WA4-2

0-7803-8373-7/04/$20.00 ©2004 IEEE

Mult_iuser Interference and
UWB Transmitted

Klaus Witrisal
Graz University of Technology
Inffeldgasse 12, A-8010 Graz, Austria
email: Witrisal@inw,.tugraz.at

Abstract—In transmitted reference ultra-wideband (TR-UWB)
systems and differential iransmitted reference (DTR-UWB) systems,
the performance is, besides to noise, determined by interference
among pulses due to the dispersive multipath radio channel (inter-
frame Interference). The multiple access interference s also heavily
influenced by multipath propagation. As a first step towards the
analysis and optimization of such systems, this paper analyzes
statistically the response of the pulse-pair correlators including
integrate and dusip circuitry, which are the basic building block of
TR-UWB receivers, to desired and un-desired pulse-pairs. Results
are given In terms of basic channel parameters like RMS delay
spread and Ricean K-factor. As an exsmple for the application of
our analysis, we present & novel multiuser DTR-UWB system.

1. INTRODUCTION

In transmitted reference UWB receivers [1]-[4], the received
signal consisting of a train of pulses is correlated with itself, using
a (set of) “pulse-pair” correlators at fixed correlation lag(s). If a
pulse-pair spaced by a given lag is present, a high correlation
output is obtained, which is used to detect the data. Data can
be applied, for instance, by changing the polarity of one of the
pulses. Generally, the first pulse is denoted as the “reference
pulse” and the second pulse is the “data pulse”. The reference
pulse acts as a template signal for the (auto-) correlation receiver,

Due to multipath propagation, other pulses in the transmitted
signal also lead to correlator outputs and thus to a distortion
of the desired signal, termed inter-frame interference (IFI). The
main goal of this study is the statistical characterization of the
correlator cutput as a function of simple channel parameters for
the case of (heavy) IFI, which is novel work to the authors’
knowledge, Many previous studies consider limited or no IFI (e.g.
[2]), do not specify the IFI (e.g. [3]), or derive the IFI from data
of individual channel realizations (e.g. [4]).

The paper alsc presents a novel multiuser (MU) differential
TR-UWB system including a basic receiver scheme providing
multiuser separation. The effect of (heavy) multipath interference
is derived, applying the analytical results obtained.

This paper is organized as follows. Basic signal and channel
models are introduced in Section IL. In Section IT1, the novel MU-
DTR-UWB system is shown. The analysis of IFI is presented in
Section IV, followed by the (simplified) study of the MU-DTR
system in Section V. Computer simulation and analytical results
are given in Section V1. Conclusions are drawn in Section VIL

II. SIGNAL AND CHANNEL MODEL
An impulse radio UWB-system sends data as a stream of very
narrow pulses. Including the transmitter and receiver antennas

This work was partially funded by the Dutch Min. Econ. Affairs/Min.
Education Freeband-impulse project Airkink.

Inter-Frame Interference in
Reference Systems

Marco Pausini and Antonio Trindade
Delft University of Technology
Mekelweg 4, NL-2628 CD Delft, The Netherlands

email: {M.Pausini,A.Trindade}@ewi.tudelft.nl

and circuitry, we denote the received (template) pulse-shape as
w(t), in absence of a multipath radio channel. This pulse is
confined in time to an interval t € [0,Tw), Le, w(¥) = 0
for ¢t < 0 ort >» T,. A standard pulse-shape assumed in
theoretical work is the second derivative of a Gaussian pulse,
w(t) = [1 — 47(t/7m)?) exp[—2n(t/7m)?], specified by the
parameter T,
The channel response is modeled as a sum of delta-pulses,

oo
h(t) =3 aub(t — ),
=0
where a; are independent zero-mean random variables, except for
g, which is non-zero mean accounting for a dominant line-of-
sight (LOS) path. 7; are discrete ray-arrival times, where 79 = 0
is assumed to be the first multipath component arriving. Note that
the number of arriving rays is not specified but the ray amplitudes
become negligibly small for large r;. Moreover, the channel is
assumed to be time-invariant,

The channel is characterized by its delay power spectrum
(or average power delay profile), Py(t) E{r*t)} =
E{32, o6t — 7))

The expected power of a ray at delay i is given by
i=0
i>0"'

1)

2
; »
E{of|n} = { Py (ry) @
A{74)
where A(t) [rays/s] is the density of arriving rays, being a function
of the excess delay time t.

A. Channel Description

In this work, the delay power spectrum Py (t) (in [W/s]) is
described by an exponentially decaying part and a pulse at excess
delay time ¢ = 0 to account for the direct-path in LOS channels.

0 t<0
pER) =0
e ™™ ¢t>0

As derived in [5], the parameters in (3) can be expressed in
terms of the channel parameters Po: the (normalized) received
power, K: the Ricean K-factor defining the power ratio of the

LOS-path to the scattered paths, and 7y, the RMS delay spread
of the channel. These relations are
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Fig. 1. Diagram of the transmitted and received signals in the proposed
UWB-DTR system for multiuser detection.

111. MULTIUSER DIFFERENTIAL TR SYSTEM

In this section, a novel multiuser differential TR-UWB system
is presented. We will use this system as an example for demon-
strating the analysis of intersymbol and multiuser interference
due to multipath propagation.

Each data symbol d; € {—1, +1},  being the symbol index, is
transmitted via Ny consecutive pulses/frames, A known random
sequence by, € {—1,+1} is differentially modulated on the
time-hopped pulses, where § € {0,1, ..., Ny — 1} is the pulse
index within a symbol and ¥ is the user index. Superimposing the
user data and the frame-level code, the differentially modulated
pulse-polarities are obtained as a;j+1x = @s5kd;xd; and
@it1,0,k = Qi Ny —1,kbry -1,kdi. The transmitted signal is written

oo Np-1

Sk(t) = Z Z a.-,j,kiﬁ(t - ti,j,k),

i=—oc =0

M

using w(t) as the transmitted pulse shape.

The time-instants of the pulses are defined as #; ;% = (7 +
iN#)Ts + ¢k, where T is the average frame duration (average
spacing between two pulses) and ¢; . is the known time-hopping
(TH) sequence. Important for the proposed scheme are the time
shifts between consecutive pulses, written as Djp = & 41,6 —
t;4,k- The transmitted signal is visualized in Fig. 1(a).

A bank of pulse-pair correlators, whose lags are matched to
the time-shifts ID;x, is present at the input of a receiver for
such signals, as shown in Fig. 2. The integrate-and-dump (I&D)
blocks are triggered at the arrival-times of the respective pulses,
which requires time-synchronization and knowledge of the TH-
sequence. Integration is performed over a time interval 1. The
outputs of these blocks may be sampled at the symbol rate. The
basic receiver shown here coherently combines these outputs by
removing the chip-level modulation b;,x. We obtain
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Fig. 2. Pulse pair correlator used in the multiuser differential transmitted
reference UWB receiver. '
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where 7(t) = si(t) = h(t) * frz(t) for the desired signal and

without channel noise. frz(t) denotes a front-end analog filter in

the receiver that is not shown in Fig, 2,

In this paper we do not consider noise. In stead, we study the
impact of the time-dispersive multipath channel, which leads to
interference among pulses (termed inter-frame interference) if the
maximum excess delay of the channel is lager than min{D; :
J €0, Ny}, as visualized in Fig. 1(b). Our goal is the stochastic
description of the channel's impact on the output of the integrate-
and-dump blocks,

A. Impact of the Multipath Channel
We analyze the output of a single correlator (9)

ikt
urklil = ] 3 aiinglt - tisk)

b5,k il
X Z ap peg(t —tori+ Dig)dt,  (10)
il

where g(t) = h(t) » w(t) = 37 ovw(t — ) is the received
signal in response to a single radiated UWB-pulse. w(2) = w(t)*
Fr=(t) is the received prototype pulse shape.
To study this equation, we define
t2
It1,ta;7) =f g(gl{p+ 7) du, {in
3]
where 7 is the correlation lag and ¢, {2 are the integration
borders that are given by clearing and sampling the integrators,
The expectation and variance of y; i} are two basic measures
for the influenice of IFI on the receiver, These parameters will be
derived in Section V, which will require the statistical analysis
of the integral (11), being the main topic of this paper.
IV. STOCHASTIC ANALYSIS OF I(%1,12;7)

For an ensemble of channel realizations, the integral
I(t1,42;7) (11) can be seen as a random variable. In this section,
the statistical moments of this random variable are derived up
to second order. We assume that + > 0. Due to symmetry,
I(ty,ty7)=Its + 7, ta + 7y ~7) for 7 <0,



A, Expected Value of I{t1,t2;7)

Calculating the expectation of I{t1, z; v) requires the analysis
of the expectation of the product g(t)g(t + &),

tq .
E{I{t1,t2;7)} =[ E {g(p)g(e + 1)} du

Elg(t)g(t+ )} = E {Zaiw(t ~ ) Y gt + Tj)}

i=0 =0
oo oo
= Z EE{mw(t — ndojwlt + k- 7))
i=0 j=0

Since the random variables {c; } are uncorrelated (envoking the
uncorrelated scattering property of the channel), E{aa;} =0
for ¢ # 7, and the expression can be written

Bla(g(t+r}} =Y Bladu(t —riult+ s~ )}

o
= fw(tw(t+ n)] « E {iﬂaﬁ(t - r.)}
= beult+ )] Bhll) (12)
- fo " Wl + P )

= twtw(t +5) + Pldu(x),  (13)

where ¢, (k) = fo w(y)w(p + =) dy is the autocorrelation of
the received (prototype) pulse w(t), We define ¢.,{0) = 1, .ie,,
the prototype pulse is assumed to have unit energy.

The approximation in (13) assumes that P,(n) is approxi-
mately constant over the integration range of the convolution
integral, i € [t — T, t]. This assumption is reasonable since
usually Ty < 1/v. (Recall that v is the decay expoment of
the decaying part of the delay power spectrum P (¢).) However,
some (negligible) error is made if t € [0, Tw), since Pu{u) =0
for 1 < 0.

Jt is evident that, according to the model used, the channel is
uncorrelated for lags greater than the support of ¢, {k). Received
pulse shapes varying with the excess delay of the channel impulse
response can be incorporated in (12) by intreducing w(f, &),
which depends on the excess delay variable &.

With (13) and (3), we finally obtain the expectation of
I(t1,t2;7), assuming that £2 > 0 and ¢» > t1

1= ge] g0
Blrte i) = Pt { Lt 20
14

The parameter -y is given in (6).

This equation shows that, on the average, there is no [FI if the
correlation lag is greater than the support of ¢ (7), [7| > Tw. For
a single channel realization, this may not be the case however,
since I(t1,t2;7) is a random variable. In the next section, we
evaluate the second moment of this expression.

B. Variance of I{t1,t2;7) for 7| > Ty

For |r| > Ty, the second moment of I{t1,f2;7) equals the
variance, since I(¢1,t2; 7) then is a zero-mean random processes.

1t is derived from

b b
Bla b} = [ [Edatigti+ ialoto+ )} dus

(15)
Considering that g(t) and g{¢+ 7) are uncomrelated for |7] > Tw
and g(t) is zero mean for ¢ > T\, we can split up the expectation
term in two terms of the form of (12). This yields

B{*{a,b;7)} =
b b
- f [ E {g()0(2)} E (gl + 1)glv + 7)) dpdv

(16)

b o0
~ f f E {o(ndo(n + 5} E {g(n + T)g(n + x +7)} de du

where » = pu -+ « has been used, The second equation is an
approximation due to the integration interval x € (—co, oo) used
for simplicity, in stead of x € [a — p, b — p),

We continue our derivation wsing (13). Carefully considering
the LOS ray at ¢t = 0, it can be shown that the second moment
can be approximated as

Tw

b
B{labnt > | @) f Pali)Palye + 7) e

a7
Again we have assumed that Ph(# + 7) is constant within the
integration range p € [0,Ty), since T,y < 1/7. Evaluating the
second integral in this result with {3) vields

—Tw

E{ 0,0} = f G () de ™
[K+3 (0 e) 0 <0
{% ( —27:1 - -271,) T, (18)

v is given by (6) in terms of channel parameters. It is most
remarkable that this result (for = > Ty) is independent of the
distribution function of the channel taps and of the ray arrival
process, The delay power spectrum P (t), described in this paper
by a simple model, determines this important parameter,

C. Variance of I{t1,t2;7) for T =10

The variance of I(i1, £3;0) is calculated as

var{I(a,b;0)} = E{I*(a, b;0)} — E*{I{a, b;0)}

b 13 b 2
-/ E{g’(mf(u)}dudu—[ / E{gz(p)}d;,J

~ f b / T: E{ 0% (e + )} ddy
] f E{G (9}E(g* (1 + )} dnde

The change of the integration variable »» = p + s and
the approximation are equivalent to the derivation in (16}. The
integration range of x can be confined to k € {—Ty, Tw) since

E{g*(1)g* (i + #)} = E{g* (1)} E{g* (1 + )} if |x| > Tu.
After some computations, which are omitted in this paper due
to size restrictions, we obtain

E{gzg)gz(t + 5} - Ejyztt)}E{g’ (t+x)} =
= Ra(t)pus (k) + 2P (0)¢ ()

+402 B (O w(E)w(t + «) f w(p)wlp + <) dir, 19)
o
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where ¢,a(k) = [ w()u?(t + x)dt and Ba(t) =
E{atin = t}A(t) is related to the forth moment of the ray
amplitudes, For Nakagami distributed rays characterized by m,

~ 2
4 . | Palt) 1

E{alr =t} = { m)} (1+a).

The variance is calculated from (19) by integrating over ¢ and

%. Introducing the channel model (3) and assuming that the ray-

density A(t) = A is constant and that all rays are Nakagami

distributed with a constant parameter m, we get the following
expression for the variance of I{t1,tz;7) at 7 =0,

P'E
var{f{t:,¢2;0)} = ﬁ x
1 1\ [T Tw
L s " 2
* ({2)\ (1 + m) . dus () dr + Ty %(R)dn}
T
] t<0

0 >0 20
+ ZKff;wqbﬁ,(m)dﬁ <0/’ (20)

where -y is defined in (6). If K = 0, this result simplifies.

D. Covariance cov{I(t1,t2; 11} (ta, t2;72)}

Writing the expectation B{I(t1,%2; 71 )J(ts,84; 72)} equiva-
lentty to (15), it can be shown that the covariance is zero, except
if |71 — r2] < Ty. That is, two integrator outputs are uncorrelated
if their integration lags are sufficiently different. If 7, = 72 = 7,
the covariance becomes

cov{I{t, t3;7)I{ts, ta;7)} =

= var{I{max(¢,,¢3), min(tz, ta}; 7)}- 21

The covariance is also zero, if max(¢:,¢3) > min(tz,£4), i€,
ty < t3 (assuming ¢, < 2 and {3 < ¢4), which means that the
integration intervals are non-overlapping.

E. Distribution Function

Since the integral expression (11) is essentially a sum of a large
number of independent random variables (the products g(f)g(t 4
7) consisting of large numbers of channel rays), we assume the
correlator output to be described by a Gaussian random variable
with a mean value given by (14) and a variance given by (18)
or (20). Computer simulation results confirm this assumption for
relatively rich scattering environments (high ray density A).

V. STOCHASTIC ANALYSIS OF THE MU-DTR SYSTEM

Purpose of this section is the derivation of the mean and
variance of the pulse-pair correlator outputs, y;,xfi}. Using (11)
and substituting { = j+m and I’ = j 4+ n + 1, (10) can be
written as

B ]
yiklt] = Z Z Qi k@i jrnt1.k
m=—An=-—A
XI{ti g — tigtmios bijie — bijam,e +T1;

Dje +tij4m ke — tijins1n)- 22)

The summation indices m,n € [—A, B] account for all puises
that contribute to the correlator output due to multipath. In the
received signal illustrated in Fig. 1(b), the pulses [ = {0,1,2,3}

and I’ = {1',2, 3, 4’} have impact within the integration interval
shown. Generally, A is related to the maximum excess delay of
the channel impulse response Tmaz, A = [Tmaz/Ty¢] and B to
the integration interval B = [T /T]. For simplicity, we assume
in this work that all interfering pulses belong to the same symbol
with index %, i.e., inter-symbol interference is neglected. .

A. Expectation of y;,x[i]

Furthermore, we assume that a time-hopping code has been
used, which ensures that all time-intervals are different, To be
specific, | Dy x ~ Dy ] > Ty for § # ' Under this assumption,
the expectations of the I{a, b; 7)-terms in (22) will be zero except
for m = n = 0 (see Section IV-A). Thus

E{ys,xli]} = ai,5000,541,: B{1(0,T1; 0)}

= by xdi E{T(0, T1; 0)}, {23)

which can be evaluated using (14).

B. Variance of y;xi]

For the evaluation of the variance of y; x[4], we assume that all
I(a, b; 7)-terms in {22) are uncorrelated, since either the lags 7 or
the integration ranges ¢ € [o, 4] are different (see Section IV-D).
Under this assumption, the variances of the J{a, b; 7)-terms can
be simply summed up, Furthermore, we approximate the delays
and arrival times by their mean values (f;;x ~ tijtm,k) =
7mTf and (Dj,k+ti,j+m,k*ti,j+n+1,k) ~ (mfn)_Tf, yiqlding

B B

var{y;k[il} =~ Z Z a?,j+m,ka'?,j+n+1,k

m=—An=—-4

xvar{I{—mTy¢, —mTr + T,;; (m — n)T¢)}.

24)

Selecting Tr = Ty, this result can be simplified to

A
var{y;[i]} =~ 2 Z var{I(0, 00; ITy)} (25)
i =1

+var{F{Ty,00; 7 = 0)} + var{1(0, Ty; 0)},

where var{I(Ty,c0; 7 = 0)} denotes the variance for |7| > Ty
as derived in Section IV-B, however, evaluated at + = 0. For
K =0, using (18) and (20), the following expression is obtained.

var{y; [i]} =

B Teoa, 2 _3T
- {/ Pul)de | T, €

T
+ L (1 n l) fTw é 2(n)drz}

2 m/ [ o w
In a very similar fashion, the variance of y;,x-[i] can be derived,
when the receiver uses a different time-hopping code k' than the
transmitter, For this derivation we have additionally assumed that
the time-hopping codes are ‘orthogonal’, that is, for all interfering

pulses |Djx — Dy w| > Tw. The simplified -end result holds
again for K = (.

(26)

A
var{y;p[il} =2 Y var{I(0,00;ITy)} + var{I(0,00; 7 = 0)}
1=1
L
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TABLE I
STATISTICS OF THE CORRELATOR QUTPUT
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Fig. 3. Upper plot: simulation of I{0,co;7} (light lines) and the
average of 1000 simulations (line indicated by ‘¢"). Lower plot: variance
of I{0, oo; 7). Analytical results and computer simulations.

The analytical derivation of the variance of z;[i] requires the
analysis of the cross-correlation of the outputs of multiple corre-
lators y3,x (). This is subject for future work. In the next section,
our analytical results are compared to computer simulations.

V1. SIMULATION RESULTS AND DISCUSSION
A. Channel Simulation Procedure

The channel simulator first generates an unquantized vector of
ray arrival times according to a Poisson process with a constant
mean ray arrival rate of A = 5§ ns™ and a vector of Rayleigh
distributed ray magnitudes with random polarity, In the mean for
many channel simulations, the normalized received power Py =
1, the RMS delay spread 7ms = 10 ns, and the K-parameter
K =0, ie., a non-LOS channel has been simulated.

The second derivative of a Gaussian pulse is used as a template
pulse, w(t + .35) = [1 — 4x(t/Tm)"] exp[—27(t/7m)?] with
7m = 02877 ns and ¢t € [0,0.7] ns. This pulse is sampled in
accordance to the sampling theorem, using the sampling period
T, = 0.05 ns. The precise position of the pulses in each channel
impulse response has been oversampled, however, in order to
represent better the unquantized ray arrival times, That is, in
our simulations, the pulse position resolution has been choosen
Tres = 0.005 ms,

B. Fundamental Integrator Quiput

The upper plot of Fig. 3 shows samples of the simulated
correlation function J(0, oc; 7} (for 3 = 0 and ¢2 = oo} and the
average of 1000 simulations, At very small correlation lags, the
autocorrelation function ¢, (7) of the template pulse can be seen.
For larger correlation lags, the mean of I{0,c0;7) is zero, as
predicted by the analysis. The ‘light’ lines indicate the simulation
results for a single channel realization each. It is evident, that
these results deviate from the mean.

The variance of this deviation is analyzed in the lower plot
of Fig. 3. Simulation results are compared with the analytical
results obtained from (18} and (20). The agreement of the two

traces is good, except for correlation lags = € (0, Tw ), for which
the analysis is not appropriate.

C. Integrator Response to a Transmitted Signal

Computational results of the statistical parameters of the corre-
lator output are presented in Table I, derived from computer sim-
ulations and, where available, compared with analytical results,
In the simulated system, Ny = 10 and T = 10 ns, implying a
data rate of 10 Mbit/s. Random time-hopping codes were used.
Apain, good agreement is observed between both results.

It is evident that the proposed straight-forward multiuser-
DTR receiver can work in situations with severe inter-frame-
interference, An enhanced MU-receiver may exploit knownledge
of the interference among pulses (¢f [3]).

VII. CONCLUSIONS

In this paper, the effect of (heavy) multipath interference (inter-
frame interference (IFI)) on (differential) transmitted reference
UWB systems i3 investigated statistically. The results can be
expressed in terms of channel parameters like the RMS delay
spread, average received power, and Ricean K-factor, It is
observed that the results are largely independent of the exact
distribution functions of the ray amplitudes or ray arrival times.
An impact of the received prototype pulse is evident. The results
can be used in the performance evaluation and optimization of
TR-UWB systems.

Topics for further work are, next to the issues indicated
throughout the paper, an evaluation of IFI for more detailed
channel models and/or actual channel measurements, and the
study of the impact of channel effects that have been neglected
in the current paper.
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