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Abstract—This paper presents an effective modeling methodology
for Ultra-wideband (UWB) antennas. The methodology is based
on augmenting an existing narrow-band model with a macro-model
while simultaneously perturbing component values of the narrow-band
model. The narrow-band model is an empirical-based circuit and
the macro-model described by rational functions is determined using
data fitting approaches. The perturbation of component values of
the narrow-band model is achieved by adjustments in SPICE. This
method is demonstrated on the example of a 2.5 cm dipole antenna
and a circular disc monopole antenna for UWB systems. Simulation
results show that this methodology is effective over a wide bandwidth
and suitable for modeling most UWB antennas.

1. INTRODUCTION

Worldwide interest in Ultra-wideband (UWB) [1, 2] wireless has
increased greatly with the release in Feb. 2002 by the FCC of their
first authorization for UWB in several frequency bands (0–960 MHz,
3.1–10.6 GHz, and 22–29 GHz) [3]. Although the large bandwidth
enables short-range, high data-rate communication and high resolution
positioning [4], it imposes new design challenges in UWB systems
[23, 24]. One challenge is the co-design of UWB antenna/circuit
interface. It is necessary to do co-simulation of the antennas with the
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UWB transmitter and receiver. Since circuit simulation is traditionally
done in a time-domain simulator such as SPICE, a general equivalent
circuit model of UWB antennas is required.

There are two basic requirements for the equivalent circuit model
of UWB antennas. First, input impedances or admittances of the
equivalent circuit model should match up with those of the modeled
antenna [5]. In traditional narrowband systems, all the design
parameters of antenna are expressed in single values and antennas are
modeled as resistors with a standard value. However, the parameters
are frequency-dependent in UWB systems, so it is not reasonable using
traditional model. Second, load resistor is an important parameter to
describe radiated waveforms [6]. In a UWB communication system,
the antennas act as major pulse-shaping filters. Bandwidth limitations
of the antennas show up as a frequency-domain transfer function and
as time-domain distortion of the received pulse [7]. The equivalent
circuit model should capture the waveform distortion so that one can
compensate at the transmitter/receiver.

Extensive studies have been reported in the literature regarding
the determination of the input impedance or admittance function.
These include Hamid’s graphical fitting method [8], Long’s transmis-
sion line method [9], Gerrits’s intuitive electrical schematic [10], Ram-
babu’s broadband equivalent circuit consisting of a series resonant cir-
cuit and two parallel resonant circuits [11], Nie’s accurate numerical
modeling [12] and Tang’s four-element lumped-parameter equivalent
circuit [13]. These models above are physically based and propose sev-
eral equivalent circuit topologies from the aspect of input impedance or
admittance matching. A more effective model is the degenerated Foster
canonical forms proposed by Wang [14]. The model introduces a load
resistor to reproduce the radiated waveform. The resulting impedances
match well up to 5 GHz, almost twice the first resonant frequency.
There are also studies of antenna modeling regarding field distribu-
tion and reflection coefficient. These include Sijher’s Genetic Algo-
rithm (GA) optimization method [15], Gustafsson’s resonance model
[16], Marrocco’s approximate space-time-frequency field representation
[17], and Shen’s modal-expansion method [18].

This paper describes an effective modeling methodology for UWB
antennas, the circuit refinement method. First, a narrow-band model
as degenerated Foster canonical form is built. Second, the narrow-
band model is augmented with a macro-model described by rational
functions, and then the macro-model is converted into the equivalent
circuits. Finally, the macro-model affects the poles of initial narrow-
band model, so perturbation of component values of the narrow-band
model is needed. The ultimate model matches the admittances of the
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modeled antenna over a wide bandwidth, and reproduces the far-zone
E field using the load resistor Rrad of the narrow-band model.

This paper is organized as follows. Section 2 presents the concept
of circuit refinement method and the details of the modeling method.
In Section 3, several practical examples are presented to verify the
proposed modeling method.

2. CIRCUIT REFINEMENT METHOD

The initial concept of the circuit refinement method for UWB antennas
is introduced in Fig. 1. By fitting admittance data of the antenna
obtained by simulation, the antenna is modeled by a narrow-band
model augmented with a macro-model. The narrow-band model is
an empirical-based circuit and forms the base of the ultimate model.
The macro-model described by rational functions is parallel with the
narrow-band model and is used to increase the accuracy of input
admittance matching. The load resistor Rrad reproduces the far-zone E
field. The ultimate model preserves the physical intuition of equivalent
circuits and utilizes the accuracy of macro-model data fitting.

narrow -band
m odel

m ac ro-m odel RradY in

Figure 1. Concept of circuit refinement method.

2.1. Narrow-band Model

Generally, UWB antennas act as band-pass filters, so the circuit
topology shown in Fig. 2 is chosen as the narrow-band model. The
series resonant circuit C1, L1 works as a high-pass filter, while parallel
resonant circuit C2, L2 as a low-pass filter. The whole circuit works as
a band-pass filter and models the UWB antenna roughly. Rrad is an
important parameter to reproduce the radiated waveform, furthermore,
the transfer function. The component values of the narrow-band
model can be calculated by utilizing the application bandwidths, center
frequencies or resonant frequencies of antennas. The circuit topology
has been successfully employed to model the dipole antenna [8].
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Figure 2. Circuit topology of narrow-band model.

2.2. Macro-model

The narrow-band model serves only as an approximation for the
modeling of UWB antennas. The antenna’s admittance data obtained
from XFDTD is then compared with input admittance of narrow-
band model derived in SPICE, and the differences between them are
modeled by a macro-model. It is effective to augment the macro-model
to guarantee the accuracy of input admittance matching over a wide
bandwidth.

Based on the parallel topology, it is straightforward to calculate
the macro-model data. The admittance function for the macro-model,
Ymacro(ωn), can be obtained from the admittance parameters of the
antennas, Yant(ωn), and of the narrow-band model, Ynarrow(ωn), as

Ymacro(ωn) = Yant(ωn) − Ynarrow(ωn). (1)

The admittance function Ymacro(ωn) can be approximated by
rational functions in rational polynomial, pole-zero or pole-residue
form, such as

Ymacro(s) =
Q∑

i=1

ki

s − pi
+ d + se (2)

where s = jwn are the complex frequency points. The unknown
parameters ki, pi, d and e in (2) are obtained using data fitting
approaches, such as vector fitting [19] or least-squares fitting.

After all of the parameters of admittance function are calculated,
it is feasible to convert it into circuits using the equivalent circuit
for rational approximation of transfer functions and the component
values of circuits are derived from calculation [20]. Ymacro(s) can be
considered as parallel addition of some branch circuits shown as Fig. 3.
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Figure 3. Equivalent circuits of macro-model.

2.3. Perturbation Approach

After the narrow-band model is augmented with the macro-model, the
poles of initial narrow-band model have been affected by the augmented
macro-model [21], so it is important to modify the component values
of narrow-band model to compensate this disadvantage. If the narrow-
model is not perturbed, accurate results may require a high-order
macro-model network which will increase overall simulation time and
be contrary to our philosophy. By appropriately adjust component
values of the narrow-band model in SPICE, a relatively lower order
macro-model for a given quality of fit can be obtained.

The ultimate model is composed of the perturbed narrow-band
model combined with the macro-model. The narrow-band model is
shown as Fig. 2 with relevant component values. The macro-model
is converted into equivalent circuits shown as Fig. 3. The parallel
network of the circuits as Fig. 2 and Fig. 3 composes the ultimate
model. From the above, the antennas have been modeled into spice-
compatible circuits by circuit refinement method, so it is easy to do
the co-simulation of the UWB antennas with the UWB transmitter
and receiver in SPICE.
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3. EXAMPLE RESULTS

This section demonstrates the application of the circuit refinement
method on several antennas, including a dipole antenna and a printed
circular disc monopole antenna.

3.1. Modeling a Dipole Antenna

First a small dipole antenna is used to verify the proposed modeling
approach. The application bandwidth is from 3.1 to 10.6 GHz, and the
center frequency is 6 GHz. The length of dipole antenna is 2.5 cm by
calculation.

The circuit shown in Fig. 2 is used as the narrow-band model.
The initial component values of narrow-band model are calculated
and chosen by ω2

0 = 1/LC, where ω0 is the resonant frequency. The
optimizations of the component values are made in SPICE so that
the input admittance of a narrow-band model should equal to that of
the dipole antenna at the center frequency, the component values of
narrow-band model can be obtained as C1 = 0.12 pF, L1 = 10 nH, C2 =
0.12 pF, L2 = 60 nH, and Rrad= 68 Ω. The resulting admittances from
SPICE and XFDTD in Fig. 4 show that the narrow-band model serves
only as an approximation to the dipole antenna in input admittance
matching from 3.1 GHz to 10.6 GHz.
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Figure 4. Comparison of admittances of the dipole antenna (Yin) and
the narrow-band model (Ynarrow).

Then a parallel macro-model is added to refine the narrow-band
model. A two-order circuit network is needed by calculation and the
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circuit topology as Fig. 3 with two branches is served as the macro-
model. The component values of the macro-model are calculated by
the method proposed in Section 2.2.

Next, perturbation is applied to the component values of initial
narrow-band model. By slightly adjusting the known component values
of the narrow-band model in SPICE to achieve a better fitting of
input admittance, the component values of the narrow-band model
after perturbation are obtained. Table 1 shows the values of the five
elements of the narrow-band model before and after perturbation.
Fig. 5 compares the admittance of the dipole antenna with that of
the ultimate model obtained by circuit refinement method. The
admittance of the ultimate model is virtually indistinguishable with
that of the dipole antenna.

Table 1. Component values of the narrow-band model before and
after perturbation.

C1 L1 C2 L2 Rrad

Before perturbation 0.12 pF 10 nH 0.12 pF 60 nH 68Ω

After perturbation 0.118 pF 10.15 nH 0.123 pF 62 nH 69.1Ω
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Figure 5. Comparison of admittances of the dipole antenna (Yin) and
the ultimate model obtained by circuit refinement method (Ycrm).
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Finally, the radiated waveform across the load resistor Rrad is
verified by simulation. A 0.3-ns-wide Gaussian voltage waveform
[Fig. 6] is sent into the antenna and the ultimate model. The voltage
waveform Vrad across the load resistor and the far-zone E field at
θ = 90◦ at 1 m away from the antenna are derived in SPICE and
XFDTD, respectively. Fig. 6 shows that the two normalized waveforms
match well after scaling and time shifting, which means the load
resistor models the scattered waveform E field perfectly. The ratio
of Vrad to Erad at 1 m before normalization is approximately 2, so
waveform dispersion can be compensated at the transmitter/receiver.
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Figure 6. Time-domain waveforms of Gaussian source pulse with a
width of 0.3 ns, normalized Vrad form SPICE and Erad(in θ = 90◦)
from XFDTD.

3.2. Modeling a Printed Circular Disc Monopole Antenna

A printed circular disc monopole antenna, shown in Fig. 7, has been
proposed as a typical UWB antenna [22]. The circuit shown in Fig. 2
is used as the narrow-band model. The initial component values of
narrow-band model are calculated and chosen by ω2

0 = 1/LC, where
ω0 is the resonant frequency. The optimizations of the component
values are made in SPICE so that the input admittance of a narrow-
band model should equal to that of the printed circular disc monopole
antenna at the center frequency, the component values can be obtained
as C1= 0.12 pF, L1 = 10.2 nH, C2 = 0.1 pF, L2 = 3.5 nH, and Rrad

= 27.8 Ω. The resulting admittances from SPICE and XFDTD in
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Figure 7. A printed circular disc monopole antenna.
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Figure 8. Comparison of admittances of the monopole antenna (Yin)
and the narrow-band model (Ynarrow).

Fig. 8 show that the narrow-band model only works well in a narrow
bandwidth.

Then a parallel macro-model is added to refine the narrow-band
model. A six-order circuit network is needed by calculation and the
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Table 2. Component values of the narrow-band model before and
after perturbation.

C1 L1 C2 L2 Rrad

Before perturbation 0.12 pF 10.2 nH 0.1 pF 3.5 nH 27.8Ω

After perturbation 0.118 pF 10.18 nH 0.11 pF 3.6 nH 27.7Ω

circuit topology as Fig. 3 with six branches is served as the macro-
model. The component values of the macro-model are calculated by
the method proposed in Section 2.2.

Finally, perturbation is applied to the parameters of initial narrow-
band model during the circuit refinement process. By slightly adjusting
the known component values of the narrow-band model in SPICE to
achieve a better fitting of input admittance, the component values
of the narrow-band model after perturbation are obtained. Table 2
shows the values of the five elements of the narrow-band model
before and after perturbation. Fig. 9 compares the admittance of the
monopole antenna with that of the ultimate model obtained by circuit
refinement method. The admittance of the ultimate model is virtually
indistinguishable with that of the monopole antenna.

From the above it is shown that the circuit refinement method
works effectively over a large bandwidth and is suitable for modeling
of UWB antennas.
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Figure 9. Comparison of admittances of the monopole antenna (Yin)
and the ultimate model obtained by circuit refinement method (Ycrm).
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4. CONCLUSION

An equivalent circuit modeling method has been presented for the
broadband circuit models of UWB antennas that are compatible with
time-domain circuit simulators. The main philosophy is to take
advantage of the physical information provided by an existing narrow-
band model and use data fitting approach to automatically develop a
suitable macro-model which improves the overall performance of the
ultimate model.

One of the key advantages of the hybrid narrow-band model
with a macro-model compared to complete macro-model is the
reduced complexity of the circuits describing the macro-model network,
which generally improves the robustness of the data fitting process.
Perturbation of component values of the narrow-band model is used
to guarantee the accuracy of modeling. The ultimate model works
well as far as 10.6 GHz, theoretically to more, and takes into
account the waveform dispersion, which is useful for compensation
at transmitter/receiver. The new methodology should be useful for
modeling a wide range of UWB antennas.
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