Copyright © 1994, by the author(s).
All rights reserved.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation

on the first page. To copy otherwise, to republish, to post on servers or to redistribute to
lists, requires prior specific permission.



VEHICLE-TO-VEHICLE COMMUNICATIONS FOR
INTELLIGENT VEHICLE HIGHWAY SYSTEMS

by

Tushar Tank

Memorandum No. UCB/ERL M94/85

17 October 1994



VEHICLE-TO-VEHICLE COMMUNICATIONS FOR
INTELLIGENT VEHICLE HIGHWAY SYSTEMS

by

Tushar Tank

Memorandum No. UCB/ERL M94/85

17 October 1994

ELECTRONICS RESEARCH LABORATORY

College of Engineering
University of California, Berkeley
94720



VEHICLE-TO-VEHICLE COMMUNICATIONS FOR
INTELLIGENT VEHICLE HIGHWAY SYSTEMS

by
Tushar Tank

Memorandum No. UCB/ERL M94/85
17 October 1994

ELECTRONICS RESEARCH LABORATORY

College of Engineering
University of California, Berkeley
94720



Vehicle-to-Vehicle

Communications For
Intelligent Vehicle
Highway Systems

Tushar Tank

Department of Electrical Engineering
. and Computer Science

University of California at Berkeley

Berkeley, California 94720

Abstract

Vehicle-to-vehicle radio links suffer from power variations, multipath fading and associated Doppler
spreading in frequency, as well as interference form other vehicles. We discuss the impact of these
effects on communication networks supporting an Intelligent Vehicle Highway System (IVHS). A
statistical model for this channel is considered and the performance of the network involving many
links is evaluated. We compare the performance of Time Division Multiple Access (TDMA), Direct
Sequence Code Division Multiple Access (DS-CDMA), and Frequency Hopping with TDMA in this
environment. Reliability of the radio link is investigated by specifying the radio spectrum occupation
for a given required reliability of the radio link.
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Introduction

1.0 Introduction

Recently implementation of advance communication technology has been propounded as a feasible
alternative to solving ground transportation problems. Projects such as Road Automobile Communi-
cation Systems (RACS) in Japan [1], PROMETHEUS in Europe [2], and Partners for Advanced
Transit and Highway (PATH) in the U.S. are currently engaged in the design of such systems called
Intelligent Vehicle Highway Systems (IVHS) in Japan and the United States and Road Transport
Informatics (RTI) in Europe. These projects encompass Automated Vehicle Control Systems (AVCS),
Advanced Traffic Management and Information System (ATMIS), Advanced Vehicle Identification
(AVI), and Advanced Driver Information System (ADIS) as platforms from which IVHS can be real-
ized. Many see these projects as a means of improving safety and efficiency of the highway system,
which in turn would lead to an increase in the productivity of commuters as well as alleviate pollu-
tion[3].

Vehicle-to-vehicle communication is of critical importance to such IVHS projects, especially in Auto-
mated Vehicle Control Systems (AVCS) employing platoons [4]. Although communication occurs
only over relatively short range, from less than one meter to tens of meters, the communication links
have to be extremely reliable, despite the presence of multipath reflections and interference from
other links using the same frequency channel.

Jakes [5] and Clarke [6] have investigated a vehicle-to-base station Rayleigh fading channel, whereas
Akki and Haber [7] have investigated a vehicle-to-vehicle Rayleigh fading channel. However in this
report we extend these models, to best represent a vehicle-to-vehicle channel in an IVHS setting, by
considering a Rician fading channel with a direct line-of-sight component and a strong ground
reflected component in a mobile-to-mobile environment.
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Introduction

In order to combat the effects of multipath fading and associated doppler shift as well as interference
from other links multiple access schemes such as Time Division Multiple Access (TDMA), Direct
Sequence Code Division Multiple Access (DS-CDMA), and Frequency Hopping with TDMA are
investigated. Shladover [4] and Hitchcock [8] have shown that message delays within a platoon envi-
ronment can have dire consequences. Thus the performance of these various multiple access schemes
is quantified by Packet Erasure Rates (PER) as well as Reliability (probability of a successful mes-
sage reception in a fixed time interval) for a given spectral allocation. Network protocol and fre-
quency reuse in a platoon scenario will also be discussed.

This document is organized as follows. We begin in Section 2 by discussing the platoon model in
which the communication links are located and highlight various elements that will affect the channel
and communication link. In Section 3 the channel model is described. This section relies heavily
upon the Appendix, which goes into the mathematical detail of deriving the channel model. Sections 4
and 5 deal with the modulation and multiple access schemes that are implemented in this channel.
Section 6 discusses network protocol and frequency sharing procedures. In Section 7 we formulate
numerical results of the issues discussed in the preceding sections. Section 8 summarizes these results
and draws conclusions and recommendations of this study.
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Platoon Model and Lane
Capacity

2.0 Platoon Model

Shladover et. al.[4] have proposed a method of efficient vehicle control by grouping vehicles in pla-
toons. “It requires electronically linked cars to travel in instrumented lanes with facilities to allow the
vehicles to join and exit platoons smoothly at highway speeds. Estimates suggest that a [single auto-
mated lane] could carry as much traffic as three or four ordinary lanes. [Platoons of up to four cars] at
speeds of 55 m.p.h. and up have already been tested and plans to test platoons of up to 20 cars are
being implemented. It is possible to obtain very accurate lane holding (within 15 cm when under a
variety of anomalous conditions) while maintaining excellent ride quality. Highway lanes could be
much narrower once automated. [Thus high-precision vehicle-follower control is possible] when
dynamic data obtained by ranging sensors are combined with communication between cars.”[3]

PLATOON 3

FIGURE 1. Platoon Modael
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Platoon Model

We consider AVCS in a platoon environment, where a platoon consists of N vehicles. As depicted in
Figure 1, the distance between vehicles is denoted as dj, and is on the order of 1 or 2 meters {4]. The
vehicle length, platoon following distance, and lane width are denoted as d,, dp, and d respectively,
while the communication link under study is denoted as dg.

In slotted access cellular mobile transmission schemes different cells transmit over different frequen-
cies in order to reduce interference. Frequency bands can be reused in cells spaced far enough apart
such that the interfering energy between these cells is negligible. In the platoon model each platoon
(including the distance between the platoons, dp) is considered a cell. Unlike most cellular radio
schemes, the cells here are in relative motion with each other, since platoons in either lane may have
a net difference in velocities. Thus we define two frequency reuse distances, d, and d;. The distance
d, is the reuse distance within a lane, whereas d; is the reuse distance between lanes.

Thus for TDMA, if a cluster of C different frequencies is used, the frequency reuse distance within a
lane is

d, = C,(d,+ (N-1) (d,+d,)) (EQ1)
whereas the reuse distance between lanes for both TDMA and CDMA is
d, = Cd,. (EQ2)

Thus for TDMA C=C,C; radio channels are required, each with bandwidth BT. Messages are of rela-
tively short duration, typically a few hundreds of bits. The required transmission bandwidth is deter-
mined by the cycle duration T, during which all vehicles in a platoon transmit their speed and
acceleration data. Since CDMA transmission suppresses interference, successive platoons and pla-
toons in other lanes may use the same bandwidths. The transmission bandwidth here is dependant on
the reuse pattern between lanes and the spreading factor employed.
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Radio Channel Network
Model

3.0 Radio Channel Network Model

In this section we present a model for the radio channel under study. For our transmitted data to be
correctly received we must ascertain the received signal power relative to any background noise in
the channel and interference. As outlined in the previous section we are concerned with communica-
tion links between vehicles in a platoon. This vehicle-to-vehicle data communication will mainly con-
sists of the continuous (routine) exchange of telemetric data such as vehicle status, speed, and
acceleration. Interfering signals will be present from vehicles within the platoon and from outside the
platoon (from vehicles in other lanes). Vehicles with bumper mounted directional antennas are con-
sidered.

Available propagation experiments [9], show that the vehicle-to-vehicle radio link can be modelled
statistically as a Rician-fading channel. The Appendix section of this report gives an overview on
Rician multipath fading and conclusions from that section are used in formulating our model. The
dominant component in our Rician fading channel is likely to be relatively strong compared to the
reflected signal (large Rician K -factor), and the delay spread is likely to be relatively small because
reflections occur in the immediate vicinity of the transmitter and receiver antenna. We model the
propagation channel as a dominant component consisting of a direct-line-of-sight wave and a ground
reflected wave, a set of early reflected waves, adding coherently with the dominant wave, and
intersymbol interference caused by excessively delayed waves, adding incoherently with the domi-
nant component. The amplitude of the direct line-of-sight component will vary according to path loss,
while the amplitude of the ground wave will depend on the attenuation due to reflecting of the road
surface. The amplitude of the dominant path (direct line-of-sight plus ground reflected wave) will
vary as the phase shift in the ground reflected wave causes interference at the receiver.

We will thus investigate two mutually independent, multiplicative propagation phenomenon: path
loss and multipath fading. As shown in the Appendix multipath fading gives rise to rapid fluctuations
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Path Loss

in the signal phase and amplitude as the vehicle travels over distances on the order of a wavelength.
Whereas path loss causes variations in the signal power over tens of meters.[10] Most litera-
turef10][5]{12] also include a third propagation phenomena known as shadowing that causes power
variations over distances between that of multipath fading and path loss. However since our radio
link is at most 20 meters the effects of shadowing is negligible. We thus find that due to path loss the
local mean signal power varies over tens of meters. Whereas due to multipath fading, within the
space of a few wavelengths, our signal varies rapidly about the local mean power.

3.1 Path Loss

Propagation models proposed for micro-cellular communication, model path loss with a transition
from free-space propagation to groundwave propagation if dgh < 4h.hy, where dy is the distance of
the radio link under study, 4, and A, are the heights of the receiving and transmitting antenna respec-
tively, and A is the wavelength of the transmitted wave. Various models have been proposed, e.g. a
step-wise transition from ;=2 to f,=4 (empirical values) at a certain (turnover) distance d,. Har-
ley[11] suggested a smooth transition, with

5 = 4P AR
p=d .(1.,7) (EQ3)

4

again where d, is the turnover distance. However when the distance between the receiver and antenna
is small and unobstructed, as in our model, the direct line-of-sight component and the ground
reflected component will cause strong fluctuations in the received signal power due to mutual inter-
ference between these two waves. Thus the local mean power of the dominant wave does not show a
smooth transition between free-space and groundwave propagation. Rather this transition is marked
by strong fluctuations in the local mean power.

In examining the path loss for this dominant component we must first characterize the reflection from
the road surface, due to the fact that the amplitude and phase of the ground reflected wave will
depend on the reflection coefficient of the road surface. The road surface is neither a perfect conduc-
tor nor dielectric so the reflection coefficient depends on the dielectric constant € and the conductivity
o of the road surface. In order to facilitate computation we assume the road surface to be smooth and
thus the dielectric constant and conductivity do not vary with distance. The reflection coefficient for
horizontally polarized waves is thus given by[13]
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Path Loss

, (EQ4)

where @ is the angular frequency of the signal, g is the dielectric constant of free space and © is the
angle of incidence, where we assume that angle of incidence is equal to the angle of reflection.
Expressing this with &, the relative dielectric constant of the road surface, we obtain

sin@—J (e,-jx) - (cos®) 2

r= , (EQS5)
sin® + ,/(e,—jx) - (c0s9) 2
where
9
- o _18x10c
X = ogy 7 . (EQ6)
For vertical polarization the reflection coefficient is given by[13]
. . . 2
r o {(&,-ix)sin@-(e, - jx) ~ (c05O) €an

(g, -jx) sin® + J(s,-jx) - (c0s®)? '

Since this reflection coefficient is complex, the reflected ground wave will differ in both amplitude
and phase. Yet when the angle of incidence becomes small (the distance in the radio link becomes
large) the reflected wave is of equal magnitude to the incident wave with a phase shift of /80°. How-
ever for the radio link under study the angle of incidence is usually not very small and the last approx-
imation will not hold.

In calculating the field strength at the receiver the path difference is considered to be negligible as far
as attenuation is concerned. However this path difference cannot be ignored in calculating the phase
difference along the two paths. If we denote dg as the distance of the radio link under study, A, and A,
as the heights of the receiving and transmitting antenna respectively, and A as the wavelength of the
transmitted wave then the phase difference of the two paths is[12]

A = 27“ (Jd2+ (h,+h,) LJd+ (h-h)Y) (EQs)
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Path Loss

If the field strength at the receiving antenna due to the direct line-of-sight wave is E4, then the
received field due to the sum of the direct line-of-sight component and ground reflected component is

E = E,[1+|T|exp (j£T-jAg)]

. : (EQ9)
= E,[1+|Icos (£I-Ag) +jIMsin (LT-jAg)]
Taking the absolute value we find that
|E| = |E,| [1+I1*+2ITcos (£T-jA@)1"*, (EQ 10)
and since the received power p, is proportional to the square of the received energy we have
P, = |EJ“[1+(T1*+2|Mcos (£LT—jAg)] , (EQ11)
and
P, _ A )2 2 s
7= (4—“& G,G,[1+[I"+2|Mcos (£T-jAg)] . (EQ12)
s 600 = , =
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FIGURE 2. Fluctuations in Signal Power due to specular reflections of direct line-of-sight component

and ground reflected wave. Here we assume h,:-h,:a.Snb f= 1GHz. From Parsons[12]
we find the constants for the road surface to be £,=5x10" and o=15.

Thus as shown in Figure 2, the mean square power of the dominant component varies with distance
depending on the change in phase angle of the ground wave as well as the attenuation due to the road
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Multipath Fading

surface. Since this expression is intractable a closed form solution cannot be derived, we therefore
calculate the local mean power given by Eqt. 12 for every value of dg. However from Egt. 12 and Fig-
ure 2 we notice that as dg> >h,,h, (the angle of incidence becomes small, i.e. grazing angle) the reflec-
tion coefficient I' — -1. Thus Eqz. 10 becomes

|E| = 2|E,| sin%—‘p : | (EQ13)

. .. . 4dmhh, . .
Then using small angle approximation sinA¢ = A¢ and expressing Ag = ——, both valid approxima-

Ad
tion for a large separation distance, Eqgt. 12 can be expressed as )

anhh )
Pr o,o,( : ) : (EQ 14)
, d

So for large separation distances the local mean power falls as a inverse fourth power law and is inde-
pendent of frequency. On the other hand for very short distances free space loss will dominate and we
see a fall off of power with an inverse square law. From this analysis and empirical values reported
for path loss, we conclude that free-space loss dominates propagation between antennas of vehicles
belonging to same platoon, where there is no line-of-sight component (d; < N (d, + d),) << d,) and
plane earth loss for interference signals propagating from one platoon to another, where the propaga-
tion distances are large. Therefore the n'” vehicle in a platoon receives an normalized interference sig-
nal with power p,, from the m+n+1" (for m=1,2,3...K) vehicle given by

Pp=m(d, +d,) B (EQ 15)

and interference from two co-channel platoons with normalized power p, given by

ﬁ, ~ d‘ (B. + 92) d:Bz .

r

(EQ 16)

3.2 Multipath Fading

In a dispersive Rician-fading channel energy arrives at the transmitter from specular reflections as
well as a dominant wave, which we define as the direct line-of-sight wave and a strong ground
reflected wave. Thus the received signal of the i’ vehicle is in the form

K
Vi) = cocos (@ 1+ Dy +y, (1) + 2ckcos(wct+¢k+\y(t—7'k)) . (EQ17)
k=1
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Multipath Fading

where the constant ¢, represents the amplitude of the dominant component (that is ¢, = (1+T)d,
where 4, is the amplitude of the line-of-sight component and T is given by Egr. 5) and ®, the phase
delay in the dominant component. The variables c,, ®,, and T, represent the amplitudes, phases and
delay times of the k" reflected wave (k =1, 2,.....K). Since the mobile terminal is in motion, c, and ¢,
are functions of time, though this is not stated explicitly. Digital phase modulation is incorporated in
v; () . The reflections {k: T,<T,} are assumed to add coherently to the dominant component and
along with the dominant component make up the first resolvable path. The remaining reflections
cause intersymbol interference. During one bit time, reflections {k: T,>T, } add mutually coherently
and form a Rayleigh distributed phasor interfering with the first resolvable path.

We define the Rician parameter X, as the ratio of the power p, in the dominant component to the
local-mean scattered power p, in the first resolvable path. The Rician parameter k, is defined as the
ratio of the power p,, in the direct line-of-sight component to the excessively delayed local-mean scat-
tered power p,. The local-mean power p is the sum of the power in the dominant component and the
average powers in the scattered components (p = p,+p, +p, ). The Rician K factor, defined as the
ratio of the power in the dominant component to the total scattered power is

K= (’%1 + 11(2)'1 . (EQ 18)

Since the local mean power of the dominant component varies with distance, as shown in the previ-
ous section, the above Rician parameters, although not stated explicitly, are also functions of dis-
tance.

This channel behaves as a narrowband Rician-fading channel with Rayleigh distributed intersymbol
interference. Form= 0,1 or2 and k,, = I,

€o = 2P, = —12 flz, (EQ 19)
— [-?K
Pn = k(04 K) (EQ 20

In the following, X is assumed to be determined by the propagation environment and path length. The
relative values of k| and K, are determined by the delay profile and the symbol rate. As shown in the
Appendix, the instantaneous amplitude p of the first resolvable path has the Rician probability distri-
bution function (pdf)
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Multipath Fading

2 yA
5 5% = Loxp| P FC0 J PS
folplPe B)) f’lexP[ %, lo( 7, ) , (EQ 21)

where I, ( ) is the modified bessel function of the first kind and zero order. Hence the probability dis-
tribution function of the signal amplitude, expressed in terms of the local-mean power p and the
Rician K -factor becomes

Ca _ pU+K) K, 2(1+K) 2A+K)
fp(plp,K) = %8 exp(-kp%&]lo(pl{l ]—J_K) s (EQ 22)
thus for the instantaneous power we have
= s xyldel - U+K) & ( p(1+K) ,p(1+K)

For interfering signals, the propagation distance is significantly larger, and because of the relatively
low antenna height, a line-of-sight component may not be present. In such cases, Rayleigh fading
appears a reasonable model.
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Modulation Scheme and
Bit Error Rates

4.0 Modulation Scheme

Bit Error Rates (BER) and packet erasure rates provide a relevant measure for the performance of a

digital communication radio link. Most studies of average BER over fading channels only consider

Additive White Gaussian Noise (AWGN) without any interference.[10] We examine the BER for the

channel model proposed in the previous section (Rician fading with the dominant Rician component

consisting of a direct line-of-sight component and a strongly reflected groundwave) with interference

from within a platoon and co-channel interference from vehicles in other lanes. Since this model may

still be too simplistic to compare performance gains from various digital modulation schemes we only”
consider Binary Phase Shift Keying (BPSK).

4.1 Bit Error Rates

Ideally the bit error rates for BPSK modulation in a time- invariant AWGN channels is[14]

1 E,
P,(e) = ierfe N (EQ24)

where N, is the (one-sided) spectral power density of the AWGN, E, is the constant received energy
per bit (E,=p,T,) and erfc(.) denotes the complementary error function [15]. Habbab, Kahvehrad
and Sundberg [16], a later paper by Zhang and Pahlavan [17] and Linnartz, Goosen and Hekmat [18]
modelled the in-phase component of Rayleigh fading co-channel interference as Gaussian noise, giv-
ing a mean error probability of

12
Ptelo s 5y < ] 3P T o
»elp, P py) = ierft’ m , (EQ 25)
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Modulation Scheme

where p, is the mean co-channel interference power given by Eqr. 16 and p, is the mean power of the
excessively delayed waves given by Egt. 15. For Code Division Multiple Access (CDMA) the proba-
bility of bit error is given by

12

30T,
(Cp T, +p,T,)
_’N_ +N0

Pelp. b ) = 3erfe (EQ26)

where N is the spreading factor of the CDMA scheme and C; is the frequency reuse factor between
lanes. The average BER can then be found by integrating over the Rician pdf of the signal amplitude
given in Eqt. 22

—  tp(1+K) K, 2(1+K) 2(1+1<))
Pv= |"pRE, ¢ EXP(-&M—KIJ%(PK”/T X Pylelp, p,» po)dp . (EQ27)
0

Since amplitude of the signal varies with distance (and as time as well since velocity is distance per
time) the bit error rate will vary with distance (and time).
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M ultiplé Access Schemes
and Packet Erasure
Rates

5.0 Multiple Access Schemes

In our platobn model many vehicles will be vying for access to our transmission medium. In order to
guarantee reliable communication we must consider multiple access schemes which will allow vehi-
cles access to the transmission medium without excess delays. We compare a slotted Time Division
Multiple Access (TDMA) with a Code Division Multiple Access Scheme (CDMA). Because of the
short communication range and the corresponding small delay spread, CDMA to avoid narrowband
fading of the signal may require prohibitively large spreading factors. Therefore we use spreading
mainly to suppress interference. Also the problem of dynamic power control for multiple receiver
positions may affect the efficiency of spread spectrum for AVCS environment. Since the channel is
likely to be constant only for periods during which the vehicle moves less than A/6 meters, efficient
and reliable link design requires messages from each vehicle to be shorter than a few milliseconds.
This would be easier to achieve in high speed unspread burst (TDMA) transmission, since for a sys-
tem with fixed bandwidth any spreading by a factor N implies an increase in transmission time by a
factor N. On the other hand with CDMA continuous wave (CW) transmission is possible, which
allows simpler synchronization and avoids large overheads for power on/off synchronization times. In
this section we compare TDMA, TDMA with slow frequency hopping interferers, and Direct
Sequence CDMA (DS-CDMA) with regards to Packet Erasure Rates (PER). In the next section we
analyze these same multiples access schemes with regard to reliability and spectrum allocation.

5.1 Packet Erasure Rates

A packet erasure can occur when bit errors are in excess of the correcting capabilities of the error cor-
rection coding being implemented. In this section we describe some of the analytical models that may
be used to evaluate the probability of packet erasure. Slow and fast Rician fading of the wanted signal
are considered with a block error detection code that can correct up to M errors in a block of L bits.
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Multiple Access Schemes

5.1.1 Code Division Multiple Access

With fast fading, the duration of the packets is substantially longer than the time constants of the mul-
tipath fading. This is the case with continuous wave CDMA transmission with a bit rate of 5 kbits/sec
and a carrier frequency of / GHz and vehicle speed of 30m/s (~70 miles/hour). In this case the
received signal experiences several fades during packet transmission. For DS-CDMA packet erasure
rates are found assuming fast fading. DS-CDMA accomplishes multiple access by multiplying every
bit with a faster chip sequence c(z). The transmitted signal s(z) for DS-CDMA is

s(0) =a()c(r)coswt (EQ 28)

We assume that during one bit time, the channel characteristics do not change. Then during reception
of a packet, each signal is expected to experience several fades. It is also assumed that the received
amplitude and phase of all signals are statistically independent from bit to bit even though the
receiver remains perfectly locked to the wanted signal. Then the probability of correctly receiving a
packet is same as receiving M independent bits out of L bits, which is a binomial distribution. So the
probability of undetected packet errors for BPSK is obtained from

M e
Pelp,, P,y = 1- 2(,’;,) (1-p) " @p" (EQ 29)

m=a0

where the average bit error probability p, is defined in Eqt. 27.

5.1.2 Time Division Multiple Access

Slow fading occurs when packets are of sufficiently short duration, that the received amplitude and
carrier phase may be assumed to be constant throughout the duration of the packet. This condition is
satisfied if the motion of the mobile terminal during the transmission time of a block of bits is negligi-
ble compare to the wavelength. This is the case with burst transmission TDMA at a bit rate of Skbits/
sec with an average frame of 20 cars/platoon. If we have make the approximation that the interfering
sample is Gaussian distributed with mean p,, and that interference samples between successive bits
are statistically independent, then the probability of packet erasure in a block of L bits with M bit cor-
rection is found by averaging the probability of packet error over the Rician fading of the wanted sig-
nal, that is
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Multiple Access Schemes

_”(1+K) K, p(1+K) { (1+K)
Plelp,, p) = _ZpKKle exp( %(1—)10(2,(' L_pK )
0

M L-m m
L 1 / pT, 1 ’ pT, }
X {l - z (m)( 1- 2erf0[ P,Tb+ﬁ2T,,+NoD [ierfc[ m)] dp . (EQ 30)

m=0

Co-channel interference may be much greater in TDMA schemes than CDMA schemes. Since in
CDMA these interference signals are spread or made to resemble noise, whereas in TDMA these co-
channel interference signals are not processed at all. Slow frequency hopping can be employed to
reduce this effect. With this scheme a different carrier frequency is chosen at the end of every packet
reception according to a pseudo-random hopping sequence. Thus the effects of co-channel interfer-
ence is diminished. This increase in performance is achieved at the cost of increase in bandwidth.
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Network Protocol

6.0 Network Protocol

In a TDMA scheme there must be some protocol within a platoon in order for information to pass
from one vehicle to the next efficiently. We ignore frame synchronization checking and define the
radio protocols as follows: the lead vehicle transmits its report, upon reception of a report by the n'

vehicle, the n + 1'

vehicle send its report. The performance or the radio link can be quantified by the
probability that a message can be successfully transmitted across a platoon from one vehicle to
another. We define the completion of a message through a platoon in this manner as a cycle. If a vehi-
cle does not recognize a message or erroneously detects a message a cycle is interrupted. To ensure
safe operation of the AVCS vehicle control system, we require a very small probability of undetected -
errors. On the other hand we wish a large probability that a cycle is completed successfully. The n'h
vehicle transmits its report after it has successively received messages with bit pattern which differed
in less than M, places from a valid codeword of the n-/ * vehicle. A message is assumed to be
received successfully and reliably if the detected bit sequences does not differ in more than M, places
from a valid code word. It is not necessary to take M; = M,. In fact if M; < M,, the terminal may
transmit its own status assuming that it’s turn to transmit has arrived, yet not entirely relying upon the
data in the received packet because of a large number of bit errors. The performance of the network is
quantified by finding the probability that the n-1" vehicle successfully transmits its report to the n
vehicle, with M; < M,. In an AVCS environment the lead vehicle generates data that all vehicles in
the platoon require[4], thus we are also interested in the probability that the lead vehicle successfully
transmits its report to the n** vehicle, with M;= M,.

6.1 Reliability and Spectrum Allocation

Finite transmission speed and message delays cause packet losses on the radio channel, Hitchcock[8]
has shown that these delays can have dire consequences in the performance of the system. In order to

21 of 59



Network Protocol

study the reliability of the system, a “reliability” measure R is defined as the probability that at least
one successful update occurs during a period 7. This does not imply that the entire AVCS system has
a certain reliability R, and will result in a vehicle collision on an average of T/(1-R) seconds. Given a
reliability measure (R,T) we assume that the safety and control measures of the system perform
within given parameters[8]. For a given reliability, the spectrum occupation is dependant on the mul-
tiple access scheme and frequency reuse pattern implemented. Thus spectrum allocation for a
required reliability can be used in comparing the various multiple access schemes of the previous sec-
tion. )
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7.0 Numerical Results

The previous sections detailed the modelling of the communication channel under study and derived
various parameters that quantify the performance of this communication link. In this section we
present numerical results of these parameters. In formulating these results certain assumptions were
made for all simulations. As described in Section 2 and depicted in Figure 1, the average length: of a
vehicle, d,, was assumed to be 5 meters, of the lane width, d;, was assumed to be 3 meters, of the dis-
tance between automated cars, dj,, was assumed to be / meter, and the average velocity of an auto-
mated vehicle was assumed to be 70 m.p.h. The distance of the radio link under study, d,, was varied
from 0.1 meters to 10 meters. As explained in the Appendix, a carrier frequency of /1 GHz was
assumed and a bit rate of 5 kbits/sec. From Bultitude and Bedal[34], we know that K = 748 (K, =5)
is reasonable for most micro-cellular channel, we assume k, = 10 as an upper bound. Since all vehi-
cles transmit data with the same power, the signal to noise (AWGN Gaussian) ratio was set to 70dB at
d, = 10 meter and 30dB at d, = 1 meters.

Interference from Other Platoons *
In the same lane, P,

FIGURE 3. Assumptions about Interference in radio link
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As explained in Section 3 and shown in Figure 3, the radio link suffers from interference from within
its’ platoon (P;), from platoons in the same lane (P,), and co-channel interference from platoons in
other lanes (P; and Pj). In all simulations we assume that the target vehicle is joining an infinitely
long platoon. Thus, d, varies and the we get a upper bound on P;. It should be noted that in TDMA
transmission each vehicle within a platoon is given a time slot in which to transmit, thus P; will be
zero; while for CDMA type transmission all vehicles transmit at the same time, thus P; must be taken
into account. We assume P, is negligible since transmissions from other platoons must be reflected
off vehicles, road surface, and surroundings before reaching the receiver. These reflections will
greatly attenuate the signal. We thus set d, = C, = 0 from Egt. 2. To obtain an upper bound on the P;
and P, we assume that an infinitely long platoon would transmit as close as possible to the receiving
vehicle. Lacking accurate measurements, it was assumed that these signals would attenuate by /0 dB
for each lane traversed, thus P4 would be /0 dB less than P;.

7.1 Bit error rates

We will first show bit error rates (BER) as a function of distance as described in Egqt. 25, Eqt. 26, and
Eqt. 27 and compare them to a channel model in which a strongly reflected ground wave is not
present. '

Ground Reflected
LOS only
2
&
g
o
@
I | |
0.00 5.00 10.00 Distance (meters)
FIGURE 4. Comparison of Ground Reflected Wave (horizontal polarization) plus Direct Line-of-sight
Logkcggnnel Model! with only LOS model for CDMA bit error rates. (1) C,=1 N=32 (2)
=3 N=3z.
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1e-01 Ground Reflected
1e-02 LOS only
1e-03
&
S le-04
<]
& 1e05
B 1e.06
le-07
| | ] .
0.00 5.00 1000 Distance (meters)
FIGURE 5. Comparison of Ground Reflected wave plus Direct Line-of-sight ‘LOS.} Channel Model
(where all waves are horizontally polarized) with only LOS model for TDMA bit error

rates. (1) C=1 (2) C,=3 (3) C,=6

Figures 4 and 5 compare the channel model described in Section 3 (with horizontal polarization) with
a channel model that neglects a strongly reflected ground wave. We see that both models converge to
a BER of 0.5, which is intuitive since as the link distance is increased we are left with noise and have
approximately 50% chance of deducing the correct bit if both input bits are equiprobable. It is inter-
esting to note that smaller values of reuse patterns result in a quicker convergence between the two
models, since fewer reuse frequencies result in more interference and thus faster degradation of the
communication link. Also the ground wave model shows great variations in BER for distances less
than three meters. This is as expected since for distances less than three meters the ground wave and
line-of-sight component interfere and cause deep fades in the wanted signal.

Figure 6 examines the effect of varying the reuse pattern C, and the spreading factor N for CDMA
transmission employing horizontal polarization. From this figure it is evident that for both N=32 and
N=128 the bit error rates show a great change only when C,=1. When the reuse pattern is greater than
one the bit error rates remain relatively the same independent of spreading factor and reuse pattern.
Thus we will concentrate on CDMA with a reuse factor C,=2 and a spreading facto N=32, since this
will give nearly the same performance as other schemes, but with minimal bandwidth.
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Bit Error Rate

(3.4,5,6,7.8)

5.00 10.00 Distance (meters)

FIGURE 6.

Bit Error Rate

1e-01
le-02
le-03
le-04
le-05
1e-06
1e-07

Bit error rates for CDMA with horizontal polarization and various sgreadin factors (N)
and frequency reuse factors (C). (1) C=1 N=32 (2) C,;=1 N=128 (3) C,=2 N=32 (4) C,=3
N=32 (6) C,=6 N=32 (6) C,=2 N=128 (f;c,as N=128 (8) C,=6 N=128.

)] -

3) @

5.00 10.00 Distance (meters)

FIGURE 7.

Bit error rates for TDMA with horizontal polarization and various frequency reuse factors
(C)- (1) C=1 (2) G=2 (3) G,=3 (4) C,=6.
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The effects of varying frequency reuse patterns for TDMA is presented in Figure 7. Here we see that
unlike the CDMA case varying the reuse pattern has a significant impact on the bit error rates, thus
TDMA is more sensitive to interference than CDMA. However as C, increases the gain in perfor-
mance decreases. So by using more bandwidth (increasing C,) we get smaller and smaller gain in per-
formance (lower BER). We will concentrate on TDMA with a reuse pattern of C,=3.

Both vertical and horizontal polarization is considered in the next two figures. With vertical polariza-
tion bit error rates do not deteriorate as badly as horizontal polarization for distances less than 3
meters. For distances greater then three meters the bit error rates for vertical polarization are greater
than horizontal polarization. However as the reuse factor increases this variations diminishes, while
the larger variations within three meters are still present.

Figure 10 compares bit error rates of our system employing CDMA and TDMA. It should be noted
that these two systems require different bandwidths. This curve again emphasizes the need of some
frequency reuse, since bit error rates with C,=1 give poor performance. It should also be noted that
for CDMA with C,=2 N=32 (5) and TDMA with C,=3 (4) the bit error rate performance is nearly the
same.

Horizontal
Polarization
Vertical
Polarization

]

&

£

&

o

| | [
0.00 5.00 10.00 Distance (meters)
FIGURE 8. Bit error rates for CDMA N=32 with vertical and horizontal polarization. (1)C=1 (2) C,=2.
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Horizontal
le-01 ~— Polarization
le-02 —]
Vertical
le-03 — Polarization
24
g le-M —
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E 1e-05 —
@ 1e-06 =
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l I .
0.00 5.00 1000 Distance (meters)
FIGURE 9. Bit error rates for TDMA with vertical and horizontal polarization. (1) C,=1 (2) C,=2. (3)
r=9.
1e-01 CDMA
1e-02 TDMA
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o2
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B 1e06
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Distance (meters)
FIGURE 10. Comparison of bit error rates for TDMA and CDMA emploging horizontal polarization. (1)
C,=1(2) C;=1 N=32 (3) C,=2 (4) C,=3 (5) C,=2 N=32 (6) C,=5.
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7.2 Packet Erasure Rates

Numerical results of packet erasure rates as described in Section 5 are presented in this section. As
explained in Section 5 we assume a fast fading channel for CDMA and a slow fading channel for
TDMA, which results in Eqt. 29 and Eqt. 30. We also assume the same interference as in stated in
Section 7.0 and a packet length (L) of 76 bits with (M) one bit correction[36]. We first show that many
of the bit error rate results of Section 7.1 are not affected by fading and thus can be applied to packet
erasure rates.

Figures 11 depicts packet erasure rates (PER) for CDMA with various spreading factors. As with
BER results, a reuse factor other than one results in curves that are relatively the same regardless of
spreading factor. Thus we will concentrate on CDMA with C,=2 and N=32. Figure 12 depicts PER
curves for TDMA with various reuse factors. Again as with BER curves, the reuse factor does play an
important role. As the reuse factor is increased the PER tends to converge. Thus we will concentrate
on TDMA with a reuse factor of C,=3.

le+00
le-01 |
le-02 | —
le-03 [—
le-04 |—
le-05 |—
le-06 |—
le-07 |—
le-08 |—
le-09 |—
le-10 |—
le-11 | —

.—]

0.00

(3'4’5 ’6’7’8)

Packet Erasure Rate

le-12 | | —

5.00 10.00 Distance (meters)

FIGURE 11. Packet erasure rates for CDMA with horizontal polarization and various spreading
factors (N) and frequency reuse factors éC,). (1) C,=1 N=32 (2) C,=1 N=128 (3) C,=2
N=32 (4) C,=3 N=32 (5) C,=6 N=32 (6) C,=2 N=128 (7) C,=3 N=128 (8) C,=6 N=128.
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le+00 | I ]

1
le-01 |— —

le-02 |— —
le-03 |— ® —
le-04 | — —
le-05 |—

Packet Erasure Rate

@ N
1e06 | 3 ]
1e-07 |— —

_ |
0.00 5.00 10.00 Distance (meters)

FIGURE 12. Packet erasure rates for TDMA with horizontal polarization and various frequency reuse
factors (Cy). (1) C,=1 (2) C,=2 (3) C,=3 (4) C,=6.

Figure 13 compares TDMA and CDMA packet erasure rates with horizontal polarization, again it
should be noted that these system require different bandwidths. Although in Figure 10, the bit error
rates for TDMA with C,=3 and CDMA with C,=2 N=32 were nearly identical, the packet error rates
for the same situation differs significantly due to the nature of fading in each scheme. In order to
increase the performance of TDMA we introduced the concept of Slow Frequency Hopping in Sec-
tion 5. By this we mean that within each platoon a TDMA type polling scheme is implemented. How-
ever a different carrier frequency for each platoon is chosen, according to a pseudo-random hopping
sequence, at the end of every packet reception. Thus from Figure 3, the co-channel interference
power Pz and P4 are reduced since there is a greater probability that adjacent lanes use different car-
rier frequencies. It should be noted that for a reuse pattern C,=2, two independent sets of hopping fre-
quencies (H) are required.

Figure 14 illustrates slow frequency hopping as outlined above with various reuse factors and two
sets of hopping frequencies. It is evident that a reuse factor of C,=3 and a set of H=10 hopping fre-
quencies will give optimum performance.
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le+00 [l . ] |
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CDMA

TDMA

Packet Erasure Rate

FIGURE 13. Comparison of packet erasure rates for TDMA and CDMA schemes employing horizontal
polarization. (1) C,=1 (2) C;=1N=32 (3) C,=2 (4) C,=3 (5) C,=2 N=32 (6) C,=6.

le-02
1e-03
le-04
1e-05
le-06
1e-07
1e-08
1e-09
le-10
le-11
le-12 L d i | —

TDMA C,;=3

TDMA C=3 H=10

CDMA C,=3 N=32

Packet Erasure Rate

Distance (meters)

FIGURE 15. Comparison of CDMA, TDMA, and slow frequency hopping.

Comparing TDMA C,=3, TDMA C,=3 and H=10, and CDMA C,=2 N=32 in Figure 15 we see that
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1e+00
le-01
le-02
le-03
le-04
le-05

Packet Erasure Rate

1e-06

1le-07 |— —

]
0.:)0 5.:)0 1000 Distance (meters)

FIGURE 14. TDMA with slow frequency hopping for various reuse factors (C,) and Hopping
Frequencies (H). (1) C;=1H=10 (2?0,::1 H=100 (3) C,=2 H=10 z4) C=2 H=100 (5) C,=3
H=10 (6) C,=3 H=100.

the slow frequency hopping scheme does better than TDMA but CDMA still out performs both
schemes. It still must be noted that all three schemes require different bandwidths.

Lastly we see in Figure 16 that packet erasure rates, for both CDMA and TDMA, with vertical polar-
ization yields better results for distances less than three meters and slightly higher packet erasure
rates for distances greater than three meters.

7.3 Reliability and Spectrum Allocation

In the previous section it was stated that the systems we compared did not have the same bandwidth
requirements. In this section we quantify the different bandwidth requirements of the previous
schemes by presenting numerical analysis results of Reliability vs. Spectrum Allocation as described
in Section 6.1. Reliability R( T.dg) is defined as the probability a message does not pass through a our
communication link in time T when the vehicles are at a distance dg. Other sources also refer to this
as the deadline failure probability in other sources. In our results we have assumed a maximum delay
time T=50 msec at a link distance dg=] Oml[4].
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FIGURE 16. Comparison of TDMA and CDMA gaoket erasre rates for horizontal and vertical
polarization. (1) TDMA C,=1 (2) TDMA C,=3 (3) CDMA C,=2 N=32.
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FIGURE 17. Reliability vs. Spectrum allocation for CDMA, TDMA, frequency hopping. (1) C,=1 (2)
C,=2 (3) C,=3.

Figure 17 illustrates that although CDMA C,=2 N=32 gave much better PER results than TDMA, it
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requires much more bandwidth. Thus we can implement TDMA by requiring many retransmissions
and although many of these transmissions would be lost, we are guaranteed a successful transmission
using less bandwidth than CDMA. The gain in PER by frequency hopping also came as a result of
greater bandwidth requirements, although not as much as CDMA. Again it is evident that C,=1 does
not yield desirable results, simply because at dg=10m the PER is so high that many retransmission
are required. Interestingly TDMA C,=3 requires less bandwidth for a given reliability than TDMA
C,=2, since even though TDMA C,=3 requires more frequency bands per lane, the gain in PER is
great enough that fewer retransmissions are required. We see that for frequency hopping this in not
true.

7.4 Network Protocol

Section 6.0 described a network protocol for TDMA transmissions. The concept of a complete cycle
through a platoon was developed and the idea propounded that a cycle could be maintained without
retransmission even though the received codeword differed from a valid code word by more than the
error correcting capabilities of the code being used. Again employing the assumptions of the previous
sections, it is shown how variations in M; (correcting capabilities of the code) and M, (errors in
received codeword) affect the probability of cycle completion for both TDMA and frequency hop-

ping.
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FIGURE 19. Probability lead vehicle transmits to n'® vehicle vs. n, M;=M,=1, L=76, d,=10m. (1)

C=3 (2) C=6 (a) H=1 (b) H=10 (c) H=100
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FIGURE 18. Probability n-1% vehicle transmits to n® vehicle vs. n, My=1, My=5, L=76, d},=10m. (1)

C=3 (2) C=6 (a) H=1 (b) H=10 (c) H=100.

Figures 18 and 19 illustrate how varying M,; and M, will affect the network. The probability of suc-
cessful transmission between two links in Figure 18, requires all links to have less than M; errors.
While in Figure 19 only the link between n-1"" and n'” vehicle need to have less than M | errors,
while the n-2 prior links need only to have less than M, errors. Thus for TDMA it is critical that a
cycle be maintained. While for CDMA all vehicles transmit simultaneously, thus preservation of the
cycle is not as important.
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8.0 Conclusions

In this repoft a statistical model of a vehicle-to-vehicle radio channel, with regards to AVCS commu-
nication, was developed taking into account multipath reflections and a dominant wave composed of
a direct line-of-sight wave with a strongly ground reflected wave. The performance of this radio link
was gauged by bit error rates, packet erasure rates, and reliability for a given bandwidth. These
parameters were analytically and numerically evaluated for three multiple access techniques: Time
Division Multiple Access, (Direct Sequence) Code Division Multiplexing Access, and Time Division
Multiple Access within a platoon with Frequency Hopping outside the platoon.

It was evident from our analysis that our channel was highly vulnerable to deep fades (and thus large
probability of packet loss) for distances less than three meters due to the interference of the ground
reflected wave and the direct line-of-sight wave. The effects of these fades could be reduced by
employing vertical polarization as opposed to horizontal polarization. However for distance greater
than three meters, horizontal polarization PER and BER performance showed an improvement over
vertical polarization. The performance difference between polarization techniques for distances
greater than three meters could be mitigated by decreasing co-channel interference (increasing the
frequency reuse pattern thus increasing bandwidth). Thus if frequency reuse between lanes is
employed, vertical polarization can be implemented in order to mitigate the effects of deep fades
caused by the interference between the ground reflected wave and the direct line-of-sight wave.

The channel under study was also found to be sensitive to co-channel interference. Our analysis
showed that even for CDMA transmission performance could be largely improved if adjacent lanes
use different frequencies. However, increasing the reuse factor greater than two, for CDMA, and
three, for TDMA, did not afford better performance. According to our computations and within the
validity of our assumptions, CDMA provides lower packet erasure probabilities than TDMA or slow
frequency hopping. However for a fixed bandwidth system, the reliability for a given bandwidth or
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delay line failure probability appears to be better with TDMA. Here we see a trade off between error
probabilities and bandwidth. With CDMA increasing bandwidth results in lower error rates. However
with TDMA even though the error rates may be greater than CDMA, many retransmissions are possi-
ble since the bandwidth requirements of TDMA are minimal compared to CDMA. TDMA also
affords the system designer to implement a protocol scheme in which correct packet reception is not
necessary in order to transmit an update to the next vehicle. As our analysis showed by varying the
allowable number of bit errors in a received packet the delay in a TDMA system can further be
reduced. All these factors should be taken into consideration in developing a communication system
within such a channel.
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Appendix: Channel
Characterization

A1.0 Introduction

The application of microwave data links in a land-to-mobile environment has been shown to suffer
from multipath fading, shadowing, and Doppler phase shifts. These effects limit the performance of
the system. It is thus desirable to have a model of the channel and its limiting effects. In this section a
statistical model is developed for a narrowband mobile-to-mobile channel taking into consideration
Rician scattering near receiving and transmitting antennas both individually and concomitantly. From
the proposed channel model we obtain, the probability density function of the received signal enve-
lope, the time correlation function and RF spectrum of the received signal, and level crossing rates _
and average fade durations. We discuss the impact of these parameters on communication networks
supporting an Intelligent Vehicle Highway System (IVHS).

In a mobile-to-mobile channel, as in a land-to-mobile channel, energy arrives at the receiver by scat-
tering and diffraction over and/or around the surrounding environment. A short range mobile-to-
mobile channel modelling communication on a highway will also contain a much stronger direct line-
of-sight component. These components combine vectorially at the receiver and give rise to a resultant
signal that varies greatly depending on the distribution of the phases of the various components.
These variations in the received signal are called fades and the short term fluctuations caused by these
scattered waves, or multipaths, is referred to as fast fading. Long term variations in the signal, known
as slow fading or shadowing, are also present. The relative motion of the vehicles will give rise to a
Doppler shift in the signal. Thus, the mobile radio signal varies rapidly over short distances (fast fad-
ing), with a local mean power that is constant over a small area, but varies slowly as the receiver
moves (slow fading). We will concentrate on the short term effects for narrowband channels.
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A2.0 Probability Density Function of Received Signal

In deriving the probability density function of the received envelope, we will follow Clarke’s[6] two
dimensional scattering model. Work done by Aulin[24] extends this to a three dimensional model.
However from Aulin’s results it is quite clear that those waves which make a major contribution to
the received signal travel in an approximately horizontal direction. We will thus continue with
Clarke’s model which assumes that the field incident on the mobile antenna is comprised of horizon-
tally travelling plane waves of random phase. Also all reflections occur in a plane and both mobiles
are at the same height. We will augment Clarke’s model by considering a direct line-of-sight compo-
nent as well as reflections at both transmitter and receiver.

Receiver Transmitter

FIGURE A1. Mobile-to-Mobile propagation channel with scatters near both antennas

At every receiving point we assume the signal to be comprised of N plane waves, as shown in Figure
Al. Where N1 waves experience reflections at the transmitter and Np waves experience reflections at
the receiver and NpNg waves experience reflections at both transmitter and receiver. The n'* incoming
wave has a phase shift ¢, a spatial angle of arrival o, and a spatial angle of departure oy, with
respect to the velocity of the receiver (chosen arbitrarily). The n'* wave also has a real amplitude
given by E,C,D,, E,C,D,, or E,C,D, depending on the reflections that the wave undergoes. Here
E,C,D, is the deterministic amplitude of the direct line-of-sight wave based on free space loss. The
parameters ¢,,, 01, Oz, C,,, and D,, are all random and statistically independent, which is reasonable
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for a large separation distance between mobile and receiver. If an unmodulated carrier is transmitted
the resulting electric field can be expressed as:

Ny
E(1) = ECoDocos [(@,+@,) 1+ ¢l + Y EoCiDycos [ (0, +wr)1+¢,) (EQ A1)
i=]
Ng Ny Ny
+ Z EyCoDycos [ (w0, + g, ) t+6,] + 2 ZEOC.D,:cos [(0.+ g —0r)+¢,] ) (EQ2)
k=1 k=1li=]

This field consists of a direct line-of-sight component, which is deterministic, along with components
that take into account reflections at the receiver, transmitter, and both receiver and transmitter. Maf-
fett[35] has shown that the radar cross section, which is analogous to the dimensionless parameters
C, and D,, are a function of polarization, and area of incidence. Since the transmitted waves were
assumed to be vertically polarized the area of incidence is the important factor in modelling these
parameters. Since the separation distance between the two mobiles is greater than the distance
between mobile and scattering object, C,, and D, are assumed to be statistically independent. Thus for
reflections at both transmitter and receiver the wave component consists of a double sum over both
reflections. The motion of the transmitter and receiver is evident in a Doppler shift in each wave com-
ponent. From the geometry of Figure Al, these Doppler shifts are found as follows:

0, = Zf (Vgcosyg-Vycosyy) (EQA3)
Wp; = %chos (Yp - O0g) (EQ A9)
O = -letvrcos (Yr-og) . (EQ A5)

Here Vr and Vj are the velocities of the transmitter and receiver respectively and Yy and 7y, are the
angles that the motion of transmitter and receiver make with the x axis. In a typical IVHS environ-
ment vehicles are following each other, thus Y7 =Yg = 0. The received field can now be expressed as

E () = 1(1) cosw -0 (1) sinw + E,CyD,cos [ (0, + ) 1+¢,], (EQ A6)

where
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NT NR
1(1) = Y E,C,Docos (wr;t + ;) + Y EqCoDycos (wpyt +0) (EQA7)
im] k=1
NR NT
+ )0 Y E,CiDycos [0yt ~ 0pyt + 0] (EQ A8)
k=li=]
and
NT Nﬂ
Q1) = Y E,CDsin (0t +4) + Y ECoD,sin (0pyt +0) (EQ A9)
i=l kel
NR NT
+ )Y ECD,sin [@gyt - gyt + 9] . (EQ A10)

ksli=1

If Nt and Ny, are sufficiently large, in theory infinite (in practice Bennet[19] has shown that greater
than 8 multipaths will suffice), the central limit theorem implies that both I(z) and Q() are Jointly
Gaussian random variables for a particular time ¢ and the probability density of the angle of arrivals
and departures is uniform between (-w,wt]. If we assume that the separation distance between the two
mobiles is much larger than the distance between the mobile and scattering object, then Clarke[6] has
shown that both /() and Q() are uncorrelated and thus independent. The mean values of I(z) and O()
are both zero and variance of /(¢) and Q() is the local-mean scattered power and is given by

Nk
C2D
6? = E[E{ ¢ D° ° 2 ZC Dy )] (EQ A11)

iw] k=l izlk=]

The joint probability function of the in-phase and quadrature components can now be written as

—(2 2
frolhq) = %eXp(('T;ﬂ—l). (EQ A12)

The amplitude (or envelope) and phase of the signal are now given by

r() = J(l (1) + EyCyDycos (W1 + 0g) )2+ (Q (1) + EyCoDysin (0,1 + ¢,) ) 2, (EQA13)
3 0 (1) + EyCyDysin (w4t + §,)
0@ = al"”‘""(1(:) FE,CyDy005 (0,1 + bg) ) (Ea A

The joint pdf of the signal spectra can now be found by using a Jacobian transformation
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f, g 0) = j(rcosG-EOCODOcos(maH q)o). rsinG—EOCODOsin( @+ ¢O))|J (r, 9| (EQ A15)
or

fr'e (r: e) = 2nozexp( 20,2 M

(EQ A16)

where the random phase ¢ has been taken into account in 6. The pdf of the signal envelope can now
be determined by integrating over the phase

T
f.(r) = j f, g(r8)de. (EQ A17)

-

This gives

ro ([~ (Eocooo)z)) (rEOCODO)
O -]

f(r) = (EQ 18)

where /y(.) is defined as the modified zero-order Bessel function of the first kind. If we further define -
the Rician K factor as the ratio of the power in the direct line-of-sight component to the local-mean
scattered power

K = (EOC0D0)2

262 , (EQ19)

and define the local-mean power as

pP= %(EOCODO)2 +02, (EQ A20)

then the pdf of the signal envelope r can be expressed as

=r -K(1+KY)r? [2K(1+1<)
fr(r) =5 (1+K) exp( % )lo(r 5 ) (EQ A21)

We further define Rician K factors at the receiver and transmitter as the ratio of the power in the
direct line-of-sight wave and the local-mean scattered power at the receiver and transmitter respec-
tively, with
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D}
Ky = — (EQ22)
EY D?
i=0
C3
Ky = — (EQ A23)

i=0
The pdf of the signal envelope can be expressed in terms of these new Rician K factors by making the
following substitution of variables

KpKr

= —— A24
K tKy+1 (EQAz4)

We note that the resulting fading is Rician, which is similar to the case of a line-of-sight component
with reflections occurring only at one of the antennas. Reflections at both transmitter and receiver are
subject to two doppler shifts which results in a larger variance in both the in-phase and quadrature
field components, which is tantamount to an increase in the scattered mean power.

A3.0 Radio Frequency Spectrum

The transmitted signal will be subject to Doppler shifts in the various paths. These Doppler shifts will
tend to spread the bandwidth of the transmitted signal, which will be evident in the RF spectrum. The
RF spectrum can be found by taking the Fourier transform of the temporal autocorrelation function of
the electric field the latter defined as

E[E(W)E(+1)]. (EQ A25)

Following Clarke[6], if we let
a(t) =E[@0I(+7)] =E[Q()QUt+1)] (EQ A26)
c() =EUW0QU+1)] =-E[Q()I(t+7)], (EQA27)

then the autocorrelation can be expressed as
E[E(NE(+1)] = a(1) cosw,T-c (T) sin (4 (EQ A28)

+ (EyCyDg) 2cos (w0, + w,) T.
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The parameters C,,, D,, and ¢, are statistically independent, due to the large separation distance
between mobiles and the fact that small changes in path length will yield large changes in phase.
Analogous to Jakes[5], C, and D,, are normalized such that the ensemble average of the sum of C? n
and D? » determines the local-mean scattered power (6> = E(CyDy%/2K). That is ZE CZ,, =3ED?, =
1. This is reasonable if the incoming waves are of the same relative magnitude. Thus the following
simplification can be made

. (EOCO) 2 (EODO) 2 E(%
a(t) = > E [coswgT] + > E [cosw;T] + ?E [cos (07T - ,T)] (EQ A29)
E,Cy)? EyD,)? E?
c(t) = ( °2 0 [sinw,t) + ( °2 o g [sinw, 1] + 7"5 [sin (0,7 - 0,T)] . (EQ A30)

Following Clarke[6], for a large number of waves arriving at the receiver and departing at the trans-
miitter, it would be reasonable to assume that waves arrive and depart from all angles in the azimuth
plane with uniform probability density. Thus the probability density functions for o and otz are mod-
elled by a independent uniform distribution between (—x,]. We can now evaluate the above expecta-

tions as
(EoCy)? (EoDg)? E§
a(t) = 3 Jo [27tfpp] + 2 Jo [27fy,7] +?Jo[2nfmt]Jo [27tfy 7] (EQ A31)
c(t) =0, (EQ A32)

where Jy(.) is the zero-order Bessel function of the first kind and fysp and fy47 are the maximum Dop-
pler shifts at the transmitter and receiver respectively given by

VT

fur = % (EQ A33)
VR

f; MR = T . (EQ A343)

The fact that c(t) is zero is a mathematical consequence of sin(.) being an odd function. Physically
this result can be related to the fact that the RF Spectrum is symmetric about ;.. In order to calculate
the power spectral density of /(z) and Q(z) we must first find the Fourier transform of a(t). The Fou-
rier transform of the first two terms can be found from Gradshteyn and Ryzhik[20,p.707] as

EyCp)? EyD,)?
y[( °2 o 3o (27 7] + °2 o Jo[2nfm't]]
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(EoCy)? n(f—f,) (EoDy)? (f ‘fc) . (EQ A35)

= — — —_— Tl —
An[fy -1 2fur +41‘t @m—f? 2fur

where I1(f/x) is the rectangular pulse function centered at f=0 with a width of x and unity amplitude.
The transform of the third term can be found from Gradshteyn and Ryzhik[20,p.709] as

Eg __ B fiw * o = f-1.
7[510[2nfmﬂ 10[21tfmt]] g mQ_, ,2( Foundr )n(zfux+2fm)' (EQ A36)

where Q.;5(.) is the Legendre function of the second kind. By using the following identity found in
Gradshteyn and Ryzhik[20]

Q_l/z(x) = K( ’%x), (EQ A37)

the above transformation can be written in terms of K(.), the complete elliptical integral of the first
kind as

E} _ E? (Fur +fup) > J f-f
7[?10[21th31] Jo[2nfmt]] e mK( ’ T n(2 fm+2fm)' (EQA38) -

Setting V = 0 we get an expression analogous to the expression Clarke[6,p.969] gives for the base-
band output spectrum from a square law detector. This output spectrum is nothing but the convolution
of the input spectrum with itself. This argument can be applied to our result. Namely the spectral con-
tribution to the RF spectrum of the waves that undergo reflections at both receiver and transmitter,
can be viewed as the convolution of the spectral components that undergo reflections only at the
receiver with the spectral components that undergo reflection only at the transmitter. Stated mathe-
matically,

E? E}
y{?%o [27f) 571 J, [21tfm1:]] = ?° {F Uy [2fyp7T]) ® F(U, [27F),17)) ) . (EQ A39)

The RF spectrum can now be found by noting that a(t) is modulated by cosw,T, thus shifting the
spectrum of a(t) by the carrier frequency, and the direct line-of-sight wave will give rise to a delta
function since this wave will only undergo a deterministic doppler shift. Thus the RF spectra can be
written as
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Spr () = Fla(t)cosw_t+EZ[cos (0, +w,)T]} (EQ A40)

or

(EoCy)? n(f¥ﬂ)+4n ED0? (/1)

- 41:,[);MER— F-f)? Yur ,[?MET— F-f)? 2fur

E? Gour ) =G ~1) 2) f-f.
2 K I C.D)2nd(f-f. - ,
N U opelur (zfun+2fur)+ (BoCoDo) "0 (=1 ~Tup) (Fa A

where the Doppler shift of the direct line-of-sight component is

fMD = fMR COSYR +fMTCOS’Y1-. (EQ A42)

From Figure A2 we see that the RF spectrum is centered around the carrier frequency and bandlim-
ited to 2(fysr + fiyr) Which is a direct consequence of the doppler shift incurred by the movement of
transmitter and receiver. The probability densities of oy and oy affect the shape of the spectrum
inside this band. If we set V- = 0 we do not obtain Clarke’s spectrum for a mobile receiver and sta-
tionary transmitter. This is due to the fact that Clarke’s model assumes no scattering at the transmitter.
However if we set the Rician factors k; and k, to zero, we obtain a spectrum analogous to that of
Akki and Haber[7] for a Rayleigh fading channel with scatters at transmitter and receiver only.

A4.0 Moments of Power Spectral Density

The correlation functions a(t) and ¢(t) defined earlier can be expressed as inverse Fourier transforms
of the power spectral density without the line-of-sight component as

Jot Vur+fup)

a(t) = j S; () cos [2x (f=f.) Tl df (EQ A43)
T Gur +ug)
Jet Gur*+Sun)

c(r) = _[ S, (f) sin [27 (=F,) ©] df . (EQ Ad4)
Je=Unr+fur)

where

S;(N = Spe (N ~EIRS (F-£. - fup) - (EQ A45)
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We saw earlier that ¢(2) was zero for all 7 this can further be explained from the above equation since
the RF Spectrum is a even function while sin(.) is odd. These autocorrelations evaluated at zero will
give expressions for the moments of the power spectrum. Following Jakes[5]:

(EyCo) 2+ (EDy) 2 + E?

E[12(0)] =E[Q*()] =a(0) = b, = 7 (EQ Ad6)
E[(Q®M] =c(0) =0 (EQ A47)
EUI(®] =EQ(NQ(1)] =a(0) =0 (EQ Agg)
E[I(NQ(] =-EL/(Q(] =¢é(0) =b, =0 (EQ Ad9)
E[?()] = E[Q*()] = -d(0) = b,

= (2‘%) (D30 + CR0%e + (O + Wy2) D), (EQ A50)

where dots represent differentiation with respect to time. Thus b,=0 for all odd », again due to the
symmetric nature of Spx(f). The moments of the power spectrum for n even can be generalized as

E3(1.3.5..(n—
b, = {(%) (D30fy 7+ C0fp + (Wpyr+ Dpye) ™) - (EQ As1)

A5.0 PDF of Inphase and Quadrature Components and Derivatives

We will now investigate the derivatives of the inphase and quadrature components. Namely we will
derive the joint pdf of these components and their derivatives. The inphase and quadrature compo-

nents and their derivatives are zero mean Jointly Gaussian. The covariance matrix can be expressed
as

a@) c(0) d(0) ¢(0) (bo 0 oo

ve| c®a@® -¢©a | _ 05 00 (Eaasz
a(0) —¢(0) -d(0) &(0) 00 b, 0
| ¢(0) a(0) &(0) -d(0) | 00 05,
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beb; 0 00
0 b,b? 00
-1 = (L) 072 (EQ AS3)
bgb}
00  b3b, O
00 0 b,

Following Leon-Garcia[23] the joint pdf of the inphase component, quadrature component, and their
derivatives can be written as

. 1 -1 o
fl. 0.1.0 L,0,1,0) = 4————1‘2|V|mexp[—2-xTV 'x] , (EQ A54)

where x is the following column vector

I
x=|2 . " (EQAS5)
I
Q
Thus Eqt. A54 can be rewritten as
A - 1 —1 2 2 2 )
frono®hQh0) = 4n2bobzexP[2bob2 [b, (12 + Q2) + by (I2+ 0 )1]. (EQ AS6)

The in-phase and quadrature components can be expressed in terms of an amplitude » and phase 6 as
follows:

1(t) = rcos@-E CyD,cos (0, + §) (EQ AS7)
Q () = rsin®-E CyDgsin (w0, + ) (EQ AS8)
I(t) = rcos®-rOsin6 (EQ A59)
0 (1) = rsin®-rbcosH. (EQ A60)

The joint pdf of the envelope, phase and their derivatives can now be expressed using the following
transformation of variables
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p

r, 8,z
f rcos8 — ECoDcos (0 g +0), rsin® — E;C oD ysin (@1 + 0), FcosB ~ rBsin®, #sin@ - r8cos8 ||/ (r, 8, 7, 8)| . (EQ A61)
Lo.1.0 0€o 'y 0¢oP d!

é(r, 8,7, 8) =

The determinant of the Jacobian matrix can be expressed as

l7¢r,8,78) = r2. (EQ A62)

Thus Eqr. A6] can be rewritten as

r? -1

Forolr8r 0 = 4n2bobzexp[2bob2

[b,r2 — 2rE CyDycos (@0 +6) + (E,CoDg)2) + by (72 + r292)] . (EQAG3)

If we uncondition this expression over the phase and both derivatives, we obtain the same expression
for the pdf of the signal envelope derived earlier (with by = o).

A6.0 Level Crossing Rate and Average Fade Duration

The fading of the signal envelope was evident in the derivation of the probability density function of
the envelope. From this pdf we can obtain an expression for the overall percentage of time that the
envelope lies below a certain level and on average how long these fades last. We are also interested in
finding the rate at which the envelope fades. These expression would thus provide parameters in
selecting transmission bit rates, word lengths and coding schemes. The level crossing rate, at a speci-
fied level R, is defined as the expected rate at which the envelope crosses this level in the positive
direction. Rice[21] gives this value as

o0

Ng = J'r'f,',,(R, F)dr. (EQ AB4)
0

Thus we must first find the joint pdf of the envelope and its derivative. This can be derived by inte-

grating the phase and its derivative over the joint pdf derived earlier.

w 27

For () = [ [ 4, 4(r 0,1 8)d0ad
— 0

E D —(r2 E 2 .
I, (’ 0Co o)exp[ (r*+ (E\CyDy) )]x 1 (_,2). (EQ AGS)

by 2b, 2nb, P 2b,
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From this expression we see that since both the envelope and its derivative are independent and thus
uncorrelated, their joint pdf can be expressed as the product of individual pdfs. Thus the derivative of
the envelope is zero mean Gaussian with a variance of b, and the pdf of the envelope is the same as
before. The level crossing rate can now be expressed as

o

Ng = Jr’f, (RS, (#)dr. (EQ A66)
0

We begin integrating from zero since we are interested in the level crossing in the positive direction
only. Thus the level crossing rate is found to be

N

—(R2 2
R b2, (REOCODO)exp[ (R*+ (E,CyDy) )] . (EQ AST)

= boN2m O\ b, 2b,
We further define the fade margin as the ratio of the mean signal power to the specified level, R. Fig-
ure A3 plots the normalized level crossing rate, Ng/fy, or level crossings per wavelength, for various
Rician K factors, where k =-30 dB approximates Rayleigh fading.

Another important statistical measure of the envelope is the average fade duration. The fade duration,
T, below a specified level R, is defined as the period of fade below this level. The overall fraction of
time for which the signal is below a specified level R is given by the cumulative distribution function,
F(R), of the received signal envelope. This function is obtained by integrating over the pdf the enve-
lope

R
F,(R) = jf,(r) dr. (EQ A68)
0

Following Parsons[12] the average fade duration can now be expressed as

F,(R)
Elt) = ——. (EQ A69)
R

Figure A4 plots normalized average fade durations for various Rician k factors. We see that for a K
factor of 7 dB, fade durations on the order of 50 msec diminish rapidly as the fade margin increases.
Shladover et al.[4] have shown that in an automatic vehicle control system (AVCS), 50 msec delays
are tolerable for the exchange of telemetric data, provided that the direct line-of-sight component and
reflections are stationary.
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A7.0 Magnetic Field Components

The analysis thus far has concentrated exclusively on the electric field component of the vertically
polarized electromagnetic waves. This is due to the fact that vertical monopole or dipole antennas are
commonly used for signal detection. However the magnetic field components may be of interest if, as
suggested by Parsons[12], loop antennas are implemented or in an assessment of field-component
diversity. We thus present a brief survey of the magnetic field components.

From our original assumptions the electric field of the incoming multipaths were all vertically polar-
ized. Since the multipaths reach the receiver in random directions the magnetic fields are aligned ran-
domly in the azimuthal plane. We will therefore resolve the magnetic field components into x-y

components.
_EO .
H (1) = —1T-Cobosm‘yocos[(mc+ O )1+ o] +
Eon. Eq
—Lg . —&9 .
TZ C;Dgsiny,cos [ (@, + 0p) 1 +6,] + TZ CoD,sinwg,cos [ (@, + Wgy) 1+ ;] (EQ A70)
i=l k=l
E NR NT
+ ?" Y. Y CiD,sinwp,cos [ (@, + Wgy— 0p) 1 +6;,)
k=li=l
and
EO
H () = ;‘—CoDocosyocos [(0.+0y)t+¢,] +
Ny Na
0 EO
—Z C:Dycosyycos [(w + @) t+9,] + — Z CoD coswp,cos [ (@, + g, ) 1+ ;) (EQA71)
neo n=

NR NT
+ %‘-’hz’l Z‘:C,.D,‘coswmcos [(0,+ Op— 0p) 1 +0,,] .
where 7 is the intrinsic wave impedance and v is the angle the direct line-of-sight component makes
with the receiving terminal with respect to the x axis. The approximation has been made that v is
roughly the same for all waves that are reflected solely at the transmitter. This approximation is accu-
rate for large separation distances between mobiles (as seen from the geometry of Figure Al). We see
that the multiple paths arrive at the receiver from a variety of directions which in turn implies that the
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magnetic field components are aligned in random direction in the azimuthal plane. Thus we require
two loop antennas to detect the magnetic field. It is also evident that no simple relationship exists
between the magnitudes of the electric field and magnetic field components. The spatial angle of
arrival is a factor in determining the resultant amplitude of the magnetic field components. Thus the
magnetic field components can be either large or small depending on the relationship that exists
between the various arrival angles and the various phase shifts for each multipath wave at the
receiver. Jakes[5] has shown that these three field components are mutually uncorrelated. This result
is easily applied to our model, and thus can be exploited in diversity techniques.
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A8.0 Appendix Figures
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FIGURE A2. RF Spectra of mobile-to-mobile radio channel with equal transmitter and receiver
velocities. (a) Reflections solely at either receiver or transmitter. (b) Reflections at both
receiver and transmitter (c) RF Spectra of mobile-to-mobile radio channel.
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FIGURE A3. .Normalized Level Crossing Rate vs. Fade Margin for various Rician K factors. Equal

transmitter and receiver velocities. Equal Rician K factors Kg and Ky. Maximum Doppler
shift for both antennas, fy.
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FIGURE A4. Average Fade Duration vs, Fade Margin for various K factors. Equal transmitter and

receiver velocities. Equal Rician K factors Kg and K. Maximum Doppler shift for both
antennas, fy.
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