
Exploring the fundamental limits of planar antennas
using optimization techniques

Morteza Shahpari, David V. Thiel, Andrew Lewis
Griffith University, Brisbane, Australia

m.shahpari@griffith.edu.au, d.thiel@griffith.edu.au, a.lewis@griffith.edu.au

Abstract—New lower physical bounds on the quality factor
Q were recently reported in the literature by Yaghjian et al,
and Mohammadpour et al. Due to the approximations made in
derivation of the limits, examination of the limits for different
antennas is very important but has not been reported. In this
paper, physical bounds are examined for a set of meander line
optimized antennas with different resonant frequencies. Q factor
simulation results compare well with the limiting Q values.

I. INTRODUCTION

Fundamental limits on the performance of electrically small
antennas is a useful guidline for design engineers to assess
the merits of different designs. The first fundamental limit
was develped by Wheeler [1] and Chu [2] to estimate the
lowest achievable Q factor in a fixed antenna volume. The
Chu limit was later modified by McLean [3]. Investigations on
the Chu-McLean limit shows that this limit has been valid for
almost all the published designs in the literature [4]. Despite
the validity of the limit, the Chu-McLean limit is far lower
than the practical performance of antennas. Novel approaches
has been introduced recently to estimate the minimum Q in
the fixed volume [5]–[9].

Initially, Gustafsson et al [5] used the forward scattering
sum rule to derive a bound on D/Q where D is antenna
directivity. Later Yaghjian and Stuart [6] made quasi-static
approximations to calculate stored energy and radiated power
and derived Q. Works in [5], [6] proposed the limit on the
arbitrary antenna geometries. Mohammadpour-Aghdam et al
[7] started from the results in [6] and derived a bound on
planar antennas. They introduced a figure of merit (FOM) in
order to compare the Q factor of designed antenna and the
minimum achievable Q for a planar structure.

Ant colony optimisation (ACO) is a promising technique
to optimize meander line antennas [10]. A set of meander
line antennas (different shapes and resonant frequencies) was
optimized in terms of highest radiation efficiency and lowest
resonant frequency by ACO method. Optimized antennas were
used to study the bounds on planar antennas. These meander
line antennas are constructed in 5×10 rectangular grids.

In this paper, the limits by [6], [7] are studied for a set of
optimized meander line antennas. The simulated Q factor for
9 different antennas is compared with the limits proposed by
[6], [7] and bounding QChu.

II. BOUNDS ON Q FACTOR

Chu [2] used an equivalent circuit for the characteristic
impedance of TE and TM modes to calculate radiated power

and stored energy. The Chu-McLean’s limit is written as:

QChu =
1

ka
+

1

(ka)3
(1)

where k, a are the wave number and the radius of the
circumscribing sphere, respectively. The Chu-McLean limit
is popular due to its simplicity (only dependent on ka) and
validity.

Using quasi-static approximations, Yaghjian and Stuart [6]
derived the bound on Q which is a function of polarizability1

γ and volume V of antenna.

QY,lb =
6π

k3γ
(1− V/γ) (2)

Considering the fact that the volume of the planar antennas
is negligible, Mohammadpour Aghdam et al [7] wrote (2) in
the following form:

Qrect,lb =
9/2

(ka)3
1

γnl
(3)

where γnl is the normalized polarizability of the rectangle. This
can be calculated as a function of lenght to width ratio ξ [7]

γnl =
0.29ξ3 + 4.6ξ2 + 0.3ξ − 0.11

ξ3 + 3.8ξ2 − 1.5ξ + 3.9
(4)

Q in (3) is the lowest possible value for a planar structure.
Figure of merit (FOM) [7] can be used as a tool to distinguish
performance of outstanding planar antennas.

FOM =
QAnt

Qrect,lb
(5)

III. RESULTS AND DISCUSSION

To calculate the bound by Yaghjian and Stuart [6], the
polarizability of each antenna was calculated directly using
a method of moments solver. The polarizability γ and volume
V was substituted in (2).

Different bounds on Q are illustrated in Fig.1. As expected,
the Chu-McLean limit is the lowest bound. Bounds proposed
by Yaghjian and Stuart [6] and Mohammadpour-Aghdam
et al [7] are very close together for a range of electrical length
ka. As seen in Fig.1, the Q of the optimized antennas follow
the bounds in the range of ka > 0.5, however it increases
significantly for the antennas with ka < 0.5.

1Polarizability was denoted with α in [6], but we use γ because of
consistency with other recent publications
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Fig. 1. Comparison of simulated Q and different limiting Q
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Fig. 2. FOM versus ka for designs in [7] and 9 optimized planar antennas

Figure2 shows figure of merit of meander line antennas
according to different ka values. Meander line antennas are
less efficient in terms of Q and bandwidth rather ideal case
when ka approaches zero. Actually this is the price that one
needs to pay when decreases antenna dimensions.

IV. CONCLUSION

This work has demonstrated the validity of the limits
proposed by [6] and [7] using meanderline antennas optimized
for large efficiency and less resonant frequency.
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