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Abstract—Antennas are a critical component of an internet of
things device and are typically modelled using full-wave electro-
magnetic (EM) solvers for their optimal design. In this paper, we
investigate and compare the impact, accuracy and limitations of
three, four and five element equivalent circuit models from the
literature to estimate the impedance characteristics of a center-
fed linear wire dipole antenna at 2.45 GHz. All the circuit model
results are compared against the finite element model. It was
found that the three element model is inaccurate in estimating the
input impedance of a dipole antenna at the resonant frequency. In
comparison to the finite element model, the four element model
estimates the input impedance with an error of 3.75−j2.54 Ohms
at 2.45 GHz. For the five element model the error in the input
impedance was −6.21+j1.68 Ohms. The input impedance for the
both, the four and five element models are in good agreement with
the EM model. This approach is shown to enable efficient analysis
of antenna impedance for wireless communication systems.

Keywords—Input impedance, dipole antenna, equivalent cir-
cuit, FEM and circuit models.

I. INTRODUCTION

Recently, the development of low energy devices including
wireless sensors and distributed antenna systems has attracted
increasing attention [1]. For a low energy wireless ecosystem,
it is required to minimize the energy needed to acquire
information and transmit it to other devices [2]. Wireless
technologies incorporating an antenna radiate efficiently when
the reflected power from the antenna is minimum. The input
impedance of the antenna (Zin = Rin + jXin) is a funda-
mental design parameter which determines the reflection coef-
ficient, bandwidth and the quality factor of the antenna [3]. The
impedance characteristics of an antenna are generally analysed
using full-wave electromagnetic (EM) solvers based on the
different computation methods such as the finite element
method (FEM) and the method of moments (MoM). However,
it is convenient to represent the impedance characteristics of
an antenna using equivalent circuit models. The EM model
takes more computational time than the circuit model, as the
EM solvers such as FEM based HFSS divides the antenna
structure into a large mesh and solve the Maxwell’s equations
for each of them [18]. The input impedance and the resonant
frequency (f0) of a dipole antenna fundamentally depends
on its length [3, 7]. A dipole antenna can be represented in
terms of lumped circuit elements, where the value of these
elements are related to the physical dimension of the antenna

Fig. 1: (a) A center-fed linear wire dipole antenna, (b) FEM
model for comparison.

[5–9]. As the dipole antenna is a fundamental structure, and
a large number of IoT, RFID and wireless sensor devices use
dipole topology [10–14], in this study the equivalent circuit
models of a dipole antenna are analysed. Fig. 1 (a) shows a
center-fed linear wire dipole antenna where, a is the radius
of the wire, h is the half-length [6, 8], g is the feed gap-
size and A & B are the two input terminals of the dipole.
Fig. 1 (b) represents the FEM model of a lossless dipole
antenna where port 1 is the feed point and λ0/2 is the overall
length of the dipole. The purpose of this paper is to investigate
the impact, accuracy and limitations of the various equivalent
circuit models in the literature for a practical linear wire dipole
antenna at 2.45 GHz. The empirical formulas are included for
all the equivalent circuit elements. The values of the circuit
elements were calculated at the specified resonant frequency,
f0 = 2.45 GHz for a half-wavelength (2h = λ0/2) linear wire
dipole antenna where, λ0 = c/f0 = 122.45 mm and c is the
speed of light in free space (m/s). Therefore, the dipole half-
length, h = λ0/4 = 30.61 mm. In this work, the performance
characterization of the three, four and five element equivalent
circuit models for a dipole antenna of fixed radius, a = 0.5 mm
have been analysed through AWR Microwave Office circuit
simulation [17] and Ansys HFSS full-wave EM simulation
[18].



II. METHODOLOGY

A considerable amount of literature has been reported
on the equivalent circuit modelling of a linear wire dipole
antenna for the estimation of Zin. These include the three
element model by Chu, three and four element model by
Tang, the four element model by Streable and the five
element model by Hamid [4–7]. In this paper, accuracy
refers to the closeness in the impedance characteristics of
a dipole antenna obtained from the FEM and the circuit
model. Investigation of the accuracy of the different circuit
models against FEM solvers is useful in predicting the input
impedance and the resonant frequency of a dipole antenna for
practical applications. The feed-gap size, g = 1 mm has been
selected for the FEM model simulation. As in practice most
of the dipole antennas are designed to operate at or near their
first resonant frequency, the higher order modes are ignored
[6, 8, 9].

III. RESULTS AND DISCUSSION

In this section, the three, four and five element equivalent
circuit models are first introduced from the literature. The
circuit models are then simulated and the results are compared
with those of the Finite Element Model shown in Fig. 1. The
key focus is on comparing the impedance characteristics for
both cases as well as the simulation times.

A. Three Element Equivalent Circuit Model:
In 1948, L. J. Chu presented a paper on the physical

limitations of omni-directional antenna, where a simple three
element circuit was introduced to represent an infinitesimally
small dipole [4]. Later in 1993, T. G. Tang [6] investigated
the three element circuit configuration of Chu, but suitable
for a half-wavelength dipole antenna and employed a set
of empirical equations to calculate the values of the circuit
elements. The three element equivalent circuit model is shown
in Fig. 2.

Fig. 2: Three element equivalent circuit model of a dipole [6].

The value of C1 in Fig. 2 is calculated as a function of h and
a using following equation [15]:

C1 =
πε0h

ln(h/a) − 1
, (1)

Fig. 3: Simulated return loss for FEM model and three element
circuit model.

where ε0 is the permittivity of free space (8.85 × 10−12

F/m). The value of L1 depends on C1, the angular frequency
(ω0 = 2πf0) and the theoretical radiation resistance (R0 = 73
Ω) of a dipole antenna. R1 depends on C1, L1 and R0. L1

and R1 are calculated using the following equations [6]:

L1 =
1

ω2
0C1

+ C1R
2
0 , (2)

R1 =
L1

C1R0
. (3)

Using equations (1-3), for h = 30.61 mm and a = 0.5 mm,
the calculated values of C1, L1 and R1 are 0.273 pF, 16.89 nH
and 846.3 Ω respectively. The three element circuit configu-
ration was simulated and the results were compared against
the results of the full-wave simulation of the FEM model
considering h = 30.61 mm, a = 0.5 mm and g = 1 mm. Fig.
3 shows the simulated return loss for the FEM model and the
three element circuit model. It can be seen that the FEM model
is resonant at 2.21 GHz and the circuit model is resonant at
2.42 GHz. The difference in the resonant frequency for the
two models is 210 MHz. The dipole resonates at a frequency
less than the specified frequency, f0 = 2.45 GHz because
the ends of the dipole contribute a finite capacitance which
slightly reduces the resonant frequency. This phenomenon is
called end-effect in dipoles [16].

Fig. 4 shows the simulated complex input impedance on
the Smith chart from 2 to 3 GHz. Point A and B respectively,
represents the input impedance for the FEM model and the
three element circuit model at 2.45 GHz. The input impedance,
Zin at A = 101.20 + j69.27 Ω and at B = 72.97− j0.44 Ω.



Fig. 4: Simulated Smith chart for FEM model and three
element circuit model.

The difference in the input impedance from the FEM
model and the circuit model is defined as the error. Thus, for
the three element model, an error in the input impedance at
2.45 GHz is 28.23 + j69.7 Ω . Here, a large disagreement
in Zin for the EM and the circuit model can be seen. The
specified resonant frequency, f0 should be achieved by
slightly reducing the size of the dipole [3]. However, in case
of the three element model the specified frequency was not
achievable even for a very large reduction in the dipole size.
Also, for a very large change in h a negligible variation
in Zin was seen. Thus, a change in h does not cause the
practically expected variation [3] in the resonant frequency
and the input impedance. Therefore, it was concluded that
the three element model is inaccurate for estimating the
impedance characteristics of a practical linear wire dipole
antenna at the specified resonant frequency. Thus, there is a
need to introduce a new equivalent circuit model to improve
accuracy in the input impedance and resonant frequency
calculation of a dipole antenna.

B. Four Element Equivalent Circuit Model:

In 1981, G. W. Streable and L. W. Pearson proposed a
four element model for a center-fed broadband dipole antenna
[5]. Later in 1993, after performing an extensive empirical
analysis, Tang proposed a new more accurate four element
equivalent circuit model for a linear wire dipole antenna valid
for h ≤ 0.3λ0 as shown in Fig. 5 [6]. Tang’s four element
model has a similar configuration to that of the three element
model except for the added shunt capacitor C3. The capacitor
C3 provides more degree of freedom to attain the Zin and f0,
closer to those obtained from the FEM model.

Fig. 5: Four element equivalent circuit model of a dipole [6].

The circuit elements C2, C3, L2 and R2 are given by [6]:

C2 =
12.0674h

log(2h/a) − 0.7245
pF . (4)

C3 = 2h

{
0.89075

[log(2h/a)]0.8006 − 0.861
− 0.02541

}
pF . (5)

L2 = 0.2h
{

[1.4831 log(2h/a)]1.012 − 0.6188
}
µH . (6)

R2 = 0.41288[log(2h/a)]2 + 7.40754(2h/a)−0.02389

− 7.27408 KΩ
. (7)

Fig. 6: Simulated return loss for FEM model and four element
circuit model.



Fig. 7: Simulated Smith chart for FEM model and four element
circuit model.

Fig. 6 shows the simulated return loss for the FEM model
and the four element circuit model. For the FEM model
the return loss is 17.5 dB and for the circuit model it is
20.23 dB. The four element model overestimates the return
loss by 2.73 dB. Because of the end effect [16], the FEM
model is resonant at 2.45 GHz for a slightly reduced length,
h = 27.4 mm. However, for h = 27.4 mm the four element
model is resonant at 2.54 GHz, which is 90 MHz higher than
f0 = 2.45 GHz. To achieve resonance at f0, the value of h
was optimized to 28.5 mm for the circuit model. Employing
equations (4-7), the value of circuit elements are calculated
for h = 28.5 mm and a = 0.5 mm as C2 = 0.258 pF,
L2 = 14.07 nH, R2 = 1.088 KΩ and C3 = 0.0537 pF. In
Fig. 7 the Smith chart plot for 2 to 3 GHz is reported. Point
A represents the input impedance for the FEM model and
point B shows the input impedance for the four element
model at 2.45 GHz. At A, Zin = 64.18 − j5.16 Ω and
at B, Zin = 60.43 − j2.62 Ω. Thus, with a difference of
3.75 − j2.54 Ω in Zin at 2.45 GHz, the four element model
provides a useful estimate of the input impedance at the
resonant frequency. To investigate if the accuracy in Zin can
further be improved, the five element equivalent circuit model
is introduced.

C. Five Element Equivalent Circuit Model:

In 1997, Hamid [7] presented a five element equivalent
circuit model for a linear wire dipole antenna using a graphical
fitting method and is shown in Fig. 8. Further in 2012, Yi Liao
[8, 9] presented a set of empirical equations to evaluate the
values of the circuit elements. The five element model has a
similar configuration to that of the Tang’s four element model
except for an added series inductor L3.

Fig. 8: Five element equivalent circuit model of a dipole [7].

In the emperical equations, variables ω01 and ω02 denote
the first and second resonant angular frequencies, respectively
at which reactance of the antenna ceases to exist and the
resistance is R0. For a center-fed linear wire dipole antenna
R0 = 73 Ω. The values of ω01 and ω02 are determined
using equations (13) and (14), provided 20 ≤ h/a ≤ 2000.
L3 is chosen to resonate with C4 at ω02 and L4 is selected
to resonate with C5 at ω02 also. The value of C4 can be
determined using equation (1). The value of the circuit
elements L3, C5, L4 and R3 are calculated using following
equations [8]:

L3 =
1

ω2
02C4

, (8)

C5 =
A

R2
0 +A2

(
ω01

ω2
01 − ω2

02

)
, (9)

L4 =
R2

0 +A2

A

(
ω01

ω2
02

− 1

ω01

)
, (10)

R3 =
R2

0 +A2

R0
. (11)

where,

A = ω01L4 −
1

ω01C4
, (12)

ω01 =
2πc

4h

[
806.1 − 0.03043(h/a) + 1.061 × 10−5(h/a)2

− 2.09 × 10−9(h/a)3 + 51.59 ln(h/a)

− 8.186(ln(h/a))2 + 0.5502(ln(h/a))3

]
× 10−3 ,

(13)



ω02 =
2πc

2h

[
1108 + 0.1039(h/a) − 1.808 × 10−5(h/a)2

+ 2.203 × 10−9(h/a)3 − 215.5 ln(h/a)

+ 51.59(ln(h/a))2 − 3.85(ln(h/a))3

]
× 10−3 .

(14)

In Fig. 9 the return loss for the FEM model and the five
element circuit model is reported. For the FEM model the
return loss is 17.5 dB and for the circuit model it is 14.97
dB. The five element model underestimates the return loss
by 2.53 dB. The FEM model is resonant at 2.45 GHz for
h = 27.4 mm. However, for h = 27.4 mm the five element
model resonates at 2.47 GHz, which is 20 MHz higher than
the specified frequency, f0. The circuit model is resonant at
f0 = 2.45 GHz for h = 27.7mm. Using equations (1) and
(8-14), the values of all the circuit elements are calculated for
h = 27.7 mm and a = 0.5 mm and the resulting values are
C4 = 0.255 pF, L3 = 4.897 nH, L4 = 9.198 nH, R3 = 493.24
Ω and C5 = 0.136 pF.

Fig. 9: Simulated return loss for FEM model and five element
circuit model.

Fig. 10 shows the simulated input impedance from 2 to
3 GHz. Point A depicts the input impedance for the FEM
model and point B represents the input impedance for the
five element model at 2.45 GHz. The input impedance at
2.45 GHz for the FEM model is 64.18− j5.16 Ω and for the
circuit model it is 70.39 − j6.84 Ω. Thus, with a difference
of −6.21 + j1.68 Ω , in Zin at 2.45 GHz, the five element
circuit model demonstrates a good agreement with the FEM
model. Also, it was found that on a computer with an 8 GB
RAM, 2.66 GHz processor and 64-bit operating system, the

Fig. 10: Simulated Smith chart for FEM model and five
element circuit model.

simulation time for the FEM model was 1.24 minutes and
for the circuit model it was merely 0.01 seconds. Thus, the
circuit model estimates the impedance characteristics of a
linear wire dipole antenna at significantly faster speed than
the FEM model.

IV. CONCLUSION

In this work, three types of dipole antenna equivalent
circuit models from the literature have been investigated. All
the equivalent circuit models have been compared against a
full-wave FEM model of the antenna. It was found that the
three element model is inaccurate because, for a large change
in the dipole half-length h, a negligibly small variation in Zin

and resonant frequency was observed. Compared to the FEM
model, the four element model estimates the input impedance
at 2.45 GHz with an error of 3.75 − j2.54 Ω . For the five
element model an error of −6.21 + j1.68 Ω , in Zin at 2.45
GHz was observed. The results show that at the specified
resonant frequency, both four and five element equivalent
circuit models render the value of the input impedance close
to the FEM model. In addition, the simplicity of the circuit
models enable a solution to be computed in a fraction of a
second compared to over a minute for the FEM model or a
factor of 7,440 times faster for the five element case.
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