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Abstract — In this outdoor propagation study, low
antenna heights of 1.7 m are used at both the trans-
mitter and the receiver to measure wideband (100
MHz baseband) power-delay profiles (PDPs) of the
channel for a peer-to-peer communications system
operating at 1.8 GHz. Rural and urban areas are
studied in 22 different transmitter-receiver links, and
the path loss and delay spread characteristics are
presented. The small-scale multipath fading char-
acteristics are measured in detail by recording 160
PDPs within each local area. This paper shows the
measurement setup for calculation of the fading rate
variance and the estimation of the angular spread
of each multipath component. The accuracy of the
angular spread is discussed.

I. Introduction

A peer-to-peer communications system operates
without a base station. Mobile or portable units
operate directly with one another. Users will be sit-
ting in a vehicle or standing while using their mobile
unit and, as a result, the antenna heights are be-
tween one and two meters high for both transmitter
and receiver. Due to the very low antenna heights,
it is a different propagation environment than pre-
viously considered for microcellular systems, which
operate with higher base station antennas (5 to 15
m). New propagation measurements are required to
understand the channel characteristics.

The measurements reported here show the time-
dispersion and the small-scale fading characteristics
of the multipath channel. Accurate modeling of both
are necessary for the design of wideband and high bit
rate mobile-to-mobile communication systems.

*This material is based upon work supported under a Na-
tional Science Foundation Graduate Fellowship and Presiden-
tial Faculty Fellowship, and a Bradley Fellowship in Electrical
Engineering.
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II. Measurement Setup

The transmitter and receiver block diagrams of the
spread spectrum channel sounder used in this mea-
surement campaign are shown in Fig. (1). The PN
sequence generator is run at 100 MHz (chip period
T. = 10 ns) using a sequence length of 2047. The
slip rate is f; = 10 kHz, and the time scale factor
is ¥ = 10* [1]. The null-to-null RF bandwidth of
the system is 200 MHz at a carrier frequency of 1.8
GHz. Both the transmitter and receiver use 4 dBi bi-
cone antennas which have their maximum gain along
the azimuth and a 3 dB vertical beamwidth of 30°.
These antennas are wideband such that the gain pat-
tern and impedance are constant over the 200 MHz
bandwidth.

The estimation of the fading rate variance (the
mean-square rate of power change in a local area)
requires measurements along two linear and perpen-
dicular tracks. Thus in each local area, the receiver
antenna is moved along two perpendicular tracks
each of length 20X. Measurements are taken ev-
ery A/4. We are interested in the small-scale fading
characteristics, not the fading due to temporal vari-
ations in the channel. Thus the effects of channel
transients are undesirable. Ten PDP waveforms are
captured at each position along the track and av-
eraged together to help reduce the effect of channel
transients such as moving cars, people, and leaves.

ITI. Analysis and Results

Power-Delay Profiles

The MPRG sliding correlator measurement gystem
has been reported in [1]. Consider the channel to be
a linear filter given by h(t) = ZzK:1 a;ed 6t — 1),
where «;, ¢;, and 7;, are the amplitude, phase, and



time delay of the ith multipath component. Taking
into account the change in phase due to change in
receiver position 7, the output of the measurement
system, the power-delay profile, is

2

K
P(r,i)y = > eied CHRIR (r— 1)l (1)

i=1

where R,(7) is the autocorrelation of the pseudo-
noise (PN) signal. Rp(7) is almost zero except for a
triangular peak between —T, < 7 < T;. The wave
and position vectors are given by lc and 7, respec-
tively, where the direction of k; is the angle- of‘arrlval
(AOA) of the ith multipath component and the mag-
nitude is 27 /X.

Eq. (1) is important because it shows that the
power-delay profile is the magnitude squared phasor
sum of K autocorrelation functions. If we neglect
the small (—1/N) correlation in-between the peaks,
then z(7) has overlapping correlation peaks when
multipath delays, 7;, are closer than 2 % T, to each
other.

At each of the 22 receiver locations, the 160 PDPs
taken within the local area are averaged to form the

spatial average PDP. An example spatial average
PDP is shown in Fig. (2).

Narrowband Path loss

Total received power can be computed from the lin-
ear spatial average PDP simply by summing the
powers of the multipath components [2]. In the path
loss exponent model, the mean total path loss at a
distance d is given simply by

PLnb(d) = PLref (dg) + 10nlog10§5 (2)
where PL,.f(dg) is the reference path loss calculated
by assuming free-space propagation until the refer-
ence distance dy [2]. This model is a measurement-
based model, where dg is chosen and n is determined
from least-squared error analysis. Calculation of
the path loss exponent, shown in Fig. (3), results
inn = 28 and dg = 5 m. A previous propaga-
tion study at 1.9 GHz on the Virginia Tech campus
with the same antenna heights as in this study found
n = 2.7 [3], which lends confidence to these results.

RMS Delay Spread

In wideband radio design the RMS delay spread, o,
gives insight into the coherence bandwidth of the
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Figure 1. Block diagram of the transmitter and re-
ceiver.
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Figure 2: Beef Cattle Farm link, a rural env. OBS
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Figure 3: The path loss measurements and path loss
exponent model.
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Figure 4: Measured RMS delay spreads grouped by
environment type.
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Figure 5: Measured power along a linear track of
the peak at 7 = 28 ns in the PDP shown in Fig. (2).
The calculated A% = 0.35.

channel. The RMS delay spreads, calculated from
each of the 22 spatial average PDPs, are shown in
Fig. (4). As found in [4], the RMS delay spreads
show an ezponential overbound, that is, maximum
RMS delay spreads increase exponentially with path
loss but the minimum remains almost constant.

Wideband Fading Rate Variance

In a small local area, we assume that the amplitudes
of the multipath waves are approximately constant
while the phases vary as a function of receiver po-
sition and AOA of the incoming waves. If a peak
on the PDP is a result of more than one multipath
within 2 &« T, of each other, then the peak under-
goes small-scale fading as the receiver antenna moves
along the track. A measured track example is shown
in Fig. (5). If the fading waveform of the PDP peak
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is expressed as P,(7,z), where 7 is the time delay
of the peak and z is the position along the track at
receiver location n, then the fading rate variance is

dP\?
(&)
The slope of a sampled signal is calculated by super-
sampling the measured waveform at rate B. That is,
it is first padded with zeros and fast Fourier trans-
formed. Next it is filtered to the limiting band-
width and inverse fast Fourier transformed. The
original waveform has 80 samples, and after this su-
persampling with rate R, the new waveform is 80R
in length. The slope of the supersampled power
waveform, P,(7, %) at position z; is approximately
MI&LZ&E—"Z. Thus the estimated fading rate

T
variance along the « track is calculated using:

2 __
o,=FE

: ()

80R-1

. . 2
~, 1 P, (T CL‘H_]) -— Pn(T, m,)
Ug — Z n\’,
80R -1 pout

A/(4R)

(4)
As the supersampling rate R is made high (> 10),
the approximation error becomes very low.

Durgin [5, 6] has shown that measured fading rate

variances along two perpendicular tracks can be used

to estimate the fading rate variance in an arbitrary

direction. If o2 and 05 are the fading rate variances

along the x and y axis, then the mean for a receiver

moving in an arbitrary direction is given by

s _ Lo

o5 =3 (62+07). (5)

Durgin showed the angular spread, A%, of the incom-

ing multipath waves is directly proportional to this

mean fading rate variance,

2

A= ot (©)

In this paper we plot the angular spread computed

from Eq. (6). However, consideration of the mean

fading rate variance can be done by scaling the re-

sult. The angular spread and PDP at 8 typical re-

ceiver locations are plotted in Fig. (6) for the urban
locations and in Fig. (7) for the rural locations.

IV. Discussion

Observe in Figs. (6) and (7) the behavior of angular
spread, A%, as a function of 7. Note that a classi-
cal Jakes omnidirectional AOA pattern for a single
multipath component results in AZ = 1 [5]. We see
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Figure 6: Measured angular spread and spatial average PDP at 4 urban locations.
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Figure 7: Measured angular spread and spatial average PDP at 4 rural locations.
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that the first PDP peak (especially in an LOS link)
usually has a very low A%. This is because the only
multipath power that can lead to a non-zero angular
spread comes from scatterers within a very narrow
ellipse with foci at the receiver and transmitter [7].
The measurements also show that A2 rises quickly
for low 7. This is due to the likelihood that at low
many multipath components contribute to the PDP
peaks. In addition, as 7 increases, the ellipse of pos-
sible scatterers becomes more circular. It is appar-
ent that received power is more likely to be spread
out all around the receiver. However, at large 7,
the measured A2 falls again. We expect this since
multipath arrive infrequently at long delays, and in-
dividual multipath are likely to be resolvable by the
measurement system.

The measured A? never goes to zero, however, and
this may be due to one of three effects. First, we ex-
pect that the operator and his measurement equip-
ment served as unwitting scatterers, artificially in-
creasing the angular spread (and thus the fading
rate variance) at the receiver. Second, the tran-
sients in the channel such as moving cars, people,
tree branches and leaves, contribute to the fading.
Even though 10 PDPs were averaged at each posi-
tion along the track to mitigate the effects of the
channel transients, they still had an effect. Finally,
for very low PDP power peaks, additive noise con-
tributes to the variations in the fading waveform.

Note that very high A2 values usually correspond
to relatively low power PDP peaks. This may at-
test that there is not a strong multipath component
dominating the power contributing to that peak.

Angular spread is higher on average in urban areas
than in rural areas. The higher density of scatterers
in urban environments is likely the cause.

V. Conclusion

These wideband measurements are unique, both for
their use of very low antenna heights at the transmit-
ter and receiver, and for their application to new the-
ory relating fading rate variance and angular spread.

The reported path loss and RMS delay spreads are
useful for design of peer-to-peer devices in either ru-
ral or urban environments. RMS delay spreads of up
to 330 ns in rural and up to 200 ns in urban peer-to-
peer environments were found. A pathloss exponent

of 2.8 is the best fit to experimental data.

The expected characteristics of angular spread (or
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fading rate variance) as a function of time delay and
environment type are met. Designers of rake re-
ceivers must consider that at low time delays and at
low power levels, the received power in a rake finger
is likely to experience the highest degree of envelope
fading. However, the multipath at long time delays
should experience much less fading and may make
better sources of multipath diversity for a rake re-
ceiver. The results suggest the validity of Durgin’s
work in [5, 6], that angular spread characteristics can
be calculated by measuring received power along two
linear and perpendicular tracks.
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