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Abstract—The intravehicular wireless sensor network (IVWSN)
is a promising new research area that can provide part cost,
assembly, maintenance savings, and fuel efficiency through the
elimination of the wires and enables new sensor technologies to
be integrated into vehicles, which would otherwise be impossible
using wired means such as Intelligent Tire. The close interaction
of communication with control systems, strict reliability, energy
efficiency, and delay requirements in such a harsh environment
that contains a large number of reflectors that operate at extreme
temperatures are distinguishing properties of this network. In
this paper, we investigate optimal power control, rate adaptation, and scheduling for an ultrawideband-based IVWSN for oneelectronic-control-unit (ECU) and multiple-ECU cases. For the
one-ECU case, we show that the optimal rate and power allocation
is independent of the optimal scheduling algorithm. We prove the
NP-hardness of the scheduling problem and formulate the optimal
solution as a mixed-integer linear programming (MILP) problem.
We then propose a 2-approximation algorithm, which is the smallest period into the shortest subframe first (SSF) algorithm. For the
multiple-ECU case, where the concurrent transmission of links is
possible, we formulate the optimal power control as a geometricprogramming problem and optimal scheduling problem as an
MILP problem where the number of variables is exponential in
the number of links. We then propose a heuristic algorithm—the
maximum-utility-based concurrency allowance algorithm—based
on the idea of significantly improving the performance of the SSF
algorithm in the existence of multiple ECUs by determining the
sets of maximum utility.
Index Terms—Intravehicular wireless sensor networks
(IVWSNs), networked control systems (NCSs), power control,
rate adaptation, scheduling, ultrawideband (UWB).

I. I NTRODUCTION

M

ODERN automotive technology produces vehicles with
complex wired sensor networks that consist of up to 100
sensors controlled by one or multiple electronic control units
(ECUs) [1]. The wiring provides the connection between the
sensors and the corresponding ECUs to sample and process
sensor information among ECUs to share the information with
each other and the ECUs and the battery of the vehicle to
supply power. A present-day wiring harness may have up to
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Fig. 1. Envisioned vehicle architecture. Sensor nodes and ECUs that have
no wired connection with neither ECUs nor sensor nodes, respectively, have
a wireless interface. The wireless sensor nodes will connect to one of the ECUs
with wireless interface.

4000 parts, weigh as much as 40 kg, and contain up to 4 km
of wiring. State-of-the-art manufacturing of vehicles with such
amount of wiring creates design challenges increasing production, maintenance, and engineering costs. Eliminating the
wires can potentially reduce these costs while also offering fuel
efficiency due to decreased weight and an open architecture to
accommodate new sensors.
Fig. 1 illustrates an envisioned architecture for intravehicular
wireless sensor networks (IVWSNs). The full adoption of a
wireless sensor network within the vehicle may not be feasible
in the near future, because the experience on wireless sensor
networks within the vehicle is not mature enough to provide the
same performance and reliability as the wired communication
that has been tested for a long time with vehicles on the
road. Wireless sensor networks are expected to be deployed
in the vehicle through either new sensor technologies that are
not currently implemented due to technical limitations such as
Intelligent Tire [2] and some sensor technologies for noncritical
vehicle applications that either require a lot of cabling such as
park sensors or are not functioning well enough due to cabling
such as steering wheel angle sensors. Once the robustness of
these wireless applications are proven within the vehicle, it will
be possible to remove the cables between the existing sensors
and ECUs serving more critical vehicle applications [3]. The
wires between the ECUs may also be removed to replace the
popular controller area network bus in the future as an extension
of this envisioned architecture; however, this approach may be
much harder to realize due to very high reliability requirements
and is therefore out of the scope of this paper.
IVWSN is a wireless networked control system (NCS) where
the sensors exchange information with the controllers using a
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wireless network: The data are periodically sent from the sensor
nodes to the corresponding ECUs and then used in the real-time
control of mechanical parts in the chassis, powertrain, body, and
active safety domains of the vehicle [4]. Determining the packet
generation period and transmission delay requirement of the
sensors, given the reliability of the underlying wireless channel,
i.e., packet success probability, to keep the system within a certain control performance has been a very active area of research
in the last decade [5]–[12]. In the automotive industry, there
is currently no automatic way of validating the performance
of control algorithms for different packet generation periods,
transmission delay requirements, and channel reliability values, although it is under investigation. The validation would
therefore be performed by extensive simulations of closed-loop
models [13].
Aside from satisfying the packet generation period and transmission delay requirements of the time-triggered sensors, the
schedule that is designed for IVWSNs should provide maximum adaptivity to the changes in the wireless channel characteristics and the allocation of the packets of the event-triggered
sensors by distributing packet transmissions as uniformly as
possible over time and satisfy the strict lifetime constraint of
the IVWSN nodes, because wireless communication removes
the wiring harnesses for transmission of power and for data
transmission. The schedule should be adaptive to accommodate
the packet retransmission in case packets are lost due to channel
fading, and the packets of nodes that transmit in an eventdriven manner with minimum response time require minimum
modifications when the channel conditions of some sensor
nodes change and include additional messaging to improve
the performance of control algorithms. To satisfy the strict
lifetime constraint of the sensor nodes, on the other hand,
the schedule should be predetermined and announced to the
nodes so that they put their radio in sleep mode when they are
not scheduled to transmit or receive a packet that exploits the
predetermined data generation pattern of the nodes. Moreover,
the schedule should jointly be designed with the power and rate
allocation of the nodes, because the energy consumption during
the transmission of messages is a function of the power and
rate allocation of the sensor node itself together with the power
and rate allocation of the sensor nodes that are scheduled to
concurrently transmit [14].
Investigation of different modulation strategies in the literature, including radio-frequency identification [15], narrowband
[16], [17], spread spectrum [18], and ultrawideband (UWB)
[19], [20], demonstrated that UWB is the most suitable technology that satisfies the high reliability and energy efficiency
requirements at short distance and low cost in such a harsh
environment. UWB is often defined to be a transmission from
an antenna for which the emitted signal bandwidth exceeds the
lesser of 500 MHz and 20% of the center frequency. This large
bandwidth provides resistance to multipath fading, power loss
due to the lack of line-of-sight, and intentional/unintentional
interference and, therefore, achieves robust performance at a
high data rate and very low transmit power. UWB systems
are broadly categorized as follows: 1) impulse radio (IR) and
2) multiband orthogonal frequency-division multiplexing (MBOFDM) radio. IR-UWB is more suitable for IVWSN than MB-

OFDM-based UWB, because the energy and cost constraints of
the sensor nodes cannot be met by the complex architecture of
MB-OFDM systems.
The literature on scheduling algorithms is immense; however, none of the previously designed algorithms can be used to
satisfy the packet generation period, transmission delay, energy,
and adaptivity requirements of IVWSNs. The primary goal of
the scheduling algorithms proposed for UWB networks is to
maximize the system throughput while providing a certain level
of fairness, because potential UWB applications are usually
considered to be multimedia services such as voice and video
conversations, video streaming, and high-rate data transfer [14],
[21]–[23]. Such a throughput-maximizing objective cannot be
applied to our case, where the objective is to achieve the optimal
value of a delay-related metric, i.e., maximum adaptivity, given
the transmission requirements of the nodes. The scheduling
algorithms designed for delay-constrained systems, on the other
hand, mostly focus on nonperiodic traffic generation patterns
under the following two main categories: 1) interferencefree scheduling and 2) interference-controlling scheduling.
Interference-free scheduling aims at determining the optimal
transmission time and duration of the packets to minimize the
energy consumption of the network, satisfying either a single
deadline for all packets [24], [25] or individual deadlines for
each packet [26], [27]. The basic assumption of decreasing the
energy consumption by reducing the transmission rate in these
algorithms, however, is not valid for short-range transmissions,
where the circuit energy dominates the transmission energy,
which is demonstrated to be true for UWB transmissions in
[28]. Interference-controlling scheduling algorithms, on the
other hand, aim at determining the best assignment of the
concurrent transmissions, together with their optimal power
allocation [29], [30], ignoring the potential energy savings of
rate adaptation. The joint optimization of transmission powers,
rates, and link schedule has been studied for delay-constrained
energy minimization only in narrowband long-range wireless
systems and for nonperiodic traffic generation patterns [31].
Scheduling algorithms that are designed for the transmission of periodic-packet-generating nodes have been studied
for NCSs, where event-triggered controllers and actuators operate in response to spatially distributed time-triggered sensor nodes. Recent communication standards for NCS such as
WirelessHART [32], ISA-100.11a [33], and IEEE 802.15.4e
[34] adopt a globally synchronized multichannel time-division
multiple access with a multihop, multipath routing protocol.
In contrast to IVWSNs, where the periodic data packets of
sensor nodes are directly sent to the corresponding ECUs,
scheduling algorithms that are designed for these standards
mostly aim at ensuring low deterministic end-to-end delay and
controlled jitter to real-time traffic across a very large mesh
network distributed over a large area [35]–[39]. The scheduling
algorithm design for the direct transmission of the periodic
data packets of the sensor nodes to their corresponding ECUs
for the case where no concurrent transmissions are allowed is
similar to the scheduling of multiple periodic controller tasks
running on a computing platform, which mostly adopt earliest
deadline first (EDF), least laxity first (LLF), and deadlinemonotonic scheduling [40]. However, these algorithms are not
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flexible enough to allow the resource allocation to additional
nodes and packet retransmissions and adapt to changes in
the node requirements and wireless channel, because the time
slots are assigned to the tasks as soon as they are available.
Moreover, none of these scheduling algorithms consider the
joint optimization of scheduling, power, and rate allocation to
meet the delay, reliability, energy, and adaptivity requirements
of the network.
The goal of this paper is to determine the optimal power
control, rate adaptation, and scheduling algorithm for UWBbased IVWSNs that provides the maximum level of adaptivity
while meeting the packet generation period, transmission delay,
reliability, and energy requirements of the sensor nodes. The
original contributions of this paper are listed as follows.
• A novel scheduling problem has been formulated to provide the maximum level of adaptivity while meeting the
packet generation period, transmission delay, reliability,
and energy requirements of the sensor nodes varying over
a wide range.
• For the one-ECU case, where no concurrent transmissions
are allowed, the optimal rate and power allocation has
been proved to be independent of the optimal scheduling
algorithm: Maximum power and rate allocation, i.e., no
power control, has been proved to be optimal. The NPhardness of the scheduling problem has been shown, and
the optimal solution is formulated as a mixed-integer
linear programming (MILP) problem. A 2-approximation
algorithm is then proposed as a solution to this scheduling
problem.
• For the multiple-ECU case, where concurrent transmissions are allowed, it has been proved that power control is
needed in contrast to previous UWB system formulations
in the literature: Optimal power control is formulated as a
geometric-programming (GP) problem, which is proved to
be solvable in polynomial time. Using the optimal power
control, the optimal scheduling problem is formulated as
an MILP problem, where the number of variables is exponential in the number of the links. A heuristic algorithm
is then proposed to iteratively improve the performance of
the scheduling algorithm proposed for the case where no
concurrent transmissions are allowed by determining the
sets of maximum utility.
The rest of this paper is organized as follows. Section II describes the system model and the assumptions used throughout
this paper. In Section III, the joint optimization of power control, rate adaptation, and scheduling is formulated. Section IV
presents the optimal power and rate allocation, the formulation
of the optimal scheduling problem as an MILP problem, and
a 2-approximation algorithm for the one-ECU case, where no
concurrent transmissions are allowed. Section V extends the
findings in Section IV to the multiple-ECU case, where concurrent transmissions are allowed by presenting the formulation
of the optimal power control as a GP problem and the optimal
scheduling problem as an MILP problem, where the number
of variables is exponential in the number of the links, and
proposes a heuristic scheduling algorithm that guarantees the
improvement compared with the one-ECU case. Simulations
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are presented in Section VI. Finally, concluding remarks are
given in Section VII.
II. S YSTEM M ODEL AND A SSUMPTIONS
The system model and assumptions are detailed as follows.
1) The IVWSN contains a certain number of ECUs and a
large number of sensor nodes, each of which communicates to one of the ECUs, as shown in Fig. 1. ECUs do not
have multireception capability: Any ECU can receive a
packet from only one sensor node at any time. Among the
ECUs, one ECU is selected as the central controller. The
central controller is responsible for the synchronization
of the nodes in the network and resource allocation of the
active links.
2) Time is partitioned into frames. Each frame is further
divided into a beacon and a number of packet slots. A
guard time exists between the slots. The beacon is used
by the central controller to provide time synchronization
within the IVWSN and broadcast scheduling decisions
for the packet slots. The scheduling decisions include
the information of the time slot assignment, data rate,
transmission power, and time-hopping (TH) sequence
corresponding to each active link. Due to the static nature
of IVWSNs, the scheduling decisions are not expected to
frequently change. The central controller, however, still
continually monitors the received power and the packet
success rate over each link to adjust the transmission
power and rate of the nodes when needed. If there is
no need to change the scheduling decision, the beacon
will provide only synchronization information. In case
of changes such as failure of nodes and fluctuations of
link quality, the beacon also includes the updates to the
schedule. At the end of the sensor packet transmissions,
an optional beacon is transmitted, as needed, to indicate
the required packet retransmissions.
3) For time-triggered sensors, the packet generation period, transmission delay, and reliability requirement, i.e.,
(Tl , dl , rl ) for link l, validated for safety relevant conditions and performance specifications is given.
4) IR-UWB communications is used as the physical layer.
Implementation of IR-UWB can be achieved by pulsebased TH, pulse-based direct sequence (DS), or both as
specified in the IEEE 802.15.4a standard [41]. In the
following discussion, we use TH-UWB as an example.
However, the principles can be extended to DS-UWB systems. In TH-UWB [42], the information bit is transmitted
with a train of very narrow pulses. The pulse repetition
time t(p) is divided into nc chips of duration t(c) . A
single pulse is transmitted in one chip within each pulse
repetition time. A unique TH sequence that is assigned
to each link allows both smoothing the spectrum of the
signal and mitigating the multiuser interference.
In the IR-UWB physical layer, the maximum achievable rate of link l is given by
xl ≤ K


βl

pl hll


N0 + k=l pk hkl t(p) γ

(1)
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Fig. 2. Time slot allocation of a sensor node transmitting over link l.

where K is a system constant that maps the signal-tonoise-plus-interference ratio (SNIR) level at the receiver
to the achievable transmission rate, N0 is the background
noise energy plus interference from non-UWB systems,
pl is the transmit power used on link l, hll is the attenuation of the link l, hkl is the attenuation from the
transmitter of link k to the receiver of link l, t(p) is the
pulse repetition time, γ is a parameter that depends on
the shape of the UWB pulse, and βl is the threshold
for the ratio of the SNIR to the rate of link l, which
is mapped from the reliability requirement, i.e., packet
success probability, rl of link l as a function of channel characteristics, modulation, channel coding, diversity,
and receiver design. This formulation for the maximum
achievable transmission rate is based on the UWB characteristics, which are adaptability of the transmission rate to
the SNIR level at the receiver easily achieved by changing
the processing gain by adapting the number of pulses for
each symbol and/or maximum TH shift or using adaptive
channel coding such as the rate-compatible punctured
convolutional code [22] and linear relation between the
transmission rate and SNIR level due to the very large
bandwidth.
5) Fixed determinism is usually preferred over bounded
determinism in control systems, because the system with
a fixed delay over all sampling periods can still be considered time invariant, allowing much easier analysis of
its performance [9]. We therefore assume that, given the
(Tl , dl ) requirement provided by the application for link
l, the length of the time slot tl is the same in all periods
and less than or equal to dl , as shown in Fig. 2. The time
difference between consecutive time slot allocations is
fixed and equal to Tl . The automotive sensor then records
the data samples every Tl time unit immediately before
its time slot allocation and sends one data packet that
consists of these data samples.
6) For event-triggered sensors, the packets are transmitted either in the unallocated parts of the schedule as
they arrive or assigned periodic time slots, with Tl , dl ,
and rl values chosen such that k(Tl + dl ) is less than
the maximum response time requirement, guaranteeing
the arrival of packets within the maximum response
time with confidence 1 − (1 − rl )k for high-criticality
applications.
7) Data priorities of the sensor nodes are determined by
considering their packet generation periods in such a way
that the smaller the packet generation period of a sensor,
the higher the priority of that sensor. Data priorities of the
sensor nodes with the same packet generation period are
assumed to be given.

Fig. 3. Adaptivity requirement. (a) EDF scheduling. (b) Alternative schedule
that uniformly distributes the allocation of time slots over time.

8) The packet generation period of every sensor is either a
multiple or an aliquot of other packet generation periods.
This assumption can be given as a constraint to the control
applications.
9) We consider only the energy consumption in the transmission of the packets, because they are much larger than
the energy consumption in the sleep and transient modes,
which is when the node switches from the sleep mode to
the active mode to transmit a packet [43].
III. D ESCRIPTION OF THE O PTIMIZATION P ROBLEM
The goal of the joint power control, rate adaptation, and
scheduling problem is to provide the maximum level of adaptivity while satisfying the packet generation period, transmission delay, reliability, and energy requirements of the sensor
nodes.
Before quantifying the adaptivity metric in the objective of
the optimization problem, we illustrate the characteristics of
an adaptive schedule through an example. Let us assume that
we have two sensors of time slot lengths t1 = 0.1 ms and
t2 = 0.2 ms and packet generation periods T1 = T2 = 1 ms and
two sensors of time slot lengths t3 = t4 = 0.3 ms and packet
generation periods T3 = T4 = 2 ms. In addition, assume that
the transmission delay requirement of these sensors is equal
to their packet generation period. Then, each time interval of
length 1 ms needs to include both sensors 1 and 2; however,
the allocation of sensors 3 and 4 may change. The schedule
given in Fig. 3(a) is generated by using the EDF scheduling
policy, assuming that all packets are generated at the beginning
of the scheduling frame of duration 2 ms and the deadline of
the packets is equal to their transmission delay requirement.
EDF has been shown to be optimal for deadline-constrained
scheduling under various modeling assumptions [40]. Another
feasible schedule that uniformly distributes the allocation of
time slots over time is illustrated in Fig. 3(b). We now compare
the performance of these two schedules in terms of adaptivity
as follows.
• Suppose that the transmission rate of sensor 3 needs to
decrease such that the time slot length is doubled as t3 =
0.6 ms. The allocation in Fig. 3(b) can accommodate the
new change, whereas the allocation in Fig. 3(a) cannot.
The allocation in Fig. 3(b) can also allocate additional
messaging for sensor 3 with time slot length t3 = 0.3 ms,
whereas the allocation in Fig. 3(a) cannot.
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• Suppose that the transmission of the data packet of
sensor 2 in the first 1 ms failed. The schedule in Fig. 3(b)
includes enough space to allocate the retransmission of
sensor 2, whereas the schedule in Fig. 3(a) does not.
• Suppose that, in addition to the periodic data packet generation of the scheduled sensor nodes, an additional packet
of a 0.3-ms time slot length is generated by an eventtriggered sensor node at the beginning of the scheduling
frame. Then, in the schedule in Fig. 3(a), the time slot of
the event-triggered packet can be allocated with a delay of
1.3 ms, whereas in the schedule in Fig. 3(b), the time slot
can be allocated with a delay of 0.6 ms.
An adaptive schedule should therefore distribute node transmissions as uniformly as possible over time.
Determining the best uniform distribution of transmissions
first requires determining the subframe length over which the
transmissions are distributed as uniformly as possible. Let us
order the nodes in increasing packet generation period such
that T1 ≤ T2 ≤ · · · ≤ TL for L active links. We choose the
subframe length S for uniform distribution objective as the
minimum packet generation period T1 , i.e., S = T1 : The time
slot for the sensor node with packet generation period Ti needs
to be allocated once every Ti /S subframes, where Ti /S is an
integer due to the assumption given in Section II, which Ti is an
integer multiple of S. For example, in Fig. 3, subframe length
S = 1 ms. If we had chosen a smaller subframe length than S =
T1 , e.g., S = T1 /2, this may have resulted in a more uniform
distribution than choosing S = T1 , still satisfying the periodic
data generation and transmission delay requirements of the
sensors. However, because a transmission cannot be partially
done in different time intervals, i.e., preemption is not allowed,
the shorter unallocated time duration at the end of the subframes
may not allow changing the transmission time of the packets or
allocating additional messages and retransmissions, violating
the adaptivity requirement. The shorter subframe length may
even avoid generating feasible schedules if the length of the
time slots is too large to fit in one subframe. Choosing a
subframe length larger than S = T1 , on the other hand, does
not bring any advantage and results in less uniform distribution.
Let us define the total active length of the subframe l, al , as the
sum of the length of the time slots allocated in subframe l. The
objective of determining the schedule providing the maximum
level of adaptivity for the best uniform distribution of transmissions can therefore be quantified as minimizing the maximum
total active length of all subframes, where the subframe length
is the minimum packet generation period among the sensor
nodes.
The constraints of the optimization problem include periodic
data generation, transmission delay, and energy requirements.
The scheduling algorithm should first guarantee that the sensor
node with packet generation period Ti is allocated a time slot
with period Ti . Moreover, the length of the allocated time
slot should be fixed over all periods and less than the delay
requirement. Furthermore, the energy that is consumed for the
transmission of each sensor should be less than its energy
requirement. Let si be the ratio of the packet generation period
Ti to the subframe length S. We now show that the allocation
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of a fixed-length time slot with period Ti can be achieved by the
allocation of fixed-length time slot every si subframes and then
arranging the time slots of the nodes within each subframe by
considering their priorities.
Lemma 1: Let the optimization problem allocate a time slot
of fixed length ti every si subframes to node i, where i ∈ [1, L].
If the time slots of the nodes are arranged by considering their
priorities within each subframe, two consecutive time slots that
are allocated to sensor node i are exactly separated by their
packet generation period Ti for all i ∈ [1, L].
Proof: Suppose that, after the allocation of the time slots
of each node i every si subframes and arranging them by
considering the priorities of the sensor nodes within each
subframe, two consecutive time slots that are allocated to sensor
i are not separated by their packet generation period Ti . This
condition means that the time slot of sensor i is not in the same
relative location within a subframe; therefore, there is at least
one sensor, e.g., sensor k, with higher priority that is scheduled
in one of those subframes and is not scheduled in the other
subframe. However, because the two subframes are separated
by si and si = m × sk , where m is a positive integer that is
greater than or equal to 1, if sensor k is allocated in one of those
subframes, then it must also be allocated in the other subframe,
which is a contradiction.

The periodic data generation requirement of the sensor nodes
can therefore be restated as the time slot of fixed length ti
with packet generation period Ti should be allocated to node
i every si subframes. The time slots of the nodes then need to
be arranged by considering priorities of the nodes within each
subframe to have a separation of Ti between two consecutive
time slots allocated to link i.
We will now formulate and solve this optimization problem
for the one- and multiple-ECU cases.

IV. O NE -E LECTRONIC C ONTROL U NIT C ASE
The optimal scheduling, rate adaptation, and power control
problem discussed in Section III is mathematically formulated
for the one-ECU case, where concurrent transmissions are not
possible, as
minimize
L

zij ti
max
j∈[1,M ] i=1
subject to
k+s
i −1

zij = 1 for k ∈ [1, M − si + 1], i ∈ [1, L]

(2)

(3)

j=k

ti ≤ di for i ∈ [1, L]
ti (pi + ptx ) ≤ ei for i ∈ [1, L]
pi ≤ pmax for i ∈ [1, L]
Li
for i ∈ [1, L]
ti =
xi
pi hii
xi ≤ K
for i ∈ [1, L]
β i N0
variables
xi ≥ 0, pi ≥ 0, zij ∈ 0, 1 i ∈ [1, L], j ∈ [1, M ]

(4)
(5)
(6)
(7)
(8)
(9)
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where M is the number of subframes in a frame given by the
ratio of the frame length F , which is equal to the maximum
packet generation period TL , i.e., F = TL , to the subframe
length S, i.e., M = F/S; ti is the length of the time slot
allocated to the link i; Li is the packet length of sensor i; ptx is
the transmitter circuitry power; pmax is the maximum allowed
power determined by the UWB regulations; ei is the maximum
allowed energy consumption for sensor i to transmit one packet;
and zij is an integer variable that takes value “1” if sensor i is
allocated to subframe j and value “0” otherwise.
The goal of the optimization problem is to minimize the maximum total active length of all subframes. Equations (3)–(5)
represent the periodic packet generation, transmission delay,
and energy consumption requirements, respectively. Equations
(6)–(8), on the other hand, give the constraint on the maximum
power level determined by the UWB regulations, the expression
for the time slot length required for the transmission of one
packet, and the upper bound on the transmission rate given in
(1) adjusted for the case where there are no concurrent transmissions, i.e., zero interference, respectively. The variables of
the problem are given as follows: 1) zij , i ∈ [1, L], j ∈ [1, M ],
representing scheduling; 2) pi , i ∈ [1, L], i.e., power allocation;
and 3) xi , i ∈ [1, L], i.e., rate allocation. ti is not included as an
additional variable, because there is one-to-one correspondence
between ti and xi , given Li for each link i ∈ [1, L].
We now show that the optimal power and rate allocation is
independent of the optimal scheduling algorithm and separately
formulate these two problems.
A. Optimal Power and Rate Allocation
Due to the assumption of no concurrent transmissions, we
consider one link at a time. When the maximum transmission
rate in (8) is used, given the transmission power, both the
time slot length and the energy consumption in (7) and (5),
respectively, are minimized. Hence, for an arbitrary transmit
power pi for each link i in the network, the optimal data rate
xi is given by
xi = K

pi hii
.
β i N0

(10)

Increasing the transmit power pi of the link i increases the
maximum achievable rate, decreasing the transmission time ti .
Moreover, by combining (5) for link energy, (7) for transmission time, and (10) for optimal rate allocation, we obtain the
following equation for the energy consumption:
Ei =

β i N0 L i
ptx
(1 +
).
Khii
pi

(11)

The energy consumption is also minimized when pi is assigned
to the maximum value. Upper bounded by the regulations as
given in (6), the optimal transmission power is therefore pi =
pmax for each link i. The optimal rate allocation is then
xi = K
for each link i.

pmax hii
β i N0

(12)

B. Optimal Scheduling Problem
Because the optimal power and rate allocation minimizes
both the time slot length and the energy consumption, the
scheduling problem can be separated from the power and rate
allocation problem. If the optimal power and rate values do not
satisfy the constraints in (4) and (5), respectively, a feasible
schedule cannot be found for the given network. Otherwise,
the constraints in (4)–(8) are satisfied, minimizing the time
slot length ti for each link i. The optimal scheduling problem
is therefore decomposed from the optimal power and rate
allocation problem and can be formulated as an MILP problem
as follows:
minimize

t

subject to
k+s
i −1


zij = 1 for k ∈ [1, M − si + 1], i ∈ [1, L] (13)

j=k
L


zij ti ≤ t for j ∈ [1, M ]

(14)

i=1

variables
zij ∈ 0, 1 for j ∈ [1, M ], i ∈ [1, L], t ≥ 0

(15)

where ti = Li βi N0 /Kpmax hii for i ∈ [1, L]. Equation (13)
is the same as (3), representing the packet generation period
requirement. Equation (14) is used to transform the objective
from a nonlinear form of minimizing maxx f (x) to a linear form. The variables of the problem are zij , i ∈ [1, L], j ∈
[1, M ] and the continuous variable t, representing the maximum
total active length of the subframes.

C. NP-Hardness of the Scheduling Problem
Theorem 1: The scheduling problem formulated in
Section IV-B is NP-hard.
Proof: We reduce the NP-hard minimum makespan
scheduling problem (MSP) on identical machines to our
scheduling problem. Given a set of n jobs with processing
times pti , i ∈ [1, n] and m identical machines, the MSP aims
at finding an assignment of the jobs to m identical machines
such that the makespan, which is the time until all jobs have
finished processing, is minimized.
Let us define a problem instance where we need to schedule
one sensor with packet generation period T1 and time slot
length t1 and n sensors with equal packet generation periods
such that T2 = T3 = . . . = Tn+1 and time slot length ti , where
i ∈ [2, n + 1]. Assume that T2 = mT1 , where m is an integer
greater than 1. Because the frame length F and the subframe
length S are equal to the maximum and minimum of the packet
generation periods, respectively, a frame of length F = T2
contains m subframes of length S = T1 . It is evident that the
sensor with packet generation period T1 is allocated one time
slot of length t1 in each subframe. Let ti+1 = pti for all i ∈
[1, n]. The problem is then to allocate n sensors of different
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Fig. 5. SSF scheduling algorithm.

Fig. 4.

MSP analogy.

time slot lengths to m subframes such that the maximum total
active length of all the subframes is minimized.
We assume that the optimal solution of this instance is less
than the subframe length S.
The minimum value of the maximum total active length of
all the subframes is equal to t1 plus the minimum value of
the makespan for the aforementioned MSP. The analogy is
illustrated in Fig. 4 for the instance where m = 4 and n = 6.
Because the MSP is NP-hard and we can reduce the MSP to
an instance of the scheduling problem that was formulated in
Section IV-B, the scheduling problem that was formulated in
Section IV-B is also NP-hard.

Because the problem is NP-hard, we now propose a
polynomial-time heuristic algorithm.
D. Smallest Period Into the Shortest Subframe First (SSF)
Scheduling Algorithm
The analogy between the MSP and the scheduling problem
that was formulated in Section IV-B suggests the use of the
polynomial algorithms designed for the MSP for designing
a polynomial algorithm for the scheduling problem. The list
scheduling [44] algorithm, which was designed for the MSP,
schedules the jobs in an arbitrary order to the machines with
minimum current load at that time. In the following discussion,
we propose a scheduling algorithm that similarly assigns the
time slots to the subframe with the smallest total active length at
that time and illustrate the performance of the algorithm using
the analogy between the MSP and the scheduling problem that
was formulated in Section IV-B.
The SSF scheduling algorithm is illustrated in Fig. 5. The
inputs to the algorithm are the packet generation periods and
the time slot lengths of L sensors. The goal of the algorithm
is to assign the time slots of the sensors such that the sensor
i is allocated a time slot of length ti separated by Ti , where
i ∈ [1, L].
In the initialization step, the nodes are ordered in decreasing
priority. The length of the subframe and frame is S and F ,
respectively. The number of subframes in the frame is then the
ratio of the frame length to the subframe length, i.e., M = F/S.
The schedule then assigns each sensor node i to the subframe
with the minimum total active length and then repeats the

Fig. 6. Scheduling of the sensor nodes in the SSF scheduling algorithm for an
IVWSN that consists of five automotive sensors with packet generation periods
T1 = T2 = 1 ms, T3 = T4 = 2 ms, and T5 = 4 ms and corresponding time
slot lengths t1 = 0.2 ms, t2 = 0.1 ms, t3 = 0.2 ms, t4 = 0.1 ms, and t5 =
0.3 ms. (a)–(e) Scheduling of each sensor node based on the total active lengths
of the subframes. The values of the total active lengths of the subframes shown
for the scheduling of each sensor are the values before the scheduling of that
particular sensor.

time slot assignment every si subframes for i ∈ [1, L] in the
decreasing-priority order. This guarantees that all the time slot
allocations are separated by Ti , as stated in Lemma 1.
We first illustrate how the SSF scheduling algorithm works
with an example and then derive the properties of the algorithm.
Consider an IVWSN that consists of five automotive sensors.
The packet generation periods of the sensors are T1 = T2 =
1 ms, T3 = T4 = 2 ms, and T5 = 4 ms. The corresponding time
slot lengths of the sensors are t1 = 0.2 ms, t2 = 0.1 ms, t3 =
0.2 ms, t4 = 0.1 ms, and t5 = 0.3 ms. For this network, the
frame length is F = 4 ms, consisting of four subframes, each
with length S = 1 ms in the initialization step. The scheduling
order of the sensor nodes are 1–2–3–4–5, considering their
predetermined priorities. The scheduling of the sensor nodes
is then illustrated in Fig. 6(a) and (e). Each sensor node is first
scheduled to the subframe with the smallest total active length
and then periodically extended to the entire frame. At the end
of the scheduling phase, we have the schedule as illustrated
in Fig. 6(e).
We now continue with the properties of the SSF scheduling
algorithm.
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Lemma 2: The subframes to which a sensor i is allocated by
the SSF scheduling algorithm have the same total active lengths
just before the scheduling of sensor i. Hence, two consecutive
time slots that are allocated to sensor i is exactly separated by
its packet generation period Ti .
Proof: Suppose that two subframes to which the sensor
i with packet generation period Ti is assigned have different
total active lengths prior to the scheduling of that sensor. This
means that there is at least one sensor, e.g., sensor k with
packet generation period Tk , which is scheduled in one of those
subframes and is not scheduled in the other subframe. However,
because the two subframes are separated by si subframes and
si = m × sk , where m is a positive integer due to the order
of scheduling in the SSF scheduling algorithm, if sensor k is
allocated in one of the subframes, then it must also be allocated
in the other subframe, which is a contradiction.

Lemma 3: Let us define the MSP on identical machines such
that there are F/Ti jobs with processing time ti for each and
every i ∈ [1, L] and F/S identical machines to process these
jobs, where F and S are the frame and subframe lengths,
respectively. This is the same as the optimal scheduling problem
defined in Section IV-B, except that the MSP ignores the
requirement of the separation of the time slot allocations to each
sensor i by si subframes in the scheduling problem defined in
Section IV-B. Let us denote the makespan of the optimal solution of this MSP and the maximum total active length at the optimal solution of the scheduling problem defined in Section IV-B
by OP T1 and OP T2 , respectively. Then, OP T1 ≤ OP T2 .
Proof: If the inequality OP T1 ≤ OP T2 does not hold,
OP T1 is not optimal for the MSP, because the solution of the
scheduling problem is a feasible solution for the MSP.

Theorem 2: The SSF scheduling algorithm is a 2-approximation algorithm.
Proof: First, we will show that the SSF scheduling algorithm runs in polynomial time of the input size. Suppose
that a schedule with M subframes will be constructed by the
allocation of L sensors. The allocation of each sensor requires
determining the subframe with the smallest total active length,
periodic repetition of the time slot allocation over the entire
frame, and update of the subframe total active lengths, each of
which requires O(M ) unit time. For L sensors, the overall complexity of the allocation is then O(LM ), which is polynomial
in the input size, because (L + M )2 ≥ LM .
Now, the proof proceeds as follows. The list scheduling
algorithm, which was proposed for solving the MSP on identical machines [44], assigns jobs to the machines with the
minimum current load. The SSF algorithm similarly finds the
subframe of the minimum total active length for the assignment of each sensor. The periodic extension of the time slot
allocation to the other subframes for each sensor also assigns to
the subframes of minimum total active length, because these
subframes all have the same total active length prior to the
scheduling of that particular sensor due to Lemma 2. Because
list scheduling is a 2-approximation algorithm for the MSP [44]
and the optimal of the MSP is less than that of our scheduling
problem due to Lemma 3, the SSF scheduling algorithm is a
2-approximation algorithm for the scheduling problem defined
in Section IV-B.


V. M ULTIPLE -E LECTRONIC C ONTROL U NIT C ASE
In the previous section, we focused on determining optimal
scheduling, rate adaptation, and power control problem based
on the assumption that the IVWSN contains one ECU as the
common access point of all automotive sensors; hence, there
are no concurrent transmissions. Having multiple ECUs in
IVWSN has two advantages. First, the maximum total active
length of the subframes decreases, even when no concurrent
transmissions are allowed. The power loss from each sensor
node to the nearest ECU is expected to decrease compared
to the one-ECU case, because the distance between them decreases. This increases the rate of each sensor based on (10)
and decreases the length of the allocated time slot based on
(7). Second, the maximum total active length of the subframes
may further decrease if concurrent transmissions of the links
destined to different ECUs are allowed, at the cost of increasing
their energy consumption, compared with the case where no
concurrent transmissions are allowed.
As stated in Section II, in the case of multiple ECUs, one
of the ECUs is selected as the central controller and is responsible for the synchronization of the nodes in the network and
resource allocation of the active links. In the case where no
concurrent transmissions are allowed in the multiple-ECU case,
the central controller schedules the transmissions similar to the
one-ECU case. First, the power and rate allocation of each link
is determined using the updated attenuation values hll for each
link l, as given in Section IV-A. Then, the scheduling algorithm
assigns the time slots to the subframes using the SSF algorithm,
as given in Section IV-D. We therefore focus on exploiting
concurrent transmissions for multiple ECUs in the next section.
A. Optimal Solution
1) Optimal Rate Adaptation: Because both the total time
spent and the energy consumed in the transmission of a packet
decreases at the maximum rate allocation, for an arbitrary set of
transmit powers assigned to the links scheduled for concurrent
transmissions, the data rate of the link l is given by


xl = K
βl

pl hll


N0 + k=l pk hkl t(p) γ

(16)

for l ∈ [1, L] based on (1). The only difference between (16)
and (10) developed for the one-ECU case is the extra interference term that is added to the noise term due to the concurrent
transmissions.
2) Optimal Power Allocation: Because the rate of a link depends on the power allocations of all concurrently active links,
the power allocation of a link in the existence of concurrent
transmissions cannot be determined by considering only that
link, as we did for the one-ECU case. Increasing the transmit
power of a link increases the rate of that link and creates more
interference to the transmission of the concurrently transmitting
links, decreasing their rates.
The previous work on the scheduling of UWB networks is
based on the assumption that power control is not needed for
concurrent transmissions [14], [21]–[23]: Each link in every
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time slot is allocated either zero power or maximum allowed
power. This result, however, is derived for the goal of maximizing the throughput while providing fairness to the nodes, which
is solved by maximizing the total transmission rate in each time
slot [14]. Even when the minimum per-flow throughput constraints are included [45], these scheduling algorithms are based
on the assumption that the data transmission of each node can
be divided into several possibly nonconsecutive time slots with
different rate assignments due to the concurrent transmission
with different sets of nodes. In the formulation of optimal power
control, however, we assume packetized transmission, which
means that the packet transmission cannot be divided into multiple time slots and the rate of packet transmission is constant,
because synchronizing the nodes for rate adaptation within a
packet transmission require very accurate synchronization on
the order of nanoseconds for UWB communications. We next
show that power control is needed for packetized transmission.
Theorem 3: Power control is needed for the concurrent
packetized transmissions.
Proof: Suppose that we have n concurrently transmitting
sensors, each allocated to the maximum power level pmax . With
pmax power allocation, suppose that each sensor l needs a time
duration tl to send its data packet and consumes an energy
of El , where l ∈ [1, n]. The time slot length required for the
concurrent transmission of these n sensors is maxl∈[1,n] tl .
Furthermore, suppose that, for each l ∈ [1, n], tl ≤ dl , and
El ≤ el .
Suppose now that tk = maxl∈[1,n] tl and tj < tk for j = k
and j, k ∈ [1, n]. Then, if we slightly decrease the transmission
power of sensor j by an arbitrarily small amount such that tj
is still less than tk and the delay and energy requirements of
sensor j are still satisfied, the transmission time of the sensors,
except for j, will decrease due to the decreasing amount of
interference created by sensor j. As a result, maxl∈[1,n] tl will

decrease. Hence, pmax power allocation is not optimal.
The optimal power allocation for the concurrent transmission
of n links is now formulated as a GP problem as
minimize
t

(17)

subject to
(18)
tl ≤ t for l ∈ [1, n]
(19)
tl ≤ dl for l ∈ [1, n]
(20)
tl (pl + ptx ) ≤ el for l ∈ [1, n]
(21)
pl ≤ pmax for l ∈ [1, n]
(p)

β
L
N
β
L
h
t
γ
l
l
0
l
l
kl
tl = p−1
+
pk p−1
for l ∈ [1, n]
l
l
Khll
Khll
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tion. Equation (18) is used to transform the objective from a
nonlinear form of minimizing maxl∈[1,n] tl to a linear form.
Other variables of the problem are pl , i.e., transmit powers,
for l ∈ [1, n]. We do not state tl as a variable, because it can
be removed in the formulation by using (22). Equations (19)
and (20) represent the delay and the energy requirements of the
sensors, respectively. Equation (21) represents the upper bound
on the transmit power of the sensors. Equation (22) formulates
the time slot length of each individual sensor as a function of
the transmit powers of the sensors based on (7) and (16).
The terms in the formulation can easily be arranged in the
form of the classical GP formulation with positive multiplicative constants. The GP with positive multiplicative constants
is a special form of convex optimization and can be solved in
polynomial time [46] using the solver GGPLAB [47], which
was developed at Stanford University.
3) Optimal Scheduling: The optimal rate and power allocation formulated in Sections V-A1 and 2, respectively, assume
that nodes that concurrently transmit are known. We now
formulate the scheduling problem to determine the nodes that
concurrently transmit and assign this concurrently transmitting
node set to the subframes.
Suppose that L sensor nodes in the network have N distinct
packet generation periods {T1 , T2 , . . . TN }. Let Ln be the set
of sensors with packet generation period Tn . Let Qn denote an
|Ln | × 2|Ln | matrix such that the columns of Qn represent all
possible subsets of the set Ln and the element in the ith row
and jth column of Qn takes value 1 if the node i is included
in the set j; otherwise, it takes value 0. Finally, Q is defined as
an L × G matrix, where G = 2|L1 | + 2|L2 | + · · · + 2|LN | . We
have
⎡

Q1
⎢ 0
⎢
Q=⎢ 0
⎣
.
0

0
Q2
0
.
0

.
0
Q3
.
0

.
.
0
.
0

⎤
.
. ⎥
⎥
. ⎥.
⎦
.
QN

(24)

Such a definition of Q is used to allow the concurrent transmission of only the sensors with the same packet generation
period and therefore allocate the time slots of the same length
over all subframes to which the sensors are assigned.
Let A be a G × M matrix, where M is the number of subframes in the frame, such that the element in the jth row and kth
column of A, which is denoted by Ajk , takes value 1 if the set
j is included in the subframe k; otherwise, it takes value 0. The
optimal scheduling is then formulated as an MILP problem as

k=l

(22)
variables
pl ≥ 0 for l ∈ [1, n], t ≥ 0.

(23)

The goal of the problem is to minimize the length of the time
slot required for the concurrent transmissions of the sensors,
given their delay and energy requirements. The length of the
time slot required for the concurrent transmission of n links is
equal to the maximum of the time slot lengths of these links
and denoted by the continuous variable t in the GP formula-

minimize
t
(25)
subject to
(k+s −1)
= 1 for k ∈ [1, M − si + 1], i ∈ [1, L]
v (i) QAuk i
(26)
G

Ajk tj ≤ t for k ∈ [1, M ]
(27)
j=1

variables
Ajk ∈ 0, 1 for j ∈ [1, G], k ∈ [1, M ], t ≥ 0

(28)
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(k)

where ui is an M × 1 matrix such that the elements i through
k take value 1 and where the remaining elements are 0, v (i) is a
1 × L matrix such that the ith element is 1 and other elements
are 0, and tj is the length of the time slot assigned to the
node set j determined by the optimal GP formulation given in
Section V-A2. Having an infeasible GP problem for a node set
j means that the concurrent transmission of this node set is not
possible while satisfying the delay and energy requirements
of the sensor nodes; hence, tj should be set to a large value,
e.g., the frame length, to avoid choosing the node set j in the
solution of the optimization problem.
The variables of the MILP problem are Ajk , where j ∈
[1, G], k ∈ [1, M ], and the continuous variable t represents
the maximum total active length of the subframes. Equation
(26) represents the periodic data generation requirement of the
sensors. The matrix QA represents the allocation of the sensor
nodes to the subframes such that the element of QA in the ith
row and kth column takes value 1 when node i is allocated to the
subframe k; otherwise, it takes value 0. When we multiply v (i)
with QA, we get the ith row of the QA matrix, which gives the
allocation of node i in the subframes. Multiplying v (i) QA by
(k+s −1)
sums si consecutive allocations of node i. Equalizing
uk i
this sum to 1 for each k ∈ [1, M − si + 1] is then used to satisfy
the periodic data generation requirement of node i. Equation
(27) is used to transform the objective from a nonlinear form of
minimizing the maximum total active length of the subframes to
a linear form, as done in the formulation of the one-ECU case.
The number of the variables in the MILP problem is exponential in the number of the links, resulting in exponential time
complexity. The optimal scheduling problem for multiple ECUs
is NP-hard, because one ECU is a special case of the multipleECU problem and is shown to be NP-hard in Section IV-C.
We will now develop a heuristic algorithm that guarantees to
decrease the maximum total active length of the subframes
compared with the case where no concurrent transmissions
are allowed while still satisfying the packet generation period,
delay, and energy requirements of the sensors.
B. MUCA Scheduling Algorithm
The maximum-utility-based concurrency allowance
(MUCA) scheduling algorithm is based on improving the
performance of the SSF scheduling algorithm proposed for the
one-ECU case through concurrent transmissions. Following
the assignment of the nodes to the subframes based on the
SSF scheduling algorithm, the set of nodes of maximum utility
among the nodes assigned to the subframe of the maximum
total active length and with the same packet generation
period are chosen for concurrent transmissions, decreasing the
maximum total active length of the subframes in each iteration.
The algorithm stops when the value of the maximum total
active length can no longer be further reduced by concurrent
transmissions.
Let us first define the utility function for concurrent
transmissions. Suppose that, when there are no concurrent
transmissions, sensors 1, 2, . . . , n have time slots of lengths
t1 , t2 , . . . , tn , respectively. The total time required for the transmission of these sensors is then t1 + t2 + · · · + tn . When these

Fig. 7.

CSC algorithm.

n sensors are concurrently allocated with the optimal power
allocation determined by the GP formulation in Section V-A2,
sensors 1, 2, . . . , n require a time slot of length t{1,2...,n} . The
utility function for the concurrent transmission of the sensors
1, 2, . . . , n is defined as
u{1,2...,n} =

n


ti − t{1,2...,n}

(29)

i=1

to measure the amount of decrease in the total active length
of the subframe by concurrent transmissions. The larger the
value of the utility function, the higher the gain from concurrent transmissions. The decision for concurrent transmission is
made for a positive utility function, because a positive utility
value corresponds to a decrease in the time duration required
for the transmission of the sensors 1, 2, . . . , n.
The MUCA algorithm uses a utility function to determine the
best subset of the nodes in the same subframe with the same
packet generation period for concurrent transmissions: The
subset that maximizes utility decreases the total active length of
the subframe most. Finding the best subset, however, requires
evaluating the utility function for each and every possible subset
of nodes. The complexity of this search is exponential. We
therefore propose a greedy algorithm that searches for the
subset of concurrent transmissions by including the node that
maximizes utility one by one, which we call the concurrency
set construction (CSC) algorithm.
The CSC algorithm, as shown in Fig. 7, is described next.
S is the set of nodes considered for concurrent transmissions.
G is the subset of S that includes all the nodes that are
allowed to concurrently transmit at the end of the algorithm:
G is initialized to ∅ (line 2) and extended to include the node
that maximizes a utility function when included in G in each
iteration (lines 7–10). D is the subset of S that includes the
nodes considered for concurrent transmissions in each iteration,
i.e., D = S − G. In the initialization step, an arbitrary node
i ∈ D is included in the set G (line 3), whereas in the following
iterations, the node i ∈ D that maximizes the utility when
added to G (line 8) is included in the set G. The condition for
stopping the algorithm is either choosing all the nodes in S for
concurrent transmissions (line 6) or not improving the utility by
the addition of any of the nodes (lines 7 and 11–13).
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Fig. 9. Typical 2-D illustration of the IVWSN topology. Enumerated boxes
represent ECUs, and the remaining smaller boxes represent automotive sensors.
TABLE I
S IMULATION PARAMETERS

Fig. 8.

MUCA scheduling algorithm.

We now describe the MUCA algorithm, as illustrated in
Fig. 8. The algorithm starts by the assignment of the nodes
to the subframes using the SSF algorithm (line 2) and then
continues by determining the subset of nodes that can reduce
the maximum total active length by concurrent transmissions
(lines 3–18). M denotes the number of subframes in the frame,
i.e., M = F/S, whereas N denotes the number of distinct
packet generation periods such that T1 < T2 < . . . < TN and
N ≤ L. We define the set of nodes that have packet generation
period Tj and are assigned to the subframe i as Sij . In each
iteration of the algorithm, the subframe with the maximum
total active length is determined (line 4), and a subset of
the nodes assigned to this subframe with the same packet
generation period that are not concurrently transmitting with
any other node is chosen for concurrent transmissions using
the CSC algorithm, as described in Fig. 7 (lines 7–11). If such
a subset is determined for concurrent transmission, i.e., the
utility value for the determined subset is positive (line 12),
the schedule in the subframe is updated (line 13) and repeated
with the packet generation period (line 14). The nodes are
scanned for concurrent transmissions starting from the largest
packet generation period (line 6), because these changes affect
a smaller number of subframes. If no concurrent transmission
can produce a positive utility (line 18), the algorithm stops.
VI. S IMULATIONS AND P ERFORMANCE E VALUATION
The goal of this section is to evaluate the performance of the
proposed SSF and MUCA scheduling algorithms.
In the simulations, automotive sensors are located by considering their approximate real places and their densities in
different parts of the vehicle, as shown in Fig. 9 [48]. The results
for different numbers of nodes are averages of the performance
of 100 different random selections out of these predetermined
sensor locations. The ECUs are enumerated as shown in Fig. 9
such that the ECUs are chosen in increasing enumeration; for
example, if one ECU is used in a vehicle, the ECU labeled
with 1 is used, and if two ECUs are used in a vehicle, the

ECUs labeled with 1 and 2 are used. Sensor nodes choose
the nearest ECU for communication. The packet generation
periods of the sensor nodes are uniformly distributed among
the nodes from the set {1, 5, 10, 50, 100, 1000} ms such that
a network that consists of L sensors has L/6 sensors with each
packet generation period from this set. The packet lengths of
the automotive sensors are uniformly distributed in a range of
[10, 20] Byte.
The attenuation of the links are determined by considering
both large-scale statistics that primarily arise from the freespace loss and vehicular environment, affecting the degree of
refraction, diffraction, reflection, and absorption, and smallscale statistics that occur due to multipath propagation and
variations in the environment. The dependence of the path loss
on distance, summarizing large-scale statistics, is modeled as
(ls)

(ls)

P L[dB] (d) = P L[dB] (d0 ) − 10α log10

d
d0

+Z

(30)

where d is the distance between the transmitter and the receiver,
(ls)
d0 is the reference distance, P L[dB] (d0 ) is the path loss at the
(ls)

reference distance (in decibels), P L[dB] (d) is the path loss at
distance d (in decibels), α is the path-loss exponent, and Z is
a zero-mean Gaussian random variable with standard deviation
σz , which represents random variations in the model [49], [50].
With regard to the small-scale fading, it has been shown that
the UWB fading amplitude can be well fitted by the log-normal
distribution [49], [50]. The path loss, considering both largeand small-scale statistics, is then given by
(ls)

P L[dB] (d) = P L[dB] (d) + W

(31)

where W is a zero-mean Gaussian random variable with standard deviation σw . The parameters of the model are summarized in Table I based on the results of the channel measurement
campaign beneath a commercial vehicle chassis in [49] and
[50] and models used in previous UWB-based medium access
control protocol designs in [14] and [22]. The values of the
parameters used for the calculation of the energy consumption
derived by using the practical values given in [28] and [43] are
also given in Table I.
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Fig. 10. Comparison of the maximum total active length of the subframes of
the SSF algorithm with the EDF, LLF, and optimal scheduling algorithms for
different numbers of nodes.

Fig. 11. Approximation ratio of the SSF scheduling algorithm for different
path-loss exponents and different numbers of ECUs in a network of 102 nodes,
without considering concurrent transmissions.

Fig. 10 shows the maximum total active length of the subframes for different numbers of nodes and different scheduling
algorithms, including SSF, EDF, LLF, and the optimal solution.
The performance of the SSF scheduling algorithm is very close
to the optimal solution and outperforms the EDF and LLF
scheduling algorithms. The maximum value of the approximation ratio of the SSF algorithm is around 1.10, which is much
less than the approximation ratio of 2, as proved in Theorem 2,
where the approximation ratio is defined as the ratio of the
maximum total active length of the scheduling algorithm to the
optimal solution.
Fig. 11 shows the approximation ratio of the SSF scheduling
algorithm for different path-loss exponents and different numbers of ECUs in a network of 102 nodes, without considering
concurrent transmissions. The maximum value of the approximation ratio of the SSF scheduling algorithm is 1.12. The effect

Fig. 12. Comparison of the average runtime of the SSF and optimal algorithms.
TABLE II
C OMPARISON OF THE AVERAGE N UMBER OF M ISSED D EADLINES PER
S ECOND OF SSF, EDF AND O PTIMAL S CHEDULING A LGORITHMS
FOR D IFFERENT N UMBER OF N ODES . PLP D ENOTES
PACKET L OSS P ROBABILITY

of the number of ECUs on the approximation ratio is negligible.
On the other hand, the approximation ratio slightly increases
as the path-loss exponent increases for any number of ECUs
due to the increase in the variance of the link attenuation and,
therefore, the time slot length of the nodes with the increasing
path-loss exponent.
Fig. 12 shows the average runtime of the SSF scheduling
algorithm and the optimal solution for different numbers of
nodes. The runtime of the SSF algorithm is negligible compared
with the runtime of the optimal solution, which exponentially
increases as the number of nodes increases.
Table II illustrates the superior adaptivity of the SSF scheduling algorithm over the EDF scheduling algorithm using a metric
called the average number of missed deadlines per unit time,
which is defined as the average number of packets that cannot
successfully be transmitted within their delay constraint, even
after considering retransmissions of lost packets in the unallocated parts of the schedule. The SSF scheduling algorithm
considerably outperforms the EDF scheduling algorithm in all
scenarios. The average number of missed deadlines is greater
than 0 for the EDF scheduling algorithm, even when the packetloss probability is very small at 10−4 due to the nonuniform
distribution of the allocations of the packet transmissions over
time. Missed deadlines occur in the SSF scheduling only when
the packet-loss probability is very large at 10−1 and when the
number of nodes is 102, where almost 90% of the schedule is
allocated.
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Fig. 13. Comparison of the maximum delay experienced by an aperiodic
packet for the SSF, EDF, LLF, and optimal scheduling algorithms.

Fig. 13 illustrates the superior adaptivity of the SSF scheduling algorithm over the EDF and LLF scheduling algorithms
using another metric called the maximum delay experienced
by an aperiodic packet, which is defined as the worst-case
delay that an aperiodic packet will experience from the packet
generation until the transmission in the unallocated part of
the schedule. SSF outperforms the EDF and LLF algorithms,
with a performance very close to the optimal. Because the
EDF and LLF scheduling algorithms schedule the available
data packets as they arrive, some of the subframes are almost
fully allocated without leaving any space for the allocation
of additional packets. As the number of nodes increases, the
number of such fully allocated subframes increases, causing
the aperiodic packets to wait for multiple subframes until an
unallocated part of the schedule. On the other hand, because
the SSF scheduling algorithm allocates the data packets as
uniformly as possible among the subframes, it can allocate the
data packets of the additional messaging in the subframe where
they are generated.
Fig. 14 shows the maximum total active length of the subframes of the MUCA scheduling algorithm and the optimal
solution for different numbers of nodes and different numbers
of ECUs. The approximation ratio of the MUCA algorithm is
around 1.35, and the performance of the algorithm is robust to
the large numbers of nodes and ECUs.
Fig. 15 shows the average runtime of the MUCA scheduling
algorithm and the optimal solution for different numbers of
nodes. The average runtime of the MUCA algorithm is negligible compared with the optimal MILP formulation, which
exponentially increases as the number of nodes increases.
Moreover, the increase in the number of ECUs results in a
dramatic increase in the runtime of the MILP formulation. On
the other hand, the runtime of the MUCA algorithm linearly
increases with the number of nodes and is robust to the large
number of ECUs.
Fig. 16 shows the approximation ratio of the MUCA scheduling algorithm for different path-loss exponents and different
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Fig. 14. Comparison of the maximum total active length of the subframes of
the MUCA algorithm with the optimal MILP solution for different numbers of
nodes and ECUs.

Fig. 15. Comparison of the average runtime of the MUCA algorithm with the
optimal MILP formulation.

numbers of ECUs in a network of 150 nodes. The maximum
value of the approximation ratio of the MUCA scheduling
algorithm is around 1.4. In contrast to the SSF scheduling
algorithm, the number of ECUs increases the approximation
ratio of the MUCA algorithm due to the increasing number
of the combinations of the links for concurrent transmissions.
On the other hand, the approximation ratio of the MUCA
algorithm slightly increases as the path-loss exponent increases
for any number of ECUs, similar to the SSF scheduling
algorithm.
Fig. 17 shows the maximum total active length of the MUCA
scheduling algorithm for different delay requirement factors
and different numbers of nodes. Delay requirement factor is
defined as the ratio of the delay requirement di to the time slot
length ti when there are no concurrent transmissions, which
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Fig. 16. Approximation ratio of the MUCA scheduling algorithm for different
path-loss exponents and different numbers of ECUs in a network of 150 nodes.

Fig. 18. Maximum total active length of the MUCA scheduling algorithm for
different energy requirement factors and different numbers of nodes.

and different numbers of nodes. Energy requirement factor
is defined as the ratio of the energy requirement ei to the
energy consumed during the time slot length ti when there
(nc)
are no concurrent transmissions, denoted by Ei , for each
sensor node i in the network. The energy requirement factor
is assumed to be the same for each sensor in the network. The
behavior of the curve in Fig. 18 is similar to Fig. 17; as the
energy requirement factor increases, more concurrent transmissions are allowed, improving the performance of the MUCA
scheduling algorithm. However, the performance gain of the
MUCA algorithm saturates faster with the energy requirement
factor than with the delay requirement factor, because the rate
of increase in the energy consumption of a sensor node due to
concurrent transmissions is slower than in the time slot length
allocated to that sensor.
VII. C ONCLUSION
Fig. 17. Maximum total active length of the MUCA scheduling algorithm for
different delay requirement factors and different numbers of nodes.
(nc)

are denoted by ti , for each sensor node i in the network.
The delay requirement factor is assumed to be the same for
each sensor in the network. Because factor 1 corresponds to
(nc)
= di for each node i in the network,
the case where ti
concurrent transmission is not allowed: Any concurrent transmission increases the time slot length allocated to the node,
violating the delay requirement of the sensors. As the delay requirement factor increases, more concurrent transmissions are
allowed, improving the performance of the MUCA scheduling
algorithm. However, the performance gain of the algorithm decreases as the delay requirement factor increases and eventually
saturates to 0 for large values of the delay requirement factor:
The interference among the concurrent transmissions becomes
the limiting factor instead of the delay requirement.
Fig. 18 shows the maximum total active length of the MUCA
scheduling algorithm for different energy requirement factors

We study the optimal power control, rate adaptation, and
scheduling for UWB-based IVWSNs. A novel scheduling problem has been formulated to provide the maximum level of
adaptivity, accommodating the changes in transmission time,
retransmissions due to packet losses, and allocation of additional messages while meeting the packet generation period, transmission delay, reliability, and energy requirements
of the sensor nodes varying over a wide range. Providing the
maximum level of adaptivity is quantified as minimizing the
maximum total active length of all the subframes in a frame,
where the subframe and frame are defined as the minimum
and maximum packet generation periods of the sensor nodes,
respectively.
For the one-ECU case, where no concurrent transmissions
are allowed, the optimal rate and power allocation has been
proved to be independent of the optimal scheduling algorithm:
The maximum power and rate allocation, i.e., no power control, has been proved to be optimal. The NP-hardness of the
scheduling problem has been shown, and the optimal solution is
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formulated as an MILP problem. A 2-approximation algorithm,
called the SSF scheduling algorithm, is then proposed as a solution to this scheduling problem. Through simulations, the SSF
algorithm has been shown to outperform the commonly used
EDF and LLF scheduling algorithms with an approximation
ratio less than 1.12. Moreover, the superior adaptivity of SSF
over the EDF and LLF scheduling algorithms is illustrated by
demonstrating its better tolerance to packet failures and smaller
worst case delay for additional aperiodic packets.
For the multiple-ECU case, where concurrent transmissions
are allowed, it has been proved that power control is needed
in contrast to most UWB system formulations: Optimal power
control is formulated as a GP problem, which is proved to be
solvable in polynomial time. Using the optimal power control, the optimal scheduling problem is then formulated as an
MILP problem, where the number of variables is exponential
in the number of the links. A heuristic algorithm, called the
MUCA scheduling algorithm, is then proposed to iteratively
improve the performance of the SSF scheduling algorithm by
determining the set of maximum utility at each iteration, where
the utility of a set is defined as the amount of decrease in the
maximum total active length by the concurrent transmissions
of the nodes in this set. The algorithm stops when the value
of the maximum total active length can no longer be further
reduced by concurrent transmissions. The MUCA algorithm
has been shown to perform very close to the optimal with an
approximation ratio below 1.4.
Using the UWB as the underlying physical layer makes the
problems more tractable due to the linear dependency of the
transmission rate on the SINR. Generalizing the problem and
findings for any rate-adaptive physical layer will be investigated
as part of our future work.
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