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(57) ABSTRACT

A power line communication system is provided in which the
influence of the impulsive noise unexpectedly generated on a
power line which is a communication medium can be reduced
according to the characteristics of the impulsive noise by an
existing method and power line communication can be real-
ized without a hindrance. A transmitter is constituted by: a
modulator for conveying a LIN data signal by a power line; a
filter that allows a signal of a predetermined band to pass
therethrough; and a sinusoidal wave outputter (sinusoidal
wave in the figure). In contrast, the receiver is constituted by
the sinusoidal wave outputter, the filter and a demodulator
that performs demodulation. To the power line, a limiter that
limits the amplitude of the propagating signal to a predeter-
mined amplitude (reception signal amplitude) is connected.
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POWER LINE COMMUNICATION SYSTEM

[0001] This application is the national phase under 35 U.S.
C. §371 of PCT International Application No. PCT/JP2011/
073820 which has an International filing date of Oct. 17,2011
and designated the United States of America.

FIELD

[0002] The present invention relates to a communication
system including a plurality of communication devices. In
particular, the present invention relates to a power line com-
munication system in which when a power line is used as a
communication medium, communication can be performed
with a reduced influence of the impulsive noise generated
unexpectedly from an actuator connected to the power line.

BACKGROUND

[0003] Inrecent years, in various fields, a system has been
used in which a plurality of communication devices are con-
nected and the communication devices are each assigned a
function, exchange data with one another and perform vari-
ous processes in cooperation. In the communication system,
a noise generated on a communication medium connecting
the communication devices affects the communication qual-
ity. Therefore, it is necessary to take measures for preventing
the noise or to realize communication so as not to be affected
by the noise.
[0004] In the field of in-vehicle LANs (Local Area Net-
works) disposed in vehicles, by using ECUs (Electronic Con-
trol Units) which are communication devices and causing the
ECUs to perform specialized processes to exchange data with
one another, various functions are implemented as a system.
Vehicle control has been shifted from mechanical control to
electric control and the functions of the ECUs are specialized
to increase the number of functions implemented in the sys-
tem. Consequently, the number and type of communication
devices increase and the number of communication lines
(in-vehicle harness) connecting the communication devices
also increases. Moreover, an increase in the amount of data
transmitted and received in the communication system makes
it necessary to transmit and receive large amounts of data
faster,
[0005] In the field of vehicles, it is particularly desired to
improve fuel economy by reducing the vehicle weight or to
reduce driving power. It is also desired to improve passenger
comfort by increasing in-vehicle space. Therefore, it is
required to reduce the weight of the in-vehicle harness by
reducing the number of communication lines used for the
in-vehicle LAN.
[0006] For this reason, PLC (Power Line Communication)
in which a carrier wave for communication is superimposed
on an existing power line to realize communication is draw-
ing attention, and its application to in-vehicle LANs has been
proposed (for example, see Patent Document 1). By applying
PLC to in-vehicle LANs, saving of lines is realized, which
enables the reduction in the weight of the in-vehicle harness.
[0007] Patent Document 1: Japanese Patent Application
Laid-Open No. 2006-067421

SUMMARY

[0008] For the impulsive noise, neither a detailed analysis
nor a consideration of a workaround has been provided for
(in-vehicle) PLC because the influence can be reduced by
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measures such as performing data retransmission. However,
particularly in the field of vehicles, an actuator which oper-
ates in an event-driven manner is connected to a power line
serving as a communication medium, and further, according
to the contents of the transmitted and received data, it is
required that the data is transmitted and received with low
delay and high reliability for safety. For a regularly generated
impulsive noise, it is necessary only to underestimate the
reliability of the signal during a regular certain period. For
example, in the case of indoor PLC, it is known that the
generation period of impulsive noise is synchronized with the
period of the commercial power, and by performing detection
based on the period, impulsive noise can be detected with
relatively high accuracy, and this can be avoided. On the other
hand, for example, locking and unlocking of the electric door
lock of a vehicle are performed in response to an operation
corresponding to turning on and off a switch by a driver or a
passenger, and by turning on and off the switch for the door
lock, and an impulsive noise is generated from a door lock
actuator or the like connected to a power line which is a
communication medium; therefore, the temporal characteris-
tic as described above cannot be learned.

[0009] When anin-vehicle PLC is realized, it is more desir-
able to realize it at relatively low cost by using a conventional
communication protocol and in-vehicle communication
devices rather than by creating a new communication proto-
col and hardware for communication.

[0010] The present invention is made in view of such cir-
cumstances, and an object of the present invention is to pro-
vide a power line communication system in which commu-
nication can be performed while the influence is reduced of
the impulsive noise unexpectedly generated on a power line
which is a communication medium from an actuator con-
nected to the power line.

[0011] A power line communication system according to a
first aspect of the invention is characterized in that in a com-
munication system in which a plurality of communication
devices mounted on a vehicle perform communication
through a power line routed in the vehicle, an amplitude
limiter is provided, which limits amplitude of a signal propa-
gating on the power line to within a predetermined amplitude
value, and the communication devices modulate, by phase
shift modulation, a data signal of a carrier frequency difterent
from a frequency of an impulsive noise generated on the
power line.

[0012] An impulsive noise of an attenuating sinusoidal
wave which exhibits a high amplitude at the time of genera-
tion and attenuates thereafter is generated on a power line
serving as a transmission line. This impulsive noise has a very
high amplitude, and the time required from the generation to
the attenuation is at most approximately 10 us. If the symbol
duration of the data signal is sufficiently long for the attenu-
ating sinusoidal wave, it becomes possible that the carrier
frequency of the data signal mitigates the influence of the high
amplitude of the impulsive noise by the amplitude limiter.
[0013] A finding has been obtained that when communica-
tion is performed by a power line routed in a vehicle, an
impulsive noise of an attenuating sinusoidal wave is gener-
ated with arbitrary timing and intensively by an aperiodic
operation of an actuator connected to the power line. In such
a communication by the in-vehicle PL.C, particularly, a phase
modulation method and an amplitude limiter enable the influ-
ence of the impulsive noise to be effectively mitigated. As the
protocol of the in-vehicle communication in which the sym-



US 2013/0195208 Al

bol duration is sufficiently long for the generation duration of
the impulsive noise, a LIN (Local Interconnect Network) the
communication rate of which is up to 20 kbit/s is preferable.

[0014] A power line communication system according to a
second aspect of the invention is characterized in that in a
communication system in which a plurality of communica-
tion devices mounted on a vehicle perform communication
through a power line routed in the vehicle, an amplitude
limiter is provided, which limits amplitude of a signal propa-
gating on the power line to within a predetermined amplitude
value, the communication devices include a plurality of first
communication devices which modulate a data signal of a
first carrier frequency by phase shift modulation and perform
low-speed communication through the power line and a plu-
rality of second communication devices which modulate, by
the phase shift modulation, a data signal of a second carrier
frequency different from the first carrier frequency and per-
form high-speed communication through the power line, the
first carrier frequency is closer to a frequency of an impulsive
noise generated on the power line rather than the second
carrier frequency, and a symbol duration of the signal modu-
lated by the first communication devices is longer than a
duration of the impulsive noise.

[0015] The present invention employs a structure in which
a group of the first communication devices for performing
power line communication at the first carrier frequency and a
group of the second communication devices for performing
power line communication at the second carrier frequency
perform power line communication by using a common
power line, a structure in which so-called multiplex commu-
nication is performed. When the communication rates are
compared, if the first communication devices perform low-
speed communication and the second communication
devices perform high-speed communication, the carrier fre-
quencies are set so that the first carrier frequency is close to
the (peak) frequency of the impulsive noise and the second
carrier frequency is far from the frequency of the impulsive
noise. The first carrier frequency may be the same as the
frequency of the impulsive noise. Moreover, the symbol dura-
tion of the modulation signal of the first communication
devices is set so as to be longer than the impulsive noise.

[0016] By these, in the power line communication per-
formed by the first communication devices, even when the
first carrier frequency is close to (or the same as) the fre-
quency of the impulsive noise, because of the effect of limit-
ing the amplitude of the impulsive noise by the amplitude
limiter and since the symbol duration is longer than the impul-
sive noise, normal communication can be performed without
affected by the impulsive noise. Moreover, since the first
carrier frequency can be made close to the frequency of the
impulsive noise, the second carrier frequency used in the
high-speed communication by the second communication
devices which can be affected by the impulsive noise can be
made far from the frequency of the impulsive noise, so that the
communication by the second communication devices can be
prevented from being hindered by the impulsive noise.

[0017] Thepower line communication system according to
a third aspect of the invention is characterized in that the
phase shift modulation is BPSK (Binary Phase Shift Keying)
and the communication devices receive the data signal by a
synchronized detection method.
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[0018] According to the present invention, by adopting the
BPSK method and the synchronized detection method, a PL.C
system can be realized by using an existing communication
device.

[0019] The power line communication system according to
a fourth aspect of the invention is characterized in that the
phase shift modulation is DBPSK (Differential Binary Phase
Shift Keying) and the communication devices receive the data
signal by a delay detection method.

[0020] According to the present invention, by adopting the
DBPSK method and the delay detection method, a PLC sys-
tem can be realized by using an existing communication
device.

[0021] The power line communication system according to
a fifth aspect of the invention is characterized in that the
predetermined amplitude value is predetermined based on a
characteristic of the impulsive noise generated on the power
line.

[0022] According to the present invention, the predeter-
mined amplitude value limited by the amplitude limiter is
determined based on the characteristics of the impulsive noise
speculated to be generated in the communication system,
whereby the influence of the impulsive noise can be removed
more accurately. Particularly in in-vehicle PL.C, the charac-
teristics of the impulsive noise generated on the power line
serving as the transmission line can be conspicuous according
to the circuit configuration. Consequently, the influence of the
noise characteristics according to the circuit configuration of
the communication system, particularly, the impulsive noise
characteristics related to the amplitude can be effectively
removed.

[0023] The power line communication system according to
a sixth aspect of the invention is characterized in that the
predetermined amplitude value is not more than twice the
amplitude value of the signal transmitted and received
between the communication devices.

[0024] According to the present invention, the predeter-
mined amplitude value limited by the amplitude limiter is not
more than twice the amplitude value of the signal transmitted
and received between the communication devices (the signal
modulated and superimposed on the power line). The inven-
tors of the present application investigated the characteristics
of the impulsive noise generated on the power line of a
vehicle, modelized these characteristics, and performed
simulations. In these simulations, a result was obtained that
the influence of the impulsive noise could be sufficiently
reduced when the amplitude value limited by the amplitude
limiter was twice the amplitude value of the transmission and
reception signal. From this, by limiting the amplitude to not
more than twice the amplitude value of the transmission and
reception signal, a power line communication which is free
from the influence of the impulsive noise can be realized.
[0025] Inthe case of the present invention, the influence of
the impulsive noise unexpectedly generated on the power line
which is the communication medium can be mitigated
according to the characteristics of the impulsive noise by the
existing methods, so that power line communication can be
realized without a hindrance. In particular, when the charac-
teristics of the impulsive noise from a generation source con-
nected to the power source is conspicuous, communication
avoiding this can be performed.

[0026] Theaboveand further objects and features will more
fully be apparent from the following detailed description with
accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG.1isablock diagram showing the structure of an
in-vehicle PLC system of an embodiment.

[0028] FIG.2is ablock diagram schematically showing the
connection structure of a transmitter and a receiver included
in the in-vehicle PL.C system of the embodiment.

[0029] FIG. 3 is graphs showing the input-output charac-
teristics of a limiter of the embodiment.

[0030] FIG. 4isan explanatory view conceptually showing
the effect of mitigating the influence of impulsive noise by the
limiter included in the in-vehicle PL.C system of the embodi-
ment.

[0031] FIG.5is a graph showing the measurement result of
the generation time of the impulsive noise.

[0032] FIG. 6is an explanatory view conceptually showing
the method of creating a noise used for simulations.

[0033] FIG. 7 is graphs showing the characteristics of the
impulsive noise used for the simulations.

[0034] FIG. 8 is graphs showing the measurement results of
the characteristics of the impulsive noise.

[0035] FIG. 9 is a graph showing the characteristic of the
communication error obtained by a simulation.

[0036] FIG. 10 is a graph showing the characteristic of the
communication error obtained by a simulation.

[0037] FIG. 11 is a graph showing a characteristic of the
communication error obtained by simulations.

[0038] FIG. 12 is an explanatory view conceptually show-
ing the method of creating the noise used for the simulations.
[0039] FIG. 13 is graphs showing the characteristics of the
impulsive noise used for the simulations.

[0040] FIG. 14 is a graph showing the characteristics of the
communication errors obtained by the simulations.

[0041] FIG. 15 s a graph showing the characteristics of the
communication errors obtained by the simulations.

[0042] FIG.16 is a graph showing the characteristics of the
communication errors obtained by the simulations.

[0043] FIG.17 is a graph showing the characteristics of the
communication error obtained by a simulation.

[0044] FIG. 18 is a block diagram showing the structure of
an in-vehicle PLC system of a second embodiment.

DETAILED DESCRIPTION

[0045] Hereinafter, the present invention will be concretely
described based on the drawings showing embodiments
thereof.

[0046] In the embodiments described below, description
will be given with an example in which the present invention
is applied to an in-vehicle PL.C system that realizes commu-
nication among the ECUs mounted on a vehicle by PLC.

First Embodiment

[0047] FIG.1isablock diagram showing the structure of an
in-vehicle PL.C system of an embodiment. The in-vehicle
PLC system of the embodiment includes: a plurality of ECUs
1 as communication devices disposed in the vehicle; a plu-
rality of actuators 2 which operate by being controlled by the
ECUs 1; a power line 3 that transmits power to the ECUs 1
and the actuators 2; a power source 4 which supplies power to
the ECUs 1 and the actuators 2; a junction box (J/B in the FIG.
5 for branching and relaying the power line 3; and a limiter 6
connected to the power line 3.

[0048] The ECUs 1 as which microcomputers are used are
devices which receive power supply through a power circuit
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and perform transmission and reception of data by PL.C and
control of the operations of non-illustrated other components.
The ECUs 1 each operate as a transmitter and a receiver, and
exchange data with one another. The ECUs 1 of the embodi-
ment have the function of a LIN (Local Interconnect Net-
work) controller, and the communication protocol among the
ECUs 11is LIN.

[0049] The power source 4 is an alternator which obtains
power from the engine to generate power or a battery charged
by the alternator, the minus terminal thereof is grounded, and
the plus terminal thereof is connected to the junction box 5
through the power line 3. The power source 4 supplies a
driving voltage of, for example, 12 V to the ECUs 1 or the
actuators 2.

[0050] The junction box 5 is provided with a branching and
relaying circuits for the power line 3. To the junction box 5, a
plurality of power lines 3 are connected so as to branch off.
These power lines 3 are connected to the ECUs 1 and the
actuators 2, respectively. A switch is built in each ECU 1 so
that the on and off of the connection relay to the actuators 2 is
controlled by the ECUs 1 controlling the actuators 2. When
the switch is on, power from the power source 4 is supplied to
the actuators 2 so that the actuators 2 operate.

[0051] The ECUs 1 and the actuators 2 are each structured
so that in the inside thereof, the power line 3 connected
thereto is connected (grounded) to the body earth through the
components and load included in itself.

[0052] In the thus structured in-vehicle PL.C system, the
ECUs 1 not only receive power supply from the power source
4 through the power lines 3 to operate but also superimpose a
carrier wave for communication on the power lines 3 to trans-
mit and receive data for control. Thereby, in the in-vehicle
PLC system of the embodiment, it is unnecessary to sepa-
rately cable, among the ECUs 1 in the vehicle, a signal line for
communication to transmit and receive data used for cruise
control, video data or the like. Consequently, saving of lines
and reduction in the weight of the harness can be realized.
[0053] AsshowninFIG.1, since the actuator 2 is connected
to the power line 3 by which the ECUs 1 perform data com-
munication, an impulsive noise is generated in an event-
driven manner on the power line 3. One of the actuators is, for
example, a door lock motor that starts locking of doors of the
vehicle. When the ECU 1 controlling the door lock motor
turns on the switch to start the door lock motor, the door lock
motor rotates, for example, for 95 milliseconds, and during
that time, a multiplicity of impulsive noises are generated on
the power line. A principal cause of the impulsive noise is the
brush discharge of the motor, and after approximately 95
milliseconds, the generation frequency of the impulsive noise
is sufficiently low. Since the on/oft timing of the switch of the
door lock motor is arbitrary timing, to avoid the impulsive
noise caused by the door lock motor, instead of temporal
avoidance, it is necessary to make the carrier frequency of the
communication signal different from the frequency of the
impulsive noise or to select a communication method that is
not readily affected.

[0054] Therefore, in the in-vehicle PLC system of the
embodiment, to avoid the influence of the impulsive noise
generated on the power line 3, the modulation method of the
carrier wave of the communication is defined, and the limiter
6 is included. Hereinafter, the structure of a transmitter 11 and
areceiver 12 and the structure of the limiter 6 which the ECUs
1 have to be provided with to avoid the influence of the
impulsive noise generated on the power line 3 will be
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described. Then, results of examinations as to whether a com-
munication in which the influence of the impulsive noise is
avoided can be realized by the structures will be described.

[0055] FIG.2is ablock diagram schematically showing the
connection structure of the transmitter 11 and the receiver 12
included in the in-vehicle PLC system of the embodiment.

[0056] In the ECU 11, the data signal outputted so as to
transmit data to another ECU 1 by the function of a LIN
controller is inputted to the transmitter 11 for performing
communication in PL.C. Likewise, the data signal received by
the receiver 12 is notified to a processor constituting the ECU
1 by the function of the LIN controller, which enables trans-
mission and reception with the power line 3 as the LIN bus.

[0057] The transmitter 11 is constituted by: a modulator 13
for transmitting a LIN data signal by the power line 3; a filter
14 which allows a signal of a predetermined band to pass
therethrough; and a sinusoidal wave outputter (sinusoidal
wave in the FIG. 15. In contrast, the receiver 12 is constituted
by the limiter 6, the sinusoidal wave outputter 15, the filter 16
and a demodulator 17 performing demodulation.

[0058] The modulator 13 modulates the data signal input-
ted from another component in the ECU 1 by BPSK (Binary
Phase Shift Keying) or DBPSK (Differential Binary Phase
Shift Keying) and outputs the signal. For example, the fre-
quency Fc ofthe carrier wave used for modulation may be 20
MHz or 10 MHz. In contrast, the demodulator 17 demodu-
lates the data signal from the carrier wave.

[0059] As the filter 14 and the filter 16, root roll-off filters
are used, and the roll-off rate is 0.5.

[0060] The sinusoidal wave outputter 15 outputs a sinusoi-
dal wave sin (2m Fct) by which the carrier wave is to be
multiplied.

[0061] The thus structured transmitter 11 modulates the
data signal by the BPSK method or the DBPSK method, and
the receiver 12 receives the data signal by a synchronized
detection or delay detection method (when the transmitter 11
performs BPSK modulation, the receiver 12 receives the data
signal by the synchronized detection method, while when the
transmitter 11 performs DBPSK modulation, the receiver 12
receives the data signal by the delay detection method).

[0062] The limiter 6 limits the amplitude of the signal
propagated to the power line 3 to a predetermined amplitude
(reception signal amplitude). FIG. 3 is graphs showing the
input-output characteristics of the limiter 6 of the embodi-
ment. In each of the two graphs shown in FIG. 3, the horizon-
tal axis represents the amplitude level of the inputted signal,
the vertical axis represents the amplitude level of the output-
ted signal, the rightward direction and the upward direction
are positive, and the downward direction and the leftward
direction are negative.

[0063] The limiter 6 of the embodiment has characteristics
of'a hard limiter shown in the left of FIG. 3. As shown in FIG.
3, even if the amplitude of the inputted signal is higher than
the amplitude of the reception signal, the limiter 6 outputs the
signal with the amplitude of the reception signal.

[0064] As the limiter 6, one having characteristics of a soft
limiter shown in the right of FIG. 3 may be used. In the case
of' the soft limiter, the amplitude is limited to up to twice the
amplitude of the reception signal. In this case, when the
amplitude of the inputted signal is not more than twice the
amplitude of the reception signal, the limiter 6 outputs the
signal as it is, and when the amplitude is higher than twice the
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amplitude of the reception signal, the limiter 6 outputs the
signal with amplitude twice the amplitude of the reception
signal.

[0065] Moreover, the limiter 6 may be disposed between a
multiplier and the filter 16 or between the filter 16 and the
demodulator 17 as well as disposed upstream from the mul-
tiplier as shown in FIG. 2.

[0066] FIG. 4is an explanatory view conceptually showing
the effect of mitigating the influence of the impulsive noise by
the limiter 6 included in the in-vehicle PLC system of the
embodiment. The waveforms shown by the broken lines in
FIG. 4 represent impulsive noise, and the horizontal lines of
the thick-line rectangles represent the symbol duration of one
symbol of a data signal based on LIN, and the vertical lines
thereof represent the amplitude value of the reception signal.
The waveform of the impulsive noise after the amplitude is
limited by the limiter 6 is shown in the lower part in FIG. 4.

[0067] As shown in FIG. 4, the transmission capacity of
LIN is at most 20 kbit/s (one symbol duration is 50 us), and
the symbol duration is sufficiently long for one width repre-
sentative of amplitude where the impulsive noise is high.
Therefore, by limiting the amplitude by the limiter 6, the
influence on one symbol can be more effectively mitigated.
Processing may be performed in which the magnitude of the
signal level in each symbol is determined with sampling
timing sufficiently shorter than the symbol duration and a
larger number of determination results are fixed as the signal
level.

[0068] FIG.5 is a graph showing the measurement result of
the generation time of the impulsive noise which result was
obtained by actually measuring the generation time of the
impulsive noise generated on the power line 3 in a vehicle. In
FIG. 5, the horizontal axis represents the generation time [[1s]
of the impulsive noise, and the vertical axis represents the
value [%] of the complementary cumulative distribution
function (CCDF).

[0069] As shown in FIG. 5, a measurement result was
obtained such that the generation time of not less than
approximately 99% of the detected impulsive noise was not
more than approximately 18 us (that is, the percentage of the
impulsive noise of not less than 18 ps was not more than
approximately 1%). From this, it is found that 50 ps which is
the symbol duration of LIN is sufficiently long for the gen-
eration time of the impulsive noise generated in a vehicle. By
setting the symbol duration of the signal transmitted on the
power line to a duration sufficiently long for the generation
time of the impulsive noise, the influence of the impulsive
noise can be effectively mitigated.

[0070]

[0071] The transmitter 11 and the receiver 12 are structured
as shown in FIG. 2, and the signal transmitted from the
transmitter 11 is transmitted on the power line 3. Since a
plurality of actuators 2 are connected to the power line 3, they
become a noise source of impulsive noise and the impulsive
noise is added to the carrier wave. Moreover, to the inputs of
the transmitter 11 and the receiver 12 of each ECU 1, additive
white Gaussian noise (AWGN) is added to the carrier wave.
[0072] When the carrier wave to which the impulsive noise
and the additive white Gaussian noise have been added is
inputted to the limiter 6, the limiter 6 limits the amplitude to
the amplitude of the reception signal as shown in FIG. 3 and
outputs the carrier wave. Thereby, the influence of the impul-
sive noise is mitigated.

Returning to FIG. 2, description will be continued.
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[0073] The carrier wave outputted from the limiter 6 arrives
at the multiplier in the receiver 12. The multiplier in the
receiver 12 multiplies the arrived carrier wave by a sinusoidal
wave from the sinusoidal wave outputter 15, causes it to pass
through the filter 16, and then, demodulates it at the demodu-
lator 17 and notifies it to the processor as a data signal in the
ECU1.

[0074] As described above, the transmitter 11 uses BPSK
or DBPSK as the modulation method, demodulation is per-
formed by using synchronized detection or delay detection at
the receiver 12 and the limiter 6 is connected to the power line
3 which is the transmission line, whereby communication by
LIN can be realized in PLC.

[0075] Next, it will be examined whether or not a commu-
nication where the influence of the impulsive noise is avoided
in the vehicle PLC system of'the embodiment can be realized
by providing the transmitter 11 and the receiver 12 structured
as shown in FIG. 2 and providing the limiter 6.

[0076] Whether the communication where the influence of
the impulsive noise is avoided can be realized or not is evalu-
ated based on the BER (Bit Error Rate) when a predetermined
impulsive noise is generated by simulations in a structure
including the transmitter 11, the receiver 12 and the limiter 6
shown in FIG. 2.

[0077] A noise including the impulsive noise generated by
the simulations was created. FIG. 6 is an explanatory view
conceptually showing the method of creating the noise used
for the simulations.

[0078] To create the impulsive noise, first, the noise includ-
ing the impulsive noise generated on the power line 3 to which
the door lock motor is connected as the actuator 2 is actually
measured. However, it is very difficult to truly detect the
impulsive noise from the measured noise and reproduce it.
Therefore, an estimated state matrix is obtained in which
results of the following estimation are arranged in chrono-
logical order: an estimation, using a hidden Markov Gaussian
model and a BW-MAP method, of which of the two states of
a state where the impulsive noise is generated and a state
where it is not generated is the state, in each sampling timing,
of the noise obtained by the measurement. Moreover, it was
found that the frequency of the generated impulsive noise had
peaks at 10 MHz and 30 MHz. Thereafter, the impulsive noise
is created by using characteristics such as the obtained esti-
mated state matrix and the frequency of the impulsive noise.
[0079] The waveform shown in the uppermost graph in
FIG. 6 is the estimated state matrix shown as a rectangular
wave, and one state of the duration of one rectangular wave
corresponds to a duration where it is determined that an
impulse is continuously generated. “0” is a state where the
impulsive noise is not generated (only the additive white
Gaussian noise) and “1” is a state where the impulsive noise
is generated (mixture of the impulsive noise and the additive
white Gaussian noise). As shown in FIG. 6, in the in-vehicle
PLC, a state where the impulsive noise is generated continues
in continuous intervals. This is because the impulsive noise
generated in the in-vehicle PLC is an attenuating sinusoidal
wave as shown in FIG. 4.

[0080] Then, as shown in the second graph from the top of
FIG. 6, the interval where the impulsive noise was generated
(interval where “1” continued) was replaced with a window
function having the same duration as the interval. As the
window function, a hanning window was used.

[0081] Then, since it is found that the frequency period of
the impulsive noise has peaks at 10 MHz and 30 MHz as
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mentioned above, in order that the created impulsive noise
also has peaks at the two frequencies of 10 MHz and 30 MHz,
W, (t) which is the window function W, (t) multiplied by the
sum of the sinusoidal waves of the two frequencies F; and F,
is obtained (Expression 1). The phases of the two sinusoidal
waves are ¢, and ¢,, respectively, and each takes a random
phase in the range of 0 to 27t. These phases are randomly and
independently determined for each detection interval.

[Expression 1]

Sin2aF 1 + ¢1) + sin2aFor + ¢7) (L)

Wa (1) = W) x 5

[0082] Then, the maximum value of the amplitude of the
created impulsive noise was made to coincide with the ampli-
tude of the measured impulsive noise in each interval. That is,
the function W,(t) where the amplitude was normalized to
“1” was multiplied by the amplitude A(i) of the measured
impulsive noise. A(i) in FIG. 6 is the absolute value of the
maximum amplitude of the impulsive noise which is the
attenuating wave measured i-thly.

[0083] Lastly, the additive white Gaussian noise according
to the characteristics of the receiver 12 was added as the
background noise to obtain the noise used for the simulations.
[0084] FIG. 7 is graphs showing the characteristics of the
impulsive noise used for the simulations. The waveform of
one impulsive noise is shown in the upper graph, and the
frequency characteristic is shown in the lower graph. Since
the window function is used, the impulsive noise of the cre-
ated noise exhibits a bilaterally symmetric waveform having
ahigh amplitude in the middle as shown in the upper graph of
FIG. 7 and attenuates. Moreover, as shown in the lower graph
of FIG. 7, the frequency of the created impulsive noise has
peaks at 10 MHz and 30 MHz similarly to the actually mea-
sured impulsive noise.

[0085] FIG. 8is graphs showing the measurement results of
the characteristics of the impulsive noise which results were
obtained by actually measuring the impulsive noise generated
on the power line 3 in a vehicle. In FIG. 8, the waveform of
one impulsive noise is shown in the upper graph, the fre-
quency characteristic is shown in the lower graph, and these
are made to correspond to the characteristics of the impulsive
noise for the simulations of FIG. 7.

[0086] The measured impulsive noise exhibits, as shown in
the upper graph of FIG. 8, an attenuating waveform where
after a waveform that steeply changes with high amplitudes,
the amplitude gradually decreases and the change becomes
gentle. Moreover, as shown in the lower graph of FIG. 8, the
frequency of the measured impulsive noise has peaks at
approximately 12 MHz and approximately 33 MHz. As
described above, it is found that the characteristics of the
impulsive noise for the simulations shown in FIG. 7 are close
to the characteristics of the actually measured impulsive noise
shown in FIG. 8.

[0087] The noise including the impulsive noise created as
shown in FIG. 6 and FIG. 7 was generated on the power line
3 of the communication system having the structure shown in
FIG. 2, and simulations as to how much reception error was
generated were executed. The simulations were performed a
plurality of times while the frequency of the carrier wave was
changed to 5, 10, 15, 20, 25 and 30 MHz. The sampling
frequency of the signal was 100 MHz.
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[0088] FIG. 9 and FIG. 10 are graphs showing the charac-
teristics of the communication error obtained by the simula-
tions. FIG. 9 shows the results of a simulation by the BPSK
method and the synchronized detection method (here, the
limiter 6 is absent), and FIG. 10 shows the results of a simu-
lation by the DBPSK method and the delay detection method
(here, the limiter 6 is absent). The horizontal axis represents a
signal power to background noise power E,/N,, [dB] per bit,
and the vertical line represents the BER. As shown in FIG. 9
and F1G. 10, in either of the cases ofthe BPSK method and the
DBPSK method, the BER when the frequency of the carrier
wave represented by a symbol “x” is 20 MHz is relatively
excellent. When the frequency of the carrier wave is 10 MHz
and 30 MHz which are the same as the frequency of the
impulsive noise, the BER is poor even in a domain where
E,/N, is high.

[0089] Moreover, as shown in FIG. 9 and FIG. 10, when the
frequency of the carrier wave is 20 MHz, it is estimated that
the BER can be made approximately 10~ in either of the
cases of the BPSK method and the DBPSK method by mak-
ing E,/N, approximately 60 [dB].

[0090] FIG.11 is a graph showing the characteristics of the
communication error obtained by the simulations, and shows
both the results of simulations by the BPSK method and the
synchronized detection method (the limiter 6 is present) and
by the DBPSK method and the delay detection method (the
limiter 6 is present). As shown in FIG. 11, in either of the cases
of the BPSK method and the DBPSK method, the BER when
the carrier frequency is 20 MHz is low. Although the BER is
improved as compared with the case where the limiter 6 is
absent also when the carrier frequency is the same as the
frequency of the impulsive noise, the BER is high as com-
pared with the case of 20 MHz.

[0091] Moreover, as shown in FIG. 11, when the frequency
of'the carrier wave is a frequency other than 10 MHz or the 30
MHz which is the same as the frequency of the impulsive
noise, for example, 20 MHz, it is estimated that the BER can
be made approximately 10~* by making E,/N,, by the BPSK
method approximately 11 [db] and making E,/N, by the
DBPSK method approximately 13 [db]. By the limiter 6,
E,/N, is improved by approximately 50 [db)].

[0092] Thereby, an in-vehicle PL.C system in which the
influence of the impulsive noise is avoided can be realized by
using the LIN protocol.

[0093] As described above, when the existing LIN is used
as the communication protocol, the BER can be reduced to
approximately 107°, which is practical. Therefore, by the
structure in which modulation is performed by the BPSK
method, reception is performed by the synchronized detec-
tion method and the limiter 6 is used and the structure in
which modulation is performed by the DBPSK method,
reception is performed by the delay detection method and the
limiter 6 is used, an in-vehicle harness and an in-vehicle
communication system can be realized in which the influence
of the impulsive noise is reduced and the communication
cable for LIN is saved.

[0094] The simulation results shown in FIG. 9 to FIG. 11
described above are the impulsive noise created based on the
window function of the hanning window as shown in FIG. 6
and used for the simulations. This is because the impulsive
noise generated in the in-vehicle PLC was an attenuating
sinusoidal wave as shown in FIG. 4. However, the inventors of
the present application found that the impulsive noise gener-
ated in the in-vehicle PLC can be approximated by an expo-
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nential attenuating sinusoidal wave, and performed an re-
examination by simulations with the impulsive noise as the
exponential attenuating sinusoidal wave. FIG. 12 is an
explanatory view conceptually showing the method of creat-
ing the noise used for the simulations.

[0095] As shown at the second from the top of FIG. 12, the
interval where impulsive noise is generated (interval where
“1” continues) was replaced with an envelope pulse having
the same duration as the interval. As the envelope pulse, an
exponential attenuating function was used.

[0096] Next, since the frequency period of the impulsive
noise has peaks at 10 MHz and 30 MHz, in order that the
created impulsive noise also has peaks at two frequencies of
10 MHz and 30 MHz, P,(t) is obtained which is an envelope
pulse P,(t) based on the exponential attenuating function
multiplied by the sum of sinusoidal waves of two frequencies
F, and F, (Expression 2).

[Expression 2]

sin(2aF 1+ ¢1) + sin(2nFot + ¢;) 2)

Py(n) =P 3

[0097] Thereafter, as in the case of FIG. 6, the envelope
pulse P,(t) the amplitude of which is normalized to “1” is
multiplied by the amplitude A(i) of the measured impulsive
noise, and the additive white Gaussian noise according to the
characteristics of the receiver 12 is added as the background
noise to obtain the noise used for the simulations.

[0098] FIG. 13 is graphs showing the characteristics of the
impulsive noise used for the simulations which characteris-
tics are the characteristics of the impulsive noise created by
the method shown in FIG. 12. The waveform of one impulsive
noise is shown in the upper graph, and the frequency charac-
teristic is shown in the lower graph. As shown in the upper
graph of FIG. 13, the amplitude of the created impulsive noise
attenuates from the peak by an exponential function. As
shown in the lower graph of FIG. 13, the frequency of the
created impulsive noise has peaks at 10 MHz and 30 MHz
similarly to the actually measured impulsive noise. The char-
acteristics of the impulsive noise for the simulations shown in
FIG. 13 are close to the characteristics of the actually mea-
sured impulsive noise shown in FIG. 8.

[0099] The noise including the impulsive noise created as
shownin FIG. 12 and FIG. 13 was generated on the power line
3 of the communication system having the structure shown in
FIG. 2, and simulations as to how much reception error was
generated were executed. The simulations were performed
for cases where the frequency of the carrier wave was 10 MHz
and 20 MHz.

[0100] FIG. 14 is a graph showing the characteristics of the
communication errors obtained by the simulations, and
shows both the result of a simulation by the BPSK method
and the synchronized detection method (here, the limiter 6 is
absent) (see BPSK-C represented by a symbol “x” in the
figure) and the result of a simulation by the DBPSK method
and the delay detection method (here, the limiter 6 is absent)
(see DBPSK-D represented by a symbol “o” in the figure). As
shown in FIG. 14, in either of the cases of the BPSK method
and the DBPSK method, the BER when the frequency of the
carrier wave shown by the broken line is 20 MHz is excellent
and the BER when the frequency of'the carrier wave shown by
the solid line is 10 MHz is poor.
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[0101] FIG. 15 s a graph showing the characteristics of the
communication errors obtained by the simulations, and
shows both the result of a simulation by the BPSK method
and the synchronized detection method (here, the limiter 6 is
present) and the result of a simulation by the DBPSK method
and the delay detection method (here, the limiter 6 is present).
As the limiter 6, the hard limiter shown in FIG. 3 is used, and
the amplitude is limited to the amplitude of the reception
signal. As shown in FIG. 15, in either of the cases of the BPSK
method and the DBPSK method, the BER when the fre-
quency of the carrier wave shown by the broken line is 20
MHz is excellent, and the BER when the frequency of the
carrier wave shown by the solid line is 10 MHz is poor.
[0102] Moreover, in the case where the limiter 6 is absent
shown in FIG. 14, if the frequency of the carrier wave is made
20 MHz, by making E,/N, approximately 55 [db], the BER
can be made approximately 10~*. On the contrary, in the case
where the limiter 6 is present shown in FIG. 15, if the fre-
quency of the carrier wave is made 20 MHz, by making E, /N,
approximately 11 [db], the BER can be made approximately
10~*. That is, by using the limiter 6 (hard limiter), E,/N,, is
improved by approximately 40 [db].

[0103] FIG.16 is a graph showing the characteristics of the
communication errors obtained by the simulations, and
shows both the result of a simulation by the BPSK method
and the synchronized detection method (here, the limiter 6 is
present) and the result of a simulation by the DBPSK method
and the delay detection method (here, the limiter 6 is present).
As the limiter 6, the soft limiter shown in FIG. 3 is used, and
the amplitude is limited to twice the amplitude of the recep-
tion signal. As shown in FIG. 16, in either of the cases of the
BPSK method and the DBPSK method, the BER when the
frequency of the carrier wave shown by the broken line is 20
MHz is excellent, and the BER when the frequency of the
carrier wave shown by the solid line is 10 MHz is poor.

[0104] Moreover, in the case where the limiter 6 is present
shown in
[0105] FIG. 16, ifthe frequency of the carrier wave is made

20 MHz, by making E,/N, approximately 11 [db], the BER
can be made approximately 10~*. That is, by using the limiter
6 (soft limiter), E,/N, is improved by approximately 40 [db].
[0106] As for the communication quality required of the
in-vehicle PL.C system by the LIN protocol, E,/N, is 60 [db]
and the BER is not more than 10~*. Therefore, when the
frequency of the carrier wave is made a frequency different
from the frequency of the impulsive noise (for example, 20
MHz), by using the limiter 6, E,/N, is improved, so that the
required communication quality can be sufficiently fulfilled.
The amplitude limited by the limiter 6 is made not more than
the amplitude of the reception signal in the case of the hard
limiter and is made not more than twice the amplitude of the
reception signal in the case of the soft limiter, whereby the
required communication quality can be sufficiently fulfilled.
[0107] Moreover, since E,/N, is improved by employing
the above-described structure, the output power of the com-
munication signal outputted by the transmitter 11 can be
reduced. Thereby, the power consumption of the transmitter
11 can be reduced, and the noise emitted in connection with
communication can be reduced.

[0108] FIG.17 is a graph showing the characteristics of the
communication error obtained by a simulation. The horizon-
tal axis represents the communication rate (bit rate) [Mbit/s},
and the vertical axis represents the BER. This simulation
result is obtained with a structure in which communication is
performed by the DBPSK method and the delay detection
method and the limiter 6 (hard limiter) is used. Moreover, the
simulation was performed with the frequency of the carrier
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wave being 10 MHz or 20 MHz and E /N, of the signal being
20dB, 40 dB or 60 dB. Moreover, in this simulation, although
an error occurred at bit rates of 100 kbit/s and 200 kbit/s when
the carrier frequency was 10 MHz and E,/N,, was 10 dB, no
error occurred at bit rates of 100 kbit/s and 200 kbit/s in other
cases; therefore, in the graph of FIG. 17, the simulation result
is not plotted.

[0109] As shown in FIG. 17, when the frequency of the
carrier wave is made 20 MHz different from the frequency of
the impulsive noise, by making the bit rate not more than 200
kbit/s, error occurrence can be reduced (error occurrence can
be eliminated). Since the communication quality required of
the in-vehicle PLC system by the LIN protocol is such that
E,/N, is 60 [db] and the BER is not more than 107, in this
structure, this communication quality can be sufficiently ful-
filled. Moreover, the communication rate of the LIN protocol
is 20kbit/s, and in this structure, communication rate increase
of'up to approximately ten times this communication rate can
be realized.

[0110] Inthe above-described embodiment, a structure has
been described in which the PLC system is applied to a
vehicle LAN. However, the present invention is not limited
thereto, and may be applied to a communication system for
controlling a load that can cause impulsive noise.

Second Embodiment

[0111] FIG. 18 is a block diagram showing the structure of
an in-vehicle PLC system of a second embodiment. The in-
vehicle PLC system of the second embodiment is classified
into two groups with respect to communication, and a first
ECU 201a belonging to a first communication group and a
second ECU 2015 belonging to a second communication
group are connected to a common power line 3 and each
performs communication through this power line 3.

[0112] While the first ECU 201a has the transmitter 11 and
the receiver 12 shown in FIG. 2 and has substantially the same
structure as the ECU 1 of the first embodiment, the frequency
of'the carrier wave used for the modulation and demodulation
of the data signal is different. The frequency of the carrier
wave (first carrier wave) used by the first ECU 201a accord-
ing to the second embodiment is set to a frequency substan-
tially the same as the (peak) frequency of the impulsive noise
generated on the power line 3, for example, 10 MHz. More-
over, the symbol duration of the signal transmitted and
received by the first ECU 201a through the power line 3 is
sufficiently longer than the impulsive noise as shown in FIG.
4 (for example, 50 ps).

[0113] Comparing the simulation results shown in FIG. 14
and FIG. 15, even though the frequency of the carrier wave is
10 MHz which is the same as the frequency of the impulsive
noise, a sufficient BER improvement effect is obtained by
providing the first ECU 201qa with the limiter 6.

[0114] While the second ECU 2015 also has the transmitter
11 and the receiver 12 shown in FIG. 2 (however, it may have
a structure not having the limiter 6) and has substantially the
same structure as the first ECU 2014, it performs higher-
speed communication than the first ECU 201a. That is, the
symbol duration of the signal transmitted and received by the
second ECU 2015 is shorter than that of the first ECU 201a
(for example, 100 ns). Moreover, the frequency of the carrier
wave (second carrier wave) used by the second ECU 2015 is
set to a frequency different from the frequency of the impul-
sive noise generated on the power line 3, for example, 20
MHz.

[0115] That is, in the in-vehicle PL.C system according to
the second embodiment, the first ECU 201a performing low-
speed power line communication uses the first carrier fre-
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quency close to the frequency of the impulsive noise, and the
second ECU 2015 performing high-speed power line com-
munication uses the second carrier frequency far from the
frequency of the impulsive noise. Since the first ECU 201qa
has a long symbol duration and the influence on the impulsive
noise is small because of the provision of the limiter 6, the
carrier frequency of the first ECU 201a can be made close to
the frequency of the impulsive noise, whereby the range of
frequencies that the second ECU 2015 can use as the carrier
frequency can be broadened. By making the carrier frequency
of'the second ECU 2015 sufficiently far from the frequency of
the impulsive noise, the influence of the impulsive noise on
the power line communication by the second ECU 2015 can
be suppressed.

[0116] While in the above-described second embodiment,
the symbol duration of the first ECU 2014 is 50 ps, the first
carrier frequency is 10 MHz, the symbol duration of the
second ECU 2015 is 100 ns and the second carrier frequency
is 20 MHz, these numerical values are an example and the
present invention is not limited thereto. Moreover, while the
two communication groups perform communication through
the common power line 3, the present invention is not limited
thereto, three or more communication groups may perform
communication through the common power line 3, and in this
case, the carrier frequency used by the communication group
performing the lowest-speed communication is made the
closest to the frequency of the impulsive noise.

[0117] The disclosed embodiments should be considered
as illustrative and not restrictive in all respects. The scope of
the present invention is defined by the claims rather than by
the description given above, and it is intended that all changes
that fall within the meaning and scope equivalent to the claims
are embraced.

[0118] As this invention may be embodied in several forms
without departing from the spirit of essential characteristics
thereof, the present embodiments are therefore illustrative
and not restrictive, since the scope of the invention is defined
by the appended claims rather than by the description preced-
ing them, and all changes that fall within metes and bounds of
the claims, or equivalence of such metes and bounds thereof
are therefore intended to be embraced by the claims.

1-6. (canceled)

7. A power line communication system, comprising:

a power line routed in a vehicle;

a plurality of communication devices mounted on the
vehicle which perform communication through the
power line; and

an amplitude limiter which limits amplitude of a signal
propagating on the power line, to within a predetermined
amplitude value,

wherein the communication devices modulate, by phase
shift modulation, a data signal having a carrier fre-
quency different from a frequency of an impulsive noise
generated on the power line.

8. The power line communication system according to

claim 7,

wherein the phase shift modulation is BPSK (Binary Phase
Shift Keying), and

the communication devices receive the data signal by a
synchronized detection method.

9. The power line communication system according to

claim 7,
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wherein the phase shift modulation is DBPSK (Differential
Binary Phase Shift Keying), and

the communication devices receive the data signal by a
delay detection method.

10. The power line communication system according to

claim 7,

wherein the predetermined amplitude value is predeter-
mined based on a characteristic of the impulsive noise
generated on the power line.

11. The power line communication system according to

claim 7,

wherein the predetermined amplitude value is not more
than twice the amplitude value of the signal transmitted
and received between the communication devices.

12. A power line communication system, comprising:

a power line routed in a vehicle;

a plurality of communication devices mounted on the
vehicle which perform communication through the
power line; and

an amplitude limiter which limits amplitude of a signal
propagating on the power line, to within a predetermined
amplitude value,

wherein the communication devices include:

a plurality of first communication devices which modulate
a data signal having a first carrier frequency by phase
shift modulation and perform low-speed communica-
tion through the power line; and

a plurality of second communication devices which modu-
late, by the phase shift modulation, a data signal having
a second carrier frequency different from the first carrier
frequency and perform high-speed communication
through the power line,

the first carrier frequency is closer to a frequency of an
impulsive noise generated on the power line than the
second carrier frequency, and

a symbol duration of the signal modulated by the first
communication devices is longer than a duration of the
impulsive noise.

13. The power line communication system according to

claim 12,

wherein the phase shift modulation is BPSK (Binary Phase
Shift Keying), and

the communication devices receive the data signal by a
synchronized detection method.

14. The power line communication system according to

claim 12,

wherein the phase shift modulation is DBPSK (Differential
Binary Phase Shift Keying), and

the communication devices receive the data signal by a
delay detection method.

15. The power line communication system according to

claim 12,

wherein the predetermined amplitude value is predeter-
mined based on a characteristic of the impulsive noise
generated on the power line.

16. The power line communication system according to

claim 12,

wherein the predetermined amplitude value is not more
than twice the amplitude value of the signal transmitted
and received between the communication devices.
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