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Abstract

This document studies the Power Spectral Density (PSD) of time-hopping impulse radio (TH-
IR) signals. The “conventional” TH-IR system with pulse-position modulation and time-hopping
multiple access gives rise to spectral lines that either violate the regulations, or require a signif-
icant power back-off. To remedy this situation, we propose the use of polarity randomization,
which eliminates the spectral lines and also leads to a smoothing of the continuous part of the
spectrum. We analyze the effect of symbol-based or pulse-based polarity randomization se-
quences on memoryloss modulation formats such as PPM, OOK and PAM. We provide a general
demonstration of the spectral smoothing characteristics of these techniques without restriction on
the definition of the TH sequences, and we discuss how finite sequences impact these results.
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PSD of UWB signals
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Abstract— This document studies the Power Spectral
Density (PSD) of time-hopping impulse radio (TH-IR)signals.
The “conventional” TH-IR system with pulse-position
modulation and time-hopping multiple access givesise to
spectral lines that either violate the regulationsor require a
significant power back-off. To remedy this situatim, we
propose the use of polarity randomization, which @hninates
the spectral lines and also leads to a smoothing dhe
continuous part of the spectrum. We analyze the eftt of
symbol-based or pulse-based polarity randomizatiosequences
on memoryless modulation formats such as PPM, OOKral
PAM. We provide a general demonstration of the speal
smoothing characteristics of these techniques withib
restriction on the definition of the TH sequence, ad we discuss
how finite sequences impact these results.

Index Terms— polarity randomization, Power Spectral
Density, Pulse Position Modulation (PPM), spectralines, time
hopping impulse radio (TH-IR).

Introduction

This document is organized in the following manner;
Section 1 introduces the general Power Spectral Density
equation that will be used in the remainder of this doctimen
Section 2 gives analytical formulations for the spectrum of
“conventional” TH-PPM, showing the spectral lines created
by this multiple-access (MA)/modulation scheme, and also
presents the spectral characteristics for OOK and PAM
modulations. Section 3 introduces the symbol-based polarity
randomization which eliminates the spectral lines and the
pulse-based polarity randomization, which solves the
problem of the spectral crest factor due to the structure of
the TH sequence. Remarks on finite sequences, a summary
and a conclusion end this paper

The results presented in this paper were verified by
theoretical analysis and Matlab simulations. In order to
present clear illustrations of the results, a bandwidth of 4
GHz (frequency range 3-7 GHz) was used to display the
PSDs and their spectral crest factor. However, the spectrum
of our waveforms also fits the FCC mask at frequencies >7
GHz as shown in [1]. The parameters for the examples were
chosen such that they were suitable for a high-data-rate
system (100 Mbit/s). However, we stress that the basic
approach is equally valid for other data rates. In particitlar,
can be applied to low-data rate systems as envisioned, e.g.,
for the IEEE 802.15.4a standard.

|. - Power Spectral Density (PSD)
The following equation of the PSD of M-ary modulation

when the digital input is Markovian will be used foreth
calculation of the PSDs of UWB signals, [2]
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Here, M denotes the number of symbolg, the symbol

period, S(f) the Fourier transform of th&' symbol of the
constellation,R the marginal probability of th&" symbol,

and ] the probability that the symba, (t) is transmitted

m time units following transmission of (t) .
Since we consider independent input sequences:
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We will use Eq. (2) in the remainder of this document.

I1. - Spectral characteristics of classical TH-IR
A Transmit waveform of TH-IR

In this section, we review and re-interpret the spectral
characteristics of classical TH-IR. The structure of the
transmit signal is shown in Fig. 1. The transmit sigisal
given as [3], [4]

@O =D x(t-jT, -¢T, —b[j/NfJA) 3)
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Where x(t) is the transmitted pulsd, is the average
pulse repetition timeN, is the number of frames (and
therefore also the number of pulsKg) representing one
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Fig. 1 TH structure of sequence [1 00 1 1]

information symbol of lengtfT,, andb is the information

symbol transmittedA is the time shift of the Pulse Position
Modulation.

The TH sequence provides an additional time shift of
c,T. seconds to thg" pulse of the signal, wher® is the
chip interval, andc; are the elements of a pseudorandom
sequence, taking on integer values betw@esnd N_ -1.

To prevent pulses from overlapping, the chip irgéris
selected to satisfif, <T, /N, . In the remainder of this
paper, we assumg /T, =N, so thatN, is the number of
chips per frame.

B. PSD of TH-IR with short TH sequence

The PSD of the transmit signal is determined bgthhe
pulse shaps(t), and the time-hopping sequerge A
majority of systems considered in the literatured an
standardization working groups up to now assume ttie
duration of the TH sequence is identical to the lsgim
duration; in analogy to CDMA, we henceforth referthis
case as “short” hopping sequence. Therefore, this T
sequence has a duration ffand it containsN, pulses. In
that case, the Fourier transform of the TH sequeacebe
written as

FT{TH(t)} - X( f) st_lejZ”(Tf .k+Cch).f — S( f) (4)
k=0

The underlying pulse shape for the simulations ho$ t
paper is the fifth derivative of a Gaussian puigkich was
shown to be a good choice in [5k(f) represents its

Fourier Transform.

For most of the examples in the remainder of the tee
use a TH sequence wittN, =5 pulses following the
sequenceg, [1,0,0,1,1], and 4 chips per frame (see Fig. 1),
(6].
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Fig. 2: PSD of short TH-IR signal with 2-PPM

1. 2-PPM

Rewriting Eqg. (2) in the case of a 2-PPM with
equiprobable input sequence, it becomes:
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wherelis the delay due to the Pulse Position Modulation,
S(f) is the Fourier transform of the basic pulse wawvafor

and S, (f) andS, (f) are the Fourier transforms of symbols

0 and 1.
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ReplacingS(f) in Eq. (2) by the Fourier transform of the

TH sequence when the modulation format is a 2-Ptil,
PSD of the modulated signal becomes:
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The PSD of this TH-IR signal with 2-PPM is givenHig. 2.
Several spectral lines are above the spectral paskded

by the FCC. For comparison purposes, we fixed theep
such that it is equal to the maximum power a sigritd the
same TH sequence and pulse shape but using BPS& cou
transmit.

2. 00K

Rewriting Eqg. (2) with On Off Keying, with equiprable
input sequence and such that:

S(f)=v2s(f)

s(f)=0
{2 o2

we obtain:
[s(r) @O
The square root of 2 in the definition & ( f) allows
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us to keep the same average symbol energy as doP-th
PPM case.

ReplacingS(f) by the Fourier transform of the TH code in
Eqg. (10), the PSD of the OOK signal becomes:
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Fig. 3 PSD of a short TH-IR signal with OOK
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The PSD of TH-IR with OOK is given in Fig. 3

We notice that the continuous part of the spectrum
contains more energy with OOK than with 2-PPM the t
spectral lines remain a problem.

3. M-PAM

Defining an antipodal modulation of M symbols, vanc
write:

S =-Su)2

(12)
S\/I/Z 17 "Su4a

If the input sequence is equiprobable, we derieenfiEq.

3):
M/2-1
/(= | Zs (s

We note that if the waveforms are different, theDRS
the signal is the average of the PSD of each wawvefo

) ] (13)

Furthermore, if the M signals(t) are scalar multiples
such thats (t) = a .§ }and

M/2-1
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the PSD of the M-PAM signal becomes:
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Fig. 4. PSD of a short TH-IR signal with M-PPM and
symbol-based polarity randomization

We notice that the PSD of such PAM signal usingTtHe
sequence defined by Eq. (1) will have the sameiroots
envelope as in Fig. 3, but without the spectraddiand with
twice the power.

I11. - PSD of short TH-IR with polarity randomization

A. PSD of short TH-IR with a constellation of M
symbols and Symbol-Based polarity Randomization

The first case we consider randomizes the polésign)
of the transmitted pulses of a TH-IR signal on alsgl-by-
symbol basis. The constellation of the modulati@s M
symbols. In the case of M-PPM, this has a formailarity
to a combination of joint PPM and PAM as modulation
format (combined with TH for MA). The difference tisat
in our case, the sign of the transmit pulses do¢bear any
information, and can thus be easily discarded mpkiied
receiver structures (envelope detectors). Thedoirbon of
pseudorandom polarity serves only to improve thecsal
properties of the transmit signal. As we changaloamy
the polarity of the M symbol§ ; the signal can be viewed
as a pulse train composed of 2M antipodal symbidisis,
the Eqg. (1) can be rewritten as the spectral dendfita
signal with antipodal modulation:
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where§ is the Fourier Transform of th& shifted version
of the short TH sequence (not a single pulse & §ymbols
S.u are the symbols; svith an opposite polarity. Hence,
S.m =-$fori from 0 to M—1. The continuous and discrete
parts of the spectrum then become:
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Thus, the spectral lines disappear. Furthermooan fEq.
(16), it appears that the spectrum of the signdkfined by
the summation of the spectrum of the symbols. B th
symbols have the same waveform, the spectral piepef
the signal are identical to the spectral propertéshis
waveform.

From Eq. (10), it is also clear that the same statd
holds for the different modulation formats like ©fif
Keying. Furthermore, it is unnecessary to have zaean
information stream to control the spectral chandsties of
the modulated signal. That solves the problem efcspl
lines caused by non-equiprobable symbols and non-
antipodal modulation schemes at the same time.

Using Eq. (4) the PSD of a short TH-IR signal with

PPM and symbol-based polarity randomization becomes
2
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Fig. 4 illustrates the elimination of spectral bnasing a
symbol-based polarity randomization in the cas®d?PM
with short TH sequence.

B. PSD of short TH-IR with a constellation of M
symbols and long Pulse-Based polarity Randomization

The short TH sequence shown in Fig. 1 containedgsul
with the same polarity. However, in addition to gymnbol
based polarity randomization, we can also use & glse
based polarity randomization of duratidn In that case, the
PSD is again given by the previous equation, but tie
“basic signal” waveforms have a different, morexitde
structure, i.e., the pulses can have differentriaa.

This flexibility helps to better design the speatrof the
signal to reduce the spectral crest factor duehto TH
structure and, therefore, to limit the power baffk o

We now propose to randomize the polarity of eadsepu
of the short TH sequence on a pulse basis and awer
infinite  number of symbol periods. This pulse



randomization will be called long pulse-based pbjlar
randomization. We will show that the use of thimd
pulse-based polarity scrambling code will smootle th
spectrum such that the PSD of the signal wouldibengoy
the spectral characteristics of the basic pulseealo

This helps to maximize the transmitting power oé th
signal. The task of shaping the PSD of the sigaal e
reduced to shaping the pulse only, regardless ef th
modulation and spreading formats used.
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We can simplify the summations as follow:
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To demonstrate this assertion we will be usingrdslt
of the previous chapter with short TH-IRJ symbol
modulation and symbol-based polarity randomizatginge =
the long pulse-based polarity randomization leazghe
randomization of the polarity on a symbol basigals
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In the previous chapter the modulation format had a
constellation of M symbols. The number of symbol -
waveforms now increases due to the pulse-basedityola g

randomization sequence. If the short TH sequenoéatts -
N, pulses, the total number of sequencedNgfpulses with
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a unique polarity pattern &' . We will call such sequence = ‘ 1N ;
‘short TH-polarity sequence’. The structure of gignal is LS 9.9, -sin(axd, ) .sin(ad,. )
then mathematically equivalent to a modulation vwt2"s -k
antipodal symbols. _T e - cos{ad, f) .cogad,.f)
= =T +sin(ad, f).sin(cd,. f )
Eq. (16) then becomes: ~
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where a and b represent the amplitude and delay of the -, K7k
2Ns—1 s—1Ns N
j™ symbol. S (f) is the Fourier transform of the TH =3 N, + 9y -Gy -cof@(d, —d.) f)
sequence with" short TH-polarity sequenceX,(f )is the = O kG
. . . Ny Ny 2Vs-1
Fhourler transform of the basic pulsd,is the delay of the =2% N, + O Oy .cos(a)(dk ~d,.) f)
K" pulse of the TH sequence such that ketkzt i=0
d..Ts = k.T; +G T.(see Eq. (4)) , and,; is the polarity of =% N, 22)
thek™ pulse of the™ short TH-polarity sequence. o

Note tha{gk}i d
of the i™ short
ofi,i}i# i o, #

Furthermore, the sequence of del{lgl§} is the same for
all 2"° short TH-polarity sequences.

the sequence of polarity of th¥¢, pulses
This last propriety comes from the fact that we sugross
the entire set o™ short TH-polarity sequences. As a
reminder, they form the complete set of combinatiar
polarities ofNs pulses.
Therefore, considering positions k and k' only, heve
2"* couples of pulses with same polaritg,(g,, =1) and

couples of pulse with opposite polaritg,(.g,. =—1),
and the sum is zero.

TH-polarity sequence,
{gk}j andgg,=1or-1

is unigque:

Equations (18) and (19) combined with the condition 2Nt

M -1
zaiz =M resultin:

i=0
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The factorNs is eliminated normalizing the TH sequence
and the PSD of a short TH-IR signal with a M-symbol
modulation and a long pulse-based polarity randatitn
becomes:

G (f):Ti.\x(f)\2 (25)

The PSD of the signal is given by the basic pulsaps
(Fig. 5).

We also note that this result is independent ofvillees
of{d,} . Therefore, there is no need to assume a subafivisi

of the symbol and Time Hopping sequence into chilps:
pulses can take any position within the symbol.sTikithe
case, for example, when a jitter is considerecatmlomize
the position of the pulses.

S

V. - Remarks on finite sequences

In this document a complete polarity randomizatiwer
infinitely long sequences was assumed when corisgler
symbol-based or pulse-based polarity randomizatidie.
checked by simulation that finite sequences progiddlar
results when their length increases. Fig. 6 ilatss the
smoothing of the spectrum and, therefore, the tioluof
the Crest factor when the length of the pulse-basdarity
randomization sequence changes from one symbotidura
to one thousand. A short TH sequence is used aad th
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Fig. 6: effect of the length of the pulse basedapti
randomization sequence on the PSD of a BPSK signal
with short TH sequence.

modulation format for this simulation is BPSK. The
simulation results are similar for PPM and OOK watlong
symbol-based polarity randomization sequence.

Simulations with a long TH sequence provide
qualitatively similar results as shown in Fig. 5darig. 7.
Fig. 7 illustrates the case of a long TH sequerszs with
different pulse-based polarity randomization segeen
lengths. The longer the pulse-based polarity rariziaton
sequence, the smoother the spectrum. The PSD sfghal
is then exclusively given by the spectral charasties of

the pulse shape(f ).

Combining a finite pulse-based polarity randomizati
sequence oP symbol periods and a short TH sequence is
mathematically equivalent to a signal with a higloeder
modulation composed by symbols of duratioi, . If the

modulation is not antipodal or the antipodal paos
symbols are not equiprobable, spectral lines vatuw. The
use of a long symbol-based polarity randomizati&ugnce
solves this problem and the spectral charactesistichese
symbols will be averaged.

In the same manner, increasing the length of thitefi
pulse-based polarity randomization will eliminatbet
spectral lines and smooth the spectrum.

The FCC regulations require a certain power splectra
density within each 1 MHz band. Thus, fine struesuof the
spectrum within this bandwidth do not have an inhg&at
the compliance with the FCC regulations. Hence, any
periodicity that is significantly larger thah0® can be
ignored.

In Fig. 5, two different TH sequences, THla and &aH2
are used randomly and concurrently with a long nigla
based polarity randomization. TH1a and TH2a arediart
TH sequences with different short pulse-based fiplar
randomization sequences on top of them to imprdne t
crest factor of their respective Fourier Transform.
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randomization sequence on the PSD of a BPSK signal
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This simulation shows that increasing the numbedyasiic
waveforms can help smooth the spectrum as notsedtion
I1 B.3. The reduction of the peak to average ratiould be
compared to Fig. 4 where only one symbol wavefosm i
used (TH) without short pulse-based polarity ranidation.

Conclusion

This document provided demonstrations and simuiatio
results to explain the influence of the modulatformat,
multiple access format, and pulse shape on thetrgpec
characteristics of impulse radio. We showed thavlRind
time hopping led to similar spectral characterssticamely
spectral lines. The results of this document sugges
remedy to solve this problem:

. Randomization of the polarity of the transmitted
symbols or pulses eliminates the spectral lines.
. Polarity randomization on a symbol-by-symbol

basis, combined with the use safreral short TH sequences
or a long TH sequence, can lead to the reductiapettral
crest factors.

. The use of long pulse-based polarity randomization
codes ensures that the spectrum of the composjitalsis
equal to the spectrum of the constituent pulse.

The last case (spectrum of the signal identicath®
spectrum of the underlying pulse) is desirablehactical
applications. Shaping this waveform in order to gdtetter
power efficiency or to reduce interference and lgetter
coexistence with other systems such as 802.11#eanbe
achieved without any further consideration for the
modulation scheme. It is possible to design the BSihe
UWB signal using the results of [7] that considehaping a
waveform to avoid interference and [8] that givesneral
methods to shape the spectrum.
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