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Abstract

Ultra Wide Band (UWB) may offer very effecient solutions for various
communication and sensing applications. Two approaches have emerged,
which meet all the communication requirements: impulse and multi-band
systems. The first system operates between 3.1 to 10.6 GHz in a single
frequency band. The second one exploits the division of the bandwidth
into sub-bands (each sub-band width being up to around 500 MHz wide).
The present work is concerned in the second approach. So, we propose to
use orthogonal functions called Modified Gegenbauer Functions (MGF)
in the multi-band UWB system. Different scenarios are studied and com-
pared in the scope of a system offering communication and location capa-
bilities for subway trains.
In order to evaluate the performance of the proposed system, the Bit
Error Rate (BER) values are calculated and analyzed in the presence of
multi-user interference, assuming asynchonous users. It is shown that
Gegenbauer functions offer the performance required for our multi-band
UWB communication and location system.

1 Introduction

1.1 UWB systems

Ultra Wide Band communication using impulse radio (IR-UWB) has many in-
teresting features for wireless applications and has attracted much research and
industrial attention recently [1, 2].
UWB signals using impulse radio can be divided into two groups: single band
(pulsed) systems and multi-band systems using a single carrier in each sub-band.
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The classical multi-band UWB system consists in dividing the bandwith into
several sub-bands in a fixed manner or using a frequency hopping technique to
address each sub-band [3]. The frequency hopping depends on pseudo-random
code sequences.
Another multi-band system based on orthogonal frequency division multiplexing
(OFDM) techniques on each sub-band has been proposed (MB-OFDM). During
its standardisation attempt by IEEE 802.15.3a group [4], its good properties for
capturing efficiently multi-path energy, mitigating interference and achieving
large throughput [5,6] have been demonstrated. In the MB-OFDM scheme, the
signals consist of 128 sub-carriers spaced 4.125 MHz apart and utilize the 3.1
to 10.6 GHz range in 14 sub-bands, the bandwidth of each sub-band being set
to 528 MHz. But the drawback of this type of system is that the transmitter is
slightly more complex because it requires an inverse FFT (IFFT) and the peak-
to-average ratio may be slightly higher than that of the other pulsed multi-band
approach.
All multi-band systems are attractive radio techniques that coexist with other
narrowband signals and have interesting properties. For example, the infor-
mation can be processed over a much smaller bandwidth, thus reducing the
complexity of the design, reducing the power consumption, lowering the cost,
and improving spectral flexibility and worldwide compliance. However, the dis-
advantage of a pulsed multi-band system is the difficulty in collecting significant
multi-path energy using a single RF chain. Moreover, the MB-OFDM system re-
quires relatively large computational power because of the required fast Fourier
transform (FFT) processors.

1.2 Studied system

The proposed system is designed for application in subway transportation area,
for simultaneous location of trains and inter-train communication.
The subway line is divided in parts called districts of about 1 km length. When
a train is in a district, it is declared to be engaged and no coach can go in until
the train leaves it. This is the safety system adopted in most of the current
networks. In this scope, only a few trains (say from 2 to 4, due to limited
emitted power) will be allowed to receive or transmit data or video in any given
area, including messages broadcast to passengers or security informations sent
to or from control center, like train status or problems encountered on the way
or on-board.
For this communication application, a sufficiently low BER, say between 10−4

and 10−3, is required. Moreover the distance between a train and a preceding
one must be known to a precision in the meter range over distances higher than
one hundred of meters in the train location application. The location application
will not be studied in depth in this paper, only its main characteristics being
taken into account in the design of the inter-train communication application.
Although multi-band OFDM offers communication at data rates greatly exceed-
ing those needed in our application, this is obtained at the detriment of range
of communication (a few meters in this case, against at least one hundred of
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meters needed in our application). Multi-band OFDM will then clearly not be
the solution retained in our system. But the principle of multi-band modulation
has been retained, with only a few sub-bands.
In this paper, we propose to use original mathematical tools called Modified
Gegenbauer Functions (MGF), derived from orthogonal polynomials [7], to
achieve the multiple access needed in our application. These functions per-
mit to replace the pseudo-random code used in code division multiple access
(CDMA) and offer good performance in Bit Error Rate (BER) terms [8]. The
orthogonal functions are introduced as basis functions for the pulse shapes in
a multi-band system. It is shown in [9] that MGF offer better performance for
multi-user UWB communication.
The orthogonality of these MGF is then exploited here to construct a multi-band
UWB location and communication system and to reduce the Multi-User Inter-
ference (MUI) in asynchronous communications. The performance required for
locating trains on the way calls for a signalling pulse width around 20ns, en-
abling in turns communication at a data rate reaching 25Mbits/s (assuming a
pulse repetition factor of 1/2), which will be sufficient for the considered com-
munication application. Moreover, owing to the physical difficulties of insuring
a synchronous reception of all users (distant trains), an asynchronous system
will be prefered here.
The paper is organized as follows. Section 2 presents the properties of MGFs.
Section 3 describes the proposed UWB system using orthogonal MGFs and
presents the computation of the theoretical mean BER values for the proposed
system. Section 4 refines the desired characteristics for the proposed system.
On this basis, MUI effects and their sources (interference from nearby sub-
band and in-band, or co-channel, interference) are discussed in section 5. The
performance of the system under maximum (4 users) and reduced (3 users)
loads is then presented in section6. Finally, section 7 summarizes the results
and presents future work.

2 Modified Gegenbauer Functions

In this section the Modified Gegenbauer Functions are presented. The use of
Gegenbauer polynomials in ultra wideband communication has recently been
proposed [9, 10] in the impulse radio (baseband)case.
The polynomials are defined on the interval [-1, 1] and verify the orthogonality
relation:

+1
∫

−1

Gm(x)Gn(x)w(x) dx = 0 if m 6= n, (1)

where Gm and Gn are Gegenbauer polynomials (of orders m and n) and w(x)
is the weight function:

w(x) = (1 − x2)β−1/2, (2)
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β > −1/2 being a shape parameter.
The polynomials are recursively defined as:

n Gn (β, x) = 2 (n + β − 1) xGn−1 (β, x) − (n + 2 β − 2)Gn−2 (β, x) , (3)

G0(β, x) = 1, (4)

G1(β, x) = 2 β x, (5)

where n is the order of the Gegenbauer polynomials.
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Figure 1: Time domain representation of the MGF pulses (orders 0 to 4 and
β = 1).

Now, these functions are modified to become directly orthogonal in order to use
them in an UWB communication system. So, the polynomials are multiplied by
the square root of the weight function w(x). The proposed MGF (normalized
to unity energy) are thus given by:

Gn(t) =
Gn(β, x)

√

w(x)
+1
∫

−1

w(u)G2
n(β, u) du

. (6)

where x = 2 t/T , T being the duration of all MGF waveforms.
This restricts the parameter β to values higher than 1/2 (so that the MGF
waveforms Gn remain continuous at the definition interval boundaries). The
corresponding functions G0(t) to G4(t) are drawn in Fig. 1 for β = 1.
The autocorrelations of MGF waveforms have a shape much like a sinc function,
peaking at a maximum value of unity (by the way of power normalization) at
zero delay, see Fig. 2, and the autocorrelation main lobe width decreases slowly
when β increases.
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Figure 2: Time domain representation of the autocorrelation of MGF pulses
(β = 1).
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Figure 3: Time domain representation of the cross-correlation of MGF pulses –
consecutive orders (β = 1).
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Figure 4: Time domain representation of the cross-correlation of MGF pulses –
non consecutive orders (β = 1).

The cross-correlations between the MGF waveforms appear to be even (resp.
odd) when the pulses orders have different (resp. the same) parities and their
maximum magnitudes become smaller as the difference between their orders
increases, see Figs. 3 and 4.

3 The proposed system

3.1 Model

The proposed system is illustrated in Fig. 5. One specific order is attributed to
each user (but the same order may eventually be given to several users occupy-
ing different sub-bands). The data for each user modulates some carrier using
Binary-Phase Shift Keying (BPSK). If Cn(t) stands for the MGF attributed to
the nth user, its transmitted signal sn during kth symbol period is expressed in
baseband as:

sn(t + k Ts) =

{

αk

√
E Cn(t), |t| ≤ T/2,

0 T/2 ≤ |t| < Ts/2,
(7)

where αk = {−1, +1} is the symbol sent by the user, E stands for the energy
of all MGF (which was normalized to unity in section 2 above), T is the MGF
duration and Ts is the symbol period (assumed larger than T ).
The information will be transmitted in different frequency sub-bands, using one
of several possible strategies: each sub-band may be attributed exclusively to a
single fixed user or eventually shared among several fixed users; alternatively, its
affectation to users may be controlled via a Frequency Hopping (FH) technique.
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Figure 5: Block diagram of the proposed system.

In this paper, a classical simple channel model is considered as reference: the
additive white Gaussian noise (AWGN) with zero mean and two sided spectral
density equal to N0/2. This is justified by the fact that no medium range UWB
channel model is broadly accepted and that highly variable environments like
tunnels are encountered in a railway application. The possible effects of a real
channel are investigated as an extension of the present study.
Then, the signal to noise ratio (SNR) will be given by:

SNR =
E

N0

, (8)

In this study, we will assume perfect time synchronisation between the emit-
ter and receiver for the desired user (say ith one). The receiver consists in a
numerical correlator and the detection unit. The correlator outputs the cross-
correlation function between the received signal ri(t) and the template signal
for the considered user Ci(t). This output is sampled at time t = T/2 (if the
starting time for correlation computation is taken as t = −T/2), to get the
decision variable di:

di =







t
∫

−T/2

ri(t) Ci(t) dt







t=T/2

. (9)

Data is demodulated according to the sign of the decision variable. A data bit
1 is, for example, assumed if the sign is positive, and a data bit 0 if the sign is
negative. Such a receiver constitutes an implementation of the optimal single
user matched filter receiver [15, 16].
For the asynchronous communication with several users occupying the same
sub-band, the MUI can be reduced if the cross-correlation between the signal
sent by the considered user and signals sent by the other users is small. On
another hand, the inter-symbol interference (ISI) can be reduced by choosing
signalling waveforms with suitable autocorrelation functions (with a sufficiently
high main lobe to side-lobe amplitude ratio). Such criterions are met using
MGF (at least for the five lowest orders, 0 to 4).
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Each user sends a sub-band waveform whose carrier frequency is fixed or decided
by a unique FH sequence. Due to the orthogonality of the MGF, it is possible
to transmit multiple pulses with different orders simultaneously in each sub-
band without any MUI, if the users are synchronous, and limited MUI in the
asynchronous case.

3.2 BER computation

Let us denote the number of users by Nu. If bn = ±1 stands for the symbol
sent by user n in a given symbol period, the signal at input of receiver for ith

user may be written as:

ri =
√

E [bi Ci(t) + MUI] + n(t), (10)

where n(t) is an AWGN term and MUI stands for a multi-user interference term:

MUI =

Nu
∑

j=1
j 6=i

bj Cj(t), (11)

where bj = ±1 and Cj stand for, respectively, the symbol emitted by user j in
the considered symbol period and the MGF waveform atributed to user j.
It has been assumed that two successive symbols sent by one user never overlap
with a symbol emitted by any other user. This leads, for the AWGN channel,
to the condition Ts ≤ 2 T , where Ts stands for the MGF repetition period, that
is the symbol period.
The decision variable for user i may then be expressed as:

di = E









bi +

Nu
∑

j=1
j 6=i

bj Rij









+ N = M + N. (12)

Rij stands for the cross-correlation between users i and j. N is the cross-
correlation of n(t) with the template signal Ci(t), that is a zero mean gaussian
variable, with variance E N0/2. The decision variable di appears then as a
random gaussian variable centered around the value M, with a variance equal
to E N0/2 [15].
As an asynchronous system is considered, there exists an unavoidable random
time delay τij between users i and j (which would become a constant in a
synchronous sytem, hopefully identically 0 in the perfectly synchronous case or
a small constant value if synchronization is not perfect).
Moreover, the MGF waveforms are used to modulate oscillators which delivers
the carriers at sub-bands centre frequencies in the multi-band system. It is
not possible to maintain the phase relationship between these oscillators and a
random phase difference term φij appears between user i and j, which would
nullify in the baseband IR-UWB case.
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Finally, users i and j may occupy different frequency sub-bands, so that the
frequency gap between them is denoted by ∆fij = fj − fi (which nullifies if the
two users occupy the same sub-band).
The most general expression for the cross-correlation term Rij is therefore:

Rij (τij , φij , ∆fij) =

+T/2
∫

−T/2

Ci(t)Cj (t − τij) cos [2π ∆fij (t − τij) + φij ] dt. (13)

Following the standard procedure [15,16], the BER for a given situation (bi, bj ,
Ci, Cj and ∆fij fixed, particular values of τij and φij) amounts to:

beri = Q











√

√

√

√

√

√

√

2 E









bi +

Nu
∑

j=1
j 6=i

bj Rij









/

N0











, (14)

where the function Q is related to the complementary error function and defined
as:

Q(x) =
1√
2 π

+∞
∫

x

exp
(

−u2/2
)

du. (15)

Now, let us assume that φij is a random phase term, uniformly distributed in
the interval [−π, +π], which represents the unavoidable phase difference between
the (independent) oscillators in the two transmitters, and that the random delay
τij between users is uniformly distributed in the [−T, +T ] range.
The mean BER for the considered situation (bi, bj, Ci, Cj and ∆fij fixed) may
then be obtained by taking the expectation of equation (14) over all Nu − 1
phases φij and delays τij (j 6= i). Denoting the expectation operator by E{.},
this may be written as [12–14]:

beri = E {beri}τij,φij
, for j = 1, 2, . . . , Nu, j 6= i. (16)

In principle, there remains to repeat the procedure for all bits possibly emitted
by all users and take the average of the corresponding results (assuming that
the bits 0 and 1 are equiprobably sent by each user) to get the mean BER for
user i in a given scenario sk (Ci, Cj and ∆fij fixed), denoted by beri,sk

.
The last step will be to take the mean over all scenarios which may be encoun-
tered (by varying in some manner the MGFs and sub-bands attributed to the
users) for a given number of users Nu, which will be denoted as BERi.

BERi =
1

Nscen

Nscen
∑

k=1

beri,sk
, (17)

where Nscen stands for the number of possible scenarios.

9



All above BER values may also be compared to that obtained for an optimal
single user receiver [15]:

BERopt = Q

(

√

2 E

N0

)

, (18)

3.3 Properties of the Rij cross-correlation terms

From the presence of the cosinus term in the cross-correlation expression of equa-
tion (13) and the randomness of the term φij in its argument, one may deduce
some properties that lessen the computations involved in the BER estimation
procedure from equation (17).
One may first notice that, to each value of the cosinus term (corresponding to
some value of φij), one may associate its opposite (corresponding to φij ± π).
Then, the contribution of the bit sent by each user j to the final BER will be
the same (whenever the corresponding symbol be +1 or -1). Then the step of
taking an average over all possible bit configurations may be avoided and all
sent bits may be arbitrarily set to 1 (bn = 1, for n = 1, 2, . . . , Nu).
Now, by taking the expectation over φij first (before that on τij), one sees that
the additive term −2 π ∆fij τij may be incorporated into the random phase φij

(i.e. it has no effect on the final result).The only effect of τij results then from
the delayed MGF code Cj. Moreover, if users i and j share the same sub-band,
the cosinus term reduces to cos(φij), which may be taken out from the integral
in the expression of Rij .
One may also see that Rij (τij , φij , ∆fij) = Rij (τij ,−φij ,−∆fij) from equation
(13), so that only the absolute value of the frequency gap plays a role in the
final BER results.
The expression of Rij in equation (14) may now be replaced by:

Rij (τij , φij , ∆fij) =

+T/2
∫

−T/2

Ci(t)Cj (t − τij) cos (2π |∆fij | t + φij) dt. (19)

Finally, although not apparent at first blush in equation (13), it may be shown
that there is symmetry between users i and j, that is the contribution of user
i to final BER for user j is identical to that of user j to final BER for user i
(mainly using changes in variables and noting that τij = −τji, φij = −φji and
∆fij = −∆fji. This will simplify the computation of BER when dealing with
several users.
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4 Location and communication system charac-

teristics

The parameters of the proposed simultaneous location and communication sys-
tem will now be precised.

4.1 Communication

The frequency range from 3 to 6 GHz will be used for our system. In order to
support a maximum of 4 users and to cope with smaller numbers of users, 2
sub-bands may be used for communication, with 0, 1 or 2 user(s) sharing each
given sub-band. This implies the use of two different MGF codes in the system.
One may choose, for example, to put these two communication sub-bands in
the spectrum region higher than 4GHz.
To get a maximum data flow rate of 25Mbits/s, one MGF must be emitted each
40ns, so that the MGF duration T (taken equal to half the symbol period Ts)
will be around 20ns. Each user may be represented by a doublet (m, p), where
m is the order of the MGF attributed to him and p = 1 or 2, in increasing
frequency order, represents the sub-band it uses.
The most logical MGF order and sub-band affectation strategy, taking maxi-
mum system load (4 users) into account is as follows:

• one MGF code (say Gm) is reserved to trains (from 0 to 2) going in one
direction, the other code (Gn) being attributed to trains (also from 0 to
2) going in the opposite one,

• the two sub-bands are alternatively assigned to consecutive trains on the
same side.

Several variants of the system may then be defined and studied: two different
MGF codes are to be chosen among G0 to G4 (for which the generators are
considered as realizable) and the frequency separation between the to sub-bands
∆f may be varied. For this latter purpose, a dimensionless parameter M =
∆f × T may be introduced.
In fact, it may be expected that BER from equ. (17) is always greater than
or equal to BERopt from equ. (18). The equality may hold for several values
of M and given (m, n) pairs if Rij from equ. (13) nullifies or remains much
smaller than unity for all values of φij . This corresponds clearly to a minimal
BER situation and a waveform orthogonality condition for the two nearby sub-
bands.

4.2 Location

The location function may be performed using some kind of time multiplex-
ing between the two intended system functions. This solution will call for the
introduction of a caller–sender handshake protocol and reduce noticeably the
communication flow rate.
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Alternatively, the location function may use two other separate sub-bands, in the
low range of UWB spectrum, say around 3.5GHz. The high frequency separation
will then help to diminish interferences between the two system functions.
For location, a transponding operation mode will be used in both cases: different
frequency sub-bands are reserved for callers (trains which wish to locate their
positions) and the receivers-senders (the answering base stations, synchronized
using satellite timing signals). The system will work on the basis of different
pseudo-random codes (one by client train), each chip being materialized by
a MGF. The influence of parasitic responses (from reflections on obstacles or
emissions from trains not concerned in the localization process) will then be
significantly diminished. The time difference of arrival (TDOA) willl be used to
compute the train positions.
The simplest implementation (which avoids the deployment of a number of
beacons for triangulation) is that based on the round trip time measurement:
from the time elapsed between the call and the answer, one may deduce (taking
the eventual processing, coding and decoding times in electronics into account)
the distance between caller and answerer, if the electromagnetic wave celerity
is known.

5 Study of the MUI effects

Several problems have to be considered. Firstly, the interferences between users
sharing the same sub-band must be studied. Second, one must also address the
problem of interferences between users in nearby sub-bands.

5.1 Several users in the same sub-band

0 5 10 15
10

−7

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

SNR (dB)

B
E

R

|m − n| = 1

m, n = 0, 1
m, n = 1, 2
m, n = 2, 3
m, n = 3, 4

Figure 6: Two users per sub-band – |m − n| = 1.

The problem is bound to the possible co-existence of several MGFs, all with
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Table 1: BER for two users in same sub-band – SNR = 10dB.
m n = 0 n = 1 n = 2 n = 3 n = 4
0 1.7435 10−2 5.5775 10−4 2.2853 10−5 7.7202 10−6 5.8444 10−6

1 5.5775 10−4 7.0063 10−3 6.0888 10−4 3.3796 10−5 1.2896 10−5

2 2.2853 10−5 6.0888 10−4 4.4147 10−3 5.1994 10−4 4.3778 10−5

3 7.7202 10−6 3.3796 10−5 5.1994 10−4 3.1395 10−3 4.2901 10−4

4 5.8444 10−6 1.2896 10−5 4.3778 10−5 4.2901 10−4 2.3740 10−3
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Figure 7: Two users per sub-band – |m − n| = 2.

different orders in the same sub-band. The same sub-band is then shared by
several users, as theoretically enabled by MGF orthogonality. Let us consider
the case of two MGFs, with orders m and n, sharing the same sub-band.
The cross-correlation term in equation (19) reduces to:

Rij (τij , φij , ∆fij) = cos (φij)

+T/2
∫

−T/2

Gm(t)Gn (t − τij) dt. (20)

The BER has been computed from equation (17), using the cross-correlation
expression (20) above, for different SNR and β values. As may be expected, the
results obtained for two identical MGF orders (m = n) are unsatisfactory: the
BER remains always greater than 10−3, even at higher SNR values.
Fig. 6 and Fig. 7 correspond to the cases |m − n| = 1 and |m − n| = 2,
respectively. One clearly sees that the latter case is more interesting in BER
terms as the former one.
Satisfactory solutions for low (lower than 10−4) BER communication are found
for each (m, n) pair with m 6= n, as illustrated in table 1. Moreover, the BER
is a decreasing function of the difference betweens the two orders |m − n|.
There will be at most two users with the same MGF waveform in each sub-band
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in our proposed system. In this case, all (m, n) pairs are possible candidates for
their orders, but the BER decreases more and more as the difference in these
orders, |m − n|, increases.
Thus, the solution |m − n| = 2 has been prefered for our system: it gives
better performance than the |m − n| = 1 solution and more design flexibility
(3 alternatives)than the more performing |m − n| = 3 (2 alternatives) and
|m − n| = 4 (a single alternative) solutions. Therefore only the alternative
orders pairs (m, n) = (0, 2) or (1, 3) or (2, 4) will be considered in the following.
The results above were obtained by fixing the value of the parameter β to unity.
This parameter has also been varied to study its influence on the BER. As
illustrated in figure 8, the most noticeable finding is the existence of a minimum
in BER for some β value between 0.7 and 2, depending on the MGF code pair
considered. However all BER values are not too severely modified when β varies
and the order pairs |m − n| = 2 remain superior (from the BER performance
viewpoint) to m = n pairs.

5.2 Interferences between nearby sub-bands

The mutual interference of MGFs emitted in different sub-bands will be studied
here. The key parameter (apart of the involved MGF orders) is the product
M = T ∆F of the MGF time duration T and the absolute value of the frequency
spacing between the two sub-bands ∆F .
Let us assume that the two nearby sub-bands are each occupied by a single user
(MGF). The users are assumed to be received with equal powers and use the
odrder pairs defined in section 5.1 above. The two users may use the same MGF
(m = n) or the pair of MGFs (|m − n| = 2).
The cross-correlation term in equation (19) reduces to:
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Figure 9: Single user per sub-band – m = n.

Rij (τij , φij , ∆fij) =

+T/2
∫

−T/2

Gm(t)Gn (t − τij) cos (2π M t/T + φij) dt. (21)

The BER has been computed from equation (17), using the cross-correlation
expression (21), for different SNR values and several values of parameter β
(which controls the MGF waveshapes, as described in section 2). The results
obtained for SNR = 10 dB and β = 1 are shown in the following figures, where
the parameter M is kept lower than 2.4 (which corresponds to ∆f = 120MHz
with the value chosen for T ).
Figures 9 and 10 give the results obtained for, respectively, m = n and |m −
n| = 2. A number of configurations enabling communication at low BER are
observed. The curves have an oscillatory character, but the minima are not
equal nor very close to BERopt.
It may also be noticed that, when increasing the value of parameter M , the
BER curves for all (m, n) pairs keep their oscillatory behavior, but have the
same asymptotic limit equal to the BER of the optimal single user receiver
(BERopt), as shown for example in figures 11 and 12, for respectively, m = n
and |m − n| = 2. It may then be concluded that satisfactory solutions for low
BER communication exist finally for each (m, n) pair. The ranges of M values
(for 0.4 < M < 2.4) leading to a BER lower than 10−4 are summarized in table
2, for the cases m = n and |m − n| = 2 retained in previous section 5.1.
The influence of parameter β has again been studied. As illustrated in figure 13,
it is found that, for M values higher than 1.4, the BER values increase with β.
In fact, the main efect is a shifting of the BEr curve towards higher M values.
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Figure 11: Asymptotic BER limit – m = n.
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Table 2: Available ranges of M values – SNR = 10dB
Orders (m, n) Ranges

(0, 0) [1.04, 2.40]
(1, 1) [1.90, 2.40]
(2, 2) [0.64, 1.76]
(3, 3) [0.60, 2.40]
(4, 4) [0.58, 2.40]
(0, 2) [1.88, 2.40]
(1, 3) [1.18, 1.82]
(2, 4) [1.12, 2.40]

5.3 Conclusion

From the results of the above section 5.1, the orders of the 2 MGF co-existing
in each sub-band are chosen of the same parity, say (0, 2), (1, 3) or (2, 4). It
is desired to preserve spectral efficiency: the frequency spacing between sub-
bands (and thus parameter M) must be as low as possible (without sacrifying
performance). From figures 11 and 12 of section 5.2, one sees that the frequency
gap ∆f between centres of sub-bands may be tuned, for our final system, in the
80 to 200MHz range (M ∈ [1.6, 4.0]). This implies a full frequency range for the
communication function which will not exceed 400MHz, spanning for example
from 4.6GHz to 5.0GHz. Moreover, the parameter β will be fixed to unity in
the following, a good trade-off between results of subsections 5.1 and 5.2 above.

6 System performance

The performance has been evaluated for the proposed system using two nearby
sub-bands with a frequency separation ∆f , with MGFs Gm and Gn used in each
sub-band. The three following cases have been tested:

• system 1: (m, n) = (0, 2),

• system 2: (m, n) = (1, 3),

• system 3: (m, n) = (2, 4).

For each of the three defined systems, there are thus 8 different scenarios: 2
choices for m (index i1 = 1, 2), 2 choices for sub-band of leading train on one
way side (lower, upper, index i2 = 1, 2) and on the opposite side (lower, upper,
index i3 = 1, 2). The configuration numbering may then follow the scheme
iS = 4 (i1 − 1) + 2 (i2 − 1) + i1.
There are only 4 cross-correlations terms possibly involved in the MUI expres-
sion for each scenario:
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Ra (τ, φ) = cos (φ)

+T/2
∫

−T/2

Gm(t)Gn (t − τ) dt,

Rb (τ, φ) =

+T/2
∫

−T/2

Gm(t)Gn (t − τ) cos (2π M t/T + φ) dt,

Rc (τ, φ) =

+T/2
∫

−T/2

Gm(t)Gm (t − τ) cos (2π M t/T + φ) dt,

Rd (τ, φ) =

+T/2
∫

−T/2

Gn(t)Gn (t − τ) cos (2π M t/T + φ) dt. (22)

Before considering the system at full load, the most probable, 3 users, configu-
ration will be studied.

6.1 Most probable configuration: 3 communicating trains

The most probable situation has been tested first. Here three trains are involved:

• two trains (a leading one and a following one, denoted respectively as users
1 and 2) on one way side, sharing the MGF Gu1,u2 (= Gm or Gn), in two
nearby sub-bands,

• the third train on the opposite side (user 3), using the MGF Gu3 (= Gn or
Gm), in any of the two sub-bands.

It is readily seen that the MUI terms for user 3 are all identical, so that the
averaging over all scenarios is not needed in this case and the BER for user 3
may be written as:

BER3 = ES

{

Q
(

√

2 E [1 + Ra (τ1, φ1) + Rb (τ2, φ2)]
/

N0

)}

, (23)

where the subscript notation S means that expectation is taken over all τ and
φ variables (τ1, τ2, phi1, φ2 here).
By considering the equalities betweenthe MUI terms for all scenarios, it may
also be shown that the BER for users 1 and 2 are identical and given by :

BER1−2,m =
1

2
ES

{

Q
(

√

2 E [1 + Rc (τ1, φ1) + Ra (τ2, φ2)]/N0

)

+

Q
(

√

2 E [1 + Rc (τ1, φ1) + Rb (τ2, φ2)]/N0

)}

, (24)

if they use the MGF Gm, and :
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Figure 14: BER vs. M – SNR = 10 dB – m, n = 0, 2.

BER1−2,n =
1

2
ES

{

Q
(

√

2 E [1 + Rd (τ1, φ1) + Ra (τ2, φ2)]/ N0

)

+

Q
(

√

2 E [1 + Rd (τ1, φ1) + Rb (τ2, φ2)]/N0

)}

, (25)

if they use the MGF Gn instead.
The mean BER for the users 1 and 2 is then:

BER1−2 = (BER1,2,m + BER1−2,n) /2. (26)

The mean BER (taken over all users) is:

BERall = (BER1−2,m + BER1−2,n + BER3) /3. (27)

The BER performance of the system may be characterized, for each of the
3 MGF code pairs, by the values BER1−2,m, BER1−2,n, BER1−2, BER3 and
BERall.
The influence of parameter M (in the 1 to 4 range) on the BER has been studied
for all three versions of the system for SNR = 10dB and shown in figures 14, 15
and 16. In all these curves, it may first be noticed that the overall BER (BERall)
is always close from the mean BER for the 2 users which are on the same side
of the way (BER1,2). From figure 16, one sees that the BER does not decrease
rapidly with M for system 3, the value M = 1.6 (∆f = 80MHz) minimizing
the mean overall BER. From figures 14 and 15, one may choose values of M
leading to a BER close to 10−4, like M = 2.8 (∆f = 140MHz) for system 1 and
M = 3.6 (∆f = 180MHz) for system 2. The corresponding overall mean BER
versus SNR curves are shown in figure 17 and all BER values for SNR = 10dB
are given in table 3.
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Figure 16: BER vs. M – SNR = 10 dB – m, n = 2, 4.

Table 3: BER for 3 users – SNR = 10dB.
BER System 1 System 2 System 3

BER1−2,m 2.4700 10−5 5.1052 10−5 2.0639 10−4

BER1−2,n 9.1226 10−5 1.9444 10−4 5.1052 10−5

BER1−2 9.1700 10−5 1.2275 10−4 1.4881 10−4

BER3 6.5333 10−5 1.3009 10−4 1.1691 10−4

BERall 8.2911 10−5 1.2519 10−4 1.3818 10−4
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It may be concluded that the proposed system is fully functional for 3 users,
with some degree of flexibility in the choice of its parameters (MGF code pairs,
M values).

6.2 System at full load

Let us now consider the system at full load (4 users). Following the same pro-
cedure as in subsection 6.1 above, one may show that the users which travel in
the same direction have the same BER. There are then 3 figures which char-
acterize the performance: BER+d, the BER for the 2 users sharing MGF code
Gm, that, BER−d, for the other 2 sharing MGF code Gn (the relation m < n
is assumed here), and BERmean the mean BER over all 4 users. Using again
the subscript notation S to mean that expectation is taken over all τ and φ
variables (τ1, τ2, τ3, φ1, φ2, φ3 here), these quantities may be written as:

BER+d = ES

{

Q
(

√

2 E [1 + Rab (τ1, φ1, τ2, φ2) + Rc (τ3, φ3)]/ N0

)}

, (28)

BER−d = ES

{

Q
(

√

2 E [1 + Rab (τ1, φ1, τ2, φ2) + Rd (τ3, φ3)]/ N0

)}

, (29)

where:

Rab (τ1, φ1, τ2, φ2) = Ra (τ1, φ1) + Rb (τ2, φ2) . (30)

The mean overall BER is then BERall = (BER+d + BER−d) /2.
The BER performance of the system at full load (4 users) has been studied for
the 3 systems, adopting the same value of parameter M used in subsection 6.1
above for each system.
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Table 4: BER for 4 users – SNR = 10dB.
BER System 1 System 2 System 3

BER−d 1.1159 10−4 3.7199 10−4 5.9901 10−4

BER+d 4.6500 10−4 8.8254 10−4 2.4731 10−4

BERall 2.8829 10−4 6.2727 10−4 4.2316 10−4

The results for SNR = 10dB are summarized in table 4.
These results may be compared to those obtained in the situation where all users
share the same sub-band (with a carrier, i.e. not baseband), but have different
MGF codes. In such case, it may be expected that all users have different BERs.
Let us assume that the MGF Gi−1 is attributed to user i (i = 1, 2, 3, 4). There
are then 6 different cross-correlations into the MUI terms of the 4 users, which
take (assuming i 6= j) the form:

Rij (τ, φ) = cos (φ)

+T/2
∫

−T/2

Gi−1(t)Gj−1 (t − τ) dt, (31)

from which the BER of each user may be computed, following the method used
in previous sections.
If BERi denotes the BER for user i and SNR = 10dB, then BER1 = 1.2864 10−3,
BER2 = 6.7954 10−3 and BER3 = BER4 = 1.2003 10−2. This clearly shows the
superiority of our multi-band design, which clearly match the specifications for
the communication application.

7 Conclusion

In this paper, a multi-band UWB multiple access system, using MGF pulses
in an AWGN channel, has been proposed. The presented results show that the
MGF-UWB asynchronous system gives good performance in terms of BER, with
reduced MUI, particularly in the most common case of 3 communicating trains.
The proposed system has many potentials advantages in terms of complexity
and implementation.
It remains to study the location application in more depth and, particularly,
its interactions with the communication one. The BER constraints for location
are less stringent than for communication since several consecutive pulses may
be used in the process, which is more apparented to a detection problem. So
the probabilities of true detection and false alarm would be more significant in
this case. Moreover, it has been said that the location application will use other
sub-bands, lying in a widely separated frequency part of the spectrum. The
problem is thus to choose, for location, a frequency separation and MGF codes,
so that the impact on the BER for communication will not be significant.
It may be noticed that several phenomena have not been taken into account
and must be addressed in future work.
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Firstly, the AWGN channel is only a crude approximation of a real UWB chan-
nel. In a transportation application, the channel is highly variable: the sit-
uations are very different in tunnel and outdoor parts. The theoretical re-
sults presented in this article represent then only an optimum, which may be
only approached by resorting to (blind or supervised) channel equalization tech-
niques [17, 18], to be developed. In parallel typical channel models (theoretical
or emanating from experiments) may be established.
The matched filter receiver is not optimal in the scope of multi-user commu-
nications. More involved systems (multi-user receivers) may be developped to
lower the BER, like in CDMA communications or, alternatively, error control
codes may be developed [19–21].
Another key point is the Doppler effect which may be encountered in practice
in our multi-band (that is multi-carrier) system. This call for the development
of frequency and phase correction techniques dedicated to UWB.
Moreover, it has been assumed that all users were received with the same power.
This implies the definition of a power control technique [22] in the physical
(PHY) and medium access control (MAC) layers. Alternatively, near-far effects
have been ignored: a close to receiver, higher power, user may forbid the detec-
tion of a far, lower power, user [23, 24]. Power control and near-far effects have
been the subject of a number of works in the field of CDMA communications
and some of the solutions given may be adapted to UWB.
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