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Wireless Sensor Networks
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Abstract—In this paper, we propose a solution to the scheduling problem in clustered wireless sensor networks (WSNSs). The
objective is to provide network-wide optimized time division multiple access (TDMA) schedules that can achieve high power efficiency,
zero conflict, and reduced end-to-end delay. To achieve this objective, we first build a nonlinear cross-layer optimization model

of medium access plays an important role in
the performance of wireless sensor networks (WSNSs). In
the literature, time division multiple access (TDMA) and
carrier sensing multiple access (CSMA) are two major
medium access approaches in WSNs. This work will only
focus on the TDMA approach because the scenario
specification of our research is a static network in which
TDMA is said to be more effective than CSMA, especially
under medium to high traffic load []

In this paper, we aim at deriving TDMA schedules with
optimized power consumption and minimum latency in
clustered WSNs. Energy efficiency is a major concern in
WSNSs, since the batteries are often impossible to be
replaced or recharged in many cases P] In TDMA, a node
can be active only if it is scheduled to send or receive data,
which give it advantages in power efficiency. In the
iterature, the medium access control (MAC) protocol of
many WSN and ad hoc network proposals is TDMA based,
e.g., B] #] pb] Recently, cross-layer design is further
adopted to achieve least energy consumption in TDMA-
based WSNs, as summarized in B]

In addition to energy efficiency, quality of service
(QoS) metrics such as end-to-end delay needs to be taken
into account in some applications or under certain
scenarios, for instance, delivering real-time data in radio
harsh environments.

To achieve the papers objective, we propose a two-step
approach to derive TDMA schedules supporting both high

energy efficiency and minimum delay in WSNSs. In the first
step, we formulate the problem via cross-layer optimiza-
tion, aiming at deriving the most energy-efficient flows on
every link. Based on the calculated per-link flows, in the
second step, we propose an algorithm to obtain a TDMA
schedule with the least frame length. From the analysis
presented in Section 5, the least frame length guarantees
minimum delay for the derived TDMA schedules.

We consider the application of the proposed two-step
approach in clustered WSNs. It is widely known that
clustering technique can provide scalability for large-size
WSNs, since most of the operations can be accomplished at
cluster heads (CHs) and gateways (if present), whose
number is much less than the number of sensing nodes.
Instead of only addressing intracluster slot assignment, as is
mostly done in the literature (e.g., BMA [}, we focus on the
more challenging intercluster slot assignment.

The main contributions of this paper are twofold. First,
we build a cross-layer nonlinear optimization model to
achieve energy efficiency with specified link reliability and
bandwidth constraints. Instead of solving this nonlinear
optimization problem directly by heuristic algorithms, we
transform the problem into two simpler subproblems at less
complexity, which facilitates the application of our ap-
proach in large-size WSNs. Second, we propose a schedul-
ing algorithm for slot assignment in clustered WSNs. This
scheduling algorithm incorporates the slot reuse concept
(from cellular networks) in calculating the schedules based
on the optimal flows derived from the proposed optimiza-
tion model. We show that the slot reuse concept signifi-
cantly reduces the end-to-end latency without a penalty in
the energy efficiency. The above two contributions distin-
guish our work from previo us related works in the
literature, for example, B] P]

The paper is organized as follows: Section 2 provides an
overview of the related work in the literature. In Section 3,
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valid links. The third constraint (6d) indicates that the
output data rate at each node should be the sum of input
data rate and data generation rate at that node (the data are
generated by cluster member nodes, aggregated at the
corresponding CH, and then, relayed to the sink). The
fourth constraint (6e) is the data rate or bandwidth limit of
the network, showing that the summed data rate with
retransmissions at all links should not be greater than the
maximal allowed data rate. This is a conservative con-
straint, since slots can be reused in our model. The fifth
constraint (6f) is the per unit time energy consumption
constraint at every node.

The optimization model depicted by (6) is cross-layer
based because it jointly combines network layer traffic loads,
MAC layer retransmission scheme, and physical layer
modulation scheme and bit error rate together, in order to
derive appropriate transmission power P, ;; and flow rate f;;
at every link &, jb &, jb 2 L° i 8 j, to achieve network-wide
optimal power efficiency. Applying (2)-(5), this model is
obviously nonlinear due to the terms EéPfT,]Dﬁ and
EaPm.blipwéi,jb 2L°%i 84, which are, respectively, the
transmit and receive energy consumed in relaying a bit from
node ¢ to j. Solving this nonlinear optimization problem
directly is a nontrivial task, so we transform the problem into
two simpler subproblems. We, therefore, propose to solve
the following subproblem #1 first.

Sub_Problem #1:

. 1
min. 8E3P,, ;P p B8P, pp——&, jb 2L°
h 1 pi a7p

st.  Ib<P,;<ubi2%BN,j2% N, i8j

where [b and ub are the lower and upper bounds of the
transmission power, respectively. The purpose of subpro-
blem #1 is to find the optimal transmission power on
link &,jR P,y iN order to consume the least energy
Eoptijiare TOr transmitting a bit from node ¢ to j. Subpro-
blem #1 is actually a simple problem of deriving the
minimum value of a function. Numerical methods such as
golden section search [23] can be adopted to solve this
problem. The solution to (7) then serves as input to (6).

However, before being able to use the results of (7) as
input to (6), we need to prove that the optimal transmission
power on each link obtained from solving (6) is equivalent
to that obtained from solving (7).

Lemma 1. For the optimal energy consumption model proposed
in (6) on any link &,jB the model must use the optimal
transmission power of this link Py . to achieve network-
wide optimal energy consumption.

Proof. Assume that the network-wide per bit optimal relay
energy consumption is Eyp totar ¥4 X P Eijtere, Where
Eij e 1S the per bit relay energy consumption on
link &, jPand X is the per bit relay energy consumed by
the other links in the network. Suppose the transmis-
sion power at link &,jR P, is not equal to the
optimal transmission power P, ., ;; of this link, we then
have Eijj.r'r.r > Eopt,ij,t,rrm; thus, anpt,total ]/4Xb Ei]fTTTD>

6E’2pmml Ya X P EupijrersP Which contradicts with the

statement that E,,;;.u IS the network-wide per bit

optimal relay energy consumption. t
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Now, we can solve (7) and input the results to (6). This
transforms the nonlinear optimization problem presented by
(6) into a simpler linear one, which we call subproblem #2.

Sub_Problem #2:

Define the parameters cl;%1/8l p;P and c2;; %
EdP, ;R &, b 2I%i 8.4, both are constants that can be
calculated from solving (7). Subproblem #2 is then for-
mulated as

X XX
clijc2i; fi; b cl;;EdP,,.bf;;
w2 W2 2 Bab
X )

b \E8P,,b &,jp 2L°i84j,
Y42

min.

st.fi; 0, 2% N,j2% N ,i8j 8Bbb
fij Y20 iff &, P8 Loor i Yaj, Bcp
ofi; [P Ya\i/Ci, 12N, Bdp
vl B
XXX
clijfi; R, 18y, Beb
Va2 gYal
X
&1,;¢2;;fi; b c1; E8P,,bf;P
Yil, 8 3Bfp
b NE&P,.P ¢ i2% N.

This linear optimization problem only has f;; as the
variables. Let jL9 be the number of links in the backbone
network constrained by the maximum transmit power, this
linear optimization problem has O§LJp variables and
O8N p jLIP constraints. The problem is similar to the
traditional minimum cost flow problem [24], [25] and can
be solved accordingly. Thus, we significantly reduce the
complexity of solving the original nonlinear optimization
problem based on Lemma 1.

Some applications may have a predetermined per-link
packet transmission success rate (PTSR) objective (where
PTSR is the complement of PLR). In this case, we can
calculate the bit error rate and transmission power on every
link according to (2)-(4). We then derive the constants c1;;
and c2;;, and directly input the results to (8) to solve this
linear optimization problem.

5 MINIMUM DELAY SCHEDULING ALGORITHM

Solving the optimization model in (6) gives the flow
distribution and transmission power on every link, which
achieves the energy-efficient data relay. We can, of course,
calculate the TDMA slots assigned to every link accordingly
without slot reuse. However, this results in very long
TDMA frame length, and thus, unacceptable delay in large-
size WSNs. Our goal then is to derive a relationship
between the delay incurred by a data packet at each
backbone network node (along its path to the sink) and the
TDMA frame length M so that, by reducing the frame
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length through slot reuse, the delay is minimized. For this
analysis, we determine the node delay from the instant the
first bit arrives at the node until the time the last bit exits the
node. With the TDMA MAC adopted, the nodal delay can
be approximated by the time interval between the input
time slot where the data are read and the output time slot
from which the data are read out. Suppose the data packet
is received at a node in slot m1, m12 4, M , and relayed out
inslot m2, m2 2 ¥4, M , the delay experienced by the relayed
data packet at this node is

m2 mlm2>ml,

1
Danl,m2P¥a 1 m2.m2 < mi,

ml,m22 %, M.
®p

Assuming that m1 and m2 are independent of each other,
the average delay experienced by the data packet at this
node is then

Py

. Doml,m2b M
m2¥alm28mm1l ) 1 1 /
U1 /4—2 ,m12 %, M,

from which we conclude that reducing the TDMA frame
length translates to a reduction in nodal delay. The end-to-
end delay is the sum of the nodal delays along a path to the
sink, plus the associated propagation delays which are
negligible due to short distances between the backbone
nodes. Hence, minimizing the TDMA frame length also
minimizes the end-to-end delay. Next, we apply the slot reuse
concepttoachieve areductionin TDMA frame length. That s,
aslot already assigned to a link can be reused at another link
provided that the interference between the two links is below
a specified threshold. In the following, a scheduling scheme
that implements the slot reuse concept is presented.

The first step is to determine the number of slots
required by each link in the backbone network and the
virtual link in each cluster. For a backbone link &, jPwith
flow f;;, maximum data rate R (both in bits per second), and
per-hop packet loss rate p;;, the slots needed (each of

a1op

length t) per second are:
M,%L 12% N ,j2% N alip
Lj R tal pijp’ 9 ) ) 9

where dreis the smallest integer greater than or equal to x.
Note that the slot length ¢ should be selected as small as
possible to reduce the error introduced by the ceiling
function in (11). Also, note that the flow distribution f;;
derived from the optimization model in (6) need not be
uniform for all the links; hence, the M;;s can be different for
different links. Let M, ; denote the number of slots required
by the virtual link directed to CH 4, which is determined by
CH i according to the aggregate intracluster traffic, and
then, sent to the sink. The sink uses the virtual link slot
requirements, along with the corresponding requirements
for the backbone links to determine the slots needed per
second at each node i (CH or gateway):

8 X
gkf,,‘i b A ijs Z 2 C’I‘IS7
JYal

M; Ya 12%2,N ,i8aj. al2p
% M;j,i 2 Gateways,

JYal
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(c) (d)

Fig. 3. Criterion 1: (a) Node i is a sender of slot s; thus, slot s cannot be
assigned to any other links of node :. (b) Node i is a receiver of slot s; thus,
slot s cannot be assigned to any other links of node i. (c) Slot s is assigned
to link &mn,nk thus, cannot be assigned to link &, nk Criteria 2 and 3:
(d) Transmission from node m to n causes negligible interference to 7,
and transmission from node : to j causes negligible interference to n.

Without slot reuse, the TDMA frame length is Pﬁ;‘z M;,
which can become too long (i.e., too long delay) for a large-
size backbone network. A TDMA frame with short length is,
therefore, desired. Previous work has shown that in TDMA-
based radio networks, the problem of finding the shortest
TDMA frame is NP-hard [10], regardless of traffic distribu-
tion across the links. In this paper, to circumvent the
solution complexity, we, therefore, adopt a simple incre-
mental heuristic to calculate the TDMA schedule that has
the shortest length. The heuristic can start from any of the
backbone nodes (CH or gateway), assigning slots first to the
virtual link (if the node is a CH), and then, to all the
outgoing links of the node. Before assigning slots to any
succeeding nodes, the algorithm checks all the links that are
previously assigned with slots to make sure no conflicts
exist. As illustrated in Fig. 3, three criteria that guarantee
the conflict free feature must be simultaneously met before
assigning a slot s to any link (outgoing links or the virtual
link) of node i, 72 %2, N .

Criterion 1. Node i is not the sender or receiver of a previously
scheduled link using slot s, and the link of node i to be
scheduled with slot s does not have the same receiver as that of
a previously scheduled link currently assigned slot s.

Criterion 2. Scheduling s as a slot used by one of node i’s links
causes negligible interference to the receiver of a previously
scheduled link also using slot s.

Criterion 3. The sender of a scheduled link using slot s causes
negligible interference to the current receiver if it is using
slot s on one of node i’s links.

In this paper, we assume that the interference at a node is
negligible only if the interference is less than 10 percent of
the noise floor. This explains why we use SNR instead of
signal to interference plus noise ratio (SINR) in the system
model presented in Section 3.

Our proposed algorithm can be applied to both uniform
and nonuniform traffic. In addition, the abstraction of
intracluster communication by virtual links makes it easy to
apply this algorithm to clustered WSNs, which is said to
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have advantage in large-scale deployment compared to
nonclustered WSNs [26].

A description of the proposed Algorithm 1 for conflict
free TDMA frame slot assignment is given as follows:

Algorithm 1. Incremental heuristic for conflict free TDMA
frame slot assignment (implemented at the sink)

Input: backbone network graph G ¥ &, LB M;,d;; & Py,
Output: Conflict-free schedule with frame length M

1. for each node i& 8 sinkbof V do

2 for each required slot m in M; do

3: Try assigning slot s ¥4 1;

4: while any of the 3 interference criteria is not
satisfied do

5 Try assigning the next slot s %2 sp 1;

6 end while

7 Assign slot s to required slot m of node 7;

8 end for

9 Store the Id of the last slot s assigned to node i, ; % s;

10: end for
11: Calculate the frame length M Yamaxf ,g, 8i2f 2, Ng

After deriving M, which is the maximum slot ID being
assigned in Algorithm 1, one must verify that M ¢ 1
This means that the frame duration should be less than
1 second in accordance with the definition of M;. Otherwise,
smaller values of ¢ are needed to regenerate M until
M ¢ 1. In this algorithm, and also in the optimization
model described in Section 4, we assume that the distance
between every two nodes is known, and the sink can obtain
the distance information during the deployment phase of a
WSN, or by GPS devices. Using the propagation model and
transmission power on each link, and with knowledge of
the slots already assigned to the links, the interference
mentioned in criteria 2 and 3 can be calculated. We claim
that a conflict-free schedule is produced when this algo-
rithm terminates, since all the three criteria must be
satisfied before assigning any slot.

Proof of the conflict-free schedule. Suppose the derived
schedule is not conflict-free. Then, there exists at least one
slot s2%, M, which is scheduled on links Z % fly,
la,...,1z0, such that conflict exists between a link [,
(1 =z Z) and at least one of the remaining links [,
(1 y Z,y®8x)inZ. Withoutloss of generality, assume
that /, has already been assigned with slot s prior to /.
When we try to assign slot s to [, from lines 4 and 5 in
Algorithm 1, due to the conflict between [, and [,
Algorithm 1 will assign slot s° (s> s) to I,.. This contra-
dicts with our assumption that [, and [, are both in Z
using slot s. Thus, we conclude that the derived TDMA
schedule by Algorithm 1 must be conflict-free. t

Note that Algorithm 1 can also be used with any values
of the link flow f;;s (aside from the optimal f;;s determined
by the optimization model). The complexity of Algorithm 1
is estimated as follows: In the worst case, the number of
iterations from the three loops in Algorithm 1 are N 1,
maxdM;Ri 242, N ,and 8N 2PmaxdM;R respectively. In a
large-size WSN, maxdM;Pis usually far less than N. Thus,
the complexity of Algorithm 1 is approximated as OaN?p
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Fig. 4. Slot assignment using Algorithm 1.

Finally, from knowledge of the Id of the slots assigned to
the virtual link in each cluster i, CH 7 then assigns the
virtual link slots to its cluster members on an as needed
basis. Existing intracluster slot assignment approaches (e.g.,
[7]) can be adopted for this purpose.

We now illustrate the slot assignment procedure. Con-
sider a linear network shown in Fig. 4a in which per-hop
distance and each cluster radius are both set to 15 meters. The
number on each link in Fig. 4a is the number of slots required
per second by that link. As stated earlier, this is calculated
using (11). Before implementing Algorithm 1, we assume, for
illustration purpose, the following input parameter values:
f My, M3, My, Ms, Mg, M7, Mg, Mog Y2 t4,1,4,3,5,2, 4,29,

f P23, Pru3as - - -, Pia78, Pra g9y P91, Pia 24, Pra g1, Pre810
14 £5.34,5.34, . .., 5.34,5.34,5.34, 85.45, 1,367.2, 85.45g mV,

and d,;, which is calculated according to the per-hop
distance specification. M; and P, ;; are obtained from
solving the optimization model built from this network
scenario. We also assume the slot length ¢, which is used
in calculating M, is set to 50 milliseconds. Suppose the
heuristic Algorithm 1 starts from node 2, progressing
incrementally to node 9:

1. Node 2 (i ¥22): M, Va4

m Y, 1,s% 1: Slot 1 is never used before; thus, all
criteria are satisfied. Schedule slot 1 as a slot of the
virtual link of node 2.

m ¥4 2, s ¥ 1: Criterion 1 is not satisfied since node 2
is the receiver of the assigned slot 1.

m ¥4 2,s% 2: Slot 2 is never used before. Schedule
slot 2 as a slot of the virtual link of node 2.

m ¥4 3, s ¥ 1: Criterion 1 is not satisfied since node 2
is the receiver of the assigned slot 1.

m ¥4 3, s % 2: Criterion 1 is not satisfied since node 2
is the receiver of the assigned slot 2.

m ¥4 3,s¥% 3: Slot 3 is never used before. Schedule
slot 3 as a slot of link (2, 3).

m Y2 4, s% 1: Criterion 1 is not satisfied since node 2
is the receiver of the assigned slot 1.

m Y4 4,sY, 2: Criterion 1is not satisfied since node 2
is the receiver of the assigned slot 2.

m Y2 4, s %, 3: Criterion 1 is not satisfied since node 2
is the sender of the assigned slot 3.

m Y2 4,s% 4: Slot 4 is never used before. Schedule
slot 4 as a slot of link (2, 4).
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TABLE 1
Transmission Power (in Milliwatts)
at Various Distance (PTSR % 0.9)

oy 5m 10m 15m
Hops

1 0.07 1.06 5.34
2 1.06 16.88 85.45
3 5.34 85.45 432.60
4 16.88 270.07 1367.20
5 41.21 659.35 3337.90
6 85.45 1367.20 6921.60

the transmission power needed in each case is shown in
Table 1. It is seen that at a fixed PTSR, the transmission
power increases significantly with the distance between the
transmitter and receiver, since the path loss increases
exponentially with the distance.

The flow distributions derived from (8) are shown in Fig. 5.
Verifying by (8e) and (8f), we realize that the above traffic
generation and per node residual energy settings can easily
satisfy the two constraints; thus, they do not affect the optimal
results and we can focus on investigating the optimal
transmission behavior only. As seen in Figs. 5 and 6, using
the proposed cross-layer optimization model, the ratio of
transmission power t0 (transmitter + receiver) circuit power
consumption determines the transmission behavior. When
the total circuit power consumption is dominant (i.e., the
transmission range is not greater than 4 and 2 hops in Fig. 6
for per-hop distances 5 and 10 meters, respectively), the
nodes send data directly to nodes multihops away (by
increasing the transmission power which is smaller than the
total circuit power) with less number of intermediate nodes to
save energy consumed by transmitter and receiver circuits
(i.e., Figs. 5a and 5b). However, short-distance relay is
preferred if the cost of transmission is significantly higher
than the total energy cost of the transmitter and receiver
circuits. For example, in Fig. 5¢, the power for transmission
beyond a distance of two hops away is significantly larger
than the total circuit power; thus, packet relay is done in a
hop-by-hop manner.

Fig. 6. Transmission power to (transmitter + receiver) circuit power.
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Fig. 7. (a) The effect of per node residual energy constraints. (b) Number
of slots needed on each link. (c) Assigned slots and slot reuse.

6.1.2 Scenario #2: Effect of the Residual Energy and the
Slot Assignment

In the second scenario, we investigate the effect of per node
residual energy constraint and look at the capability of
Algorithm 1 in reducing the TDMA frame length. We use
the same per-link PTSR objective (90 percent), topology, and
traffic source configurations of scenario #1, and set per-hop
distance to 15 meters. The residual energy at node 4 is
assumed to be 500 J, and set to 6,000 J at the other nodes for
one-day continuous operation. Due to the limited energy
constraint at node 4, we derive a flow distribution, as
shown in Fig. 7a, in which part of the traffic from node 3 has
to be transferred on a suboptimal path to node 5. Compared
to the flow distribution in Fig. 5c, this new flow distribution
consumes more power due to the residual energy constraint
at node 4. It can then be reasonably concluded that the
power cost for transmitting a packet to the sink in a WSN
increases as more and more nodes run out of energy, since
more and more suboptimal paths have to be adopted. On
the other hand, assume that some relay nodes are deployed
in a WSN such that these nodes consume negligible energy
when not in communication mode. We can say that the
optimization model achieves more power efficiency in such
a WSN (for example, if assuming that a backup CH near
node 4 exists in this scenario), since there are more choices
of selecting optimal paths toward the sink even if some
nodes run out of energy.

Next, we show how the slots are assigned and reused.
Let the slot size ¢ be 10 milliseconds. Applying (11) to
every link including the virtual links in Fig. 7a, we have the
number of slots required by each link, as shown in Fig. 7b.
Now, we can assign slots to every link according to
Algorithm 1, and the slot assignment procedure is similar
as the example illustrated in Section 5. We finally have a
frame of 94 slots with duration of 940 milliseconds, as seen
in Fig. 7c. We can decrease the slot size ¢ to mitigate the
error introduced by (11) thus reducing the frame duration.
For example, repeating the above procedure with ¢ %5ms
gives a frame with duration of 915 milliseconds. However,
this is at the cost of increased synchronization complexity
when ¢ is set to a small value.
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Fig. 8. Linear topology used in scenario #3.

TABLE 2
Comparison of Different Relay Schemes (Linear Topology)

Relay Scheme Backbone Pow- | TDMA Frame
er Consump- Length (Slots)
tion (mW)
CLD Optimal 25.79 30
CLD (PTSR=90%) 26.47 30
CLD (PTSR=80%) 28.79 40
CLD (PTSR=70%) 32.13 40
NCLD (10m) 34.37 108
NCLD (20m) 25.79 57
NCLD (40m) 72.56 33
NCLD (Unlimited) 5200.14 12

In Fig. 7c, slots 1-3 are reused on link &, 7pand slots 4-6
are reused on link 87, 1k Of the 94 slots per TDMA frame,
six are reused, resulting in a frame length reduction of
approximately 7 percent (6/®4p 6B of that without slot
reuse. We expect that the benefit of slot reuse will become
significant in large-size WSNs. This point is further
supported by the following scenario #3, where more nodes
are used for composing the linear topology.

6.1.3 Scenario #3: Comparison with Non-Cross-Layer
Approach

In the third experiment, we compare the following cross-

layer design (CLD) and non-cross-layer design (NCLD)

approaches:

1. CLD optimal: First, calculate per-link optimal trans-
mission power using (7), and then, input the results
to (6). Also, use Algorithm 1 to derive the TDMA
schedules.

2. CLDwith prefixed PTSR objective: First, calculate per-
link transmission power using a prefixed PTSR
objective,and then, inputthe resultsto (6). Algorithm 1
is used for TDMA schedules.

3. NCLD, shortest path, without slot reuse: In this
NCLD approach, shortest path (in number of hops)
is used as a network layer routing scheme for a
traffic source (or CH) to send data hop by hop to the
sink. TDMA without slot reuse serves as the MAC
layer protocol. The distance of one hop for shortest
path routing is determined by the maximum
transmission power configuration.

We investigate the performance of the above three
approaches by first using a linear backbone network
topology consisting of 19 nodes (including the sink). The
distance between two neighboring nodes is 10 meters. As
shown in Fig. 8, CHs 2 and 4 are configured as data sources,
each with a data generation rate of 0.5 kbps. The residual
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Fig. 9. Per bit relay energy consumptions versus hop distance.

energy at each node is 6,000 J, which is enough for one day’s
operation under the given traffic configuration.

Let the slot size ¢ be 10 milliseconds. Table 2 gives the
backbone network power consumption and TDMA frame
length for the approaches of CLD optimal, CLD with
prefixed PTSR of 90, 80, and 70 percent, and NCLD with
maximum per-hop distance of 10, 20, and 40 meters and
unlimited (unlimited per-hop distance implies that each CH
sends data via one hop, directly to the sink). It is observed
that for the NCLD scheme, the TDMA frame length
decreases as the maximum per-hop distance increases,
since fewer hops are used for relaying the data. The shortest
frame length is achieved when there is direct communica-
tion (i.e., unlimited per-hop distance) from the data sources
to the sink. Even though the NCLD (unlimited) approach
achieves the smallest frame length, its high power cost is
significantly unacceptable. On the other hand, the NCLD
approach with specified per-hop distance reduces power
consumption, but at the expense of increased frame length.
Clearly, the CLD approach strikes a better balance in the
trade-off between power consumption and frame length,
compared to the NCLD approach. It is also seen from
Table 2 that the CLD optimal approach exhibits a better
performance in terms of energy consumption than the CLD
with prefixed PTSR approach because the former adopts
optimal energy consumption on a per-link basis. Fig. 9
depicts the per bit relay energy consumption (i.e., (7)),
plotted against the hop distance. Compared to the CLD
with prefixed PTSR approach, the CLD optimal approach
consumes the least per bit relay energy. However, it is
interesting to find that similar energy is consumed by the
approaches: CLD optimal and CLD (PTSR % 90 percent)
(i.e., CLD with PTSR prefixed at 90 percent) at hop distance
of 40 and 50 meters. The explanation is obtained from
Table 3, which shows the values of PTSR obtained for the
CLD optimal approach, as the hop distance is varied.
Unlike CLD (PTSR ¥4 90 percent) where the PTSR is fixed at
90 percent for all the values of hop distance considered, in
the case of CLD optimal, the PTSR is adaptive to hop
distance. At a hop distance of 40 and 50 m, the PTSR for the
CLD optimal approach is approximately equal to 90 percent,



