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ABSTRACT Nyquist rate [3]. Such a sampling rate however, is infea-

sible for UWB. We recognize that CS is naturally present
in UWB signals due to the inherent pulse repetition across
multiple frames comprising each symbol [6]. For acquisi-
tion, we derive a sliding cyclic correlation method that re-
lies on frame-rate samples, while for tracking we develop a
low-complexity CS-based algorithm that utilizes pulse-rate
samples. Both schemes are non-data aided (a.k.a. blind).
The ensuing Section 2 outlines our system model and
operating transceiver conditions. Section 3 derives an ac-
Squisition method based on the cyclic statistics induced di-
rectly from the pulse repetition pattern. Section 4 develops
our tracking algorithms. Due to lack of space, the reader is
referred to the journal version [7] for detailed proofs.
. The following notations are used throughout:| de-
1. Introduction notes integer-floof], := = — |x/y| denotes both integer

) ) ] . and real-valued modulo operations with bgse
Ultra wideband (UWB) technology has received increasing

attention for its broad applicability to short-range wireless
communications and radar applications as well. The ba- 2. Modeling Preliminaries
sic concept is to transmit, and receive a baseband impulse-
like stream of very low power density and ultra-short dura- In impulse radio multiple access, every information symbol
tion pulses — typically a few tens of pico-seconds to a few is transmitted by repeating oveé¥; frames (each of dura-
nanoseconds. Such transmissions give rise to rich multipathtion 7';) an ultra short pulse(t) that has duratiod;, <
diversity, low probability of detection, enhanced penetra- 7¢. The pulse (a.k.a. monocycle) can have rectangular, tri-
tion capability, high user-capacity with time hopping (TH) angular, or, typically Gaussian shape [8]. With at the
codes, and potential spectrum compatibility with existing sub-nanosecond scale(t) is UWB with bandwidthB, ~
narrowband systems [1, 8]. 1/T,. The user of interest suppresses multiple access in-
These unique advantages of UWB transmissions are sonterference (MAI) with a pseudo-random TH code sequence
what encumbered by stringent timing requirements. Timing ¢(k) € [0, N.—1] that time-shifts the pulse positions at mul-
offset estimation (TOE) is more challenging for UWB sig- tiples of the chip durationi(.) [8]. We will deal with UWB
nals due to the strict power limitation, and the extremely binary pulse amplitude modulation (PAM) [5], while gener-
short pulse duration. Conventional synchronization tech- alizations to pulse position modulation are possible [7].
nigues based on pulse-rate sliding correlation are not only  During the acquisition phase, we consider slow hopping
sub-optimum in the presence of dense multipath, but alsoby fixing the TH code for all frames within a symbol, but
very slow to converge, due to the prohibitively large number allowing it to change from symbol to symbol. Slow TH en-
of fine bins (chips) to be searched over. There are limited sures multiple access without inducing excessive spikes in
works on rapid acquisition [2], [4], and tracking [6] tech- the power spectrum density of the transmitted signal. Dur-
nigues for UWB. ing the tracking phase however, we allow for fast hopping
In this paper, we apply the cyclostationarity-based tim- where the TH changes on a frame-by-frame basis but re-
ing estimation principle to UWB transmissions in the pres- mains the same from symbol-to-symbol of the same user.
ence of rich multipath. Cyclostationarity (CS) typically arisesFast TH leads to smoother spectrum and can accommodate
in narrowband systems when sampling at a fraction of the more users than slow TH. With information bearing PAM

This paper takes on a cyclostationary approach to recover
timing of ultra-wideband (UWB) transmissions over rich
multipath environments. It is demonstrated that timing de-
pendent cyclic statistics exist without resorting to oversam-
pling, due to the symbol repetition pattern inherent to UWB
modulation. Based on the received signal's second-order
cyclic statistics, non-data-aided time offset estimation al-
gorithms are developed. Timing acquisition relies only on
frame rate samples, while low-complexity tracking utilizes
pulse rate samples. Both acquisition and tracking scheme
are tolerant to UWB channel fading, and additive stationary
(possibly colored) noise.
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symbolss(k) beingi.i.d. with zero mean and variane€,
the transmitted pulse stream is:

u(t) = Zskp(t — kT — ¢ T,),
k=0

wheres;, := s(|k/Ny|), andey, := ¢(|k/Ny]).

After multipath propagation, the received waveform is
given byr(t) = S, aqu(t — ) + w(t), where(L + 1)
is the total number of propagation paths, each withdgp
and delayr; satisfyingr; < 741, ¥l. The channel is ran-
dom and quasi-static, witho, } =, and {7, } =, remaining
invariant within one symbol period, but possibly changing
independently from symbol to symbol. Tafs; }/, are as-
sumed zero-mean and uncorrelated|fpr— I3| > 0. Rich
multipath is assumed, i.er;11 — 7, < 27}, VI, which is

@)

Using (4) and (5) we can re-write (3) as

qu

ZIL:O alRp(—qTf + T, + €+ Tl’()) for
qg=0,1 2 denote the frame rate equivalent channel taps,
andw(n) = fo t + nTy)dt is the sampled noise.
Dependlng orcy ande We notice from (5) that for each
q, only certain path(s) contribute nonzero summands to
gq(k). Forg # ¢, these paths, picked according to (5), are
far apart; i.e.|l — 1’| > 0. This implies thatt{oyay } = 0,
which in turn proves that the correlation @f(k) satisfies:
E{gq(k)gq (k+v)} = Ry q(v)0(q — q').

—q)$n—N.—q +w(n), (6)

F

wheregq(k) =

3. Frame-Level TOE for Acquisition

well justified for indoor propagation channels. The additive

noisew(t) is assumed wide-sense stationary complex pro- Let R, (n;v) := E{x(n)z(n + v)} denote the correlation
cess, but not necessarily white and/or Gaussian, as it conof x(n), andR,,(v) := E{w(n)w(n + v)} the correlation

sists of both ambient noise and MAI. Also(t) is assumed
independent of (k), {a;}£, and{n } .

In TOE, the receiver cannot distinguish two time delays

that are separated by multiple symbol durations, e;cgand

7o + kN;T;. Thus, we confine our timing offset estimation
(TOE) problem to be resolvable only within a symbol du-
ration, and express the first arrival time@s= N1t + e,
whereN, € [0, Ny—1], ande € [0, 7). Accordingly, other
path delays can be describedhy := 7, — 9. With these
definitions, the received signal can be expressed as

L

= Zalu(t - (NETf +e€)— 7'l,()) +w(t).
=0

@)

Estimation of N, accomplisheframe-level TOBr acquisi-
tion, while that ofe enablegulse-level TOBr tracking

A correlator-based receiver uses a frame-by-frame slid-

ing correlation templatp( ) to yield the discrete-time sam-
plesz(n f("H T p an) r(t)dt. Let the pulse cor-

relation beR fo p(t — 7)dt. From (1) and (2),
we obtain (neglectmg the n0|se for brevity)

L oo
= ZZ lSkR k‘—l—Ng—n)Tf +CkTC+E+leo).

1=0 k=0
3)
We will simplify (3) based on the fact th&, () is nonzero
only for r € (-=T,,T},), and by selectind’; — T,, > 71 ¢.
If £+ N —n > 1, then the argument @&, in (3) exceeds
T,, sincec, T, + € + 7o is always positive, and’y > T,.
Likewise, if k + N. — n < —3, then the argument aR,
in (3) goes below-T),, becausenax(c,T, + € + 79) =
2Ty + 11,0 < 3Ty — T,. Hence, the values of and!
contributing nonzero summandsain) must satisfy:

k: k+ N.—n=—gq, q=0,1,2;
l: —qTy + (Cch + 6) + 70 € (—Tp7Tp).

(4)
®)

of the stationary noise(n) in (6). It then follows by direct
substitution from (6) that:

Ro(n;v) =Y Ryq(v)Ro(n— Ne = g;v) + Ry (v), (7)

whereR;(n;v) := E{spsn1,} = o2, whenv € [0, Ny —
1] — [n]n,, and0 otherwise. Becausp: + kNy|y, =
[n]n, for any integerk, we deduce thaR,(n;v) (and thus
R.(n;v)) is periodic inn with period N¢. This establishes
thats;, andxz(n) are cyclostationary processes.

Being periodic inn, R, (n;v) accepts a Fourier Series
expansion, which gives rise to (the so-ternwedlic corre-
lation) coefficients that are given by [c.f. (7)]:

ZR (n;v)e

Henceforth, we will rely onR,(l;v) for I # 0 in order

to suppress the stationary noise whose cyclic correlation is
Rw(l;v) = Ry (v)d(l). Substituting (7) into (8), and using
the periodicity ofR, (n; v) to shift the summation limits in
(8), we find that for £ 0,

R(l;v)

In

(8)

2 N +q+Nf 1 P
= ZRg,q(l/) Z Ry(n—N.—q;v)e "Mi™"
q=0 n=Ns+q

~27rlN 2
e*Jfo € j :

q=0

Rgﬂ(y)ej}y;lq> Rs(l; V) ’ (9)

whereR s (I; v) is the cyclic correlation ofy, defined simi-
lar to (8). We can express the latter in closed-form as [7]

o2 sin(nl|v|/Ny) .

i U +)
Ny sin(wl/Ny) '

Rs(l;v) = —

(10)
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Based on ouframe-rate samplesg(n), we can also estimate
R.(I;v) consistently via sample averaging:

N—-v-—1
~ 1 _i2n
R.(l;v) = N E z(n)z(n+v)e I
n=0

In

(11)

Relying on (11) and (10), we will pursue our estimation
of N, using the normalized cyclic correlatidR,, (I; v) :=
ﬁm(l; v)/Rs(l;v), which forl # 0 is given by [c.f. (9)]:

Roliv) = MR, (1;0) | (12)
whereRy(l;v) = Zzzo R, (V) exp(—j2mlq/Ny) con-
tains the unknown equivalent channel tgd3, ,(v)}2_.
Let|R.(I;v)| (0. (I;v)) and| R, (I; v)| (8,(1; v)) denote the
amplitude (phase) oR.(l;v) and R,(l;v), respectively.
For eachy, three amplitude value$|R . (I;v)|};_,, suffice

to determine one (out of four possible) spectrally equiva-
lent triplet of channel tap$R, ,(v)}2_,, using a spectral
factorization algorithm. For improved resilience to noise,
a spectrally equivalent triplet can be found also via nonlin-
ear minimization of a cost function that performs quadratic
amplitude matching as follows:

Y R v)] = [Ry (1))

=0 =1
(13)
To specify the correct triplef 2, ,(v)}2_,, and also find
N, we resort to the phase & ([; v), which from (12) is

given by:

R 2 = i
{Rg.q(V)}o=0 arg min

0,(l;v) = —(2n/Ny)INe + 04(L;v) . (14)

Trying all four spectrally equivalent triplets of channel taps,
{R{"),(1)}L,, we can estimat@, as:

2

4

. _ 2w ;

N, = arg min 0,(l;v) + —IN. — 09 (I, v
NOR, 0 ; [ A7 o (57)

(15)

We have proved in [7] that four values &, (I;v) indeed

suffice to identifyN. and{R, ,(v)}2_, uniquely for each

v. This establishes:

Proposition 1 (Acquisition by cyclic correlation)liming

thus improve estimation accuracy. OMN estimator can
enjoy similar benefits, if instead af(n), we apply the re-
sults of this section to the cyclostationary procg&s) :=

(1/Ny) kN:fgl z(n + k). Additional SNR enhancement
is possible, if instead of the monocycle template), our
frame-rate sliding correlator employs a composite template
p(t) :== (1/N,) Zf:;ol p(t—npTy), that consists oN,, :=

|Ty/T,] shifted monocycles per frame.

4. Pulse-Level TOE for Tracking

During the tracking phase, we consider fast hopping by al-
lowing the TH codes to change across frames, but repeating
the hopping pattern from symbol to symbol; i.e., by setting
cx = c([k]n,) in (1). Fast TH may induce inter-frame inter-
ference within a symbol, but not necessarily inter-symbol
interference, provided that we set the TH code of the last
monocycle in each transmitted symbol to be zero, so that it
does not hop into the next symbol.

Compensating(t) by N T that we acquired in Section
3, we obtain from (2)

L

ri(t) =r(t+ NIy) = Z au(t —e—1,0) + w(t)
1=0

oo

O‘ZZ Sk-p(tf ]fo —cp 1. — 677‘1’0) er(t). (16)
k=0

L
=0

With the acquisition ofV,, the TH codec;, (that is always

the same for thé-th frame of each symbol) is known to the

receiver. This enables usage of time-hopping templates in

the correlator.

Depending on the availabl®. and the unknowr €
[0,T%), r1(t) may entail one or two successive symbols.
Specifically, if N. = 0 ande is within the first frame { €
nN;Ty + [0,7T%]) of the nth symbol, then two symbols,
s(n — 1) ands(n), contribute tor, (¢). For all other frames
of thenth symbol, onlys(n) contributes to- (¢). Applying

pulse-by-pulse sliding correlation tg(t) in one out of ev-
ery Ny frames, we obtain the pulse-rate discrete-time sam-

Ny Ty+(m+1)T,
pleszi(nNy;m) = f:foTff+7‘(’7Zip T p(t —nTy —coTe —

mT,)r(t)dt, for m € [0, N,], whereN,, := |T;/T,|. The

can be acquired consistently using four nonzero lags of the correlation template in this interval is affected b{)7.,
cyclic correlation of the frame-rate sampled received se- sjnce can, = ¢(0),Vn. Skipping the noise in (16) for

quence. An estimate can be obtained from (15) for eachprevity, and using the pulse correlatiéy, we obtain

v € [-(Ny —1), Ny — 1], possibly followed by averaging
overv to further enhance estimation accuracy.

Itis also possible to bypass estimation(@, ,(v)}2_,
and form coarséV, estimates without the one-dimensional

nonlinear search required by (15). As the resulting algo-

rithms rely on the peaks d®,.(n;v) or the phasé,(I;v),
they are simpler; but they specify, with an ambiguity that
can be as high a7 [9]. On the other hand, the acqui-
sition schemes in [9] collect energy ovaf; frames, and

L o
z1(nNy;m) = ZZalsk

=0 k=0
'Rp((k—an)Tf-f—(Ck—C())TC— mTp +E+le()). (17)

Because(cy, — )T, € [Ty + T., Ty — T¢],Vk, when
(k—nNy)Ty ¢ (—3Ty,2TY), all the correlations in (17) are
zero for any possiblg, e andr; o, due to the finite non-zero
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support ofp(t). Hence, the values fdrand! that contribute
non-zero summands imy (nN f; m) must satisfy:

k: k—nNy = —q, q=-1,0,1,2; (18)
l: (cx—co)Te+e—mT,—qTr+m0 € (=T, Tp). (19)

We observe that the contributiig are determined by, ¢,
¢, and the correlating pulse position. Letting A,(m) :=
(e — co)T. + € — mT, — qTy + 7,0, and recalling that
¢ is a fast TH code, we deduce from (18) that theas-
sociated withA,(m) is given byc;, = ¢y, 4 = c_g, Of

which ¢_; = 0. Close examination of (19) reveals that,

for a givenm € [0, N,], there only exist two possiblgs

that do not violate the constraint (19). In the following two

casesA,(m) ¢ (—T,,T,) occurs for the listeq values:

Case le > (m+ 1)1,

q (cog—co)Te (e=mTy) —qTy mo | Ag(m)

0 0 > T, 0 >0 | >1T,
Case ll.e < mT,

q |[(c—g—co)Tc (e—=mT},) —qTy 71,0 Ay(m)

1 <0 <0 =Ty Ty-T, | <-T,

2| <Ty-T, <0 =2Ty <Ty-T, | <-I,—T,

Note thatA,(m) does not depend on the corresponding

symbolnN;. Defining g; ,(m) = 31 cuRy(A,(m))
for ¢ € [—1, 2], we can simplify (17) to:

If mT, <, then

2
w1 (nNpim) = s(n=1)) _ g14(m) = s(n—1)g_1(m);

If mT, > €,then
w1 (nNpim) = s(n) Yg__y g1.4(m) = s(n)go(m)

, (20)
where g;(m) = ;:2121*719141(7”) fori = —1,0. We
observe tha{g, ,(m)}2__;, and hence(g;(m)})__,, are

fully specified bym andgq, for a given TH pattern, and a
fixed delaye. Note from (20) that there is a symbol tran-

sition in the interval((mo — 1)T},, moT,], wheremg :=
le/T},]. Moreover, sinceN, T, > Ty —T), > ¢, the last sam-

ple z1(nNy; N,) in each symbol period always includes
Subsequently, we develop several estimatorsefor

s(n).

4.1. Tracking by Cross Correlation

Let Roy(m) := E{z1(nNy;m)z1(nNy; Np)}, for 1 €
[0, N, — 1]. From (20), we have:

Whenm € [0, mo — 1],

R (m) = E{s(n—1)s(n)} B{g-1 (m)o(Ny)} = 0; )
Whenm € [mg, N, — 1],

Ray(m) = E{s(n)s(n)}E{go(m)go(Np)} > 0.

In practice R, (m) can be estimated using noisy pulse-rate
samples averaged ovaf symbols as follows:

N-1
A 1
Ro,(m) = i Z z1(nNg;m)z1(nNg; Np).

n=0

(22)

To exploit the symbol transition property, we construct these
decision statistics\(m) :=>""" ( Ro, (i), m = 0,1,... N,—
1. It follows from (21) that

A\ ) . 0, m<mg—1
M) =S B m)ao(N,)} > 0, m > mo
(23)
As a result, we can find the critical point, by energy de-
tection on\(m), or, by counting the number of positive val-

ues in{\(m)}r<":

m=0 -
mo = argmin {m: X(m) >0} (24)
Np—1
= Np— Y (A(m)>0). (25)
m=0

Proposition 2 (Coarse tracking by cross correlatidrijning

can be coarsely tracked by detecting the critical point of
symbol transition from the cross-correlationof(nN; m)

in the starting frames of a symbol period. An estimate can
be obtained by = m(T},, wherem, can be estimated from
either (24), or, (25). Such an estimator entails ambiguity up
to T}, due to the quantization with pulse period levels.

The performance of this estimator is not only heavily
dependent on the SNR, but also sensitive to the noise corre-
lation between pulses that af®, — m()T apart. In (21),
ng(m) is no longer zero when the noise components in
z(nNy; N,) and {z(nNy;m)} 7o ! are correlated, being
in close vicinity. In the ensuing subsection, we will develop
a CS-based tracker that is robust to colored noise.

4.2. Tracking by Cyclic Correlation

Here we exploit the CS that is present in our pulse rate sam-
ples across different symbol§: - - 1 (nN¢;0) - - - 21 (nNy;

Ny —1);21((n+1)Ng;0) -2y (n+1)Np; N, —1) -},

Let y(k) := x1(|k/N,|Ny; [k]n,) denote this sequence.

based on this symbol transition property. These estimatorsg,gm (17), we can expreggk) as

are coarse in the sense that they rely on an estimate, pf

which is quantized with pulse period levels. As a result,

these coarse estimates ©kntail an ambiguity up td,,
even when free of noise.

):{ g-1([k]n,)s([k/Np] =1), [k]n, € [0,m0—1];
go([K]n,)s([k/Np]), [k]n, € [mo,Np(*Zé;
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The time-varying correlatio®, (k; v) := E{y(k)y(k+v)} could be possible via tracking methods that only require
is given by (assume > 0 w.l.0.g) frame-rate sampling; see also [7] for a CS-based fine track-

ing algorithm.
Ry 11(v) = 02 E{g-1([k]n,)g-1([k+V]n,),
for k,k + v € [nN,, nNp, + mg — 1];
Rg.00(v) := 02 E{go([k]n,)g0([k+V]nN,), Acknowledgment: The work of the last two authors was
Ry (ki) = for k, k+v € [nN,+mq, (n + 1)N,—1]; supported by the ARL/CTA Grant no. DAAD 19-01-2-011.
VT Ry () = 02 B{Go([k]w, )31k + v, ).
for k € [nN, + mg, (n + 1)N, — 1],
andk+v € [(n+1)Np,(n+1)Np+mo—1]; 5. References
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