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Abstract A time-domain electromagnetics code is used to evaluate the transient
and radiation performances of three printed-circuit antennas for super-wideband
(SWB) monitoring applications. For two antennas, one in microstrip and one in
coplanar technologies, operating between 3 and 30 GHz with a return loss of
10 dB, it is demonstrated that the vertically polarized omnidirectional radiation
characteristics in the lower frequency band change to a more directional pattern at
higher frequencies and that the cross-polar field component increases with fre-
quency and gives rise to possible dual-polarized applications for the microstrip
antenna. In comparison, the coplanar antenna shows slightly better performance,
especially with respect to its transient response. Its group-delay variation is only
180 ps compared to 250 ps of the microstrip antenna, and its amplitude response
provides better polarization purity. The evaluation of the coplanar concept is
extended to cover a bandwidth between 3 and 60 GHz. The time-domain evalu-
ation, as validated by a frequency-domain technique, demonstrates that band-
widths in extent of decade bandwidths are possible with simple printed-circuit
antennas. Characteristics and performances are presented for possible applications
in future SWB monitoring systems, radar technology, through-wall imaging sys-
tems, and other future wireless services. Antenna dimensions are provided for
future comparisons with improved and/or multi-level electromagnetics codes.
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5.1 Introduction

Applications of time-domain electromagnetics and related codes have significantly
increased since 2002, when the ultra-wideband (UWB) frequency spectrum
between 3.1 and 10.6 GHz was released by the US Federal Communications
Commission (FCC). UWB technology operates with electromagnetic pulses,
which are spread over a wide frequency spectrum and transmitted at low power
levels not exceeding effective isotropic radiated power (EIRP) density levels of
-41.3 dBm/MHz. The transmission principle, which is based on pulses between a
few tens of picoseconds and a few nanoseconds, representing a single or a few
cycles of a radio-frequency carrier waveform, is ideally suited for transient
analysis by time-domain electromagnetics codes. For such applications, they
present distinct advantages over frequency-domain techniques, mostly in terms of
computation time and efficiency. Fourier transforms are usually performed to
present the data in the frequency domain.

As small antennas form a fundamental requirement for UWB systems, a large
number and variety of printed-circuit antennas to cover this frequency range have
been proposed. For such a bandwidth, the ratio between upper and lower fre-
quencies is 3.4:1. However, it was found later that the bandwidths of some UWB
antennas could be extended to approximately 30 GHz, thus providing a bandwidth
ratio of 10:1 and inspiring the term ‘‘super-wideband (SWB) antennas.’’

As applications of wireless data transmission are increasing in number and in
frequency, e.g., up to 60 GHz [1], an obvious need for proper monitoring equip-
ment arises in order to enforce standards or investigate related topics. The range of
sensor and monitoring applications is widespread and addresses issues such as
EIRP compliance [2], immunity tests [3], interference [4], high-power microwave
detection [5], health-related testing [6, 7], and many more.

In order to detect electromagnetic emissions in such a wide range of frequencies
and applications, equipment must have SWB performance. Thus, associated sys-
tems for testing, sensing, and monitoring are developed. Sensor networks for
wireless applications have been proposed, e.g., [8], and EMC testing equipment for
mobile phones is being developed, e.g., [9]. Recently, a system for EMI mea-
surements up to 26 GHz was presented [10].

Within such testing systems, the UWB or SWB antenna is of paramount
importance as it must provide the bandwidth for an often multiband receiver
system. TEM horns can be used in chamber measurement setups, e.g., [11], for
initial tests and certification procedures. For mobile monitoring, however, printed-
circuit antennas are more appropriate. Hence, a large number of printed-circuit
antennas have been developed within the last several years, e.g., [12, 13].

However, many designs are confined to the 3–10 GHz range for compliance
with the FCC approved bandwidth. Only rarely and more recently have monopole-
type antennas been presented that extend the applicable frequency range to
20 GHz [14], 30 GHz [15], 40 GHz [16], 50 GHz [17], 60 GHz [18] and, although
without verification, up to 150 GHz [19]. Common to most of these antennas is a
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printed-circuit monopole whose return loss has been optimized to cover a much
larger band than the original 3–10 GHz range, but whose change in transient
behavior and pattern characteristics over the much wider band has been accepted
as unavoidable.

This chapter presents the time-domain evaluation for the transient performance
of SWB printed-circuit antennas. Three planar antennas, one in microstrip and two
in coplanar waveguide (CPW) technology are analyzed. Following the presenta-
tion of a general design procedure for such antennas in Sects. 5.2 and 5.3 intro-
duces the transient evaluation of a microstrip and a CPW antenna for SWB
applications with capabilities up to 30 GHz, thus covering not only the
3.1–10.6 GHz UWB range, but also that for vehicular radar between 20 and
29 GHz. Their geometries are similar to 3–10 GHz UWB antennas, but their
frequency range has been significantly increased. Section 5.4 presents the analysis
of a second coplanar antenna whose bandwidth is extended to cover the 3–60 GHz
range, thus providing a bandwidth ratio of 20:1.

5.2 General Antenna Design Procedure

The vast majority of published printed-circuit UWB antennas consist of a mi-
crostrip-line-fed metalized and arbitrarily shaped patch over a removed ground
plane. In order to provide the bandwidth for SWB antennas and/or extend the
existing UWB antennas to much higher frequencies, the following optimization
process is adopted.

Our design procedure starts with a hexagon whose corner points are located on
a circle (Fig. 5.1a). The feed is assumed to be connected at point P0, and can be
either in microstrip or coplanar technology. The coordinate system adopted in this
work is shown in Fig. 5.1b. If a microstrip line is used, as shown in Fig. 5.2a, the
ground plane is abruptly terminated, thus creating a patch that represents a
monopole over a horizontal ground plane. In CPW technology (Fig. 5.2b), the
ground planes on either side of the center conductor are sloped in the same way as
the radiating monopole. At higher frequencies, this can be viewed as a linearly
tapered slot antenna (LTSA) whose radiation characteristics are mainly in the
direction indicated by h = 90� and / = ±90�.

For the design and evaluation procedure, the time-domain solver of CST
Microwave Studio is used. For the extremely large bandwidths involved in this
work, time-domain analysis, as opposed to a frequency-domain solution, has
turned out to present a tremendous advantage in terms of CPU time, and thus
timeliness in an actual design exercise. An SWB pulse in the respective frequency
range is applied to the input of the microstrip (or CPW) line at P0 (Fig. 5.1a), and
positions P1, P2, and P3 are varied. Symmetry of the radiating patch is enforced,
thus determining points P01, P02. The time-domain reflected wave at P0 is Fourier
transformed and the reflection coefficient monitored over a wide frequency range.
The optimization is terminated when the reflection coefficient at P0 is at or lower
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than -10 dB. Note that the feeding coaxial cable is included in all simulations as it
presents, first, a nonnegligible reflection at its interface to the printed-circuit board
and, secondly, connects the two ground planes in the CPW design (Fig. 5.2b).

5.3 Evaluation of 3–30 GHz Antennas

As mentioned before, the transient evaluation method used here is based on a short
pulse that is excited at the input of the coaxial cable feeding the antenna (c.f.
Fig. 5.2). The reflected pulse is monitored and the ratio of Fourier transforms of
reflected to transmitted pulse is displayed as the reflection coefficient versus fre-
quency. For pattern computation, a radiation boundary, e.g., [20], is defined from

Fig. 5.1 Initial geometry of the UWB/SWB antenna (a) with point P0 indicating the feed by
either a microstrip line or coplanar waveguide, and the coordinate system (b) adopted in this work

Fig. 5.2 Layouts, dimensions (in mm), and coordinate system of printed-circuit 3–30 GHz SWB
antennas in microstrip (a) and CPW (b) technologies
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which far field radiation patterns can be extracted. The transient performance is
evaluated by placing a probe in the far field of the antenna and Fourier trans-
forming the input pulse at the coaxial cable and that received at the far-field probe.
The ratio of amplitudes is displayed as amplitude response versus frequency. The
phase information is shown as group delay, which is the derivative of the phase
difference w.r.t. angular frequency.

The microstrip and coplanar antennas for 3–30 GHz SWB applications are
shown in Fig. 5.2a, b with their respective dimensions. The substrate is selected as
RT/Duroid 6002 with er = 2.94, tand = 0.0012, substrate height of 0.762 mm and
metallization thickness of 17.5 lm. The characteristic impedances of the feeding
microstrip and coplanar transmission lines are 50 X, and a 40 GHz coaxial cable is
chosen to feed the antennas.

Figure 5.3a shows the reflection coefficients of both the microstrip and CPW
antennas. Between 2.8 and 30 GHz, |S11| is less than -10 dB, thus validating the
time-domain design procedure to obtain a broadband match. The influence on the
substrate material, both in terms of permittivity and substrate height and at the
example of the microstrip antenna (Fig. 5.2a), is depicted in Fig. 5.3b. It is
observed that the reflection coefficient decreases with decreasing permittivity and
decreasing substrate height. This result is later used to design the SWB antenna up
to 60 GHz.

Figure 5.4a, b shows the E-plane radiation characteristics of the microstrip
antenna for 14 different frequencies. It is obvious that in the lower frequency
range, the antenna behaves like a typical monopole, whereas toward higher fre-
quencies, the number of minima increases due to the reducing wavelength. These
tendencies are corroborated by the H-plane patterns (Fig. 5.4c, d) that show nearly
omnidirectional characteristics at low frequencies and an increasing number of
minima toward higher frequencies. It is noted that although several angles expe-
rience minima at different frequencies, the preferred directions of h = 90� and /
= ±90� are available throughout the entire SWB frequency range.

Similar observations can be made for the CPW antenna of Fig. 5.2b whose
E-plane and H-plane patterns at 14 different frequencies are shown in Fig. 5.5a–d,
respectively. The patterns of both antennas, microstrip and CPW, are similar as
both antennas change to a more directional characteristic as frequency increases.

A difference in their respective performance can be observed if not only the
co-polar Eh components, as in Figs. 5.4 and 5.5, are displayed, but also in their
cross-polar E/ components, which are shown as well. Rather than presenting
all cross-polar radiation patterns, we display the responses of the antennas in the
preferred direction of h = / = 90�.

The results of the transient analysis are presented here only for a single pre-
ferred direction. The analysis over an entire sphere requires transient modeling of a
very large structure (due to lowest frequency far-field condition) and use of su-
percomputing or parallel-processing capabilities.

Figure 5.6 shows the amplitude and group delay plots over the entire frequency
range between 1 and 30 GHz. The probe is located at h = / = 90�, which is the
right horizontal direction in Fig. 5.2. The low amplitude level in Fig. 5.6a is due to
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the extremely small size of the probe and its omnidirectional characteristic. While
the vertical polarization Eh of both antennas is wavy, but at a reasonable level over
the entire frequency range, the horizontal (cross) polarization E/ increases with
frequency and, between 26 and 28 GHz, shows levels in the same order of mag-
nitude for the microstrip antenna. This would permit the use of dual-polarized
applications if required, especially since also the group delay (Fig. 5.6b) is almost

Fig. 5.3 Reflection coefficients in dB of the microstrip (solid line) and CPW (dashed line) SWB
antennas (a); changes in the input reflection coefficient for the microstrip antenna (Fig. 5.2a) in
terms of substrate material and height (b)
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Fig. 5.4 E-plane (a and b) and H-plane (c and d) radiation patterns of the microstrip SWB
antenna of Fig. 5.2a
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Fig. 5.4 (continued)
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Fig. 5.5 E-plane (a and b) and H-plane (c and d) radiation patterns of the coplanar SWB antenna
of Fig. 5.2b
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Fig. 5.5 (continued)
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Fig. 5.6 Responses of microstrip and CPW SWB antennas; amplitude responses (a), and group
delay of the microstrip (b) and CPW (c) antennas
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identical in this narrow frequency range. Note that the cross-polarized level
radiated from the microstrip antenna is usually higher than that of the CPW one
because this polarization is present in the microstrip feed, but absent from that of
the CPW.

In general, the group delay performance is much flatter for vertical than hori-
zontal polarization. The variations are 250 and 700 ps, respectively, for the mi-
crostrip antenna (Fig. 5.6b) and 180 and 950 ps, respectively, for the CPW
antenna (Fig. 5.6c). This performance is comparable to many other printed-circuit
UWB antennas. However, their group delay responses are confined to the much
smaller 3–10 UWB GHz frequency range, e.g., [21–24], whereas the results pre-
sented here extend such performance to the 3–30 GHz SWB spectrum.

Since the direction of the main beam changes with frequency, it is difficult to
present gain plots for SWB antennas. Two approaches are presented here. The first
approach displays the vertically polarized gains in specific planes. Figure 5.7a, b
shows the maximum E- and H-plane gains of the microstrip and CPW antennas
obtained at varying angles. The E-plane patterns are for varying angles h at /
= 90�, i.e., the yz plane in Fig. 5.1. The H-plane patterns are for varying angles /
at h = 90�, i.e., the xy plane. Both antennas show typical variations in gain per-
formances, and the average gain increases with frequency. Note that gain values
below 0 dB in the lower frequency range indicate that the direction of maximum
gain might have shifted to a direction different from angles in the E- or H-planes.

As for the second approach, termed ‘‘realized gain,’’ we present the vertically
polarized gain in a preferred direction. The related data is shown in Fig. 5.7c as a
comparison between the microstrip and CPW antennas for the h = / = 90�
direction. For both antennas, this gain varies rapidly. However, higher gain values
are obtained on average for the CPW antenna. It is worthwhile noting that a dip
occurs in Fig. 5.7c at 27 GHz for the microstrip antenna. This is the same fre-
quency at which a dual-polarization operation was envisaged previously (c.f.
Fig. 5.6a). It is thus obvious that the microstrip antenna’s co-polarized (vertically
polarized) gain drops as half of the power is already radiated in the cross-polar
(horizontal) direction. However, for remote monitoring or surveillance purposes, it
is mostly important that the antenna receives a signal. Its actual strength is of
secondary consideration.

This concludes the time-domain performance evaluation of the 3–30 GHz SWB
antennas. The concept of the CPW antenna is now extended to 60 GHz.

5.4 Evaluation of the 3–60 GHz CPW Antenna

According to the investigation presented in Fig. 5.3b, lower permittivity substrates
and/or reduced substrate heights are required for antennas to work into the mil-
limeter-wave frequency ranges. Thus, the substrate for the 3–60 GHz SWB
antenna is selected as RT 5870 with er = 2.35, tand = 0.0012, substrate height of
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Fig. 5.7 Different gain performances of microstrip and CPW SWB antennas; maximum gain
microstrip (a), maximum gain CPW (b), and realized gain for microstrip and CPW antennas (c)
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0.254 mm, and metallization thickness of 17.5 lm. Moreover, compared to the
3–30 GHz antennas discussed in Sect. 5.3, the feed is changed to reflect a 65 GHz
coaxial cable. Figure 5.8 shows the layout and dimensions of the CPW antenna
following the design procedure in Sect. 5.2.

Figure 5.9 shows the input reflection coefficient of the CPW antenna of
Fig. 5.8, which displays excellent performance between 3.2 and 60 GHz. For
validation, the results of the time-domain solver of CST Microwave Studio are
compared with those of the frequency-domain (finite element) solver of HFSS. The
agreement is close up to 50 GHz, but deviates above that value. These slight
discrepancies are attributed to the fact that in HFSS, the highest meshing fre-
quency was set to 50 GHz in order to keep the CPU time to a reasonable limit. The
good agreement between the two field solvers validates the approach for the design
of printed-circuit SWB antennas and demonstrates the usefulness and application
of computational electromagnetics in SWB systems performance evaluation.

Figure 5.10 depicts the E- and H-plane radiation pattern of the CPW SWB
antenna for 20 different frequencies between 3 and 60 GHz. These patterns are
similar to those of the 3–30 GHz CPW antenna (Fig. 5.5) in the sense that at lower
frequencies, the antenna behaves like a monopole, whereas it becomes more
directional toward higher frequencies. However, the performance between 15 and
30 GHz is better than that of Fig. 5.5 since the large number of pattern minima
occur between 30 and 60 GHz and not, as in Fig. 5.5, between 15 and 30 GHz.
This is a result of the lower permittivity and reduced-height substrate selected for
the 3–60 GHz design. Again, it is noted that despite the increasing number of
minima toward higher frequencies, transmission and reception are maintained in

Fig. 5.8 Layout and
dimensions (in mm) of
printed-circuit 3–60 GHz
SWB antenna in CPW
technology
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the directions of h = 90� and / = ±90� at all frequencies. For even higher fre-
quencies, it is expected that the pattern will approach that of a bidirectional LTSA.

The results of the transient analysis, e.g., the levels of co- and cross-polarized
fields in the preferred direction of h = / = 90� are shown in Fig. 5.11a. It is
observed that the cross-polarized component increases with frequency, but that
even toward 60 GHz, it is more than 10 dB below the co-polarized field. The
antenna is thus predominantly vertical polarized, and a dual-polarization appli-
cation as suggested for the 3–30 GHz microstrip antenna (Fig. 5.6a) is not
possible.

The phase information corresponding to the amplitude levels of Fig. 5.11a is
displayed as group delay in Fig. 5.11b. The group delay variation for the vertical
(co-) polarization is less than 150 ps up to 60 GHz. This is a quite remarkable
value considering the bandwidth ratio of 20:1. A much larger variation and several
spikes are observed in the group delay of the cross-polar component. It is thus
concluded that only the vertical polarization is suitable for pulse transmission or
reception in an SWB communication scenario. For simple spectral monitoring
applications in the 3–60 GHz range, however, the group-delay performance is of
secondary importance.

Finally, the gain performance of the 3–60 GHz SWB antenna is shown as three
different traces in Fig. 5.12. As explained in Sect. 5.3, the E-plane curve is the
maximum gain obtained in the E-plane at varying angles h, i.e., the yz plane in
Fig. 5.1. The H-plane gain is the maximum gain at varying angles / in the H-plane
where h = 90�. And the third curve shows the gain in the direction of h = /
= 90�. In the lower frequency range, this gain can fall below 0 dB as the direction

Fig. 5.9 Reflection coefficient in dB of the 3–60 GHz SWB antenna of Fig. 5.8; comparison
between CST and HFSS

5 Evaluation of the Transient Performance... 131



Fig. 5.10 E-plane (a, b, c) and H-plane (d, e, f) radiation patterns of the coplanar SWB antenna
of Fig. 5.8
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Fig. 5.10 (continued)
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Fig. 5.10 (continued)
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of maximum gain changes with frequency, and might not exactly fall in the
indicated direction. For frequencies greater than 9 GHz, the maximum H-plane
gain is almost identical to that in the direction h = / = 90�. Note that the three
gain curves start to align at frequencies above 27 GHz. This confirms that the main
direction of radiation is actually that of h = 90� and / = 90� and, by consider-
ation of symmetry in Fig. 5.8, also that of h = 90� and / = -90�.

Fig. 5.11 Amplitude responses (a) and group delay performance (b) of co- and cross-polarized
electric fields for the coplanar antenna in Fig. 5.8 with probes located at h = / = 90�
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5.5 Conclusions

Time-domain modeling and analysis demonstrates that printed-circuit antennas
with monopole-like shapes, which have been proposed for the UWB applications
between 3.1 and 10.6 GHz, can be extended to cover SWB frequency ranges up to
30 GHz and even up to 60 GHz. The two printed-circuit antennas for 3–30 GHz
SWB monitoring applications, as well as the antenna up to 60 GHz, achieve a
return loss of 10 dB over the entire bandwidth. Their transient responses in terms
of amplitude and group delay performances are acceptable and compare well with
other UWB printed-circuit antennas that have been presented previously only for
the 3–10 GHz band. However, since the main beam (or possibly multiple beams)
changes directions with frequency, the gain of both antennas varies drastically in
specific directions and/or planes. Therefore, such antennas are preferred to be
mobile when employed in monitoring or surveillance equipment. The 3–30 GHz
microstrip antenna shows possibility of dual-polarized applications at around
27 GHz. The 3–30 GHz coplanar antenna demonstrates slightly better amplitude,
group delay, and gain performance overall. The 3–60 GHz coplanar antenna on a
lower permittivity and thinner substrate presents a viable option for SWB spectral
monitoring as demonstrated by performance comparison of two independent field
solvers. The time-domain approach is validated by comparison with results from a
frequency-domain technique. The investigation shows that time-domain compu-
tational electromagnetic codes are indispensable in the performance evaluation
and design of UWB and SWB antennas.
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Fig. 5.12 Gain performance of SWB antenna in Fig. 5.8 including maximum gains in E- and H-
plane (but varying angles) and gain toward h = / = 90�
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