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Abstract—Applications requiring frequency agility can benefit
from a class of antennas known as frequency agile antennas
(FAAs). Such antennas are based on integrating tunable com-
ponents and/or switches within the structure of the antenna,
and show significant promise for use in multi-frequency systems.
However, tuning components often have losses associated with
them that can affect the performance of an FAA. In this paper, we
present the design and analysis of a differentially-fed frequency-
tunable patch antenna employing varactor diodes that achieves
a 1.8-3.2 GHz frequency tuning range. An equivalent circuit
model is developed which is shown to accurately predict both
port and radiation characteristics of the antenna. In particular,
the ability of the circuit to rapidly and accurately predict the
radiation efficiency of FAAs enables particular insight into the
effect of tuning component losses to be extracted from the model.
Predictions are compared to both full-wave simulations and
experimental measurements of an FAA prototype.

I. INTRODUCTION

Frequency agile antennas (FAAs) have recently attracted
significant attention because of their ability to increase the
effective bandwidth of a narrowband antenna by dynamic
reconfiguration of the antenna’s operating frequency. As an
increasing number of radio systems are integrated into mobile
devices, this solution has potential advantages over multi-band
antenna designs in terms of size and interference rejection, in
exchange for the need for an active control circuit to control
the antenna’s frequency. Recent examples of FAA designs ex-
hibiting large frequency tuning ratios include planar inverted-
F antennas (PIFAs) employing varactor diodes [1], PIN diode
switches [2], and slot-based FAAs using varactor diodes [3], to
name a few. With the emergence of micro-electro-mechanical
systems (MEMS) components, improving the efficiency and
linearity of such antennas seems promising [4]. While MEMS
is a promising technology, many frequency agile antenna
designs continue to use solid-state components to implement
the tuning of the antenna frequency. This is largely due to
the maturity of semiconductor devices, and their relatively low
cost, compared to MEMS and other approaches. However, one
of the disadvantages of using semiconductor devices is that
their losses can influence the efficiency and linearity of the
resulting design.

In this paper, we examine ways of predicting the impact
of the tuning component on the efficiency of an FAA using
several techniques. We present the design of a differentially-
fed tunable patch design exhibiting large frequency tuning
ratios, along with an equivalent circuit model that allows for

Fig. 1. Differentially-fed FAA design

rapid yet accurate calculations of port quantities as well as
antenna efficiency, while simultaneously offering insights that
allow designers to better understand the impact of introducing
tuning devices into antenna designs using similar analysis
procedures. The predictions are validated using a combination
of full-wave simulations and experimental techniques.

II. ANTENNA DESIGN

The antenna design is a modified version of that pre-
sented in [5], which is a tunable microstrip patch antenna.
The antenna provides a large frequency tuning ratio while
simultaneously allowing for differential feeding. The latter is
a desirable attribute as many RF front-ends are composed of
differential radio-frequency integrated circuits (RFICs). The
antenna consists of a standard patch antenna that has been
bisected into two halves, as shown in Figure 1. Frequency
agility is introduced by integrating two varactor diodes along
both the radiating edges of the patch, as well as in a serial
connection between the two patch-halves. The bias voltages
+V and −V are applied such that each of the varactor diodes
is reverse-biased with identical voltages, which was shown



Fig. 2. Equivalent circuit of the FAA design

to provide an extended tuning range but was not previously
implemented due to additional changes needed to the bias
network [5]. Here, decoupling capacitors (not shown) are
introduced into the design to make all bias voltages identical.
Hence, identical capacitances are developed across the diodes
as the tuning voltages are changed.

The design exploits the inherently broadband coupling be-
tween a differential proximity feed and a tuned patch an-
tenna [6]. In varactor diode-tuned designs, it allows the patch
to achieve frequency tuning ratios in excess of 2 if lossless
tuning diodes are employed. However, losses in the tuning
diodes can reduce the antenna’s efficiency, and furthermore
can degrade the impedance match to the antenna, if they are
not factored into the design.

The antenna was designed to maximize the frequency agility
with a particular model of varactor diode (an Aeroflex MGV-
100-21-E28X). The design was evaluated in a full-wave sim-
ulator (SEMCAD X by SPEAG) and also using an equivalent
circuit model which will be introduced in the next section. For
this, the following physical parameters were used, in relation
to the dimensions shown in Figure 1: L = 32 mm, W = 9 mm,
g = 6 mm, wf = 1.58 mm, h1 = 1.524 mm, h2 = 0.813 mm,
G = 1 mm, and εr1 = εr2 = 3.02. The substrate parameters
are those for Rogers RO3203 microwave laminates. A ground
plane size of 63 mm × 63 mm was employed in the design.

III. EQUIVALENT CIRCUIT MODEL

An equivalent circuit model of the FAA can be derived by
noticing the odd excitation symmetry present in Figure 1 and
introducing a perfect electrical conductor along the plane of
symmetry in the design. The resulting equivalent circuit for
each half-patch is shown in Figure 2, and is based on the
transmission-line model of a patch antenna. The components
Cp and Rrad model the fringing capacitance and radiation
resistance associated with the open end of the microstrip
line forming the patch antenna, while Cs is double the gap
capacitance between the two patch-halves. Inductors Lp and
Ls are used to model current crowding effects around the
parallel- and series-connected varactor diodes in the design,
respectively. Lp also includes the inductance of vias used to

connect the parallel group of diodes to ground. Each varactor
diode is considered to be series RLC circuit, to first order
approximation, with Rv being the series resistance of the
diode, Lv being the package inductance, and Cv being the
actual voltage-controlled capacitance.

Meanwhile, a coupled transmission line section (1) models
the section of line where the patch and the feed overlap, while
a regular transmission line section (2) is used to model the
remainder of the patch antenna up to the plane of symmetry.
The parameters of the two transmission line sections can be
readily calculated from transmission line theory, while the
discontinuities in the circuit can be calculated using empirical
formulas or full-wave simulations of discontinuities. It is also
noted that even- and odd-mode fringing capacitances from the
open end of the feed line (1) were originally considered in the
equivalent circuit, but were not found to markedly change the
characteristics of the circuit.

For maximum accuracy, values for the component and
transmission line constants shown in Figure 2 were extracted
from full-wave simulations. The extraction of the lumped
element values was straightforward, with the exception of the
radiation resistance Rrad, which was computed from simula-
tions of the entire patch structure and derived using the far-
field radiated power and voltage developed across the radiated
edges of the patches. Furthermore, it is a frequency-dependent
quantity and hence was extracted over a range of frequency
to extract the proper trend. Meanwhile, for transmission line
parameters, it is useful to notice that for the geometry shown
in Figure 1, the C-mode corresponds to a standard stripline
mode whereby the patch and the ground plane act as the
outer conductors of the transmission line. Similarly, the π-
mode can be seen to correspond to a microstrip mode with
the feedline sandwiched between the ground plane and the
driven conductor. In both modes, since εr1 = εr2, the analysis
is further simplified to the point where closed-form formulas
for stripline and microstrip transmission lines could be used to
predict the characteristics of each mode to first order accuracy.
However, for the results, parameters were derived from full-
wave simulations of coupled-lines.



The final extracted component values were: Cp = 0.32 pF,
Cs = 0.52 pF, Lp = 1.12 nH, and Ls = 0.32 nH. Rrad
varied in a nonlinear fashion from approximately 650 Ω at
3.7 GHz to 2600 Ω at 1.3 GHz. The coupled-line section had
an even mode characteristic impedance of Zc = 65.2 Ω and an
effective dielectric constant of 2.61, while the corresponding
values for the odd mode were Zπ = 13.2 Ω and εeff,π = 3.02.
To complete the equivalent circuit model, a lossy varactor
diode with a series resistance of Rv = 2 Ω and package
inductance of Lv = 0.4 nH was used in the simulations. These
values correspond to measured values extracted from through-
reflect-load (TRL) calibrated measurements of the diodes used.

IV. RESULTS

A. Port Quantity Measurements

The reflection coefficient of the antenna as seen by a
differential source was predicted by using both the equivalent
circuit model and SEMCAD., and are shown in the upper
plot of Figure 3. Meanwhile, an experimental version, which
employs equal bias voltages across all three pairs of diodes,
produces the reflection coefficients shown in the lower plot.
For experimental results, single-ended measurements of the
scattering parameters of the FAA were conducted, and the
differential reflection coefficient computed using [6]

Γodd = S11 − S12. (1)

From both plots, it is seen that the proposed design pro-
duces significant levels of frequency agility: the theoretical
expectation is tuning between 1.8-3.6 GHz (a frequency tuning
factor of 2) while experimentally a frequency range of 1.8-
3.15 GHz (a tuning factor of 1.75) is achieved. The latter
is diminished primarily due to the limited capacitance range
achievable with the varactor diodes used. In the upper plot,
excellent correlation between the SEMCAD results and the
equivalent circuit model are seen, validating the model’s ability
to predict the resonant frequency and return loss from the
antenna. The error between the resonant frequencies deter-
mined by both techniques is less than 2%. The lower plot
also indirectly shows good correlation with the the equivalent
circuit response.

B. Radiation Characteristics

While the equivalent circuit model shows significant
promise in predicting the port-level quantities associated with
the antenna, it is also equally useful for predicting radiation
characteristics of the antenna, most notably, radiation effi-
ciency. This can be done by monitoring the power dissipated
by the radiation resistance Rrad and comparing this to the
input power supplied to the circuit. In the case of the former,
the efficiency can be calculated by evaluating η = Prad/Pin,
where Pin is the input power to the feed port. The efficiency
values calculated using this technique can then be compared
to those predicted by the simulator.

Initially, the ability of the equivalent circuit to predict the
radiation efficiency of the antenna was assessed by assuming
the conductors and dielectrics were lossless, and that the only
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Fig. 3. Predicted input reflection coefficient of the FAA design. In the lower
plot, curves are plotted in increments of 1 V.

source of loss in the circuit was from the series resistance
of the diodes. Indeed, diode losses constitute the bulk of the
losses observed in such FAA designs [5]. Hence, lossless
transmission lines were used in the equivalent circuit model.
The predictions of efficiency from the equivalent circuit model
were compared to SEMCAD simulations with and without
dielectric and conductor losses. For the case with losses, a
dielectric loss tangent of tan δ = 0.0016 was used which
corresponds to that of the RO3203 material, and 35 µm rolled
copper assumed for the conductors (σ = 5.8× 107 S/m).

To compare to experimental FAA efficiencies, the Wheeler
cap method for determining antenna efficiency was employed.
The antenna was placed within one of several spherical
cavities, with the specific size chosen according to the tuned
frequency of the antenna. The size was chosen in order to
obtain accurate measurements of the antenna losses without
operating too close to a spherical mode resonance. Sphere
sizes were also chosen to place the sphere surface outside the
near-field region of the antenna. Bias voltages were applied to
the antenna via RF feedthroughs integrated into the spherical
resonator, while two SMA bulkhead connectors allow access
to the two antenna ports. Differential reflection coefficient
measurements were carried out using the same technique as
discussed earlier.

The results of the efficiency analysis are plotted in Figure 4.
First, we note that radiation efficiency is worse at the low-
frequency end of the tuning range. As noted earlier, the
diodes form the greatest loss component in the FAA. At low
frequencies, the varactor diodes are biased at low voltages
to produce higher tuning capacitances. Hence, larger currents
flow through the capacitor and contribute to greater I2R losses
than those at higher frequencies. An important conclusion to
be drawn is that while the FAA does exhibit a large tuning
range, at the low-frequency end the efficiency of the antenna



is strongly influenced by losses in the tuning component and
hence this should be taken into account when evaluating the
useful frequency tuning range of the antenna.
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Fig. 4. Efficiency of the antenna determined using various techniques,
evaluated at tuned frequencies of the FAA.

On the positive side, clearly, the three techniques corre-
late very well with each other. The efficiency predicted by
the equivalent circuit model tracks extremely well with the
lossless SEMCAD results, with the worst-case difference in
efficiencies being only 3%. The introduction of dielectric and
conductor loss is seen to decrease efficiency slightly, by up
to 5% at the highest frequency evaluated. Most significantly,
experimental measurements from the Wheeler cap produced
a set of efficiency points that correlated very well with the
lossy SEMCAD results. With minor modifications, the circuit
model could be adapted to employ lossy transmission lines
to improve accuracy, however it can be seen that the overall
prediction of the efficiency is good in any case.

Finally, the radiation patterns of the FAA were evaluated
at the low-, middle-, and high-frequency points in its tuning
rage. Radiation patterns were calculated from SEMCAD and
compared to experimental measurements of the FAA in a far-
field anechoic chamber at the University of Toronto. Results
are shown in Figure 5 for both the E-plane (xz-plane in
Figure 1) and H-plane (yz-plane in Figure 1). The scales
shown reflect the absolute gain of the antenna in dBi. There
is reasonable correlation between the simulated and antenna

patterns. Furthermore, the antenna gain is seen to generally
increase with frequency. This can be explained in terms
of the efficiency behaviour described earlier, however the
gain increase is not necessarily proportional to the efficiency
curve since the directivity of the antenna does decrease at
higher frequencies, primarily due to a slight broadening of the
boresight beam as frequency increases. Generally, however,
the antenna pattern shape can be seen to be independent of
the tuned frequency.

V. CONCLUSIONS

The paper has presented the design and analysis of a
differentially-fed frequency-tunable microstrip patch antenna
operating in the 1.8-3.2 GHz range. A significant contribution
of this work was the development of an equivalent circuit
model that can rapidly and accurately predict the port and
radiation characteristics of this antenna. Moreover, significant
insight into the effect of the tuning element (in this case, a
varactor diode) can be derived from this model. It was shown
that the model accurately predicts the resonant frequency and
input impedance of the antenna. Additionally, the equivalent
circuit model accurately predicts the radiation efficiency of
the antenna, when compared to both full-wave simulations
and experimental efficiencies measured using the Wheeler cap
method. Finally, the antenna produces a frequency-invariant
pattern. This antenna shows significant promise for appli-
cations requiring frequency agility, though in practice the
efficiency of the antenna should be factored into an assessment
of the useful tuning range of FAAs. The techniques presented
in this paper can be used to that end.
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(a) E-plane, 2.07 GHz
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(b) H-plane, 2.07 GHz

  −15

  −10

  −5

  0

  5

30

210

60

240

90

270

120

300

150

330

180 0

(c) E-plane, 2.44 GHz
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(d) H-plane, 2.44 GHz
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(e) E-plane, 3.15 GHz

  −10

  0

  10

30

210

60

240

90

270

120

300

150

330

180 0

(f) H-plane, 3.15 GHz

Fig. 5. Simulated (solid) and measured (dashed) gain of FAA, in dBi


