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Wideband Measurements of Angle and Delay
Dispersion for Outdoor and Indoor Peer-to-Peer
Radio Channels at 1920 MHz

Gregory D. Durgin Member, IEEEVikas Kukshya, and Theodore S. RappapbBeilow, IEEE

Abstract—This paper presents spatio-temporal measurements 1999. In the peer-to-peer configuration, both transmitter and

for the peer-to-peerradio channel at a center frequency of antennas are positioned at a height of roughly 1.5 m above
1920 MHz with 140 MHz of radio-frequency bandwidth. The mea- ground (head-level). This position is common for portable,

surements were taken using a spread-spectrum channel sounderh dheld ication devi that te i bil
and an automated spatial probing system that uses precise com- andheld communication devices thal may operate in mobiie

puter-controlled positioning and orientation of omnidirectional ~ad-hoc networks. Future applications for these peer-to-peer,
and directional (30° beamwidth) antennas to measure both mobile ad-hoc networks include communications between
the angles-of-arrival and time-delays of multipath components. students, soldiers, businessmen, or emergency rescue workers.
Transmitter-receiver configurations included six outdoor-to-out-

door cross-campus locations at Virginia Polytechnic Institute and L .

State University (17-219 ns rms delay spread, 0.36-0.91 angularA' Contribution of This Work

spread—using the unitless definition of angular spread defined  |n this paper, peer-to-peer channel statistics for 12 local areas

in [1]), three outdoor-to-indoor locations (27-34 ns rms delay ; : )
spread, 0.78-0.98 angular spread), and three indoor-to-indoor are derived from over 2500 ultrawideband power delay profile

locations (29-45 ns rms delay spread, 0.73-0.90 angular spread).(PDP) snapshots ta_ken with aspread-s_pectrum sliding corr_elator
The paper also quantitatively describes a trend that shows how Channel sounder with 140 MHz of radio frequency bandwidth.

angular spread increases with increasing delay spread. This measurement campaign is unique and valuable for the fol-
Index Terms—Angle of arrival, fading channels, mobile commu- lowing reasons.
nications, multipath channels, peer-to-peer, propagation. « Joint statistics involving multipath delay dispersion and
angle dispersion have been measured at each local area.
I. INTRODUCTION » A variety of transmitter-receiver configurations—out-

_ ] ) door-to-outdoor, outdoor-to-indoor, and indoor-to-in-
N THE coming age of high wireless data demand and  ggoor—were measured.

_increased frequency congestion, technologies involving « This paper uses a combination of directional antennas
wideband modulation schemes [2], smart antennas [3], and  and mechanical positioning, similar to the spatial channel
space-time coding [4], [5] promise to squeeze every drop of  sounding techniques presented first in [6], [7], as opposed
capacity out of a wireless data link. Unfortunately, these new  tg antenna arrays. This spatial channel sounding tech-
technologies have grown at a rate that exceeds our general pjque facilitates wideband spatial channel sounding at
knowledge of the spatio-temporal wireless channel. Without potentially any carrier frequency in the UHF, microwave,
sufficient knowledge of the channel, the performance of new  gr mm-wave bands.
spatial and wideband signaling techniques is impossible to « The spatial channel parameters are calculated in terms of

gauge for a particular radio environment. multipathshape factorsone of the first such applications
This paper presents the results of a widebarekr-to-peer of the theory described in [8].

channel measurement campaign at a carrier frequency @ reqyits should prove valuable to designers of high-capacity

192.0 MHz conducted on the campus of \ﬁrg.inia POlytech”.\?/ireless modems and future joint spatio-temporal channel mea-
Institute and State University (Virginia Tech) in November O:Eurement campaigns.

Manuscript received November 1, 2001; revised April 4, 2002. This work wag, Comparison to Other Measurement Campaigns in the
supported by ITT Defense and Electronics, Incorporated and a Bradley Fe”%teratu re

ship in Electrical and Computer Engineering from Virginia Polytechnic Insti-

tute and State University, Blacksburg, VA 24061-0202 USA. This paper was The first documented attempt to measure both ang|e_0f-ar-
presented in part at the IEEE Antennas and Propagation Society Symposium

Boston, MA, July 8-3, 2001. rival and time-delay of mobile radio multipath components was
G. D. Durgin was with Morinaga Laboratory, Osaka University, Osaka 56Tnade by the Japanese researchers lkegami and Yoshida [9].

?;J‘er ?:(%i?e%i)ls now at 1520 Village Green Dr., Woodbine, MD 21797 USfiore recent spatio-temporal results have been published in [10]

V. Kukshya is with the HRL Laboratories, LLC, Malibu, CA 90265 usa@nd [11], although these research papers measure only a few lo-
(vkukshya@hrl.com). cations and are meant largely to prove new techniques and con-
T. S. Rappaport is with the Wireless Networking and Communicatior)j;epts in spatio-temporal channel measurement. Pedetsain

Group, University of Texas-Austin, Austin, TX 78712 USA (wireless . . . .
ma”_ftexas_edu)_y ¢ %have also published delay and azimuthal dispersion results for
Digital Object Identifier 10.1109/TAP.2003.811494 base station antennas in urban areas [12]. Overall, however, little
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is known about the joint spatio-temporal characteristics for most Side View of Building
types of radio channels. Indoor-to-Indoor Configuration
While the bands around 1920 MHz have been measured ex- v T R, 7Y
X X

tensively for cellular and personal communication system (PCS)
applications, measurements previously reported in the literature
involve transmitters at least five meters above the ground—still R(8Y
much higher than in a genuine peer-to-peer environment. The
range of peer-to-peer outdoor delay spreads presented in this Y R, 9
paper is much lower than typical delay spreads measured for
mobile radio macrocells (2—3s, [13]) and is more similar to YR, 12
PCS microcell measurements (mean of 137 ns [14]). This is ex- Outdoor-to-Indoor
pected since peer-to-peer communications are much more lossy Configuration
than macrocellular configurations; both the transmitter and the Ry 11
receiver are close to the ground, buried within building, foliage, T 330 m
and terrain clutter. Y YR 10
Our campaign finds a similar range of outdoor root mean
square (rms) delay spreads (17 to 219 ns) to those reported:' 1. Transmitter-receiver configurations for the six local areas measured
Patwari,et al. in [15] (25 to 333 ns) and those described bi? ors:
Erceg,et al. in [16] (50 to 175 ns, omnidirectional data taken
in a cluttered lllinois environment). Unlike the measurements Then, three indoor-to-indoor locations were measured inside
in [15], this paper directly measures the angles-of-arrival @ four-story modern office building (Durham Hall on the
multipath components. Thus, delay dispersion (Section l1I-AYirginia Tech campus) with interior walls made from either
angle dispersion (Section I11-B), and joint angle-delay statisti€nderblocks or drywall. The same transmitter—placed inside
(Section |||_C) are presented for all indoor and outdoor mea_fourth'ﬂoor office—was used for all three indoor-to-indoor
surement locations. measurements. One receiver location was measured on the same
For indoor receiver locations, our measurements exhifor as the transmitter, on the opposite side of the building.
much lower rms (delay spreads (27-45 ns) than the outddypother receiver location was measured on the ground floor, on
locations. Devasirvathanet al. corroborates this result in anthe same side of the bUIldlng as the transmitter. A third location
exhaustive indoor measurement campaign that shows def¢gs measured on a different floor than the transmétet on
spreads are less than 100 ns for indoor office buildings [1#)1€ opposite side of the building.
Woodward et al. present a set of measurements at 2.4 GHz thatFinally, three outdoor-to-indoor locations were measured
record angle-of-arrival and delay statistics for outdoor-to-itiSing a transmitter placed 330 m away from the four-story
door configurations. In an urban building, they show low valuefice building. The exterior of this office building is a com-
of rms delay spread (mean 37 ns) but high values of rms azim{¥Ration of glass, concrete, and stone masonry. One receiver
angle spread (89which is 86% of the rms azimuth spread fofocation was measured on the ground floor, on the same side
the uniform Clarke model) [18]. This compares favorably tef the building as the transmitter. Another receiver location
our range of outdoor-to-indoor delay spreads of 27—44 ns af@s measured on the fourth floor, also on the same side of the

our angle spread values which show angles-of-arrival spre@alding as the transmitter. A third location on the back side of
out from 73%—98% of the uniform Clarke model. the building was measured as well. A graphical summary of the

six indoor local area configurations may be found in Fig 1.

[I. OVERVIEW OF MEASUREMENT CAMPAIGN B. Channel Sounding Hardware

This section provides a general overview of the measured” SPréad spectrum sliding correlator approach was used to

locations, channel sounding hardware, and measurement te&3tnd the channel (see [19] for a description). A transmitted car-
nique used throughout the campaign. rier frequency of 1920 MHz was used throughout the campaign.

The transmitted spread spectrum signal had a radio frequency
(RF) bandwidth of 200 MHz, allowing for theoretical resolu-
tion of multipath with as little as 10 ns of propagation delay. In

The measurement campaign was performed duripgactice, the resolution was slightly worse since we filtered the
November of 1999 on the campus of Virginia Tech. Aignal with a 140 MHz passband filter to remain within our al-
total of 12 locations were measured during this campaidmwed band of 1850-1990 MHz. Since this is an active PCS band
using the peer-to-peer configuration of transmitter and receivarthe U.S., the interference rejection capability of the sliding
antennas (both set at a height of 1.5 m above ground). correlator was particularly useful.

The first set of six measurements were outdoor-to-outdoor lo-In order to send the channel sounding signal through the lossy
cations which emphasized long-distance, obstructed links witker-to-peer environment, the transmitter used a 20-watt wide-
transmitter-receiver (TR) separation distances between 240 &achd RF amplifier. Special precautions were taken to control the
910 m. The signal had to propagate over irregular campus terre@mperature of the RF hardware and to limit human RF expo-
which included hills, multi-story buildings, and leafless trees.sure. Back-to-back system calibrations were performed on the

A. Measured Locations
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PDP Snapshots Along a Linear Track

Received Power (dBm)

e

Transmitter , x-axis Position (m) Time (ns)

\ Fig. 3. Series of PDP snapshots along a track, measured with an
omnidirectional receiver antenna.
Fig.2. Inalocal area, power delay profiles are measured along two orthogonal
linear tracks using an omnidirectional antenna. ’

transmitter and receiver units at the beginning and the end of
each measurement day to ensure system stability.

C. Automated Antenna Positioning

All measurements used a precise automated positioning
system to place the receiver antenna along a linear track and,
for a directional antenna, to orient the antenna with respect
to azimuth. The antenna platform is positioned using stepper
motors that drive a rotating table and a long serpentine-drive
track. The positioning error for placement along the track is
+10 um and for rotation about an axis it #50.01°.

A laptop computer simultaneously coordinated the movement
and rotation of the receiver antenna and the data acquisition
from the channel sounder. This system was used to take two
types of measurement sequendesck measuremengndrota-
tional measurements

Track MeasurementsFor the track measurement sequenceig. 4. Inalocal area, power delay profiles are measured by spatially averaging
an omnidirectional antenna is mounted atop the positionidggular sweeps with a directional antenna.
table. Two linear track measurements are performed, each
using different track orientations. The first orientation alignghannel sounder as the test antenna is rotated in steps across
the track along an axis (referred to as theaxis) directed the entire horizon in evenly-spaced°lihcrements. Thus, a
along the line connecting the transmitter to the receiver. TB#gle sweep in the rotational measurement results in a total of
second orientation aligns the track along an axis (referred 36 PDP snapshots. The antenna platform is then moved along
as they axis) transverse to the direction of the transmittdhe track by 2.67 wavelengths (0.42 meters) and another series
location. The orientations are depicted in Fig. 2. For eaéH 36 rotational PDP snapshots are recorded. This procedure
linear track measurement, snapshots of the channel PDP igréepeated until a fourth rotational measurement is made.
taken along the length of the measurement track (about nin@. 4 illustrates this sequence of measurements. In all, the
wavelengths at 1920 MHz). Each PDP snapshot is spaced 0/@&tional measurement sequence results in a total of 144 PDP
wavelengths apart, producing a total of 36 snapshots per linégapshots. An example of collected PDPs as a function of
track measurement. Thus, a measurement along two orthogdiamuth orientation is shown in Fig. 5.
tracks produces a total of 72 PDP snapshots. An example of o
collected PDPs as a function of position is shown in Fig. 3. D+ Antenna Specifications

Rotational MeasurementsThe second measurement se- All antennas used during this campaign had sufficient band-
guence at a location is a rotational measurement usingwalth over the 1850-1990 MHz frequencies to transmit and re-
directional antenna. PDP snapshots are recorded from teive the wideband spread spectrum signal without distortion in
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PDP Snapshots for Azimuthal Sweep measurements will be approximate. However, no single
delay statistic presented in this paper was calculated from
fewer than 36 PDP snapshots and no single angle-of-ar-
rival statistic from fewer than 144 snapshots. The large
number of snapshots per statistic produces reliable results.
We have enough shapshots, in fact, to justify averaging
channel statistics separately from the two track measure-
ments within the same local area. With separate averages
we can compare the similarities between the two track
measurements, rather than assume isotropic statistics for
all local areas.

Received Power (dBm)

Ill. RESULTS

This section presents the delay dispersion, angle dispersion,
and joint angle and delay statistics calculated from the measure-
Delay (ns) ment campaign. For a mathematical description and explanation

_ of each channel parameter discussed, refer to Appendix A.
Fig. 5. Local area angle-delay spectrum (ADS) as measured from a set of

rotational measurements.

Delay (ns) -1000 1000

A. Delay Dispersion Results

space or time delay (by a frequency-varying antenna pattern orfable | records all of the dispersion results for the 12 mea-
impedance/efficiency). An omnidirectional PCS base station agtred locations. This table records delay spread, centroid jitter,
tenna made by Andrew Corporation was used at the transmitggntroid standard deviation, timing jitter, and timing standard
This antenna had a gain of 8 dBi along the horizon—the diredeviation for PDPs measured along orthogonal tracks.
tion of peak gain for the elevation pattern. This same type of an-For outdoor-to-outdoor links, the delay spreads in Table |
tenna was also used at the receiver for the track measuremetr@gge as low as 17 ns to as high as 219 ns. Low values for delay
The rotational measurements used a directional horn apread are found at location 4, the only line-of-sight link in the
tenna. The horn antenna had a gain of 15 dBi and a half-pov@ttdoor-to-outdoor measurements, as well as locations 5 and 6.
beamwidth of 30. All antennas used at the receivers arli should be noted that the values in Table | are comparable to
elevated to 1.5 m height using poly-vinyl chloride masts tdelay spreads measured by Patwari in [15] (from 25 to 333 ns),
minimize scattering from the positioning track to the receivefespite the increased average link distances. In fact, the corre-

antenna. lation between delay spread and TR separation is weak. For ex-
ample, the longest obstructed link—Ilocation 5 with 910 m of
E. Sources of Error in the Experiment TR separation—has one of the smallest delay spreads at an av-

/arage of 46 ns.
Delay spreads for indoor receivers demonstrate much more
mogeneous behavior, independent of whether the transmitter

Great care was taken to minimize (but not necessarily
move) the primary sources of error in this experiment. Theﬁ%

sources of remaining error are as follows. o )
. Ch T ients Obiect . ithin the ch |is indoors or outdoors. The twelve indoor delay spreads (two
anne’ fransients bjects moving Within In€ chann€leq - o 5oy track for locations 7-12) fall within a 27-45 ns range.

during the acquisition t|me_0f a PD_P may distort th%’ us, a much simpler equalizer may be used if the radio is guar-
channel measurements. This effect is most pronounc, eed to be operating indoors

outdoors, where even a slight breeze will rustle the IeavesA final observation should be made about the variability

of trees and introduce small-but—noticeable fluctuations Bq the delay spread about its mean value within a local area.
all of the measured mu!tlpath components. In Noyembelrhe valueTiming Jitterrepresents the difference between the
howe_ver, all of the deciduous trees had lost their I_eavg allest and largest delay spreads measured along a track. The
so this effect was largely absent from the data sets in tmﬁlue Timing Standard Deviatiomeasures the mean-squared
paﬂer. . ” | b f | dvariation about the average delay spread in a local area. Both
: :18 -Scattenntg E _ectsAt_artghe num cht’ peop ef?: Tir_ning Jitter and Timing Standard Deviation measure the
casurement equipment in the iImmediate area of the (/%riability of delay spread within a local area, but the Timing
ceiver may scatter multipath power to the receiver anten andard Deviation may appear to be a better measure of

that would be unrealistic. To remove this effect from each .o penayior since it de-emphasizes the extreme cases of

of the mea_suremen.ts, all personnel were evacu:_ited fr%ﬁasured delay spread (see Appendix A).
the immediate receiver area, the channel sounding hard-

ware was kept as low to the ground as possible, and the re-
ceiver antenna was elevated above the positioning systgm
S0 as to operate in an area of uncluttered free space. A number of other multipath parameters may also be cal-
* Finite Sampling: Due to finite sampling of PDP shapshotsulated from the measured track and rotational data. Table Il
in a local area, all dispersion statistics derived from thesecords transmitter-receiver separation distance, path loss with

Angle Dispersion Results



940 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 5, MAY 2003

TABLE |
SUMMARY OF DISPERSIONSTATISTICS CALCULATED FROM TRACK MEASUREMENTS

X-axis y-axis
Delay | Centroid | Centroid | Timing | Timing Delay | Centroid | Centroid | Timing | Timing

Location || Spread Jitter Std. Dev. | Jitter | Std. Dev. || Spread Jitter Std. Dev. | Jitter | Std. Dev.
1 OO0 164 ns 118 ns 34 ns 128 ns 37 ns 138 ns 95 ns 22 ns 146 ns 30 ns
2 00 196 89 22 90 20 148 101 23 101 26

3 00 185 115 23 53 13 219 84 24 71 18

4 00 55 17 4 24 6 22 15 4 20 5

5 00 51 38 11 51 12 40 25 7 35 9

6 OO0 25 8 2 16 4 17 6 2 10 3

7 11 30 33 8 13 4 29 26 6 18 4

8 1I 45 29 5 24 6 45 29 7 20 5

9 11 44 40 11 25 6 42 31 8 25 6
10 Ol 28 10 2 25 6 31 47 12 39 11
11 (0] 35 37 10 46 10 44 46 12 44 12
12 OI 43 39 9 40 8 27 31 7 31 7
Average 75 48 12 44 11 67 45 11 47 11
Std. Dev. 62 36 9 32 9 62 30 7 39 8

OO - outdoor-to-outdoor IT — indoor-to-indoor OI - outdoor-to-indoor
TABLE I

SUMMARY OF SPATIAL MULTIPATH PARAMETERS CALCULATED FROM SPATIALLY AVERAGED AZIMUTHAL SWEEPS OF AHORN ANTENNA

Path Loss | TR Sep || Angular Angular Angle of Peak Mult.
Location || w.r.t. Im FS | Dist. Spread | Constriction | Max. Fading Arrival
1 00 90 dB 770 m 0.82 0.69 44° 0°
2 00 51 dB 550 m 0.65 0.44 -63° 0°
3 00 39 dB 240 m 0.91 0.51 36° 20°
4 00 81 dB 585 m 0.52 0.77 89° 0°
5 00 72 dB 910 m 0.46 0.70 76° -10°
6 00 83 dB 410 m 0.36 0.76 85° 0°
7 II 70 dB 29 m 0.73 0.52 84° -10°
8 II 82 dB 33 m 0.74 0.50 30° 30°
9 II 76 dB 15m 0.90 0.33 -74° 140°
10 OI 65 dB 340 m 0.78 0.72 85° 0°
11 Ol 84 dB 365 m 0.86 0.19 -46° 10°
12 0Ol 85 dB 340 m 0.98 0.42 -38° -50°
Average 73 dB - 0.73 0.55 - 11°
Std. Dev. 15 dB - 0.19 0.19 - 43°
OO0 - outdoor-to-outdoor IT - indoor-to-indoor OI - outdoor-to-indoor

respect to 1-m free space (calculated from PDPs averaged power results in an effective direction-finding algorithm, even
early within a local area), the angular spread, and the peak mialheavily obstructed channels.
tipath direction of arrival. Another trend may be observed in the angular spread data.
One trend that is apparent from Table Il is the peak dire€or indoor receivers at locations 7-12, the angular spread (the
tion of multipath arrival. This parameter measures the directiamitless metric defined in [8]) falls within the range 0.73-0.98.
in azimuth that the horn antenna was pointing when the makhus, indoor angular spread values are almost always near the
imum total power was received. According to Table Il, the peakaximum value of 1.00. For outdoor receivers at locations
direction of multipath arrival is almost always in the directiori—6, the angular spread falls within a range of lower values,
of the transmitter (corresponding t8)0 This is true even for 0.36-0.91. Thus, an omnidirectional multipath model for nar-
obstructed receiver locations. The one exception in Table llrnewband fading such as the Clarke model in [20] is not accurate
location 9, where the peak direction of multipath arrival is2L40for long-distance peer-to-peer links. The increase in angular
However, location 9 is an indoor location corresponding to apread indoors as opposed to outdoors may be explained by the
indoor transmitter that is nearly directly above the receiver, withcreased density of scatterers (doors, walls, shelves, etc.) in all
two floors in between. Given this unique location, the deviakrections in an indoor environment.
tion from the trend is understandable. This property of the peakStill another trend may be observed in the angular constric-
multipath arrival angle implies that an array scanning for pedion data. From Table II, we see that the average value for an-
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Angular Spread vs. Delay Spread set illuminates many of the following previously unmeasured,
hypothetical trends in the peer-to-peer radio channel:

1.00 b JEEN S —’— -== 1) rms delay spread for outdoor-to-outdoor channel loca-
- .. . . .

-~ TP tions is an order of magnitude lower than PCS macrocel-
< 0.80 ".. L lular radio channels, primarily due to the reduced trans-
3 ] . mitter antenna height.

5 0601 - ] . 2) rms delay spread for outdoor-to-indoor and indoor-to-in-
cg " n " J door channels drops to around 35 ns—much lower than
= 0401 ® Outdoor R, - ---- the outdoor-to-outdoor case.
& s ‘ 3) Angular spread as measured at the receiver is higher for
< [ ® IndoorR, ——- X i :
020~ — indoor receivers and lower for outdoor receivers.
I 4) A distinct, quantified trend shows how angular spread in-
creases as delay spread increases.

0.0 50.0 100.0 150.0 200.0 250.0 300.0 R . -
5) Angularconstrictionis relatively high for all peer-to-peer

Delay Spread, o, (ns) channels, indicating that much of the multipath power is
arriving from several discrete directions in azimuth in-
Fig. 6 Trend between angle spread and delay spread for indoor and outdoor stead of across a smooth continuum of azimuthal angles.
receners These quantified data trends will help engineers develop new
spatio-temporal channel models and design wireless modems
gular constrictiony is 0.55 (also unitless). This fairly large valuefor radios operating in the peer-to-peer network configuration
indicates that multipath power is clustering about a few diregz1].
tions instead of being uniformly spread out in azimuth. This is

another indication that idealized, uniform multipath models may APPENDIX
not characterize the spatial fading behavior for the peer-to-peer
channel. V. DESCRIPTION OFMEASURED PARAMETERS

C. Joint Angle-Delay Statistics _ This apper_1dix define_s the terminology ar_ld parameters used
o in the analysis of the wideband, space-varying channels.
The graph in Fig. 6 shows angular spread vs. delay spread for
the 12 measured local areas. We would expect that higher dejaynoncoherent Channel Measurements
spreads indicate more multipath components from a larger va- he wideband radio ch | q funct ¢
riety of scattering mechanisms; under these circumstances, th € wideband radio channel IS measured as a function o

angular spread should increase as well. While counterexampsfggCe in this campaign usingsmgle-channel, noncoherent re-

certainly exist, most of the measured points in Fig. 6 follow thigIvet Below is a list of terr_mnolqu used FO describe the types
basic trend. of channels measured during this campaign.

Note that theateat which angular spread increases as afunﬁ— Chsnngl ImpulsetRfspor;i(; (ClljyhehCI; ISI theTzomeIIFezx
tion of delay spread depends heavily on whether the receive geeban r?pre?en afltz_n 0 q T ra '3 N at (e} F)'.t. N ;
indoors or outdoors. To study this effect quantitatively, we pré’-arles as a function of time-delayand vector position of re-

pose the following empirical guideline for angular spredas ceiver antenna in spacef a directional antenna is used at the
a function of delay spread: receiver, the CIR may also depend on the azimuthal orientation
-

of the antennaj.
Power Delay Profile (PDP):A noncoherent channel mea-
> (1) sures a PDP instead of a CIR. The PDP has unifmoufer(re-
lated to physical units dVattsby a constant of proportionality)

The critical delay spread., is the key parameter in (1) for de-and is defined as the magnitude-squared of the CIR
termining the rate of angular spread increase. The critical delay ~ 2

spread may be calculated using linear regression on a set of mea- p(T,7) = ‘h(ﬂ 7)

surement points«In A, 1/0,). The six indoor points produce

a critical delay spread value of 7.4 ns, while the six outdod¥ritten without af-dependence, it may be assumed that (2)

points produce a much larger of 32.5 ns. Plots of (1) for these fepresents a measurement with an omnidirectional antenna.
two critical de|ay Spreads are shown in F|g 6. Power Angle Profile (PAP)The PAP isthe Spatia| equivalent

of a PDP. The PAP has units pbwerand is defined as

)

2

IV. CONCLUSION s,
p(6.7) = [0, 7) ®

This paper presented a novel technique and gquantitative
results for measuring 1920 MHz peer-to-peer spatio-terd/ritten without ar-dependence, (3) represents the angle-of-
poral radio channels. Angle and delay dispersion data wexgival characteristics of a narrowband channel.
recorded for outdoor-to-outdoor, outdoor-to-indoor, and in- Angle-Delay Profile (ADP): When a directional antenna at
door-to-indoor transmitter-receiver configurations. This dafsosition# and azimuthal orientatiof is connected to a wide-
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band noncoherent channel sounder, an ADP is measured. Th€entroid,7: The centroid is théirst momenbf a delay spec-

ADP has units opowerand is defined as trum. Thenth moment of a spectrum is defined as
- 2 +o00
p(r.0,7) = |(r,0,7)| . @) [ s, (r)dr
T = : (8)
B. Power Spectra J S (r)dr

When power delay or angle profiles are linearly averaged in
space, an estimate of@wer spectrunis produced. Averaging Thus, the centroid is (8) evaluated for= 1.
various power profiles will produce the following normalized 'ms Delay Spready.-: The rms delay spread is tisecond
power spectra. centered momertf a delay spectrum, defined mathematically
Delay Spectrum:Spatially averaging a collection of PDPs?S
measured within the same local area produces an estimate for

the delay spectrurfi; () of the channel o, =y/T2 - (7). )
N . The rms delay spread is related to the frequency selectivity of a
2 p(7,7) wideband multipath channel [24].
Si(r) = —= (5)  Centroid Jitter: If the centroid were calculated from a single
J {E p(T./T_"Z‘):| dr PDP instead of the delay spectrum using the definition in (8),
—oo Li=1 then each local area would have a set of centroids as a function

where{7;} is the set of measurement positions. The delay spe&¥-space{7(7;)}. Thecentroid jitteris the maximum centroid
trum characterizes the frequency selectivity of the stochasti@/ue minus the minimum centroid value measured in the same
time-varying radio channel [22]. local area. This value measures range of possible centroid fluc-
Angle Spectrum:Spatially averaging a collection of PAPstuations within a local area. _ _ . .
measured within the same local area produces an estimate fdeentroid Standard DeviationThis measure is defined sim-

the angle spectrurfi; (9) of the channel ilar to centroid jitter except it is the standard deviation of the
set of centroids{7(7;) }, measured within the same local area.
% p(6,7) This measure is less sensitive to pathological instances of cen-
~ P R troid measured at one or two points.
Si(0) = N ®6) Timing Jitter: This parameter, defined by Devasirvatham in

- :
J { P(aﬁ)] do [25], is based on the set of instantaneous rms delay spreads,
Bl {o.(7;)}, calculated from PDPs in alocal area. The timing jitter
The angle spectrum characterizes the spatial selectivity of ig@he maximum delay spread minus the minimum delay spread
stochastic, space-varying radio channel [8], [23]. measured in the same local area. This value measures the range
Angle-Delay Spectrum (ADS)Spatially averaging a set of of possible rms delay spread fluctuations within a local area.
full ADPs within the same local area produces an estimate forTiming Standard Deviation:This measure is defined similar

1

the joint ADS, S; (7, 6) to timing jitter except it is the standard deviation of the set of
~ rms delay spreaddo, (%)}, measured within the same local
S p(7,0,7) area. This measure is less sensitive to pathological instances of
S; (r,6) = i=1 (7) 'ms delay spread measured at one or two points.
U +oo 400 [ N ’
_joo _joo L;p (7-./0./7«1-)} dfdr D. Angle-of-Arrival Parameters

This joint power spectrum characterizes the full spatio-temporal-rhere gr,e a:}sp severa! anguldar dlsperjlpn Earameters th‘::t are
randomness of the radio channel. measured in this campaign and reported in this paper. Each pa-

Note, that the use of power spectra in channel modeling ameter is also calculated for a measured local area and defined

sumes radio channels are wide-sense stationary in space an Boak Anale of Arivald...: Thi lculated
guency over basic intervals of interest. The frequency inter\?al eah ngle o rfnva ’lpCak' 1S pearal_“netr(]ar, calcu z;]uel
of interest is theRF bandwidthof the transmitted signal and rom t, € esymate ot angie spectruﬁi(. ) Is the az.|mut a
the spatial interval of interest is thecal area Definitions for angle in which the Iarges_t average multipath power is received.
the coherence bandwidth and the coherence distance of a fadi ngular SpreadA: This parameter ranges between 0 and 1

radio channel are based on delay and angle spectra, respecti\?é] .d_escrlbes _hOW. multipath power conc_entrates about a single
direction-of-arrival in space, with 0 denoting perfect concentra-

C. Time Delay Parameters tion in one direction and 1 representing no clear directional bias
in arriving multipath power. The angular spread is calculated
complex Fourier coefficients of the angle spectrum

A number of delay dispersion parameters are measured in
campaign and reported in this paper. Each parameter is calcu-
lated for a measured local area and is defined below. Note that 2
before each statistic is calculated, all power at or below the noise F, = / S;(6) exp(jnb)df (10)

+ interference floor of the received profile is zeroed. o
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and is mathematically defined as [1] [10]

(11) [

This definition of angular spread is directly related to spatial12]
selectivity in a narrowband multipath channel: larger values of
angular spread imply more spatial selectivity.

Angular Constriction,y: This parameter also ranges be- [13]
tween 0 and 1 and describes how multipath power concentrates
about two directions-of-arrival in space, with 1 denoting perfect
concentration in two directions and 0 representing no clear bigsa4]
in two directions. The angular constriction is mathematically
defined as

_ |RFy - F?| [15]

F3— R

Angular constriction is also directly related to spatial selec{16]
tivity in a narrowband multipath channel: larger values of an-
gular constriction imply spatial selectivity in a local area that is
anisotropig depending on the orientation of movementin space.
Angle of Maximum Fadind,....: This parameter represents
the azimuthal direction in space that a receiver must move to ex-
perience the maximum possible spatial selectivity. It is defined
to be [18]

12)

1
Ornax = 5 418 (FoFy — FP). (13) 9]

[20]
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