7: When a station accepts a token some time after
t, � % � , the number of the bijections, does not decrease.

After accepting a token, station y goes into the OFFRING
state, attempts to pass the token to its successor, or sends the
SOLICIT SUCCESSOR token. According to lemma ??,
� % � is not decreasing in the first case when the station in-
voluntarily goes into the OFFRING state. So we are left to
prove that � % � is not decreasing in the last two cases where
station y attempts to pass the token to its successor, or sends
the SOLICIT SUCCESSOR token.

Let us see what happens if y decides to pass the token to
its successor, z. If y has the bijection with z, then it will
pass the token successfully and there will be no change in
the network. In the case that y does not have the bijection
with z, y will try to find a station to form the bijection with.
If y is not successful within a certain window of time, it will
go into the OFFRING state. And we have already shown in
the lemma ??, that � % � does not decrease. Now Let us con-
sider the case where y successfully finds a station to form
the bijection with. U is the station that y finally forms the
bijection with. W is the predecessor of u, before y became
its predecessor. Suppose w had the bijection with u, before
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y came along. Then � % � is the same as before because we
gained one bijection from x to u, but lost one from w and
u. If there was no bijection from w to u to begin with, we
would have gained on � % � by one.

Now Let us see what happens if y decides to sends a SO-
LICIT SUCCESSOR token. If no station wins the con-
tention, then y will proceed to pass the token to its succes-
sor. And we have already shown in the previous paragraph
that � % � does not decrease. If station z wins the contention
and successfully sends the SET SUCCESSOR token, then
y now has the bijection with z. Station z inherits the genera-
tion sequence number, the ring address, and the PS pointer
from y, allowing successful establishment of the bijection
with w the successor of y. If y did not have the bijection
with w, then at worst case, � % � will stay the same.

Lemma 8: A ring will not break after time t + 2MTRT + IN-
RING TIME, and the number of stations in the ring will not
decrease.

A station updates its NS pointer when it is unable to pass
the token to its successor, leaves the ring, or receives
SET SUCCESSOR. Because all stations in a ring have the
bijections with its successor, it does not make sense that it
is unable to pass the token to its successor. Thus, no station
will be kicked out of the ring. Also, according to our as-
sumption, a stationwill not leave the ring voluntarily. When
a station receives the SET SUCCESSOR, the NS pointer
of the station will change. However, the ring will still not
break since all contending stations must have a connection
with the successor of the soliciting station.

A station updates its PS pointer when it accepts a token from
a station different from its predecessor. A station may ac-
cept the SET PRED token from another station, if the sta-
tion has the same ring address, causing the ring to break.
However, a station in the ring could not possibly have re-
ceived a token from a station in the same ring that is not its
predecessor since all stations in the ring has the bijection
with its successor and could not have failed to pass a token
to its successor. Moreover, from our assumption, a station
is not allowed to leave the ring voluntarily and induce its
predecessor to generate SET PRED.

Now we will show after t + MTRT + INRING TIME, a sta-
tion outside a ring cannot possibly send a SET PRED token
to a station inside the ring with the same ring address. Let
us suppose that station y, with the ring address B, receives
a token from station w, outside of the ring. Let us label the
predecessor of station y, x. From time t + MTRT and on, no
more multiple equivalent tokens exist according to lemma
??. A station cannot possibly remember about a token that
did not exist at time t + MTRT, and at time t + MTRT + IN-
RING TIME, because a station must have accepted a token
during [t + MTRT, t + MTRT + INRING TIME] or have
formed a self-ring. Thus, by t + MTRT + INRING TIME,

if a station remembers anything about the token with a par-
ticular ring address, B, they are remembering the same to-
ken. If a station receives a token from a station outside the
ring, then the token must have made a loop from station y
to w and back to y. This means that there was a breach in
the ring that x and y belongs to, because when a token trav-
els it makes bijection between the sender and the acceptor
of the token. For station x and y to be in the same ring at
time t + MTRT + INRING TIME, a new token must have
been regenerated by a station in the loop after the token with
ring address B has passed them by. But this does not make
sense because y must have received the token with the ring
address B within MTRT since the last time it saw it, and all
stations in the loop have seen the token after station y ac-
cepted it.

Lemma 9: � % � monotonically increases and will converge
to ��� � in a finite time.

From lemma ?? and lemma ??, � % � is not decreasing. Ac-
cording to lemma ?? that a ring will not break nor decrease
in size after time t + MTRT + INRING TIME. In addition
a station will not solicit another station to join unless it sees
two successful token rotations. If there are no topological
change, a station will not join a node unless it is part of a
ring. This means that the number of stations in a ring does
not decrease.

If � % ���� ��� � at some time s such that s � t + 2MTRT + IN-
RING TIME, then there exists station y that will not receive
a NORMAL token from its predecessor at time t. If station
y does not accept a token within the INRING TIME since
the last time it accepted a token, it will form a self-ring. In
this case, we gained a station that belongs to a ring. If the
station y accepts a token, allowing another station to form
the bijection with y, then we gain in the size of � % � . This is
because the former predecessor did not have the bijection
with y, and the new predecessor did not have the bijection
with its former successor since it could not have generated
SET PRED token to form the bijection with y. Since within
every INRING TIME, the number of bijection that belongs
to a ring, or the number of bijections increase, � % � will con-
verge to ��� � in finite time.

When � % � finally converges to ��� � at time u � s, using
the multiple token resolution lemma ??, we know that
there exists one and only one token in all rings within u +
IDLE TIME + INRING TIME.

Lemma 10: If � % � = ��� � at time s � t, then within s +
IDLE TIME + 3MTRT, there exists one and only one token
in any ring.

There could be multiple tokens in a ring at time s. Either
one and only one of these tokens will survive or none will
survive by time s + 2MTRT. Station y in a ring will only
accept a token if it has higher priority than the last token
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that it accepted. This means that after one revolution, the
priority of all existing tokens must be increasing in terms of
its order of visits to station y. All of these tokens must visit
station y within another MTRT, and will be deleted but one
token.

Even if all tokens get deleted at time u � s, within u +
IDLE TIME, there exists at least a one token in the ring.
From the bijection, we know that if x has the bijection with
y, y must accept tokens from x. This means that the sta-
tion that holds the token has the higher priority than its suc-
cessor. The only station that is an exception to this rule is
the owner of the token, because the owner increments the
generation sequence number by one when it passes the to-
ken. The only generation sequence number assignment that
will satisfy these constraints is the following. The genera-
tion sequence number of the stations from the successor of
the owner to the station to the station with the token has the
same generation sequence number as the token. The gen-
eration sequence number from the successor of the station
with the token to the owner is one less than that of the to-
ken. This means that when one or more stations regenerate
token during [u, u + IDLE TIME], the generation sequence
number of these tokens will be higher than that of any sta-
tions at time s. Because these tokens will be passed around
as a NORMAL token, only the highest priority token will
survive within one MTRT, and lower priority tokens will be
deleted.

4. IMPLEMENTATIONS

We implemented the WTRP on top of 2 Mbps WaveLAN[?]
PCMCIA card that implements the IEEE802.11[?] proto-
col. WTRP uses DCF (Distributed Coordinated Function)
mode of IEEE802.11. This is done by prepending the token
ring header to the IP packet and broadcasting all packets in
peer-to-peer mode.

We have three different implementations of WTRP as
shown in Figure ??. All three implementations use the same
protocol core. This sharing of codes is made possible by the
implementation of Linux kernel libraries for packet manip-
ulations and event scheduling in user space.

The importance of the UDP implementation (Figure ??) is
that it is platform independent. In a managed network, ap-
plications can reduce the frequency of packet collisions by
sending the UDP packet using the UDP interface. In this

Figure 5. Visualization of the Simulator

case, WTRP is used as a transmission scheduling method
rather than a medium access control. We have shown the
efficiency of the implementation by streaming without jitter
1 Mbps video without buffering on the WaveLAN cards.

The simulator (Figure ??) allows testing and simulation of
the same WTRP core shared by all implementations. This
design of simulator is advantageous since it nullifies the
need to develop separately for simulation and for deploy-
ment. The separated development is not only expensive in
terms of added developmental costs, but also increases the
chance of failure to identify potential problems of the pro-
tocol since the protocol that is tested in simulations and de-
ployed is often different.

In terms of mobility model of the simulator, a node can be
assigned one of implemented random movement patterns
or follow a prefined path. The mobility is visualized in the
Network Animator[?] by generating a log that Network An-
imator understands. A screen shot of the visualization is
shown in Figure ??. In terms of the channel model, the sim-
ulation models a simple Direct Sequence Sequence Spec-
trum (DSSS) capturing effect based on transmission to in-
terference ratio, free space wave propagation, and underly-
ing CSMA radio. Multipath or fading affect is not modeled.

The Linux kernel module is developed for kernel version
2.2.19, and it is inserted between the IP and WaveLAN li-
braries. The next section (Section ??) shows the perfor-
mance analysis conducted on the Linux kernel module.
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2048Hz)
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Figure 7. Token Rotation Time during FTP (Three Nodes,
2048Hz)

5. PERFORMANCE

In the trial shown in Figure ??, a large file size 5830080
Bytes was transferred using FTP between two nodes run-
ning the token ring medium access protocol. Figure ??
shows the trial done with three nodes. A file of size
7403520 bytes was transferred. The LINUX clock resolu-
tion was set at 2048Hz. The token rotation time was mea-
sured at the FTP server for each token rotation. The file
transfer of the same file was done three times with a single
transfer, 2 concurrent transfers, and 3 concurrent transfers.
The three peaks in Figure ?? and Figure ?? correspond to
the three FTP transmission periods.

From the figure, one can see that the token rotation time did
not increase in spite of an increased number of simultane-
ous transmissions. Rather, the transfer took longer to com-
plete in direct proportion to the number of concurrent FTP

1.5 2 2.5 3 3.5 4 4.5

2

3

4

5

6

7

8

Token Rotation Time and Standard Deviation

T
ok

en
 R

ot
at

io
n 

T
im

e 
(m

s)

Number of stations

Figure 8. Mean Token Rotation Time

transfers. This bound on latency is the most salient property
of the token ring protocol. It enables real time application
support.

The test results seem to indicate that WTRP is scalable with
the number of nodes. The following trials are done to see
this. The scalability of the system response can be mea-
sured by observing the increase in token rotation time as
the number of the nodes in the ring is increased. As ex-
pected, the mean token rotation time increases linearly with
the number of nodes in the ring as shown in Figure ??.
The standard deviation of token rotation time is also indi-
cated in Figure ??. At least with small number of nodes,
the standard deviation increased linearly. In addition, to-
ken rotation time is well contained. Less than 0.01% of the
time the rotation time took longer than 40ms during the trial
(0.0017% for Figure ?? and 0.0064856% for Figure ??).

6. COMPARISON WITH THE IEEE802.11 IN DCF MODE

The token ring protocol in its current implementation is
disadvantaged relative to the original IEEE802.11 driver
because the token ring protocol is implemented on top of
IEEE802.11 in DCF mode, incurring all the overhead that
is associated with IEEE802.11 plus the overhead from the
token ring. The overhead is the increased computation time
and packet header size. In spite of these disadvantages, we
find that under heavy load, the token ring implementation
performs better than the IEEE802.11 in DCF mode. This is
shown in Figure ??. In the figure, the aggregate FTP band-
width is plotted against the number of simultaneous FTP
transfers. Both cases involved five nodes. Regardless of the
number of simultaneous transmissions, the ring was formed
with five nodes. The FTP was done as follows. For the case
of two simultaneous transfers, one transfers went from sta-
tion 1 to station 2 another from station 2 to station 3. For
the case of three simultaneous transfers, 1 to 2, 2 to 3, and
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Figure 9. FTP performance (IEEE802.11 in DCF mode vs.
Token ring)

3 to 1.

In Figure ??, the solid line represents the IEEE802.11 in
DCF mode and the dotted line represents the token ring pro-
tocol. At least with the number of nodes that were involved,
we observed a decrease. The decrease in the throughput is
expected since the number of collisions increase in a CSMA
medium access control.

The performance surprisingly improves in the Wireless To-
ken ring case when going from 1 to 3 simultaneous trans-
fers. This can be explained as follows. Since for all tri-
als in Figure ??, the ring size remained constant regardless
of the number of simultaneous transfers, the number of to-
ken transmissions per token rotation remained constant in
all trials. However, on increasing the number of simulta-
neous transfers, the number of data transmissions per token
rotation is increased. This increases the ratio of data to to-
ken transmissions. This decreases the overhead per data bit.
The need for retransmission of the data due to collisions is
eliminated since there is no collision in the token ring im-
plementation. We found that the token ring actually per-
forms better when there are more than three simultaneous
transfers.

The Centralized approach (802.11 PCF mode) uses the star
topology, meaning that all slave nodes need to have a con-
nection with the master. It is then easier to manage the net-
work since all management information can be stored at the
master. However, the approach is vulnerable to a single
node failure at the master.

7. CONCLUSION

Even though the token ring protocol was implemented on
top of the IEEE802.11 in DCF mode, we found that the to-

ken ring performs well or even better under heavy load. We
have designed a protocol that is fast in terms of recovery
(since there were several tokens lost during the tests) and
efficient in terms of header size. One reason for the fast
recovery is the use of a connectivity cache in each station.
The performance results also show that we have a software
implementation that is useful under a controlled application
environment when utilized on top of an arbitrary network
interface card.

The consistency of the token rotation time, regardless of the
number of simultaneous transmissions is key to bounding
the medium access latency. This perhaps is the most valu-
able feature of the wireless token ring protocol, since this
is necessary in real time applications. In fact, the develop-
ment of IEEE802.4 was initiated by people from General
Motors and other companies interested in factory automa-
tion[?]. It has been established as a “mandatory protocol
within the General Motor’s manufacturing automation pro-
tocol (MAP)”[?]. Features such as bounded latency and ro-
bustness against multiple node failures are some of the rea-
sons for this choice. Our design bring the same bounded
latency and robustness features to the wireless medium.
Moreover, WTRP accomodates ad-hoc topologies.
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