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Abstract: In traditional approaches to antenna characterisation, spectral and angular dispersion
are modelled separately. In the paper, the dependence of the power radiated from ultra wideband
(UWB) antennas jointly on frequency and direction is established experimentally. It is
demonstrated that both omni-directional and directional antennas typically exhibit higher
directivity with frequency, with the former experiencing a seven-fold increase with respect to the
lowest frequency in the FCC UWB frequency range (3.1–10.6GHz). The consequences of this
behaviour are highlighted and the effect on the communications link is quantified. The effective
available bandwidth of a system is found to be highly sensitive to the angular disposition of the
antenna at each end of the link. It is shown that the bandwidth is severely limited in some
directions, and careful orientation of the antennas is required to achieve full UWB operation for a
range of antenna designs. The 10dB bandwidth of a vertically polarised UWB antenna can be as
little as 2GHz in the equatorial plane when the joint dispersion is considered. The distortion caused
to a UWB signal is investigated and significant variation in the radiated signal waveform with angle
is demonstrated.

1 Introduction

Ultra wideband (UWB) communications technology pro-
vides unprecedented data rates over a short distance
supporting high capacity links and large user densities [1].
With other favourable characteristics such as unlicensed
spectrum usage, low power consumption, and little multi-
user interference, it holds great promise for some next
generation communications applications. UWB systems are
characterised by their large fractional or absolute band-
widths [2]. The current Federal Communications Commis-
sion (FCC) regulations in the US provide for a 7.5GHz
band for unlicensed indoor wireless communications [3].
This bandwidth far exceeds the coherence bandwidth of the
indoor radio channel, resulting in frequency-selective
behaviour [4, 5]. The antenna is an integral part of a
wireless system and a well-designed antenna is critical for
system performance. UWB antenna design requires careful
modelling of its performance as part of the communications
link. Many types of UWB antennas have been proposed in
literature, and designs such as the biconical, bowtie, d-dot,
log-spiral, Vivaldi, TEM horn and ridged circular horn are
among the most popular [6–11].

Traditional antenna characterisation is centred around
fundamental antenna parameters related to the input
characteristics and radiation patterns [12]. While this is
usually sufficient for narrowband antennas, several issues
arise in the case of UWB antennas that merit deeper
analysis. The end-to-end signal distortion introduced by the

transmitter and receiver UWB antennas is effectively a
filtering operation such that the antenna response is
convolved with the signal waveform. The physical size
and shape of the antenna also affects its time-frequency
response. For example, a log-periodic antenna disperses a
UWB signal as the low frequency signal components are
launched earlier than the high frequency components,
where the connection to the transmission line is at the broad
end [13]. In such case, the phase centre of the antenna
translates with frequency resulting in temporal distortion
[14]. This form of distortion can be described in terms of the
group delay through time-domain transient response
analysis [15, 16].

Apart from these, the frequency dependence of the
radiated power as defined by the Friis transmission
equation [17] for freespace propagation also causes wave-
form distortion owing to non-uniform power flux density
across the UWB band. After transmission and reception
through the antennas, the UWB signal power spectrum
slope is determined by the antenna combination [18, 19].
This can be interpreted as a differentiation or integration
operation in the time domain [20], introducing phase
shifts and waveform distortion in the signal [21], and is
thus highly detrimental to the performance of both single-
band and multi-band UWB communications links [22].
The characterisation of frequency dependence of various
antenna parameters is thus of paramount importance for
UWB system design.

Besides spectral and temporal dispersion, angle is another
domain where the behaviour of an antenna can have a
significant impact. This is particularly important for indoor
communications systems such as wireless personal area
networks, where dense multipath propagation gives rise to a
wide range of angles of arrival [23–25]. In the absence of the
theoretical isotropic radiator, a broadcast transmitter using
an omni-directional antenna is expected to radiate the signal
in all directions within the azimuthal plane with symmetricE-mail: wasim.malik@eng.ox.ac.uk
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gain and group delay such that the wavefronts have near-
uniform intensity and planar shapes. In practice, however,
this condition is sometimes violated by UWB antennas,
causing look-angle dispersion [14].

Instead of analysing the frequency and look-angle
distortion separately, this paper jointly investigates the
angular and spectral dispersive effects of UWB antennas.
The variation of antenna radiation patterns with frequency
is first established with the simple example of a dipole
antenna, and is then evaluated experimentally using discone
[26, 27] and Vivaldi [28–31] antennas that represent the
general cases of omni-directional and directional UWB
antennas respectively. To quantify the radiation pattern
variation with frequency, the antenna beam area and
directivity are calculated as functions of frequency. The
effect of this behaviour on the available system bandwidth
is quantified in terms of the effective angular bandwidth,
and the distortion caused to a generic UWB waveform is
evaluated. While the details of the dispersive behaviour will
vary from antenna to antenna, the results of this paper
illustrate the phenomenon and highlight its consequences
without loss of generality.

2 Dipole radiation patterns

The dipole is inherently a narrowband antenna but is
representative of many other, more complex antenna shapes
[12]. Also, its field equations are analytically tractable and
well understood. On the basis of its compact, simple and
economical design, the dipole has been suggested for use
in short-range UWB transmission [32]. For a vertically
oriented dipole, the elevation plane far-field radiation
pattern can be expressed in terms of the angle of elevation
y and frequency f as

F ðy; f Þ ¼
cos

kl
2

� �
� cos

kl sin y
2

� �

cos y
ð1Þ

where l is its length, k¼ 2p/l is the wavenumber and l is the
wavelength. For a 0.1m long dipole, the power radiation
pattern varies significantly within the FCC-allocated UWB
band (3.1–10.6GHz). This is shown in Fig. 1, where the
normalised elevation plane radiation patterns at four
equidistant frequencies within that band are plotted. An
increase in operating frequency leads to higher directivity
and an increase in the number of lobes. The directions of
the lobes also change with frequency, increasing in
elevation.

This observation points to the important problem of
frequency-dependent antenna radiation in UWB commu-
nications. The following Sections probe the existence of
similar phenomena in some specialised UWB antennas
and evaluate their performance for the transmission
and reception of a signal comprising a large frequency
content.

3 Antenna measurements

The discone is a popular choice of antenna for omni-
directional, linearly polarised systems. With a conveniently
manufactured design and bandwidth exceeding a decade
[27, 33], it is popular for conducting UWB channel
measurements in the laboratory [34, 35]. The radiation
pattern of the discone is similar to electrically small dipole,
biconical, and bowtie antennas [36]. For directional
propagation, aperture antennas such as the Vivaldi and
various horn designs can be used. The Vivaldi antenna,

an elliptically tapered slotline structure, has been shown to
yield good broadband performance [31].

A pair of identical Vivaldi antennas was manufactured
using a photolithographic process, while the discones were
made by machining. Each discone antenna, made from
aluminium, consisted of a hollow cone and a large circular
ground plane, with its geometry described by the cone
length l¼ 0.065m, cone half-angle c¼ 451, and ground
plane diameter d¼ 0.2m, as shown in Fig. 2a. The balanced
antipodal Vivaldi antenna, shown in Fig. 2b, had dimen-
sions of d¼ 0.04m and l¼ 0.1m. An elliptically tapered
slotline structure, it had a triplanar form with two layers of
dielectric sandwiched between three layers of duroid
substrate.

Both pairs of antennas were extensively characterised in
an anechoic chamber. A vector network analyser (VNA)
was used to measure the S11( f ) parameter of the scattering
matrix S. The VNA was calibrated prior to the measure-
ment to remove the attenuation, delay and phase distortion
of the cables and connectors. The S11( f ) is used to
derive the reflection coefficient G( f ), which yields the
antenna return loss in logarithmic scale often used to
characterise the radiation performance of an antenna over a
given frequency band. Figure 3 shows the reflection loss of
the four antennas. For the discone antennas, the reflection
loss lies well below �10dB for the entire UWB band, i.e.
fl¼ 3.1 to fh¼ 10.6GHz. This is also true for the Vivaldi
except for a small range of frequencies near 9GHz,
owing to which the radiation efficiency of these Vivaldi
antennas is higher in the lower portion of the UWB band.
Furthermore, the corresponding antennas have similar
G( f ), which confirms that the antennas of each type
are identical.

The power radiation patterns were measured in the
anechoic chamber using the setup shown in the plan view
in Fig. 4. A set of nf¼ 16 discrete equidistant frequencies
within the UWB band were measured with a continuous-
wave signal generator and power metre, providing a
frequency resolution of Df¼ 500MHz. Both antennas were
placed on electromagnetic absorbent blocks to prevent any
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Fig. 1 Normalised elevation plane field radiation patterns of a
vertically polarised dipole antenna at various frequencies, with the
circular axis signifying the variation along the elevation
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ground reflections, and were separated by a distance of
r¼ 2.85m. The transmitted power was Pt¼ 15dBm, and
a low-noise amplifier with 30dB gain was connected to the
receiving antenna. The transmitting antenna was fixed at
one position while the receiving antenna was placed on a
computer-controlled turntable and rotated in the elevation,
y, and azimuth, j, planes from 01 to 3601 with angular
resolution Dy¼Dj¼ 11.

Consider the rotation of the receiving antenna by an
angle ar while the transmitter is stationary at at¼ 01, with

the antenna separation r kept constant. According to the
Friis equation [17], the received power is a function of the
product of the antenna gains

Prða; f Þ ¼ Gtðat; f ÞGrðar; f Þ ð2Þ
where Gt(at, f ) and Gr(ar, f ) are the gains of the transmitting
and receiving antennas respectively, l is the wavelength
corresponding to f, and the transmitted power and free-
space loss terms have been neglected. With one stationary
antenna, the received power can be represented by

Prða; f Þ ¼ Gða; f ÞGð0; f Þ ð3Þ
where Gt(a, f )¼Gr(a, f )¼G(a, f ) for the identical anten-
nas. It is straightforward to see that

Gð0; f Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Prð0; f Þ

p
ð4Þ

so that the gain of a single antenna-under-test can be
derived from the received power as

Gða; f Þ ¼ Prða; f Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Prð0; f Þ

p ð5Þ

This procedure is used to obtain the multi-frequency
radiation patterns, P(y, j, f), of the antenna in the elevation
and azimuth planes. Normalisation with the highest
received signal intensity removes the effect of the radiator-
sensor separation and provides the radiation patterns used
subsequently, i.e.

Pnðy;j; f Þ ¼
P ðy;j; f Þ

sup
y;j

P ðy;j; f Þf g ð6Þ

4 UWB antenna radiation patterns

To develop an insight into the radiation characteristics of
these UWB antennas, the power radiation patterns of the
discone and Vivaldi antennas are studied in this Section.
The discone is linearly polarised, circularly symmetric and
omni-directional in the azimuthal plane. The far-field
elevation pattern of a thin discone resembles that of a
monopole, but for large values of the cone half-angle c,
the presence and number of any sidelobes depends on c.
The electrical length of the cone kl¼ 2p/l determines
the cutoff frequency and the elevation plane beam
pattern. The ground plane introduces a slant to the
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Fig. 2 Construction of UWB antennas
a Discone antenna with a large circular ground plane
b Balanced antipodal Vivaldi antenna
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elevation pattern depending on the electrical diameter
kd¼ 2p/d and frequency f.

The Vivaldi antenna is a stripline-to-freespace transfor-
mer with a very broadband input match. Its radiation
pattern, however, is expected to vary considerably with
frequency as the phase centre shifts within the structure.
The advantage of the design is that maximum gain is
maintained in the boresight direction. The lower cutoff
frequency of the Vivaldi is determined by the flare angle,
such that the aperture is half a wavelength wide at that
frequency.

Figure 5 shows the normalised, co-polar power radiation
patterns of the discone and Vivaldi antennas in the elevation
and azimuth planes across the UWB band. According to
the definition of the angles in the Figure, the discone
elevation boresight is nominally at 7901, and for the
Vivaldi it is at 01. Keeping in view the range of the radiated
power, the images are thresholded to a lower level of
�15dB.

From Figure 5a, the discone antenna has an elevation-
plane radiation pattern that evolves with frequency. There
is very low power when the two discone antennas are
perpendicular to each other, as expected. Towards the
lower end of the band, a large, well-defined mainlobe is

observed close to the equatorial direction. Considerable
radiation is also present at a wide range of angles owing to
the flow of current to the edges of the ground plane, since
dE2l at low f. With increasing frequency, the boresight
pattern contracts and translates, while the backplane
propagation vanishes. The most noticeable changes close
to the 6GHz, beyond which the beam diverges, and the
mainlobe continues to narrow. For lol, the antenna starts
behaving like a multiple-wavelength monopole instead of a
quarter-wave monopole, resulting in narrower beams and
an increase in the number of sidelobes and nulls [12]. The
sidelobes are produced by the reflection of the wave from
the discontinuity at the far end of the finite cone as
explained in [37], where the relationship of antenna
dimensions with beamwidth, beam tilt and sidelobe level
is discussed for a finite, large-angle conical antenna without
a ground plane.

The discone’s azimuth radiation pattern in Fig. 5b is
uniform with the elevation angle as expected for an
omni-directional antenna, but there is considerable varia-
tion with f owing to the non-uniform return loss and
antenna efficiency.

The Vivaldi antenna’s elevation pattern in Fig. 5c and
azimuth pattern in Fig. 5d both show strong boresight gain.
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At the lower end of the spectrum there is appreciable
backplane propagation, especially in the case of the
elevation pattern which is nearly omni-directional up to
the centre frequency. The desired angular discrimination is
achieved only at high frequencies. The elevation mainlobe
narrows with increasing f and the sidelobes vanish. The
azimuth pattern has more ripples than the elevation pattern,
indicating greater leakage through sidelobes, which decay at
lower frequencies for most angles.

Thus the elevation radiation pattern of the discone
antenna is strongly dependent on frequency. The antenna’s
frequency properties at one look-angle are starkly different
from those at another. Alternatively, the frequency
components are radiated non-uniformly in different direc-
tions. In a typical indoor wireless application, a terminal
using the discone antenna in a vertically polarised config-
uration held by a user sitting down would experience a
different frequency response, and thus performance, than
while standing. Also, it is common to place the transmitting
and receiving antennas in the horizontal plane. In such a
situation, a signal with only a subset of the frequencies will
be launched in the antenna plane, while a wider range of
frequencies might be available at a steeper angle. All of
these effects will cause waveform distortion and power loss
in single-band UWB systems, while in multi-band systems,
the antenna efficiency in a given sub-band will vary
substantially with the look-angle.

5 Radiation properties

The antenna beamwidth and directivity can be used to
quantify the angular-spectral variation of UWB antennas as
observed in the previous Section. The mainlobe beamwidth
can be evaluated in terms of the beam solid angle

OAðf Þ ¼
Z 2p

0

Z p

0

Pnðy;j; f ÞdO

¼
Z 2p

0

Z p

0

Pnðy;j; f Þ sin ydydj

ð7Þ

Figure 6a shows the beam solid angle of the discone and
Vivaldi antennas. Both have a large beam solid angle at low
frequencies, lying in the region of 2–3 sr, which falls
exponentially with frequency in a nearly identical fashion
for the two antennas reaching 0.1 sr at fh. Even though the
beam solid angle of the Vivaldi remains smaller, the discone
also shows a small OA for large f, behaving like a directional
antenna.

This observation is confirmed by the variation of the
directivity, defined as

Dðf Þ ¼ 4p
OAðf Þ

ð8Þ

For the discone, the directivity starts with 3dBi at fl and
increases with frequency to 23dBi at the upper end of the
UWB spectrum, as shown in Fig. 6b. From this result, it is
clear that the discone does not behave as a constant-gain
antenna over the UWB frequency range. Indeed, the
discone is even more directive than the Vivaldi in the mid-
band region. The increased directivity of the discone in the
upper band has the positive consequence of extending
the link as long as the transmitting and receiving antennas
are oriented along the main beam. However, this variation
in directivity can also have a significant impact on the
transmitted power. The system designer must ascertain that
the transmitted signal power at any frequency and angle
does not exceed the EIRP regulatory limits as a result of
variable directivity.

The above results establish that omni-directional UWB
antennas do not exhibit constant gain over the UWB band.

6 Waveform distortion

The effect of antennas on UWB system performance can
be quantified by defining a suitable figure of merit for
the quality of the communications link. We define angular
bandwidth, Bn(y,j), as the ndB bandwidth at angular
coordinates (y,j), where n is a suitable threshold
commonly taken as 3 or 10 compared to the peak of the
radiation pattern. This is the effective bandwidth
perceived by a terminal in the direction specified by (y,j),
and is a direct measure of the antenna angular-spectral
dispersion.

Figure 7 shows the elevation plane angular bandwidth
Bnðy;jÞjj¼ constant for the discone and Vivaldi, with the full

system bandwidth Bmax¼ 7.5GHz also marked for refer-
ence. Most noticeably, there is only a very small window of
y to approach the full B10(y, j), close to y¼ 501. This angle
is significantly displaced from the equatorial plane, y¼ 901,
usually deemed ideal for such omni-directional antennas,
at which the half-power bandwidth B10(y, j) is less than
2GHz. The Vivaldi antenna retains a third of its maximum
B10(y,j) at all values of y, which amounts to partial spectral
leakage in undesired directions.

Figure 8 illustrates the measured angular transfer
functions of the discone antenna, given by

Hðy;j; f Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pnðy;j; f Þ

p
ð9Þ

at y¼ {01, 301, 601, 901}. The least attenuation and relative
uniformity in the transfer function is observed at y¼ 601,
which agrees with the conclusions drawn from Fig. 7, and
therefore the least spectral distortion will be caused to the
signal radiated at that angle.

The edge reflections in a finite antenna cause radiation of
multiple transients whose separation varies with the look
angle [38]. This can be overcome with the use of tapered
resistive [39] or capacitive [40] loading. Edge reflection
analysis, however, is not included in this treatment.

The response of the antenna to a signal, s(t), is a filtering
operation given by

Rðy;j; f Þ ¼ Sðf ÞHðy;j; f Þ ð10Þ

0.5

1.0

1.5

2.0

2.5

3.0

be
am

 s
ol

id
 a

ng
le

, s
r

a

Discone
Vivaldi

4 5 6 7 8 9 10

10

15

20

25

30

di
re

ct
iv

ity
, d

B
i

frequency, GHz

b

Discone
Vivaldi

Fig. 6 Variation of beam solid angle and directivity of UWB
antennas with frequency
a Beam solid angle
b Directivity

IEE Proc.-Commun., Vol. 153, No. 1, February 2006 103



where S( f ) is the Fourier transform of s(t) and R( f ) is the
spectrum of the distorted signal. The effect of antenna
dispersion on a UWB signal is illustrated with the help of a
Gaussian monopulse [41] commonly used in impulse radio
systems [2]. The monopulse, also known as a Gaussian
doublet, is the first derivative of a Gaussian pulse with a
single time-domain zero-crossing and the functional form

sðtÞ ¼ S0
t
t

e�
t2

2t2 ð11Þ

where t signifies the time decay constant and S0 the
amplitude. The output waveform is given by

rðy;j; tÞ ¼
Z 1
�1

sðt � xÞhðy;j; zÞdx; ð12Þ

where h(y, j, t) represents the directional impulse response
of the antenna, related to the antenna transfer function in
(9) through the Fourier transform, and x is the integration
variable.

Figure 9a shows the original monocycle s(t) with its 3dB
bandwidth satisfying the FCC UWB spectral masks, while
Fig. 9b through d show the distorted waveforms r(y, j, t).
It is seen that a discone antenna alters the pulse shape
depending on the elevation angle, and the waveform at
y¼ 601 has greater similarity to the transmitted (or
template) waveform than those at 301 and 901, owing to a
flatter antenna response and wider effective bandwidth at
601 as discussed earlier.

The angular-spectral effects of other UWB antennas are
expected to result in signal dispersion in a fashion similar to
that analysed above. Also, other UWB waveforms would
experience antenna distortion, and both full-band and
multi-band systems would be affected. This includes the
orthogonal frequency division multiplexing (OFDM) [42] or
direct-sequence [43] modulated signals used in multi-carrier
UWB implementations [44]. In a communications link,
the signal radiated by a UWB transmitter is filtered by
the antenna based on its direction-of-departure. Multipath
components of this antenna-filtered signal, after transmis-
sion, may undergo a combination of various propaga-
tion mechanisms, altering its frequency content [45]. In
the indoor propagation channel, a large number of
multipaths reach the receiver [4, 34] with a wide range of
directions-of-arrival (DOAs) [24], causing the pulse shape
of each multipath arrival to be individually altered
depending on its DOA [46, 47], and consequently presenting
a highly distorted composite signal to the subsequent
receiver components. Antenna distortion can thus
degrade the signal-to-noise ratio (SNR) at the receiver
considerably. In UWB signals that already operate at
low SNR, this can drastically increase the outage prob-
ability and symbol error rate, reduce the capacity, and limit
the coverage range.
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7 Conclusion

It has been shown that the angular radiation properties of
UWB antennas vary substantially over the frequency band.
For the vertically polarised, omni-directional discone
antenna, the low frequency components of a UWB signal
are radiated almost isotropically, midband frequencies are
radiated in a well-defined boresight pattern in the elevation
plane, while high frequencies experience beam splitting and
slanting. With the directional Vivaldi antenna, there is
strong low- and medium-frequency leakage off the bore-
sight while the high frequency components achieve the
desired directivity. As a reciprocal phenomenon, the
frequency content of the signal radiated by these UWB
antennas is a function of the look angle. This can result in
unpredictable system performance in a typical short-range
wireless network, in which the location of the mobile
terminals is generally unknown and varying. This char-
acterisation provides evidence for the existence of angular-
spectral signal dispersion resulting from antennas, and it is
established that the antenna characteristics vary jointly with
frequency and direction. The boresight beamwidth of
the discone antenna falls exponentially with frequency, the
beam solid angle decreases from 3.3 sr to 0.1 sr across
the FCCUWB band, and its directivity increases from 3dBi
to 23dBi. A comparison of the variation of the discone
and Vivaldi beam solid angle and directivity proves that
an omni-directional antenna does not provide constant
gain across the band. The effective angular bandwidth
of the antennas is found to be sensitive to direction. The
10dB bandwidth of vertically polarised discone antennas
is less than 2GHz in the horizontal plane, severely
affecting the operation of a full-band UWB system. Pulse
shape distortion with look-angle is also observed as a
consequence of bandwidth variation owing to antenna
dispersion. These results establish the variability of antenna
radiation properties over the UWB frequency range and
underline the significance of this effect in system design
and modelling.
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