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Abstract—This paper presents a simple method of tuning the AMC
band of a high-impedance surface. The tunability is obtained with
only two varactor diodes and a simple bias-network. The proposed
structure, when used as a ground plane for a microstrip antenna,
splits the resonance frequencies on the two sides of a reference antenna
frequency. The resonance split is analyzed by employing cavity model
and transmission line model of the patch antenna. Considerable tuning
range is obtained in both the split bands. The simulated, measured
and calculated results are found to be in good agreement.

1. INTRODUCTION

The trend in communication industry today is of reconfigurable and
tunable systems. Systems can be reconfigured in terms of operating
frequency, functionality, etc. Many of such systems require antennas
that can work at more than one frequency. There have been
numerous reports in the open-literature on reconfigurable antenna
structures. Most of them employ PiN/Schottky diodes, FETs, RF
MEMS switches, etc. Another approach for achieving tunability is
by using tunable high-impedance surfaces (HIS)/Artificial Magnetic
Conductor (AMC) [1]. Sievenpiper reported a leaky wave antenna
using tunable HIS [2]. Other tunable antennas including tunable-HIS
based are reported in [1,3-18]. Most of these structures require a
large number of active elements which translates into complexity of
the biasing network and high cost for the tunable antenna. Recently,
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attempts have been made to reduce the number of varactors in a
tunable HIS. In [19], the authors report a technique to reduce the
number of varactors required to synthesize a tunable HIS. In this
technique, the HIS and the varactors are on two different substrates
which may limit the practical usability of the tunable HIS. In this
paper, we report a simple method to tune a finite HIS using varactor.
The synthesized tunable HIS, when used as a ground plane for a
microstrip antenna, results in resonance splitting. Each of these split
bands can be tuned by varying voltage applied to the varactor.

2. DESIGN OF THE HIGH IMPEDANCE SURFACE
2.1. Initial Design

Various researchers have reported the use of EBG structure as
Frequency Selective Surfaces (FSS). These structures have reflection
characteristics such that they behave as artificial magnetic conductors
over a band of frequencies, i.e., the incident wave and reflected wave
are in phase with each other over the HIS band. In this work, a
standard square patch was taken as the starting point for the ease
of fabrication as well as analysis. The unit cell dimensions of the HIS
structure were optimized for an arbitrarily chosen frequency 5 GHz,
and a probe-fed reference patch antenna was designed for resonance
within the HIS band. A substrate with a dielectric constant 2.2 and
thickness 0.762 mm was used for both the patch antenna and the HIS
layer. A 4 x 4 array of HIS surface was placed below the microstrip
antenna thereby replacing the PEC ground by HIS/AMC ground. The
microstrip antenna with HIS ground is shown in Fig. 1(a). The HIS
band of the frequency selective surface was changed by incorporating

Figure 1. Patch antenna with AMC surface as ground. (a) Without
shorting pins, (b) with shorting pins.
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Figure 2. Reflection phase characteristics of AMC surface.
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Figure 3. S7; for patch antenna using capacitors instead of shorting
pins.

shorting pins (or capacitors) between the HIS patches (Fig. 1(b)).

To achieve tunability in the structure, the shorting pins were
replaced with capacitors of different values, and it was observed that
varying the capacitance form 0 pF to 2 pF varied the resonant frequency
from 5 GHz to 2 GHz as shown in Fig. 2. The shift in the AMC point
caused a similar shift in the resonant frequency of microstrip antenna.
The simulated response of the antenna is shown in Fig. 3. It is also
seen from Fig. 3 that the antenna is resonant at two frequencies: one
below and one above the original frequency.
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Figure 4. Current distribution on the AMC ground plane.

2.2. Simplified HIS Design

The probe fed microstrip antenna design consists of a ground plane, an
air gap of 60 mils to accommodate the varactor diodes, a single layer
of Rogers RO 4232 substrate and the patch on top. The length and
width of the patch are 15mm, and 21.5mm respectively on 30 mils
thick substrate over a 120 mm x 120 mm (2A x 2)) ground plane. The
reference antenna is designed to resonate at 5 GHz.

In order to make the final design physically implementable and at a
very low cost, various simulations were carried out in CST Microwave
studio to study the effect of variation in number of elements in the
AMC layer on the resultant frequencies of the antenna system. The
current patterns on the AMC ground plane were studied in order
to analyze the cause of shifting of resonant frequency. Complete
analysis has been discussed in subsequent sections. Fig. 4 shows the
current distribution on the 4 x 4 array of patches on the AMC ground.
Evidently, only the four central HIS patches have the maximum current
density, hence it was hypothesized that eliminating the outer patches
will not affect/degrade the performance of the antenna system. After
further investigations, it was concluded that even a 2 x 2 array of
patches as HIS layer would be able to provide the tunability, however,
with slight reduction in the extent of tuning.

Although the response of the antenna system was satisfactory in
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Figure 5. Cross section layout of antenna system.

the desired band of tuning, there were additional resonances observed
in the return loss at certain higher frequency bands, and they were
attributed to be originating from the patches in the AMC layer. In
order to get these unwanted resonances out of the desired range, the
thickness of the AMC was varied, and it was observed that with the
increase in thickness the unwanted resonances shifted further out of
the desired band. The proposed AMC layer consists of a 2 x 2 matrix
of metallic square patches on a 120 mil thick Rogers RO 4232 layer
as shown in Fig. 5. The HIS metal patches are with width 10 mm
and periodicity 12mm. Varactor diodes are mounted between the HIS
patches in order to obtain the tuning in the patch antenna.

2.3. Design Using Varactor Diodes

Later, verifying the above results using fixed capacitor the
incorporation of varactor diodes was attempted. The biasing lines were
modeled in the AMC plane to cater for the DC biasing. Hyperabrupt
tuning varactor diodes SMV-1232-079LF from Skyworks Inc. were
used for the final design. The biasing circuit comprises two current
limiting 10k resistors, and the final layout looks as that shown in
Fig. 6. The effect of placement of biasing circuit was investigated
by carrying out both near and far field measurements, and it was
ascertained from experiments that the results do not deviate much
after the incorporation of biasing circuit. The return loss S1; for the
simulated and measured antenna with and without the biasing circuit
is shown in Fig. 7.

Further experimentation on tunable antenna system revealed that
only the capacitors across the radiating edges contribute to the shift in
resonant frequency. This further simplified the circuit, and the AMC
surface was slightly modified. The new AMC surface with biasing
circuit is shown in Fig. 8.

The measured results of the antenna system with diodes mounted
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Figure 6. Fabricated AMC surface with biasing circuit.
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Figure 7. Return loss of antenna with AMC surface and biasing
circuit.

on the AMC structure are shown in Fig. 9(a). There is a good
agreement between the measured and simulated results as is evident
from Fig. 9(b).

The radiation patterns at various frequencies were compared, and
it was found that in the tuning range the patterns are considerably
stable, and the 3 dB beam width remains constant. The F and H plane
patterns at various frequencies are compared and shown in Figs. 10
and 11, respectively.

As seen from Fig. 9(b), there is a considerable difference between
the measured and simulated return losses at the lower frequency when
varactor capacitance is 4.15 pF. Moreover, the return loss at 2.9 GHz
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Figure 9. (a) Return loss of reconfigurable antenna with varactor
diodes, (b) return loss of fabricated antenna vs. simulated results.

was found to be less than 10 dB, and the radiation pattern too was not
in agreement with the simulated results. This difference was attributed
to the fabrication errors and slight misplacement of the feed point. In
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Figure 10. H-plane patterns of the antenna system. (a) Measured,
(b) simulated.
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Figure 11. E-plane patterns of the antenna system. (a) Measured,
(b) simulated.

order to keep the feed point at the same location and still change the
feed point impedance, various antennas were fabricated with widths
varying from 15mm to 19mm in steps of 2mm. The antenna with
15mm width was found to have return loss better than 10dB. The
return loss at various varactor biasing voltages is shown in Fig. 12. The
radiation patterns at all the frequencies were measured again and found
similar to that measured previously with exception at capacitance of
4.15 pF where measured results were found to match the simulated ones
unlike in the previous case. The variation in the feed point impedance
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Figure 12. Return loss of reconfigurable antenna with varactor
diodes.

resulted in the improvement of return loss beyond 10dB. It however
did not provide the reason for mismatch between the simulated and
measured return losses at low frequency. The mismatch was finally
traced to the resistance offered by the varactor diode. The resistance
of the varactor varies with the applied voltage as well as the frequency
of operation.

The varactor resistance too was then incorporated in the lumped
component RLC model in CST microwave studio, and the results with
additional resistance were compared with the measured results. The
additional resistance of 1 Ohm was added to the simulation in order to
cater for the resistance due to soldering and increase in resistance at
high frequency. The measured response versus simulated one at 4.15 pF
and 1.22pF is shown in Fig. 13. As can be seen from the return loss
plot, now there is a considerable agreement between the measured and
simulated results.

3. ANALYSIS OF THE RESULTS

Analysis into the reasons for the suppression of original resonant
frequency and origin of two new frequencies was carried out by
monitoring the current and E field patterns of the patch at new
resonant frequencies fiower and fupper- The current and E field patterns
at patch antenna’s original resonant frequency too were monitored.
For analysis, the case of reference antenna with AMC surface without
capacitor was used. In the present case, fiower and fupper are 4 GHz
and 8 GHz, respectively. It was found that due to the presence of high
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Figure 13. Si; of antenna system after incorporating series resistance
of varactor.
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Figure 14. Current patterns on the patch. (a) 4 GHz, (b) 8 GHz.

impedance ground plane below the patch, the currents at 5 GHz were
severely diminished leading to suppression of the resonant frequency
of the patch antenna. The current pattern over the patch at two
frequencies was found identical. Using the cavity model and the
analogy of magnetic current over electric ground plane for a microstrip
patch antenna, the F field patterns were analyzed. It was found that
the E field patterns were almost identical for both the frequencies
ruling out the possibility of generation of two different modes at the
two frequencies. The current for the two frequencies is shown in Fig. 14.
Both the patterns show a variation of only one half cycle at the two
frequencies thereby indicating TM;p mode at fiower as well as fupper-



Progress In Electromagnetics Research C, Vol. 43, 2013 241

Figure 15. Equivalent circuit of patch antenna and high impedance
surface.

In order to further analyze the reason for origin of two frequencies,
the transmission line model and an equivalent RLC circuit for the
antenna and the High impedance surface were used. The transmission
line equivalent circuit of microstrip antenna is given in [20] and that
of a high impedance surface given in [21,22]. The same models have
been used for analysis of the structure and stacked one on top of other
as shown in Fig. 15. The high impedance surface loaded with varactor
on top acts as variable high impedance surface which can be used to
tune the patch antenna.

The imaginary component of the input admittance of the above
equivalent circuit is given (1).

-7 [w4(2lgcallcl + 2l cqlocy + lacallcl)
v —wz(laca + 2loc1 + 2l9¢, + llcl) + 1] (1)
wd (lalllgclca + l%llclca + lglaclca)
+ w? (lalic1+lalier+ 151 +2lalaca +H3er ) +w(lo+12)

Solve (1) for w at resonance such that Y = 0 we get the expression for
frequency of the antenna system at different capacitance values in the
AMC surface as given in (2) and (3).

w

(laca + (2la + 11)c1 + 2lacq) £

| Vlacat 2la+l)er+20ae,)? —4(2lacqlicr +Hlaca (2l +11)cr) @
- 2(2l20allc1 + laca(2l2 + l1)61)

2
(wigmifzzgca) i\/(u}ﬁéwlgca) —4 (252%11‘31*?22) 3)
2 (2lacabier+ )
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where,

w = resonance frequency of antenna system.
w, = resonance frequency of reference antenna.
wp, = center frequency of AMC surface.

l, = inductance of patch antenna.

{1 = inductance of AMC surface.

{5 = inductance of dielectric substrate.

cq = capacitance of patch antenna.

c1 = capacitance of AMC surface.

Equation (3) proves the origin of two frequencies, viz. fiower and
fupper, and suppression of original resonant frequency of the microstrip
patch antenna. Circuit parameters for the reference antenna were
extracted using standard equations available in the literature [20]. The
Z parameters extracted from CST indicated the presence of significant
probe inductance and capacitance. Lprohe and Chrone Were computed
and found to be 1.9nH and 2.798 pF, respectively.

The AMC structure simulated for reflection phase gives the
response for an infinitely long high impedance surface. Hence the
standard design equations cannot be used for computing the values
of L and C of the AMC ground plane. Consequently, Equation (1)
was used for computing L and C' values of the finite HIS embedded
between two dielectrics. The equivalent admittance was equated to
zero to get the frequency at which the structure will start resonating
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Figure 16. Simulated response in serenade.
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Table 1. Comparison for calculated and measured results for various
values of varactor capacitance. Lg = 0.235nH, Ly = 0.068nH,
Chis = 3.08 pF.

Case I | Case II | Case III

Cvar (pF) 0.72 1.22 415
flower predicted (GHz) | 3.80 3.66 2.97
Sfiower measured (GHz) 3.62 3.40 2.92

Offset (GHz) 4018 | +0.26 0.05
fupper predicted (GHz) 5.17 5.06 4.81
fupper measured (GHz) 5.08 4.76 4.56

Offset (GHz) +0.09 | +0.30 +0.25

and was obtained in form of the following equation:
w4(2l26al101 + laca(2l2 + ll)cl)
—w2(laca + (2[2 + ll)Cl + 2lgca) +1=0 (4)

The above equation has three unknowns; Iy, C; (Cuis + Cvar), and o
thus one set of two frequencies generated by placement of varactor is
not sufficient for solving the resulting simultaneous equation. Hence,
two sets of frequencies obtained from extreme set of capacitances were
used to obtain four equations from three unknowns. At Cy,, = 4.15 pF,
the measured frequencies were 2.92 GHz and 4.56 GHz, whereas at
Cyar = 0.72 pF, the measured frequencies were 3.62 GHz and 5.08 GHz.
Using the above set of equations, the lumped element values for the
finite high impedance surface were obtained as Cyig = 3.0793 pF, [; =
0.2351nH, I3 = 0.0684nH. The values were plugged into equivalent
circuit made in serenade, and the resulting response was compared
with the measured values. The return loss for varactor capacitance of
0.72 pF is shown in Fig. 16.

Similar graphs were obtained for other values of the varactor
capacitance. A comparison of predicted and actual frequencies was
carried out, and the results are as shown in Table 1.

4. CONCLUSION

A reconfigurable antenna system using finite artificial magnetic
conductor which can be tuned in two different bands simultaneously
has been proposed and verified experimentally in this paper. Varactor
diodes have been successfully used and experimental results obtained
have excellent match with the simulated results. The use of finite AMC
ground plane has facilitated in a compact design and the use of only
two varactor diodes thereby reducing the complexity of biasing circuit.
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The lower band of tunability provides reduction in size of the
patch enabling the patch to resonate even at lengths as low as 0.35\.
This provides an effective reduction of 40% in length of the microstrip
antenna. The radiation patterns of the antenna have been measured
and found to be considerably stable in entire tuning range. This has
been attributed to the placement of the active components on the
ground plane and not on the radiating element itself.

The antenna system has been analyzed using the cavity model, and
the transmission line model and an equivalent circuit of the structure
has been proposed. The lumped element equivalent values of the
structure have been extracted and used for verification of the results
obtained. The equations proposed in the paper satisfy the origin of two
frequencies and tunability due to variation in the varactor capacitance.
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