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Models and Characteristics of Multipath

Propagation on Mobile Radio in an Urban Area
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ABSTRACT In this paper, the models and characteristics of multipath propagation in an urban environment are
described, Three propagation models (a random model, a ray model and a simplified two-ray model) are explained,
and a method of estimating time delay is proposed based on the envelope correlation between two radio frequencies,
It is shown on the basis of laboratory simulation and field tests that the simple two-ray model is an adequate model’
for the fundamental study of the multipath propagation characteristic of the mobile radiowave and the estimating time
delays of multipath-propagated waves in an urban area,

Land mobile communication suffers from

1. INTRODUCTION signal strength attenuation due to buildings

and multipath fading caused by reflection from

*ErEILAERR E?'I%ﬂ . . o surrounding objects. This is essentially severe
gz?:er:fzyE;cg::;i %nfs,::?rl?:r'e:mml Fisheres in dense urban areas, As is well-known, delays
# B 89-28 (2 1988, 11. 10) of multipath-propagated waves cause freque-
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ncy-selective fading, resulting in signal wav-
eform distortion, and hence degraded transm-
ission quality. Because of the broad bandwidth
of TV transmission compared to the narrow
bandwidth of voice signal transmission, TV
signals are more easily affected by frequenc-
y-selective multipath fading. In order to und-
erstand the impairment of picture qualty for
mobile TV reception in urban areas, first of
all, it is necessary to examine the characteri-
stics of multipath propagtion.

Time delays in multipath propagation result
from signals diffracted or reflected by buildings
or other prominent urban structures. Because
the reflected transmission paths are longer than
the direct transmission path from the base
station, the signals are delayed.

Time delay may constitute a serious limit-
ation for the performance of transmission
systems employing a wide modulation band,
such as a high speed digital signal transmission
system. In case of TV signal transmission, a
large time delay causes frequency-selective
fading, which in turn causes severe waveform
distortion of composite video signals, which
in turn causes picture impairment. Specially,
delays of 1 microsecond or more are common
in an urban area, these excess time delays lead
to ghost images which flutter(ie., fluttering
ghost)[1]

In the following sections three models are
described which are relevant to the analysis
of multipath propagation in urban areas, and
field tests of time delay are conducted in an
urban area based on the envelope correlation
between two radio frequencies,

2. TYPICAL PROPAGATION MODELS

2.1 Random Model
294
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Fig.1 Random Model,

Assume that signals received by a vehicle
In motion on a street consist of a large number
of primarily horizontally travelling uniform
plane waves whose amplitudes, phases, and
angles of arrival relative to the direction of
vehicle motion are random (see Figure 1).
This 1s hereafter referred to as the random
model of multipath propagation[2,3]. It is well
known that the probability distribution of
received signal strength in this model is given
by the Rayleigh distribution[4,5]. In general,
the Rayleigh distribution takes place when the
signals are infinitely large in number, of equal
amplitude and frequency, but random in phase,
The phases are uniformly distributed from 0
to 2n. Also, the amplitudes and phases of
multiple waves are assumed to be statistically
independent,

This model can be a good approximation
in some special propagation situations, e.g., the
over-the-horizon scatter propagation in the
troposphere. However, in the case of line-of-
sight microwave propagation, this is not always
a good approximation. In urban mobile radio
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communication, on the other hand, the randon
model is a good approximation when a broad
receiving area is considered, or when no sta-
tionary rays are received.

Because of a convenience in analytic calcu-
lation, the random model is widely used in
analysis of fading phenomena in propagation

in urban areas.

2.2 Ray Model

This model assumes that signals are received
by a vehicle via ray-theoretical propagation
paths, they are, diffraction over buildings and
reflection at building walls[6]. This model is
illustrated in Figure 2. As muitiple diffraction
and reflection cause large signal strength
attenuation, the number of principal waves
are limited in ordinary cases,

Fig.2 Ray Model.

In the actual urban propagation, there are
other modes of propagation, such as scattered
wave by building surfaces and guided mode
wave along a street{[7]. In moderate city, it
is observed that the wave components other
than the principal ray-theoretical waves are

generally weak in signal strength[8]. In add-
ition, ray-theoretical waves are observed to
exist stationarily along a street. On the cont-
rary, the waves of other modes appear at ran-
dom when a vehicle moves along a street. For
these reasons, most of the major propagation
charactenstics in urban areas can be understood
by the ray model,

The ray model may be very useful to ana-
lyse the propagation phenomena as far as ray-
-theoretical modes are predominant.

2.3 Two-ray Model

A simplified ray model, called the two-ray
model, is a fundamental model of multipath
propagation in urban areas. The fundamental
effects of multipath propagation on signal
transmission can be analysed by the simple
two-ray model in principle. Therefore, this
model is widely used for the basic analysis
of communication performance in multipath
environments[9,10].

However, the two-ray model is not only an
idealizd model, but also is observed in the
actual urban radio environments, When the
street angle (defined to be an angle between
the orientation of a street and the direction
of an incident wave)is small, that means when
the incident wave is nearly parallel to a street,
the propagation structure is well approximated
by the two-ray model. In this case, the two-
-ray model is used for the analysis of propa-
gation and the performance evaluation of a
practical system as well,

If ray-theoretical waves are dominant, the
two-ray model is important to describe the
mean field strength on urban streets, As shown
in Figure 3, two principal rays are dominant
on most parts of urban streets, for an ideal
city structure of regularly laid out buildings
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of same height. In each case, the mean field
strength is given from the square root of
power sum of the two rays, and major char-
acteristics of mean field strength on urban
streets are expressed by the use of this model

(8].

b

Fig.3 Two-ray Model.

For these reasons, the two-ray model is fre-
quently used to simulate the multipath radio
environments, especially for the fundamental
analysis of transmission pefformance,

Two types of two-ray models are frequently
used, the stationary two-ray model and the
Rayleigh-distributed two-ray model, The sta-
tionary two-ray model corresponds to a fixed
reception, and manual change of the multipath
parameters is made in laboratory experiments
to observe the basic effects of the varations
in multipath parameters on system performa-
nce,

The Rayleigh-distributed two-ray model
represents a dynamic multipath fading. The
amplitudes of two rays fluctuate subject to
the Rayleigh fading. Often, a model is assumed
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in which the two rays fluctuate without cor-
relation. This model is called the independent
(or uncorrelated) Rayleigh-distributed two-ray
model, or the Rayleigh-distributed two-ray
model with no correlation. The multipath
propagation in urban areas can be well appro-
ximated by this model when two waves are
predominant.

3. BASIC PROPERTIES OF
MULTIPATH PROPAGATION

3.1 Spatial Period of Fading

First, consider a ray received directly from
a transmitting station. Assume that a mobile
unit is travelling in the direction of the positive
X-axis at a constant velocity V, and receiving
a signal at an arrival angle g, wijth respect
to the X-axis, as illustrated in Figure 4(a).
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Fig.4 Received-signal envelope for a vehicle in motion:
(a) direct signal received from transmitting source
(Doppler shifted);
(b) Doppler shifted direct signal plus scattered signal
from perfect reflector.
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The signal transmitted from the station . is
expressed as:

e (t)=E, * exp[j (wct+¢o)],

and the received signal e(t) is expressed as:

e(t)=Eo'eXD[i(wct+¢o—ﬂ\/t-cosﬁ)]' (r

where E, is the initial amplitude of the tran-
smitted carrier signal, ¢, is the phase of tran-
smitted carrier signal, w. is angular frequency
of the transmitted carrier singnal and is equal
to 2nf., where f. is the carrier frequency, and
B=2r /) where A is the wavelength of the
the transmitted carrier signal, In addition, there
i1s a Doppler shift due to the motion of the
mobile unit, This can be expressed as follows:

fg=1n - cosé, (2

where fn=V /A is the maximum Doppler
frequency.

To introduce the effects of multipath prop-
agation, first consider the simple and idealiz
ed case of a horizontally travelling transmitted
signal reflected 180 degrees from a perfect
reflector. This is illustrated in Figure 4(b).
The resultant signal received by the mobile
unit moving at a velocity V assuming an
arrival angle of g=0, can be expressed as
follows[11]:

e(t) =E, -exp[j (wct+ ¢o—AVt)]
—Eo-explj(wctt do + AVt~ wcr)]
=—j2Eo-sin (BVt— wc 7/2)
- expljlwet+ do—we 7/2)], (3

where ¢ is the time that it takes for the wave
to travel to the reflector and return to the t=
0 line. The standing wave envelope of received

waves can be interpreted as a fading pheno-
menon, In the case where linear detection is
applied, then the envelope of Eq.(3) can be
expressed as follows:

A{t)=2E,- Isin (8Vt— we t/2) |, (4

where A(t) is the amplitude output of the
linear detector. When gvt =nr+wcr /2, then
a fade of zero amplitude will be observed.

In order to examine the spatial period of
the fade, first consider the case where the
mobile- unit is stationary (ie., V=0). Then
Eq.(4) becomes:

A{t)=2E, Isin (we t/2) . (5)

Thus, a fade period between successive zeroes
interval of zero amplitude in the frequency
domain can be derived from Eq.(5) as follows:

I'r=1, (6!

where T is the frequency separation between
two consecutive notch frequencies of the reg-
ular signal strength pattern vs. frequency.

When the mobile unit is in motion with a
constant velocity V, a fade interval T of zero
amplitude in the time domain can be drived
from Eq.(4) as follows:

T=4/2V. (7

Similarly, a fade interval of zero amplitude
in the space domain can be drived from Eq.
(4) as follows:

A=VT, (8

where A is the sapatial fade period of the
received signal. Thus, the spatial fade period
of the received signal for the two-ray model
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can be derived from Eq.(7) and Eq.(8). The
spatial period of fade is A=\ /2.

A more general form of the spatial period
of fade can also be derived for the two-ray
model from geometrical optics, Consider the
more general case of two rays, e, e, received
at arbitary angles g, g, This is illustrated in
Figure 5(a). In this case the spatial period of
fade can be expressd as follows,

A=2X/|cosf —cosb, |

=X 12-sin[( 6,+8.) /2] -sin[ (6, —6,)/2] I.
9

In the case of parallel arrival of e, and e, 6
—g,=2nm, where n=0, 1, 2, 3,--(see Figure
5(b)). In the case of symmetrical arrival rel-
ative to the direction of vehicle motion, §,-+¢
,=2nr (see Figure 5(c)). In this case the
spatial period of fade takes a maximum value
of Apax=00. In the case of symmetric arrival
relative to the perpendicular to the direction
of vehicle motion, g+¢,=(2n+1)r (see Figure
5(d)) For this last case Eq.(9) becomes a
minimum and is expressed as:

Amin=/\/|2'51n[( 01"02)/2]| (10
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Fig.5 Conditions fo maximum and minimum period of fade:

(a) two-ray model; (b),(c) maximum conditions;
(d) minimum condition,

In this case, where the angle made by the
two incident waves is 9,—g,=(2n+1)x, ie,,
the signals arrive parallel to the direction of
vehicle motion but in opposite directions, the
spatial period of fade takes a minimum value
of A/2.

The value of the spatial period of fade of
the received signal envelope obtained from
experimental measurement, when compared
to the theoretical value, can be used to judge
whether or not the two-ray model is a good
approximation in the actual urban conditions,

3.2 RF Doppler Spectrum of Random Model

The RF Doppler spectrum S;(f) represents
the energy of the received signal, r, in the
frequency interval (f, f4+df) and is expressed
as follows[12]:

1
fmv' 1—12/1%

) [g(ﬁ) °p (0) lo—cos ~11s rm
'f‘g(ﬁ)'p(ﬁ) l6 «—cos "(f/fu)], ay

Sr (f)=

where ¢ is the arrival angle of the plane waves
incident on the antenna, g(g) is the antenna’s



% X/ EAW o5 FAcAY Eshashinte) 54 W wee] By AT

azimuthal power gain function, and p(g) is
the Rayleigh density function,

The most common case is that of a vertical
monopole antenna which has a constant az-
imuthal gain function, say g(g)=1. Assuming
that p(g) is uniform for all angles throughout
the range —n to «, ie. assuming the random
propagation model, p(g)=1/ 2r. Therefore, the
RF Dopper spectrum at the antenna terminal
is:

1

Sr (f): ”fmx/_l-———f’—/izn—— (12)

Si(f) has a finite value for frequencies in the
range +fn around the carrier frequency f.,
and is zero outside that range, as shown in
Figure 6.
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Fig.6 RF spectrum of random model.

3.3. Field Measurements of RF Spectrum

To investigate whether the RF spectrum
in an urban area is such as predicted by the
random modél, a field test was conducted in
an urban area (Kyoto, Japan) to measure the
RF spectrum, '

The variations in the signal strergth and

phase, and the RF spectra measured in this
test are shown in Figure 7. In the case of
a road nearly parallel to the incident wave
direction, the RF spectrum shows a concent-
ration on the maximum Doppler shift freque-
ncies, f.+fm (see Figure 7(a)). This, plus the
direction pattern of the signal strength as
measured by a directional antenna and the
period of variation of the measured signal
strength, all indicate that two dominant waves
arrive parallel to vehicle motion but in opposite
directions, Vehicle motion is nearly parailel to
the incident wave direction, thus the conditions
for fading due to regular standing wave pat-
tern (see Figure 4(b)) are approximated.

In the case of a road perpendicular to the
incident wave direction, the RF spectrum of
the received signal is concentrated about the
carrier frequency f¢, as shown in Figure 7¢b).
This, plus the direction pattern of the received
signal strength, indicate that the received
waves are usually confined to the direction
of the incident wave from the transmitting
station.

4. FIELD MEASUREMENTS OF DELAY TIME

Investigations of time delays in urban areas
have been done using short pulses or bandpass
impulse response measurements[13,14,15].
Another method of predicting time delay is
proposed using the envelope correlation between
two radoio frequencies, This is called the fre-
quency correlation method. The propagation
model assumed in this method is the random
model or two-ray model.

4. 1 The Principle of Estimation Delay Time
In the case of the random propagation model,
the correlation of the envelopes of the signals
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at the two frequencies is expressd as follow
[16]:
1

= 13
p 1+ (2rasfea/c)? (

where Af is the frequency interval of the two
radioc waves, o, is the standard deviation of
the path difference spread (or delay spread),
and c¢ is the light speed. From the Eq.(13),
the theoretical formula of the delay spread
in random model can be derived as follow:

I
S (6

We see from the Eq.(13) that the frequency
correlation coefficient p, decreases with inc-
reasing frequency separation Af or delay spread
a,, as one would expect.

We now consider that the propagation model
is the two-ray propagation model. Assuming
that the amplitude ratio of the two waves is
R and the path length difference is /, the
received power P of a radio wave with the
frequency f can be expressed as follow:

P=14+R?*4+2Rcos (an"l’J (15
C
Thus, the received power P,, P, of the two

waves with the frequency f, and f,=f+Af
can be rewritten as follow, respectively:

P,=1+R*+2R:cos (2 f, - 1)
c

P,=1+R?+2R-cos (27rf,'<l'~ff-2nAf'-l~) (16,
c c

Therefore, in the case of the two-ray propa-
gation model, the frequency correlation coeff-
icient p¢ can be calculated as follow:

((P,~(P) - (P,—(P))}
AP, =P (P, = (P 5

oy

=cos 2 maf-l/c), 17

where the symbol ( - > means the ensemble
average. From the Eq.(17), the theoretical
formula of the delay time can be also derived
as follow:

C
Iy eos Ty 18

We can see from the Eq.(17) that the
frequency correlation coefficient takes repeat-
edly the value from -1 to 1 in accordance with
the variation of path length difference and
the frequency separation.

Figure 8 shows the theoretical curves of
frequency correlation vs. path length difference
(two-ray model) or path difference spread
corresponding to the delay spread (random
model), for frequency separation of 100 and
375KHz, We can see from this Figure 8 that
the delay spread (or delay time) can be der-
ived from the frequency correlation coefficient

@ Random model
ONf=375kHz
Af=100kHz

@ Two-ray model
1.0 v

0.0

CORRELATION

—1.0

0 500 1000 1500!
DELAY or DELAY SPREAD (m)
Fig.8 Theoretical curves of frequency correlation vs. delay
or delay spread.
301



W (3R AraR S0 '89-8 Vol 14 Nod

(Le., using the Eq.(13) and(17)). Especially,
in the case of the frequency separation is 1
00KHz the path length difference can be est-
imated to the value of 500 meters with a
negligible error between the above mentioned
two propagation models. In this method, the
frequency correlation coefficient can be calcu-
lated from the measured two signal strengths
with each different frequency.

4.2 Field Tests of Delay Time

The frequency correlation method was tested
in a specific urban area (Kyoto, Japan), and
delay time were measured along the streets
for 400MHz waves at two frequencies separ-
ated by 100KHz. A schematic diagram of the
measuring system for signal strengths and test
frequencies are given in Figure 9. The map
of the test area is shown in Figure 10.

The radio waves(400MHz band), transmitted
from Kyoto Minami Station about 7Km sou-
th-south-west of the test area, and radio
waves were received by an omni-directional
antenna (turn-stile antenna; Gain-1, 9dB) and

AD CONV

ANT. {Data Proc. Center)

395.225MBz
\ P.5.M. 41 A
- Data

P.AT P.D recorder
A -1 F.5.M.#2
395.600MH2
e

P. A. ! PRE AMP.
P. D. : Powecr Divider
. S. M. ! Field Strength Meter

F

Fig.9 Measuring system for signal strengths.
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a directive antenna(Gain 4dB, front-to-back
ratio 14~17dB, half-power beamwidth 65deg-
rees) mounted on the roof top(about 3m above
the ground) of a mobile labortory turned to
the north and south. The measured data using
the omni-directional antenna were analysed
for estimating the time delays in the random
propagation mode!l and the data using the
directive antenna were analysed for the two-
-ray propagation model. The output voltage
of the field strength meter was recorded by
a data recorder together with a “distance
pulse” which was generated by a distance
sensor every 2.6em while the mobile lab was
moving. The signal strength was converted
to a signal power after the A /D conversion
using by the distance pulse as a sampling
pulse, And then, the frequency correlation
coefficients were calculated from the signal
power with the distance interval of 10.5 meters
and the time delays were estimated from those
data.

The delay obtained from the frequency
correlation are shown i Figure 11, The obt-
ained delays, which give the average approx-
imate values, are about 100~500 meters in
most points with the negligible error between
the two models, but exceed 500 meters som-
etimes up to 1000 meters or more, A tendency
is seen that the delay is larger on a street
nearly paralllel to the incident wave direction
than on a street nearly perpendicular,

The results show that multipath waves with
delay time of about 1 microsecond always exist
at receiving points on the urban streets,

5. SUMMARY

To investigate the models and characteristics
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Fig.10 Map of test area(the broad lines on the map indi-
cate the measuring course,)

of multipath propagation in an urban area both frequencies, assuming both the random and

the theoretical and experimental analysis were two-ray propagation model.

From the experimental results, it can be seen

made in relation to the RF spectrum, the
measured direction pattern of the signal stre-
ngth and the period of variation of signal
strength. In addition, the field tests were
conducted to measure the time delays based
on the envelope correlation between two radio

that the theoretical RF Doppler spectrum for
the random model is different from the actual
measured RF spectrum in the urban test areas.
From this it can be inferred that the random
model is not always appropriate in an urban
303
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area,

The measured direction patterns of the signal
strength are also different from that caused
by the random model. It was found that two
principal rays are dominant on most parts of
urban streets, for an ideal city structure of
regularly laid out buildings of same height,

From the estimated time delays of radio
waves in a specific urban area(ie., the city
structure is regularly laid out buildings of same
height and the
perpendicular to the incident wave), it can

road is nearly parallel or

be seen that time delays are nearly same
values in both case of sthe two-ray model
and random model. Therefore, in this specific
urban area it can be inferred that the two-ray
model is good approximation model to study
the propagation characteristics and estimate
the time delays of mutipath- propagated waves,
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