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Time Delay Estimation Bounds in
Convolutive Random Channels

Zhengyuan Xu, Senior Member, IEEE, and Brian M. Sadler, Fellow, IEEE

Abstract—We develop bounds on time delay estimation (TDE) in
wideband convolutive random channels. The improved Ziv—Zakai
bound (ZZB) is adapted to this case, resulting in mean-square error
(MSE) bounds that are independent of estimator bias, and avoid
regularity conditions. We assume a known transmitted signal, a
tapped delay line random channel model, and a uniform prior on
the delay. The taps are modeled as Gaussian, including non-zero
mean and possible correlation between taps. The channel model
may be tuned to a variety of environments through the choice of
mean and covariance, and models wideband and ultra-wideband
line of sight (LOS) and non-LOS (NLOS) cases. Flat fading is a
ranging, enabling building penetration and ne time resolution

. Timing for ranging may also be employed in sensor
networks for node geolocation . TDE is often analyzed
in an additive white Gaussian noise ( WGN) channel, or for
narrowband fading channels e.g., see the survey in . The
impact of multiple narrowband fading diversity channels on
TDE is considered in . Cramr ao bounds (C Bs) for
superimposed and delayed parameterized signals are available
for deterministic parameters , and this approach is readily
adapted to the case of TDE in a known deterministic multipath
channel . The resulting C B provides a local bound on
TDE, but is not tight for all signal-to-noise ratios (SN s), and
does not account for random channel effects.

Manuscript received November , revised une ,

n this paper we develop mean-square error (MSE) bounds
on TDE. These bounds can then be applied in the above applica-
tions. We adopt the TDE performance bounding approach of Ziv
and Zakai to the wideband convolutive random channel case.
The basic methodology was introduced in , and later an im-
proved version was developed that avoided the use of the
Chebyshev inequality and provided a tighter bound over both
low and high SN regimes. The improved ZZB is applied to
TDE for WB signals in additive white Gaussian noise in

n this paper we apply it to a random convolutive channel model
that is general and accommodates wideband and ultra-wideband
cases hereafter, we refer to this as the ZivZakai bound (ZZB).
This approach yields an MSE bound on time delay that is in-
dependent of estimation bias, and assumes a uniform prior on
the time delay parameter. The resulting ZZB reveals the impact
of fading as well as randomness over channel realizations that
occur due to movement of the scatterers or the terminals. We de-
rive the ZZB for a given channel realization, and then average
over the random channel model. The derivation incorporates a
probability of error expression that is based on an optimal re-
ceiver that has knowledge of the channel realization.

. SGN L NDC NNELMODELS

A. Channel Model

We model the signal and channel as baseband, i.e.,
real-valued. The channel is modeled as a tapped delay line
with tap spacing 7} seconds, given by

L-1
g(t) =" aub(t - ITy) (1)
=0

where L is the total number of taps, and «; is the gain for the
(I + 1)th tap modeled as a Gaussian random variable with mean
w; and variance ;. We model the «;’s as jointly Gaussian with
distribution N (g, V') where p is the mean vector and V is the
covariance matrix. Let C be the corresponding correlation ma-
trix, so that C = puu” + V. The channel is assumed to have unit
power. Using the trace operator, the normalization constraint
can be expressed as

(C) = 1. )
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ote that, while the channel has equally-spaced delays in time,
the signal model below in (4) has a continuous time delay #, that
we wish to estimate.
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One UWB channel modeling approach assumes the impulse
response is a sum of scaled and delayed impulses with the de-
lays continuously variable. These are generally variants of the
Saleh—Valenzuela wideband indoor model [16]. Overviews of
real-valued gain and delay UWB channel models and measure-
ment campaigns are given by Buehrer [17], and Molisch [18],
(see also [19, ch. 2]), and this approach has been used to develop
models for IEEE standards [20]. The gain and delay model ig-
nores individual pulse distortion, which must be compensated
for by adding additional delays (even if they are not measured)
[17]. For UWB, electromagnetic properties of materials cannot
be considered constant with respect to frequency [17], and this
leads to a modified gain and delay model with frequency depen-
dence for each delay [21]. Measurements in a variety of environ-
ments have led to various probability density functions (pdf’s)
for the amplitudes and delays, based on goodness of fit tests, and
tuning the model for different environments requires the ma-
nipulation of a somewhat sizable number of parameters. These
models are readily used in simulations, but are less amenable to
analytical studies.

For generality and tractability, we do not consider continu-
ously-variable delay channel models in this paper. The real-
valued Gaussian channel model is tractable for baseband, where
a sign change implies a signal polarity change (e.g., a pulse is
inverted due to a surface reflection), and non-zero mean com-
ponents occur in LOS paths. Our TDE bounds represent av-
erage (MSE) behavior over many channel realizations, so the
Gaussian channel assumption seems reasonable. The propaga-
tion environment is tuned by selection of g and V', and the
power delay profile is incorporated into the variance of each
tap, yielding analysis and insight on delay estimation over a va-
riety of propagation environments. Complex baseband Gaussian
channel models with equally-spaced taps are well known in the
wideband case [22]. From a statistical model selection view-
point, using the Akaike information criterion (AIC), there is
strong evidence to support this model and the Gaussian assump-
tion in the UWB case as well (see [23] for a comprehensive
discussion). This stems from the Rayleigh amplitude—uniform
phase model. It is also reported that non-zero mean taps can
occur after the first channel tap, due to large reflectors [23].

B. Signal Model

The transmitted signal s(¢) is assumed known to the receiver
and given by

s(t) = V Ewp(t). 3)

Here, ., is the transmission energy, and p(t) has unit energy
and finite duration 7),. In the case of a bandlimited signal, which
is inherently not time limited, we assume it can be truncated in
time to duration 7, with some small approximation error. Our
subsequent discussions will be primarily based on time limited
signals.

The signal is transmitted through the multipath channel g(t),
with propagation time ¢, so that the received signal is described
by

y(t) = V Erah(t —to) + v(t) ©)

where F,., is the received signal energy incorporating the trans-
mission energy and the total channel power gain. We assume
to € 0,7, and assume 7" is known a priori. In (4), h(t) is the
overall channel response given by

L-—1
h(t) = p(t) = g(t) = Y aup(t = IT3) )
=0

and v(t) is additive white Gaussian noise (AWGN) with double
sided spectral density No/2.

III. TIME DELAY ESTIMATION BOUND

The development of the ZZB links estimation of £y with a
hypothesis testing problem that discriminates a signal at two
possible delays [12]. For a received signal at one of the two
possible delays h(t — a) or h(t — a — A), where A > 0 and
a,a+ A € 0,T], abinary decision problem based on a delay
estimate tA(] is described as follows:

Decide Hy :  tog = aif |ty —a| < |tg — a — A,
Decide Hy : tg=a+ Aif |ty —a| > |to —a — Al. (6)

Denote the estimation error by € = fo — to, and let P. (a,a+A)
be the minimal probability of error achieved by the optimum
detection scheme in making the above decision. If the two hy-
pothesized delays are equally likely to occur, then the estimation
MSE is lower bounded by [12]

T T-A
€ > —/ A/ P.(a,a + A)dadA. 7
T Jo 0

In general, P.(a,a + A) for equally likely hypotheses
is only a function of the offset A, which we denote by
P.(A) = P.(a,a + A). Then

T
e > 1 / A(T — A)P.(A)dA. ®)
T Jo

Evaluation of the bound (8) relies on finding the minimal
probability of error P.(A). For our case, consider the received
signal

2(t) = VErgh(t — bA) + v(t) ©)

where b takes values of 0 or 1 corresponding to the two hy-
potheses, and A is the relative delay in the hypothesis test. Here,
P.(A) is equivalent to the error probability of a maximum like-
lihood detector for a binary pulse position modulation (PPM)
communications scheme, as a function of the relative delay A.
Thus, we can appeal to binary PPM error results, but with the
added complication of the random channel. We proceed as fol-
lows. First, we find P.(A) conditioned on the channel real-
ization, and second, we find the average probability of error
P.(A), averaged over channel realizations. The ZZB is found
by using P.(A) in (8). As further explained below, this leads to
a ZZB that averages over the random channel while assuming
perfect channel knowledge at the receiver, which is sometimes
referred to as a perfect measurement based lower bound (e.g.,
see Van Trees [24]).
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A. Probability of Error for a Given Channel Realization

The optimal binary PPM detector forms a correlation tem-
plate m(t) = h(t) — h(¢t — A) and generates a decision variable
[25]

(10)

This “coherent” detector assumes knowledge of the transmitted
signal and channel is available to the receiver.
After substituting m(t) and z(t), (10) becomes

7 =27+ 7, (11)

where Z; is the signal component, and Z, is the noise compo-
nent. These are given by

ge o)

Zs =V E’r‘a: RbA - R(l—b)A]7 Zu = /

J —oo

m(t)v(t)dt

where R is the autocorrelation of h(t) evaluated at lag T

o -1
R. = / MOt —T)dt = S a0mBn_pyrir (12)

J—oo 1,m=0

that in turn depends on the transmitted signal autocorrelation

B = /OO p(t)p(t — 7)dt. (13)

— 00

The signal correlation depends on the waveform and its dura-
tion. For a finite duration signal, 3, = 0 for |7| > T},.

The decision will be made based on the polarity of Z, in order
to decide if b = 0 or b = 1. Without loss of generality, assume
b = 0. Then

Zy = \/Era(Ro — Ra).

An error occurs if Z < 0[25], so the probability of error is given
by

(14)

P.(A) = P{Z < 0} = P{Z, < —Z.}. (15)

Since Z, is a Gaussian random variable with zero mean and
variance 02 = F {Z2} evaluated as

2= /_ o; | /_ o; E{o(t)o(r)m(t)m(r)}dtdr

:[m - %6(15—7)771
= No(Ro — Ra)

(t)m(r)dtdr

where expectation is over the noise only, the probability of error
can be expressed as

(VErz(Ro — RA))2

2
v

PA)=Q

a

where Q(z) = (1/v2m) [° exp(—(t?/2))dt is the Q-func-
tion, related to the complementary error function by Q(z) =
(1/2)erfc (x/v/2). Substituting o2 and defining the receiver

SNR

ET.’L'
SNR =&, =
6=

we obtain

P.(8)=Q (VD) (16)

where D is a function of SNR and the received signal correlation
(and thus the channel) through R, as

D =& (Ro — Ra). (17)

Next, we take the expectation over the channel to obtain the
average probability of error.
B. Average Probability of Error

The above result is conditioned on the channel realization.
Define the random channel gain vector & = ay, ..., ar_1]7.
Then, the average probability of error is given by

P.(a) = E{r.(a)} = £{Q(VD)} (18)

where the expectation is over random gain @« € RZE. The
Q-function is difficult to work with, so we turn to the following
well known identity [26]

L) 22
Qo)== [ e (g ) 0

(which can also be directly derived from [27] or [28]). Now, (18)
becomes

_ (7/2)
PE(A) = %A FE {exp <—ﬁ> } d§b (20)

Using (12), D in (17) can be expressed as a quadratic function
of a.. We first obtain

Ry — Ra = Z QU m Bm-tyr, = Bat(m—-i)1,])-

l,m

(19)

2n

If we introduce an L x L down-shifting matrix J, whose first
subdiagonal elements below the main diagonal are ones while
all others are zeros, then D can be expressed as

D=aod"Wa (22)
where W is a Toeplitz matrix (not necessarily symmetric)
L—1
W=¢ > (Ber —Barrr)T* (23)
k=—(L—1)

and J~* £ J7 for concise presentation of the summation. Now,
(20) becomes

_ L) Tw
P.(A) = ;/0 E {exp <—ﬁ> } dp.  (24)
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In principle, (24) could be evaluated numerically for any given
distribution of e, although this requires an (L + 1)-dimensional
integration whose complexity is high. Further simplification of
(24) can be made by observing that the exponent is in a quadratic
form of a Gaussian vector a.

The characteristic function and distribution of quadratic
forms of Gaussian variables have been studied extensively.
Turin [29] provides characteristic functions for both real and
complex cases. In [30], the distribution of a definite quadratic
form of real non-central Gaussian variables is studied. Gen-
eralization of distributions to complex Gaussian variables is
made in [31]. The distribution for non-central and indefinite
quadratic forms are derived in [32]. Approximations to distribu-
tions are made using an expansion in Laguerre polynomials or
generalized x? distributions in [33]. Comprehensive treatments
of quadratic forms of Gaussian variables are detailed in [34].
Some nice results are also summarized in [35]. We draw on
these results to simplify (24).

The error probability (24) is related to the moment generating
function (MGF) of v = o Ua defined as

O(s) = E{exp(su)} = E{exp(sa’ ¥a)}.

According to [29, eq. (15)], if ¥ is a symmetric matrix, it is
given by

O(s) = |I - 25V\IJ|*(1/2)6*(1/2)#TV71 I-d-2Ve) '

where [ is an identity matrix, and | - | denotes the matrix deter-
minant. Pulling (I — 2sV'W¥)~! out of the right bracket, we can
express I — (I —2sVW)~ 1] as —2sV¥ (I —2sV¥)~ 1. There-
fore, we can write ©(s) as

O(s) = |T — 2sV¥|~ /2 exp [sp" (I —2sVE®) "] .

The result can be generalized to the case with an asymmetric
matrix ¥ by noting u = (1/2)a” (¥ + ¥")a, so that

0(s) = E{exp(sa’ ¥a)}

— A, |1/ 1/ Dsu" (¥ AT 'u (25)
where A, = I — sV(¥ + OT). Letting s = 1, we obtain the
following lemma useful for our bound development.

Lemma: Suppose « is an L-dimensional real Gaussian

random vector with mean g, and full rank covariance V. For
any real matrix U, let A =1 — V(¥ + ‘IJT). Then,

E{exp(a”%a)} = |4~/ Dexp %,,,T(xp + U A
(26)

if A is a positive definite matrix.

This lemma generalizes a well known scalar version [36]. The
positive definiteness condition is required to obtain a bounded
expected value, similar to the scalar case [36]. The result is also
found in [37, eq. (4)].

Some special cases of the lemma are of interest, which we use
later. If both V" and ¥ are diagonal matrices with the (I + 1)th

diagonal elements +; and 1);, then after denoting the (I + 1)th
element of p as p;, the result simplifies to

T L—1 ving
Efexp(a’ Wa)} =g exp | 75—

x (1= 2y)~ 2. (27)
For a with zero mean, (27) becomes
Efexp(a”Wa)} = T/ (1 - 2¢y)~ /2. (28)

Finally, when L = 1, (27) or (26) reduces to

1/1/1’2
1 — 29y

in the same form as the scalar case [36] under the positive defi-
niteness condition 1 — 2y > 0.

Invoking the lemma, (24) can be simplified. Letting ¥ =
—(W/(25in? $)) and setting

E{exp(pa?)} = exp < )(1 — 2¢py)~ WD (29)

A:I—V(\I:+\1:T):I+_izv<1> (30)
2sin” ¢
where
1
&=_—W+w")
&b
L—-1
= > (2Bwr, — Baswr, — Bakn,)d* (1)
k=—(L-1)
we obtain
_ (=/2)
Pa)=2 [ e [— S TeA A0,
T Jo 4sin” ¢

(32)
After expressing A~ by 2sin? pB~! according to (30) where
B = 2sin” ¢pI + VP (33)

we have

_ 2L/ (/)
P(a) =2 /
0

X exp [— %bp.T@B_l,u,] |B|= /2 (sin¢)Edp.  (34)

Evaluation of (34) only requires 1-D integration, as compared
to the (L + 1)-dimensional integration required for (24). For a
given value of A, the integration involves the following system
parameters: channel model mean g and variance V' of a, SNR
&b, transmitted signal correlation /3, channel model tap spacing
T}, and the number of taps L. Note also the Toeplitz matrix ®
defined in (31), that is of order L. Looking along the direction
from its upper right to its lower left corner for k = —(L —
1),...,L — 1, its (L 4+ k)th subdiagonal has entries equal to
20kT, — Ba+kT, — Ba—kT,, the coefficient of J k Ttis a function
of A, T; and signal correlation. Because 3, = 0 for |7| > T, for
a signal of duration T, Brr,, Ba+kT, and Ba_p7, may be zero
individually or concurrently depending on the relation of their
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subscripts with T},. This in turn depends on the relation of the
range 1" with A, transmitted signal duration 7},, and multipath
delay spread (L — 1)1;.

C. TDE Bound

We now return to (8), and utilize P (A) to find the bound

T
€2 > % / A(T — A)P.(A)dA. (35)
0

Substituting (31) and (33) into (34), and then (34) into (35),
numerical integration can be readily carried out to obtain the
bound for any given system parameters. Evaluation of (35) re-
quires a double integration over ¢ and A, using the result in
(34). The bound (35) is applicable to many scenarios, such as
line-of-sight (LOS) and non-LOS (NLOS) channels, different
power delay profiles (PDPs), tap correlation profiles (TCPs),
and pulse shaping. (If the random Gaussian channel model were
not employed, then a Monte Carlo simulation over channel re-
alizations for some other model could be used.) Note that the
bound depends on the prior distribution time delay interval 7T';
as T'" — oo, it may become loose [12].

IV. ASYMPTOTIC ANALYSIS AND THRESHOLD BEHAVIOR

In this section we consider high and low SNR regimes. Al-
though the integration is highly nonlinear in A, analytical re-
sults are derived for two asymptotic cases to provide insight into
some system parameter effects. With these asymptotic results,
threshold behavior of the bound is observed in certain cases.

A. High SNR Regime

Assume matrix V has full rank. As received SNR &, — oo,
B can be approximated by B ~ &,V ®. Substituting this into
(34) yields

o 1/& (L/2) B
PR(A)~;< ) ve|-(/2
o /2)
xe~ /2" V" / (sin¢)Edg.  (36)
J0

Applying the following identity [38]

(x/2) Li1
/0 (sin )" d¢p = ‘/;FF((L) )

where I'(z) = [~ t*~'e~"dt is the Gamma function, we have

- fb (E/2) —(1/2)
PS(A) ~ <—2) |V®|
+

7(1/2),‘TV n F(—) '
LyaT (§)

Notice that @ is a function of A as given in (31). Substituting
(37) into (35), changing the integration variable to z by A = =T’

(37)

and defining the normalized MSE (NMSE) €2 = 6_2/T2, we
obtain

—(L/2
5o (& e vk L) U
2z \4

2 LVAT (5)
(38)
where “Z” represents “approximately no less than”, and
1
U= / w(1—2)|Y ()| Ddz (39)
0

L—1

Y()= Y (2Bkn — Bersrr, — Par—ir,)T*. (40)
k=—(L—1)

Equation (38) clearly shows decay with increasing ¢, at a rate
of (L/2) in a logarithmic scale. The transmitted signal dura-
tion has an effect on the entries of Toeplitz matrix Y (). Since
B- = 0for |7| > T, »» this imposes conditions on values of dif-
ferent subdiagonals in Y (). For example, if T + kT; > T,
or equivalently £k > T,,/T; — 2T /T, then Byrisr, = 0, and
only Brr, survives in those subdiagonals.

B. Low SNR Regime

Letting &, — 0, we adopt expressions (30), (31) and (32) for
analysis. Matrix A in (30) consists of an identity matrix super-

1+ ¢r(X), we obtain

A~ 14 S (V).
sin?
Therefore,
AW 1 = 8 Y@ a o (Eotr(VE)/(dsin® 6)
4sin? ¢
(41)
Similarly, after approximating A~" by
Al T - ,E%}JZVQ
2sin” ¢

and noticing that there is already a factor of &, in the exponent
of (32), we ignore the term of the first order of &, in the above
expansion and obtain

pT®A 'y~ u"®p. (42)

Substituting (41) and (42) into (32), and using the correlation
matrix C, the probability of error becomes

_ 1 [(=/2) .
PQ(A) ~— /0 e~ (& /(4sin ¢))tr(C<I>)d¢

.

=Q ( %f;,tr(0¢)> .

The equality above is due to (19).

(43)
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Fig. 1. Typical time delay estimation Ziv—Zakai bound behavior, depicting low §&; and high 6> SNR thresholds and limiting approximations. Rectangular
pulse, T, A L , exponential PDP with A and first arrival Ricean-/ factor , and uncorrelated channel taps.

The @Q-function can be further approximated at low SNR
(small &,). Noting the complementary error function has the
following asymptotic expansions for large = and small x [38]

Lzon) large
erfC(.T) = :Ef Zn : n'EQ‘Tl 71” 211+1 g
1= 7= Zn 0 (2n+D)n! small z
the Q-function can be similarly expanded as
1 x
z) = —erfc | —
- ()
(=2/2) 1" (2n)!
_ z\/ﬂ Zn 0 (n'(\)/_;(n)b)l large x
R ()" ()t |
2 ﬁ Yo W small z

Applying the expansion for small z, (43) is simplified to

P.(A) =~ % 2\/_

Then the MSE bound becomes

&tr(C®). (44)

1

T

2=

T
/0 A(T — A) [2 N &ir(C®)| dA.  (45)

This bound can be evaluated for any given tap correlation matrix
C and transmitted signal correlation.

The following provides additional discussion on the low SNR
case, stemming from (45).

1) A Loose Bound Independent of Channel Distribution Pa-
rameters: In order to obtain a bound that does not depend on
the particular channel distribution parameters, we relax the trace
in (45). For two positive semi-definite matrices C and ® of
the same order, 0 < ¢r(C®) < tr(C)tr(®), although this
inequality may not be tight. For example, if ® al, then
tr(C®) = tr(C)a = a, while tr(C)tr(®) = tr(al) = oL,
and a difference of factor L occurs. Applying this inequality,
noting the power normalization constraint (2) and that ¢r(®)
2L(Bo — Ba), we obtain tr(C®) < 2L(8y — fa). Then, the
dependence on C' in (45) can be eliminated as

—2>1/TAT_A F_L
ez ) Al 327377
(46)

This loose bound does not depend on the random distribution
parameters of the channel taps! Note also that increasing &, or L
helps to reduce the bound. It depends on the correlation function
(-, that derives from the waveform. A sharply decreasing corre-
lation (3, helps to reduce the error due to the term (3o — A, such
as arises with a wideband signal. The availability of a closed
form for the above integration relies on the complexity of the
correlation [a.

As an example, consider a triangular correlation 3, = 1 —
(|7]/Tp) for |7| < T, and zero elsewhere. If T > T}, the

L(Bo — Ba)
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r| — — ZZB-random S
-— - Correlator-random SN\ -
10 i ! ! ! N
-20 -10 0 10 20 30 40
SNR (dB)

Fig. 2. TDE example, comparing ZZB and a simulated receiver employing a correlator-based time delay estimator. Rectangular pulse, T, = 2 ns, T' = 5 ns,
L =1, and uncorrelated channel taps. Curves are parameterized by Ricean-K factor in the order of (0, 5,10, 15, 20) dB. For large I{, the results converge to the

Z7B assuming additive white Gaussian noise (ZZB-AWGN).

integration interval may be divided into 0,7T},] and T),, T']. After
defining

and some manipulations, and finally substituting 1}, = 07, the
normalized bound is given by

—_ 1 V&L (1 1., 1,
2 - _ - = -
CEG (6 o5 ) (47)

This result is valid for 0 < 6 < 1, and is independent of the
channel distribution parameters. It shows that the bound con-
verges to a level of (1/12) ~ 0.08 (or —10.7 dB) as & — 0.
This level is equivalent to setting the error probability to 0.5 in
the original bound (35). The bound decays with increasing &, at
a half rate in a logarithmic scale, more slowly than that in the
high SNR regime. Also, as § increases, time resolution degrades
and consequently the error increases, so that using a shorter
transmitted waveform (i.e., higher bandwidth for the same en-
ergy) is beneficial for delay estimation.

If T < T,,then § > 1. Direct integration yields the following
normalized error bound

oxl VoL 4 12 2%l
12 2r35v9 12 35V 7t

We can see again that decreasing 6, or equivalently decreasing
waveform duration, helps to reduce error. The bounds of (47)

and (48) meet at § = 1 that results in an error of (1/12) —
(2/35)/(2& D)/ ).

2) A Few Cases Independent of Channel Distribution Param-
eters: We provide a few cases where the bound (45) does not
depend on the channel distribution parameters.

If the channel has only a single tap L = 1 (the narrow band
fading case), then C = ug 4+ v = 1 due to (2), and ® =
2(Bo — Ba)- So, tr(C®) = 2(By — Ba). For an L-tap channel,
if yy =0foralll # 0 and V = diag{~;}, then

tr(C®) = tr(u" @p) + tr(V®) = 2(fo — fa),

where power constraint (2) has also been applied. In both cases,
the bound does not depend on tap variance.

Comparing the expression of tr(C®) with that in Sec-
tion IV-B1, the only difference is removal of the factor L.
Therefore, results (46), (47), and (48) are applicable after
dropping L.

C. Thresholds and Performance Regions

The previous asymptotic analysis results at low and high
SNRs are valuable in determining disjoint segments of SNR &,
separated by thresholds, that characterize different performance
regions. To find the thresholds we consider a 3 dB error level
change across each breakdown point, as adopted in [39] and
[40] for narrowband and wideband signals, respectively.

Let us apply this rule to the low SNR regime first based on
(45). Taking the limit & — 0, the converging level is observed
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Fig. 3. TDE example depicting ZZBs parameterized by time delay interval length T". Rectangular pulse, ), = 2 ns, L = 1, K = 15 dB, and uncorrelated
channel taps. Curves are parameterized by T in the order of (1,5,20,100) ns. Also shown is a simulated correlation-based time delay estimator; the correlator

performance does not show sensitivity to 7.

to be (1/12)7"2. Therefore we can find the threshold & = &;
that yields half of the convergence level

_1 2
—/ (T - A[2 e 6,1r(C®) | dA = 1.

Notice that ® by (31) is a function of A. Solving this equation
numerically, one can obtain 6.

If the loose bound (46) is adopted, then a closed form solution
is found as

xT®
A(T = A)/2(Bo — Pa dA]

Changing variables to z = A /T, the above is simplified to

o1

1441, [

01 = (49)

144L, [ [} 1_x¢mdx]2'

If a triangular signal correlation is adopted and 6 < 1, the result
reduces to

= T . (50)
288L (% — 1562 + 56°)
When 6 > 1, the result becomes
61 = a (51)

5
4
35 9)

2881, ( :

In both cases, as 6 decreases, 6; decreases, and the threshold
point shifts to the left on the &, axis. Therefore it is desirable to
have a short duration transmitted signal. On the other hand, as
6 — 0,67 — (w/8L) according to (50).

The threshold &, = 65 at high SNR can be found after
equating (38) and half of the general bound result (35) (nor-
malized by 7'2) as follows

—(L/2)
<5—2> o v~/ —(1/2):1"V*IMF(ﬂ

)

1 (7 —
= — A(T — AP (A)dA. (52
5 [ A= APA)A. @)
Notice that P.(A) is a non-linear function of & = 65 after

substituting &, by 62 in (34). A numerical method is required to
find the root of (52).

V. UWB CHANNEL IMPACT

Next we consider the impact of the channel parameters and
pulse shaping for some cases of interest. Parameter settings
easily accommodate modeling of line of sight and non-line
of sight conditions, and the channel power delay profile. Our
study also includes the additive Gaussian noise channel as a
benchmark.
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Fig. 4. TDE ZZBs as a function of channel tap length L, and Ricean-K factor in the first arrival. Rectangular pulse, 7,, = 2 ns, T = 30 ns, exponen-
tial PDP with A = 6 ns and uncorrelated channel taps. Curves in subplots a) and b) are parameterized by Ricean-/ factor of the first arrival in the order of
(—10,10,15,17,20,2 ,30) dB. Curves in subplots ¢) and d) are parameterized by L in the order of (1, 3, 5, 10, 15, 20, 40). Increasing both I and L, results

converge to the ZZB assuming AWGN.

A. AWGN Channel

If L =1and V = 0, then py = 1. Substituting these into
(34) and noting (19), the probability of error becomes

Pu(8) = Q (V& (ho—pa)) -

Substituting this result into (35), the resulting ZZB corresponds
to the AWGN channel, which we will refer to as the AWGN
Z7B.

(53)

B. Deterministic Channel
Let V = 0. Then, (34) reduces to

Q (\/ %ﬁbuwu> .

After substituting back ® and noticing p’ Wy = p" W7 p, we
have

P.(8)=Q (VuTWa) = Q (V&R —Ra)). 65

Not surprisingly, this result has the same form as (16) and de-
pends on the correlation of A(t).

P.(A) = (54)

C. Large Ricean-K Factor

Depending on the specific channel model, some channel taps
may have non-zero mean [23]. In the wideband case with line

of sight propagation, the first tap may exhibit a large mean. The
Ricean- K factor of a tap with mean y and variance -y is defined
as K = (u?/v). If K is large, then v is very small, and ma-
trix V' is small. The analysis for this case well follows that in
Section IV-B for low SNR up to (43) by treating V as a small
matrix. However, approximations for small &, after that equa-
tion are not applicable to this case because C' may not be small
even though V is small. So, in this case, we use (43) for the
probability of error

P.(A) =Q ( %&tr(c@)) (56)

and this result may be applied to (35) to find the large K -factor
Z7B.

D. Exponential Power Delay Profiles (PDPs) and Tap
Correlation Profiles (TCPs)

Exponential power delay profiles have been observed in many
wireless scenarios, for narrowband/wideband [41] and UWB
[23] systems. Consider the case of uncorrelated random channel
taps with non-zero mean i only for the first arrival. The co-
variance matrix V' becomes diagonal with (! + 1)th diagonal
elementy; (I =0,1...,L — 1). Assume an exponential power
delay profile v; = ag exp(—(I{1;/\)) where A is a decay factor.
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Fig. 5. TDE ZZBs parameterized by pulse duration T7,. Rectangular pulse, 7" = 30 ns, L = 5, exponential PDP with A = 6 ns and first arrival Ricean-K factor
K = 20 dB, and uncorrelated channel taps. Curves are parameterized by T}, in the order of (0.2, 1.5,4, 20) ns. For all else fixed, smaller T}, (or equivalently
increased bandwidth) lowers the bound. The large K -factor results in the random channel ZZB approaching the AWGN ZZB at low to medium SNR.

The Ricean-K factor of the first pathis K = (u% / 'yo) . Imposing
the power normalization constraint (2), we find that
-1

1— _ LT,
ap = K_}_L%) (57)
L—exp (=3)

The first path parameters are related to ag by

2
wo = Kag, 7o = ao,

and the total power of this path becomes (K +1)ag. As K — oo,
pué — land vy — 0.
For this case,
-1
V= H y = age”T/EDEE=D -y Ty =iy — K.
1=0

Some earlier results can now be simplified and additional in-
sights attained. The high SNR bound in (38) reduces to

—(L/2
= (1&@0) E2 panp—n-aen D (B U
2 LT (%)
(58)
This increases approximately exponentially with tap spacing 73,
and decays exponentially with increasing decay factor .
When the taps are correlated, matrix V' may take some special
forms. The ith diagonal entry +; is the variance of the 7th tap
coefficient «;, and the (4, j)th entry is the covariance of the ith
and jth taps given by E{a;o;} — pip;. If we introduce p; ;

as their correlation coefficient, then this entry can be written
as p; j/Yi7v;- For an exponential tap correlation profile, p; ; =
exp(—vli — j|) with a controlling parameter v [41].

E. Pulse Shaping

In a pulsed UWB system, the TDE bounds depend on the
pulse shape via the pulse correlation. As examples we consider
rectangular and Gaussian pulses.

1) Rectangular Pulse: The rectangular pulse is given by
p(t) = \/E,/T, for 0 < t < T, and zero elsewhere, where E,
is the total energy. So, 8; = E,(1 — |7|/T}) within |7| < T,
and zero elsewhere.

2) Gaussian Pulse: The Gaussian pulse is given by
p(t) = aexp(—2nt?/77) where a = /2E,/7, is a nor-
malization parameter such that F, is the total energy, and
parameter 7, controls the effective pulse width. The correla-
tion is Gaussian, given by 3, = E,exp (—7r7'2/75). It can
also be shown that the Gaussian derivative has correlation
or = ((2rEy) /7)) (77 — 2n7?) exp (=772 /7)),

VI. NUMERICAL RESULTS

In this section we compare bounds and time delay estimation
simulations, adopting the root MSE (RMSE) of the time delay
estimate as the performance metric. We use the following UWB
parameters unless otherwise stated: 7" = 30 ns, T3 = 1 ns,
T, = 2 ns for a rectangular pulse, and 7,, = 1 ns for a Gaussian
pulse. The channel has L = 5 independent taps. Based on [23],
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an exponential power delay profile is used with decay factor
A = 6 ns. The Ricean-K factor for the first path is K = 50 =
17 dB, and all other paths have a zero Ricean factor (i.e., have
zero mean). In the following we consider the effects of changing
some of these parameters.

First we adopt a rectangular pulse. Fig. 1 illustrates general
Z7B behavior over a large SNR range. Equation (38) at high
SNR, and (45) at low SNR, are plotted with curves denoted
“x” and “x,” respectively. The dashed-dotted line represents the
AWGN ZZB (termed the ZZB-AWGN), and the solid line is
the ZZB with the random channel (termed ZZB-random). Also
plotted are two horizontal lines representing the low SNR con-
vergence level T'/ /12 and a 3 dB lower MSE level; these indi-
cate the low SNR breakdown point. Following the procedure
described in Section IV-C, we use (50) to find the low SNR
threshold point at about —11 dB. This value is close to the cross
point 61 =~ —8 dB observed from the figure. Similarly, at high
SNR, a pair of dashed lines is plotted in parallel, with one offset
corresponding to a 3 dB MSE difference. The intersection with
the ZZB yields the breakdown point 6o ~ 35 dB, close to 37 dB
found from (52). From the figure, these asymptotic analyses ap-
proximate the corresponding bounds very well for SNR above
40 dB and below 0 dB. The random channel ZZB for this case
converges to ZZB-AWGN from 87 up to 20 dB. Note also that,
at high SNR, a linear relation with log(SNR) at a rate of L/2 is
observed, as predicted in (38).

In Fig. 2, the ZZB-random of (35), ZZB-AWGN based on
(53), and a simulated time delay estimator performance based on
averaging of 10° independent realizations are shown for a large
range of SNRs and K values. The receiver employs a correlator-
based time delay estimator, choosing the peak value as the TDE.
The ZZB-AWGN is the limiting value for K = oo of ZZB-
random. The TDE is obtained as follows. The simulated TDE
MSE is first obtained under a realization of both uniform delay
and random Gaussian channel, then the MSEs are averaged over
both the uniform prior and the random channel. The simulation
parameters are 1" = 5 ns, L = 1, with curves parameterized by
K taking values of (0, 5, 10, 15, 20) dB. The correlation-based
TDE achieves the ZZB for small K over the entire SNR range.
For larger K, the ZZB and the simulated TDE separate at higher
SNR. It may be that the ZZB is not as tight at high SNR.

In Fig. 3, we consider the effect of the prior distribution time
delay interval length T'. For comparison, the simulated receiver
performance is also included. We vary T over (1, 5, 20, 100) ns.
The correlation-based estimator is not sensitive to choice of T,
which is not surprising. The ZZB, however, highly depends on
T at low and high SNRs. As T increases, the MSE level pre-
dicted by the ZZB increases. But decreasing 1" leads to tighter
bounds [12] and closer performance to the correlator-based esti-
mator for a large range of SNRs. At SNR around 20 dB, the ZZB
provides a good approximation to the receiver performance for
almost all T"s.

Ricean parameter K plays an important role in the ZZB
performance, where large K indicates a strong line of sight
propagation component. This is also true for parameter
L. Fig. 4 depicts the ZZB over a large range of K and
L. Fig. 4(a) and (b) are for L = 5 and L = 40, with

K = (-10,10,15,17,20,24,30) dB, while Fig. 4(c)
and (d) have K = -10 dB and K = 15 dB, with
L = (1,3,5,10,15,20,40). For fixed K, the bound de-
creases as L increases. When K is small, increasing L provides
significant improvement due to diversity gain, as observed from
Fig. 4(c). When K is large enough, the ZZB-random converges
to ZZB-AWGN for all L, indicating that the channel has a
single dominant first arrival and therefore acts on average like
an AWGN channel. A threshold effect at high SNR is observed
for large K and small L. From numerical evaluation we find
that the breakdown point 8o shifts from low to high SNR as
either L or K increases. The bound decreases as K increases
for fixed L.

The ZZB also depends on the pulse duration. Fig. 5 plots
Z7Bs corresponding to T), of (0.2,1.5,4,20) ns based on K =
20 dB. The ZZB increases as 7T}, increases, mainly due to the
degraded capability of a detector to resolve small delays. 7},
tends to have more impact as the SNR increases.

We also conducted extensive simulation studies on the effects
of other system parameters, not shown here. The power delay
profile is determined by the decay factor A. The effect of altering
A is found to be pronounced at very high SNRs. Tap correlation
also exhibits a high SNR impact. For pulse shaping, using rect-
angular and Gaussian pulses with comparable effective width
does not lead to large differences in bound performance.

VII. CONCLUSIONS

Time delay estimation bounds based on the improved
Ziv—Zakai bound were developed for convolutive random
channels. The bounds assume a uniform prior delay distribu-
tion and perfect channel estimates at the receiver; the case of
unknown channel remains open and is a subject for further
study. The result in (35) was obtained by finding the probability
of error conditioned on a known channel, and then averaging
over the channel distribution. The ZZB approach relaxes the
stringent regularity requirements on signals imposed by the
CRB formalism, for example, the ZZB handles the case when
a rectangular transmitted pulse is adopted. Some CRB’s treat
the case of a deterministic parameter with random nuisance
parameters by averaging the conditional CRB over the random
distribution, although this approach may lead to loose bounds
[42]. In some cases, the ZZB without random nuisance pa-
rameters may converge to a deterministic parameter CRB at
high SNR, but this is not necessarily always true [12], and it
is not clear if such an approach will be useful for the models
presented here.

The presented bounds can be easily evaluated for a variety
of real-valued baseband channel scenarios including flat, wide-
band, and ultra-wideband. Extensions to include the complex
baseband channel case are of future interest. Some parameters,
such as transmitted signal duration, number of channel taps,
channel power delay profiles, and a priori time delay interval
length, show significant impact on the bound performance,
while small variations in pulse shape and tap correlation do
not significantly impact the bounds. The low and high SNR
thresholds and performance regions were captured using the
derived limiting approximations.
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The bounds were compared to a correlation-based time delay
estimator, and the bounds reasonably predict the performance
of this estimator, although care must be taken not to take prior
distribution length 7" too large in calculating the bound. Finally,
note that the signals employed were ultra-wideband pulses,
with rapidly decaying autocorrelation with little or no side-
lobe structure, and so the time delay estimates did not exhibit
ambiguity threshold behavior that typically occurs when a
narrowband signal is used, or when an ultra-wideband signal
with significant sidelobes in its correlation is considered [13].

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers for
their detailed constructive comments.

REFERENCES

[1] X. Li and K. Pahlavan, “Super-resolution TOA estimation with diver-
sity for indoor geolocation,” IEEE Trans. Wireless Commun., vol. 3,
no. 1, pp. 224-234, Jan. 2004.

[2] B. Alavi and K. Pahlavan, “Modeling of the TOA-based distance
measurement error using UWB indoor radio measurements,” /EEE
Commun. Lett., vol. 10, no. 4, pp. 275-277, Apr. 2006.

[3] C. Gentile and A. Kik, “A comprehensive evaluation of indoor ranging

using ultra-wideband technology,” EURASIP J. Wireless Commun.

Netw., vol. 2007, Feb. 2007.

N. Patwari, A. O. Hero, M. Perkins, N. S. Correal, and R. J. O’Dea,

“Relative location estimation in wireless sensor networks,” IEEE

Trans. Signal Process.: Special Issue on Signal Processing in Net-

works, vol. 51, no. 8, pp. 2137-2148, Aug. 2003.

N. Patwari, J. Ash, S. Kyperountas, A. O. Hero, R. M. Moses, and N.

S. Correal, “Locating the nodes: Cooperative localization in wireless

sensor networks,” IEEE Signal Process. Mag.: Special Issue on Signal

Processing in Positioning and Navigation, vol. 22, no. 4, pp. 54-69,

Jul. 2005.

B. M. Sadler, “Critical issues in energy-constrained sensor networks:

Synchronization, scheduling, and acquisition,” in Proc. 2005 Inter-

national Conference on Acoustics, Speech, and Signal Processing,

(ICASSP’05), Philadelphia, PA, Mar. 19-23, 2005, vol. 5, pp. 785-788.

[7] B. M. Sadler and R. J. Kozick, “A survey of time delay estimation
performance bounds,” in Proc. Fourth IEEE Workshop on Sensor Array
and Multichannel Signal Processing (SAM-2006), Waltham, MA, Jul.
2006, pp. 282-288.

[8] R.J.Kozick and B. M. Sadler, “Frequency hopping waveform diversity
for time delay estimation,” in Proc. Int. Waveform Diversity and Design
Conference, Kauai, HI, Jan. 22-27, 2006.

[9] S.F. Yau and Y. Bresler, “A compact Cramér-Rao bound expression
for parametric estimation of superimposed signals,” IEEE Trans. Signal
Process., vol. 40, pp. 1226-1230, May 1992.

[10] H. Saarnisaari, “ML time delay estimation in a multipath channel,” in
Proc. IEEE 4th Int. Symp. on Spread Spectrum Tech. and Appl., Mainz,
Germany, Sep. 1996, pp. 1007-1011.

[11] J. Ziv and M. Zakai, “Some lower bounds on signal parameter estima-
tion,” IEEE Trans. Inform. Theory, vol. IT-15, no. 3, pp. 386-391, May
1969.

[12] D. Chazan, M. Zakai, and J. Ziv, “Improved lower bounds on signal
parameter estimation,” IEEE Trans. Inform. Theory, vol. 21, no. 1, pp.
90-93, Jan. 1975.

[13] B. M. Sadler, L. Huang, and Z. Xu, “Ziv-Zakai time delay estimation
bound for ultra-wideband signals,” in Proc. of IEEE Int. Conf. Acous-
tics, Speech, and Signal Processing., Honolulu, HI, Apr. 15-20, 2007.

[14] L. H. Ozarow, S. Shamai, and A. D. Wyner, “Information theoretic
considerations for cellular mobile radio,” IEEE Trans. Veh. Technol.,
vol. 43, no. 2, pp. 359-378, May 1994.

[15] E. Biglieri, J. Proakis, and S. Shamai, “Fading channels: Information-
theoretic and communications aspects,” IEEE Trans. Inform. Theory,
vol. 44, no. 6, pp. 2619-2692, Oct. 1998.

[16] A. Saleh and R. A. Valenzuela, “A statistical model for indoor mul-
tipath propagation,” IEEE J. Sel. Areas Commun., vol. 5, no. 2, pp.
128-137, Feb. 1987.

[4

=

[5

—

[6

[t}

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

R. M. Buehrer, “Channel modeling,” in An Introduction to Ultra Wide-
band Communication Systems, J. H. Reed, Ed. Upper Saddle River,
NJ: Prentice-Hall, 2005, ch. 3.

A. F. Molisch, “Ultrawideband propagation channels—Theory, mea-
surement, and modeling,” IEEE Trans. Veh. Technol., vol. 54, no. 5,
pp. 1528-1545, Sep. 2005.

M.-G. Di Benedetto, Ed. et al., UWB Communication Systems: A Com-
prehensive Overview. New York, New York: Hindawi, 2006.

A. F. Molisch et al., “A comprehensive standardized model for ultraw-
ideband propagation channels,” IEEE Trans. Antennas Propagat., vol.
54, no. 11, pp. 3151-3166, Nov. 2006.

R. C. Qiu, C. Zhou, and Q. Liu, “Physics-based pulse distortion for
ultra-wideband signals,” IEEE Trans. Veh. Technol., vol. 54, no. 5, pp.
1546-1555, Sep. 2005.

J. G. Proakis, Digital Communications. New York: McGraw-Hill,
2001.

U. G. Schuster and H. Bolcskei, “Ultra-wideband channel modeling
on the basis of information-theoretic criteria,” IEEE Trans. Wireless
Commun, vol. 6, no. 7, pp. 2464-2475, Jul. 2007.

H. L. Van Trees, Detection, Estimation, and Modulation Theory: Part I
— Detection, Estimation, and Linear Modulation Theory. New York:
Wiley, 2001, ch. 4.

M.-G. Di Benedetto and G. Giancola, Understanding Ultra Wide Band
Radio Fundamentals. Upper Saddle River, NJ: Prentice-Hall, 2004.
J. Craig, “New, simple and exact result for calculating the probability
of error for two-dimensional signal constellations,” Proc. Milcom, vol.
2, pp. 571-575, 1991.

F. S. Weinstein, “Simplified relationships for the probability distribu-
tion of the phase of a sine wave in narrow-band normal noise,” IEEE
Trans. Inform. Theory, pp. 658-661, Sep. 1974.

R. F. Pawula, “A new formula for MDPSK symbol error probability,”
IEEE Commun. Lett., vol. 2, pp. 271-272, Oct. 1998.

G. L. Turin, “The characteristic function of Hermitian quadratic forms
in complex normal variables,” Biometrika, vol. 47, pp. 199-201, Jun.
1960.

B. K. Shah and C. G. Khatri, “Distribution of a definite quadratic form
for non-central normal variates,” Ann. Math. Statist., vol. 32, no. 3, pp.
883-887, Sep. 1961.

K. H. Biyari and W. C. Lindsey, “Statistical distributions of Hermitian
quadratic forms in complex Gaussian variables,” IEEE Trans. Inform.
Theory, vol. 39, no. 3, pp. 1076-1082, May 1993.

D. Raphaeli, “Distribution of non-central indefinite quadratic forms in
complex normal variables,” IEEE Trans. Inform. Theory, vol. 42, no.
3, pp. 1002-1006, May 1996.

G. G. Tziritas, “On the distribution of positive-definite Gaussian
quadratic forms,” IEEE Trans. Inform. Theory, vol. 33, no. 6, pp.
895-906, Nov. 1987.

A. M. Mathai and S. B. Provost, Quadratic Forms in Random Vari-
ables: Theory and Applications. New York, New York: Marcel
Dekker, 1992.

M. K. Simon, Probability Distributions Involving Gaussian Random
Variables: A Handbook for Theory and Applications. Norwell, MA:
Kluwer, 2002.

J. M. Wozencraft and 1. M. Jacobs, Principles of Communication En-
gineering, Appendix 7C. New York: Wiley, 1965, pp. 570-573.
J.-Y. Tourneret, A. Ferrari, and G. Letac, “The noncentral wishart dis-
tribution: Properties and application to speckle imaging,” in Proc. 13th
IEEE Workshop on Statistical Signal Processing, Bordeaux, France,
Jul. 2005, pp. 924-929.

M. Abramowitz and 1. A. Stegun, Handbook of Mathematical Func-
tions with Formulas, Graphs, and Mathematical Tables. New York:
Dover, 1972.

A. Weiss and E. Weinstein, “Fundamental limitations in passive time
delay estimation—Part I: Narrow-band systems,” IEEE Trans. Acoust.
Speech, Signal. Process., vol. ASSP-31, pp. 472—486, Apr. 1983.

E. Weinstein and A. Weiss, “Fundamental limitations in passive time
delay estimation—Part II: Wide-band systems,” IEEE Trans. Acoust.
Speech, Signal. Process., vol. ASSP-32, pp. 1064—1078, Oct. 1984.
M. K. Simon and M.-S. Alouini, Digital Communication Over Fading
Channels: A Unified Approach to Performance Analysis. New York:
Wiley, 2000, ch. 9.

F. Gini and R. Reggiannini, “On the use of Cramér-Rao-like bounds in
the presence of random nuisance parameters,” IEEE Trans. Commun.,
vol. 48, pp. 2120-2126, Dec. 2000.



430 IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 1, NO. 3, OCTOBER 2007

Zhengyuan Xu (S’97-M’99-SM’02) received the
B.E. and M.E. degrees in electronic engineering from
Tsinghua University, Beijing, China, in 1989 and
1991, respectively, and the Ph.D. degree in electrical
engineering from Stevens Institute of Technology,
Hoboken, NJ, in 1999.

From 1991 to 1996, he was a System Engineer
and department manager at the Tsinghua Unis-
plendour Group Corporation, Tsinghua University.
Since 1999, he has been a faculty member in the
Department of Electrical Engineering, University
of California, Riverside, where he is currently an Associate Professor with
tenure. He has held visiting positions at Stanford University and the University
of Science and Technology of China. His research interests lie in wireless
communications and related signal processing. They include multiuser spread
spectrum, impulse radio, ultra-wideband, wireless optics, hybrid radio fre-
quency and optical communication systems, sensor and ad hoc networks.Dr. Xu
is an associate editor for the IEEE TRANSACTIONS ON SIGNAL PROCESSING and
a guest editor of the Special Issue on ‘‘Performance Limits of Ultra-Wideband
Systems’’ of the IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING.
He also served as an associate editor for the IEEE COMMUNICATIONS LETTERS
during 2002-2005, and the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY
during 2002-2006. He is an elected member of the IEEE Signal Processing
Society’s Technical Committee on Signal Processing for Communications.
He has served as a session chair and technical program committee member
for many international conferences. He received the Outstanding Student
Award and the Motorola Scholarship from Tsinghua University, and the Peskin
Award from Stevens Institute of Technology. He also received the Academic
Senate Research Award and the Regents’ Faculty Award from the University
of California, Riverside.

Brian M. Sadler (M’90-SM’02-F’06) received
the B.S. and M.S. degrees from the University of
Maryland, College Park, and the Ph.D. degree from
the University of Virginia, Charlottesville, all in
electrical engineering.

He is a Senior Research Scientist at the Army
Research Laboratory (ARL), Adelphi, MD. He
was a Lecturer at the University of Maryland, and
has been lecturing on statistical signal processing
and communications at Johns Hopkins University
since 1994. His research interests include signal
processing for mobile wireless and ultra-wideband systems, sensor signal
processing and networking, and associated security issues.

Dr. Sadler is currently an associate editor for the IEEE SIGNAL PROCESSING
LETTERS and the IEEE TRANSACTIONS ON SIGNAL PROCESSING, and has been
a guest editor for several journals, including IEEE JOURNAL ON SELECTED
AREAS IN COMMUNICATIONS and the [EEE Signal Processing Magazine.
He is a member of the IEEE Signal Processing Society Sensor Array and
Multi-channel Technical Committee, and received a Best Paper Award (with
R. Kozick) from the Signal Processing Society in 2006.



