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Ranging in a Dense Multipath Environment Using
an UWB Radio Link

Joon-Yong Lee and Robert A. Schqltafe Fellow, IEEE

Abstract—A time-of-arrival (ToA)-based ranging scheme using 8: Transmitter 0: Receiver

an ultra-wideband (UWB) radio link is proposed. This ranging
scheme implements a search algorithm for the detection of a
direct path signal in the presence of dense multipath, utilizing
generalized maximum-likelihood (GML) estimation. Models for
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critical parameters in the algorithm are based on statistical anal- =1 T —h &

ysis of propagation data and the algorithm is tested on another g T ET
independent set of propagation measurements. The proposed 3z - 2
UWB ranging system uses a correlator and a parallel sampler i = #

with a high-speed measurement capability in each transceiver to :—"L I

accomplish two-way ranging between them in the absence of a e

common clock.

Index Terms—Pelay estimation, distance measurement, multi- — 1 1 1
path channels, ultra-wideband (UWB). Scale in feet

Fig. 1. Basement floor plan of the building where the experiments were
|. INTRODUCTION conducted. Interior walls are metal stud and dry wall construction. Circular

. . . marks stand for the locations of the receiving antenna and the rectangular mark
HE FINE time resolution of ultra-wideband (UWB)indicates the transmitting antenna’s location.

signals enables potential applications in high-resolution
ranging. The novel aspect of UWB ranging is the fact that the ) i -
multipath time-spread in many channels of interest is often 16@19INg system with a high-speed measurement capability and
to 1000 times the inherent time resolution of the UWB sign& tWo-way ranging technique that utilizes this algorithm.
detected in a matched-filter receiver. Detection of the direct
path signal in the presence of dense multipath, which deter- [l. PROPAGATION MEASUREMENT

mines ranging quality, becomes a different kind of problem a et of indoor propagation measurements was conducted
in this case. Multipath resolution techniques in narrowbang e University of Southern California to test the ToA algo-
systems have been well developed [8], [9]. Win and Scholtz [gi 1 presented in the next section. Pulses with a subnanosecond
introduced a maximum-likelihood (ML) detector for multipath;qih were transmitted with one microsecond spacing and mea-
in UWB propagation measurements and Cragteal. [4]-[6] 5\ red with a digital sampling scope. The antennas were verti-
used the CLEAN algorithm to develop a UWB channel modely\y nolarized diamond dipoles [10], approximately 5 ft above
involving angle-of-arrival (AoA), as well as time-of-arrivalihe fioor. The sampling rate of the measured signal is 20.5 GHz.

(TOA).' . . .. Sampled waveforms were averaged over 512 sweeps to acquire
This paper introduces a TOA measurement algorithm ““"Z"}thgher signal-to-noise ratio (SNR).

generalized maximum-likelihood (GML) estimation for the de- g 1 s the floor plan of the building where the measurements
tection of the direct-path signal. Multipath delay and amplitudgere taken. Signals were measured at 18 different locations
parameters appearing in this algorithm are modeled statisticall4jje the transmitter was fixed in the laboratory. At location
from propagation data and the algorithm is tested on an indg-he signal was measured with a visually clear line-of-sight
pendent set of propagation measurements. Probabilistic anglss) and used to calibrate the arrival time of the direct path
ysis of different kinds of errors using these statistical model$;na1. The other 17 signals were measured with a blocked
provides a way of determining the thresholds used in the TQ4/s At |ocations 16-18, the LoS path was blocked by an

algorithm, as well as estimating the algorithm’s performancgie\ator (a metallic structure), so the direct path signal could
We conclude by presenting the schematic design of an UWR; pe measured while multipath could be observed.

Fig. 2 shows the samples of signals taken at location 1,
Manuscript received December 14, 2001. This work was supported by #le and 14, respectively. Notice that the signals shown in the
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osl ﬂ | The noisen,(t) being a time-shifted version ef,(¢), is a white
Y A Wit | /\\ A Gaussian noise signal. The third term in (3) represents the mul-
Zk WWMJ\M MMVWV W\MWJM’ UWW W J tipath components which arrive later than the peak path. To sim-
AL , I : I ! : : . | plify the problem, let us restrict our observation to the portion
to40 1045 1os0 1055 toe0 1085 1070 1075 1080 of the signal prior to and including the arrival of the strongest

Fig. 2. Measured signals at location 1, 4, and 14. The vertical axis indica@:@‘th by truncatlnqs(t). Letus def'n3<t) as
signal strength in millivolts. The vertical scales of each plot are different,

indicating differences in channel attenuation. The signal shown in the first ploy(t) =7, (t)., t <
was measured with a clear LoS and the others were measured in the presence

Mm|ﬂ

of LoS blockages. T,
’ =pas(t+ )+ S aus(t+ ) +n(t), t< 2
Br>0 2
Ill. DETECTION OFDIRECT PATH SIGNALS M T
. . . . p
In this paper, the direct path signal is assumed to be the ear- = ras(t +96) + Z ars(t+ O) +n(t), <=7
liest arrival at the receiver. When the straight-line path from 5)

transmitter to receiver is in fact a viable propagation path, ToA
estimation of the direct path signal is useful for ranging. Agherel is the number of signal components that arrived earlier
showninthe S|gna|s of F|g 2 the direct path S|gnal IS not alWa%n the peak Component M is equa' to zero, theph = 0

the strongest in the presence of a visual LoS blockage. The T9A— 11, and the second term in (5) is ignored. The naigg
algorithm in this section does not assume that the direct pgghyhite Gaussian noise [truncated to the intefvato, 7, L/2)],
always supplies the strongest response. whose correlation function is represented by

A. Signal Representation Rx(T) = 0} - 6p(T). (6)
When a single pulse is transmitted, the received signal is cosssumingr(¢) is sampled, let us represent it as a vector of sam-

posed of direct path signal, reflected signals, noise, and interfptes, namely
ence [1]. So the received signal(¢) can be represented by

M
= pdass + Z aipsp, +n (7)

s(t— 1) +om(t) (1) k=1

wheres ;5 represents the vector of sampless¢f + 3) with a
same length as. The noise vector is a white Gaussian vector
g\/hose correlation matriRy is given by

HMh

rm(t) = aqs(t — 7q)

wherery < 11 < @ < --- < 71. The parameters, and
aq are the arrival time and strength of the direct path sign

respectively, and,, anda,, are those of theth reflected com- Rx=o0%-1 (8)

ponent. The waveform(¢) denotes the canonical single-path

signal, used as a correlator template, with a widttipfsec-  Peing an identity matrix.

onds. The number of multipath signdlsis unknowna priori. . . L
The noisen,, (t) is assumed to be additive white Gaussian, anEc’J’ ToA Measurement Algorithm Using GML Estimation

interference is assumed to be zero. In (7), 6 is the parameter to be estimated anadM o™, and
Let 7pear aNdapea be the arrival ime and amplitude of the" are nuisance parameters, wher ands”! are defined as

strongest path and assume these have been determined by cor- M

relation. Theny,(t), a normalized and shifted versionmof (t), o™ = (a1, @z, -5 anr) ©)

can be represented by QM = (b1, B2, -+, Bumr)- (20)

GML estimation treats all of these unknown parameters as de-
terministic and estimatesto be

Ts(t) = Tm(t + 7_pcak)

|apea|

L
—pas(t+8)+ 3 ans(t+fa) +ut) () $=argmax[ max f(z|6,pd,M,gM,gM)]. (11)

85 | pa,M,a, B
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Becauser is a white Gaussian vector, this is equivalentto ;%2

2 BN 25}

. (12)
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6 = arg min min
8 |pas Mo,
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Using (12) to estimate) is computation intensive because’
2(M + 1) unknown parameters are involved. To reduc?

computational complexity, an iterative nonlinear programmini G 0.5/
technique is employed, by which the unknown parameters &, o
estimated in a sequential manner [2]. Specifically, the arriv.’ * 0 Ougoe 02 04 08081

time of each component glgnal is estimated individually Wh"f—.g, 3. Normalized histograms of (d and (b) p and approximation of
all other parameters are fixed. marginal densities using curve-fitting.

Modification of the estimation criterion shown in (12) is done
as follows. First, the duration of the search region for the time
6 of arrival of the direct path signal is limited to prevent the
probability of a false detection in the noise only portion of the
observed signal from becoming too large. We defigeas a
limiting threshold or¥ so that the direct path signal is searched 10].-
over the portion of-(¢) satisfyingt > —65. Second, a stopping
rule is used to terminate the search, because the value of tl
norm in (12) generally continues to decrease with increasin
M. The stopping rule consists of applying a threshold on the
relative path strength which is defined as 0.

p = |pal- (13)

The iterative search process stops when no more paths sat, 452
fying p > ¢, are detected in the search region, whigyés the
threshold ofp. Third, we skip the estimation of some nuisance
parameters by ignoring the multipath components that arrivc 5 (sec) 0.2 p
later than already detected paths. By doing this, we can speeq:up4
the search process. Following is a brief description of the ToA> ™
algorithm.

1) Letn = 1,w; =0, anduq; = 1.

2) Increasen by 1.

3) Findw,, which satisfies

Histogram op andé. Total volume was normalized to one.

ps of 622 signals which were measured with a blocked LoS
were extracted using the ToA algorithm. The valuesfgf
andf, used in this process were 70 ns and 0.2, respectively.
Some large scale errors relative to the approximately known
ne1 t distance information were corrected by manually adjusting the
wp = arg  max <£ _ Z /L(nl)i§wi> So (14) thresholds. In 95 of 622_ observgd signals, the dire.c_t path signal
wn—1<w<bs i1 was the strongest. So if we defiiig as the probability thad
is equal to zero, it can be modeled by

9 Py=Pr(6=0)=Pr(p=1)=0.1527. (16)

(any Hn2y -« ,Ltnn) = arg ,Hlin ,

4) Find (pn1, fn2, -- -, tnn) Such that
W, Fig. 3(a) and (b) are normalized histograms aindp which

t - Z Ngéwi
i=1 (15) Were produced with 527 signals that have a stronger reflected

5) If jun > 6, 9o to step 2. Otherwise, proceed to the nefath than the direct path. By curve fitting on this data, marginal
steg.n - ’ densities o andp can be modeled by

6) 6 is estimated a8 = w,,_1. f5(616 #0) = Ui e=t7 85>0 1)
IV. STATISTICAL MODELING OF RANGING PARAMETERS ’ 1 25 2
| | | Tololp #1) = e’/
The threshold8s andd,, which are used in the ToA algorithm \/%Q(_NP/Uﬂ)Jpp
have to be determined so that they satisfy a given performance 0<p<l (18)
criteria. One of the potential criteria is that the probability of
error is minimized. For the purpose of error analysis, the paramherecs = 1.524 x 1078, o, = 0.3220, andy, = —0.7565.
etersd andp which were defined in Section I1l-A were modeledThe Q-function appearing in (18) is for normalization.
statistically. Independence betweérandp was tested using a chi-squared

A set of propagation data taken by Win [3] in an officdest. Chi-squared test uses the contingency data set of categor-
building was used for this modeling. The values é&f and ical variables [13], [14]. Fig. 4 is the normalized histogrand of
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andp. Pearson’s statistig? with 100 degrees of freedom, whichLet us define the peak SNR as the ratio of the peak signal power
was evaluated with the data set, is 117.2. According toythe to the noise power. This can be expressed as

distribution table, the critical value corresponding to a 10% sig- 1

nificance level and 100 degrees of freedom is 118.5, which is SNR, = —& (22)
greater than the value evaluated with data. So we can accept the N

hypothesis of independence betweeand p with a 10% sig- because the signal was normalized to its peak strength. Substi-
nificance level. Based on this result, the joint densit§ ahdp tuting (22) into (20)

can be modeled by 05 |w's 4]
w's
Py = / Pr{ sup ||_30_||82 > Hp\/SNI%}
0 —_—

BE[-0s, —6-T})

f6p(57 p|6 7é 07 P 7é ]-)

= [5(8]6 # 0) - fo(plp # 1) - f5(8]6 # 0)dé - (1 — o)
1 { [ 5 (Inp- up)? } lw's 5]
= expy — | —+—F—5— +P =205 ¢,,/SN - Py.
VERQ(~ 1] 0) 75,0 % ety ool ~ VSN p 0
(19) (23)
whereé > 0 and0 < p < 1. Let us definey and a random procesg3) as
v =0, /SNR, (24)
V. ERRORANALYSIS |w's 5]
o . u(B) = —=21 (25)
Range estimation error can result from two major sources. lsoll?

One is ToA estimation error, and the other is any unknown prog- , ... . .

agation delay in a LoS blockage structure, which is difficult t§UbStltUtmg (24) and (25) into (23)

estimate without a more thorough knowledge of the blockage. 85

In this section, errors in ToA estimation of the direct path signafra = / Pr{

are analyzed probabilistically. 0 pel
We can classify ToA errors into two categories. One is

early false alarms which occur when a false detection in the (1= Fo)+ Pr{ @e[—Seljp—T ) wlh) > 7} o (20)

noise-only portion of the signal is regarded as that of direct path ' T

signal. The other is a missed direct-path error, which occUPé{supgc(—s,, —s—1,) w(8) > v} can be modeled as a high

when the actual direct path signal is missed and a multipdétvel crossing probability of a random procesg’) at a level

sup u(f) > 7} f5(6]6 # 0)do

—0s, —6—T})

signal is falsely declared to be direct path signal. 7 in a given time period—6s, —6 — 1},). This probability can
be approximated by [11]
A. Probability of an Early False Alarm
-~ —(05—6—Tp)/E(X
An early false alarm probability’rs can be expressed as Pr{ se S : u(f) > ’Y} ~1—e VEX) (27)
f —Us, —O0—1p
nts where represents the time between a down-crossing and the
Ppa=P I'ssl S g ands <5 —T : : ;
FA = 1T He[_esuf’s_T ) lsol? > Upando = 05 — 1p next adjacent up-crossing at a given leyeThe expected value
’ e neT of A was simulated using a computer generated white Gaussian
Z Ints 4] vector. The value of for a giveny was observed over 100
= / Pr , GSUPé - ”_S ;“2 p occurrences and averaged. By curve-fitting on the simulation
0 Pel0s, —6-T) 112 result, E(X) can be modeled by
- f5(6]6 £0)do - (1 — P,
f5(8]6 # 0)dé - (1 = Fy) EQ) = C- B (28)
n's
+ Pr sup % >0, whereB = 6.5757 andC = 1.375 x 10~ !, Substituting (28)
set=0s, 1) lISoll into (27)
Bs |wts g 0
= Pr sup — =2 s L
J {ﬁe[-oé,-a-m sol” ~ o Pr{/,e[_ei?&_m ulh) > ”}
. (1= Os —6— T
F5(516 # 0)d6 - (1 — Py) e [_( 5 > b) e—Bv]  (9)
lw's sl _ 6,
+ Pr su = > —= 5 P 20 T ;
{ﬁe[epr) lsolZ ~ ox 0 (20) Substituting (17) and (29) into (26), we get
ore—(0s—Tp)/0s
where Pra=1-(1- 1) W
1 Poos — CeBY (05 — Tp) —B~y
- — — . (30
w=_-n (21) p—H eXp{ e (30)
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Fig. 5. Early false alarm probability versus probability of a missed direct pat 500 7010 1020 1030 1040 1050 1060 1070 1080 1090
for different peak SNR€s = 100 ns andd,, was varied. At the circular mark
on each curve, probability of error is minimized. T T T T T T T T T

0=0.025

0.02 1

0.015}

0.011

0.5 B
Substituting (24) into (30) 0 MWUL
-0.5+ -
0‘66_(05 _,TP)/U& b i
PFAAZI_(I_PO) I 1 1 L 1 L L I 1 I
o5 — CeBep SNR, 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090
B6 SNR, ®)
_ Poos — Ce™7r ° Fig. 6. ToA algorithm tested on measured signal at location 9 and 13. The
o CeBGP SNR,, vertical scale is in millivolts. Vertical line in each plot show the ToA of the direct
5 —

path signal based on true measured range, assuming the presence of a clear LoS.

_ 6s = 100 nsand?,, was determined so th&:, + Py is minimized. The values
- exp —LCTP) e B0 /SNRy | (31) of 6, used in each test are (a) 0.050 and (l;) 0.154.
B. Probability of a Missed-Direct-Path Error _
: . . . 14
The probabilityPy; of a missed-direct-path error can be eval-_ 4[ v : 3 : 5’ 3 T
uated by computing 8 : T
16 3 - .o . o R -
Py =Pr(6 > 60s0rp <4,) 5 2 12
=1-Prl0<é§<fsandf, <p<1) ';Ez— 5 v 1
1 [ = 10 11
—1-R=(=R) [ [ e 00asdn @) 5l 3 _
o /0 8 : ) A :
Substituting (19) into (32) ol | .TX Lo A _
Q(ln 9,,7#,3) 5 6 J:‘ 7 : : : .
M= (1— —(1l—e7 - . o 10 20 30 40 50 60 70 80 90
Pu=(1-P)|1 (1 e=* /"6) 1
Q (_”_"f’) Measured range (feet)

(33) Fig. 7. Range estimation errors (estimated range-measured range). The
. . . numbers are the index of measurement positions. Ranging errors shown in this
Fig. 5is a plot of Pra versusPy; for different values of peak plot contains excessive propagation delay in the blockage structures.

SNR. The value ofls was fixed at 100 ns and these two error
probabilities were calculated for variodls. The circular mark
on each curve represents the points where the sum of the
error probabilities is minimized.

error (Pra + Pur) is minimized whilefs was fixed. The ver-
%%l line appearing in each plot indicates the expected arrival
time of the direct-path signal in the presence of a clear LoS
path, based on physical range measurements. We can observe
a few nanoseconds of discrepancy between this line and signal
Fig. 6 shows of test results of the ToA algorithm on the sidgrontend in both examples. This probably is caused by exces-
nals measured at location 9 and 13. In each example, the upgiee propagation delay in the LoS blockage. This unknown delay
plot is the measured waveform and the lower one shows the neakes it difficult to measure the true arrival time of direct path.
constructed signal with the paths detected in the ToA algorithm.Fig. 7 shows the range estimation errors incurred in this test at
The value off, was determined so that the total probability othe locations marked in Fig. 1. Notice that larger errors occurred

VI. TEST ONMEASURED DATA
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Fig. 9. Evaluation of the signal round-trip time.

0<k<Ns-1

enough relative to the temporal profile of the received signal
Fig. 8. Receiver schematic of UWB ranging system. so that it does not affect the next transmission. The delay be-
tween transmission and reception of this signa}is, + 7o, 1,

at long ranges, probably because the structure of LoS blockdJ¥€r€7urop iS the propagation time, andg, ; represents the

was more complex at these locations. time offset between the locked path and the direct path. With

a known delay off;/2 from the front end of signal’Lradio 2

transmits signal 2 and it is captured by radio 1. SighdEhotes

the captured signal by radio 1. Similarly, a delaygf,, + 7o, 2

A. System Description exists in this direction. The structures of signal 2 and sighal 2
Withington et al. [7] introduced an UWB scanning receiverare similar to those of signal 1 and signalrespectively. Radio

system which, using two correlators, has the capability of corh-can measure the signal round-trip timg,una, Which is

munication and channel pulse response measurement. The block T

diagram of an UWB ranging system using a correlator and a Tround = 2Tprop + —— + Toft, 1 + Toft, 2. (35)

parallel sampler is shown in Fig. 8. When the signal is received,

the correlator synchronizes with the signd), being the time- Then, the signal propagation time can be approximated by

tracking point in thenth time frame. Once the correlator is

locked, the parallel sampler starts sampling the incoming signal Torop & Tround = Tht/2 = Tott, 1 — Tot, 2 (36)

under the time control of a trigger signal. The trigger timen 2

thenth time frame is controlled relative to the tracking tifie. Radio 2 informs radio 1 of.¢,1 afterwards with a few bits of

This parallel sampler is composed of a bank\af individual information so that radio 1 can evaluate the signal propagation

samplers andVg analog-to-digital converters (ADC). Each in-time. If the SNR of the measured signal is not large enough, the

dividual sampler take&’s samples per time frame at a samplingwo radios increase the signal measurement time to acquire an

rate of1/7s Hz. The offset in the sampling times of two adjaacceptable SNR.

cent individual samplers ig,, which satisfies

VIl. DESIGN OFUWB RANGING SYSTEM

VIIl. CONCLUSION
¢s - Ng = Ts. (34) . : :

According to tests on the propagation data, there exists ex-
Total Ns - Ny samples are taken in each time frame by this pa#€ssive propagation delay in the LoS blockage material which
allel sampler and the overall sampling frequency i, Hz. is considerable when the structure of this blockage is complex.
To acquire an acceptable SNR, each sample is integrated olis excessive propagation delay is a limiting factor in UWB
several time frames. By changing the sampler’s trigger time ré@nging performance through materials.
ative to the time-tracking point, the sampling frequency of the
measured signal can be increased. ACKNOWLEDGMENT
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