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Abstract— An UWB signal was designed and generated using Z 40
a zero order digital to analog converter. An efficiency measure
of filling the FCC spectral mask is developed and optimized
for various choices of digital-to-analog converter parameters and
waveform duration. The proposed optimization technique takes
into account filtering effects in the digital-to-analog converter as
well as a measured antenna transfer function characteristic.
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I. AN INTRODUCTION TO THEFCC MASK CONSTRAINT

The FCC has imposed a mask( f) (see Figure 1) to bound & 7°
the power spectral densityeirp(f) Of the equivalent isotropic Z 75
radiated power (EIRP) of a UWB communication signal [1]% 80
The detailed shape of/(f) depends on the particular UWB 0 4 8 12 16 20
system application. For many modulation formats, the powe. Freguenyy (GHz)
spectral density (PSD) of a modulated traifw, t) of pulses

p(t) factors as [2], [3]
Se(f) = Sm( NP, )

where S,,,(f) is is a function only to the modulation processfor all f in the measurement ran@@min, Fmax)-
and P(f) is the Fourier transform of the UWB pulse shape
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Fig. 1. FCC Outdoor and Indoor PSD Constraints

(1), ie [1. MASK-FILLING EFFICIENCY
7 . The mask-filling efficiencyy of a particular signal design
P = ./o p(t) exp(=j2mft)dt. @ can be defined as the ratio of the power contained in the

The transformation from the modulated pulse train in thgSulting FCC-compliant PSD¥ere(f) to the total power
transmitter to the radiated electromagnetic far field on whi¢fat could be contained under the mask(f), both being
the EIRP mask is imposed, is a linear transformation which Vgé(aluated in the measurement range. Hence we define

represent by system functidifieq( f). Hence the power spectral ac Fmax \P(f)|2| Heg(f)|2df
density Seirp(f) Which is bounded by the mask/(f) is of n& Lmin = (5)
the form S M(f) df

Seire(f) = Sz (f)|Heq(£)|? = Sm(f)|P(f)*|Heq(f)|*. (3) This mask-filling efficiency measure for a pulse waveform

_ ) p(t), given the system functiotieq(f), also embodies the
We assume further PSD of the modulation process is appr

. ; ) ects of transmitter, antenna, and propagation on signals.
imately a constant for alff of interest, and without loss of

. p o, Let Ppg be the set of possible pulse waveforms(t) that
generality we assume thdere(f) ~ a1|P(f)I"|Heq(f)I"-  can be implemented in the pulse generator. Here the subscript
The constanta. includes factors that convert the units o

) ) simply indexes the elements iBpg.Furthermore for each
2
|P(f)HEQ(f)| (typically voItsQ/'Hertz)'tlo the units _OfM(f) waveform inPpg, a scale factord,, can be chosen so that
(typically Watts/megahertz), in addition to scaling by the
constant spectral density of the modulation. Hence the FCC p(t) = Anpn(t) (6)

requirement is that and the FCC mask bound in (4) is satisfied i) for all

ac|P(f)|?|He(£)1? < M(f) (4) f € (Fmin, Fmax), and is achieved with equality for at least



one value off in this measurement range. This constdnt

can always be implemented in the transmitter as an all-bar i 'mp“'fe Rt

amplification/attenuation. _ g:"d {1 \ ,ﬁi‘?,\ ”T‘xlun‘er “xlj?‘
Pulse Waveform Selection Procedure c:"Zm ,,,,, e . 2
1) For each possible waveform,(t) € P*, find the ata vooatn |~~~ Govra|  Signal Generator l %
constantd,, so that (4) is satisfied for ajf and achieved | Taj ' | .
for somef in the measurement range. This computatior e — ?,“ng
in dB form is equivalent to evaluating Methemetica g
nalysis s

(acAi)dB = minfe(Fmin,Fmax) [(M(f))dB @ Conpare Viax = Rx Ant Rx Ant

(e )N — (1Pa(F) )] P Bl o Ml R o ) o

2) For each possible waveforpy,(t) € P*, calculate the

mask filling efficiencyn,, of the waveformp,(t) by Fig. 2. System Diagram Model

evaluating

Fi

oA [2 | P (F)[2| Heol )] df
T = Fmax : (8) 3) The allowed waveform set in the prior work is different
mein M(f) df from P*.
3) Find the wavefornp,,,(t) with the highest efficiency The use of prolate spheroidal functions as UWB signals has
Nmaxy 1-€-, been suggested [9].
Nmax = Max 7Ny,

" e IV. A UWB PULSE GENERATOR

and

Viable UWB pulse generators with the ability to produce
Nopt = alrg IE?VX M- complex pulse waveforms are difficult to construct. Here we
n . .
- assume that the UWB pulse generator (see Figure 2) is a

This procedure describes an exhaustive search, and hencgef@-order digital-to-analog converter (DAC) which produces

applicable to situations in which the sBt is finite. a pulse signal of the form
[1l. COMMENTS ON PRIOR WORK =

. . pn(t) = Z Smnt(t — mTs) (10)
If there were no constraints on the pulse shafig, then it m—0

may be possible to determine a wavefoptt) with 100%
mask-filling efficiency by solving

M)
\P(f))? = AT 9) o(O) = {1/\/7’3, if0<t<Ts

0, otherwise,

from an inputM-tuple s, ,, m = 0,...,M — 1. The ideal
elementary waveformp(¢) is a unit-energy rectangular pulse,

(11)
for P(f). This assumes that the right hand side of (9) can
represent the squared magnitude of a finite energy wavefoi; is reproduced at a ratE-! and scaled to produce a
Factorizations of this type that recover a pulse shaf®  stajrcase waveform with time suppaiTs. Further filtering

with time support[0,cc) can be carried out provided thatyf this signal form (11) within the DAC are included in the
M(f)/|Heq(f)|? satisfies Paley Wiener conditions. Then, thgoge| of Heq(f). The scaling coefficients,,, ,, are chosen

optimal pulse waveformp(t) can be recovered by a Fourieffom g setQ of coefficients that are uniformly spaced. Hence,

transform inversion of’(f). o the rangeR of this uniform quantization is given by
Slepian et al. studied methods to optimize the concentration
of energy in a band of frequencies for functions with finite R =(|Q| —1)Astep (12)

time support, using prolate spheroidal wave functions for

continuous time [4] and discrete time [5] systems. (see ald$€réAstepis the magnitude of the difference between any two
6], [7], [8].) Slepian’s problem formulation differs from Ouradjacen_t elements @. The numberV of d|st|.nct waveforms
approach in the following respects: of duration M T that the DAC can produce is

1) HereHeq(f) is not an ideal all-pass filter. Any applica- N 2|gM. (13)
tion of this prior work to the problem stated here must
assumeHeq(f) = 1. In terms of the general problem construst,= |P*|.

2) Here we are constrained by a PSD mask, while the priorThe coefficientd-tuple s,, ,, m =0,..., M — 1, used by
work only maximizes in-band power, without concerrthe DAC to generatg,,(t) can be generated systematically for
for the shape of the in-band power density. a uniform symmetric quantization by representings a base



|Q| number and using the elements in this representation Bansmission LinesThe transmission line to the antenna

the coefficient)M -tuple. That is, exhibits a constant impedance (typicall§?) across a wide
n R frequency band of operation. We assume in the sample com-
S = { LQM} mod |Q|} Astep— 2 (14) putations done here that the transmission line behaves like an

ideal all-pass filter across the measurement band and can be
where0 < m < M,0 <n < N and|z] represents the integerignored. Distortion of ultra fast pulses in transmission lines
part of z. ChoosingAgep = 2 insures for simplicity that the has been studied [10] and results have shown that distortions
coefficientss,, , are integers for both even and odd choice@0 occur if precautions are not taken.
of [Q|. We can view the coefficients,, ,, as entries in an Transmitting Antenna and Radiatipffor most antennas the
M x N matrix Sy« y matrix whose row and column indicestransfer functions of interest may have to be measured or simu-
range ovel) <m < M,0 <n < N respectively. lated [11], [12]. Pozar has used analytical models for antennas
The DAC performs the mapping, — p,(t) according over wide bandwidths [13]. For the antennas considered, his
to (10) wheres,, is the n™ column of Sy . The Fourier results indicate that the transfer function from the antenna
transform ofp,,(¢) in (10), which is required to carry out theinput to the radiated far field and to the receiving antenna are
waveform selection procedure, is not flat over the band of interest, and hence antennas can have
M1 a significant spectral shaping effect on an UWB waveform.
Po(f) = Fi{pn(t)} = U(f) Z Smn exp I27mTs  (15) This is true generally because of the wide bandwidths used
and the difficulty of constructing simple UWB antennas which
are relatively flat across the bandwidth of interest.
Three pairs of antennas were used in our sample computa-
tions:

o Transverse Electromagnetic Mode (TEM) Horn anten-
nas — TEM horn antennas were used in the experi-
ment because they exhibit relatively constant gain, good
impedance match and linear phase over several decades
of frequency. Their performance is very predictable using
mathematical models [14], [15], [16]. The features of
TEM horns are typically difficult to achieve in simple
antennas.

small TEM Horn antennas — The small TEM horn an-

m=0

whereF{y(t)} = ¥(f).

V. THE SIGNAL-PATH SYSTEM FUNCTION

To complete the model for optimization, we must determine
the system functiorfeq( f) of the signal path from the signal
generator outpup,,(¢) to the strongest portion of the radiated
electric far field JE(t) at a distancer from the radiating
antenna. The power spectral density of the amplititie)
of this field is multiplied by4nr? to produce the measured
isotropic radiated power spectral dens#yirp(f). The system
function Heq(f) has several factors that can be identified in

Figure 2, each representing the effect ofaport.ion of the signal' tennas were designed to have a slightly higher cut on
path from generated pulge, (t) to the electric fieldE(t). frequency relative to the larger TEM horm antennas.

Filtering in the DAC The output of the D/A converter filter Both types of TEM horns were designed with truncated
is ground planes for compactness of size, causing somewhat
F{pn(t) * hoa(t)} = Pn(f)Hoi(f), (16) degraded behavior.
« diamond dipole antennas — The diamond dipole antennas

In the samplt(aj computac;uf)ns done here, ctjhe system f;mcuonl are relatively small antennas that were proposed for UWB
Hpa(f) was determined from a measured response of a real ,qo yt are too large for hand held use as well.

UWB digital synthesizer. The step response of the sign . .
9 y P P 9 ﬁ}ﬁ measuredS;_; responses shown in Figure 3, were

generator was measured and it was determined that the s:iqn di hoic chamber b librated network
generator had a 90% risetime of 41 ps. The shape of the easured In an anechoic chamber by a callbrated networ
alyzer. The calibration was performed up to the antenna

leading edge of the response was found to fit well with i-h ¢ terminal d 1601 uniforml d dat |
shape of a Gaussian cumulative distribution function. UsidgPut terminais an uniformly - spaced data sampies

the properties of random variables to compute the paramet et' talkentfrom 50 MHZ'ZOdo.S EHZ' In all case? pairs of A
of a zero mean gaussian density function, the filter's impulé (lant_|ca} ?n ennaff V\;Qre useb Inb € m?jasurenéelnS grl_c:cef_i._
response variance was calculated to dfg, =~ 1.25F — relatively large reflection can be observed aroun z. This

11se@, and thus the DAC filter is completely determined b);eflectlon is caused by the Ilmltatlops of the SMA connectors
and were dampened for the analysis.

_ 1 *“z%ét)z Defining Hmead f) = So_1, it is possible to decompose this
hoim () = NG ’ A7) easured function as
where for simplicity, the meap; = 0. The specified Gaussian —
density filter has a 3 dB bandwidth of 10 GHz and the Hread £) = Hod ) Henl 1) Hrx(F), (19)
normalized (at DC) transfer function @fpya (¢) is where Hy (f), Hen(f) andH(f) are the system functions of
the transmit antenna, free space environment and the receiving
F{hom(t)} = Hon(f) antenna respectively. The last factéfy(f) is the transfer

= 1.0 exp[-7.8-10"2(271f)?]. (18) function from the electric field in the vicinity of the receiving
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Fig. 3. Antenna S21 plots based on the fact that reversing the order of the elements
in a coefficient vector time-reverses the real pulse waveform,
thereby conjugating its Fourier transform but leaving the EIRP

antenna to the receiving antenna terminals, and its effepinsity unchanged. As an example, consider set of 2-tuples
must be removed by calibration or analytically [16], [17]. Thigepresented by the coefficient mat$x Here M = 2, Q| =
explains the use of the inverse receive antenna transfer functigh o — {-3,-1,1,3} andN = 16 (see (13)), where the set

in Figure 2.In summary, Q was formed from (see (14)). Then the coefficient mafix
Heo(f) = Hom (/) Hrstine () Head ) H ' (f), (20) 1S GV by

and all of these factors must be considered in the modellingS =
process.

-3 -1 1 3 -3 -1 1 3
-3 -3 -3 -3 -1 -1 -1 -1
-3 -1 1 3 -3 -1 1 3
V1. SEARCH SPACE REDUCTION 1 111 3 333/ (24)

We implemented an exhaustive search for DAC'generatEﬂminating all but one of each set of equivalent column

pulse waveforms that have the highest efficiengy. For. a giV@Qctors from the coefficient matrix produces a mafixhose
set of the parametef®, Heq M and N and assuming uniform columns are equivalence class representatives.

symmetric quantization in the DAC, this involves constructing
the coefficientS;;« ., and for each colums,, of the matrix, §— -1 -1 1 1 (25)
compute the corresponding,,p,,(t), |A,P.(f)]* and mask- -1 -3 -3 -1

filling efficiency 7, This chain of mappings from,, 0 7, IS Thig matrix is not unique, the only requirement being that one

many-to-one, We can construct an equivalence relation of tRa‘:presentfiltive from each equivalence class should appear as a

form column inS. Applying the pulse waveform selection procedure
sj=sp <= |APi(f)? = |AP(f)? (21) to the set pulse waveforms generated by the columnS of

will find the equivalence class representative of the set of

that creates equivalence classes of coefficient vectors Whighymns that produce waveforms with the highest mask-filling
produce the same EIRP density and hence the same mastisiency.

filling efficiency. In the search for the coefficient vectors
s, that produce waveforms with the highest mask-filling VIl. RESULTS AND CONCLUSIONS

efficiency, the efficiency of only one coefficient vector from Results of searches for various sets of parameters are typical
each equivalence class needs to be evaluated. Under (21), §¢he results shown in Figures 4-6 where 4 shows the three
coefficient vectorss; ands;, will be equivalent if either waveforms with the highest efficiency. Figure 5 indicates that
(22) the optimal waveformpx(t) € P* are rare events. This was
typical of all antennas investigated. Figure 6 summarizes in 3D
for some (positive or negative) constantor space, the search results of the Large TEM Horn. Different
. surface plots were observed for the small TEM horn and
Sjm = Skp—1-m forallme{0.1,..., M—1}. (23) diamond dipole antennas, using the same search parameters as
The first condition (22) involves scaling which is compensatéd the large TEM horn. It was observed that we get different
in the search algorithm by adjusting the weighy, in step optimal designs for different parameters e.g., antennas and
1 of the selection procedure. The second condition (23)iis all cases low levels of efficiency were achieved. This

S; = CSk
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The efficiencies of the sample designs given here are low, but
there is room for significant improvement by decreasing the
reproduction timeTy, increasing the number of quantization
levels|Q|, increasing the time support of the pulse waveform
p(t), inserting high-pass filters in the signal path to assist in
staying below the mask fof < 3.1 GHz, etc.
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