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Impulsiveness Analysis of Cross-Correlation between Users and
Its Effect on the Ultra-Wideband Ranging
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ABSTRACT

In this paper, we evaluate the impulsiveness of the cross-correlation between the user signals for asynchronous
time-hopping and direct-sequence ultra-wideband (UWB) transmissions and examine its effect on UWB ranging. It
is conventional to measure variance of cross-correlation for interference analysis. However, kurtosis, a parameter
indicating the impulsiveness, was utilized in this work. Considering the ranging applications of UWB systems,
the impulsiveness of multiuser interference is critical. When an independent and identically distributed random
spreading code was used, the variance for the two scenarios was shown to be similar but the kurtosis indicated
a considerably different change pattern with respect to the sequence length. The evaluation of the multiuser
interference term also exhibited similar results for both single-path and multipath scenarios. Similar results were
obtained through simulations using pseudo noise sequence. A significant effect of the difference in impulsiveness

on the probability of early false alarm error in a ranging scenario can be seen through simulations.
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I. Introduction

There is a growing interest in indoor positioning
systems and ultra-wideband (UWB) system has been

3]

considered as a viable solution”. UWB ranging

applications involve not only multiple paths but also

™. In many UWB ranging

a large number of users
systems, threshold detection is applied to the
matched filter (MF) output at the receiving side. The
system searches for a particular interval of MF
output and chooses the first level-crossing point at
the threshold as the time of arrival (ToA) of the
direct path signal. If the MF output for the noise
and interference-only portion of the signal is greater
than the threshold, an early false alarm error occurs
B, Fig. 1 illustrates this scenario. Thus, it is
expected that the higher the impulsiveness of the
multiuser interference (MUI) signal, the higher the
probability of an early false alarm error. The
impulsiveness of the MUI term can be measured by
its kurtosis. The kurtosis of a random parameter 2

is defined as

Kurt[Z = M

, (€Y)

where m, and o, denote the mean and standard

deviation of Z, respectively. There has been
controversy regarding the exact meaning of kurtosis.
Currently, a widely accepted interpretation is that
kurtosis is mostly determined by the tail shape of
the probability density function . According to [7],
a large kurtosis indicates that the variance of the
random parameter is the result of infrequent extreme

deviations rather than frequent modestly sized

15t level crossing point |—> true ToA
T T

T T T

: . TR

i

;\/ ’“ LI l\ L] ”

i i I i i h i
1074 1076 1078 1080 1082 1084 1086 1088
time (ns)

threshold level

o

matched filter output
°
I §
==
E:
<>
=

5 H L
1068 1070 1072

noise & interference only portion of the signal

Fig. 1. UWB ToA estimation scenario. Noise and
interference may cause an early false alarm error.

deviations; i.e., for a similar variance, the larger the
kurtosis value, the greater is the probability of
occurrence of an extreme value. Therefore, the
kurtosis of the MUI term at the receiver is closely
related to its impulsiveness.

A good correlation property between users is an
important criterion for the spreading code design

[8-13] [5,6,11,12]

along with spectral flatness and

13,14 .
3141 Variance

narrowband interference suppression
has been commonly used as a quality measure in the
examination of the properties of cross-correlation,
whereas the kurtosis has not been examined. To
evaluate the kurtosis of the MUI term at the
receiving side, the kurtoses of the cross-correlation
between different user signals are first compared
under two typical multiple access (MA) scenarios:
time hopping (TH) and direct sequence (DS). Our
concern is to know how the kurtosis of the
cross-correlation is affected by the different MA
schemes rather than by the spreading code type.
Comparative analysis of kurtoses of interference
terms in different MA schemes is a unique
contribution of this work. Furthermore, it is a very
interesting finding that the kurtoses of MUI terms
are remarkably different in the TH and DS cases.

In this work, we assumed that independent and
identically distributed (iid) random spreading codes
are employed for both the cases, and we compare
the variance and kurtosis of the cross-correlation
between the users. The analysis results are described
in Section II. Based on these results, the kurtosis of
the MUI term in the environment where several
users are present is compared between two MA
scenarios in Section Ill. As an example of a
multiuser environment, a simplified single-path
environment was assumed and both analysis and
simulation were conducted. In order to evaluate the
kurtosis of the MUI term in a more realistic
environment, simulations were also conducted for an
indoor multipath environment, and these results are
described in Section IV. In Section V, we examine
the effect of a difference in kurtosis under two MA
scenarios on ranging performance. More specifically,
a probability of early false alarm error, which is one

of the kinds of ranging errors !, is evaluated
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through simulations in the multipath and multiuser

environment.

II. Kurtosis of the cross-correlation
between two users

As the first step, we evaluate the normalized
cross-correlation between the two user signals under
two MA scenarios. The tedious calculations of the

moments are relegated to Appendix 1.

2.1 TH-MA
First, the TH UWB signal of the k™ user, without

considering the modulation, can be expressed as 1l

[es)

s(k)(t) = E w(t—ij—cﬁ-k’)Tc), 2

j=—oo

where w(t) is one-pulse template waveform. The
parameter 7} and 7, denote the frame time and the

chip time, respectively, and satisfy /N, 7, = 7}. The
sequence {c§k>} is the TH code of the & user, and
it satisfies 0 < cy“) < N,—1. Without loss of

generality, we assume that the receiver is interested

in the signal transmitted by user 0. The signal

s"(t) can be expressed as a sequence {sff)} as

follows ®:

sW(t)= 3] d(n—in, —c), 3)
j=—oo
where §K( - ) denotes the Kronecker delta function.

The binary value of 55,” indicates the presence or
absence of a pulse in the time slot
te [(n—l)TC,nTC]; a binary 1 indicates the
presence of a pulse and a binary O indicates its
absence. If the period of the TH code {cﬁk)} is L,
then the period of the sequence {sf,k)} is LN,. the
cross-correlation between user 0 and the user k is

defined as ™

R{)k(P):_ Z SSDSW “)
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where the notation [.’L’]y denotes x modulo y.
Equation (4) indicates a cross-correlation function
with a chip synchronism but without a frame

synchronism. Expressing p as 7NV, +¢, where
$={0,1,2,---,N, — 1}, then,

LN, 1

1 )
(i +0)=F 3 a5, O

LN,

A non-zero ¢ accounts for the frame

asynchronism. For ¢ = 0, the following is satisfied:

LN, —1
_ k
Rok(T]vh)_ T 20 320)5 ([n)—m;,]Lr\,
" ®)

Thus, for ¢ =0, the cross-correlation between the
: (0) (k) ;
signals |s and s, is equal to the

n

cross-correlation between TH codes {CE-O) } and

(o).

Now, let wus calculate the moments of
Ry,(TIV, + ). In this paper, it is assumed that an iid
random sequence is used for the TH code. For
¢=0, the moments can be easily calculated.
However, if ¢ is random, ie., if frame
asynchronism is assumed, the calculation becomes
complicated. This is because if ¢ =0, the existence
of a coincidence of two sequences within a frame
can affect their coincidence in the adjacent frame.
Intuitively, it can be expected that a random ¢ will
not significantly affect the moments of
ROk(T]Vh +<;5) because the shift pattern of the pulse
position is random in the case of TH. In this section,
the moments of the cross-correlation are first

calculated assuming,

E[RY (TN, +¢)|=E[RL(rM ], V0 < ¢ < N, — 1,
N

where ¢ is a positive integer. The calculated results
are then compared with the simulation results

obtained with a random ¢. (In section II-3, the two

www.dbpia.co.kr
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results are shown to be matched.) In Appendix 1-A,

the moments of Ry(7/V;) up to the 4" order are

calculated assuming (7).

2.2 DS-MA

An analysis similar to that in the previous section
is performed for the DS signal. The DS UWB signal
can be represented by [19]

0

sW(t) =3 vPw(t—;1y), ®)

i=e

where {b;k)} is the direct sequence code and

b‘gk)E{fl,l}. This signal can be expressed as a
ternary sequence {sgf')}, given by,

o

s = 37 05 (n—i,). ©)

j=—

Each value sff)E{—l,OJ} represents  the
presence or absence of a pulse in the time slot
te [(n—l)TC,nTC] and its polarity. Note that the
quantization step of s (t) is selected as T, ie,
the same as in the case of TH, rather than 77; the
aim is to define the cross-correlation for an
asynchronous scenario as in the case of TH. The
cross-correlation Rnk(p) between user 0 and user k

can be defined as in (4), and it further satisfies

1 L—1
Ryy(p)= Ry (7N, +6)= _Z(]bg.‘))b([’;)_,]LaK(qs) . (10)
=

As the pulse is transmitted periodically, the
cross-correlation becomes zero for ¢ =0. In
Appendix 1, the moments of R (7, +¢) up to the

4™ order are derived, assuming that the spreading
code {b;k)} is an iid random sequence and the

parameter ¢ is also equally likely.

2.3 Comparison
Fig. 2 plots the variance and kurtosis among the
moments calculated in Appendix 1. The variance is

inversely proportional to L, which is similar in both
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g 8- DS, simulated
= ——{ - DS, simulated
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Fig. 2. Variance and kurtosis of the cross-correlation
between the two users evaluated with /V, =64.

Simulation results obtained using PN codes are also shown.

the cases. For the kurtosis, the change in pattern
according to L is remarkably different in the two
scenarios. To examine the effect of the spreading
codes employed in the system, we also carried out
simulations using PN codes instead of uniform
codes. For the TH system, a spreading sequence
introduced by Scholtz et al. [8] was employed. This
sequence is constructed using a finite field with an
order of a prime number p; here, we select it to be
61. This provides 60 distinct time-hopping patterns
of a period of 61. Out of 64 slots, 61 are chosen to
be the possible hopping locations. A Gold sequence
with a length of 63 was employed for the simulation
of the DS case.

The quantity R,(p) can be interpreted as the

contribution of user k to the signal reception of user
0 averaged over L repeated pulse transmissions.
Thus, as the number of integrations increases, it is
natural that the variance of the interference term
associated with user k decreases in both the cases.
However, it is extremely interesting that the kurtosis,
representing the impulsiveness, increases in the case

of DS, whereas it decreases for TH. Not only in the
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case of DS but also in the case of TH, the analytical
values and the simulation results of the variance and
kurtosis are well matched, indicating that the
assumption given in (7) is valid. No substantial
difference can be observed in the results obtained
using uniform codes and PN codes.

The possible reason for the difference in the
Kurtoses is that different UWB spread spectrum
techniques employ different types of randomization:
randomization of the shift pattern and/or polarity of
the transmitting pulse. Accordingly, different
averaging mechanisms are employed at the receiver,
which affects the impulsiveness of MUI signal.

Il. Kurtosis of MUI term for a single-path
scenario

In this section, the moment of the MUI term is
evaluated assuming an environment where /N, +1
users are present, utilizing the results presented in
section II. As an example of a multiuser
environment, we assume a single-path LoS
environment wherein all the transmitters are
distributed uniformly over a ring-shaped region
between dy m and d m from the receiver (see Fig.
3). Then, the distance, r, between the transmitter
and receiver is distributed as follows:

. 2r
f.(r)= i (11

The power, P, of the received signal from user

A
A A
A
A / )
// " Y :receiver
/ A
d r/ A transmitter

Fig. 3. Transmission scenario.
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k can be expressed as

G
Po=a =, (12)

r
where G is a constant and a; denotes the signal
strength of the A™ user.

Let us define r, as a collection of signals

received from the other users, then,

N,
Tn — ’;a‘ksilklpk’ Pr = Tk‘/vh + ¢k’ (13)

where sif) is given by (3) and (9) for the TH and
DS cases, respectively. If the MUI term [ is defined
as the cross-correlation between the sequences

{5(0)} and {r,}, then,

n

.
N,

IEDY a RN, + @) - (14)
k=1
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Fig. 4. Variance and kurtosis of 7/ for a multiuser
single-path environment evaluated with N, =64, N, =32,
G=1 m, d=20 m, and d; =1 m. Simulation results
obtained using PN codes are also shown.
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In Appendices 2-A and 2-B, the moments of / up
to the 4™ order are calculated for the TH and DS
cases, respectively. Fig. 4 plots the calculation and
simulation results of the variance and kurtosis. In
the figure, a pattern similar to that shown in Fig. 2
is observed. When the PN code is used for the DS
case, the kurtosis is higher than in the case of
N, =64. This is probably
because of the fact that the period of the Gold
(63) is than the

integrations.

uniform code with

sequence less number of

IV. Kurtosis of MUI term for a multipath
scenario

In this section, simulations are carried out for a
more realistic multipath environment than that
assumed in the previous section to evaluate the
effect of the MA scheme on the impulsiveness of
the MUI term. MUI signal r(t) received through

the multipath channel can be expressed as

N,
r(t) = Eh(k)(t) ES s(k)(t—wk), (15)
k=1
where parameter 1), which accounts for both frame
asynchronism and chip asynchronism, is assumed to
be uniform on [07 Tf]. Signal s(k)(t) is given by
(2) and (8) for the TH and DS cases, respectively.
The one-pulse template waveform w(t) appearing

in (2) and (8) is given by (201

w(t) :Aexp(—atQ)sin(wt), (16)

a=555 and w=26.15. Constant A4 is

chosen to be 0.266 such that w(¢) has unit energy.

where

The function h(k)(t) is the channel impulse response
for the k™ user. In this study, IEEE 802.15.4a CM
3, which is a UWB channel model for an indoor
LoS environment, was used for the simulation. The
correlator template v(t) at the receiving side is

given by

L—1
v(t) =2 uw(t—j T, =" 1). (17)
J=0
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Fig. 5. Variance and kurtosis of ¢ for a multiuser
multipath environment simulated with N, =64, N, =32,

and 7 =1 ns. Simulation results obtained using PN codes
are also shown.

Now, define the MUI term U as the normalized

cross-correlation between 7(¢) and U(t), then,

U:%/jﬂr(t)v(t)dt. (18)

Fig. 5 shows the simulation result for the kurtosis
and variance of U. A similar pattern can be seen as
in the results obtained in the previous sections.

V. Ranging effect

In this section, the effect of the kurtosis of the
MUI term, which has been evaluated in the previous
section, on the ranging performance is evaluated
through simulation. Here, it is assumed that the
UWB ranging system employs threshold-based ToA
estimation. In order to increase the signal-to-
MF

a pulse

interference-plus-noise ratio of the signal,
normally includes two-stage matching:
waveform MF and a spreading sequence MF. As

mentioned in section I, if the MF output for the

1345
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noise and interference-only portion of the signal is
greater than the threshold, the level-crossing point is
falsely detected as the leading edge of the signal.
Thus, the probability of an early false alarm error
can be considered to be highly correlated with the
impulsiveness of the MUI term.

To examine this effect, we first generated an MF
output for the MUI signal of a specific length
(frame time). Then, we carried out thresholding and
observed whether a level-crossing occurred. The
threshold 6 was determined relative to the power of

the generated signal, i.e.

f=n- oy, 19

where < is a constant and o, is the standard

deviation of the matched filtered version of MUI
signal. Fig. 6 shows the changes in early false alarm
error probability according to L in the case of TH
and DS. It is interesting that the result shown in
this figure exhibits a pattern that is very similar to
the result shown in Fig. 5. This result indicates that
even if a threshold is selected as a constant multiple
of the standard deviation of the MUI signal, the
early false alarm error probability can be different

due to the difference in the signal’s kurtosis.

o
(=]
=}

&>

-
<

—&€— TH, uniform code
—-G-= TH, PN code
—&— DS, uniform code
— -4 - DS, PN code

prob. of an early false alarm error

N
e
S

10
sequence length (L)

=
(=]
=]

Fig. 6. Probability of an early false alarm error simulated
with M, =64, N, =32, 1) =1 ns, and y=4. Simulation
results obtained using PN codes are also shown.

VI. Conclusions

In this paper, the cross-correlation properties of

1346

TH and DS impulse radio signals were analyzed
statistically and subsequently extended to a multiuser
scenario. Comparison of the impulsiveness of the
TH and DS UWB systems on the basis of the
kurtosis of the MUI term is a unique contribution of
this study. It is found that when employing
spreading sequence matched filtering, the kurtoses of
the MUI term are remarkably different for the two
cases; this difference is assumed to be owing to the
differences in the randomization methods of the TH
and DS schemes. The simulation result showed that
a difference in impulsiveness significantly affected
the probability of an early false alarm error for time
delay estimation in the multiuser multipath

environment.
Appendix

1. Moments of cross-correlation between two
users

A. TH-MA

Let us derive the moments of Ry (7/V, +¢) given
in (5) for the TH case. Since we assumed (7), the
moments of 7,(7/V,) are calculated in this section.

First, the mean of R (7)V,) is given by

E[Ry(mN,)]=

EE{ e =) @0

][)

Since the delta function term in the above
equation is a uniform random variable, it is obtained

as

‘ -

B[Ry (V)] = E @1

7:0

=
=)

The 2" order moment is given by

E [R(Jk TNh ]

Z E[5 ()

i=0j=0 (22)
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Here, breaking the sum into ¢ =j and i # j parts E[ lek(ﬂv;l)]
the above equation can be represented b LIl 17-1
’ e - LSS S Sl )
g iz(“fjm/iogzo) (9 | )
1 & - Ok Cjo _C[ﬁ'—r] - O Cig _C[I;’—‘r]
B[Ry (V) |= =5 D E[6(d” — )] O_ 0 !
[, Ty s B
EE[(S (9 = )59 —®)].  23) L | N, N, N N
i=07
,ij
B. DS-MA
. . Since all random parameters appearing in (10) are
Taking advantage of independence . .
independent, the mean of R (p) is obtained as
I e 3)
B[R ()| = -5
R A= N LQ? N, _1 O] [0
0= M E[ROk(p)]—ng[bj JE[bE), [E[6:(0)]. @8)
N, +L-1
= 24
LN? (24)

Similarly, the 3" order moment is given by

E[ RS (7] =

. 5K<C;'0) _

EZZE[5< 0) _

1070—0

C[j—T]L) . 5}((059) 76([?—7]) ] )

and breaking the sum into three parts, this reduces

2a)

(25)

to

E[Rnk (T\,) ] ZE[5K( 0)_‘7[:) T]L)]

i=0

+—2}JEE[52( v

. E[(SK(c;O) _

—1.—1L—

i)

(k)
C[j_T]L)

i=gj=ii A

B[o(cf” =L, ) B [0l =€l )
:% ;7} 3(LN}21)+L(§\7131)]' 26)

Taking a similar approach, the 4™ order moment
is derived as

www.dbpia.co

The n™ order moment of b is equal to 1 if n

is even and equal to O otherwise. Thus

E[Ry(p)|=0.

(29)

The 2" order moment is represented by

B[

(n)]=
[6%(@)}.

ZZE[b

i=0j5=

pik)
[7 T]L

(30)

Breaking the sum in (30) into two parts, it
reduces to

E[7)(p)]=—5— 2]\[}1/* E{(bo VlE[(eL,)7]
2]\7i ;);)E[b ]E[ 1*TL E[b [ &7 T]L
i1#g
1
N 31)
The 3" order moment is represented by
1347
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[RSA )]
ERE
b°>b, Y [6&(@}
= o Pl e )

+ o 5 Sl () e ()]
L3M1 == i li=7l,

i#]

g DL
7#77#71#7

-E["[E[b,

J

B[ |E[b,

-

(32

Since every product term in the above equation

contains the odd order moment of b , it reduces to
E[ 7% (p)]=0. (33)
Now, the 4™ order moment can be expressed as

[ng(TNh)]

—1L—1L—1L—

ZZEZE[b e wa e

i=0j=0i"=05=0
et B[], (34)

>.;~

. b(%

and is calculated by

3L—2

E[ Ry, (V) ]= TN 35)
h

2. Moments of MUl term for a single-path
scenario

The moments of a; appearing in the derivations

in the following sections are calculated by

2V/@

E[ak] = m, (36)

26 d
Ela}] = = —ln—, 37)
> —dy dy
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26V G

3 —
Ela}] = ddy(d+dy) 38)
G 2
Eld}] = (@) . (39)
A. TH-MA

For the TH case, assuming (7) as in section II-1,

1 is approximated by

N,
E kROk Tth (40)

Since a,, and F, are independent, the expectation

of [/ is calculated by

N,

E[/] = L;1E [a] E[ Ry (V) |

= N,E[a,]E[ Ry (1.V,) |- 1)

Substituting (21) and (36) into (41), E[]]

obtained as

- 5(28)

N \d+d, |
“2)

The 2"¢ order moment can be approximated by
N N

E[7] = kE ;E [akazROk(Tth)Rm(ﬁNh) ]

)

N, N,
+EEE[“L]E[GZ] [ Ok(TL ”
k#l
- BIRy(mV)]- @3)
Because of independence of parameters, this
reduces to
E[7]= NE[a]E[ & (nM,)] (44)

d
The 3" order moment can expressed as
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[ AREARE AEalte] A A Y 2o ARl Al 9%

XVJ”\:ICZ E [akalaL ]
NN, 1) [Ba] [P [B[Ry(nN,)] ]

(45)

Breaking the sum in (45) into three parts, it is
calculated by

Bl = S B [ol] B[ AL ()]

N, N,
+31§1]:21E (@] E[q)
k=1
B[R} (1) | B[Ry () ]

N, N,

+ B33 slogsialsle

) E [ROk(TkM) JE[Bo(n) | B[ Ry (7N, ]
:NUE[ajZ]E[R(;k (7 h)] t
+ x5 [Ela] PIE[Ry(nN) ] P
+3N11(Nu*1)E{ak} [ak]
- B[R () [E [ Byl ] (46)

Using a similar method, the 4™ order moment is

derived as

B[] = NE[d]|E[RL (1.,)]
+3N, (N, ~ 1) [E[a] [*[E[ 73 (n)]
+AN, (N, ~1)E[a}] E[a,]
‘B [ng (Tth) } E [ROk<Tth) ]
+6y 2B [af] [B[a] B &3 (nN,)]
: [E[ROk(Tth) ] ]2 +N"P4E {aﬂ E[Rék(Tth) ]
@7

The moments of a* appearing in (44), (46), and
(47) are given by (36)-(39). And the moments of
Ry (7.V,) are given by (21),(24),(26), and (27).

B. DS-MA

For the DS case, the mean of 7 is given by

Bl= YElg]BlRulp)]=0. @9

and the 2" order moment is obtained as

E[7]= ﬁ]ﬂiE [ B[ Ry (py) Bor 1) ]

:Lile[ag]E[ng(pk)]

+kAEHNZIE [ Ela)| B[Ry o) |E[ Ryl p) ]

k=1

— NE[2]E[R%(p)]. 49

Substituting (31) and (37) into (49),

N, 2G d
21 u _—
E[”_(LM)(d?dg)lndo' 0

Now, expressing E[f’] in a similar form as in
(46),

B[#]= EEM (RS (V)]

N N
+3)] ZE{GQE[%]
k=1l=1
k=1
-E {R(JQI\ (Tle) ] E [R[)Z(Tth) ]

N, N, N,

LD IPIEALAL>
E=1=1K=1
fe Ll KK =k

« B[ By(mM) |E[ Bl ) | E [ By (e M,) |-

al]E[ak] 51

Since all product terms in (51) contain the odd

order moment of E[[SL it reduces to
E[P]=0. (52)
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Using a similar method, the E [14] order moment

can be derived as

B[7']=NE[al]E[ £ (n)]

+3N, (N, —1)[E[a?] ]Q{E[ng(m)] ]2’

where E [R[)Qk (Px) ] )

(53)

E[A5(p)]. Elat], and Ba]

are given by (31), (35), (37), and (39), respectively.
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