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Abstract— Ranging requires detection of the first arriving
signal component. The accuracy of time-of-arrival-based range
estimation is greatly degraded in the presence of multi-user
interference (MUI). We develop a method that applies a non-
linear filter on received signal energy to suppress multiuser
interference. Then, leading signal path is tracked via an iterative
searchback algorithm. The method is tested on time-hopping im-
pulse radio ultrawideband systems. Simulations conducted over
IEEE 802.15.4a residential line of sight ultrawideband multipath
channels indicate that range detection accuracy is significantly
improved by the proposed non-linear filtering approach.

Index Terms— Ultrawideband, ranging, impulse radio, time of
arrival, multi-user interference

I. INTRODUCTION

When estimating a range using a radio signal, the range
accuracy depends heavily on how well the time of arrival
(ToA) can be determined. Identifying multipath components
is crucial to be able to determine the ToA. Ultrawideband
(UWB) signals provide high time resolution and help identify
many individual multipath components better than narrowband
signals. However, what makes UWB challenging is the vast
number of paths seen by the receiver and a need to search for
the first path, which in non-Line-of-Sight (NLoS) propagation,
may not be the strongest. Furthermore, in a multiuser network,
signals from multiple devices may interfere with a desired
signal and increase range error drastically.

A major drawback of ranging via a noncoherent receiver is
its poor performance in the presence of multiuser interference.
This is due to the fact that interference suppression techniques
such as CDMA are not readily applicable to simple noncoher-
ent receivers. In this paper, our scope is to make ranging via
non-coherent radios more interference resilient. Specifically,
we focus on simple energy detect receivers. We propose a MUI
mitigation technique for non-coherent time-hopping impulse-
radio ultrawideband (TH-IR UWB) [1] systems to sustain sub-
meter range accuracy even under strong MUI. As known, time-
hopping provides a certain level of multi-user suppression
as long as different users are assigned with different time-
hopping codes with low cross-correlation peaks. Typically,
some processing gain is obtained by coherently combining
received signal energy according to transmitted time-hopping
pattern [2]. However, in the case of ranging, even with TH
codes with good cross-correlation properties, an interference
might still be deleterious. In other words, TOA estimation
is much more sensitive to interference than communications
applications. This stems from the fact that we are searching for
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a weak leading edge and even a small amount of interference
energy may be construed as a leading edge.

The remainder of this paper is organized as follows. In
Section II, we review the literature on UWB ranging. In
Section III, we explain the TH-IR UWB signal model and
the proposed non-coherent ranging receiver architecture. In
Section IV, we give details of our approach. In Section V, we
present the simulation settings and discuss simulations results.
Finally, we conclude the paper in Section VI with discussion
of the future work.

II. LITERATURE ON TOA BASED UWB RANGING

Acquisition of a received signal can be achieved by lock-
ing onto the strongest multipath component, which gives a
coarse ToA estimate [3]-[8]. However, precise ToA estimation
requires identification of the leading path, which may not
be the strongest. In [9], a generalized maximum likelihood
(GML) approach is proposed to estimate the leading path,
which tests the paths prior to the strongest path. A stopping
rule is determined based on the statistics of the amplitude ratio
and the delay between the strongest path and the leading edge.
However, a very high sampling rate on the order of Nyquist
rate is required. In [10], the authors relax the sampling rate
requirement and propose a simpler threshold-based leading
edge estimation technique. In [11], the leading edge detection
problem is taken as a break-point estimation of the actual
signal itself, where temporal correlation arising from the
transmitted pulse is used to accurately partition the received
signal.

Acquisition and ToA estimation can generally be achieved
using various transceiver types; e.g. matched filters (or stored-
reference receivers), transmitted reference receivers, and en-
ergy detectors (ED) [3], [12]. Using energy detectors for
synchronization and ToA estimation in UWB systems has
been investigated in the past [12], [13], [14]. ED receivers
using threshold-based ToA estimation techniques are discussed
in [15], [16], [17]. A multi-scale product approach that
improves the ranging accuracy is investigated in [18], and
likelihood based techniques are proposed in [12]. A two-step
hybrid ToA estimation via ED and matched filters are also
studied in [19], [20], where an energy-detector based step
provides a coarse ToA estimate, and a matched-filter-based
step refines the range accuracy. In [21], a match filter based
receiver’s ability to differentiate between desired user signal
and interference in TH-UWB during synchronization phase is
analyzed.
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Our literature survey indicates that even though multiuser
interference mitigation is investigated extensively for IR-UWB
systems for symbol detection [22]-[25], there is no reference
that addresses interference mitigation for ToA estimation with
non-coherent UWB radios.

ITII. SIGNAL MODEL AND RECEIVER ARCHITECTURE

In this work, we adopt TH-IR UWB signal waveforms, and
consider MUI resilient ranging via non-coherent receivers.

A. TH-IR UWB Signal Waveform

In TH-IR signaling, a symbol is divided into virtual time
intervals Ty called frames. A frame is further split into smaller
time slots T, named chips. A single UWB pulse is transmitted
in each frame on a chip location specified by a pseudo-random
time-hopping code assigned to a user (Fig.1).

SRR W N

Flg 1. Tlustration of a TH-IR UWB signal waveform, where Ny = 4,
f = 6 and the time-hopping code is 4,4, 3,5 T..

To analytically express a TH-IR waveform, we use the
following notations: Egk) denotes the symbol energy from the
kth user, Ny, is the number of transmitted symbols. The w
is the transmitted pulse shape with unit energy, Tiyy, is the
symbol duration, T}, is the pulse duration, ¢ is the TOA of
the kth user’s signal, 7 is the zero-mean AWGN with variance
gl = % Ly, is the total number of multi-path components
for the kth user, v, and 7, are the amplitudes and delays
of the /th multi-path component for the kth user respectively,
and N is the total number of pulses within a symbol. Then,
the received TH-IR signal in a multipath channel from user %

is
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where ¢; 1, and d;  are the TH codes and polarity scrambling
codes of user k respectively and by € {0,1} for the Ath
symbol. In a multiuser environment with K users, where each
user transmits Ny, symbols at the same time, the received
signal becomes

— Xloym) +1(t) 2

B. Non-coherent Receiver Architecture

The ED has the advantages of simplicity, low sampling rate
and low cost. In an ED receiver, a received signal is first passed
through a low noise amplifier. It is then bandpass filtered and
entered into a square-law device. The output of the square-law

device is integrated over a time period £; and then sampled.
In what follows, we refer to these energy samples as z[n].

ntg
A= [ bl @)

n—1)ts

IV. ENERGY COLLECTION WITH A TIME-HOPPING MASK

Assume that the receiver knows the time-hopping sequence
the desired transmitter uses. Therefore, it can apply a mask
onto z[r] to combine energies according to the expected TH
code. Assume that A is the number of samples per frame,
Ty, N is the number of frames per symbol and T'H(n) is a
hopping distance between the signals in the »** and (n— 1)
frames as an integer multiple of ¢, therefore T'H (1) = 0.

After energies from relevant TH positions are combined via
the mask, the mask is shifted by one sample, and the process
is repeated (Fig.2). Let us denote as v%, the vector that contains
energy values returned by each cell in the mask at shift index
2.

vy = [z[z' +TH), z[i+TH(2), ...

where 1 <+ < M and ¢+ € Z7T. In the conventional coherent
energy combining scheme (CONV) [19], the total energy F;
at mask position ¢ would be given as

N
Ei =) vi(j) (5)
j=1

However, in the presence of interference, the F; might contain
interference energy, and thus lead to a ToA detection error.
As illustrated in Fig.3, interference that arrives at the receiver
earlier than the desired signal (see Fig.2) deteriorates ToA
estimation.

i + TH(N)|] &)

Time-hopping mask
Desired uzer signal !

[\ Interfer\ence [\
+

1

Fetual Frame intenval
TOA )

Fig. 2. Tlustration of the energy collection operation by using a time-hopping
mask. Each block indicates the energy integrated within the time window of
length ts. Note that M = 4, N =4 = N, and T'H (%) is the relative time-
hopping index for a signal in frame ¢ with respect to the signal in the previous
frame. In this illustration, for the desired user TH(1) = 0, TH(2) = 3,
TH(3) = 5and TH(4) = 3 and for the interference TH(1) = 0, TH(2) =
6, TH(3)=3and TH(4) =4

In what follows, we introduce a non-linear filtering approach
to mitigate interference prior to coherent energy combining.

A. Non-linear Filtering

One well-known non-linear filtering technique is median
filtering. Median filters are special cases of stack filters and
they have been widely used in digital image and signal
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processing [26], [27] to remove singularities caused by noise.
A non-recursive median filter replaces the center sample of a
data set within its window with the median of the set.

Erengy in e ach mash-
cell before combining

Enengy in &ach mash-
cell befare combining

Mask cell index

Combined &nergy
from the mowing mask

Dretected TOA betfore
median filtaring

oo io

Mazk cell index

0. E O
hdask shift ind ax

Combined &nargy
from the mowving mask

Detected TOA after
median filtaring

Fig. 3. Illustration of the impact of median filtering in mitigating multiuser
interference

Typically, when no interference is present and the channel
is stationary during Ty, the elements of vi either corre-
sponds to only noise energy or noise plus signal energy; and
its variance becomes small. On the other hand, interference
generates singularities in v%. Median filtering seems to be a
natural choice to remove those singularities. When we apply
a length-3 median filter onto vg, the elements of the resulting
energy vector y; becomes

V4 13] median{vg[j _ 1], VA ], Vi + 1]}7 )

The impact of median filtering is illustrated in Fig.3. It
successfully removes even strong interference as long as the
interference does not exist in more than half of the number
of cells in the mask. Median filtering is followed by coherent
energy combining and the ToA detection; and leading edge
search is performed on E™,

E™ = [E™EY, ..., By (7
N-=-2 )

B = yild) ®)
j=1

B. Computational Complexity and Memory Requirement

Median filtering increases the complexity of an energy-
detection receiver. Assume that z[r] are provided by a 16-
bit ADC. Then, the memory requirement for storing M X
N samples would be 2MN Bytes. Sorting of W samples
has inherent computational complexity of O(WlogW'). Thus,
the complexity of applying MWF would be M(N — W +
1)O(WlogW).

C. Uncertainty of ToA

Each column represents a time interval of ¢,. Assume that
we consider the ToA of a signal as the mid-point of the time
window indicated by the detected column. Then, if the column
that corresponds to the true ToA is detected, the ToA error
range would be [0, . If the detection is off by p columns, the
error range would be [pt, — %, pt,+ %], p > 1. In calculation
of the mean absolute errors (MAE), we take the time difference
between the actual ToA and the mid-point of the detected time
window. Therefore, it is likely for the MAE to be less than %.

D. Searchback Algorithm

We incorporate an adaptive search-back algorithm on
E™ as follows. Let n,, is the index of max(E™) and
we, the search-back window length. Then, the part of
E™) under search is denoted as E™® such that E™ =
[Em o Bm i1y BT ], In IEEE 802.15.4a channels,
multi-path components arrive in clusters; and between the first
two clusters an only noise region might exist. Assume that w;s
denotes the expected number of noise-only samples between
two clusters. In [16], wes is reported to be between 2 and 3
for CM1 channel model, when ¢, = 4ns.

The leading edge index with respect to the first sample of
E™ is given by

fr = First{n/ E™[n'] > ¢ and

maX{EmS [n/ =1, E™ |0’ — 2|, ..., E™?[max(n’ — wgs, 1)]} < 5} )

&)

where the hypothesis n’ € {1,2,...,wg} is tested backwards
starting from n’ = wg, down to »n’ = 1. The threshold £ that
corresponds to a fixed Py, is given by! [16]

_1

¢ = 0ea@ ™ (1= (1= Pra)™5 ) + frea

where p.q and 0.4 are the mean and the variance of noise-only
samples. The optimal threshold is a function of wes.

When the signal samples are processed with MWF the
noise statistics change. It becomes cumbersome to derive Py,
for a given threshold. Therefore, we use the threshold that
corresponds to the Py, for the interference-free case.

(10)

V. SIMULATION RESULTS

In this section, we present simulation results for the ranging
performance of the noncoherent TH-IR system outlined in
the previous sections. As performance metrics, we use mean
absolute error (MAE) of ToA estimations and their confidence
level. The confidence level indicates the percentage the range
estimation error is below a given threshold. We adopt the IEEE
802.15.4a TG settings of 90% for the confidence level, and 3ns
for the threshold. Note that 3ns ToA error corresponds to 90cm
range error. The time-hopping codes assigned to the desired
user and interference are thyesirea = [1,1,4,2] x 1. and
thaesired = [1,4, 2, 1] x T,.. Note that three hopping positions
are the same for both desired user and the interference. The

IWe define Py, to be the probability of identifying a noise-only sample as
a signal sample.
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chip positions are selected to avoid inter-pulse-interference.
The TH-IR symbol waveform is repeatedly transmitted over
40us duration. In our simulations,the other settings are Ty, =
512ns, Ty = 128ns, T}, = T, = 4ns, wy, = 2 and t, = 4ns.

Two methods are compared: non-linear filtering length 3
median filtering (M3F), and CONY, which is the conventional
coherent energy combining without interference mitigation
[19]. The Eéz /Ny denotes the interference energy to noise
ratio (INR), and Fy/Ny for the desired user signal energy
to noise ratio. In the simulations, we vary Fy/Ny from 4dB
to 22dB while EY /Ny = {none,0dB,5dB,10dB}, and
look at changes in MAE and confidence level performance
of CONV and M3FE.

The MAE results are plotted in Fig.4-5. In Fig.4, the top plot
shows the MAE performance of M3F without interference.
The MAE of M3F is less than 3ns above Ep/Ny = 13dB. On
the other hand, CONYV also achieves 3ns MAE at 13dB, but
as the SNR improves the MAE gets worse. Due to imperfect
autocorrelation properties of TH codes and sub-optimality of
threshold settings, at high SNRs the the TH code side lobes
become more likely to be identified as the leading edge. Also,
it is observed that the M3F is worse than CONV at low
SNR, because essentially M3F penalizes the signal at very
low SNRs.

Fig.4b-5 show the performance of CONV and M3F under
various levels of INR. It is shown that CONV is not capable
of sub-meter ranging performance under all interference test
cases, and the MAE of CONYV never falls below 6ns, whereas
M3F successfully maintains the MAE of 3ns until INR be-
comes as strong as 10dB.

In Fig.6-7, the 3ns confidence levels are provided. The
introduction of interference that is Eéz) /Ny = 0dB or higher
drastically degrades also the confidence level of CONYV, and
the CONV can’t exceed 70%. On the other hand, M3F main-
tains 3ns confidence level at 90% at INR levels of Eéz) /No =
0, 5dB, and proves to be resilient against interference.

VI. CONCLUSION

We introduce a method that uses non-linear filtering to miti-
gate interference in ToA estimation via non-coherent receivers.
The effectiveness of this approach is proven by simulations
conducted using IEEE 802.15.4a channel models. Knowing
that non-linear filtering changes noise and signal characteris-
tics, the impact of non-linear filtering on the receiver detection
performance will be studied in another article. Due to space
limitations, we don’t include it in this article.

REFERENCES

[1] M. Z. Win and R. A. Scholtz, “Impulse radio: How it works,” IEEE
Comm. Letters, vol. 2, no. 2, Feb 1998.

[2] S. Gezici, Z. Tian, G. B. Giannakis, H. Kobayashi, A. F. Molisch, H. V.
Poor, and Z. Sahinoglu, “Localization via UWB radios,” vol. 22, no. 4,
pp. 70-84, July 2005.

[3] L. Reggiani and G. M. Maggio, “Rapid search algorithms for code
acquisition in UWB impulse radio communications,” IEEE J. Select.
Areas Commun., vol. 23, no. 5, pp. 898-908, May 2005.

[4] J. Yu and Y. Yao, “Detection performance of time-hopping ultrawide-

band LPI waveforms,” in Proc. IEEE Samoff Symp., Princeton, New

Jersey, Apr. 2005.

7. Tian and G. B. Gianakis, “A GLRT approach to data-aided timing

acquisition in UWB radios — Part I: Algorithms,” IEEE Trans. Wireless

Commun., vol. 4, no. 6, pp. 29562967, Nov. 2005.

[5

=

Z
w
<
= R T
=-0- M3F | : | / Nointe‘rference‘
100 i i i i 1 i i i
4 6 8 10 12 14 16 18 20 22
E,/N, (dB)
(a)
=
£
w
<L
=
Fig. 4.
Zo; i 3
w 11 7
g Ny - < g e -
—— CONV & =i P, JESTCANCI D RO
+ =@ M3F s ) s ik
. EZUIN, = 5dB
6 ‘ i i i i ; o i
4 6 8 10 12 14 16 18 20 22
E,/N, (dB)
(a)
T
Z o't 3 =
o " TR o)
g ; £ o ,
—— CONV ‘ g Sy ]
, i el EPN, = 108
10 ; ‘ j j : j ‘
4 6 8 10 12 14 16 18 20 22

E,/N, (dB)
(b)

Fig. 5. MAEs for TH-IR: a) E\”)/No = 5dB, and b) E{*) /No = 10dB.

[6] Z. Tian and G. B. Giannakis, “A GLRT approach to data-aided timing
acquisition in UWB radios — Part II: Training sequence design,” IEEE
Trans. Wireless Commun., vol. 4, no. 6, pp. 2994-3004, Nov. 2005.

[7] W. Chung and D. Ha, “An accurate ultra wideband (UWB) ranging
for precision asset location,” in Proc. IEEE Conf. Ultrawideband Syst.
Technol. (UWBST), Reston, VA, Nov. 2003, pp. 389-393.

[8] R.Fleming, C. Kushner, G. Roberts, and U. Nandiwada, “Rapid acquisi-
tion for ultra-wideband localizers,” in Proc. IEEE Conf. Ultrawideband
Syst. Technol. (UWBST), Baltimore, MD, May 2002, pp. 245-249.

[9] J.-Y. Lee and R. A. Scholtz, “Ranging in a dense multipath environment

using an UWB radio link,” IEEE J. Select. Areas Commun., vol. 20,

no. 9, pp. 1677-1683, Dec. 2002.

R. A. Scholtz and J. Y. Lee, “Problems in modeling UWB channels,” in

Proc. IEEE Asilomar Conf. Signals, Syst. Computers, vol. 1, Monterey,

CA, Nov. 2002, pp. 706-711.

C. Mazzucco, U. Spagnolini, and G. Mulas, “A ranging technique for

UWB indoor channel based on power delay profile analysis,” in Proc.

IEEE Vehic. Technol. Conf. (VIC), Los Angeles, CA, Sep. 2004, pp.

2595-2599.

I. Guvenc and Z. Sahinoglu, “TOA estimation with different IR-UWB

[10]

[11]

[12]

510



Conv |
+ == M3F |

3ns Confidence Level

‘ ‘
4 6 8 10 12 14 16 18 20 22
E/N, (dB)

(a)

,"‘

B
&
i
6

3ns Confidence Level

o
/N, = 0dB
i i i i
8 10 12 14
E/N, (dB)
(b)

. 6. Confidence levels of 3ns for TH-IR: a) no interference, and b)

/No = 0dB.

1 T

08 [ =

04 -

3ns Confidence Level

09 -
08F---
0.7 -
06 --
05F--
04F---
03F--
0.2
4

3ns Confidence Level

Fig. 7. Confidence levels of 3ns for TH-IR: a) Eéz)/No = 5dB, and b)
E{? /No = 10dB.

[13]

[14]

[15]

[16]

[17]

transceiver types,” in Proc. IEEE Int. Conf. UWB (ICU), Zurich,
Switzerland, Sept. 2005, pp. 426-431.

A. Rabbachin and I. Oppermann, “Synchronization analysis for UWB
systems with a low-complexity energy collection receiver,” in Proc.
IEEE Conf. Ultrawideband Syst. Technol. (UWBST), Kyoto, Japan, May
2004, pp. 288-292.

K. Yu and I. Oppermann, “Performance of UWB position estimation
based on time-of-arrival measurements,” in Proc. IEEE Conf. Ultraw-
ideband Syst. Technol. (UWBST), Kyoto, Japan, May 2004, pp. 400-404.
I. Guvenc and Z. Sahinoglu, “Threshold-based TOA estimation for
impulse radio UWB systems,” in Proc. IEEE Int. Conf. UWB (ICU),
Zurich, Switzerland, Sept. 2005, pp. 420-425.

I. Guvenc, Z. Sahinoglu, A. FE. Molisch, and P. Orlik, “Non-coherent
TOA estimation in IR-UWB systems with different signal waveforms,”
in Proc. IEEE Int. Workshop on Ultrawideband Networks (UWBNETS),
Boston, MA, July 2005, pp. 245-251, (invited paper).

I. Guvenc and Z. Sahinoglu, “Threshold selection for UWB TOA
estimation based on kurtosis analysis,” IEEE Commun. Lett., vol. 9,

511

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

no. 12, pp. 1025-1027, Dec. 2005.

I. Guvanc and Z. Sahinoglu, “Multiscale energy products for TOA
estimation in IR-UWB systems,” in Proc. IEEE Global Telecommun.
Conf. (GLOBECOM), vol. 1, St. Louis, MO, Dec. 2005, pp. 209-213.
S. Gezici, Z. Sahinoglu, H. Kobayashi, H. V. Poor, and A. F. Molisch,
“A two-step time of arrival estimation algorithm for impulse radio
ultrawideband systems,” in Proc. 13th European Signal Processing Conf.
(EUSIPCO), Antalya, Turkey, Sep. 2005.

S. Gezici, Z. Sahinoglu, H. Kobayashi, and H. V. Poor, Ultra Wideband
Geolocation. John Wiley & Sons, Inc., 2005, in Ultrawideband Wireless
Communications.

R. Merz, C. Botteron, and P. A. Farine, “Multiuser interference during
synchronization phase in UWB impulse radio,” in Proc. IEEE Int. Conf.
UWB (ICU), Zurich, Switzerland, Sept. 2005, pp. 661-666.

S. Gezici, H. Kobayashi, and H. V. Poor, “A comparative study of pulse
combining schemes for impulse radio UWB systems,” in Proc. IEEE
Sarnoff Symp., Princeton, NJ, Apr. 2004, pp. 7-10.

S. Gezici, H. Kobayashi, H. V. Poor, and A. F. Molisch, “Optimal and
suboptimal linear receivers for time-hopping impulse radio systems,”
in Proc. IEEE Ultrawideband Systems and Technol. (UWBST), Kyoto,
Japan, May 2004, pp. 11-15.

W. M. Lovelace and J. K. Townsend, “Chip discrimination for large near-
far power ratios in UWB networks,” in Proc. IEEE Military Commun.
Conf. (MILCOM), vol. 2, Oct. 2003, pp. 868-873.

E. Fishler and H. V. Poor, “Low complexity multi-user detectors for time
hopping implse radio systems,” IEEE Trans. Sig. Processing, vol. 52,
no. 9, pp. 2561-2571, Sept. 2004.

H. G. Senel, R. A. Peters, and B. Dawant, “Topological median filters,”
IEEE Trans. Image Proc., vol. 11, no. 2, pp. 89-104, Feb 2002.

N. C. Gallagher and G. L. Wise, “A theoretical analysis of the properties
of median filters,” IEEE Trans. Acous. Speech Signal Proc., vol. 29,
no. 6, pp. 1136-1141, Dec 1981.



512



	Title Page
	Title Page
	page 2


	Interference Suppression in Non-coherent Time-Hopping IR-UWB Ranging
	page 2
	page 3
	page 4
	page 5
	page 6


