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ABSTRACT

This contribution focuses on the (up to date unexplored)
topic of the Maximum-Likelihood (ML) noncoherent syn-
chronization of Multi-Antenna transceivers working in faded
environments and employing Ultra Wide Band Impulse Ra-
dio (UWB-IR) transmit technoiogy. The noncoherent ML
synchronizer is developed for the most performing transinit
scheme (e.g., the SIMO one) and its performance are eval-
vated vnder both signal-acquisition and tracking operating
conditions. The performance gain in the synchronization
of UWB-IR signals arising by the utilization of the Multi-
Antenna technology is also evaluated.

1. SYSTEM MODEL

Let us consider a baseband point-to-point UWB-IR MIMO
wireless system impaired by slow-variant flat-fading phe-
nomena and equipped with V; 2 1 transmit and N, = 1
receive antennas. By assuming Non Line Of Sight (NLOS)
application scenarios, as in [2,4] the path gain by from
transmit antenna { to receive antenna j may be modelled
as a zero-mean unit-variance real Gaussian random vari-
able! (r.v.) and the (N; x N,) path gains {h;; € RL,1 <
J € N1 €4 < N} may be considered mutually inde-
pendent®. After considering a packet-transmission system
where each packet to be communicated is composed by a
(known to the receiver) trailer field, followed by header and

VAs it is known, the flat-fading assumption requires that ihe (half-
power) bandwidth of the transmitted UWB pulse is below the coberence
bandwidth of the MIMQ channel. Although the bandwideh of the UWB
pulse may be over 1GHz, for outdoor microcellular applications the flat-
faded assumption may be considered reasonably met [4,11,12]. Some
results about the optimized design of multi-path impaired UWB systems
have been recently reported in [11]. In addition this channel model is also
censidered in [12] and it may be considered reasonable for UWB-IR (this
transmission technique has been chosen by the 1EEE 802.15.3a working
group) when NLOS outdoor propagation scenario is taken into account.

?As pointed out, for example in [13], to bé this assumption met in
WLAN applications, it suffices an antenna spacing of the order of A/2,
where X is the wavelength of the radiated UWB pulse evaluated at the cen-
ter frequency of the comresponding spectrum,
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payload fields, as in [6,9] we assume that timing acquisi-
tion must be performed at the beginning of each transmitted
packet by exploiting the trailer field and then time-tracking
1s carried out over the remaining parts (e.g., header plus pay-
load) of the packet. Since high-throughput Multi- Antenna
WLANS are typically planned for low-mobility applications
involving nomadic user” terminals, the corresponding MIMO
channel may be considered quasi static [2]. Thus, since the
above mentioned path gains {h;;} may be considered con-
stant during the transmission of the trailer field, the (base-
band real) signal r;(t) measured at the output of the j-th re-
ceive antenna over the time window [T}, Tp] correspond-
ing to the transmission of the trailer field may be modelled
as

Nt

ri(t) = Zhﬁmé(t-#?)-%nj(t), t € [-To, Toj, j = 1..Ny,
i=1

(1)

where 7 is the unknown delay to be estimated, while {n;(#)

R}, j = 1...N, are mutually independent zero-mean Gaus-
sian white noises with unit two-sided power density spec-
trum {e.g.,No/2 = 1 (wa/Hz)). About (1), we assume
that the delay r falls into the interval [—Fpax, Fmaz], Where
T mes 18 the maximum expected delay that may be evaluated
in advance as in T.=R/c, where R(mt) is the coverage
range of the system and ¢=3 x 10%mt/sec is the light speed.
Furthermore, z;(t} in (1) is the (real-valued base-band) sig-
nal radiated by i-th transmit antenna during the trailer phase,
and, according to the following relationship

5 Na /2 .

sty == Y.  sP-amTmas), t € [~To, Tal, i = LN,
Ne m=—N_/2

(2)

1)

we assume that z;{¢) is composed by the train of (N, +

non overlapped pulses {5 (t—dmTp02), m = 0,41, ..., £ N, /2}

time-shifted apart by multiple of 47,,4,. In particular, we
assume that the base-band pulse s')(t) employed by i-th
transmit antenna exhibits unit-energy and spans the time-
interval £ € [Tz, Tmar]. AS & consequence, in order to
capture at the receiver side the overall energy conveyed by



the observed signals in (1), the corresponding time-window
Ty of the system must (at least) equate

To = 2(1 + Ne)Tmaz- (3)
Finally, being £ (joule) in (2) the total energy radiated by
all NV, transmit antennas over the duration 27,,, of each
pulse, thus the resulting SNR per pulse v measured at the
output of each receive antenna equates vy = £, regardless
to the number N, of employed transmit antennas. Before
proceeding, it is worthwhile to stress that, since the duration
of sV (t),i = 1...Ny, is limited up t0 [~Trmaz, +Fmaz)» thus
we have the following orthogonality property:

T
j SOt AmTFimag)sW(E — MFipas + A)dl =
Ts

|

so that the (1 + N, } components of the train in {2) and their

1, forl =mand A =0,

0, forl # ym and | A Eg 27"171,:;.1" @

A-ghifted versions are orthogonal over the system time-window

[-To, Tol.

2. THE CRAMER-RAO BOUND (CRB) FOR MIMO
SIGNALING AND NON COHERENT
SYNCHRONIZATION

Our first task is to compute the CRB on the synchroniza-
tion error of the considered MIMO UWB-IR system, so to
gain insight about the ultimate achievable performance of
the synchronizer we develop in the following Section. For
this purpose, after indicating as 5% (£), 8 (1) the first and
second time-derivatives of the pulse s (£} respectively, let
us denote as

Ta
£oslt, ) 2 / s@ @y (t)dt, (5)

Ty

TO . .
esolij) 2 /_ 000 t)ar ©)

and

To
eslig) 2 f SOt < i< Ny ()

To

the resulting cross energies®. Afterwards, let us indicate

as Qg the symmetric semidefinite-positive (Ny x N¢) ma-
trix whose (4, j)-th entry is 5, (i, 7}, while @ denotes the
corresponding (V; x N;) matrix with (¢, j)-th entry equal
to £45(¢, 7). Finally, let be Qg the (N > N;} symmetric
definite-positive matrix with the (4, j)-th given by £55(¢, 7).

30bviously, £4,(4,4) = O for any 4, while £,.{7,1) = 1 for any i due
to the above assumption of unit-energy pulses.
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Thus, under the assumption that the receiver is fully un-
aware about actual values assvmed by the MIMO channel
coefficients {h;;}, the CRB for the (unbiased} estimate of
the delay parameter 7 assumes the following form

2
'

o(r) £E{(r - 7%} 2 { (52

’}’(1 + Ns)

—1y -1
-Tra{[QgQ[{ - Q:Q]] [1N1+TQO] } (sec.?),

(%)
where the expectation in (8) is referred to to joint pdf of the
received signals in (1) conditional on the actual value T as-
sumed by the delay parameter. Therefore, after accounting
for the energy constraints £,,(¢,7) = 1 and ey (4,7) = 0
(see Note 3), it can be viewed that the above bound depends
on the

Ny (QNt - l) 5]

values assumed by the cross-energies constituting the en-
tries of the Qy, Q,, Q. matrices. Hence, from a system
design perspective, the key-problem is to set these cross-
energies so to minimize the value assumed by the CRB in (8)
that it is equivalent to design the optimized MIMO signaling
format for the estimation of the delay parameter. Unfortu-
nately, at the present this problem seems to resist closed-
form analytical solution, even in the simpler case of N; = 2
transmit antennas (additional details can be found in [10]).

3. ML DELAY ESTIMATION FOR SIMO SYSTEMS

The ML estimate f5s7, of the delay parameter 7 affecting
the SIMO system is given by the following (definitory) re-
lationship

argmax {lg p(ry,..rn, | 7)}

Te[—Finax,Tmax

” fay
TML =

Ny /2 T

0
w arg max E f ri(t)s(t — 4mTmas + 7)dt
e[ —Finax Fimax] m=—N /2 -Ty
(10

Since at medivm-low SNR « the pdf in (10) does no as-
sume the exponential form reported by eq. (IV.C.32) on [5],
we conclude that at medivm-low SNRs the performance of
the ML estimate in (10) does not achieve the Cramer Rao
Bound (CRB) (see [10],[5,p.177] for more details on this
general question).

Ny

)

=1

3.1. The ML equation

By equating to zero the first derivative of pdf in (10) we
obtain the so-called ML equation for the SIMO system in

)



(10} and it assumes the following form:

N, N2 N2
Z Z (/ (t)s(t — dkTmaz + T)dt)
j=1k= —N,/2 To

To

. ( / ri(£)8(t — AlFmag -+ 'r)dt) —0.

_TD
Before using (11) for computing the ML estimate 75s, de-
fined in (10) we should ascertain that #5,y, is the unrigue so-
lution of (11). For sake of brevity this result is not reported
here but it can be found in the Appendix III of [10].
Remark 1-On the shape of the employed pulse
The most adopted (unit-energy) pulse s() in current UWB-
IR data transmission systems is modelled as the second deriva-
tive of the Gaussian function and then it is formally defined

as in [8]
t\? ¢ \?
P ey
1 W(TS):|exp( w(Ts)),
(12}
where Ti(sec) is the so-called "shaping factor” of the pulse.

Now, for A # 0 the autocorrelation and cross-correlation
function of this pulse:

o (- (3)) ().

e (- (2)) m(52).

vanish in the correspondence of the zeros of the 4-th and
5-th order Hermite polynomials Hy(.} and Hs(.). Thos it
should be (carefully) checked that both no zero of Ha(.)
falls in the interval {—2¥,5, 2Tmes] and only the zero at
A = 0 of H5(.) falls in the interval. Otherwise, the above
stated convergence property of the solution of the ML equa-
tion is no longer guaranteed.

8
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st =

pss(d) =

1

Xss{A)

4. THE NON COHERENT ML SYNCHRONIZER

An appealing feature of the ML equation {10} is that, in
practice, it may be implemented via a suitable "Early-Late
Gate” architecture. Specifically in the Appendix IV of [10]
itis proved that the ML equation in (10) may be equivalently
rewritten as

e(f) =0, (13)

where the error signal e{7) depends on the current estimate
output by the synchronizer and it is defined as

Nn

270
e(#) & —Z [(fo ri(t + Toho(t + %)dt) +

g1

310

+
P
Ok\‘.'\-,
el

] (t -|—TD)’U(t + 7 — }L)dt) -+
N,

2T,
+ ([ rj(t+T0)v(t++)dt) +
: 0

=1

o

2To
+ ([ rj(t+To)v(t+f+u)dt)}, (14)
)
where
14N,
v(t) 2 Y st + 4hTmaz — 2mas), (15)
k=1

being the reference signal and p (sec.) representing the
carly-late offset parameter. The first and second surama-
tions in {14) are the outputs of the "late” and "early” gates,
respectively. A block diagram of the resulting synchronizer
is reported Fig.1.

P+ Ta) J

| ! “late” out

T+ Ta)

2
di

0}
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- Fig. 1. (a) Block diagram of the overall noncoherent ML synchro-

nizer. (b) Block diagram of j-th correlator of the Early Gate. (c)
Block diagram of j-th correlator of the Late Gate.

4.1. The loop filter

From an implementation point of view, the proposed early-
late gate synchronizer is composed by a tapped-delay-line



built up by (1 -+ Ng) elements whose outputs are combined
to feed two banks of N, correlating blocks. In turn, each
comrelating block is composed by two analog correlators
{see Figs.1.b, 1.c), so that 4V, analog correlators are re-
-quired to implement the synchronizer. Although analog or
digital Loop Filters (LFs) could be employed for updating
the reference signal +(¢ + ) of Fig.1.a, nevertheless, ac-
cording to an ongoing technological trend, in the carried
out numertcal tests we have implemented first and second-
order digital LFs to check the synchronizer performance.?
Thus, after indicating as e{nt) and #{m) the input and out-
put samples of the LF at the m-th iteration (e.g., at the in-
stant { = mD), the input/output relationship for the 1-st
order LF is [14]

F(m) = #{m — 1) + Gpe(m),
while for the 2-nd order LF we have [14]
7(m) = 2f(m—1)—#(m—2)+(G1+G2)e{m)~Gre(m—1).

About the optimized setting of the filter coefficients G,
(1, G2, we have tuned them according to the Jury’s stability
criterion [3], so to give arise to LFs with stable close-loop
Transfer Functions.

5. SIMULATION SETUP AND NUMERICAL
RESULTS

To test the performance of the proposed synchronizer we
have adopted the (unit-energy) monocycle in (12) as trans-
mitted pulse (¢} with a shaping factor T of 2.99ns, so that
the resulting frequency spectrum of the pulse spans about
1.43 GHz around the 1.1 GHz center frequency [1,8]. Val-
ues of Tryup up to 50ns have been considered and the early-
late offset ¢ has been set to 0.15ns. In addition, since the
effect of the number (1 -+ Ng) of transmitted pulses in (7)
is to amplify the SNR ~ by the factor (1 + Ns) (see eq.(8)),
thus, without loss of generality, N5 = 2 has been considered
in the simulated setup. Finally, the (numerically evaluated)
performance plots we report in the next sub-Sections have
been averaged over 10° independent records of the fading
coefficients {h;:, 7 = 1, ..., N;.} of the SIMO channel. The
performance of the proposed synchronizer has been checked
under both signal-acquisition and tracking operating condi-
tions.

5.1. Signal Acquisition

In this operating condition the actual value 7 of the delay
parameter has been randomly generated over the interval

*In order to updating of the (1 + Ns) outputs of the tapped-delay-line
present in Fig.1.a, the delay D intraduced by the LFs should be of the order
of 2(1 + Ns)Fmaz-

M

[—Trmazs Tmaz| 2nd then held constant up to convergence of
the synchronizer. The plots of Fig.2 allow the comparison
of the (numerically) evaluated mean squared error perfor-
mance of the synchronizer of Fig.1 against the correspond-
ing CRB in (8) for increasing values of the number N, of
the receive antennas. These plots confirm that, even in the
worst case of N. = 1, SNRs + of the order of 6.5dB suffice
to achieve the CRB. Furthermeore, for growing -y the con-
vergence rate of the synchronizer performance toward the
CRB increases by increasing the number [V, of the receive
antennas, so that, for V,, = 6, SNRs less than 5dB suffice to
achieve the CRB. Obvicusly, the steady-state performance
reported in Fig.2 does not depend on the order of the em-
ploved LF. However, we expect that the time (e.g., the pum-

o2 {ra)

i

Y8y

Fig. 2, Simulated mean squared errors of the synchronizer of
Fig.1 {dashed lines) versus the corresponding CRBs {continuous
lines):

ber of iterations) required by the 2-nd order LF for achiev-
ing the convergence is below than the corresponding one
demanded by the I-st order LE. By fact, the plots of Fig.3
confirm this conclusion and show that, at SNRs ~ around
10dB, the convergence time of the 2-nd order LF is about
one-half that of the 1-st order one.

5.2, Tracking

In order to test the tracking performance of the proposed -
synchronizer, as in [1] we have modelled the jitter-affected
delay parameter as a (stationary) zero-mean Gaussian ran-
dom sequence {r(i)}, whose samples are generated at the
(multiple of the) frame-period Tg in (3} according to the fol-
lowing relationship:

(1) =er(i = 1) + (1~ Hw(d). (16)

The sequence {w(7)} in (16) is zero-mean, white and Gaus-
sian, with standard deviation 7,5, while the parameter ¢ €
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Fig. 3. Average number of iterations for the convergence of the
2-nd and 1-st order LFs systerns with N, = 3 receive antennas.

[—1, +1] is the correlation coefficient E{r(¢)7(i—1)}/E{72(i)}

of the Markovian series { (i) }. Therefore, ¢ may be set ac-
cording to the fluctuation rate desired for the jitter’. To eval-
uate the performance of the 1-st order LF, we have limited
up t0 oz the maximum number of iterations allowed the
LF over each time-interval Tj, and the performance plots
achieved for I,,,,, = 7 have been drawn in Fig.4 for ¢ =
0.99, 0.9 and 0.8 . As a benchmark, in Fig.4 we have also
plotted the corresponding CRB in (8). In fact, since this last
fixes the (ultimate) performance achievable by the synchro-
mizer under signal-acquisition operating conditions, thus the
2ap between the simulated tracking performance and the
CRB curves allows to evaluate both the performance loss
induced by the jitter and the tracking capability of the pro-
posed synchronizer.
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