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SUMMARY
Power patterns in the frequency domain are usually used
to describe the antenna performance in narrowband communication systems; however, they are not suﬃcient for ultra wideband (UWB) antennas
in wideband communication systems. In this paper, energy pattern and energy gain are introduced to describe the performance of UWB antennas.
Numerical simulations and measurements are used to demonstrate the difference between power patterns and energy patterns for narrowband YagiUda antenna, UWB CPW–fed bow-tie slot antenna, and UWB comb taper
slot antenna. The results of simulations and measurements are agreement
not only in energy pattern, but also in received voltage at various observation angles. For narrowband antennas, the energy patterns are similar to
that of the power patterns in the main beam region. However, there are
quite diﬀerences between power pattern in frequency domain and energy
pattern in time domain for UWB antennas.
key words: energy pattern, energy gain, power pattern, ultra wideband
(UWB) antenna

1.

Introduction

In general the parameters of antennas are characterized
by input impedance, eﬃciency, gain, directivity, eﬀective
area, radiation pattern, beamwidth, polarization properties,
etc. [1]. It is well known that antenna parameters are function of the frequency. For narrowband applications it is possible to analyze these parameters within the narrow band.
For wider bandwidths, antenna parameters change greatly
from frequency to frequency. The parameters as functions
of frequency are not suﬃcient for the characterization of the
communication system.
The UWB antenna, which has a frequency bandwidth
of more than 100%, has been studied extensively [2]–[4];
Thus, the frequency domain concepts and terminology commonly used to describe power patterns of narrowband antennas may not be suitable for the UWB antenna. Traditionally, the antenna power pattern in the frequency domain is
the spatial variation of the radiation intensity along a constant radius. On the other hand, although the UWB antenna
includes the capability of processing ultra wideband spectrum, the power patterns in frequency domain of the UWB
antenna will be diﬀerent from frequency to frequency. If the
UWB antenna is defined as the energy pattern in the timeManuscript received April 1, 2011.
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domain instead of power pattern in frequency domain, the
complex pattern will be solved easily. The energy pattern
of the antenna is the total response of the power patterns in
the frequency domain. This provides a simple representation of antenna behavior as that of a large number of power
patterns. If using the proposed solution for UWB antenna,
it is easier to describe the performance of UWB antenna.
In order to provide more insight and more eﬀective terminology for UWB antennas, the energy pattern of antennas
will be analyzed by using the received voltage or electric
field intensity. In order to verify the results of simulation,
antenna energy patterns are also measured. In this paper,
the power pattern, power gain, energy pattern, and energy
gain of narrowband and UWB antennas were simulated and
measured. These verified antennas will include Yagi–Uda
antenna, UWB CPW–fed bow-tie slot antenna, and UWB
comb taper slot antenna.
2.

Formulation of the Energy Pattern

The energy pattern U E (θ, φ) at direction (θ, φ) in the time
domain was defined in Refs. [5]–[7] and is given in Eq. (1):
 +∞ 
1
Ē (t, R, θ, φ)2 R2 dt
(1)
U E (θ, φ) =
rad
η0 −∞
The energy pattern can also be verified in the frequency
domain as shown in Eq. (2):
 +∞
1
(2)
U E (θ, φ) =
|ērad (ω, R, θ, φ)|2 R2 dω
2πη0 −∞
where η0 is the intrinsic impedance of free space (377 ohm),
and Ērad (t, R, θ, φ), ērad (ω, R, θ, φ) are the radiated electric
field intensity in the time domain and in the frequency domain, respectively. Although the electric field intensity depends on the range R, the energy pattern will not depend on
the range R. The unit of power pattern is in watt per unit
solid angle, while the unit of energy pattern is in joule per
unit solid angle.
The energy pattern indicates the value of energy intensity received or radiated by the antenna. The energy pattern
at the (θ, φ) direction is the energy per unit solid angle radiated by the antenna integrated over the whole time domain,
which represents the time waveform of the detected energy
intensity, as a function of the direction of the incident signal.
Usually the UWB time waveform envelops decay
rapidly. In order to speed up the computation time, the energy pattern will be simulated or measured and time-gated
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over [t1 , t2 ]. The energy pattern in the (θ, φ) direction can be
modified as in Eq. (3):
 t2 
1
Ē (t, R, θ, φ)2 R2 dt
U E (θ, φ) =
(3)
rad
η0 t1
The energy gain G E (θ, φ) is in time domain, which is
analogous to the conventional power gain in frequency domain [8]–[13]. The energy pattern U E can be normalized
to the energy radiated by a hypothetical lossless, matched
isotropic antenna driven by a source with the same available energy. The energy gain of an antenna is the product of
overall energy eﬃciency and energy directivity as shown in
Eq. (4):
G E (θ, φ) = ηE DE (θ, φ)
4πU E (θ, φ)
= ηE  2π  π
U E (θ, φ) sin θdθdφ
0
0

(4)

where DE is the energy directivity. ηE is the total energy
eﬃciency of the antenna, which is defined as the ratio of
the total energy radiated to the total energy available at the
antenna input as shown in Eq. (5):
2
 2π  π  t2 
 R2 sin θdtdθdφ

(t,
R,
θ,
φ)
Ē
rad
0
0 t1
ηE =
(5)

 t2 
η0 t VS2 (t) /4RS dt
1

where VS is the instantaneous source voltage and RS is the
source resistance.
3.

Response of Waveform for Diﬀerent Antennas

UWB antennas enable the transmission of impulse without distortion [14]. The response of the impulse waveform
could be used as the performance of antenna. In this section, the waveform of an excitation pulse by simulation and
measurement and its spectrum will be discussed. The ideal
Gaussian pulse as shown in Fig. 1(a) is used for simulation
in this paper. The measurement impulse which from trigger
generator is a similar to that of Gaussian pulse with pulse
with 30 ps and amplitude 20 V. The receiver is a wideband
digital sampling oscilloscope. The output impedance for the
trigger generator and digital sampling oscilloscope are 50
ohm. Figure 1(b) is the measured results with attenuator,
SMA connectors, and cable loss from trigger generator. Minor diﬀerences between the simulation and measurement,
may cause by narrowband SMA connectors. Figure 1(c) is
the comparison of normalized spectrum for both simulation
and measurement. Since the higher the frequency the higher
the losses for the SMA connector and the RF cable will be,
the measurement result of spectrum decay rapidly for higher
frequency, as shown in Fig. 1(c).
The simulation result is the electric field intensity
(volt/meter) in the far-field region. The far field is simulated with a perfect source excitation delivering a Gaussian
pulse at antenna input port. The measurement is performed
with the same Gaussian pulse voltage source exciting a double ridge horn as the transmission antenna and the antenna

Fig. 1 Waveform of excitation pulse by simulation (a) and measurement
(b), and its spectrum (c).
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Fig. 2

Yagi–Uda antenna.

under test (AUT) is used as the receiving antenna. The measurement result is the voltage amplitude (volt) at the display
of digital sampling oscilloscope. The time-domain response
for narrowband Yagi–Uda antenna, UWB CPW–fed bowtie slot antenna, and UWB comb taper slot antenna will be
compared.
3.1 Yagi–Uda Antenna
A typical eight-element Yagi–Uda antenna is shown in
Fig. 2. It consists of a driven element (folded λ/2 dipole)
fed by a balun, a reflector, and six directors. The size of antenna is 28 cm by 11 cm and its operating frequency bandwidth is from 1.75 GHz to 1.95 GHz. Figure 3 shows the
time domain response of simulated field intensity and measured voltage of H-plane Yagi–Uda antenna at ±45◦ , ±90◦ ,
and endfire directions. The time signal converges slowly
due to the narrow bandwidth. The results in time domain
response from both simulation and measurement are very
similar.

Fig. 3 Comparison of the time domain response of simulated field intensity and measured voltage of Yagi-Uda antenna at 0◦ , ±45◦ , and ±90◦
directions.

3.2 UWB CPW–Fed Bow-Tie Slot Antenna
UWB CPW–fed bow-tie slot antenna is shown in Fig. 4,
which is fabricated on a 4.7 cm by 3.6 cm Rogers RO4003
substrate [15]. The RO4003 parameters are with relative
permittivity 3.38, thickness 0.508 mm, and loss tangent
0.0027. The antenna structure is composed of a linear tapered transition slot line between the feeding CPW and the
bow-tie slot antenna. By using this linear tapered transition, a 120% impedance bandwidth with 10 dB return loss
is obtained. The consistency of the radiated pulse shape is
a critical issue in UWB antenna performance for omnidirectional pattern [16]. Figure 5 shows the time domain response of simulated field intensity and measured voltage in
the H-plane of the antenna at0◦ , 45◦ , 90◦ , 135◦ , and 180◦ directions. From the results of Fig. 5, time waveform convergence is fast. The impulse time response is not sensitive to

Fig. 4

UWB CPW–fed bow-tie slot antenna.

the direction of the incident wave. It shows that it is an omnidirectional UWB antenna. The minor diﬀerence is caused
by the loss of SMA connectors and cable length.
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Fig. 6

UWB comb taper slot antenna.

Fig. 5 Comparison of the time domain response of simulated field intensity and measured voltage of CPW–fed bow-tie slot antenna at 0◦ , 45◦ , 90◦ ,
135◦ , and 180◦ directions.

3.3 UWB Comb Taper Slot Antenna
UWB comb taper slot antenna [17], [18] is a UWB antenna
as shown in Fig. 6. The antenna can achieve ultra wideband performance owing to its elegant transition from the
microstrip line [19], [20]. The microstrip transition at the
input is circularly tapered to parallel strips for the antenna
feed. The antenna length is chosen according to the empirical guideline [21]. The taper flare is determined by using
the recursive optimization of simulation software. The corrugations along the sides reduce the antenna width, improve
the voltage standing wave ratio (VSWR) over a wide frequency range, and suppress the sidelobe levels [22]–[24].
The antenna is designed on a FR4 substrate with relative
permittivity of 4.4, thickness of 0.8 mm, and loss tangent
of 0.0254. The size of the antenna is 14 cm by 4 cm. Figure 7 shows the time response simulated field intensity and
measured voltage in the H-plane at 0◦ , ±45◦ , and ±90◦ directions. The small ripple of the convergence for the test
results may be caused by an imperfect of hardware imple-

Fig. 7 The time response of simulated field intensity and measured
voltage of comb taper slot antenna at 0◦ , ±45◦ , and ±90◦ directions.

mentation. The voltage response is the maximum at the
0◦ endfire direction. The two beam minima occur at ±90◦
broadside directions. From these results, it is obvious that
this is a directional UWB antenna.
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4.

Comparison of Energy and Power Patterns

Usually, the traditional vector network analyzer (VNA) will
be capable of time domain measurements using software
processing. It will take time for data transformation.
An impulse time domain antenna measurement system
(ITDAMS) is the direct time domain antenna measurement
method. It is not necessary to transform the received signal
in the frequency domain into the time domain [25]. The direct method will save time during the voltage response measurement. The key components of ITDAMS are the commercially available trigger generator and receiver. The receiver is a wideband digital sampling oscilloscope. The receiver has an instantaneous bandwidth of 26 GHz and a linear dynamic range of 66 dB. The impulse signals received by
the antenna under test (AUT) will include the desired signal
and other undesired signals (fields from multiple bounces).
The observation time window can be varied from 10 ps to
2000 ns with variable acquisition data points from 4 to 4096.
If the observable multipath components are larger than that
of time window, the variable range gate can adjust to select
the desired signal from the complex incoming signals. The
ITDAMS can also transform the gated received time signal
into a frequency spectrum by using Fourier transformation.
The ITDAMS is used to measure both the energy pattern in the time domain and the power pattern in the frequency domain. The measured antenna patterns of the above
three antenna examples will be compared.
Figure 8 shows the measured results of energy pattern
and power patterns at 1.75 GHz, 1.85 GHz, and 1.95 GHz
for the E- and H-planes of Yagi-Uda antenna. The energy
patterns of Yagi-Uda antenna are quite similar to the power
pattern in the main beam region. The sidelobe level of
the energy pattern is higher than that of the power pattern.
This is due to the residue of the time voltage response away
from the broadside direction. The measured power gain is

Fig. 8 Energy and power patterns in the H-plane of Yagi–Uda antenna.
(X-Z plane)

around 10.3 dBi to 11.6 dBi within 1.75 GHz to 1.95 GHz.
The measured energy gain in time domain is 10.83 dBi with
gated time window 14 ns. The energy gain is quite similar
to that of the power gain. Figure 9 shows the comparison
of energy pattern in the H-plane by simulation and measurement. Except for the sidelobe level, the results of simulation
and measurement are in good agreement.
Figure 10 shows the measurement results of energy pattern and power patterns at 4 GHz, 7 GHz, and 10 GHz for
the H-plane of the UWB CPW-fed bow-tie slot antenna. The
power patterns are quite diﬀerent for these three frequencies.
Figure 11 shows the comparison result of energy pattern in
the H-plane by both simulation and measurement. The simulation and measurement results are in good agreement. The
measured power gain varies from 2.52 dBi to 5.32 dBi for
frequencies from 3.1 GHz to 10.6 GHz. However the measured energy gain in time domain is 3.19 dBi with gated time
window 6 ns.

Fig. 9 Results of H-plane energy pattern of Yagi–Uda antenna by
measurement and simulation. (X-Z plane)

Fig. 10 Measurement results of H-plane energy and power patterns of
CPW-fed bow-tie slot antenna. (X-Z plane)
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Fig. 11 Results of the H-plane energy pattern of CPW-fed bow-tie slot
antenna by simulation and measurement. (X-Z plane)

Fig. 12 Measurement results of H-plane energy and power patterns for
comb taper slot antenna. (X-Z plane)

Fig. 13 Results of energy H-plane pattern of comb taper slot antenna by
simulation and measurement. (X-Z plane)

very fast. In order to keep the maximum radiation energy,
the time-gated t1 ∼ t2 of a narrowband antenna should be
wider than that of UWB antenna. The chosen of time window t1 ∼ t2 will aﬀect the energy pattern and energy gain.
For omni-directional antennas, the impulse time response is
independent of the direction of incident wave and it is almost the same at all directions. For directional antennas, the
time response has a maximum at its beam’s maximum direction and minimum at its beam’s minimum direction. The
simulated and measured energy patterns of three antennas
have been compared. The results are in good agreement.
For narrowband antennas, the power gain does not change
too much inside the band. The energy pattern is similar to
the power pattern in the main beam region and the energy
gain is close to the power gain for narrowband antenna. For
UWB antennas, the power patterns are quite diﬀerent. The
power gain and energy gain are also diﬀerent.
Acknowledgments

Figure 12 shows the measured results of energy pattern and power patterns at 4 GHz, 7 GHz, and 10 GHz in
the H-plane of the UWB comb taper slot antenna. These
power patterns are quite diﬀerent for these three frequencies. Figure 13 shows the comparison result of the energy
pattern by both simulation and measurement in the H-plane
of this antenna. The results of simulation and measurement
are quite similar. The variation of power gain is changed
from 5.85 dBi to 10.32 dBi for frequencies from 3.1 GHz
to 10.6 GHz. The measured energy gain in time domain is
7.38 dBi with gated time window 6 ns.
5.

Conclusion

The time domain antenna parameters and their formulas
have been presented. The time waveforms of narrowband
and UWB antennas are quite diﬀerent. For narrowband antennas, the convergence of the time response is very slow.
For UWB antennas, the convergence of the time response is
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