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Impedance matching a cylindrical monopole at the centre of a circular ground plane
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Abstract

The input impedance and impedance matching of a cylin-
drical monopole at the center of a circular ground plane
are summarized. The monopole length, radius, and ground
plane radius are varied between 0.23λ to 0.26λ , 10−5λ to
5× 10−3λ , and 0.2λ to 2.0λ , respectively, where λ is the
wavelength. Using numerical results from the Finite El-
ement Method, previous theoretical impedance results for
an infinitesimally thin element are shown to poorly model
wires of practical thicknesses over mobile communication
frequencies. To obtain good antenna impedance matching,
i.e., S11 ≤−10 dB, for any ground plane radius greater than
λ/2 and any practical monopole radius, a monopole length
of 0.24λ should be used.

1 Introduction

A monopole over a finite ground plane is one of the sim-
plest but practical antennas. This stems from numerous
reasons, including its simple construction, facilitation of a
direct connection to a coaxial feed, ability to provide good
impedance matching to the 50 or 75 Ω standards without
matching components, and mitigation of performance ef-
fects from the feed cable via the ground plane. Although
rectangular ground planes are easier to fabricate, a cir-
cular ground plane can support an azimuthally symmet-
ric radiation pattern. It is well known that a monopole’s
impedance and bandwidth strongly depend on the wire
thickness, length, and size of the ground plane.

A thin wire monopole over a circular ground plane has been
well studied since it is tractable for theoretical analysis. It
has traditionally been analyzed by assuming the element
is infinitesimally thin so that its current can be assumed
as sinusoidal. With the element’s current known, various
theoretical techniques can be used to determine the ground
plane’s current distribution. These methods include the in-
tegral equation method [1] when the ground plane is small
compared to wavelength, the method of oblate spheroidal
wave functions [2] when the ground plane radius is compa-
rable to a wavelength, and variational methods [3] or the-
ories of diffraction [4] when the ground plane is large in
terms of wavelengths. Since the mid-1970s, simulation has
become the standard means of analysis. It is essential when

the monopole element is relatively thick as its current dis-
tribution is no longer sinusoidal – consequently, the current
distribution on both the monopole element and the ground
plane needs to be determined. Early analysis [5–7] used the
Method of Moments (MoM) in combination with the Geo-
metric Theory of Diffraction (GTD) for ground planes with
a radius that is large or comparable to a wavelength. The
primary goal was focused on validating the MoM through
agreement with the measurements [8] and did not inves-
tigate the sensitivity versus length and wire diameter. As
simulation capabilities improved, the MoM was used alone
– initially limited to ground plane radii that were not too
large compared to a wavelength [9] and later to a wide range
of radii [10]. Hybrid techniques, with or without using the
MoM, were still common into the 1990s and 2000s [11–13].
As simulation capabilities improved further, Finite Differ-
ence Time Domain (FDTD) simulations were used [14,15].
However, accurate results for an electrically tiny cylindri-
cal monopole have yet to be published due to the meshing
challenges and the large number of mesh cells required.

The most comprehensive investigation of a cylindri-
cal monopole over a circular ground was presented by
Weiner [10, 16]. Unfortunately, most impedance results
were for impractically thin wires when deployed at mo-
bile radio frequencies, i.e., 10−6λ . Weiner investigated the
impedance effects of varying monopole thicknesses, but the
results were presented only for resonant lengths – although
he does provide resonance lengths for particular wire thick-
nesses and ground plane radii [16]. Weiner showed that the
element’s resonant length varied from 0.22 to 0.34λ when
the element’s radius ranged between 10−7λ to 10−2λ . The
resonant radiation resistance varied from 21 to 65 Ω across
the ground plane and element radii.

This paper investigates the impedance characteristics of
a cylindrical monopole over a circular ground plane as
a function of ground plane radius for different monopole
thicknesses and lengths. Given the three degrees of free-
dom (assuming no matching components) in designing a
coaxial-fed cylindrical monopole, the goal is to provide
design guidance to achieve good matching. This paper is
the first to present results using the Finite Element Method
(FEM) to determine the monopole impedance. Although
researchers have traditionally focused on modelling the in-
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Figure 1. Dimensions of the monopole wire over a circular
ground plane fed through a coaxial feed. The coaxial inner
conductor and shield radii are c= 0.006λ and d = 0.0139λ ,
respectively, yielding a 50 Ω feed impedance. The ranges
for the ground plane radius a, the monopole length ℓ, and
monopole wire radius b are 0.2 ≤ a ≤ 2.0, 0.23λ ≤ ℓ ≤
0.26λ , and 10−5λ ≤ b ≤ 5×10−3λ , respectively.

put impedance or radiation pattern, we provide practical de-
sign guidance to achieve a good impedance match to 50 Ω

when the monopole length is near λ/4.

2 Model

It is challenging to simulate a very thin (b ≤ 10−5λ ) cylin-
drical monopole over a circular ground plane using FEM or
FDTD due to the large dynamic range of the mesh cell sizes
and large number of mesh cells. However, computer capa-
bilities have reached the point where using FEM is a prac-
tical solver. For this antenna, FEM has the advantage over
FDTD in that it uses tetrahedral mesh cells that conform
well to curved surfaces. It has the advantage over MoM by
using an adaptive mesh convergence algorithm – allowing
for more confidence in the simulation results.

The antennas are simulated using CST Microwave Studio’s
FEM solver [17]. A diagram of the model is shown in
Fig. 1. Based on the electrical sizes of typical wire at mo-
bile communication frequencies, see Table 1, the monopole
radius a is varied from 10−5λ to 5×10−3λ . The monopole
length ℓ ranges from 0.23λ to 0.26λ . The radius of the
ground plane a ranges from 0.2λ to 2.0λ . The antenna is
fed via a coaxial waveguide port with a line impedance of
50 Ω. All metals are modelled as perfect electrical con-
ductors. The FEM mesh has a maximum mesh segment
length of λ/50 on the model, with mesh refinement on the
monopole element and the edges of the ground plane. The
FEM mesh convergence criterion is a S-parameter change
less than 0.01 for two consecutive mesh refinements.

3 Results and Discussion

Fig. 2 shows the impedance and matching of a λ/4
monopole as a function of ground plane radius for differ-

Table 1. The electrical sizes of typical American Wire
Gauges (AWG) at mobile communication frequencies.

AWG radius wire radius/λ
(mm) 100 MHz 1 GHz 5 GHz

10 1.294 4.3×10−4 4.3×10−3 2.2×10−2

15 0.725 2.4×10−4 2.4×10−3 1.2×10−2

20 0.406 1.4×10−4 1.4×10−3 6.8×10−3

25 0.228 7.6×10−5 7.6×10−4 3.8×10−3

30 0.128 4.3×10−5 4.3×10−4 2.1×10−3

35 0.072 2.4×10−5 2.4×10−4 1.2×10−3

ent wire thicknesses. The well-know oscillatory variation
is seen as the ground plane radius increases. For reference,
the impedance results from Weiner [10] are included. They
differ slightly from the FEM results because Weiner forced
a sinusoidal current on the element. Theoretically derived
impedance of monopoles near ℓ= λ/4 assume an infinites-
imally thin wire, requiring practical wire radii less than
10−6λ to be accurate [10]. From Table 1 and Fig. 2, practi-
cal wire radii are significantly larger and can not be used to
guide the design of a well-matched antenna. Fig. 3 shows
the results when the monopole has a length of ℓ = 0.24λ .
In contrast to when ℓ= 0.25λ , the reactance versus ground
plane radii for ℓ= 0.24λ varies significant for different wire
radii but overall the impedance is better matched to 50 Ω.

Fig. 4 shows a contour plot of the worst-case matching
when the ground plane radii are larger than λ/2. From
Fig. 4, good matching, i.e., S11 ≤−10 dB, can be achieved
for all the simulated wire radii whenever the ground plane
radius exceeds λ/2 and the monopole length is 0.24λ . For
any other monopole length, there exists a wire and ground
plane radius combination that results in an impedance
matching S11 ≥−10 dB.

Each of the three design degrees of freedom (wire length,
radius, and ground plane radius) strongly impacts the
impedance matching. As the ground plane radius increases,
the impedance shows the well-known damped oscillatory
behaviour that converges to the impedance with an infi-
nite ground plane. As the element length decreases shorter
than the resonance near λ/4, the reactance and resistance
sharply decrease, causing the matching to degrade to unac-
ceptable levels. Increasing the length from the λ/4 res-
onance, towards λ/2 anti-resonance, increases both the
resistance and reactance, also eventually degrading the
matching to unacceptable levels. Furthermore, a monopole
longer than λ/2 increases the lobes in the radiation pattern,
which is often unacceptable. Although the matching de-
grades sharply as the ground plane size decreases less than
λ/2, as seen in Fig. 2c and Fig. 3c, in practice, it would be
better due to the currents on the feed cable. However, this
is usually undesirable because it can cause the pattern to
be erratic, and efforts are often made to suppress the cable
currents.



0.5 1.0 1.5 2.0
Ground plane radius (a/λ)

0

20

40

60

F
ee

d
p

oi
n
t

re
si

st
an

ce
(Ω

)

b = 5× 10−3λ

b = 1× 10−3λ

b = 1× 10−4λ

b = 1× 10−5λ

b = 1× 10−6λ (Weiner [10])

(a)

0.5 1.0 1.5 2.0
Ground plane radius (a/λ)

−20

−10

0

10

20

30

40

F
ee

d
p

oi
n
t

re
ac

ta
n

ce
(Ω

)

b = 5× 10−3λ

b = 1× 10−3λ

b = 1× 10−4λ

b = 1× 10−5λ

b = 1× 10−6λ (Weiner [10])

(b)

0.5 1.0 1.5 2.0
Ground plane radius (a/λ)

−17.5

−15.0

−12.5

−10.0

−7.5

−5.0

S
1
1

(d
B

)

b = 5× 10−3λ

b = 1× 10−3λ

b = 1× 10−4λ

b = 1× 10−5λ

(c)

Figure 2. Simulation results for a monopole of length
ℓ= 0.25λ as a function of ground plane radius for different
wire radii b: (a) feed point resistance, (b) reactance, and (c)
matching.
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Figure 3. Simulation results for a monopole of length
ℓ= 0.24λ as a function of ground plane radius for different
wire radii b: (a) feed point resistance, (b) reactance, and (c)
matching.
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Figure 4. Contour plot of the worst-case matching S11 in
dB across ground plane radii a ≥ λ/2 as a function of wire
radius b/λ and monopole length ℓ/λ . The parameter eval-
uation sets are shown as white dots.

4 Conclusion

Using numerical results obtained by Finite Element Method
simulation, the input impedance and matching of a cylin-
drical monopole at the center of a circular ground plane
are presented. The cylindrical monopole length and radius
ranged from 0.23λ to 0.26λ and 10−5λ to 5× 10−3λ , re-
spectively. The ground plane radius ranged from 0.2λ to
2.0λ . It was shown that a well-matched antenna, i.e., S11 ≤
−10 dB, is achieved for practical wire thicknesses when the
monopole length is 0.24λ , and the ground plane radius ex-
ceeds half-wavelength.
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