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Abstract—In-car wireless data communications systems require
a short-range unlicensed radio communications technology that
causes a very low level of interference in the other, already
deployed radio links and networks, offers low and medium data
rate, can reuse the already occupied radio-frequency (RF) bands,
and assures low probability of message collisions. Ultrawide band
(UWB) impulse radio employs RF pulses with very short duration
to carry the information; consequently, it is an optimal candidate
for the in-car wireless communications and intravehicular wireless
sensor networks. Data rate and shape of RF carrier pulse
determine the performance of a UWB radio link. To limit the
interference caused, the maximum power radiated by an UWB
device is restricted by the Federal Communications Commission
(FCC) in the U.S. Introducing a new mathematical model and
starting from the FCC regulations, analytical expressions for the
calculation of FCC power limits are derived here. It is shown that
the low- and high-rate UWB impulse radio systems are peak and
average power limited, respectively. The relationship between the
mathematical model and the parameters of an UWB carrier pulse
used in a built UWB radio is established. The performances of
RF carrier pulses known from the literature are evaluated and
compared. All expressions derived are verified by measurements.

Index Terms—Federal Communications Commission (FCC)
compliance of ultrawide band (UWB) impulse radio (IR), intrave-
hicular communications, UWB IR communications systems.
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was supported by the ARTEMIS JU and the Hungarian National Research,
Development and Innovation Fund in the framework of the R5-COP project.
The collaboration of Hungarian and Chinese researchers was supported in part
by the Chinese State Administration of Foreign Experts Affairs Agency in the
framework of the High-end Foreign Experts Recruitment Program. The review
of this paper was coordinated by Dr. D. W. Matolak.
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I. INTRODUCTION

THERE are many applications in vehicle engineering from
tire pressure monitoring [1] to intravehicle ranging [2]

where wireless data communications technology has to be used.
The theoretical studies and measurements performed in real ap-
plication environments have shown that the propagation condi-
tions are very severe in the in-car radio communications because
the radio channel suffers from multipath and its parameters are
time variant [3]–[5].

In addition to the severe channel conditions, in-car wire-
less data communications systems have to meet special ap-
plication requirements: 1) Compared to the conventional so-
lutions, a short-range radio communications technology is re-
quired, which is suitable for unlicensed operation and can work
in ad hoc networks; 2) the already occupied radio frequency
(RF) bands have to be reused, however, only a very low-level of
interference can be caused in the other, already deployed radio
links and networks; and 3) low probability of message collision
has to be assured.

Ultrawide band impulse radio (UWB IR) uses RF pulses with
very short duration, typically in the order of a nanosecond, to
carry the digital information [6]–[9]. The energy of radiated
UWB IR signal is spread almost uniformly over an ultrawide
frequency band, consequently, if the power spectral density is
kept low enough, then the UWB IR signal will not cause a
significant interference in the already deployed narrow-band
radio links sharing the same frequency band.

The interior of a vehicle is an inherently dense multipath
data communications environment. The narrow pulses with low
duty cycle and the UWB feature of UWB IR communications
assure robust operation in intravehicular applications [10] and
can provide high resistance against narrow-band interferences
caused by conventional communications systems [11]. The ex-
tremely short pulse durations keep the probability of message
collision very low even in an ad hoc network. These properties
make UWB IR technology an optimal candidate for in-car wire-
less communications and vehicular wireless sensor networks
(VWSNs) [12].

To limit the interference to other radio links, the maximum
power level radiated by an UWB device is restricted by the
Federal Communications Commission (FCC) in the U.S. [13].
By now the FCC regulations have been accepted and adopted
worldwide.
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UWB IR communications technology has become a hot
research topic. An IEEE 802 Standard for wireless personal
and local area networks (WPANs/WLANs) exploiting UWB
IR technology was published in 2007. Since then a lot of
amendments and revisions have been approved, the latest
version of IEEE 802.15.4 Standard was approved in 2015
[14].

Many UWB IR radio devices have been built for WPAN/
WLAN applications and field tests have been carried out. The
field tests have revealed that the FCC-compliant UWB IR de-
vices have only a few-meter radio range [15], consequently, they
can only be used in wireless in-car communications, VWSNs
and body area networks.

This contribution gives a theoretical reasoning of the short
UWB IR radio coverage. It investigates the feasibility of FCC-
compliant UWB impulse radio links by deriving closed-form
theoretical expressions. It is shown that the FCC regulations
allow to radiate only such a low power that strictly limits the
application areas of UWB IR technology to those ones where
only a few-meter radio range is required.

To perform the investigations, two basic characteristics of an
UWB IR transmitter have to be fixed: 1) the power radiated and
2) the shape of radiated waveform.

The FCC regulations give the power limits on an UWB ra-
diator but they say nothing about the shape of the UWB IR
waveform. Different shapes can be used by the different manu-
facturers but interoperability has to be assured.

Neither an industrial standard nor an IEEE Standard is avail-
able for the UWB IR-based in-car communications. Because the
IEEE 802.15.4 Standard satisfies all requirements of in-car com-
munications and VWSN applications, the IEEE Std. 802.15.4
of 2015 is considered here.

Section II surveys the relevant parts of the FCC regulations
and IEEE 802.15.4 Standard. The victim narrow-band receiver
is modeled by a bandpass filter in the FCC regulations and
the interference caused by an UWB radiator is specified at the
output of that filter. To limit all kinds of interferences, the FCC
regulations define two bandpass filters, and the peak and average
power levels of UWB interference are measured at the output of
those filters.

Section III surveys the IEEE Standard-compliant UWB car-
rier pulse envelopes published up to now and establishes a uni-
fied mathematical model which 1) can be applied to any kind
of UWB IR waveforms and 2) is suitable for the derivation of
closed-form expressions for both FCC power limits. The uni-
fied mathematical model relies on the fact that the bandwidth
of an UWB IR pulse is always much larger than that of the
two FCC bandpass filters. Therefore, the UWB carrier pulse
can be considered as an impulse excitation to the FCC bandpass
filters and the FCC power limits can be determined from the
impulse responses of the FCC filters. The unified model assures
that the theory derived here can be applied to any UWB IR
carrier.

Section IV derives analytical expressions for the FCC peak
and average power limits. The peak power limit is calculated in
the time domain while the average power limit is determined
from the Parseval’s relation. To get closed-form expressions,

piecewise linear approximations of Jacobi theta functions are
used. The validity of approximations have been verified by mea-
surements.

The importance of the analysis method developed here goes
beyond the study of UWB IR systems because it can be used
everywhere, where 1) the response of a bandpass filter to a
train of arbitrary RF pulses has to be determined or 2) the
peak and average power levels of a pulsed RF signal are mea-
sured by a spectrum analyzer. Until now, only heuristic equa-
tions have been available for this purpose which made the
measurement of pulsed RF signals by a spectrum analyzer
inaccurate [16], [17].

Section V interprets the theoretical expressions obtained and
determines the maximum peak level of generalized UWB IR
carrier pulse envelope allowed by the FCC regulations as a
function of the pulse repetition frequency. The result obtained
confirms theoretically two phenomena observed in built UWB
IR systems: 1) The low- and high-rate UWB IR links are peak
and average power limited, respectively [18], and 2) the radio
coverage of FCC-compliant UWB IR systems is limited in a
few meters by the very low energy allowed to transmit one bit
information.

The shape of UWB IR carrier pulse envelope and the data rate
are free design parameters. Section V determines the optimum
data rate where the maximum radio coverage is achieved and
compares the performances of different RF carrier pulses known
from the literature.

Section VI draws the conclusion.

II. RESTRICTIONS ON UWB IR CARRIERS

Short-range unlicensed radio communications technology de-
veloped for in-car and VWSN applications has to comply with
the FCC regulations [13]. The FCC regulations restrict the maxi-
mum allowable level of interference caused by an UWB radiator
to other radio systems but say nothing about the UWB system
parameters. Another, a vehicle specific standard is required to
define the channel bandwidths and frequencies, shape of UWB
IR carrier pulse and data rate. The duty of vehicle specific stan-
dard is to assure interoperability among the UWB radio devices
produced by different manufacturers.

A vehicle-specific UWB IR standard has not yet been elabo-
rated but an IEEE standard where the UWB IR technology can
be used to implement the physical layer (PHY) is available. De-
pending on the UWB IR carrier pulse repetition frequency two
versions of UWB PHY are specified in the IEEE Std. 802.15.4-
2015 [14], the high-rate pulse (HRP) and low-rate pulse (LRP)
PHYs. However, the IEEE Standard provides a detailed specifi-
cation only for the HRP UWB IR system.

Since the specification given in the IEEE Std. 802.15.4-2015
for the HRP UWB IR physical layer satisfies the requirements
of in-car and VWSN applications, that IEEE Standard will be
used here to define the missing UWB PHY parameters.

To simplify our terminology, the two restrictions on UWB IR
carriers are referred to as FCC regulations and IEEE Standard
in the rest of this paper.
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A. FCC Limits on Radiated UWB IR Signals

Restrictions on UWB IR signals were published by FCC in
2002 [13]. To limit the interference to other radio systems, the
peak and average values of equivalent isotropically radiated
power (EIRP) transmitted by an UWB device are limited.

1) “There is a limit on the peak level of the emissions con-
tained within a 50-MHz bandwidth centered on the fre-
quency at which the highest radiated emission occurs · · ·
That limit is 0-dBm EIRP.”

2) The average “radiated emissions · · · shall not exceed”
− 41.3-dBm EIRP “when measured using a resolution
bandwidth of 1 MHz” over the frequency band of 3.1–
10.6 GHz.
“The RMS average measurement is based on the use of a
spectrum analyzer with a resolution bandwidth of 1 MHz,
an RMS detector, and a 1-ms or less averaging time.”

The former and latter restrictions are referred to as FCC
peak and average power limits in the rest of our investi-
gations. A built UWB transmitter has to comply with both
restrictions.

EIRP is the product of the power supplied to the antenna input
and the antenna gain relative to an isotropic antenna. To avoid
confusion, EIRP and the output power of the UWB transmitter
will not be distinguished here. Because EIRP is limited by the
FCC regulations, the equations derived here always refer to the
radiated power, i.e., EIRP.

The 50-MHz and 1-MHz RF bandpass filters are referred to
as FCC bandpass filters in the rest of this contribution.

B. Requirements of IEEE Standard

The IEEE Standard gives the specification for the PHY of
an UWB IR transceiver [14]. Altogether 16 RF UWB channels
and four different bandwidths are defined where the 3-dB RF
bandwidth of an HRP UWB channel can be set to one of the
following values: 499.2, 1081.6, 1331.2, and 1354.97 MHz.
The transmit spectrum mask is also specified for each HRP
UWB channel and the 10-dB RF bandwidth of transmit spectrum
mask exceeds considerably the channel bandwidth given in the
HRP UWB PHY band allocation table. To avoid confusion,
the RF channel bandwidths defined in the HRP UWB PHY
band allocation table will be used here to identify the different
implementations.

The implementation of the UWB pulse generator is the key
issue in the design of UWB transceivers. To give a high level
of freedom to circuit designer, the IEEE HRP UWB Standard
does not specify the exact shape of the UWB carrier. Any kind
of UWB pulses can be used provided that

1) it satisfies the FCC regulations;
2) it obeys the transmit spectrum mask of IEEE Standard;
3) its correlation with a reference pulse exceeds a specified

level.
UWB transceivers using different UWB carriers have to op-

erate in the same network. To assure interoperability, the IEEE
Standard defines a reference pulse and specifies the properties
of cross correlation between the envelope of an UWB pulse used
by an IEEE 802.15.4-compliant HRP UWB IR transceiver and

the reference pulse

r(t) =
4β

π
√

Tp

cos
[
(1 + β) πt

Tp

]
+

sin
[
(1−β ) π t

T p

]

4β t
T p

1 −
(

4β t
Tp

)2 . (1)

The reference pulse is a square-root raised cosine (SRRC) func-
tion, where Tp denotes the channel-dependent pulse duration
specified in the IEEE Standard and β = 0.5 is the roll-off fac-
tor.

The normalized cross correlation of the reference pulse (1)
with the envelope of an IEEE 802.15.4-compliant UWB IR
carrier pulse has to meet the following two requirements:

1) magnitude of its main lobe shall be at least 0.8 over
a channel-dependent duration Tw specified in the IEEE
Standard;

2) peak value of the magnitude of all other side lobes shall
be no greater than 0.3.

A short remark on notation: many times the same letter com-
bination is used as both an abbreviation and a variable. The ab-
breviations are given in capital roman fonts, while the variables
are typed in italics. If an abbreviation is also used as a variable
or appears in a variable, then it is given in capital roman font
in this contribution. For example, SRRC stands for square-root
raised cosine, however, it is also a part of the variable r[SRRC](t)
in (2) of Section III-B.

III. MATHEMATICAL MODEL

The UWB circuit and system designers need the following
two basic parameters:

1) the peak level A of the envelope of the UWB pulse gen-
erated at the transmitter;

2) the energy Ep carried by one UWB IR pulse.
To improve the radio coverage, the IEEE Standard allows

to use more than one UWB IR pulse to transmit one bit of
information [14]. This idea has been also exploited in VWSN
applications [19]. This is why a distinction is made here between
the energy carried by one UWB IR pulse and the energy per bit.
The latter one is given by Eb = M × Ep where M denotes
the number of pulses used to transmit one bit of information
and Ep is the energy carried by one UWB IR pulse. Note, A
determines the required output voltage swing to be assured at
the UWB transmitter, while Eb determines the attainable radio
coverage.

This paper provides the relationship among these UWB pa-
rameters and the FCC regulations. Only those UWB pulses,
which satisfy the IEEE HRP UWB Standard are considered
here. To derive analytical expressions, first the FCC regulations
have to be interpreted and a unified mathematical model valid
for each UWB IR carrier pulse has to be elaborated.

A. Interpretation of FCC Regulations

As discussed in Section II-A, the FCC regulations rely on a
bandpass filter with two different bandwidths: 50 MHz for the
peak and 1 MHz for the average power limit measurements.
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Fig. 1. Unified mathematical model for the interpretation of FCC regulations.

The FCC regulations not only give the power limits but also
provide instructions on how those limits have to be measured.

Let P FCC
peak and P FCC

avg denote the FCC peak and average power
limits, respectively. The mathematical model constructed from
the FCC regulations is depicted in Fig. 1, where gT (t) denotes
the train of UWB IR carrier pulses to be tested, hFCC(t) is the
impulse response of the FCC bandpass filter, ωCF and RBW give
the center frequency and resolution bandwidth, respectively, of
that filter. The periodicity of UWB IR signals is reflected by
the upper index T . Note, the FCC peak limit is determined
from the peak value of the FCC filter output yT (t), while the
measurement of the FCC average limit needs an RMS detector
(RMS DET) and averaging (AVG).

The rate at which an IEEE 802.15.4-compliant UWB IR trans-
mitter emits pulses is given by the pulse repetition frequency
(PRF), its maximum value is limited to 499.2 MHz [14]. The
FCC regulations have been elaborated to limit the interference
caused by the UWB radiators. They specify neither the shape
nor the number of UWB IR pulses used to carry one bit of
information. The PRF is the only parameter that has to be con-
sidered during the derivation of FCC power limits. Note that
T = 1/PRF.

Because the exact shape of the UWB IR carrier is not speci-
fied, many different UWB IR carrier pulses have been proposed
in the literature [8], [20]–[24]. To cover all of these UWB IR
carrier pulses, a unified mathematical model is developed first.
In the unified model, depicted in Fig. 1, the train gT (t) of UWB
IR carrier pulses emitted by the built UWB transmitter under test
is approximated by the product of a train pT

δ (t) of Dirac delta
functions and a pulse-shape-dependent weighting factor K. The
validity of this approximation follows from the fact that, accord-
ing to the FCC regulations, the 10-dB RF bandwidth of a UWB
signal has to be at least 500 MHz, consequently, the bandwidth
of an UWB IR signal is always much greater than that of the
FCC bandpass filter. If so then, over the frequency band where
the frequency response of the FCC filter is not negligible, the
spectrum of gT (t) can be substituted by the spectrum of a train of
weighted Dirac delta functions. Therefore, the UWB pulse can
be considered as an impulse excitation to the FCC filter and the
FCC regulations are directly related to the impulse response of
the FCC filter. For all details on UWB IR signal decomposition
and the validity of this approximation refer to Section III-C.

B. IEEE 802.15.4-Compliant UWB IR Carrier Pulses

A number of functions have been proposed to implement the
envelope of an UWB IR carrier. Many of them do not satisfy

the IEEE Standard. This section surveys the IEEE 802.15.4-
compliant UWB IR pulses known from the literature.

The use of an SRRC function, that is, the reference pulse as
the envelope of UWB IR carrier gives the trivial solution. The
peak level A of envelope appears at t = 0 and the SRRC UWB
IR pulse is obtained from (1) as

r[SRRC](t) = A
4β

β(4 − π) + π

×
cos
[
(1 + β) πt

Tp

]
+

sin
[
(1−β ) π t

T p

]

4β t
T p

1 −
(

4β t
Tp

)2 .

(2)

The reason, which prevents the use of the reference pulse in its
original form is that it cannot be generated by simple CMOS
microwave circuits.

The Gaussian pulse [8] is often considered as an UWB enve-
lope in theoretical investigations because it and its derivatives
are convenient to be expressed and manipulated mathematically.
The Gaussian pulse takes the form

p[GAUSS](t) = A exp
(
− t2

2u2
B

)
(3)

where A, as before, is the peak level of envelope and uB is
determined by the 10-dB RF bandwidth 2fB of the UWB carrier

uB =
1

2πfB

√
log10(e)

.

Researchers at Massachusetts Institute of Technology (MIT)
approximated the Gaussian pulse in their built UWB transmitter
by a tanh pulse [20]

p[TANH](t) = 0.545A

[
1−tanh

(
4.4

3.99uB
|t| − 1.2

)]
. (4)

In an alternative MIT solution, the response of a second-
order low-pass filter to a square wave input was used as pulse
envelope [18]

p[FILT](t) = A ×
⎧
⎨

⎩

0, if t < 0
f(t), if 0 ≤ t < τ
f(t) − f(t − τ), if t ≥ τ

(5)

where τ denotes the pulsewidth and

f(t) = 1 − 1
0.6

exp
(
−3.2

t

τ

)
sin
[

2.4
t

τ
+ arccos(0.8)

]
.

(6)
The constants in (4) and (6) had been determined in such a

way that the mean squared error measured between the UWB
IR pulse envelopes proposed by MIT and the Gaussian one was
minimized. As before, A denotes the peak level of envelopes in
(4) and (5).

The aforementioned equations give only the envelope of an
UWB IR carrier pulse. To get the UWB IR carrier, these sig-
nals are up-converted into the microwave frequency region by a
mixer

g[·](t) = p[·](t) cos(ωC t) (7)
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where the upper index [·] identifies the type of envelope and
ωC = 2πfC is the center frequency of the UWB radio channel.

C. Unified Model for UWB IR Carrier Pulses

As shown on the left side of Fig. 1, the train of UWB IR
carrier pulses is approximated by a periodic impulse train

gT (t) = g[·],T (t) ≈ KpT
δ (t) (8)

where the weighting factor K depends on the type of envelope.
Its values for the IEEE 802.15.4-compliant UWB IR carrier
pulses are determined in this section.

To prove the validity of approximation (8), the spectra of
KpT

δ (t) and g[·],T (t) have to be compared. If the two spectra
are equal to each other over the frequency band where the mag-
nitude of frequency response of the FCC bandpass filter is not
negligible, then approximation (8) holds.

Spectrum of an impulse train is given in the literature [25]

F {KpT
δ (t)

}
=

K

T

∞∑

k=−∞
δ

(
f − k

T

)
. (9)

Next, the spectra of the trains of UWB carrier pulses have to be
determined.

Consider an UWB IR carrier where the envelope is a Gaussian
pulse. Then, one period of the UWB IR carrier pulse train is
obtained by substituting (3) into (7)

g[GAUSS](t) = A exp
(
− t2

2u2
B

)
cos(ωC t) .

The Fourier series coefficients of a periodic signal can be
determined from the Fourier transform of one period [25]. The
Gaussian envelope decays rapidly as a function of time, conse-
quently, g[GAUSS](t) is negligible outside the period time T and
the Fourier transform of one period is obtained as

F
{

g[GAUSS](t)
}

= A

√
2π uB

2

[
exp

(
−2 [πuB (f − fC )]2

)

+ exp
(
−2 [πuB (f + fC )]2

)]
.

(10)

The Fourier series coefficients of the periodic g[GAUSS],T can
be determined from (10) and the spectrum of the train of UWB
IR carrier pulses is obtained from its Fourier series expansion
as

F
{

g[GAUSS],T (t)
}

= A

√
2π uB

2T

×
∞∑

k=−∞

[

exp

(

−2

[
πuB

(
k

T
− fC

)]2
)

δ

(
f − k

T

)

+ exp

(

−2

[
πuB

(
k

T
+ fC

)]2
)

δ

(
f − k

T

)]

.

(11)

Approximation (8) holds if the following two conditions are
met:

1) spectra of (9) and (11) are identical at

f =
k

T
≈ fC (12)

2) variation in F {g[GAUSS],T (t)
}

is negligible in the fre-
quency band of interest.

The weighting factor K is obtained from condition 1 by sub-
stituting (12) into (9) and (11). The second term in the right-hand
side (RHS) square bracket of (11) becomes almost zero when
it is evaluated about fC . Neglecting this term and equalling (9)
and (11) at f ≈ fC , K is obtained for the Gaussian envelope as

K =
√

2π uB

2
A .

To verify condition 2, the maximum variation in the spec-
trum lines of the Gaussian UWB IR carrier pulse train given by
(11) has to be determined over the frequency range where the
frequency response of the 50-MHz FCC bandpass filter is not
negligible.

The FCC regulations are checked by a spectrum analyzer
where the FCC bandpass filters are implemented by the RF
bandpass filter of the spectrum analyzer. Almost all spectrum
analyzers use a Gaussian filter to set the resolution bandwidth
[16], [26]. The attenuation of a Gaussian filter increases rapidly
as a function of detuning, for example, the attenuation of a
50-MHz bandwidth Gaussian filter at 64.44-MHz detuning is
20 dB.

Due to this high attenuation, the contribution of the spec-
trum lines to P FCC

peak and P FCC
avg at the FCC filter output can be

neglected beyond 64.44-MHz detuning. Consequently, the max-
imum variation in F {g[GAUSS],T (t)

}
, denoted by varmax , has to

be evaluated up to this value of detuning. For a Gaussian UWB
IR carrier, varmax = 0.67 dB and it causes only a negligible
error in the FCC power limits to be derived later, in Section IV.

Table I gives varmax for the IEEE 802.15.4-compliant UWB
IR carrier pulses surveyed in Section III-B. Note, varmax is
negligible in all cases.

The value of weighting factor K depends on the type of
envelope. For the IEEE 802.15.4-compliant UWB IR carrier
pulses, the weighting factors and the energies carried by one
UWB IR pulse are given in Table I as a function of the peak
level A of envelope. The FCC regulations set an upper limit on
K from which both the required voltage swing 2A at the UWB
transmitter output and the energy Ep carried by one UWB IR
pulse can be determined. The relationship between K and the
FCC regulations is established in the next section.

Table I also gives the equations that express the energy car-
ried by one pulse as a function of the peak level of envelope.
The UWB waveform is measured over Z0, the characteristic
impedance of the UWB system. These equations will be used
later for the calculations of UWB IR system parameters.

IV. DERIVATION OF PEAK AND AVERAGE POWER LIMITS

Section III-C has proved that an UWB IR signal can be con-
sidered as an impulse excitation to the FCC bandpass filter. The
FCC limits are derived from yT (t) of Fig. 1, that is, from the
output of the FCC filter.
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TABLE I
PARAMETERS OF THE IEEE 802.15.4A-COMPLIANT UWB IR CARRIERS

[SRRC] varm a x 0.10 dB

K
Tp π

2β (4 − π ) + 2π
A

Ep
Tp

[(1 − β ) + 4β/π ]2

A 2

2Z0

[GAUSS] varm a x 0.67 dB

K

√
2πuB

2
A

Ep
√

πuB
A 2

2Z0

[TANH] varm a x 0.73 dB

K
3.99uB ln(1 + e2. 4)
4.4[1 + tanh(1.2)]

A

Ep
3.99uB [2 ln(e2. 4 + 1) − tanh(1.2) − 1]

2.2[1 + tanh(1.2)]2

A 2

2Z0

[FILT] varm a x 0.15 dB

K
τ

2 − 2
0.6

e−3. 2 sin[2.4 + arccos(0.8)]
A

Ep ≈ 0.7464τ
A 2

2Z0

According to the FCC regulations, the FCC peak power limit
can be measured, while the average power limit has to be mea-
sured by a spectrum analyzer. Let both P FCC

avg and P FCC
peak be

measured by a spectrum analyzer. Therefore, in our investi-
gations, the FCC filters are Gaussian bandpass filters with an
impulse response

hFCC(t) =
2√
2π λ

exp
[
− (t − τCF)2

2λ2

]
cos [ωCF(t − τCF)]

(13)
where τCF is the total delay of the spectrum analyzer, and

λ =

√
2 ln

√
2

π RBW
. (14)

As shown in Fig. 1, ωCF and RBW are the center frequency
and the 3-dB bandwidth, respectively, of the FCC bandpass
filter. Note, two different values of λ will be used later because
different RBW s have to be used to calculate the FCC peak and
average power limits. Also note, that ωC may differ from ωCF

since according to the FCC regulations the power limits have to
be checked at the frequency of highest radiation.

The mathematical model of Fig. 1 shows that the response of
the FCC filter to a single isolated UWB IR carrier pulse g(t) is

y(t) =
2K√
2π λ

exp
[
− (t − τCF)2

2λ2

]
cos [ωCF(t − τCF)] . (15)

However, an UWB radiator transmits a sequence of UWB
pulses and the FCC filter output becomes a periodic signal with
a period T . This periodicity is reflected by the upper index T
in yT (t). Since the FCC filter is a linear time-invariant circuit,
the superposition theorem can be applied and yT (t) can be
expressed as a sum of delayed and weighted impulse responses
of the FCC filter. This periodic output is shown in Fig. 2, where
not only yT (t) but also its envelope is plotted by a dashed curve.
In the case shown in the figure PRF � RBW, consequently, the

Fig. 2. Periodic output yT (t) of the FCC filter when PRF � RBW and over-
lapping does not occur. Solid and dashed curves show the FCC filter output and
its envelope, respectively.

impulse responses to the individual UWB pulses do not overlap
one another. The effect of overlapping will be taken into account
later in Sections IV-A and IV-B where yT (t) will be used to
derive both the FCC peak and average power limits.

A. FCC Peak Power Limit

The FCC peak power limit restricts the peak output power of
the 50-MHz FCC bandpass filter to 0 dBm. The center frequency
of FCC bandpass filter has to be set to the frequency at which
the highest radiated emission occurs.

The FCC peak power limit can be calculated from the peak
voltage of the FCC filter output in the time domain. To get the
peak power, only the peak voltage has to be expressed and the
calculation can be simplified by considering only the envelope
of the FCC filter output

y(t) ≤ yenv(t) =
2K√
2π λ50

exp
[
− (t − τCF)2

2λ2
50

]

where λ50 is obtained from (14) by substituting RBW =
50 MHz.

When PRF � RBW overlapping does not occur. This situa-
tion is shown in Fig. 3, where the Gaussian waveform depicted
is the envelope of the bandpass RF signal measured at the FCC
filter output (see dashed curve in Fig. 2). Note, the envelope
yT

env(t) is a periodic waveform with the period time T = 1/PRF
and its peaks appear at τCF ± nT, n = 0, 1, 2, . . . .

In the general case, overlapping occurs. In Fig. 4, the dashed,
dotted and dash-dotted curves give the envelopes of FCC filter
responses to three consecutive individual UWB pulses, while
the resultant output envelope is shown by the solid curve. Only
three individual responses are plotted in the figure, the presence
of the other ones is marked by three dots on both sides. A few
important conclusions can be drawn, which are as follows.

1) Since the worst-case situation has to be considered and
the superposition theorem is applicable to the FCC filter,
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Fig. 3. Envelope of the FCC filter output when PRF � RBW. Note that
the FCC filter outputs generated by the individual UWB pulses are separated
completely. The time elapsed between two consecutive peaks is equal to T =
1/PRF.

Fig. 4. Envelope of the FCC filter output when PRF > RBW. Dashed, dotted,
and dash-dotted curves give the envelopes of FCC filter responses to three
consecutive individual UWB pulses, while the solid curve gives the resultant
output envelope. Note that the FCC filter outputs generated by the individual
UWB pulses well overlap one another.

the individual responses have to be summed and the peaks
increase in value with increasing overlapping.

2) The peaks of the FCC filter output appear at τCF ±
nT, n = 0, 1, 2, . . . .

Let the peak power be calculated at t = τCF. Then, the peak
value of the FCC filter output is

yT
env(τCF) = 2K√

2π λ50

(
· · · + exp

[
− (T )2

2λ2
50

]
+ 1

+ exp
[
− (−T )2

2λ2
50

]
+ · · ·

)

= 2K√
2π λ50

∑∞
n=−∞ exp

[
− (nT )2

2λ2
50

]
(16)

where the three terms in the bracket give, from the left to the
right, respectively, the contributions of the dashed, dotted, and
dash-dotted curves plotted in Fig. 4.

Exploiting the symmetry of the exponential terms, we put
(16) into the form

yT
env(τCF) =

2K√
2πλ50

(

1 + 2
∞∑

n=1

exp
[
− (nT )2

2λ2
50

])

. (17)

To get a closed-form expression for the FCC peak power limit,
the sum of exponentials in (17) has to be determined.

The Jacobi theta functions are defined in mathematics. One
of them takes the form in the notation of Whittaker and Watson

Fig. 5. Jacobi theta function for z = 0 and q = exp
[
− 1

2(λ50PRF)2

]
.

[27] as

ϑ3(z, q) = 1 + 2
∞∑

n=1

qn2
cos(2nz) (18)

where q and z denote the nome and argument, respectively.
A comparison of (17) and (18) shows that if we substitute

z = 0 and q = exp
(
− T 2

2λ2
50

)
= exp

[
− 1

2(λ50PRF)2

]
in (18), then

the peak voltage of FCC filter output can be expressed by the
Jacobi theta function as

yT
env(τCF) =

2K√
2πλ50

ϑ3

(
0, exp

[
− 1

2(λ50PRF)2

])
. (19)

Although an analytical expression is not available for the calcu-
lation of ϑ3(z, q), its value can be determined numerically [28].

The result of numerical calculation is shown in Fig. 5 where
the Jacobi theta function is plotted for z = 0 as a function of the
product of λ50PRF. Note, for z = 0, the Jacobi theta function can
be approximated by a piecewise linear function with a negligible
error

ϑ3 (0, λ50PRF)

=
{

1, if λ50PRF ≤ 1/
√

2π√
2π λ50PRF, otherwise.

(20)

Using this approximation, all equations are available to express
the peak power at the FCC filter output in the analytical form.

Let the FCC bandpass filter be terminated by Z0. As shown by
Figs. 3 and 4, the peak voltage at the FCC filter output appears at
t = τCF ± nT, n = 0, 1, 2, . . . and the peak power is obtained
as

Ppeak =

[
yT

env(τCF)
]2

Z0
. (21)

Substituting (19) into (21) and taking into account the piece-
wise linear approximation of (20), the peak power at the FCC
bandpass filter output is obtained as

Ppeak =
2

πλ2
50

K2

Z0

×
{

1, if λ50PRF ≤ 1/
√

2π
2π(λ50PRF)2, otherwise.

(22)
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The FCC peak power limit restricts Ppeak to 1 mW.
Equation (22) establishes the relationship between Ppeak and the
UWB pulse-shape-dependent weighting factor K introduced in
the unified mathematical model of Fig. 1. Then, the peak level of
an IEEE 802.15.4-compliant UWB envelope can be calculated
from K, the equations required are given in Table I.

B. FCC Average Power Limit

Checking of the FCC average power limit requires a spec-
trum analyzer with a resolution bandwidth of 1 MHz, an RMS
detector, and a 1-ms or less averaging time. The block diagram
of measurement setup is shown in Fig. 1.

The output of the FCC bandpass filter is a periodic signal
that can be represented by its Fourier series. Since the Parse-
val’s Relation establishes the relationship between the average
power of a periodic signal and the absolute values of its Fourier
coefficients, the FCC average power limit is derived here from
the Fourier coefficients of yT (t). The steps of investigation are
as follows.

1) First, the Fourier coefficients of KpT
δ (t) are calculated.

2) Then, those of FCC filter output are derived.
3) The average power measured at the FCC filter output is

determined from the Parseval’s relation.
The FCC filter is driven by a sequence of weighted Dirac

delta functions Kpδ (t). The Fourier coefficients of this periodic
excitation KpT

δ (t) can be calculated from the Fourier transform
of one period [25] as

ak =
1
T
F {Kpδ (t)}

∣∣∣∣
f = k

T

=
K

T
δik

where δik is the Kronecker delta function, i = fT and k =
0,±1,±2, . . . .

The Fourier coefficients of the periodic FCC filter output
yT (t) are obtained as

bk = HFCC(f)
∣
∣∣∣
f = k

T

ak =
K

T
HFCC(f) δ(f T )k

=
K

T
HFCC

(
k

T

) (23)

where the frequency response of the Gaussian FCC filter is
retrieved by taking the Fourier transform of (13)

HFCC(f) =
[
exp

(−2[πλ1(f + fCF)]2
)

+ exp
(−2[πλ1(f − fCF)]2

)]
exp(−j2πfτCF).

(24)

Recall, λ1 is obtained from (14) by substituting RBW = 1 MHz.
As shown by (23), except a weighting factor K/T , the Fourier

coefficients bk are determined by the frequency response of the
Gaussian FCC bandpass filter.

The average power at the FCC filter output can be calculated
from the Parseval’s relation

Pavg =
1
Z0

∞∑

k=−∞
|bk |2 =

1
Z0

(
K

T

)2 ∞∑

k=−∞

∣∣∣∣H
FCC

(
k

T

)∣∣∣∣

2

.

(25)
The next step is the determination of the sum on the RHS

in closed form. Recall, the FCC average power limit has to be
checked by a narrow-band bandpass filter, where

1) |HFCC(0)| = 0;
2) fCF � RBW = 1 MHz, that is, overlapping between the

two exponential terms, given in the bracket on the RHS in
(24), does not occur.

Considering these conditions and substituting (24) into (25),
we get

Pavg =
4
Z0

(
K

T

)2 ∞∑

k=1

exp

(

−4

[
πλ1

(
k

T
− fCF

)]2
)

.

(26)
Always the worst-case scenario has to be considered in the

FCC regulations. In general k/T ≈ fCF but the maximum of
(26) is obtained when fCF is an entire multiple of PRF = 1/T .
Let a new variable n = k − fCFT be introduced in (26); then,
we get

Pavg =
4K2

Z0T 2

∞∑

n=1−fCFT

exp

[

−4

(
π

λ1

T
n

)2
]

. (27)

The exponential term is an even function of n and it decays
very rapidly as a function of n. Therefore, (27) can be well
approximated by

Pavg =
4K2

Z0T 2

(

1 + 2
∞∑

n=1

exp

[

−4

(
π

λ1

T
n

)2
])

. (28)

A comparison of (28) and (18) shows that the term in the bracket
on the RHS of (28) is equal to the Jacobi theta function with
z = 0 and q = exp[−4(πλ1PRF)2]. As shown in Section IV-A,
this Jacobi theta function can be approximated by a piecewise
linear function with a negligible error and the average power is
obtained as

Pavg = 4 (PRF)2 K2

Z0

×
{

1/(
√

4π λ1PRF), if λ1PRF ≤ 1/
√

4π
1, otherwise.

(29)

The FCC average power limit restricts Pavg to −41.3 dBm.
Equation (29) establishes the relationship between Pavg and the
UWB pulse-shape-dependent weighting factor K.

Since an UWB IR transmitter has to obey both FCC limits,
an UWB IR system may be either peak [see (22)] or average
[refer to (29)] power limited depending on PRF = 1/T . This
issue will be discussed later in Section V.
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Fig. 6. Measurement of the envelope of yT (t) in dBm for three cases: (a) PRF = 200 kHz and overlapping does not occur, (b) PRF = 1 MHz and overlapping
among the Gaussian pulses just begins, and (c) PRF = 2 MHz and a considerable overlapping is present. In each measurement RBW has been set to 1 MHz.

C. Verification of FCC Limits by Measurements

Equations derived for the FCC peak and average power limits
have been verified by measurements, where

1) an NI PXIe-based I/Q signal generator has been used
to generate the train g[·],T (t) of UWB IR carrier
pulses;

2) an R&S FSV3 signal and spectrum analyzer (SSA) has
been used to check the waveform yT (t) at the FCC filter
output and to measure Ppeak and Pavg given by (22) and
(29), respectively.

To cancel all measurement errors, the microwave test setup
has been carefully calibrated prior to the verification.

Recall, both FCC peak and average power limits have been
derived from the envelope of yT (t) in Sections IV-A and IV-B.
The envelope is a train of Gaussian pulses, where, depending
on the PRF to RBW ratio, overlapping among the consecutive
pulses does not or does occur. Figs. 3 and 4 show the calculated
waveforms for PRF < RBW (no overlapping) and PRF > RBW
(overlapping), respectively. First, these waveforms have been
checked by measurements.

To verify yT (t), a train of UWB IR carrier pulses generated
by the I/Q signal generator has been fed into the spectrum ana-
lyzer. In zero span mode the SSA implements the FCC bandpass
filter depicted in Fig. 1 and the envelope of FCC filter output
can be recovered by the built-in RMS detector.

The measured envelopes for three different PRF s are shown
in Fig. 6 where RBW = 1 MHz and the peak envelope power
(PEP) is returned by the marker. The most important conclusions
are as follows.

1) Fig. 6(a): Since PRF = 200 kHz < RBW, overlapping
does not occur. PEP = −26.58 dBm.

2) Fig. 6(b): PRF = 1 MHz = RBW and overlapping among
the Gaussian impulses just begins. The low overlapping
does not yet increase PEP, its value is −26.57 dBm.

3) Fig. 6(c): Since PRF = 2 MHz > RBW, a considerable
overlapping is present. Overlapping causes a significant
increase in PEP, its value is −23.96 dBm.

Fig. 6(a) and (c) corresponds to Figs. 3 and 4, respec-
tively. Identity of corresponding figures validates the model of
Fig. 1.

A close look at Fig. 6(c) reveals one more chance for the
verification of (22) and (29). Observe, if λPRF is large enough,

Fig. 7. Peak power at the FCC filter output as a function of PRF. The solid and
dashed curves have been predicted from (22) for λ = 265 ns and λ = 132.5 ns,
respectively, and the “+” marks show the results of measurements.

then a strong overlapping occurs (PRF � RBW) and the peak
and average power levels become identical at the FCC filter
output.

Note that λ1PRF is always greater than λ50PRF. Let
λ50PRF � 1/

√
2π in (22) and (29). Then, as expected

Ppeak

∣∣∣
λ50PRF�1/

√
2π

= 4
K2

Z0
(PRF)2

= Pavg

∣
∣∣
λ1PRF�1/

√
4π

.

(30)

Finally, the expressions derived for the FCC power limits have
been verified by measurements. Both Ppeak and Pavg have been
calculated and measured for two SSA resolution bandwidths.
The values of parameter λ have been set to 265 and 132.5 ns.

Fig. 7 shows the peak power at the FCC bandpass filter output
as a function of PRF. The solid and dashed curves have been
calculated from (22) for λ = 265 ns and λ = 132.5 ns, respec-
tively, and the results measured by the SSA in zero span mode
are given by “+” marks. Note, the data predicted from (22) are
in an extremely good agreement with the measured data even in
the transition region where λPRF ≈ 1/

√
2π.

The average power at the FCC bandpass filter output has been
measured by the RMS detector and video filter built-in the R&S
FSV3 SSA, the averaging time has been set to 1 ms. The average
power levels calculated from (29) are plotted by solid and dashed
curves for λ = 265 ns and λ = 132.5 ns, respectively, in Fig. 8,
as a function of PRF and the measured results are shown by “+”
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Fig. 8. Average power at the FCC filter output as a function of PRF. The
solid and dashed curves have been predicted from (29) for λ = 265 ns and
λ = 132.5 ns, respectively, and the “+” marks show the results of measurements.

marks. The extremely good agreement between the predicted
and measured data validates the expression derived for the FCC
average power limit.

The starting point of overlapping is clearly identified by the
breakpoints of both Figs. 7 and 8. The measured results ver-
ify that the piecewise linear approximation of the Jacobi theta
function is very accurate, even in the transition region.

Equation (30) predicts that both Ppeak and Pavg become in-
dependent of λ for large PRF. Merging of curves in Figs. 7 and
8 for large PRF verify this effect predicted theoretically.

Note, the FCC power limits expressed by (22) and (29), later
verified by Figs. 7 and 8, have been derived from the UWB pulse-
shape-dependent weighting factor K introduced in the unified
mathematical model of Fig. 1. Recall, the unified mathematical
model is valid for each implemented pulse envelope. The rela-
tionship between K and the actual parameters of IEEE 802.15.4-
compliant UWB IR carrier pulses will be revealed in the next
section.

V. INTERPRETATION OF RESULTS AND OPTIMIZATION OF UWB
IR SYSTEM PARAMETERS

The FCC regulations have been elaborated to limit the inter-
ference caused by an UWB radiator to other radio links. On the
other hand, the FCC peak and average power limits determine
the following two main UWB system parameters:

1) peak level A of UWB pulse envelope, which specifies the
output voltage swing to be assured by the output stage of
the UWB transmitter;

2) energy Ep carried by one UWB IR pulse.
The output voltage swing 2A determines the supply voltage

required, a crucial issue in battery operated applications, while
a large radio coverage requires a high Eb = M × Ep .

A. FCC Power Limits and Optimum PRF

The IEEE 802.15.4-compliant UWB IR carrier pulses have
been modeled by a periodic impulse train in the unified math-
ematical model of Section III-C, where the magnitude of one
impulse is given by the weighting factor K. Substituting the
FCC peak and average power limits into (22) and (29), respec-
tively, the maximum allowable level of K is obtained and plotted

Fig. 9. Maximum allowable value of K as a function of PRF. The FCC peak
and average power limits are plotted by solid and dashed curves, respectively.

in Fig. 9 as a function of pulse repetition frequency. The solid
and dashed curves give the FCC peak and average power lim-
its, respectively. Note, the low-rate UWB IR systems are peak
power limited while high-rate ones are average power limited.

The energy carried by one UWB IR pulse is proportional to
the square of K. In the optimum case, the UWB IR system
simultaneously assures the maximum radio coverage and the
highest data rate. If the pulse repetition frequency is a free design
parameter, then this optimum system performance is achieved
at the crossing point of the solid and dashed curves in Fig. 9.
The optimum value of PRF can be expressed analytically from
(22) and (29) as

PRFopt =
Pavg

Ppeak

λ1

λ2
50

1√
π

= 394.4 kpulse/s .

Recognize, the optimum value of PRF depends neither on the
shape of UWB IR carrier envelope nor on its parameters. It is
determined exclusively by the FCC regulations. This conclusion
is also valid for Figs. 7–9.

Fig. 9 also reveals why UWB IR technology cannot assure
large radio coverage in high-data rate applications. If the data
rate is much greater than PRFopt , then K is strongly limited by
the FCC average power limit as shown by the dashed curve in
Fig. 9.

Note that PRF = M × Rb , where Rb denotes the data rate
to be assured. If Rb < PRFopt , then more than one UWB IR
carrier pulse can be used to transmit one bit information and the
radio coverage can be increased considerably.

B. Parameters of IEEE 802.15.4-Compliant UWB IR Carriers

The IEEE 802.15.4-compliant UWB IR carrier pulses have
been collected in Section III-B. The pulse repetition frequency
is fixed by the application and the maximum FCC regulations-
compliant value of K is obtained from Fig. 9. Then, the envelope
of UWB IR carrier pulse has to be chosen, and finally, the
parameters of the IEEE 802.15.4-compliant UWB IR carrier
can be calculated from the equations provided in Table I.

The peak level A of UWB IR envelope and energy Ep car-
ried by one UWB IR pulse are shown for the IEEE 802.15.4-
compliant UWB IR carrier pulses in Table II for the four HRP
UWB channel bandwidths (see the column of RF BW) defined
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TABLE II
MAXIMUM PEAK LEVEL OF ENVELOPES AND ENERGY CARRIED BY ONE

IEEE 802.15.4-COMPLIANT UWB IR CARRIER PULSE ALLOWED BY THE

FCC REGULATIONS

RF BW PRF Pulse Type of UWB IR Pulse Envelope
[MHz] [pulse/s] Param. SRRC GAUSS TANH FILT

499.2 10 k A [V] 1.69 2.24 2.28 1.63
Ep [pJ] 44 47 46.62 35.91

394.4 k A [V] 1.69 2.24 2.28 1.63
Ep [pJ] 44 47 46.62 35.91

10 M A [mV] 10.9 14.5 14.8 10.6
Ep [fJ] 1.85 1.97 1.96 1.51

1081.6 10 k A [V] 3.66 4.84 4.94 3.51
Ep [pJ] 95.52 101.8 101.0 77.4

394.4 k A [V] 3.66 4.84 4.94 3.51
Ep [pJ] 95.52 101.8 101.0 77.4

10 M A [mV] 236.9 314 320 227.7
Ep [fJ] 401.2 427.3 424.2 325

1331.2 10 k A [V] 4.5 5.96 6.08 4.34
Ep [pJ] 117.6 125.3 124.3 95.59

394.4 k A [V] 4.5 5.96 6.08 4.34
Ep [pJ] 117.6 125.3 124.3 95.59

10 M A [mV] 291.5 386.5 393.8 281.2
Ep [fJ] 493.8 526.1 522.1 401.5

1354.97 10 k A [V] 4.58 6.07 6.19 4.43
Ep [pJ] 119.7 127.5 126.5 97.6

394.4 k A [V] 4.58 6.07 6.19 4.43
Ep [pJ] 119.7 127.5 126.5 97.6

10 M A [mV] 296.7 393.4 400.9 287.2
Ep [fJ] 502.6 535.5 531.5 409.9

The data are given for the four HRP UWB RF channel bandwidths and for
three PRFs.

in the IEEE Standard. Three PRFs are considered, among them,
as discussed before, PRFopt = 394.4 kpulse/s assures the opti-
mum system parameters.

Altogether 16 RF HRP UWB channels are defined in the
IEEE Standard. Because parameters K, A, and Ep depend only
on the FCC regulations and the shape of the UWB IR carrier
envelope, the data provided in Table II do not depend on the
center frequency of an UWB channel.

Table II reveals the most important inherent characteristics
of an FCC regulations-compliant UWB IR radio system, which
are as follows.

1) Energy carried by one UWB IR carrier pulse is very low.
2) Ep depends on the RF channel bandwidth: The larger the

channel bandwidth, the higher the radio coverage.
3) Ep can be maximized by an appropriate selection of the

shape of UWB carrier envelope. However, because of
the interoperability requirement, Ep cannot be improved
considerably by an appropriate choice of the envelope, the
maximum variation in Ep is about 0.9 dB.

4) If PRF exceeds 10 Mpulse/s, then Ep becomes so low that
the UWB IR system cannot be used in in-car communi-
cations.

These observations reveal why the coverage achieved by the
built UWB IR radio systems is very short, much shorter as it
was expected. Just for comparison, the energy used to transmit
one bit of information in an IEEE 802.15.4-compliant ZigBee
application has to be greater than 2 nJ, its typical values in
US and Europe are 4 μJ and 500 nJ, respectively. These values

considerably exceed Ep allowed by the FCC regulations for the
UWB transmitters. Since the radio coverage is determined by
the energy per bit, even if more than one UWB IR pulse is used
to transmit one bit of information, the extremely low Eb radiated
can provide only a very short radio coverage.

VI. CONCLUSION

The radio channels in vehicular applications suffer from dense
multipath, frequency selective deep fading, and strong interfer-
ers. Under these severe channel conditions, the conventional
narrow-band radio communications technologies fail to work,
therefore, a brand-new solution is required.

In addition to the severe channel conditions, intravehicular
wireless sensor networks and in-car wireless data communica-
tions systems have to meet many special requirements: An unli-
censed radio communications technology is needed that causes
a very low-level of interference in the other, already deployed
radio links and networks, can reuse the already occupied RF
bands and assures low probability of message collision. The ra-
dio devices have to operate in an ad hoc manner and the battery
operation, that is, the ultralow power consumption, is a must in
the majority of applications.

RF pulses with very short duration are used in UWB IR to
carry the digital information. Because of their UBW property,
the UWB IR radio signals are very robust against multipath fad-
ing. The very narrow carrier pulses and the low duty cycle assure
a very low probability of message collision and a low power con-
sumption. Hence, UWB IR communications technology offers
an optimal solution to vehicular wireless data communications.

The UWB IR communications technology has been elabo-
rated for unlicensed applications, a feature that is a must in
the intravehicular applications. The interference caused by an
UWB IR transmitter in other radio links is restricted by the
FCC regulations, which limit both the peak and average level of
UWB emission. Starting from the FCC regulations, analytical
expressions have been derived for the calculation of FCC power
limits. It has been shown theoretically that the FCC power limits
allow to radiate only such a low pulse energy, which restricts the
radio coverage of UWB IR systems in a few meters. However,
the short radio coverage is not a problem in the intravehicular
applications, even more, it is an advantage when the security
issues have to be considered.

There are two system parameters that have very strong
influence on the performance of every wireless communica-
tions system: The data rate and the shape of UWB IR carrier
pulse. The analytical expressions derived here for the FCC
peak and average power limits prove theoretically that the low-
and high-rate UWB IR systems are peak and average power
limited, respectively. The crossing point of the two FCC power
limits gives the optimum pulse repetition frequency where
the maximum radio coverage is achieved. The optimum PRF
is 394.4 kpulse/s and if the data rate to be assured is lower
than that value, then more than one UWB IR carrier pulse can
be used to transmit one bit information. In this manner, the
radio coverage of low-rate UWB IR systems can be increased
considerably, even it can be controlled in an adaptive manner.
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The FCC regulations do not specify the exact shape of the
UWB IR carrier waveform. However, some restrictions have to
be applied in order to assure interoperability among the UWB
IR devices fabricated by the different manufacturers. The actual
shape of the UWB carrier determines the peak level of trans-
mitted signal and the energy carried by one UWB pulse. The
former and latter give the supply voltage required and the radio
coverage attainable, respectively.

The UWB IR carrier waveforms published up to now have
been collected and their parameters have been determined. It
has been pointed out that the parameters of an UWB IR system
cannot be improved considerably by an appropriate choice of
the shape of carrier envelope because of the interoperability
requirement. Therefore, that shape has to be used, which offers
the simplest implementation and best power efficiency.

Exact theoretical analysis of a train of narrow RF pulses
has been an unsolved issue in spectrum analysis. The problem
appears at high pulse repetition frequency where overlapping
occurs in the peak and average power measurements. This paper
has shown that the problem of overlapping can be solved by
using the Jacobi theta function. The approach presented here
can be used not only in the design of UWB IR systems but
anywhere in spectrum analysis where the peak and/or average
power of pulsed RF signals have to be determined.

The theory and equations developed have been verified by
measurements where the UWB IR pulses have been generated by
an NI PXIe-based I/Q signal generator and the pulse trains have
been measured by an R&S SSA. The extremely good agreement
between the results predicted by the analytical expressions and
measured in the test bed verifies the theory presented here.
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