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Abstract—We discuss in this publication the power spectral den- follows: In Sectionlll we discuss the PSD of PPM and PAM
sity (PSD) of some common time hopping impulse radio signals. modulated signals with finite deterministic time hopping pat-
Both analytical expressions and simulation results for the PSD are terns. In Sectioffilwe cover random time hopping and in Sec-

provided. The impact of the PSD on the transmitted power is an- . . . e S T
alyzed in respect to the Federal Committee on Communications tionlViwe extend the analysis to signals with timing jitter. We

regulations on UWB emissions. conclude the paper by interpreting and comparing those results.
I. INTRODUCTION Il. ANALYSIS OF THE POWER SPECTRAL DENSITY FOR
Ultra-wideband (UWB) communication is a promising ap- FINITE TIME HOPPING SEQUENCES

proach to reuse from other systems occupied frequencies. Tit@ time hopping impulse radio signal here considered is a
basic principle is to maintain a very low power spectral demtream of narrow pulses, which are either shifted in time (PPM)
sity by spreading the necessary signal power over a wide bagd-amplitude modulated (PAM) or both by the data. The same
width. This can be achieved by any modulation approach th@bdulated pulse is repeatd times at different time shifts,
provides processing gain, e.g. DS-CDMA. However, we focughich are determined by a time hopping sequence described by
here on impulse radio, which was the first approach proposg@ vectoré = (cy,...,cp_1). The elements; are positive

for UWB. As impulse radio uses very short pulses, in the idemltegers smaller thag, and the time hopping sequence is re-

case the transmitted power is equally distributed over a vesgated several times during the transmission. The transmitted
large bandwidth. The signal has a low duty cycle and the speggnalS(t) can be written as:

tral density of such a signal is low enough to reuse frequencies © 1 B
used by other systemd][ The information can be transmit-S(t) = Z — Z Al gpuse(t—1-Ts — B - Tppu
ted , for example, by pulse position modulation (PPM) or pulse l=—0c0 VR i=0
amplitude modulation (PAM), both of which we will discuss in —i-Tr — c-ntiyp - TTH), 1)

this publication. o where(l- R+ i)p = (I-R+1i) mod P, andgp...(t) is
Although one pulse per symbol can be sufficient to represent fag pasic transmitted pulset, and B, represent the data mod-
information, we assume here that one pulse modulated by mﬁtion, which takes place once per symbol tifig Thus A4
same data is repeated several times with different time shifts %?I'd B, are stochastic processes. In each frame of the dura-
fined by a time hopping (TH) sequence. This can be motivatggn, 7. only one pulse is transmitted. The PPM modulation

by the following arguments: index isTppar, and Ty is the time hopping index. When

« The signal would be too peaky otherwise. M, N is the smallest pair of integers for whi¢fi- R = M - P
« The time shifted pulses are more difficult to detect and {g yalid, the periodic repeated sequence can be represented by
intercept. N subsequences. So it is possible to describe the time hop-

» The mutual interference of two impulse radios transmiking as a filter with a deterministic, varying discrete impulse
ting at the same time is limited by the time hopped pulsgsponsey, (¢). For convenience, the pulse excitation process
repetitions, g]. . . M (t), which includes both the time hopping and the data mod-

» The stability of the clocks in the receiver and the transmitgation, is introduced here. The radiated signal is then given by
ter can limit the time between two pulses, as the synchrg(t) = M(t) * gpuse(t), Where the operation is convolution,

nization has to be maintained. and the total PSD bBss(f) = |G putse ()2 - Sarar(£). All
The FCC has published emission regulations for the PSD @finitions are summarized below:
UWB devices to limit the interference with narrowband sys- oo N—1
tems operating in the same spectriBh [Therefore, the PSD is M) = > Y Dt-1-Ts—k-N-Ts)xg(t)
an important part of the system design. k=—o0 1=0
In this paper, general analytical expressions for different kinds(t — 1 - Ts) = A;-d(t —1-Ts — B; - Tppm)
of time hopping are presented. Numerical simulation results are R—1

presented to illustrate the analysis. As described in Appendix g(t) = 1 Z 3(t = c4.r+i)p - TTH)-
Al these simulations are based on both a realistic signal model VR i=0

and a procedure to estimate the PSD according to the FCC rég-derive now the PSD of the excitation procég$t), it must
ommendations for measurements. The paper is organizedbasealized that its autocorrelation function (AGE (¢t +



7, t) is periodic in time withVTs. Thus the time-average auto- w418
correlation function has to be derived| <
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Fourier transform of the time-average autocorrelation function. fin GHz
The authors of this publication presented a derivation of this  -413
expression in%] and a similar expression can be found @, [ z
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(NTS >y Z Gy (f)Gu(f [7]and a plot of the shape can be found in Figére
k=—o00 I=0 l'= One is able to distinguish between the discrete part and the con-
' / N— tinuous, if an extract of the signal bandwidth is considered as
e 2T Ts (=) 5 f NT Z Gr(f > the second plot illustrates. The spectral lines appear at dis-
5 1=0 tances of7-. As the FCC requires a measurement resolu-

tion of 1MHz [3] the discrete part of the PSD (represented
by Dirac pulses) has a finite ordinate value instead of infinity.
E)bwously, the average power must be decreased to prevent vio-
flions of the regulations by the discrete part. Tdbtesection
Vlillustrates this convincingly.

B. The PSD of a Binary PAM Signal

In an antipodal 2PAM signald, is either—1 or 1 and, B, is
ancalo The expectation values for 2PAM modulated pulses

whereG,(f) is the Fourier transform of thieth time hopping
filter g;(¢). The different expectation values describe the pro
erties of the modulation. The data is assumed to be unc
related, thusZ {4, A, } and E{e=7?7fTrru(Br =B} depend
only if / equald’ or not. We now consider two special cases:

A. The PSD of a Binary PPM Signal

In a binary PPM signalB, is either0 or 1, and 4, is identical
1. The PSD of a 2PPM signal can be derived by the gener
expression3), if the expectation values are evaluated:

B {4 Ay = B {41 Ap} =1 A4 El:liAlAlg =! = l:
. 1 El#l’ AlAl/ =0 Vi 75 l
, —jQﬂfTPPM(B/—B) - _ !
Erzrie 1T =g (eos2n fTppm)) VI #L g {92 T (By =By — 1 vy
The PSD has then the following analytical expression: Inserting them in the general expressihyields the PSD of a
1 1 2 I .
Soppn(f) = (1= cos(27 fTopar)) Z |Gl(f)|) PAM modulated UWB signal:
NTs 2 —
1 1 Sopam(f Z |G| (5)
+ 7(NT5)2 3 (1 + COS(27TprpM)) NTS —
o NZIN-I The PSD of a 2PAM signal is continuous, because the autocor-
DY Z <Gz Gr(f) relation function equals for |7| > Ts. But the PSD is still in-
k=—co 1=0 I'= fluenced by the time hopping sequence, as Figliteistrates.
L2 Ts (1) 5(f - k ). 4) Compgring the second plot of this figure with the one for bi_nary
NTs PPM, illustrates that the continuous part of the PSD is basically

It contains two terms: the first, continuous, and the second, dike same for both modulations, except that in the PPM scheme
crete (so called spectral lines). Figiieontains two plots ob- it is multiplied by%(l — cos(2x fTppy)) and additionally at-
tained by a simulation as described in Apperdix The first tenuated to prevent violations of the FCC regulations.

plot shows the PSD of such a signal and the FCC emission lith-has to be emphasized here, that this analysis is based on
its for outdoor or hand-held devices. The here presented expr® repetition of the same data modulated pulse. As the time
sions are not limited to any particular pulse shape. However, thepped repetition causes fluctuations of transmission power
plots have been generated by signals withttederivative of from some narrow frequency bands to other frequency bands,
the Gaussian pulse and the parameter 64ps. This shape is the total transmitted power has to be reduced to not violate the
optimized in respect to the FCC regulation for outdoor devic&CC regulations.
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provided in Appendi:8 of this article.
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[1l. ANALYSIS OF THE POWER SPECTRAL DENSITY OF Ts oo Ts

TIME HOPPINGSEQUENCES WITH INFINITE LENGTH

In the preceeding section we have realized that for PPM th&€ sinc function, sine) = =iz, is used in this and the fol-
spectral lines of the discrete part appear at distanceghof lowing expressions. The general PSD has still continuous and
Any kind of spectral analyzer has only a finite resolution in thdiSCrete parts. The time hopping index, the frame duration and
frequency domain; for example the FCC recommends a re§!6@ symbol time are parameters of this PSD. In particular, we
lution of 1 MHz. It is appealing to try to reduce the effect ofind spectral lines at dlstancesﬁj, and undesired concentra-
the time hopped repetitions by increasing the sequence len@ms of transmission power at dls_tancesjéf and 7. .
P, because the spectral lines in the PSD of a pure PPM sigoreover, those concentrations in some narrow bands are lin-
nal are then separated by a decreasing distance. If this dista@@ewith the number of repetitions. In fact the subbands get
becomes smaller than the resolution, one would be unablengrower but higher, with an increasing number of repetitions.

distinguish between th_e spectral lines and the conti_nuous PAt. pSD of a PPM Signal with Random Time Hopping
Furthermore, the continuous part of the spectrum is the aver- i : .
age over an increasing amount of different frequency respon%’esssu;;zu\j\tl:g;ﬁgfﬁgﬁ:&ns\/glL:Jeei:;trne gee:‘?rgl:gﬁshé
G(f), so this part could get close to a flat frequency response. PPI\)/I/ h infinite t hq A g )

We note, that the time hopping sequence has to be known by m’é)mary with infinite time hopping Is given by:
receiver. Thus, the desired receiver has to acquire the Sequesce, , (f) = (8)
at the beginning of the transmission. It is important to simplify

the acquisition process. That limits the length of the time hopl 1+ f: siné (gnTru(f — l )

ping sequence. Ts = Tru
But, more important is the fact, that even for very long se- o
guences, the time hopping still influences the PSD in a dom 1(1_COS(27TTPPMf)).R.Z siné(RaTp(f — ﬁ)) - 1)
inant way. To illustrate this, sequences of infinite length are e — oo Ty
considered in the following. Thus the time hoppifigin the R & )
i-th frame of a symbol is treated as a random variable. So the = (1+cos(2rTppu f)) - = - Z 5(f - L)
filter excitation signal/ (¢) can be written as: 2 Ts =, Ts
o R—1 > P l e P k
_ 1 S “siné (gr T — ——))-) sin¢(RaTr(f — —))].

M) = l;mﬁém.su_z.n_ampm l;m (qTra(f TTH)LZ,OO (RATr(f = 7))

—k-Tr — Cirk - TrH). (6) The PSD siill contains a discrete part. Figid-és again a re-

sult of the simulation model described in Appendix Note
agﬁt this results are also valid if the time hopping is determinis-
tic, but the sequence length longer than the observation interval
used to derive the spectral expectation. The distances between
the discrete lines equals in this particular cq§e as the sym-
bol timeTs is a multiple of the frame duratidfiz. Sinc func-
tions at multiples ofﬁ andﬁ are clearly noticeable in the
%ot covering the complete spectrum and the one covering the
extract.

In contrast to equatiorly, C; € {0,...,¢ — 1} is not an ele-
ment of a determined sequence, but a realization of a stoch
process.

The autocorrelation function of the procesgras(t + 7,t) is
now periodic withT's. The derivation of the PSD of this exci-
tation process is provided i®]. Alternatively, the expression
can be obtained by setting the jittérof the PSD—expression
in the next Section to zero. The derivation of this expression



413 at frequencies where the frequency response of the considered

pulse are close to zero. However, as the bandwidth of the pulse
is roughly given byTPilse, with T'p,;s. describing the pulse
duration, the time hopping ind€kr 5 has then to be smaller
than the pulse duratiofp,;5.. This should be difficult to im-

plement, in particular for UWB approaches.
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a3 IV. THE PSDOF TIME HOPPING SIGNALS WITH INFINITE
11 . SEQUENCE LENGTH AND TIMING JITTER
-61.3f p In this section we want to extend our discussion of the PSD

of TH impulse radio to include timing jitter. We consider here
for each pulse independent timing jitter, which is uniformly dis-

PSD in dBm/MHz
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il 75 8 tributed over the intervdl-£, 21. Therefore, the excitation pro-
Fig. 3: PSD of a 2PPM Signal with random Time Hopping cess is described by the following expression:
B. PSD of a PAM Signal with Random Time Hopping o Rl
The PSD of a 2PAM signal can be derived similarly to the PPM M (t) = 7R > A-6(t—1-Ts — B -Tepu
case. The analytical expression is: I=—00 k=0
S2panm(f) T <1 + Z Sinc (qrTrm (f - TTH)) Here, A, represents the timing jitter process. Bj [s stated
I==o0 that such a timing jitter would help to “smooth” out the PSD.

= m To discuss this we consider the PSD of this signal. The deriva-
) (R Z Sin¢'(RxTr(f — E)) N )) ©) tion of the appropriate analytical expression can be found in

e AppendixB.
The PSD is continuous but has still significant concentrations
of power at multiples ofTTl—, which are linear in the numberof g, (f) = iEl:,/ {4 A} (1 + sinc2(n f1) (11)
repetitions as mentioned before. Figdriflustrates this. Ts
- l
-2
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fin GHz Expression11) is similar to the one without jitte[7). The jitter

Fig. 4:  PSD of a 2PAM Signal with random Time Hopping  jntroduces a multiplication of the undesired power concentra-
In conclusion, we find that increasing the length of the THtions and the spectral lines with another sinc function. The term
sequence is not a sufficient method for achieving a “smootfinc? (7 fI) concentrates those troubling parts of the spectrum
PSD. Tablel especially illustrates that the length of the seat low frequencies. As the expressions are similar to the ones
quence is of limited impact with respect to available transmisf sectiorilll, apart of the additional sinc function, and for con-
sion power when the FCC—regulations have to be met. Thakigeness, we do not consider the expression for PAM or PPM in
in contrast to the conclusions ][ detail, and continue directly with discussing the results.
The PSD still has undesired concentrations of transmissigRe upper plot of Figur® shows the PSD of a PPM signal,
power, which are due to the sinc-functions, at distances-of and the lower one of a PAM signal with timing jitter. In both
andﬁ. To avoid this effect, one could choose those pararnases the interval of the timing jitter equas ps. Comparing
eters in such a manner that those concentrations are positiotiexse plots with the ones of FiguB:and4 we realize that the



N V. CONCLUSION
% ] Scheme | total power in dBm|
S-613 PAM | finite, P = 5 -13.08
3 infinite -13.16
a1al! ‘ infinite, jitter -9.28
0 a0 16 PPM | finite, P =5 -21.01
s infinite -20.99
» infinite, jitter -14.60
= optimal case -6.81
$-613¢ Table I List of total available Transmission Power for the Signals
8 under consideration
&_81.3 Ll ‘ ‘ ‘ ‘ \ ‘ Tablell lists the total available transmission power of the TH—
e signals under the constraint of meeting the FCC regulations.
Fig. 5. PSD of a PPM Signal and a PAM Signal with random Timd he “optimal case” is the situation in which the PSD is deter-
Hopping and independent Timing Jitter mined just by the Fourier transform of the single pulse. That

. 9 y , . . is true for example for binary PAM and one pulse per symbol,
sinc”(wf1) makes the PSD “smooth” at high frequencies. 1y, _ " " s e can infer from the table above that the time

at low frequencies. where the frequency response of the ggwer. Let us note that we based our discussion on a particular
q ' q y resp PUS of parameters, which can be found in Appemdljxand a

vanishes, anyway. . . :
However, as the considered jitter is independent uniformly ditcltne hopping scheme as described for examplaIn[el, [6],

. e . 8]. We have presented analytical expressions for impulse ra-
tributed, it increases the BER performance due to clocking | b y P P

rors between the transmitted pulses and the receiver. F&ur o with finite TH-sequences and infinite TH-sequences with
P - PR without timing jitter. Further, those expressions have been

shows the considered pulse shape (upper plot) and its aUtoﬁ”\l?ur'strated with PSD—plots based on realistic simulations
relation function. As we consider real signals, the ACF of tr\(,:{/e have demonstrated that increasing the length of th'e TH—
. i sequence without choosing the other parameters in a particu-
larly advantageous way does not yield a better PSD. Moreover,
e we have discussed that a timing jitter, which helps to “smooth”
£o the PSD, increases the BER of the impulse radio link. How-
o5l ] ever, the work presented here should allow to discuss the spec-

tral properties of different impulse radios in the UWB context.
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APPENDIX
A. Simulation Model and Parameters of the Signal

The PSD plots presented here are all obtained using the Bartlett
periodogram method/10]. The resolution in the frequency
05} domain is1MHz and the number of the single FFTs that are

o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ used for the spectrum estimation is chosen such that the dura-

05 -04 -03 02 o1 0 01 02 03 04 05 tion of the total considered signal isns (corresponding to a

Fig.6: Considered Pulse shape and its Autocorrelation Functioffid€0 bandwidth of roughlytkHz). Therefore the parameters
pulse shape is identical with the output of a matched filter §f€ chosen to yield spectral estimations realistic with respect
the receiver with the timing error. Therefore, the ACF plot {0 the FCC recommendations. The parameters of the signals
enables us to estimate the effect of the timing error on the BEERNSidered in the plots are listed in the Telble

AC FPuIse(I)

performance. We can infer from this plot that a timing error ] Parameter \ Value \
of say £50 ps will have a serious impact on the BER. Thus, PPM-Modulation index7ppy; | 0.504 ns
the jitter interval of92 ps considered in Figui® will signifi- TH-index, Ty 2.03ns
cantly increase the BER. A larger jitter interval, which would Frame duration] » 20.28 ns
lead to a PSD without noticeable undesired effects, would in- Symbol timeTs 101.29 ns
crease the BER even more or even make data transmission im- Hopping alphabet size, 5
possible. The same observation can be made for TH impulse Number of repetitionsk 5

radio with finite TH—sequences. Therefore, the idea of time jit- Timing jitter interval,l 0.92 s

ter improving the spectrum has to be considered with care. Table 1I:  List of the Parameters of the Simulated Signals



B. PSD of a TH Signal with Infinite Sequence Length and Tin-he Fourier transform of the expressidal)is the PSD of the

ing Jitter considered signal.
Here we want to derive the PSD of the modulation process of 1
a time hopping signal with infinite sequence length and ind8x () = —El:l,{AlAl,}<1 + sinc” (w 1) (15)
pendent uniformly distributed timing jitter. Let us start with the T
ACF of this process: =, k
Zsmc qTTHﬂ'(f—— -(R Zsmc (RTmr(f——))—l))
TH Tr
omm(t+71,t) = (12) == k=—o00
R —j2m(B;—B)T, .2
0 R-1 + 7El7£l/{AlAl/}El;£l/ e J i UAPPM Lainge (ﬂ'fI)
E{ Z AZZ 5 —lTS BlTppM kTF CkTTH Ak) TS { }
I=—c0 k=0 >
- R - Z sinc2(qTTH7r(f Z sinc® RTFﬂ(f——))
STAY 6(t+r—l'Ts—BprpM—k’TF—CkrTTH—AM)} e e

l!=—0c0 k'=0 Z _ 7 1)

Now we realize that this ACF is periodic witfs. Thus, we -
have to evaluate the time—average autocorrelation function
averaging ovef0, Ts]. Therefore, we have to take only= 0
into account:

b% evaluate the Fourier transform of the expressibf) (he
following relations have been used:

s - 1 = !
o) = = [ puete-+ i am  FLY Se-my=1 3 8- 1)
l=—o00 l=—o00
R—1R—-1 R—1R-1 ) k
—E{R T Z AAp Y > T (r—1'Ts ]—’{—Z S8t - (K —RT)} =Y sine®(RTn(f - 7))
k=0 k'=0 k=0 k' =0 k=—oco
- (Br — Bl)TPPM — (Cp — Cv)Tra — (A — Ap))} z
/I/ 5 t— Ak/ Ak))dAk/dAkr} = sinc (IT('f)

Let us note that herd,;, B;, C}; and A, are stochastic pro-
cesses. Now, we distinguish the parts of the sums in which
[ =10 = 0andk = k' from the ones in which’ # [ or
k' # k. Furthermore, we explicitly evaluate the expectations
over C}, and A, taking into account that they are independent REFERENCES
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