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In this paper the non-ideal and frequency-dependent behavior of the hardware components of the ultra-wideband (UWB)
transmitter RF-front end is analyzed. Both digital and analytical methods to compensate for this frequency-dependent behav-
ior are investigated, in order to optimize the radiated wave, so that its spectrum perfectly matches the given mask. An example
of spectral system optimization with analog devices is shown and verified through measurement results.
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I . I N T R O D U C T I O N

Ultra-wideband (UWB) has emerged in the last years from a
mainly basic research area toward a more application-oriented
topic. UWB is a relatively new wireless technology, which is
characterized by the usage of a very large frequency band
and low transmission power. A first regulation of the fre-
quency spectrum for UWB communications has been issued
in 2002 by the Federal Communications Commission (FCC)
in the USA. It has allocated a frequency interval of 7.5 GHz in
the 3.1–10.6 GHz frequency band for UWB commercial appli-
cations [1]. Recently (February 2007), also the European
Union (EU) has approved the usage of a frequency spectrum
for UWB communications allocating a band of 2.5 GHz
from 6 to 8.5 GHz for UWB operations [2]. An additional
band (3.4–4.8 GHz) can be used for particular applications
with very low duty cycles. In both the FCC and EU UWB
regulations, the radiated power spectral density (PSD) is
limited to a maximum of 241.3 dBm/MHz in the UWB
band, in order to avoid interference with other devices.

Thanks to its peculiarities, UWB is a powerful solution in
many fields. In particular, the huge bandwidth allows for the
achievement of a high data rate with applicability for multime-
dia applications. Moreover, high resolution can be achieved,
which is an advantage for localization in the radar field and
also for medical applications. Furthermore, also sensor net-
works can benefit from the huge bandwidth, which allows
for high user density [3].

UWB research activities and knowledge are widely spread
all over the world and they are both component oriented
and with a system engineering focus. In literature there are
many contributions dealing with hardware components, such
as antennas and antenna arrays, filters, etc. Moreover, also

many publications regarding propagation effects, channel
modeling, etc., and system analysis and design can be found.

Together with component design and system design, an
important topic to be investigated in the UWB case is the
system optimization. Differently from narrow band systems,
in the UWB case the devices (antennas, arrays, filters, anten-
nas integrated with filters, etc.) have to show a behavior, which
is not frequency dependent, in order to not distort the signal
and hence lower the overall system performance.

An important aspect to be underlined is that in the UWB
regulations the transmitted signal has to satisfy the given
mask. It has to be noted that the mask limits the transmitted
PSD instead of the total amount of the transmitted power.
Hence a maximization of the total radiated power is necessary
in order to completely exploit the power allowed to be trans-
mitted. Moreover, due to the system non-ideal behavior,
i.e. because of its frequency dependence, even if the signal
spectrum satisfies the given mask, the fulfillment of the
mask itself is not guaranteed. This means that not all the
power, which is allowed to be transmitted, is effectively
radiated. This is due to a frequency-dependent behavior of
the UWB RF components (such as antennas) and also to
the fact that the pulses created by the effectively used pulse
generators have high-energy content at low frequencies.
Hence, their energy content cannot be assumed constant
with the frequency in the UWB band.

In literature, different methods have been proposed in
order to create signals that fulfill the given mask at most.
The majority of these methods consists in generating a par-
ticular pulse, which perfectly matches the given mask [3–6].
Other methods consist in applying a bandpass filter before
the antenna [7–9]. However, these techniques do not take
into consideration the effect of the frequency dependence of
the transmit antenna and of the fact that it differentiates the
radiated pulse [10] and consequently they are suboptimal.
In [11] the authors have presented a method to improve the
spectrum fulfillment of the radiated signal, which compen-
sates also the effect of the frequency-dependent antenna
behavior.

In this paper, the causes of non-idealities at the UWB
transmitter RF-front end are analyzed, taking into account
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their impact on the distortion produced on the signal.
Moreover, methods to compensate the signal distortion in
order to improve the spectrum of the transmitted signal are
investigated. The applicability and the performance of these
methods are regarded.

The paper is organized as follows. In Section II the non-
idealities in the UWB RF-front end are investigated, with a
mathematical description of the UWB radio link. In Section
III the methods for spectrum optimization are regarded. In
Section IV an example of spectrum optimization is shown
and validated through measurement results.

I I . N O N - I D E A L I T I E S I N T H E U W B
R A D I O L I N K

A UWB transmitter is composed, in the simplest way, by a
pulse generator and a transmit antenna, as shown in Fig. 1,
where p(t) is the pulse at the output of the pulse generator,
hA(t) the impulse response of the transmit antenna [10],
and e(t, r) the radiated electric field at a distance r from the
transmitter. Both the pulse generator and the antenna contrib-
ute, due to their frequency-dependent behavior, to distort the
signal, as it is illustrated in the following.

A) UWB pulse generators
The pulses created by the effectively used pulse generators
have high-energy content at low frequencies, and hence they
are not perfectly matched to the required mask. Even in the
ideal case of an antenna with a frequency-independent trans-
fer function in the UWB frequency range, the non-constancy
of the generated pulse causes a worsening of the system per-
formance, since not all of the allowed power is transmitted.
In Fig. 2 the normalized measured frequency spectrum of a
commercially available pulse generator (PSPL 3600 [12]) is
shown. It can be easily seen that the power spectrum of the
generated pulse is highly frequency dependent.

B) UWB antennas
The frequency domain behavior of a UWB antenna is usually
characterized through its transfer function HA( f ), from which
the antenna gain can be derived [10]. The frequency depen-
dence of HA( f ) causes a distortion of the spectrum of the
radiated signal.

As an example, the transfer function of a Bow-tie antenna
(36 × 31 mm2, see Fig. 3 [18]) is shown in Fig. 4.

Hence, the presence of the antenna, which in the practical
case has a transfer function and hence a gain is frequency
dependent, causes the transmitted signal to be distorted and
not to completely fulfill the given mask.

C) UWB radio link
The effect of the frequency-dependent behavior of both the
generated pulse and the antenna can be investigated regarding
the UWB radio link. According to Fig. 1, the radiated electric
field e(t, r) at a distance r from the transmitter can be written
as [10, 13]

e(t, r) = 1
r
d t − r

c0

( )
︸������︷︷������︸

hCh(t,r)

∗hA(t)∗ 1
2pc0

∂

∂t
p(t), (1)

where the derivative ∂/∂t is caused by the transmit antenna
and c0 is the velocity of light. The term hCh(t, r) is an attenu-
ation term that attenuates the wave and delays it according to
the distance. In the frequency domain equation (1) becomes

E(f , r) = 1
r

exp
−j2pfr

c0

[ ]
︸��������︷︷��������︸

HCh(f ,r)

HA(f )
1

2pc0
jvP(f ), (2)

where HA( f ) is the antenna transfer function, P( f ) is the spec-
trum of p(t), and the term jv ¼ j2pf results from the differen-
tiation in the time domain. HCh( f, r) is the phase shift and
attenuation provoked by hCh(t, r).

From equation (2), the effect on the signal spectrum of the
frequency-dependent behavior of the UWB antenna and gen-
erated pulse can be schematically shown as depicted in Fig. 5.Fig. 1. Block scheme of the transmitter (time domain representation).

Fig. 2. Normalized measured spectrum of the signal created by a PSPL 3600
pulse generator.

Fig. 3. The investigated Bow-tie antenna (dimensions: 36 × 31 mm2): front
and rear sides).
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Here the spectrum P( f ) of the generated pulse is plotted
(left) together with the non-ideal antenna transfer function
(center). The generated pulse decreases with frequency,
since it is not possible to generate an ideally short pulse
with an infinitely large bandwidth, while the antenna transfer
function is not constant in the UWB frequency range, i.e. its
gain is frequency dependent. The resulting transmitted wave
is plotted on the right side of Fig. 5, together with the required
mask. Due to the non-ideal behavior of the components, the
on-air transmitted wave does not fulfill the given mask.

From this analysis it can be evinced that an optimization
process is necessary in order that the radiated wave perfectly
fulfills the given mask.

I I I . S P E C T R U M O P T I M I Z A T I O N
T E C H N I Q U E S

Methods for spectrum optimization can be implemented both
digitally and analogically. Classical digital methods consist in
designing a particular pulse shape applying windowing rea-
lized through FIR or IIR filters [3–6]. The higher the coeffi-
cients of the filter, the most the obtained pulse matches the
desired mask. For example in [6] an order 66 FIR filter is
required to obtain a spectral efficiency of at least 80%.
Hence, these methods require high computational efforts.
Because of that, analog methods are regarded in the following.

The method, which is used in the following, consists in rea-
lizing an ad hoc analog filter, whose aim is to pre-distort the
signal in order to compensate for the frequency-dependent be-
havior of the UWB RF-front end. The operational method for
designing the required filter transfer function HF( f ), which
permits the transmitted signal to optimally exploit the given

mask at the antenna output, is now shown. The purpose of
such a filter is double: firstly, it has to select the frequency
interval of interest (e.g. for the EU-UWB regulation, the
6–8.5 GHz frequency interval); secondly, it has to pre-
distort the signal in order to compensate for the frequency-
dependent behavior of the P( f ) and HA( f ). Because of that
this filter has been referred as “shaping filter.” The system
block scheme after the application of the shaping filter is
shown in Fig. 6, where EUWB( f ) is the desired spectrum of
the radiated wave at the antenna output, which perfectly ful-
fills the given mask.

Since the mask has to be satisfied at the antenna output, the
radiated electric field E( f, r) is normalized so that the depen-
dence on the distance can be neglected, i.e. only relative values
of PSD are considered, which are normalized to the distance r,
namely

E(f ) = E(f , r)
HCh(f , r)

. (3)

From Fig. 6, EUWB( f ) is given by

EUWB(f ) = HA(f )HF(f )
1

2pc0
jvP(f ), (4)

where HA( f ) is assumed the antenna transfer function in the
main beam direction, co-polarization. From the above
equation, the required filter transfer function can be derived,
namely

HF(f ) = EUWB(f )

HA(f ) 1/2pc0
( )

jvP(f )
. (5)

It has to be noted that, comparing equation (5) with
equation (2), the denominator of equation (5) is exactly the
transmitted wave in the case where no filter are applied,
namely

HF(f ) = EUWB(f )
E(f )

. (6)

This process is illustrated in Fig. 7. On the left-hand side,
the spectrum of the required on-air transmitted wave is
shown, together with the spectrum of the actually on-air
transmitted wave. On the right-hand side, the required filter
transfer function is shown. It can be seen that the shaping
filter has to show a band-selection behavior, in order to
select the required frequency interval. Moreover, the
in-band transfer function is not constant, as for classical band-
pass filters, rather it increases with the frequency, i.e. it is
frequency-dependent. This permits to compensate for the
frequency-dependent behavior of the RF-front end.

Fig. 4. Measured transfer function of the investigated Bow-tie antenna
(co-polarization component, main beam direction).

Fig. 5. Effect of the non-ideal behavior of the transmitter. Left: spectrum of the
generated pulse. Center: antenna transfer function. Right: resulting transmitted
wave versus required mask.

Fig. 6. System block scheme for spectrum optimization (frequency domain
representation).
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I V . P R A C T I C A L M E T H O D S F O R T H E
R E A L I Z A T I O N O F S H A P I N G F I L T E R S

In practical filter realizations, it is difficult to obtain such a
frequency-dependent behavior. Hence, an approximation
has to be introduced. Instead of the actually measured E( f ),
in equation (6) its linear approximation EApprox( f ) is used.
The approximate filter transfer function becomes

HF, Approx(f ) = EUWB(f )
EApprox(f )

. (7)

This process is schematically shown in Fig. 8.
The obtained shaping filter transfer function is hence

monotonically increasing in its passband (i.e. in the UWB fre-
quency interval). The slope is directly proportional to the
decrement in the UWB frequency interval of the spectrum
of the radiated wave, because of the decreasing pulse spectrum
and the antenna transfer function as the frequency increases.

In the following, practical methods to realize shaping filters
are addressed.

A) Cascade shaping filters
A first method to realize shaping filters consists in creating a
cascade of a bandpass section and of a shaping section so that
the two tasks of a shaping filter (band selection and pre-
distortion) are divided into two different units. The bandpass
section can be realized with conventional methods (microstrip
resonator stubs, coupling lines, etc. [14, 15]). The shaping
section can be produced in different ways. A practical
method consists in realizing it through a highpass section,
whose lower cut-off frequency coincides with the highest
frequency in the selected interval (e.g. for the EU-UWB regu-
lation fcutoff ¼ fH ¼ 8.5 GHz). In this case, the frequency-
dependent filter transfer function is obtained by the

transitional band of the highpass section. An example of a
shaping filter realized in this way is given in [11].

B) Integrated shaping filters
The second typology of shaping filter consists in realizing
directly the band selection and the pre-distortion operation
in a unique section integrating these two operations in a
single unit. This permits to avoid spurious reflections due to
the cascade connection in the previous model. This can be
achieved by the integration of a highpass section, to obtain
the shaping, and a lowpass section, to define the upper
range of the frequency interval, in a single unit.

V . E X A M P L E O F S H A P I N G F I L T E R
R E A L I Z A T I O N

In this section, an example of the previous method is applied
to a specific scenario to verify the method itself. The aim is to
optimize the spectrum of the on-air radiated signal such that it
matches the EU-UWB mask.

A) Investigated scenario
The investigated scenario is composed by a commercially
available pulse generator (PSPL 3600 [12], see Fig. 2), a
Bow-tie antenna (see Figs 3 and 4, which is optimized for
the UWB range), a horn antenna (used at the receiver side,
Model 3600). The data received by the horn antenna are
acquired by a real-time oscilloscope (Agilent Infinium,
12 GHz bandwidth, 40 GS/s) and recorded and processed by
a laptop. The synchronization between the pulse generator
and the oscilloscope is done by a trigger source (Textronik,
Arbitrary Waveform Generator, pulse repetition frequency
10 kHz). Two measurements have been made: firstly, with a
direct connection between the pulse generator and the
antenna; secondly, with the shaping filter in between. The
investigated scenario is shown in Fig. 9.

Through a direct connection of the pulse generator and the
Bow-tie antenna (Fig. 9, solid line), the radiated wave E( f ) can
be recovered. It is shown in Fig. 10 together with its linear
approximation. Here, the effect of the connecting cables, of
the horn receive antenna and of the distance between the
transmit and receive antennas, have been calibrated. The
linear approximation of the measured data is inserted in
equation (6) for the shaping filter synthesis. The so obtained

Fig. 8. Approximate shaping filter transfer function design.

Fig. 7. Shaping filter transfer function design.

Fig. 9. Block scheme of the investigated scenario.
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required approximated shaping filter transfer function is
shown in Fig. 11.

B) Realized shaping filter
The fabricated shaping filter consists of a coplanar waveguide
(CPW) structure, which is composed by the integration of a
highpass section and a lowpass section. The highpass section
consists of the integration of two different CPW elements
with highpass behavior: the open-end series stub and the
short-end shunt stub [16, 17]. These elements are integrated
one into the other for space reduction. The lengths of the
stubs have been optimized to obtain the desired slope in the
passband. The lowpass section has been realized through a
short-end series stub and a defected ground plane structure.
The defected ground plane structure has been realized
through slots etched symmetrically in the CPW ground
plane [16]. The slots have been bended for space reduction.
This basic structure has been repeated twice to obtain a
sharper upper transitional band. A prototype of this filter
has been etched on the substrate Roger RO4003, 1r ¼ 3.38,
and thickness h ¼ 1.57 mm (see Fig. 12). The measured trans-
fer function of the realized filter is shown in Fig. 13.

The normalized recovered PSD of the radiated wave is
shown in Fig. 14. It can be recognized that the shaping filter
permits a better exploitation of the in-band spectrum, i.e.
the mask is better fulfilled w.r.t. the case when no filter is
applied (see Fig. 10). In order to quantify the system perform-
ance improvement by the application of the shaping filter with

Fig. 12. Fabricated prototype of the required shaping filter.

Fig. 13. Measured S21( f ) (solid line) and S11( f ) (dotted line) parameters of the
realized shaping filter.

Fig. 10. Normalized measured spectrum E( f ) of the transmitted wave.

Fig. 11. Mask of the required mask of the shaping filter for the investigated
scenario. Fig. 14. Normalized PSD of the radiated wave with shaping filter.
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respect to (w.r.t.) the classical bandpass filters, the efficiency
of the system has been calculated. This has been done
by integrating the PSD of the signal in the passband interval
6–8.5 GHz and comparing the result to the integral of
the PSD of an ideal signal having a rectangular spectrum in
the 6–8.5 GHz interval and a maximum value equal to the
maximum value of the spectrum of the measured signal in
that band. The obtained results are summarized in Table 1.
The case “No-Filter” refers to the measurement with a direct
connection between the pulse generator and the antenna. In
this case, in order to respect the mask, the power of the trans-
mitted signal has to be lowered. The case “Bandpass-Filter”
represents the signal, which would be radiated if only an
ideal rectangular bandpass filter (i.e., it only selects the fre-
quency interval) would be inserted in between the antenna
and the pulse generator.

From the obtained results, it can be concluded that the
application of the shaping filter permits to obtain a consider-
able improvement of system performance, since the mask is
better fulfilled w.r.t. the case when only a bandpass filter is
applied.

V I . C O N C L U S I O N S

In this paper, an analysis of the UWB transmitter RF-front
end has been performed in order to investigate how the non-
ideal and frequency-dependent behavior of the UWB com-
ponents affects and distorts the radiated wave.

Different methods for signal optimization have been inves-
tigated, both digital and analog. Moreover, an example of
spectral system optimization with analogical devices have
been shown and verified through measurement results.
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