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Shusuke Tsumura and Hiroaki Higaki
Department of Computers and Systems Engineering
Tokyo Denki University
E-mail: {tsumura, hig}@higlab.net

TDMA is one of the efficient methods for achieving contention- and collision-free mobile ad-hoc networks. In
conventional proactive methods, a slot is assigned to each mobile computer independently whether it is included
in a wireless multihop transmission route or not. This paper proposes a reactive slot assignment method in which
slots are assigned to only intermediate mobile computers in wireless multihop transmission routes. Especially
in an environment with high density distribution of mobile computers and low frequency of communication
requests, successful slot assignment ratio gets higher due to weaker restrictions on slot assignments. In addition,
since slots are assigned after detection of wireless transmission routes, it is possible for each intermediate mobile
computer to select a slot with shorter waiting time to forward data messages, i.e. reduction of end-to-end
transmission delay is expected. This paper designs a novel slot assignment protocol with consideration for the
shorter waiting time. Results of simulation experiments show that the proposed protocol achieves avaragely
51.0% shorter transmission delay than the conventional protocol for proactive slot assignment method.
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1 Introduction

Recently, research on wireless ad-hoc networks con-
sisting of multiple mobile computers with wireless com-
munication devices has been getting active. It is ex-
pected for wireless ad-hoc networks to be applied to
temporary networks for disaster rescue, ITS (Intel-
ligent Transport Systems), conventions, conferences
and networks which is difficult to be configured as
wired networks due to physical and /or economical rea-
sons. This is because a wireless ad-hoc network con-
sists only of wireless mobile computers without base
stations which require high configuration and main-
tenance cost. Here, communication between mobile
computers is realized by a wireless signal transmis-
sion which is based on broadcasting. Hence, multiple
mobile computers share the communication medium.
It is critical for wireless communication to avoid con-
tentions and collisions for message transmission with
shorter transmission delay, lower loss ratio and higher
throughput. Adoption of TDMA (Time Division Mul-
tiple Access) is one of the efficient solutions for solv-
ing this problem. In a wireless ad-hoc network, con-
tentions and collisions occur not only between neigh-
bor mobile computers but also between 2-hop neighbor
mobile computers due to the hidden terminal problem.
In conventional methods, available slots for a wireless
multihop transmission of messages are determined ba-
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sed only on network topology regardless whether each
2-hop neighbor mobile computer engages to other wire-
less multihop transmissions or not. Hence, applied re-
strictions are too tight and successful slot assignment
ratio gets lower especially in an ad-hoc network with
low frequency of message transmission requests and
with high density of mobile computers. This paper
proposes a novel slot assignment method for TDMA
with consideration of not only network topology but
also existence of requests for message transmissions
for achieving high successful slot assignment ratio and
shorter transmission delay in a wireless ad-hoc net-
work.

2 Related Works

Usually, there is limited battery capacity in a mo-
bile computer in an ad-hoc network. In addition, re-
duction of contentions and collisions is required to
achieve shorter transmission delay and higher through-
put. Hence, not all messages are transmitted directly
from a source mobile computer to a destination one.
Each mobile computer transmits messages to its neigh-
bor mobile computers with limited transmission power.
Hence, messages are transmitted from a source mobile
computer to a destination one along a wireless multi-
hop transmission route with help of intermediate mo-
bile computers which forward the messages. Here, a
wireless LAN protocol such as IEEE802.11 [1], Blue-



tooth [2] and ZigBee [3] is applied for 1-hop trans-
mission of messages between neighbor mobile comput-
ers. These protocols are based on CSMA/CA and
RTS/CTS for avoidance and reduction of contentions
and collisions. However, especially in a wireless ad-hoc
network with high density of mobile computers, since
frequency of contentions gets high, longer transmis-
sion delay is required and throughput gets lower. In
order to solve this problem, routing and message trans-
mission protocols for avoidance of contentions and col-
lisions within a wireless multihop transmission route
with transmission power control have been proposed.
In [6], a route modification protocol for avoidance of
contentions and collisions among multiple multihop
transmission routes has been proposed .

On the other hand, in [4] and [7], it has been pro-
posed to realize wireless multihop transmissions with-
out contentions and collisions by applying TDMA. As
shown in Figure 1, a time slot for transmission of mes-
sages is assigned to a mobile computer. In case that
a same time slot is assigned to two neighbor mobile
computers M; and M; and another mobile computer
M, is included in wireless signal transmission ranges
of both M; and M, messages are lost due to colli-
sion when both A; and M; transmit messages in the
assigned slot and at least one of them is destined to
Mj,. This problem also occurs when M; and M; are
2-hop neighbor mobile computers since these mobile
computers are hidden terminals by My. Thus, by as-
signing a slot to a mobile computer different from slots
already assigned to 1-hop and 2-hop neighbor mobile
computers, contention- and collision-free wireless ad-
hoc networks are realized.
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Fig. 1: TDMA Slot Assignments.

In the conventional TDMA slot assignment meth-
ods, an assignment of a slot to a mobile computer is
restrected by slot assignments in all 1-hop and 2-hop
neighbor mobile computers. If a same slot is assigned
to the mobile computer M as a 1-hop or a 2-hop neigh-
bor mobile computer M’, collision of wireless signals
occurs if these mobile computers transmits simultane-
ously. Thus, one of the slots which has not yet been
assigned to all 1-hop and 2-hop neighbor mobile com-
puters of M is selected and assigned to M. USAP [7]
and ASAP [4] are proactive TDMA slot assignment
methods in which assigned slot is determined only by
topology of a wireless ad-hoc network. Here, a slot is
assigned to each mobile computer regardless whether
the mobile computer is included in a wireless multi-
hop transmission route or not. Each time a mobile
computer is added to the wireless ad-hoc network or

moves and its neighbor mobile computers change, a
slot is required to be (re-)assigned. Since it is possible
for a mobile computer to transmit messages to one of
its neighbor mobile computers with the assigned slot, a
slot which has not yet assigned to all 1-hop and 2-hop
neighbor mobile computers should be assigned.

In this method, an assigned slot is different from
those assigned to all 1-hop and 2-hop neighbor mo-
bile computers and no contentions and collisions oc-
cur with direct 1-hop neighbor mobile computers and
with 2-hop neighbor ones with the hidden terminal re-
lation. However, more than |Ny(M;)| + |No(M;)] + 1
slots are required for a slot assignment to a mobile com-
puter M; where Ni(M;) and Na(M;) are sets of 1-hop
and 2-hop neighbor mobile computers of M;, respec-
tively. Hence, for a wireless mobile ad-hoc network,
more than max;{|Ny (M;)| +|N2(M;)| +1} slots are re-
quired. Therefore, successful slot assignment ratio gets
lower in a wireless mobile ad-hoc network with high
density mobile computer distribution since the number
of 1-hop and 2-hop neighbor mobile computers is large.
In ASAP, number of slots is dynamically changed ac-
cording to number of 1-hop and 2-hop neighbor mobile
computers. However, for large number of slots in a mo-
bile computer, a period of a slot should be longer and
throughput of wireless multihop transmission should
be lower. In addition, since the slots are also assigned
to neighbor mobile computers which are not engaged
in any wireless multihop transmission, efficiency of the
network also gets lower.

3 Proposal
3.1 Reactive Slot Assignment

In order to solve the problem mentioned in the
previous section, this paper proposes a novel method
for reactive (on—demandf TDMA slot assignments in
which a slot is assigned only to a mobile computer in-
cluded in a wireless multihop transmission route. In
addition, though all slots assigned to 1-hop and 2-
hop neighbor mobile computers are not assigned due
to potential possibility of contentions and collisions in
conventional reactive slot assignment methods, only
slots which have already been assigned and whose as-
signment surely causes contentions and collisions are
avoided to be assigned in the proposed method. Hence,
there are more candidate slots for assignment to a mo-
bile computer and higher successful assignment ratio is
expected. In conventional proactive assignment meth-
ods, a slot is assigned to each mobile computer to
transmit messages to any neighbor mobile computers
as shown in Figure 2. On the other hand, in reactive
assignment methods, a slot is assigned to only mo-
bile computers included in an active wireless multihop
transmission route and the slot is used for transmission
of messages along the route as shown in Figure 3.

Fig. 2: Proactive Slot Assignment.



Fig. 3: Reactive Slot Assignment.

3.2 Restrictions on Slot Assignment

This section shows restrictions on slot assignments
in a mobile computer M; included in a wireless mul-
tihop transmission route R = ||Mj...M,)) from a
source mobile computer M (= Mp) to a destination
one My(= M,) where wireless signal transmissions
from M; to M;;+1 do not cause contentions and col-
lisions with those in other wireless multihop transmis-
sions. Here, let N1(M) and N2(M) be sets of 1-hop
and 2-hop neighbor mobile computers of a mobile com-
puter M.

If one of the following conditions is satisfied, it is
impossible for a slot s to be assigned to M; for trans-
mission of messages through a wireless communication
link |MiMi+1>:

o If M; transmits messages in s, collisions occur with
messages being transmitted to M;.

o If M; transmits messages in s, collisions occur
with messages being transmitted to neighbor mo-
bile computers of M; except for M.

o If M; transmits messages in s, collisions occur with
messages being transmitted to M1 from a neigh-
bor mobile computer of M.

In [5], restrictions on slot assignments to wireless
communication links has been discussed and two re-
strictions have been induced. In order for slot assign-
ment to a wireless communication link |M;M;1), it
is not required for all assigned slots which have been
assigned to 1-hop and 2-hop neighbor mobile comput-
ers of M; to be restricted. Even if a slot s has alread[y
been assigned to a wireless communication link | M M’)
from a 1-hop neighbor mobile computer M € Ny(M;)
of M; to its neighbor mobile computer M’ € Ny (M),
it is possible for s to be assigned to |M;M;41) if M is
not a neighbor of M;,; and M’ is not a neighbor of
M;,ie. M & Ni(M;41) and M’ € N;(M;) as shown in
Figure 4. Therefore, the restrictions for a slot s to be
assigned to a wireless communication link |M;M;41)
are as follows:

[Restrictions on Slot Assignments]

A slot s satisfying the following conditions is al-
lowed to be assigned to a wireless communication link
[M;M;41):

e s has not yet been assigned to a wireless com-
munication link |M’M) where M € N;(M;) and
M’ € N1(M).

e s has not yet been assigned to a wireless commu-
nication link [MM') where M € N;(M;;1) and
M’ € Ni(M).

Fig. 4: Wireless Links with Assignments of Same Slot.

3.3 Slot Selection for Shorter Transmis-
sion Delay

In wireless multihop transmission, after receipt of
a data message from a previous hop mobile computer,
an intermediate mobile computer should keep the mes-
sage until it forwards the data message in its assigned
slot. Let s; be a slot assigned to a wireless commu-
nication link |M;M;41), i.e. an intermediate mobile
computer M; in a wireless multihop transmission route
R =|My...M,) transmits data messages in s;. M; re-
ceives a data message in s;_; and forwards s;. Hence,
the data message is kept in M; for {s; —s;_1 mod N,}
where N, is a number of slots in a frame. There-
fore, for multihop transmission of a data message,

ocicni8i — si—1 mod Ny} transmission delay is re-
quired.

In conventional proactive slot assignment protocol,
a slot is assigned to each mobile computer regardless
whether the mobile computer is included in a wireless
multihop transmission route or not as in the left figure
in Figure 5. Hence, when a wireless multihop transmis-
sion route is detected, an expected transmission delay
is automatically determined as in the right figure in
Figure 5.

Fig. 5: Transmission Delay in Proactive Slot Assign-
ment (Ng

On the other hand, in reactive slot assignment pro-
tocol, a slot is assigned after the wireless transmission
route is detected. Hence, if s;; has been assigned be-
fore s;, M; selects s; which satisfies the restrictions in
the previous subsection and where {s; —s;_1 mod Ny}
is the minimum for shorter transmission delay.

4 Slot Assignment Protocol

This section shows a TDMA slot assignment pro-
tocol based on the method proposed in the previous
section. Here, a wireless multihop transmission route
R =||My ... M,)) from a source mobile computer M,
to a destination one M, has been detected by an ad-
hoc routing protocol. The following sets of slots are
stored in each mobile computer M; in R:



Fig. 6: Transmission Delay in Reactive Slot Assign-
ment (N

e 55 a set of slots assigned to a wireless commu-
nication link [M M') where M is M; or a neighbor
mobile computer of M; and M’ is a neighbor mo-
bile computer of M, i.e. |MM’) is included in an
active wireless multihop transmission route.

e RS;: a set of slots assigned to a wireless commu-
nication link |M’M) where M is M; or a neighbor
mobile computer of M; and M’ is a neighbor mo-
bile computer of M, i.e. |M'M) is included in an
active wireless multihop transmission route.

According to the slot assignment restrictions in sub-
section 3.2, one of slots s where s € RS; 1 U SS;
should be assigned to a wireless communication link
|M;_1M;). In addition for shorter transmission delay,
{si — si—1 mod N} should be smaller according to the
discussion in subsection 3.3. In the following slot as-
signment protocol, a slot is assigned to each wireless
communication link in R in the forward direction, i.e.
from My to M,. Hence, when s; is selected, s;_; has
already been selected.

[Slot Assignment Protocol]

(Source Mobile Computer M)

1) A source mobile computer M transmits a slot re-
quest message Sreq with RS and L (dummy slot)
to its next hop mobile computer M;.

2) On receipt of a slot reply message Srep with a slot s
assigned to a wireless communication link |MoM;)
from M;, My adds s to SSy and broadcasts a send-
ing slot append request message 5SS req with s.

(Intermediate Mobile Computer M;)

1) On receipt of an Sreq message with RS;_; and s,
from M;_;, an intermediate mobile computer M;
selects a slot s where s ¢ RS; ;1 USS; and s —
sp mod Ny is the minimum.

M; adds s to RS, transmits an Srep message with
s to M;_; and broadcasts a receiving slot append
request message RS req with s.

M; transmits an Sreq message with RS; and s to
its next hop mobile computer M; ;.

On receipt of an Srep message with a slot s as-
signed to a wireless communication link |M; M;11)
from M,y1, M; adds s to SS; and broadcasts a
SST req message with s.

(Destination Mobile Computer M,,)

1) On receipt of an Sreq message with RS,_; and
sp from M, _1, a destination mobile computer M,
selects a slot s where s ¢ RS,—1 USS, and s —
sp mod N is the minimum.

2) M, adds s to RS, transmits an Srep message with
sto My,_1 and broadcasts an RSt req message with

s.
(Neighbor Mobile Computer M)

3)

1) On receipt of an RS™ req message with a slot s as-
signed to a wireless communication link |M;_1 M;)
from M;, M; adds s to RS;.

2) On receipt of an SS™req message with a slot s as-

signed to a wireless communication link |M;M;, )
from M;, M; adds s to SS;.

O
[Slot Release Protocol]
(Source Mobile Computer Mp)

1) On detection of release of R, a source mobile com-
puter My removes s assigned to a wireless commu-
nication link |MoM;) from SS and broadcasts a
sending slot release request message SS~ req with

s.

(Intermediate Mobile Computer M;)

1) On detection of release of R, an intermediate mo-
bile computer M; removes s assigned to a wire-
less communication link |M;_; M;) from RS; and
broadcasts a receiving slot release request message
RS req with s.

2) M; removes s assigned to a wireless communication
link |M;M;1) from SS; and broadcasts an SS ™ req
message with s.

(Destination Mobile Computer M,,)

1) On detection of release of R, a destination mo-
bile computer M,, removes s assigned to a wire-
less communication link |M,,_; M,,) from RS,, and
broadcasts an RS~ req message with s.

(Neighbor Mobile Computer M;)

1) On receipt of an RS~ req message with a slot s as-
signed to a wireless communication link |M;_1 M;)
from M;, M; removes s from RS;.

2) On receipt of an SS™ req message with a slot s as-

signed to a wireless communication link |M;M;. )
from M;, M; removes s from SS

g+

O

Fig. 8: Broadcast Transmission of RS req.

5 Evaluation

This section shows results of simulation experiments
for evaluation of our proposed method.

The first evaluation shows that a slot assignment in
a mobile computer in our proposed method has weaker



Fig. 10: Broadcast Transmission of SS™req.

restrictions on slot assignments in other mobile com-
puters than in the conventional method. Here, 300—
500 mobile computers are randomly distributed in a
1200mx1200m field according to unique distribution
randomness, a source and a destination mobile com-
puters are also selected randomly and a wireless mul-
tihop transmission route is detected by using AODV.
Numbers of wireless communication links for which
slot assignment is restricted by the slot assignments to
wireless communication links along the detected wire-
less multihop transmission route are evaluated. Wire-
less transmission range of each mobile computer is as-
sumed to be 100m. Figure 13 shows an evaluation
result. Here, the ratio of numbers of restricted mobile
computers in our proposed method against numbers
in the conventional method is evaluated. The mini-
mum, maximum and average ratios are 0.508, 0.813
and 0.761, respectively. Hence, there are averagely
33.9% weaker restrictions on slot assignments in our
proposed method.

The second evaluation shows successful slot as-
signments ratio in our proposed reactive method and
in the conventional proactive method with various
numbers of mobile computers and numbers of active
wireless multihop transmission routes. Here, 200-
800 mobile computers are randomly distributed in a
1000m x 1000m field according to unique distribution
randomness. In the proactive method, a slot is as-
signed to each mobile computers. In our reactive
method, a source and a destination mobile computers
are selected randomly, a wireless multihop transmis-
sion route is detected by using AODV and a slot is
assigned by our proposed protocol. Wireless transmis-
sion range of each mobile computer is 100m and there
are 16 TDMA slots for data message transmissions.

Fig. 11: Broadcast Transmission of RS~ req.

Fig. 12: Broadcast Transmission of SS~req.
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Fig. 13: Ratio of Restricted Wireless Links.

In addition, since performance of the proposed reac-
tive method depends on number of available slots, i.e.
slots which have not yet been assigned, the number
of other active wireless multihop transmission routes
is assumed to be 1-30, which represents different fre-
quency of communication requests in a wireless mobile
ad-hoc network.

Figure 14 shows results of simulation experiments.
In the proactive slot assignment method, since a slot
is assigned to each mobile computers independently
of communication requests, successful slot assignment
ratio is independent of the number of wireless trans-
mission route. Since a slot which has already been
assigned to one of 1-hop and 2-hop neighbor mobile
computers is not prohibited to be assigned, in higher
density environments, successful slot assignment ratio
is low due to large number of 1-hop and 2-hop neighbor
mobile computers. On the other hand, in the reactive
method, since a slot is assigned to each mobile com-
puter only included in a wireless multihop transmis-
sion route, successful slot assignment ratio depends on
number of other active wireless multihop transmission
route. The larger the number of routes is, the lower the
successful slot assignment ratio is. However, the ratio
is almost independent of the number of mobile com-
puters in a wireless mobile ad-hoc networks since no
slots are assigned to mobile computers which are not
engaged in wireless multihop transmissions !. There-
fore, almost all the cases, the proposed reactive slot as-
signment method achieves higher successful slot assign-
ment ratio than the conventional proactive method.

Finally, end-to-end transmission delay is evaluated.
Since slots are assigned to all mobile computers before
detection of wireless multihop transmission routes in

1Successful slot assignment ratio is evaluated low in cases
with small number of mobile computers and large number of
wireless transmission route since an additional wireless multihop
_ttransmission route is failed to be detected due to low connectiv-
ity.
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Fig. 14: Successful Slot Assignment Ratio.

conventional proactive slot assignment methods and
slots are assigned to only the intermediate mobile
computers after detection of wireless multihop trans-
mission routes in proposed reactive slot assignment
method, reduction of end-to-end transmission delay
is expected. Here, 300-1000 mobile computers with
100m wireless transmission range are distributed in a
1000m x 1000m field according to unique distribution
randomness. Communication requests arrive accord-
ing to Poisson Process with 100msec and 200msec av-
erage intervals and communication time is 1sec (con-
stant). AODV routing protocol is applied for detection
of wireless multihop transmission routes and numbers
of slots are constantly 8 and initially 4 in our proposed
reactive slot assignment method and ASAP which is a
proactive slot assignment method with variable num-
ber of slots, respectively. Figures 15 and 16 show
the simulation results with 100msec and 200msec aver-
age request intervals, respectively. Longer end-to-end
transmission delay is required in an environment with
higher density of mobile computers in ASAP since a
slot different from those assigned to all 1-hop and 2-
hop neighbor mobile computers should be assigned to
each mobile computer and the number of slots is in-
creased. On the other hand in our method, end-to-
end transmission delay is averagely 54.5% and 47.5%
shorter than ASAP and is independent of density of
mobile computers since slots are assigned to only in-
termediate mobile computers in wireless transmission
routes whose numbers of hops are less effective to den-
sity of mobile computers in AODV.
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6 Conclusion

This paper has proposed a reactive TDMA slot as-
signment method for avoidance of contentions and col-
lisions in wireless multihop transmission in wireless
mobile ad-hoc networks and designed slot assignment
and release protocols. In the proposed method, a slot
assignment to a wireless communication link along a
wireless multihop transmission route is restricted only
by part of slot assignments in 1-hop and 2-hop neighbor
mobile computers. Hence, it achieves higher success-
ful slot assignment ratio than the conventional proac-
tive slot assignment method. The results of simulation
experiments show that the reactive method achieves
averagely 55.4% higher assignment ratio. In addition,
the proposed method achieves averagely 51.0% shorter
end-to-end transmission delay since slots are assigned
to intermediate mobile computers in a wireless multi-
hop transmission route after it is detected by an ad-hoc
routing protocol.
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