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Abstract— Recently, many studies have been being made
on ITS (Intelligent Transport System) and IVC (Inter Vehi-
cle Communication) is one of the most important research
topics. Improvement of communication is essential for IVC
system which communicates incident information and accident
information. In IVC, many studies are focused on DS/SS
CDMA (Direct Sequence / Spread Spectrum, Code Division
Multiple Access) scheme. In this paper, an application using
the DS/SS CDMA scheme is studied. In DS/SS CDMA schems,
the packet error rate characteristic sometimes degrades under
the influence of the near-far problem situation and the increase
of PN code interference due to the number of vehicles. In order
to improve this degradation, an IVC system that divides the
receiving direction is proposed and its performance is evaluated
by computer simulation. As the results of simulation good
performance was confirmed.

Keywords: IVC, Array Antenna, Ad hoc network, DS/SS CDMA,
MMSE, LMS

I. INTRODUCTION

ITS (Intelligent Transport Systems) is currently attracting
much attention for improving traffic congestion and traffic
accident, and for realizing a social system which can create
a new market. In ITS, IVC (Inter Vehicle Communication)
is one of the most important research topics. In IVC system,
each vehicle can communicate with other vehicles which
happened to be in the same area on the road without base
stations. It is possible to increase safety and to reduce traffic
congestions by a realization of IVC systems. Especially,
improvement of safety is most important purpose of research
in ITS and it is expected to provide a great improvement in
current traffic situations.

In IVC, each vehicle mutually performs periodic ex-
changes of navigation and control information such as ve-
locity, acceleration and location information. Therefore, high
reliability, real time capability and stability are required to
the communication systems in IVC. Moreover, a special
autonomous decentralized network that is constructed by two
or more vehicles that occasionally approached on the road
must be constructed in IVC. Therefore, it is difficult to apply
the currently used communication infrastructures (such as
cellar phones) and protocols to IVC directly. In this paper,
the protocol using DS/SS CDMA (Direct Sequence / Spread
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Spectrum, Code Division Multiple Access) scheme that is
one of the candidates to realize IVC systems is examined.
Advantages of the use of DS/SS CDMA communication are
that it is possible to use the frequency band efficiently, it is
robust to interference and fading and it is possible to realize
multiple access communication

However, at the receiver, DS/SS CDMA scheme suffers
from the influence of closer user’s signal more than that
of distant user’s signal (near-far problem). There are also
problems to allocate unique PN (Pseudo Noise) code to each
user in order to realize a DS/SS CDMA communication
system in IVC. Very large number of PN codes is required
if unique PN code is assigned to each vehicle in the world.
Although this is possible theoretically, very long PN code
is necessary and this degrades transmission rate. Therefore,
sharing limited number of PN codes by vehicles is a realistic
solution. To perform this optimally, an appropriate measure
to PN code allocation scheme is necessary.

Moreover, even if PN code could be assigned efficiently
to each vehicle, characteristic is deteriorated by the increase
of users. The reason of this deterioration is that the available
length of PN code is actually limited because longer PN
code length leads to degradation of transmission speed
as above described. The interference caused by PN code
collision affects the packet acquisition and packet error rate
performance.

On of the schemes to solve this problem is the use of an
array antenna. In this paper, in order to improve interference
characteristics, the protocol of DS/SS CDMA scheme using
common code combined with an array antenna is proposed
and its performance is evaluated.

II. MMSE ADAPTIVE ARRAY ANTENNA

In this paper, an MMSE(Minimum Mean Spuare Error)
adaptive array antenna is used [3]. The MMSE adaptive
antenna determines the optimal weights by minimizing the
difference between the reference signal (that has high cor-
relation with the desired signal) prepared in the receiver
and the output signal of the array antenna generated from
the received signals (error margin signal). Although this
scheme has the advantage where it is very simple and is
able to perform simultaneous adaptive null steering and beam
foaming, the precise reference signal is necessary. However,
it is considered that the MMSE scheme is appropriate for
DS/SS CDMA system because the PN codes can be used
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as the reference signals. The error margin signal that is the
difference between the reference signal and the output signal
of the array is expressed by the formula (1).

e(t) = r(t)− y(t) = r(t)−WHX(t) (1)

Here, X denotes the received signal, W denotes the weight,
e(t) denotes the error margin signal, r(t) denotes the refer-
ence signal, y(t) denotes the output signal of the array. Then,
the mean square error of the error margin signal is expressed
by formula (2).

E[|e(t)|2] = E[|r(t)−WHX(t)|2] (2)

Here, rxr denotes a correlation vector between the refer-
ence signal and the input signal vector, that is defined by
formula (3).

rxr �= E[X(t)r∗(t)] (3)

In this scheme, the mean square error in formula (2) is
minimized by appropriately determining the weight vector.
Therefore, the value of the weight vector, W, that minimizes
the value of formula (2) (the optimal weight vector) can be
derived by making the gradient of formula (2) zero as shown
in the following formula.

∇W E[|e(t)|2] = 0 (4)

As shown above, ∇W E[|e(t)|2] is gradient of the mean
square error against the weight vector and optimum weight
is expressed by formula (5). Here, the Rxx denotes the
correlation matrix.

∇W E[|e(t)|2] = −2rxr + 2RxxW (5)

Wopt = R−1
xx rxr (6)

A. LMS Algorithm

In this paper, LMS (Least Mean Square) algorithm is
used for optimizing the weights of the array iteratively. This
algorithm is based on the steepest descent algorithm and is
one of the most general and simple algorithms, Moreover,
it is easy to implement because of the required number of
calculations is not very large. LMS algorithm is expressed
by the formula (7).

W(m+ 1) = W(m)− µ
2

∇W E[|e(t)|2] (7)

Here, the µ denotes the step size which makes an adjust-
ment of weight Update rate. According to (5), ∇W E[|e(m)|2]
expressed in the formula (8) is modified to the form in (8) in
LMS algorithm by neglecting the operation of expectation.

∇W E[|e(m)|2] = −2rxr + 2RxxW(m) (8)

Here, e denotes the error margin signal which the differ-
ence between the reference signal and the received signal,

and µ is the step size which makes an adjustment of weight
update rate. The step size, µ , should satisfy the formula (9)
to ensure the stable convergence condition.

0 < µ <
1

λmax
(9)

Here, λmax is the maximum eigenvalue of the correlation
matrix. However, the maximum eigenvalue of the correlation
matrix frequently changes depending the location of vehicles
in IVC communication. Therefore, if step size value, µ , is
fixed, it may take very long time to converge under very
small step size or it may not converge under very large step
size. Therefore, the optimal step size is analyzed from the
received signal power based on formula (10) and the value
is determined.

0 < µ <
1

Reception Power
(10)

III. SYSTEM MODEL

A. Packet Structure

In this paper, the packet defined by DOLPHIN (Dedicated
Omni-purpose inter-vehicle communication Linkage Proto-
col for HIghway automatioN) protocol that is one of the
IVC protocols is used [5]. Fig. 1 shows the packet format
defined in the DOLPHIN protocol.

PR SD MPDU

FC ID DATA CRC FEC

PR:Preamble
SD:Start Delimiter(unique world)
MPDU:MAC Layer Protocol Data Unit
FC:Packet Control Field
ID:Vehicle Identity Field
DATA:Data Field
CRC:Cyclic Redundancy Check
FEC:Forward Error Control

(8byte)
(2byte)
(33-60byte)
(1byte)
(1byte)
(13-40byte)
(2byte)
(8byte/16byte)

Fig. 1. Channel configuration

B. Link Establishment using Common Code

In this paper, the scheme that use a common PN code
for initial link establishment between two vehicles is as-
sumed [1]. After successful link establishment, the vehicles
communicate using allocated private PN code in the link
establishment procedure. Here, the procedure of communi-
cation link establishment between two vehicles is described.
It is assumed that a circular array antenna is loaded on each
vehicle.
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Fig. 3. Link establishment procedure(b)

In the first step of link establishment, the vehicle B
receives a link establish request packet from the vehicle A
as shown in Fig. 2. Here, the packet contains the private PN
code of the vehicle A and is spread and transmitted using
the common code. The vehicle B is continuously monitoring
reception of the common code. If the vehicle B successfully
receives the link establish request packet from the vehicle A,
the vehicle B acquires the private PN code of the vehicle A.

In the second step, the vehicle B transmits the link
establishment acknowledgment packet backward using the
common code as shown in Fig. 3. This packet contains the
private code of the vehicle B, and the vehicle A can acquire
the private code of the vehicle B if the vehicle A successfully
receives the acknowledgment packet. Before transmitting the
acknowledgment packet, the vehicle B changes its private
code if the received private code of the vehicle A is equiv-
alent to it. The new private code is selected from the PN
code usage table and this reduces collision of the equivalent
private code. By performing the above link establishment,
each other PN codes can be recognized and its code can be
used for communication after it.

C. Structure of Array Antenna

Secondly, the system configuration of transmitter and re-
ceiver is explained. In this paper, three cases are investigated
as shown in the followings.

• Transmitter uses an omni-directional antenna, receiver
uses an array antenna.

• Transmitter uses an array antenna, receiver uses an
omni-directional antenna.

• Both transmitter and receiver use array antennas.

D. Transmitting Antenna

Fig. 4 shows the structure of the transmitter using the
MMSE adaptive array antenna. Before transmission, weight
generator prepares the weights that can be used for steering
to the target.

x (t)Tx

PN

Weight Generator

w
w

wTxK

Tx1

Tx2

#1

#2

#K

Tx1 (t)y
(t)Tx2y

(t)TxKy
(t):Inputx

w:weight
y(t):Output

Fig. 4. Structure of the transmitter

E. Recieveing Antenna

Fig. 5 shows the structure of the receiver using the MMSE
adaptive array antenna [1]. The initial weights of the array are
assumed to be W(m)= (1 0 0 · · ·0)(m = iteration). Iterations
are performed in every chip timing. At the timing where
m = 0, the output of the matched filter for the PN code is
calculated and the position of synchronization is determined
to the position where the output value of the matched
filter is largest (correlation peak value). The signal from all
directions can be received at the timing where m = 0 because
only one antenna has gain 1 and other antennas have gain 0
(initially omni directional pattern). After synchronization is
performed, the receiver starts iterations using LMS algorithm
so that the weight vector converges to the optimal value. This
process is completed in the PR part of the DOLPHIN packet
in Fig. 1. In this analysis, it is assumed that the reference
signal necessary in the receiver is ideally generated from the
corresponding PN code.

F. Simulation conditions

In this simulation, use of 5.9GHz frequency band and a
free space propagation loss model for transmission channel
are assumed [6]. When the distance between two vehicles
is denoted by d, a free space basic propagation loss L(d) is
expressed by formula (11).
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Fig. 5. Structure of the receiver

L(d) = 20log

(
4πd

λ

)
[dB] (11)

Other simulation conditions are shown in TABLE I. In
this paper, the additive noise level is set to the value where
bit error rate of 10−3 is obtained when two vehicles apart
by 200m are making a communication under the free space
loss channel.

TABLE I

SIMULATION CONDITIONS

The number of lanes Single-sided 3 lane
Width of lane 5[m]

Speed of Vehicle 80,100,120[km/h]
Evaluation road length 1000[m]
Communication range 200[m]

Length of PN code Gold seq.63
Chip rate 20.0[Mcps]

Transmission interval 20[msec]
Transmission power 5.0[mW]

Antenna Array(linear),Omni
Packet DOLPHIN
SNR 9[dB]

In this paper, simulation result under the situation where
multiple vehicles have successfully received the link estab-
lishment request packet and the vehicle that have transmit-
ted the link establishment request packet receives multiple
acknowledgment packets is shown. Therefore, the procedure
of Fig. 2 was not completely performed in this simulation,
but it is assumed that packets are successfully received
by multiple vehicles because probability of collision be-
tween link establishment request packets much less than
that of acknowledgement packets. It is assumed that each
vehicle has the distance information by receiving a link
establishment request packet and transmission timing of the
acknowledgement packet is adjusted by using the distance
information. In this paper, the contents of the data part of
the packet consist of vehicle ID and its private PN code, and
location information. For simplicity, influence of shadowing
is not considered here.

IV. RESULT OF SIMULATION

A. Packet Error Rate characteristic

At first, packet error rate characteristic is examined. Fig.
6, 7, 8 show the average packet error rate characteristic for
all the vehicles on the road. In the figure, the horizontal axis

denotes the number of vehicles on the lanes under simulation
and the vertical axis denotes realized packet error rate.

Fig.6 shows the average packet error rate where directional
antenna is used in the transmitter and array antenna is used
in the receiver. As shown in Fig.6, the directional antenna
realized by adaptive array antenna has better performance
than the omni directional antenna. Moreover, the character-
istic improves with increase of the number of the elements.
However, the characteristic improvement rate against the
increase of the number of the elements becomes worse.
Consequently, the characteristic may not be always improved
even if the number of the elements is increased.

Fig.7 shows the average packet error rate where array
antenna is used in the transmitter and directional antenna is
used in the receiver. As in the case of Fig.6, the characteristic
improves with increase of the number of the elements.
However, the characteristic of Fig.7 is better than the charac-
teristic of Fig.6. The reason of this result is that the side robe
signals of the weights which are determined by the weight
generator became interference waves to the other vehicles on
the road.

Fig.8 shows the average packet error rate under the case
where array antennas are used in both transmitter and re-
ceiver. The characteristic shown in Fig.8 is best as compared
to the characteristics in Fig.6 or Fig. 7.

B. Throughput characteristic

Next, the throughput characteristic is examined. Fig. 9,
10, 11 show the total throughput characteristic for all the
vehicles on the road. In the figure, the horizontal axis denotes
the number of vehicles on the lanes under simulation and the
vertical axis denotes realized throughput.

Fig.9 shows the total throughput characteristic under the
case where directional antenna is used in the transmitter and
array antenna is used in the receiver. Fig.10 shows the total
throughput characteristic under the case where array antenna
is used in the transmitter and directional antenna is used in
the receiver. As shown in Fig.9, 10, characteristics under
the case where array antenna is used becomes equivalent
performance to the offered traffic under 50 vehicles on
the road. However, characteristics became worse over 50
vehicles on the road and the difference between offered
traffic and realized throughput performance increases. As
the result, the maximum throughput performance is about
3Mbps.

Fig. 11 shows the total throughput characteristic where
array antenna is used both in the transmitter and in the
receiver. The characteristic improvement rate is better than
the characteristics in Fig. 9, 10. However, the maximum
value of throughput is 3Mbps, which is the same as the case
of Fig. 9 and 10.

C. Information acquisition rate characteristic

Next, the evaluation of characteristics of the information
acquisition rate against the number of the vehicles is shown.
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Fig. 6. Average Packet Error Rate using Rx array
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Fig. 7. Average Packet Error Rate using Tx array
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Fig. 8. Average Packet Error Rate using Tx-Rx array
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Fig. 9. Throughput Characteristic using Rx array

20 40 60 80 100 120 140 160 180 200
102

103

104

T
ra

ns
m

is
si

on
 r

at
e 

[k
bp

s]

Number of Vehicles

Transmission Interval 20[ms]
TxArray−IVC

Traffic
Omni
Linear3
Linear5
Linear7
Linear9
Linear11
Linear13

Fig. 10. Throughput Characteristic using Tx array
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Fig. 11. Throughput Characteristic using Tx-Rx array
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In this simulation, information acquisition rate is defined by
the following formula (12). In the formula, the information
acquisition rate is denoted by P, the number of vehicles that
received the acknowledgment packet accurately is denoted by
S and the number of vehicles in the communication range
vehicles is denoted by N.

P =
S
N
×100 [%] (12)

It is possible to analyze how frequently each vehicle can
accurately recognize the ID of another vehicle and informa-
tion on the private PN code by evaluating the information
acquisition rate. As shown in Fig. 12, 13 and 14, more
accurate reception of information is possible by using the
array antenna.

As shown in Fig. 12,13, the characteristic is improved with
the increase of the number of the elements as in the case of
packet error rate characteristic.

Moreover, as shown in Fig. 14, the information acquisition
rate characteristic is better than characteristics of Fig. 12 and
13. And the information acquisition rate performance beyond
70% against over 200 vehicles on the road is achieved.

V. CONCLUSION

In this paper, improvement of the performance of the
IVC system using DS/SS CDMA scheme in the initial link
establishment process was confirmed by using the array
antenna. The use of the array antenna improves both infor-
mation acquisition performance and throughput performance
as compared to the case where the omni-directional antenna
is used. However, these characteristics have different per-
formance depending on the cases where an array antenna
is used only in the transmitter, where it is used only in
the receiver and where its is used in both transmitter and
receiver. Moreover, under the case where sufficient number
of elements is used, throughput and information acquisition
rate characteristics is less improved than under the case a few
elements are used. In the further researches, more detailed
performance under actual traffic situations will be examined.
Moreover, total system performance will be also evaluated.
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