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Abstract Time Hopping Ultra Wide Band (TH-UWB)
commonly encodes the data symbols by shifting the posi-
tion of the transmitted pulses by a quantity that is quantized
over the inter-pulse interval range. In this paper, we relax the
hypothesis of a discrete value for the time shift introduced
by the TH code, by considering the possibility of generating
real-valued codes that introduce time hopping in a “fluid”
way. The effect on the power spectral density of generated
signals is analyzed, and application of fluid coding to mul-
tiple access and to network coexistence is investigated by
simulation.
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1. Introduction

Impulse Radio (IR) is based on the radiation of pulses that
are very short in time. This radiation generates signals char-
acterized by an ultra wide bandwidth, called Ultra Wide
Band (UWB) signals. Rather than modulating a continuous
wave, as is the case in continuous transmissions, the infor-
mation symbol stream modulates the position, amplitude,
or shape of the pulses. Most commonly adopted schemes
are Pulse Position Modulation (PPM) and Pulse Amplitude
Modulation (PAM) [1, 2]. In order to control the spectrum
of the generated signal, the data symbols are encoded using
pseudonoise (PN) sequences. In a common approach, the
encoded data symbols introduce a time dither on generated
pulses leading to the so-called Time-Hopping UWB (TH-
UWB). Direct-Sequence Spread Spectrum (DS-SS), that is,
amplitude modulation of basic pulses by encoded data sym-
bols, in the IR version, indicated as Direct-Sequence UWB
(DS-UWB), also seems particularly attractive [2—6].

The main focus of this paper is on IR-UWB with
TH coding. Common implementations of such a trans-
mission scheme foresee the adoption of codes with
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periodicity coinciding with the bit repetition interval.
The resulting signal is then periodic with a period equal to
the bit repetition interval, and therefore power in the Power
Spectral Density (PSD) concentrates at peaks located at mul-
tiples of the bit repetition frequency. In order to decrease the
energy concentration at peaks, one should allow each pulse
to assume random positions inside each pulse interval [7],
something that cannot be obtained by simply increasing the
periodicity of the TH code.

The analysis of the present paper originates from the above
observation. We relax the hypothesis of discrete values for
the time shift introduced by the TH code, by considering
the possibility of introducing time hopping in a “fluid” way
based on the generation of real-valued codes. We analyze
the effect on the PSD of a generated signal and propose
the application of fluid coding to multiple access based on
a particular code generation structure that will be further
illustrated in the paper.

In order to test and evaluate the application of fluid TH to
multiple access we also introduce a scenario of application,
and proceed by simulation. The adopted scenario foresees
the presence of multiple users in a given geographical area.
All users are in visibility and all active users transmit at
same fixed power and at a data rate in the order of a few
Mbits/s. Each user is identified by a specific code. We analyze
the performance of fluid TH vs. standard TH coding, by
computing the Bit Error Rate (BER) at each active receiver.

The paper is organized as follows. Section 2 introduces the
signal format and related expressions for the PSD. Section
3 focuses on the novel technique of fluid TH. Section 4
analyzes the effect of adopting a fluid TH code on the PSD.
The application of fluid TH to multi-user communications
in a specific scenario and comparison of performance with
standard TH coding is analyzed by simulation in Section
5. Section 6 contains a discussion of the results obtained as
well as an overview of possible applications, and in particular
coexistence of UWB communication networks.

2. Signal format

A possible transmission scheme of a TH-UWB signal
combined with binary PPM is shown in Fig. 1 [7].
Given b = (..., by, by, ..., by, bis1, ...) the binary se-
quence generated at a rate of R, = 1/T}, bits/s, a first system
introduces redundancy by repeating each bit N times and
generating a binary sequence a=(..., bg, by, ..., bo, b1,
bi,...,b1, ..., b, by ..., bp, b1, vty ooy biaq, .
= (...,ap, ai, ..., a, ajy1, ...) at arate of Ry, = N,/T},
= 1/T; bits/s. This system is a simple (Ny, 1) block coder
that is a repetition coder. A transmission coder applies then
an integer-valued code ¢ = (..., ¢g, C1, ..
to the binary sequence a = (..., aop, ai, ..

) Cj» Cj+1’ . ")
o jy Ay, - )
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and generates a new sequence d. The generic element of the
sequence d is expressed as follows:

deCjTL-"‘ajE (1)

where T, and ¢ are constant terms that satisfy, for all ¢;, the
condition ¢;T, + & < Ty — T, where T, is the duration of
the pulse. T is the chip time and one also has, in general, ¢
< T..

Note that d is a real-valued sequence as opposed to a,
which is binary, and to ¢, which is integer-valued; in the
most common case ¢ is a pseudorandom code, its generic
element ¢; being an integer verifying 0 < ¢; < N —
1. Code ¢ might be periodic, with period indicated by
N,. When N, — oo, the code tends to loose periodicity,
while when N, = N, the periodicity of the code coincides
with the length of the repetition code. This second case
is the most commonly adopted in current implementation
schemes.

The coded real-valued sequence d enters a PPM modu-
lator which generates a sequence of Dirac pulses §(7) at a
rate of R, = Ny/T, = 1/T; pulses/s. These pulses are lo-
cated at times jT + d;, and are therefore shifted in time from
“standard” positions jT by d;. In common practice, the shift
introduced by the PPM modulator, a;¢, is much smaller than
the shift introduced by the TH code, ¢;T..

Finally the pulse shaper with impulse response
p(®, produces a sequence of strictly non-overlapping
pulses.

The signal s(¢) at the output of the cascade of the above
systems can be expressed as follows:

+00
sy= Y plt—jT,—c;T. —aje) 2)

j==00

Note that the bit interval T}, is: T, = N,T,. Also note that in
Eq. (2), the term ¢;T, defines pulse randomization or dither-
ing with respect to multiples of T;. We represent ¢;T. by a
random TH dither »; that can be assumed to be distributed
between 0 and T, < Ty— T,-¢, and we obtain:

+00

s)= Y plt—jT,—n;—aje) 3)

j==o0

The global effect of n; and ¢ is to introduce a random time
shift, distributed between 0 and T, +¢ < Ty — T, which
will be indicated by 6; leading to the following expression
for the transmitted signal:

+00

sty=Y_ plt—jT,—6)) )

j==o0
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The PSD of signal of Eq. (4), Py(f), for N, = Nj, can be
found under the hypothesis that the time dither process 6,
that incorporates the time shift introduced by the TH code n
and the time shift introduced by the PPM modulator ¢, is a
strict-sense stationary discrete random process, where 6; are
the samples of a strict-sense stationary continuous process
and the different 6; are statistically independent with a com-
mon probability density function w(6;). One obtains:

—_j 2
[P ()3, e/t

Ps(f)z

T,
2, WP n
: [I—IW(f)I +Tn_2_joo5(f—;h)}

&)

where P(f) is the Fourier Transform of p(¢), that is the transfer
function of the pulse shaper, and W(f) is the Fourier trans-
form of w coinciding with the characteristic function of w
computed in —27f:

400
W(f) = / w(s) e P Bds = (™) = C (=27f)  (6)

oo

Equation (5) shows the effect of the TH code and of the
time shift introduced by the PPM modulator, which follows
the characteristics of the statistical properties of the source.
Note that the discrete component of the spectrum has lines at
1/Tp. The amplitude of the lines is weighted by the statistical
properties of the source represented by |[W(f)|?. If p indicates
the probability of emitting a O bit (no shift) and 1—p the
probability of emitting a ‘1’ bit (¢ shift), one can write:

W ()P =1+2p*(1 —cos2nfe))
—2p(1 —cos(2mfe)) @)

If the source emits equiprobable symbols 0 and 1, then
Eq. (7) simplifies as follows:

Note here that ¢ is small and therefore the discrete compo-
nents dominate the spectrum. In the simplifying hypothesis
that ¢ is negligible, Eq. (5) is periodic with period 1/T},. Note
that Eq. (5) can also be applied to any type of source, not
necessarily binary.

3. Fluid time-hopping coding

When the discrete-valued ¢;T, term in Eq. (2) and in the
transmitter structure of Fig. 1 is replaced by a real value c;
defined in the interval [0, Ty — T,, — €], the signal of Eq. (2)
becomes:

oo

s(ty=Y_ plt—jT, —c; —aje) ©)

j=—

Note that when going from pseudorandom to fluid coding the
parameter N, becomes irrelevant. In both fluid and discrete
cases, codes may be periodic of period N,,.

As obvious, there exists a variety of possible choices for
the analog waveform that generates the fluid code. One pos-
sible way is to sample a sinewave c(f) expressed as:

(Ts - Tm - 8)

c(t) = >

-[1 4 sin2r fot + ¢)] (10)
where the period of the sinewave 1/fy coincides with the
period of the code N, T, that is fy = 1/(N,Ts). Phase ¢ falls
in the interval [0, 2 m]. We call function c(¢) the “code
function” and plot an example of it in Fig. 2. Fig. 2 shows
in the upper plot the sinewave for a fixed set of parameter
values, with the sampling instants located at multiples of T.
The lower plot of Fig. 2 shows the sequence of pulses that
are shifted according to the sampled values of the sinewave
that form the fluid coding values.

The generic element ¢; of the code is in the sinewave case
expressed by:

. (Is — Ty — &) . .
] cj=c(Ty) = % 14 sin R foj Ty + )]
W () =5 (1 +cos 27 fe)) ®)
d.=cT +a.€ JT +d .
i ie s +o0 )
Code m st z pl1=iTs=c jTe=a je)
- H%’;ézi?" e Trarésczziesfion 4| PPM Modulator | Pulse Shaper - -
(Ns' 1) Shift d @ position T, p(t)
=1 R =Ns_1 R =Ns_ 1 R =Ns_ 1
b b [ T < T, Ty P T, Tg
(Bits/ s) (bits/ s) (oymabols/ 5) (putses/s)

Fig. 1 Transmission scheme for a PPM-TH-UWB signal (from Di Benedetto/Giancola, UNDERSTANDING ULTRA WIDE BAND RADIO
FUNDAMENTALS, (c)2005, Chapter 2. Reprinted by permission of Pearson Education, Inc., Upper Saddle River, New Jersey)
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Fig. 2 The upper plot shows a possible code function represented by
a sinewave for Ty = 10 ns, N, = 3. The sampling times at multiples
of T, are highlighted. The lower plot shows the train of pulses of a
generated signal. Pulse positions are shifted by a fluid value provided
by the samples of the code function

= —2 . Sin JTNP ]

¢j is real and is defined in the interval [0, Ty — T,, — €].
Note that in case of multi-user communications each
user can be assigned with different fy or ¢ values.
This multiple access scheme will be further discussed in
Section 5.

4. Application of fluid time-hopping to spectrum
shaping

4.1. Discussion on the effect of fluid TH coding on
spectrum shaping

Fluid TH coding may be adopted for removing peaks
in the PSD of the transmitted signal, with the benefi-
cial effect of distributing power more evenly over the fre-
quency bandwidth. Fluid TH coding enables, therefore,
better management of power, while keeping the PSD of
the transmitted signal below spectral masks. An exam-
ple of the application of fluid TH for increasing transmis-
sion power, in single-link communications, is presented in
Figs 3 and 4.

Figure 3 represents the PSD of a signal s;, with total
transmitted power Pror = —30 dBm. Signal s; adopts a
standard discrete pseudorandom TH code, with average pulse
repetition period Ty = 10 ns, chip time T, = 1 ns, and code
period N, = 5000. As expected, the transmitted power for
signal s; is concentrated at spectral peaks located at multiples
of the repetition frequency of the TH sequence, which is here
1 GHz.
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Fig.3 Power Spectral Density of UWB signal s, with standard discrete
TH coding

Power Spectral Density [dBm/Hz]

Frequency [Hz] x10

Fig. 4 Power Spectral Density of UWB signal s, with fluid pseudo-
random TH coding

Figure 4 represents the PSD of a second UWB signal s»,
with same average pulse repetition period and same total
transmitted power as signal s, but tending to fluid TH cod-
ing. This effect is obtained by significantly decreasing T,
while maintaining same T. In particular, the PSD of Fig. 4
was obtained by using 7y = 10ns, 7, = 0.1 ns. As expected,
the introduction of a quasi-fluid TH code has the effect of
eliminating peaks in the PSD of the transmitted signal. In
particular, we can note on Fig. 4 that peak values of the PSD
of signal s, are about two orders of magnitude smaller than
peak values of s;. Under the hypothesis that transmission
power Pyor for signal s; was determined in order to meet
a given set of emission limitations on transmitted PSDs, we
can conclude, therefore, that the adoption of a fluid TH code
allows a significant increase in the total transmitted power. In
the proposed example, in particular, the gain in transmission
power allowed by fluid TH ranges in the order of 20 dB. Such
an increase of transmission power corresponds to an increase
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Power Spectral Density [dBm/Hz]

Frequency [Hz] X1 09

Fig. 5 Power Spectral Density of a UWB signal g;, with fluid sinu-
soidal TH coding (Ts = 25 ns and Np = 5)
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Fig. 6 Zoom of Figure 5: Power Spectral Density of a UWB signal
g2, with fluid sinusoidal TH coding (Ts = 25 ns and Np = 5)

in the transmission range for a given SNR at the receiver, or
to areduced probability of error for a given distance between
transmitter and receiver.

5. Application of fluid time hopping to multi-user
communications

5.1. Application of sinusoidal fluid coding to multiple
access

Figures 5 and 6 represent the PSD of a signal g, that adopts
a sinusoidal TH code with Tg = 25 ns and Np = 5. In this
example, the code repetition period is NpTg = 125 ns, and
spectral lines are thus equally spaced by 8 MHz. Note that
spectral peaks are about 20 dB higher than the continuous
part of the spectrum. Fig. 6 is a zoomed-in plot of the lower
part of the PSD.

Figures 7 and 8 represent the PSD of a signal g,, which
adopts a sinusoidal TH code with the same Ty value as sig-

Power Spectral Density [dBm/Hz]

Frequency [Hz] x 109

Fig. 7 Power Spectral Density of a UWB signal g», with fluid sinu-
soidal TH coding (Ts = 25 ns and Np = 7)
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Fig. 8 Zoom of Figure 7: Power Spectral Density of a UWB signal
g2, with fluid sinusoidal TH coding (Ts = 25nsand Np = 7)

nal g;, but with an increased value for Np, which is now
Np = 7. In this case, the code repetition period is NpTs
= 175 ns, and spectral lines are thus equally spaced by
5.71 MHz. Similarly to the case of signal g;, spectral peaks
are about 20 dB higher than the continuous part of the
PSD. Fig. 8 is a zoomed-in plot of the lower part of the
PSD.

As shown, in the case of sinusoidal code function, the
PSD is characterized by spectral lines occurring at multiples
of 1/NpTs. As a result, given a pulse repetition period T,
power concentration in the PSD can be easily governed by
proper selection of code period Np.

Figure 9 compares the two PSDs of signals g; and g».
Here, we observe that the spectral peaks of the two sig-
nals are located at different frequencies. Thus, we expect
a reduction of interference between different devices oper-
ating over the same bandwidth when proper assignment of
code periods among different transmissions is implemented.
This multiple access scheme will be analyzed in the next
section.
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Fig. 9 Comparison of the Power Spectral Density of signals g; (gray
circles) and g, (black squares)

Fig. 10 Ring topology including 10 nodes: nodes are alternately trans-
mitters and receivers. Each transmitter is associated to the diametrically
opposed receiver

5.2. Scenario of application

Multiple access and network coexistence can be investigated
using a variety of possible topologies, each one capable of
underlying different aspects of the system under examina-
tion. Though aware of this wide range of different possi-
bilities, our choice was to consider a particular topology,
the ring topology, capable of providing a strong inner sym-
metry and a sort of worst case for the receivers involved
as shown in Fig. 10. The nodes forming the ring represent
alternately a receiver and a transmitter; each transmitter is
associated to the diametrically opposed receiver. In this way,
each receiver is put in a critical situation with respect to
received useful power and also from a Multi User Inter-
ference point of view related to the presence of dominant
interferers.

9 Springer

5.3. Settings of the simulation

Two different ring topologies were considered. The first
includes 10 nodes (5 transmitters and 5 receivers) while
the second one includes 6 nodes (3 transmitters and 3 re-
ceivers). Both topologies were characterized by a radius
of 10 m and by the following settings: the power of each
transmitter was set at / mw; the pulse repetition period
T, was set at 30 ns; the chip time value T, for the stan-
dard Time Hopping case was set at 5 ns; the waveform
had a duration of approximately /ns; the shift introduced
by PPM was set at 2 ns; each transmitter had a different
code periodicity N,. The pulse was identical for all trans-
mitters with a typical shape of the second derivative of the
Gaussian.

Each topology was studied for different values of num-
ber of pulses per bit N. In particular the performance of
the ring topology containing ten nodes was evaluated for
five N; values equally spaced between 2 and /0, while
the ring topology with six nodes was examined for Ny as-
suming five values from 2 to 6. The choice of two differ-
ent sets of values for N, is motivated by the fact that the
two topologies considered are characterized by a different
Multi User Interference situation. For the topology includ-
ing six nodes, 5 or 6 pulses per bit were in fact sufficient
to achieve satisfying BER values for the fluid coding case.
Note that increasing the number of pulses per bit results
in a decreased bit rate and in an increased energy trans-
mitted per bit. The Signal to Interference Ratio (SIR) also
increases when N, increases; in fact, when SIR is evaluated,
the useful contribution rises in a quadratic way with respect
to N,, while the interfering contribution rises in a linear
way.

5.4. Simulation results

Results obtained for the ring topology including ten vs. six
nodes are shown in Figures 11 and 12, respectively.

6. Discussion and conclusion

In this paper, we analyzed the effect of relaxing the hy-
pothesis of a discrete chip-time on performance of an UWB
network adopting TH codes for multiple access. The adop-
tion of a fluid TH code was shown to lead to a more efficient
way to deal with emission constraints on transmitted PSDs,
if compared to standard discrete TH coding.

We considered a network of asynchronous binary PPM-
TH UWB devices using same Tg. Each active link used a
specific fluid code known at both transmitter and receiver.
Codes were generated by selection of a different period and
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Fig. 11 BER in the two cases of standard TH coding (full line and
triangles) and Fluid TH coding (dotted line and lozenges) for the same
ring topology (radius = 10 m and 10 nodes) for different values of the
number of pulses per bit N. The corresponding transmitted energy per
bit E}, is also indicated for convenience as a multiple of the energy per
pulse E, = 1.49-107'8 Joules
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Fig. 12 BER in the two cases of standard TH coding (full line and
triangles) and Fluid TH coding (dotted line and lozenges) for the same
ring topology (radius = 10 m and 6 nodes) for different values of the
number of pulses per bit N;. The corresponding transmitted energy per
bit £} is also indicated for convenience as a multiple of the energy per
pulse £, = 1.49-107'3 Joules

random phase of a sine wave for each active link of the
network. In this way, spectral peaks of different signals were
located at different frequencies.

We focused the analysis on the effect of MUI in the case
of a ring topology of nodes where all nodes were in identi-
cal MUI conditions. Results indicated that by fluidizing the
code a significant improvement in system performance is ob-
tained. These results should be considered as a first ground
where fluid TH proves to be effective.

There is in fact a variety of frameworks where fluid TH
may be adopted. An extension of the proposed scheme could
support a simple clustering function at the MAC level. In
clustered MAC networks, nodes are organized in different

subgroups, named clusters. Medium access in each cluster
is managed independently from other clusters, by defining
in general a cluster leader, or cluster coordinator, that is in
charge of regulating the access of all the other devices of the
cluster. In an uncoordinated and asynchronous network, clus-
tering could be easily achieved by separating different clus-
ters with different periods of the sinusoidal fluid TH code. In
this way, interference among different subgroups would be
better controlled, and cluster coordinators could effectively
coordinate access within their cluster without having to take
into account interference of devices belonging to foreign
clusters.

Fluid TH coding could also be applied with the aim of
allowing multiple UWB networks to coexist over the same
geographical area. The basic idea, in this case, would be
to reduce mutual interference among different networks by
adopting a different set of fluid TH codes for each network.
Devices belonging to different networks should tune features
of the adopted fluid TH codes, such as periodicity, in order
to concentrate transmission power at different frequencies.
Regarding the single network, resource allocation may still
be managed through conventional TH multiple access. One
may expect that the advantage of network separation by fluid
coding would avoid partitioning the available bandwidth be-
tween different networks. With the proposed scheme, net-
work organization may also become dynamic: specific nodes
in the network could be in charge of scanning the spectrum
at network start-up for locating the best locations in the fre-
quency domain where to concentrate transmission power for
all devices. At the end of such a preliminary frequency scan-
ning, all the other nodes of the network would be informed of
the specific set of parameters that they must adopt for encod-
ing transmission at the physical layer. Note that the proposed
approach does not necessarily imply all networks to adopt
the same TH coding scheme. The dynamic and smart opera-
tional paradigm might be the privilege of a few sophisticated
ones.

One concern that may arise is related to the analogue na-
ture of the code values that may require an increase in com-
plexity of receiver design [8]. In order to solve this question
we would like to suggest that the use of analogue correlation
and detection might prove to be a feasible way out for low
data rate networks. This issue will be the object of future
investigation.
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