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Abstract - An important parameter in characterizing
radio communications channels is the coherence
bandwidth. This paper presents an analysis of the
coherence bandwidth in a wurban microcell
cnvironment where the dynamic channel response is
determined by a site-specific ray-tracing propagation
model. Such an analytical model provides a direct
calculation of signal fading envelope correlation as a
function of frequency and location. The analysis here
shows that coherence bandwidth is strongly
dependent  on location within a  particular
propagation environment and only weakly related to
RMS delay spread. Typical results for frequency
diversity gain for various frequency separations are
also presented.

1. Introduction

Much of the effort in designing robust and reliable
communications  svstems  focuses on  choosing
modulation, coding and receiver architecture schemes
which mitigate the deleterious effects of the radio
propagation channel. In free space, the propagation
channel has a flat amplitude response (attcnuation) and
linear phase shift as a function frequency. When the
propagation environment is not free space but contains
any other elements. including the atmospherc or a single
reflecting surface, the frequency response of the channel
is no longer flat over all frequencies. A single reflection
results in the so-called “two-ray™ model in which
significant nulls in the amplitude response can occur at
particular frequencies depending on- the reflection
coefficient and ray geometry.

With highly complex propagation ecnvironments,
signal cnergy arrives at the receiver along a varicty of
paths with varying amplitudes, phases, and time delays.
The result is a channel frequency response which varics
from place to place. One measure of the varving
frequency response is the coherence bandwidth (Af),
The coherence bandwidth is the {requency scparation
between two frequency tones which results in a given de-
corrclation 1 signal envelope amplitudes.  The de-
corrclation is usually defined as the point where the
correlation cocfficient p, between the fading envelopes
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at the two frequencies is reduce to 0.9 or 0.5. For the
studies done here, a correlation coefficient of 0.9 is used
to defined the correlation bandwidth. As explained in
Scction 2, a site-specific ray-tracing propagation model is
used to find the fading envelopes and correlation
coefficient.

The coherence bandwidth of the channel is
particularly relevant to frequency-hopping sprecad
spectrum (FHSS) systems(1], and to other multi-carrier
svstems, including OFDM. In both cases robust
transmission is achieved by choosing multi-carrier
frequency separations, or frequency hop distance. such
that frequencies are sufficiently de-correlated that the
probability of simultaneous fading impairments on
multiple frequencies is low. This is the fundamental
improvement which frequency diversity has to offer|2].

For the hypothetical dense urban environment studied
here. coherence bandwidths. ranging from 30 kHz to 130
kHz were found. The coherence bandwidth was found to
be site-dependent and only weakly related to the inverse
of the RMS delay spread of the power delay profile.

2. Ray-Tracing Propagation Model

A general model for the low-pass impulsc response
for an urban radio channel is:

y
() =Y A,68(t~7,)exp(-j(0, +40,) (1)

n=|

in which the impulse response #(7) is the sum of a set of
N impulses arriving at delay times 7, with amplitudes

The

phasc displacements result from thc motion of the
receiver or other spatial change of the receiver location
rclative to the rest of the propagation environment which
may itsclf including moving objects (reflections (rom cars
and buscs. etc.). For a mobile receiver the displacement
term is given by A0, = (2avt / Aycos(@, +d,) . whete ¢,
1s the arrival angle of the #” unpulsc, v 1s the speed of
motion, and ¢, is the direction of motion.

To use the channel model in (l). it is necessary (o
identify the amplitudes, time delays, and absolute phasc
shifts of the¢ N components of /(f). The received



components consist of the linc-of-sight signal from the
transmittcr and a varicty of signals reaching the reecive
antenna via rcflecting surfaces, diffracting corners and
scattering surfaces. By using ray-tracing techniques. the
cncrgy cmitted from the source transmitting antenna is
geometrically traced to determine those surfices or
corners which are illuminated. For the ray-tracing model
used here. cach illuminated surface is replace by an
lmage transmilter or scattering source such that the
radiation from the image represents (in amplitude. phasc.
and radiating dircctions) the encrgy reflected from the
source. Similarly, an illuminated corner is replaced by
an cquivalent wedge diffraction source. With the first sct
of images and illuminated corners in place, each of them
is then considered in turn by ray-tracing to determine the
surfaces and corners they illuminate. This process is
repeated for as many iterations as may be relevant to the
problem at hand, or which are practical from a
computational point of view. The ray interactions with
the propagation environment are tracked for both HP and
VP bv taking into account the conductivity and
permittivity of the walls and corners. and the angle of
incidence for the interaction at each wall and corner.

Ray-tracing has become a widely used technique for
analyzing propagation in outdoor microcells and indoor
wireless LAN systems. The theoretical model used here
is described in detail in [3]. Ray-tracing modcls along
with comparisons to measurements can be found n |4}
and [3].

A typical ray-tracing study for a transmitter at point
AA 10 a recetver at point R is shown in Figure | along
with the resulting power delay profile. As shown in {3].
the magnitude and phase of the reflection and diffraction
coefficients will be a strong function of the angle of
incidence on the reflecting surface. The magnitude and
phase of the reflection and diffraction coefficients will
also depend on the frequency.

A ray-tracing propagation model only provides the
ray amplitudes and phases to a single precise point. At
this point it may happen that the vector sum of the ravs
result in a null (fade) or peak in the voltage envelope.
However. in general the geometry of the environment is
not known with sufficient accuracy to predict the
cnvclope voltage so precisely. At the carricr frequencics
typically involved in PCS microcell systems (around
2000 MHz), the wavelength is on the order of 15 cm. In
a typical urban building database. the building wall
locations may only be known within perhaps onc meter.
Becausc absolute phase can't be known, it is nccessary (0
determine the channel response over a range of positions
around the precise location where the ray-tracing
analvsis was performed. This can be donc by
considcring the fading envelope over a range of
wavclength  displaccments around this point. For a
wpical analysis. the fading voltage envelope is calculated
al points spaced cvery 0.125 wavelengths over a range of
+10 wavelengths in four crossing dircctions around the
ray-tracing analysis point. This uniform pattern of four
fade paths was used to reduce any anomalics which
might result duc to the location of the point refative to
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Fig. 1. Ray-tracing study with power delay profile.
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Fig. 2a. Envelope fading at 1900.000 MHz.
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Fig. 2b. Envclope fading at 1900.100 MHz.
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the physical environment and the particular ray arrival
angles. With four fade paths and 160 samplc points per
path (every 1/84 over £104), a total of 640 envelope
samples per ray-tracing study point were used (V=640 in
cquation (2)).

These fading envelopes can be created for any sct of
frequencies and the correlation of the envelopes at any
two frequencies found by comparing the envelopes.
Figurc 2 shows two typical fading ecnvclopes {or
frequencies scparated by 100 kHz at a nominal carricr
tfrequency of 1900 MHz. The lack of direct comncidence
of many decp nulls is clear from the cnvelope fading
cexamples in Figure 2.



3. Frequency Correlation
Coefficient

The linear correlation coefficient between the fading
envelopes at any two frequencies is given by:

Zn(fl _jx)(fz _f_Z)
p =
d 1\/1’0';1 O'fzz

where £, and /, are the mean values of the voltage
envelopes at frequencies f; and f, respectively, and
o ando are the corresponding variances of the

2

envelope waveforms, both taken across N waveform
samples as described in Section 2.

Figure 3 shows an example of the correlation
coefficient as a function of frequency separation for a
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Fig. 3. Correlation coefficient vs. tone frequency
separation for one point on the study route in Figure 4.

single point on the study route in the propagation
cnvironment shown in Figure 4. For this plot and the
coherence bandwidth analysis, the correlation coefficient
was computer every 10 kHz of separation ranging from 0
t0 400 kHz.

4. Coherence Bandwidth In an
Urban Microcell Environment

The corrclation coefficient P,y was calculated at a set

of points along the study route shown in Figure 4. This
route includes 114 points spaced at 5 meter intervals,
some of which arc line-of-sight with the transmitter at
point AA. and some of which are shadowed are in the
“plaza™ area where the RMS delay spread is higher duc
lo the widely spaced opposing reflecting surfaces. The
resulting coherence bandwidth (47), at each point along
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Fig. 4. Map of study route.
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the route is plotted in Figure 5. Figure 5 shows that
(4f), varies considerably as the receiver is moved along

the route, with a maximum value of 130 kHz and a
minimum value of 30 kHz. The average coherence
bandwidth over this route is 66 kHz.

The relationship between coherence bandwidth and
RMS delay spread is shown by the scatter plot in Figure
6. A line has been fitted through this data using the
ordinary least square error (OLSE) linear curve fitting
techniques. The resulting equation relating RMS delay
spread and coherence bandwidth is:

(&), =96-009 0, kHz 3)

where o, is the RMS delay spread in nanoseconds over
the range of 100 to 500 nanoseconds.
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Fig, 5. Cohcrence bandwidth vs. distance along study
route.






