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A SPICE model of an antenna for

transmitting

XIANG GAO AND ZHENGWEI DU

A SPICE model of an antenna for transmitting is proposed. This model allows for the calculation of the frequency-domain
radiation fields for a range of frequencies in which the model is valid, it also allows for the direct calculation of the time-
domain (TD) radiation fields for an arbitrary TD excitation signal, the spectrum of which should be within the modeling
range. The model is then verified by two examples, both of them demonstrate its validity. This model can be a part of a com-
plete system-level model for electromagnetic compatibility simulation.
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. INTRODUCTION

Modern electronic systems suffer from electromagnetic pulses
in the ambient environment, which have become extremely
complex as the number of electronic devices increases.
These pulses could cause the malfunction or damage of the
devices in electronic systems if they are not well protected.
For a clearer understanding of the susceptibility of electronic
systems, an increasing number of researchers are dedicated to
the analysis of the electromagnetic compatibility (EMC) of
electronic systems.

Modern electromagnetic full-wave simulators, which are
extremely powerful and accurate, can be adopted to analyze
the EMC of electronic systems. It is, however, time-consuming
when the ambient electromagnetic environment and the phys-
ical dimensions of electronic systems change frequently,
because much effort needs to be spent to recalculate their
behaviors. In general, circuit simulators are often used for
the analysis of the EMC of electronic systems, because they
are faster and allowing the incorporation of time-varying and
nonlinear devices, which are difficult to be integrated and char-
acterized in the full-wave simulators.

In order to analyze the EMC of electronic systems, much
effort has been devoted to the models of apertures [1, 2]
and transmission lines [3, 4] in the past few decades. There
are also some works on establishing the models of antennas.
Most of them are devoted to antennas’ input impedances
such as dipole [5], microstrip antenna [6], and conical
antenna [7]. Besides, Licul et al. [8] presented a method
based on the singularity expansion method (SEM) for
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modeling an antenna system in both the frequency domain
(FD) and time domain (TD). Wang et al. proposed a circuit
modeling method for ultra-wideband small antennas on
transmitting and receiving [9]. Gao et al. [10] give a SPICE
model of a rectangular microstrip antenna for receiving.
However, a few of them have studied the model of an
antenna for transmitting.

This paper presents a SPICE model of an antenna for trans-
mitting. The proposed model is converted from a transmitting
model, which is based on the input impedance and the radi-
ation fields of an antenna. The transmitting model is then
approximated by rational functions, which can be directly
converted to a SPICE model by the knowledge of their resi-
dues and poles. This proposed SPICE model allows for the cal-
culation of the FD radiation fields for a range of frequencies in
which the model is valid, it also allows for the direct calcula-
tion of the TD radiation fields for an arbitrary TD excitation
signal, the spectrum of which should also be within the mod-
eling range. The proposed model can be a part of a complete
system-level model for EMC simulation.

The rest of this paper is organized as follows: Section II
contains an analysis of a transmitting antenna, its SPICE
model are developed. In Section III, two examples are
studied to validate the proposed model, including a dipole
antenna and a rectangular microstrip antenna. Then, the fidel-
ity of the results is calculated to illustrate the accuracy and the
correctness of the model. Finally, conclusions are drawn in
Section IV.

Il. SPICE MODEL OF AN ANTENNA
FOR TRANSMITTING

When an antenna is excited by a voltage source, the input
current I, of the antenna can be calculated if the input imped-
ance of the antenna is known. Then, the radiation fields of an
antenna at the observation point P(r, 6, ¢) can be calculated by
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the integration of the current on the antenna. The radiation
electric fields of an antenna could be written as follows:

Emd(r) :f(IA: r, 0’ QD): (1)

where r is a vector directing the point P(r, 6, ¢). A circuit
description of a transmitting antenna is shown in Fig. 1,
where V(w) is the voltage source, Z, is the internal resistance
of the voltage source, which is normally taken to be 50 Q. Z;,
Z;, is the input impedance of the antenna. I(w)is a controlled
current source, which is determined by the current I,(w). The
frequency response of the impedance Z(w, 1, 6, ¢) is deter-
mined by the radiation fields E,,;(r) excited by a constant
voltage source V{(w)=1 placed at the feeding part of the
antenna. The impedance value of Z(w, r, 0, ¢) varies with
the observation point P(r, 6, ¢). The left part of the circuit
is to calculate the input current I4(w), whereas the right
part of the circuit is to calculate the radiation fields E, ,(r).
Both of them are connected by the current-controlled
current source. It is obvious that the circuit is a linear time-
invariant system, as a result, the value of the radiation fields
excited by an arbitrary voltage source Vy(w) can be calculated
by the voltage value of the impedance Z,(w, 1, 0, ¢).

The above transmitting antenna circuit is established in the
FD, which cannot be used in the TD analysis. In order to study
the temporal behaviors of the radiation fields excited by a TD
signal, a SPICE circuit is developed to achieve this purpose. It
is often preferred to have a simple and accurate lumped com-
ponent equivalent circuit, which is composed of a set of RLC
components that has a frequency impedance function equiva-
lent to the origin circuit.

In general, the input impedance Z;,(w) and the impedance
Z,(w) cannot be directly converted to RLC circuits, because
their frequency responses are always nonlinear. However, if
the input impedance Z;, and the impedance Z.(w, r, 6, @)
are approximated by rational functions, they can easily be
converted to RLC circuits from the knowledge of the location
of the residues and poles. A rational function for synthesizing
the input impedance Z;, or the impedance Z, is given by [11]:

resi;

Ep(s) = ) Fpils) = Z(s —

i=

res;,

+ —) (2)
s — Piz

where (res;,, res;,) and (p;,, p;,) are pairs of residues and poles,
respectively. One way of extracting the residues and poles
from the rational function is to use the method of vector
fitting (VF) [12]. This method is based on iteratively relocat-
ing the poles and does not directly solve linear equations,
whose condition number is highly ill-conditional.
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Fig. 1. Circuit description of a transmitting antenna.
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Fig. 2. A circuit topology of a rational function.

In (2), the rational function is composed of n parts, each
part can be synthesized by a RLC circuit represented by Rs;,,
Rs;,, C;, and L;. As a result, the whole rational function can
be modeled by a series of RLC circuits, as shown in Fig. 2.
The detailed procedures are given in literature [11].

A SPICE model of a transmitting antenna is shown in
Fig. 3, where the antenna impedance Z;,(w) is modeled by a
series of RLC circuits represented by Rs,;, Rs,;, Cs;, and Ls;.
The impedance Z,(w) is also modeled by a series of RLC
circuits represented by R,;, R,;, C;, and L;. V(t) refers to the
TD voltage source, and I,(¢) refers to the TD current con-
trolled current source, which is controlled by the current I,(t).

When the antenna is excited by an arbitrary signal, the
value of the radiation fields at the observation point P(r, 6, ¢)
can be obtained by measuring the voltage value between
nodes 2 and o, as shown in Fig. 3.

The scale of the model is determined by the order » of the
rational function in (2), which is related to the modeling fre-
quency range, modeling complexity, and modeling accuracy
of the antenna. The accuracy of the model is restricted to
the accuracy of the input impedance and radiation fields
of the antenna, any approximations made in calculating
these two parameters would result in some discrepancies.

Researchers normally want to get the input impedance and
radiation fields of an antenna by analytical formulas. For most
antennas, however, it is difficult to obtain the analytical for-
mulas of the input impedances and radiation fields. As a
result, one can obtain these parameters by measurements or
by full-wave analyses.

. NUMERICAL RESULTS

In this section, the proposed SPICE model of a transmitting
antenna is verified by two examples. A dipole antenna and a
rectangular microstrip antenna are analyzed by analytical for-
mulas and modeled using the proposed method. The model-
ing frequency ranges of the two antennas are from 200 MHz
to 5.5 GHz in which electronic systems are much more vul-
nerable to be damaged or upset [13].

The results obtained by those models are validated by com-
parison with those using the software CST [14]. The antenna

Fig. 3. SPICE model of a transmitting antenna.
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simulation models in CST are excited by an ideal voltage
source, the TD waveform of which is taken to be the same
with that in the SPICE model. A field probe placed in the far-
field is to detect the electric field emitted from the antenna. As
a result, the field strength at the observation point can be
obtained after performing the transient analysis in CST.

A) Dipole antenna

Figure 4 depicts the geometry of a dipole antenna and a refer-
ence Cartesian coordinate system of (x, y, z), whose origin coin-
cides with the geometric center of the dipole. [ refers to the
length of one rod, d refers to its diameter, and (6, ¢) refers to
the radiation angle toward the observation point P(r, 6, ¢).

In order to obtain a SPICE circuit of the dipole for trans-
mitting, the current distribution I(z, w) on the dipole is
found when the dipole is excited by a constant voltage
source Vi(w) = 1. Then, the input impedance of the dipole
can be calculated as follows [15]:

Vi o {2
Zi = j(o(‘:))) 7 G
P gkl Z G .
in which
QO = 21n(2l/4d), (4)
1
oy = a [y + In(2|n|7) — Ci(2nm)], (5)
By = ~ Si(anm) (6)
[OM _nw—ﬁ nanm),
Y = 0.57721565, (7
. * sint
Si(x) = J Tdt, (8)
. cost
Cz(x) — j —d (9)

where 7, is the free-space intrinsic impedance, k is the free-
space wavenumber.

Fig. 4. Geometry of a dipole antenna.
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The radiation fields are calculated by integrating the
current over the antenna

jmee”
= gll”
E@) = 2\o7

(o]

y
sm(9) j 1(z, w) &Fos0z (10)
I

where A, is the free-space wavelength.

Finally, the SPICE circuit of the dipole for receiving can be
obtained by using the procedures shown in the previous
section.

The radiation fields of the dipole are calculated by the pro-
posed model in the following. Consider a dipole antenna of
I=37.5mm (resonate at 2 GHz) and d=1mm. The
antenna is excited by a Gaussian-modulated sinusoidal pulse
whose TD behavior is given by:

—4m(t—t,)*

g =sin(2mft)e =

where f, refers to the center frequency, 7 refers to the pulse
duration, and ¢, refers to the rising time. Parameters of the
pulse are chosen as follows:

(11)

fo =2 GHz,
t, = 2 ns, (12)
T=1.

Figure 5 shows the z-components of the radiation electric
fields when the observation points (r, 6, ¢) are (0.5 m, 90°,
0°) and (0.5 m, 60°, 0°). The results obtained by the proposed
model agree well with those obtained by the software CST.

B) Rectangular microstrip antenna

Many methods are developed to analyze microstrip antennas,
such as the transmission line method [16], cavity model (CM)
[17], integral equation method, and Green’s function
approach [18, 19]. In this paper, the CM is used to analyze
the microstrip antenna.

The geometry of a rectangular microstrip antenna (a x
b x h) fed by a coaxial probe at (x, y,) over an infinite
ground is shown in Fig. 6. The substrate has a loss tangent
of tand and a relative dielectric constant of &,.

The input impedance of the microstrip antenna is [17]:

Zin=1272+ Xpa (13)

in which Z is calculated by the ratio of the voltage and the
current at the feed:

Som® cos? e o2 1o
kh om Yon el R 2 -
g mX_j Zj kiff G ()
and X, is the inductance of the probe effect:
M, 27mh
X, = —tan| — ).
r =, an< N ) (15)

G, refers to the current distribution on the coaxial fed
probe, 8., =1, when g=o0 and 8,,=12, when g # o, g
stands for m or n, A is the wavelength in the substrate, k.4 is
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Fig. 5. Radiation fields of the dipole antenna: (a) (r, 6, ¢) = (0.5 m, 90°, 0°). (b) (, 6, ¢) = (0.5 m, 60°, 0°).

the effective wavenumber given by [17]:

1 1
ker = ko | &/ 1 — j| tand + — + R
d \/8 [1 J(“" Q st)]

where Q, and Q,, refer to the radiation and surface wave
losses, respectively.

The radiation fields of the microstrip can be calculated by
integrating the magnetic currents on its edges, given by [20]:

(16)

4khB,,, ... i(utmm vinm\ oy -+ ma
Eg=""T"¢ Jk’e’( 2 T2 )sm sin
Aot 2 2

v+ nm

aZ 2
+ sin6 sine cose,
[uz —(mm)? v — (mT)Z} ¢ o

khB o (utmm vinm u+mmw | v+nmw
E, = A mn e_]k’e’( 2 T2 )sin utmm sin +
of 2 2
a* cos® ¢ b*sin* ¢ | .
5 — 5 |sin@ cos0,
u* — (mm) v2 — (n)
(17)
in which
u = kasin 6 cos ¢,
(18)

v = kbsin 6sin ¢,

where B,,, refers to the coefficient of the TM,,,, mode of the
antenna, A, refers to the free-space wavelength, and r refers
to the distance from the observation point to the origin.
Using the procedures in the previous section, the SPICE
circuit of the rectangular microstrip antenna can be obtained.

Fig. 6. Geometry of a microstrip antenna.
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Next, the radiation fields are calculated by the proposed
model.

Consider a rectangular microstrip antenna which has the
dimensions of a x b x h =46 mm x 31 mm x 1 mm. The
location of the fed probe is (x,, ¥,) = (23 mm, 25.5 mm).
The relative dielectric constant and loss tangent of the sub-
strate are 2.25 and 0.0018, respectively.

The antenna is also excited by a Gaussian-modulated
sinusoidal pulse as shown in (11), the parameters are taken
to be

fo =3 GHz,
t, = 2 ns, (19)
T=1.

Figure 7 shows the y-component of the radiating fields
when the observation points are (0.5 m, 0°, 0°) and (0.5 m,
30%, 50°).

The results obtained the proposed model and the software
CST match very well in these two cases.

C) Analysis of fidelity

The fidelity of the radiation fields is calculated to demonstrate
the accuracy and correctness of the proposed model, given by
[10]:

Tstart .
F— j - fsptce(t) - = fcst(t) - dl’, (20)
T S et /[ [fea(0)] e
T 2
N S| ice(t) — Jes (t) dt
REE = ! ry Iy Jeul0) 21)

(Tstop - smrt) Taan cst(t) Zdl’
Tstap

where F in (20) refers to the correlation coefficient, and REE
in (21) refers to the relative energy error. fy. and f. are
the voltage computed by the proposed model and the software
CST, respectively, and T, and Ty, are the starting time and
stop time of the voltage, respectively. F is adopted to measure
the TD waveform shape errors of the results, while REE is
adopted to measure the energy errors of the results when
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Fig. 7. Radiation fields of the rectangular microstrip antenna: (a) (r, 6, ¢) = (0.5 m, 0°, 0°). (b) (, 6, ¢) = (0.5 m, 30°, 50°).

Table 1. Comparison between the SPICE model and the software CST.

Antenna Radiation angle Correlation REE
coefficient (%)
Dipole (6, @) = (90°, 0°) 0.98 4.5
Antenna (6, ) = (60°, 0°) 0.98 5.9
Microstrip (6, @) = (0°, 0°) 0.95 5.2
Antenna (6, @) = (30°, 50°) 0.96 4.9

they are compared with the reference solutions obtained by
the software CST.

Table 1 shows the correlation coefficients and REEs when
Tstarr =o0ns and Ty, = 8 ns. The correlation coefficients
are close to 1 and REEs are less than 6%, which indicate
that the results given by the proposed model are accurate
and correct.

V. CONCLUSIONS

In this paper, a SPICE model of a transmitting antenna is pro-
posed to calculate its radiation fields. The proposed model is
verified by two examples. A dipole antenna and a rectangular
microstrip antenna are analyzed by analytical formulas, their
SPICE models for transmitting are established using the pro-
posed method. The radiation fields obtained by the proposed
models agree well with those reference solutions based on the
software CST. Besides, the fidelity of the results is calculated to
demonstrate the accuracy and correctness of the proposed
model.

The proposed model allows one to obtain FD radiation
fields for a range of frequencies in which the model is valid,
or to obtain the TD radiation fields for an arbitrary excitation
TD signal, the spectrum of which should be within the mod-
eling range.

Using this model, the radiation characteristics of an
antenna can be analyzed. Besides, the model can be a part
of a complete system-level EMC simulation.
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