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This paper presents a signal processing model for the
delay-hopped transmit-reference ultra wideband communi-
cations system introduced by Hoctor and Tomlinson. Inthat
paper, a single-user receiver based on a bank of correlators
and a dliding window integrator was proposed. However,
the radio propagation channel also introduces correlations,
which have a significant effect not taken into account by the
Hoctor-Tomlinson receiver. Here we propose an accurate
signal processing model for the transmit-reference system,
including the effect of the propagation channel, as well as
an algorithm to estimate the resulting effective channel co-
efficients.

1. INTRODUCTION

Ultra Wideband (UWB) or Impulse Radio (IR) is gaining
increased popularity as a prospective transmission scheme
for short-range high data rate multiple access wireless com-
munications. Topics for additional research in signa pro-
cessing are acquisition and synchronization, and the design
of afeasible receiver, as high data rates and dense multi-
path propagation environments put significant demands on
the analog processing part of the receiver. Many systems
proposed in the scientific literature today can be considered
unrealistic and unpractical for deployment in a near future
for consumer devices (e.g., sampling and processing at GHz
rates, RAKE receivers with up to 50 fingers, absence of a
propagation channel, or assumption of a perfectly known
channdl).

A system which can be considered practical for an ad-
hoc communications scheme was proposed by Hoctor and
Tomlinson [1, 2], and called delay-hopped (DH) transmit-
ted reference (TR) system. Pulses are transmitted in pairs
(as doublets), wherethe first is fixed and considered a * car-
rier’ and the second is modul ated by the data. Thefirst pulse
isused asatemplateto detect the second pulse. Thedistance
between the pulses can be varied, which serves as an addi-
tional spreading code. The receiver correlates the received
datawith several shiftsof it using abank of correlationlags,
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integrates, samplesand digitally combinesthe outputs of the
bank.

In their paper, Hoctor and Tomlinson propose a smple
receiver structure based on a matched filter. However, they
did not take the effect of the propagation channel into ac-
count. The delay spread of measured channels can be up to
about 200 ns[3], much longer than thetimeinterval between
two pulsesin adoublet. This introduces additional correla-
tions which have a detrimental effect on the detection.

Herein, we propose an accurate signal processing data
model for the TR UWB system. The model takes the prop-
agation channel into account, and maps it into a specific set
of ‘effective channel coefficients' (actually correlation co-
efficients). We also show how these coefficients can be es-
timated from the received data of a single symbol. With a
more accurate data model, it is easy to design improved re-
ceivers, and we give an example of amatched filter receiver.

2. TRANSMIT-REFERENCE DATA MODEL

We describe a model for the single-user DH TR system as
proposedin[1, 2], and focuson thereceived data of asingle
transmitted symbol.

2.1. Analog received signal model

In a transmit reference system, two narrow pulses g(t) are
transmitted in sequence, with avarying timeinterval of D;,
to form a doublet d(t). Thefirst pulse is fixed, the second
has a modulated polarity, thus

d(t) = g(t) +c-g(t — D),

where cisthechip value, ¢ € {+1, —1}. N identical dou-
blets (same polarities and same delays), spaced T4, form a
chip of duration T, = N,T,. Careistaken that Ty islarger
than the channel impulse response. N, chips, defined by a
certain code, form a symbol of duration T, = N.T.. See
Fig. 1.

Let hy(t) be the radio propagation channel, and define
the convolution between a monopulse and the channel as
h(t) = g(t) = hy(t). Thereceived signal from asingle chip
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Fig. 1. Structure of atransmitted symbol.
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Fig. 2. Analog receiver structure—integrationisover adid-
ing window of duration T, the output is sampled at
P timesthe chiprate.

can be expressed as
Nd—l
r(t) = > bt —kTy) +c-h(t — KTy — Dy).
k=0

At reception, as shown in Fig. 2, the signal is correlated
in a bank of M correlators with a delayed version of itself
at lags D, or r(t — D,,), such that at the m-th correlator
output we have

ym(t) =r()r(t — D)
=[S h(t — kTy) + ¢ - h(t — kT — D;)]
[t h(t — €Ty — Dy) + ¢ bt — €T, — D; — Dy)].

To simplify this expression, let T}, be the duration of h(t),
and assume Ty, < T; — D; — max D,,,. While the length
of the channel h,(t) is very long when compared with a
monopulse duration, it is exponentially decaying, and most
energy is concentrated in the first paths (effectively T}, <
20ns). We can then write y,,, (t) as

Ng—1

Ym(t) = > h(t — kTy)h(t — kTs — Dp,)
k=0
+h(t — kTy — D;)h(t — kT4 — D; — Dy,)
+c- h(t — kT — D,)h(t — kT, — Dm)
+c- h(t — de)h(t —kTy;—D; — Dm) .

Subsequently, the correlated signal y,,,(t) is integrated
over a chip period T, by a diding window of width W =
TC >> Th!

T (t) = ~/t7W Yym (7)dT .

0Ty ToTet+T, O Ty --- 1o 2}TC
Fig. 3. b(¢) and p(t).
Define the correlation function (¢, A) as
t
K(t, A) = / h(r)h(r — A)dr,
=W

then z,,, (t) can be expressed as

Nd—l
Tm(t)= Y Kt — kTy, D)
k=0 1
+k(t — KTy — Di, D) (1)

+c- I‘&(t - de - Di, Dm — D,)
+c- k(t — kTy,D; + Dpy) .

In general, the shape of x(t, A) depends on the correla-
tion properties of the channel. For channels with uncorre-
lated taps, we may assume that

Epr(t,0) = Py b(t) o
Eh""'(taA):O7 (A 750)7

where Ej, denotes the expectation operator over the distri-
bution of the channel, P, = [ h(7)?dr isthe energy in the
impul se response of the channel, and b(t) is aproximated by
a‘brick’ function,

17 Ty <t< WJ

b(t) =<0, t<Qort>Ty,+ W,
linear slope, elsewhere.

where the integration length W = T, = N4T; ischosento

be the same as the chip duration (see Fig. 3). Inthiscasg, if

D; = D,,, thenthedominanttermin z,, (¢) isthethird term
in (1), and we obtain

Ng—1

z;(t) & Z k(t — kTqg — D;,0)c = a; p(t) ¢
k=0

zj(t) =0, j#41,

Ng—1

p(t) = > b(t—kTa)
k=0

has a staircase triangular shape with supporton 0 < ¢ <
2T, and is data independent (see Fig. 3). It isthe effective
channel impulseresponse. Thisleadsto the datamodel con-
sideredin[1, 2].
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Fig. 4. Transmission of two chips (spaced wider than in ac-
tual systems): (a) with matched delay correlation
and integration; (b) after unmatched delay correla-
tion and integration.

In general, however, we cannot assume that a specific
channel satisfies its expected valuein (2). A more accurate
expression is obtained if we model z,,(t) in (1) as

T (t) = p(t)(@mic + Bmi) » ©)

where the gain «,,,; depends on the correlation (¢, D,, —
D), andtheoffset 3,,; dependsonthecorrelation k(¢t, D).
For matched delays(D,, = D;), Fig. 4(a) illustratesthat the
gain is much greater than the offset, i.e. a,,; > Bmi. For
unmatched delays (D,,, # D;), Fig. 4(b) showsthat the off-
set B, positive, can be comparableor even greater than the
gain a.y,;, Negativein thisexample. Inthe proposed receiver
algorithm, the a,,,; and j3,,,; will be estimated.

2.2. Matrix formulation

Now, we consider the data model after transmission of NV,
consecutive chipsc¢ = [c1---cn,]T for a single symbol
s. Suppose we transmit a chip using one of the delays
D, ---, Dy and receive with a bank of receivers with de-
lays D1, - - - , Dps. Thenext chip may betransmitted with a
different delay.

Let a;; be the gain coefficient of the effective channel
p(t) for atransmitter delay D; and areceiver delay D;, and
Bi; the corresponding gain offset. We also define matrices
A = [oy;], B = [;;] of size M x M. If achannel does not
havetemporal correlations, then A = oI (only aresponse at
matching delays) and B = 0, but in general the matricescan
be arhitrary, although A is expected to be diagonally domi-
nant.

To model the transmitter, define a ‘code delay’ matrix
J =[Ji;] : M x N, where
T {1,iftransnitatdelayDi for chip j 4
971 0, elsewhere.

The matrix J has for each column only one nonzero entry,
corresponding to the transmitted delay index.

In terms of these coefficients, the model of the received
data at the output of the integrator with delay D,,, becomes

M N

mm(t) = Z Zp(t - ch)(amiJijcj + ﬂmz!]zg) - (5)

i=1 j=1

This datais sampled at instancest = k%, where the inte-
ger P is the oversampling factor. Define a channel matrix
P = [p”] of size N x N, Wherepi]- = p(l% — jTC),
fori = 0,---,N —1samplesandj = 1,---, N, chips.
The structure of P isillustrated in Fig. 5. The sampled data
Tk = Tm (k12) hasthe model

M N.
Tk = Y > Prj(@miTijc; + Bmidij) -
i=1 j=1

Collecting the samples z,,,, into avector, we have

Tmo

Xm

Tm,N—-1
M N.

Z Z Pj(amiJijc; + Pmidij)

i=1 j=1

N.
> pilanije; + b

.
=1

(amii) ® (P -e;)c; + (blj;) © (P -e))

.
=1

=) (af, ®P)(j; ® ej)c; + (b}, ® P)(j; ® e;)
J
=@r @P)JolIn)c+ (bF @ P)(JT oIy )1,

I
-

where al, and b, are the m-th rows of A and B respec-
tively, p; and j; are the j-th columns of P and J respec-
tively, and e; isthe j-th column of theidentity matrix. Here,
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Fig. 5. Structure of the matrix P.

we denote by ® the Kronecker product, and by o the Khatri-
Rao product (column-wise Kronecker product).

If we stack the received M N samplesin avector x, we
obtain

X1 al@P bl oP
(JOINC)C-l-

bl ®P

X = . =

X1 aqj\:[ QP
This can be written compactly as

x=(A@P)(Joly,)e+ (BeP)(Joln)1
=(AJoP)c+ (BJoP)1.

Taking the symbol value s into account, we have the final
data model for a single symbol

x=(AJoP)ecs+ (BJoP)1. (6)

Inthismodel, J, P and ¢ areknown, while A and B are un-
known M x M matrices, and s is the unknown datasymbol.
Themodel is easily extended for aburst of N, symbols, we
omit the details.

3. RECEIVER ALGORITHMS

Insection 2, we have obtained amatrix representation for the
received signal x, in amultiple symbol transmission. Inthis
model, A and B are unknown M x M matrices that rep-
resent the channel effects, after correlation and integration
at reception. In this section, we propose a method of esti-
mating A and B from a single received symbol, and a cor-
responding matched filter receiver for estimating all trans-
mitted symbols.

3.1. Hoctor-Tomlinson receiver

The receiver proposed by Hoctor and Tomlinson in [2] can
be expressed by (6) if weassume A = al and B = 0. In
that case, we can write the smplified model as

x =a(JoP)cs.
Based on this model, a matched filter receiver is
§=[a(JoP)] x.

Subsequently, the symbol is detected as sign(3). Sincea >
0 doesnot changetheresult, it doesnot haveto be estimated.

(JoIn)1.

Alternatively, this receiver can be written as (using proper-
ties of Kronecker products)

3 = tr[diag(c)PTXJ],

where tr is the trace operator, matrix X : N x M isthe
restacking of the received samples x.

Thisreceiver canbeinterpreted asfollows. Each column
of X isthe output of the integrator for a specific delay. Pre-
multiplication of thedataX by P constitutesamatched fil-
ter with the pulse shape p(t). From the output of this, the j-
th column correspondsto the j-th transmitted chip. For each
transmitted chip, the corresponding delay is selected by J,
and the result is multiplied by the corresponding chip value.
The trace operator sums the results. Except for the pulse-
matched filtering, thisis precisely the same as the receiver
proposed by Hoctor and Tomlinson [2].

3.2. Estimating A and B; improved TR receiver

Animproved TR receiver extendsthe Hoctor-Tomlinson re-
ceiver to deal with correlation mismatches, i.e., B has non-
zeroentries. Wefirst show how A, B can be estimated based
on alimited data set, e.g., the received samples of the first
data symboal.

Consider the model for the first symbol s;, (with some
abuse of notation)

x; = (AJoP)es; + (BJoP)1.

Restack thereceived signal x; given by Eq. (6) into amatrix
X; : N x M, such that vec(X) = x1, then

X, = Pdiag(c)JTATs; + PIJTBT
= Pldiag(c)JT JT][As; BJT.

Define Z = P[diag(c)J” J7]. It is a known matrix
of size N x 2M. If Z istal and both its factors (P and
[diag(c)JT JT]) aretall, then generically it is left invert-
ible: thisrequires N > N, and N, > 2M. Thefirst condi-
tionisalwayssatisfied, the latter requiresthat the number of
chips per symbol islarger than twice the number of possible
delays.

Let Z' be aleft inverse (pseudo-inverse) of Z, then we
canestimate[As; B]as

As, B]=(2'X,)7.

Since the diagonal elements of A are dominant and posi-
tive (matched delays), we can easily estimate A and s, from
.Ks\l , 0., 8 = sjgn{tr(fsl)}. Once A, B are known, it
is straightforward to estimate remaining symbols. From (6),
we can write down a matched filter receiver

5=sg{((AJoP)c)(x — (BT oP)1)}.

Many other receiversarepossible, thisjust servesasanillus-
tration. Note that A, B can aso be estimated from severa
symbols, with less constraints on V..
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4. SSIMULATION RESULTS

To demonstrate the accuracy of the data model, we have
simulated a symbol transmission over an exponentiallyi-
decaying channel, with A/ = 4 delay positions, N. = 10
chips, Ng = 3 doublets per chip, and P = 3 times over-
sampling at the output of the integrators. The transmitted
pulseis afirst derivative of a Gaussian pulse with duration
0.5 ns, the two pulses in a doublet are separated by 1, 2, 3
or 4 ns, and the doublets are spaced by T; = 50 ns. An
important parameter to consider is the channel length. Sim-
ulations were performed with a channel length T}, = 50 ns,
where the channel coefficients were selected randomly, but
piecewise constant over periods of 1 ns, and with amplitude
exponentially tapering down in time. The effective channel
thus has significant cross-correlationsfor neighboring delay
lags, but most of the transmitted signals energy is concen-
trated in thefirst arrival paths.

The result of the smulation is shown in Fig. 6. The
solid lines in each panel show the received data z;(t) for

the corresponding correlation lag (1-4 ns). The transmit-
ted chip values and delay lags are shown at the top. It is
clear that, due to the cross-correlations in the channel, the
received chips do not only have a response at the matching
delays, but also at other delays. The simple datamodel used
by Hoctor-Tomlinson (shown as‘ 0') does not take the effect
of the channel into account, hence assumes a response only
at the matching delay. For the simulated channel, the de-
viations can be significant. The new model (shown as ‘+’)
is ailmost indistinguishable from the actually received data,
hence provides a very good match. Thevauesof A and B
were estimated from the received data as described in the
previous section.

5. CONCLUSIONSAND RESEARCH DIRECTIONS

We have proposed an accurate signal processing model for
the transmit-reference UWB system proposed by Hoctor-
Tomlinson, taking into account the channel and receiver
characteristics. The model considers the channel correla
tion coefficients, which can be estimated from asingle sym-
bol and used in a simple matched filter receiver. Although
we were not able yet to test the effect of the improved data
model on the estimation of the symbols, it is reasonable to
expect that a more accurate model can provide much better
detection results. Thiswill trandate in a smaller number of
bit errors in the presence of alarge number of users and/or
large noise.
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