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Evaluation of an Ultra-Wide-Band
Propagation Channel

R. Jean-Marc Cramer, Robert A. Scholtfe Fellow, IEEE and Moe Z. Win Senior Member, IEEE

Abstract—This paper describes the results of an ultra-wide- with a,, and,, representing the amplitude and relative delay
band (UWB) propagation study in which arrays of propagation  of thenth component of the received signal. This is a consider-
measurements were made. After a description of the propagation 5,y simplified model of reality that is best interpreted as saying

measurement technique, an approach to the spatial and temporal . ) .
decomposition of an array of measurements into wavefronts that the signal(¢) can be represented as a weighted sum of

impinging on the receiving array is presented. Based on a time-shifted versions of the waveforp(t), without attempting
modification of the CLEAN algorithm, this approach provides es- to make strong connections betwegnandr,, and the phys-
timates of time-of-arrival, angle-of-arrival, and waveform shape. jcal environment. This model’s value is in designing a radio re-
This technique is applied to 14 arrays of indoor propagation  caiver for a digital communication system using modulations

measurements made in an office/laboratory building. Statistical tructed f imil | drivi imil t
description of the results is presented, based on a clustering constructed irom similar puise sources driving a simiiar antenna

model for multipath effects. The parameters of these statistical SySteém in a similar environment.

models are compared to results derived for narrowband signal It is more common for.,, andr,, to be referred to as the am-

propagation in the indoor environment. plitude and delay of theth propagation path, suggesting a more
Index TermS_Array Signa| processing’ mu|t|path Channe|sl phySica| intel’pl’etation Of the enVironment. ThIS phySical inter'

radio propagation. pretation of the channel model is questionable for several rea-

sons. When a wave reflects off an object or penetrates through

a material in the process of “multipath” propagation, the effects

are frequency sensitive and therefore the waveform is filtered in
N ultra-wide-band (UWB) radio signal is one whose fracsome way and the resulting single “multipath component” may

tional bandwidth (i.e., its 3-dB bandwidth divided its center freactually be represented by several or many terms in the model

quency) is large, typically over 0.25. Such signals are genésr +(¢). This suggests that a channel model for UWB signals

ated by driving an antenna with very short electrical pulses (@mat is more closely related to physical propagation paths should

the order of a few nanoseconds to fractions of a nanosecdsilof the form

in duration). Hence, these radio systems often are referred to

as short-pulse or impulse radio systems. Typically the radiated () = zn: @n Pt = Tn) 2)

pulse signals are generated without the use of local oscillators . . : .
oF mixers. where now the pulse shape associated with a propagation path is

The antennas in UWB systems are significant pulse-shapﬂ pendent on that path. Even more perplexing is the fact that if
filters. In addition, many environments provide a wealth of ré antennais electrically large (e.g., compared to the wavelength

solvable multipath. As a result, the received signal often beﬂfhe center frequency of the received signal) the waveforms ra-
little resemblance to the signal driving the transmitter's antenrfd2ted in different directions from the transmitted antenna look

If the result of an impulse transmission in free space is a receim_siderably differer_1t in the far field [6] ‘_”md un_dergo similar di-
waveformp(t), then in a typical environment, a typical multi_rchon-dependentd|stort|0nson reception. This effectalso could
’ ' be imbedded in a model with path-dependent pulse shape.

path model for the signai(t) received over an indoor propaga- i )
tion channel is A number of propagation studies have been reported, for both
indoor and outdoor environments [2], [4], [5], [7], [8], [14],
r(t) ~ Zanp(t - Tn) (1) and [17], some examining just the temporal properties of the
- channel and some characterizing the spatio-temporal channel
response. The results of these studies may not adequately reflect
the special bandwidth-dependent effects associated propagation
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Fig. 1. Transmitted pulse shape captured at 1 m separation from the transmit
antenna.

. ‘ W o il 1 Fig. 3. Measurement floor plan with concentric circles spaced 1 m apart,
Col i | il (o - centered at transmitter, and measurement array locations indicated by labeled
MY | \ i “‘ [ il squares. Estimated locations of the measurement sites, determined from the
‘\ {I“ j{;i‘ (I (Al (AT U recovered signal information, are indicated by>an
BT T
|

] One such array of time-response measurements has been ani-
a ] mated and is displayed at http://ultra.usc.edu/ulab/.
' ] Several measurement traces and the results of data analysis

Received Signal Amplitude

'I
r " ! ] structure, etc., does not significantly affect the measurement.
\

0 50 TT00 T T s0 00 0 300 of individual measurements in this collection (e.g., variations
Time (ns) in total trace energy across the array, the effective bit-error rate
achieved by atl-tap selective Rake receiver in some array mea-
Fig. 2. Received signal on a single sensor at location P. surement locations as a function bf are presented in [21].
delays from the direct-path signal. This received waveform, em- I1l. STRUCTURE OF THECLEAN ALGORITHM

bodying characteristics of the antenna system and pulse driver, . .
is shown in Fig. 1 Our approach to the data analysis uses a variation of the

The placement of the transmitter and various receiving afftEAN algorithm to process arrays of UWB measurements
tenna positions are shown on a floor plan in Fig. 1. The buildifjth @ minimum ofa priori information. Initially used to
construction is steel stud and dry wall. A typical pulse-induceg'hance radio-astronomical maps of the sky [3], the CLEAN
channel response function is shown in Fig. 2. In the expe@lgorithm also has been used in more narrow-band communi-
ment, rectangular arrays of measurements are made by moa§on channel characterization problems [14], [18].
the receiving antenna to the 49 points in & 7 array with  AS applied here, the CLEAN algorithm uses delay-and-sum
6-in spacing. Hence, each measurement array covers one sqgasnforming to construct the beamformer’s response as a func-
yard, and 14 such arrays of measurements are taken at the I8¢ of beam direction and time. The beam direction and time
tions marked on Fig. 3. The experimental arrangement includglling maximum response are found and a UWB pulse signal is
a stable clock that triggered both the receiver (a sampling os@bsumed to be present at that time. The only assumption made
loscope) and the transmitting pulser. This receiver timing copbout the structure of the signal is that it exists within a small
trol allowed the sequence of measurements composing the amaydow of time at the beamformer output. No canonical wave
to be interpreted as simultaneous measurements so that astagpe [e.g., the(t) assumed in (1)] was assumed. Here we de-
processing could be used to analyze spatial properties of treop a directional version of the model in (2) in which different
received signal. Buried in this approach is the assumption theaveform shapes are allowed for different values of
the environment does not change while the sequence of meawe refer to the variant of the CLEAN algorithm used here
surements is being made and that the receiving antenna suppsithe Sensor-CLEAN algorithm, since the relaxation step takes
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place on the sensor data directly, rather than on the beamformer wherek; = ¢, + [j; — 1]V and0 < ¢; < N, andé; and
output. This algorithm is summarized by the following steps. ¢; are the azimuth and elevation angles of bgam

_ 8) lterate: Go to step 3).
A. Sensor-CLEAN Algorithm End Sensor-CLEAN

1) Input: Digitized pulse response functions in the form of The convergence of the Sensor-CLEAN algorithm is guaran-
N-tuples fromM different sensors; loop gain factar teed through a monotonic reduction in the residual energy on
(algorithm parameter); the relaxation window half-widtleach iteration. As with most indirect algorithms, the solution
1, in samples; a detection threshdlf.. which is used generated by the Sensor-CLEAN algorithm is not unique; it is
to control the stopping time of the algorithm; the set o function of the input parameters, in this casé;,, andZ ..,
beam-pointing angles (azimuih, elevationp;), defining as well as the measured data. The algorithm parameters must
theJ beam-pointing directions that discretize the angle dfe selected based on some criterion which generally trades es-
arrival search space. timate fidelity against computation time.

2) Initialize: Form an M N-dimensional measurement Since the precise shape and duration of the received signals
vector d(0) (the initial residual data vector) by con-is not knowna priori, the Sensor-CLEAN algorithm described
catenating theV-tuples of waveform time samples forabove was applied to the measured data multiple times with dif-
each of M antenna (sensor) positions. Construct thierent relaxation windows, to better match the processing to the
delay-and-sum beamforming matiik such that anticipated variations in the received signals. Each of these ap-

plications results in a lisfa;, 8;, ¢;, t;, w(i)}1_, of the ampli-
5(0) = Bd(0) ®) tudeaq;, the azimuth Iooi{directioﬁi, the(e)levaltion look direc-
where then + N (7 — 1)th element of(0) is the output tion ¢;, the time-of-arrivak;, and the waveformv(¢) recovered

of the jth beam at sample time, associated with beam- on each iteration. A post-processing algorithm also was devel-

forming at azimuth anglé; and elevation angle;. (The oped to combine elements of each resulting detection list into a

JN x MN beamforming matrixB need only be con- final list of resolvable signal arrivals.

structed once.) Set the iteration counitey i = 0. Set the For the results presented below, the beamformer output was

detection listD to the empty list. generated at°lincrements in azimuth, and the following 19

3) Signal Detection: Find the inde.; of the entry which €levations angles are used:°9@8°, 86°, 84°, 82, 8(0°, 78,
has maximum magnitude in the modified beamformet6®, 74, 72°, 70, 65°, 6(°, 55°, 5(°, 45°, 4%, 3(°, 20°. The
outputsy (i) three Sensor-CLEAN relaxation windowshf = 6 samples,
) 1, = 8 samples and}, = +12 samples are used, with=
Fiv1 = argmax, <. <y | sk (4)]- (4) 0.10, and a detection threshold of 0.104 V. The three relaxation
The entry having maximum magnitude is windows and the value of were selected to balance algorithm
) performance and computation time. The detection threshold was
Qi1 = Skipa (1)- ) chosento give the algorithms a 30-dB range between the largest

If the largest signal is below threshold, i.gi;|b < Ty, and smallest recovered signals at location P.
then set the number of iteratiois= i and STOP.

4) Increment the iteration counteér— ¢ + 1.

5) Window the Array Data: Form théth mask vector IV." APPLICATION OF SENSORCLEAN TO THE
b,;, an M N-dimensional vector to be used to mask MEASURED DATA

the ith residual data vector. The mask has a 1in  Thg Sensor-CLEAN algorithm and the post-processing algo-
every sensor data position which was used 0 cOmpuighms were applied to the measured propagation data. In this
the delay-and-sum beamformer output in the ranggction, channel models for UWB signal propagation in an in-
5ki—1;,(8), - -, 5k:41,, (). Mask the residual sensor datgjoor environment are proposed. The primary goal of this effort
to extract the data affecting thith detected waveform by yyas to develop models by which quantitative comparisons of
constructing the\/ N-dimensional vectob; © d(i — 1), the UWB channel with more narrowband indoor propagation re-
where® represents the element-by-element multiplicasyts [2], [5], [7], [8], [14] could be made and the performance of
tion of the two vectors. UWB communication systems could be predicted. A secondary
6) Residual Beamform: Reduce the residual sensor dggal was to use the output of the processing algorithms to study
vector by a fractionl — - to produce the residual datathe effects of propagation on the transmitted UWB signals.

vector for the next iteration The floor plan of the building in which the measurements
d(i)=d(i—1) — yb; @d(i — 1) (6) Wwere made is shown i.n Eig. 3, with the actual location of the
_ measurement arrays indicated by the squares. The recovered
and regenerate the residual beamformer output measurement locations, indicated bysarnin each room, were
s(i) = Bd(i). (7) determined by the time-of-arrival and azimuth angle-of-arrival

of the first incident signal in time recovered by the Sensor-

7) Detected Signal Storage: Appefid;, 6;, ¢i. £, w()} 10 | EAN and post-processing algorithms. The corresponding di-
D, wherew(z) is the waveform detected at the beamz, path length was calculated according to

former output and removed on thih iteration
W(i):7(0"'7073ki*Tp(i)7'"73ki+Tp(i)707"'70)t (8) dLOS:(nl_nd) Xc/f5+1m (9)
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Fig. 6. Recovered signal location and amplitude information at location H.
Fig. 4. Recovered signal location and amplitude information at location P.

Fig. 7. Recovered signal location and amplitude information at location M.
Fig. 5. Recovered signal location and amplitude information at location B.

Dependence on the elevation angle has been suppressed. In most
wheren; is the sample at which the direct-path signal arrive§gures, the existence of clusters of arrivals can be seen, some lo-
nqa = 122 is the known propagation delay in samples at a @ations exhibiting a stronger clustering effect than others. These
m separation between the transmitter and the receiverthe clusters are determined by large-scale building features such as
speed of light andf, is the sampling frequency. With the ex-the walls, doors, and hallways.
ception of the result at location A in the building, where the The algorithms also recover signal waveform information and
signal strength is weak and the interference is high, the cai-particular, the direct path waveform recovered at each of the
culated measurement locations correlate reasonably well witleasurement locations was recorded. This gives some insight
the floor plan. into the effect of this indoor propagation channel on the trans-

The scatter plots of Figs. 4-7 display the location of the resitted UWB waveforms. For comparison purposes, consider
covered signal in the time and azimuth plane and the heightfoét the signal recorded at a 1-m separation between the trans-
the line is proportional to the amplitude of the recovered signathitter and the receiver, shown in Fig. 1.
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Fig. 10. Density of signal arrivals over time and azimuth angle at location P.
Fig. 8. Recovered direct path waveform at location P.
Rayleigh-distributed random variable with a mean-square value
that obeys a double exponential decay law, according to

B2, = B2(0,0)c T/ T e/ (10)

wheref3%(0, 0) describes the average power of the first arrival of

. the first clusterZ; represents the arrival time of tiith cluster,
andry; is the arrival time of théth arrival within thelth cluster,
relative tal;. The parameters and~ determine the intercluster
signal level rate of decay and the intracluster rate of decay, re-
] spectively. The parameté&ris generally determined by the ar-

. chitecture of the building, while is determined by objects close

] to the receiving antenna, such as furniture. The results presented
in [14] make the assumption that the channel impulse response
as a function of time and azimuth angle is a separable func-

o 05 1 15 2 25 3 35 4 tion, or
Time (ns)

Recovered Signal Amplitude (Volts)

h(t,0) = h(t)h(6) (11)
Fig. 9. Recovered direct path waveform at location F2.
’ P from which independent descriptions of the multipath time-of-
. I I . rrival and angle-of-arrival are developed. This is justified by
Given the transmission of this signal and the processing daeiaserving that the angular deviation of the signal arrivals within

. . Q
scribed above, some of the recovered direct path waveforms arei . :

a Cluster from the cluster mean does not increase as a function
og time.

shown below in Figs. 8-9.
an-lc;hg rg;gxeg??hilr@gvggpmwal\éioggsIzri fv%gm::r:ﬂl\r;ezlgci-)r- Following this model and based upon the apparent existence
- P play - 7 of clusters in the UWB channel seen in Figs. 4-7, UWB channel
rgspondmg tq the Waveform regovered _by the processing alg?1(1)6dels which account for the clustering of multipath compo-
E?gﬁeu;nvizgegvé?d?\xvﬁ o; (rjr:f(;?(rae:;rilzlz ?éAilciLgrzrova:rs]g; V\r/é%nts are developed here. As was noted in [14], itis very difficult
sianals. while agmallgr 'gdo mav be Fr)noreps ccessful in :to_developarobust algorithm for the automatic identification of
slc?l in ,dvénlse multioath Wl\llote\g]at tzere is a rou ressi gc;.stglrgster regions. Here, cluster regions were selected manually by
OvIng : utipath. 1S aprog ve di considering both sliding window plots of the arrival density (in
tion of the signal when viewed at 1 m (Fig. 1), shadowed in tf}e

. - Ime and angle), an example of which is shown in Fig. 10, and
same room (Fig. 9) and through walls (Fig. 8). scatter plots of the time and azimuth angle-of-arrival. In all, 65

clusters were identified in the recovered signals for the fourteen
measurement locations.
Following the identification and sorting of the cluster infor-
Previous models for the indoor multipath propagatiomation, the reference arrival, i.e., the earliest arrival in each
channel [2], [5], [8], [14], [15] have reported a clustering otluster, was identified and a decay exponent was determined,
multipath components, in both time and angle. In the modatjain following the methodology in [14]. The time of the first
presented in [14], the received signal amplitudg is a arrival within the cluster is set to zero and all other arrivals are

V. CLUSTERING MODELS FOR THEINDOOR MULTIPATH
PROPAGATION CHANNEL



566 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 50, NO. 5, MAY 2002

10" pr———— 10" g ey

—#—T =253ns =T =304ns
med LS

10' k-4 —8—T  =30.5ns |-
mean H

Normalized Relative Energy

Normalized Relative Inter-Cluster Energy

1 I S S ST AN BN

0 50 100 150 200 0 50 100 150 200 250 300

X

Relative Delay (ns) Relative Delay (ns)
Fig. 11. Intercluster loss versus relative delay when considering the energyrii- 13.  Intracluster loss versus relative delay when considering the energy in
the recovered waveforms (energy of first arrival within a cluster). the recovered waveforms.
10? Fr———— all measurement locations simultaneously. In both cases, the
: ‘ ; ] results are fairly close anid; s is reported as the rate of decay
——r =315ns §{ |—T =321ns :
med : Ls of the intercluster energy versus delay. These results compare
1 I evsvsssmansses svssssvonmmmren i - . .
10" g —8—r  =279ns|" E to values of 33.6 and 78.0 ns reported in [14] for two different
P ] buildings and 60 ns reported in [8]. Thus, the UWB signals
o F . P | recovered in this case exhibit a rate of decay that is comparable

to some of the results reported previously, although it has been
noted that this parameter is a strong function of the building ar-
chitecture, as are many parameters of the propagation channel.
These results allow for comparison against other experiments
reported in the literature and for the derivation of a common
parameter, the decay exponéhnt

Plots of the intracluster rate of decay, i.e., the rate at which
the recovered energy in individual signal arrivals within a
cluster falls off as a function of the delay (also called the
ray-decay rate [8], [14]) are shown below in Fig. 13. The
absolute deviation between the mean and median of the results
Fig. 12. Intercluster loss versus relative delay when considering the amplittfilem each measurement location and the least-squares fit to all
of the recovered waveforms (amplitude of first arrival within a cluster). of the recovered signal information is larger here, excluding

the results at locations A and E. The results generated by

reported relative to this time. The recovered energy in the calensidering the energy in the recovered waveform and the
lection of signals is also reported relative to the energy in thesults from considering the amplitude only are so close that
first arrival in the first cluster, which is normalized to 1 and i®nly the former is shown.
referred to as the normalized relative energy, as in [14]. In [14], very different results are found for the intercluster

With the measurements at locations A and E excludetkcay exponeny, depending on the building in which the mea-
because of their low signal-to-noise ratio, the resulting UWBurements were conducted. In one building (cinderblocks), a
cluster energy versus relative delay models for the indoealue of 28.6 ns is reported fot while in another building (steel
channel are shown below in Figs. 11 and 12. The first plftame and gypsum board)is found to be 82.2 ns. Another ref-
reports the decay of the energy in the recovered waveforms amdnce, [8] reported @ of 20 ns. The values foy derived here
the second reports the energy as a function of the recovefedthe UWB propagation channel are in the same neighborhood
amplitude only, under the assumption that all incident wavas those reported for the steelframe and gypsum board building
forms are identical. Several values for the decay expohentn [14].
are shown for each plot in order to demonstrate the consistencyrhe cluster decay raté and the ray decay ratg obtained
of the resultsI',.q is the median and’,,..., represents the here can be interpreted for the environment in which the mea-
mean of the values obtained by considering the best-fit line fearements were made. Fig. 3 indicates that with the exception of
each measurement location individuall};s is the exponent the measurements at locations F1 and F2, at least one wall sepa-
of the best fit line obtained by considering the clusters fromates the transmitter and the receiver. Each cluster can be viewed

Normalized Relative Amplitude

0 50 100 150 200
Relative Delay (ns)
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Fig. 14. Distribution of the arrival energy deviation from the mean with &ig. 15. Ray arrival angles af of resolution and a best fit Laplacian density
Rayleigh density overlayed. with o = 38°.

as a path that exists between the transmitter and the recefeemly in angle, andvy, is distributed according to a zero-mean
along which signals propagate. This cluster path is generally.aplacian distribution

function of the architecture of the building itself. The compo-

nent arrivals within a cluster vary because of secondary effects, p(6) = Le—l\/ﬁf)/ol. (13)
e.g., reflections off of furniture or other objects. Our interpreta- V20

tion is that the primary source of degradation in the propagatlon.l_he recovered rays, i.e., intracluster arrivals, were tested

through the fea_tures of the building is captured in the decay ¢ Jainst truncated Gaussian and Laplacian densities. It was deter-
ponentl’. Relative effects between paths in the same cluster

tal involve th trati f additional obstructi ned that the relative azimuth arrival angles of the recovered
not aways Involve the penetration ot additiona OSITUCLONS pfp signals were best fit to a Laplacian density, with a standard
additional reflections, and therefore tend to contribute lesstot

) gviation,a, of 38. The recovered signal information and the
decay of the component signals. _ best-fit distribution are shown in Fig. 15 &t af resolution.

A Rayleigh distribution has been shown [8], [14] to provide Thege gistributions compare with standard deviations on the
a good fit to the deV|at|on. of the arrlvg.l energy .from the. Meayp|acian density of 25%and 21.5 reported in [14] as the best
curve, where the Rayleigh probability density function ifjt 1 the recovered angular information for two different build-

given by ings. Itis likely that this parameter is a function of the building
, architecture, which again would suggest that further propagation
fo(z) = %e— 202 studies are needed to determine whether the results presented
e here are typical. Itis also possible that the difference in the results

A histogram of the deviation values is shown in Fig. 14 witfs du€ in partto the fractional bandwidth and center frequency of
a Rayleigh density withv = 0.46 overlaid on top of the re- the UwB wavgforms.used m this study. The penetration proper-
covered distribution. This distribution represents the best-fit fi¢S Of these signals, including the largemight lead to the de-

the recovered UWB data when considering the Rayleigh, |o;j_ction of responses that would remain undetected if transmitted

normal, Nakagami-m, and Rician distributions as possibilitied! @ Single frequency or over a smaller frequency range.
It was found in [14] that the relative cluster azimuth arrival

Consider next the angle-of-arrival properties of the cluster | imated b i distribut I
model. Assuming again the separable impulse response of ( g €s were approximated by a unitorm distrioution over alfan-
s. The recovered cluster angles in this work are shown in

the model proposed in [14] to describe the angular impulse re- ) .
sponse is Fig. 16, relative to the reference cluster angle-of-arrival, where

the reference cluster is taken to be the first cluster to arrive in
time, for each measurement location. This distribution is also
i approximately uniform, although itis noted that no clusters were
h(9) = Z Z Praé(@ — O1 — wia) 12) reported to exist at angles above approximately’185s con-
=0k jectured that if more measurements were taken, angles would
occur in this region, and this function would tend to more closely
wheregy, is the amplitude of théth arrival in thelth cluster©, approximate a uniform distribution.
is the mean azimuth angle-of-arrival of thk cluster, andy, is Finally, to complete this model of the UWB propagation
the azimuth angle-of-arrival of thieth arrival in thelth cluster, channel, based on the multipath clustering phenomenon, the
relative t00;. It is proposed in [14] tha®;, is distributed uni- rates of the cluster and the ray arrivals must be determined. The

oo

0
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Fig. 16. Distribution of the cluster azimuth angle-of-arrival, relative to theig. 17. Ray arrival rate for all measurement locations in the indoor UWB
reference cluster. channel considered here.
interarrival times are hypothesized [14] to follow exponential | g
rate laws, given by C —*—1/A=455ns|]
AT T, A \_ E .
p(T1 | Ti—1) = A~ 2@ =Ti-0) (14) . : =

p(rht | Tee1) = Ae ™ METT-0) (15)

whereA is the cluster arrival rate antlis the ray arrival rate.
Following this model, the best fit exponential distributions, ;
parameterized ok and A were determined for the recovered 0.1 p-s
UWB cluster and ray arrival times, respectively. The resulting :
plots are shown in Figs. 17 and 18. The ray arrival rate deter-
mined for the UWB signals was faster than that reported in
either [14] or [8]. A ray arrival rate of /A = 2.3 ns defined

CDF

the best-fit exponential distribution for the ray arrival times I \
over all measurement locations, while ray arrival rates of :

1/A = 5.1 ns andl/\ = 6.6 ns were reported in [14] for the 001 =% 100 150 200
two different buildings. A ray arrival rate df/A = 5.0 ns was Delay (ns)

given in [8] Several reasons are pOSSIb|e for the faster am\@gl. 18. Cluster arrival rate for all measurement locations in the indoor UWB

rate. First, it may be due in part to the building architectur@nannel considered here.
Second, the fractional bandwidth of the UWB signals and the

post-processing algorithms permit multipath time resolution TABLE |
on the order of 1 ns. The measurement equipment used in [14] COMPARISON OFCHANNEL MODELS
allowed a time resolution on the incident signals of about 3 ns.
Also shown in Fig. 17 is a curve which represents the best- Spencer Spencer Saleh-
exponential to ray arrival times of greater than 8 ns, althout Parameter UWB et al. et al. Valenzuela
this represents less than 10% of the values. r 279ns 33.6ns 78.0ms 60 ns

A cluster arrival rate ofl /A = 45.5 ns was found to define 5 84.1ns 28.6ns 82.2ns 20 ns
the best-fit exponential distribution in the UWB signal propag: 1/A 45.5ns 16.8ns 173 ns 300 ns
tion model. This value is larger than the cluster arrival rates 1/A 2.3 ns 5.1 ns 6.6 ns 5 ns
16.8 and 17.3 ns reported in [14], but less than the 300 ns gi\ o 37° 25.59 21.5° -

in [8]. Again, several explanations are possible to describe the
differences. They could be due to the difference in the fractional
bandwidths of the signals involved, the sensitivity of the mea-
surement equipment or the building architecture. As discussedrhe main goal of this work was to develop an understanding
above, they could also be due to the orientation of the transmittgtthe indoor UWB propagation channel, including the time-of-
and receiver in the building. arrival, angle-of-arrival, and level distributions of a collection
The model parameters derived herein for the UWB signef received signals. To accomplish this, a set of algorithms suit-
propagation model and a comparison with the earlier work able for processing UWB signals incident on an array of sen-
[8], [14] are summarized in Table I. sors was developed. These techniques were applied to the mea-

VI. CONCLUSION
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sured propagation data. From this, models for the propagationi] R. A. Scholtz and M. Z. Win, “Impulse radio,” iRersonal Indoor Mo-
of UWB signals in an indoor channel were generated. bile Radio Conferengés. G. Glisic and P. A. Leppénen, Eds. Norwell,

MA: Kluwer, Sept. 1997. Printed in Wireless Communications: TDMA

The channel models presented in this work are based on a set .5 cDMA.
of measurement made at a number of locations within an office
building. It has been noted that the geometry of the situation
and the building architecture can have a significant effect on the
received signals [15], [14]. Therefore, further work remains in
the collection and processing of propagation data from differe R. Jean-Marc Cramer was born in La Jolla, CA,

buildings, to increase the significance of and augment the rest
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