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Abstract—A novel compact wideband antenna, which adopts a
multi-state switchable matching circuit, is proposed in this paper.
The design of the switchable matching is systematically studied and
a two-step iterative procedure is used to obtain optimized values
for both the bandwidth division between the various stages and the
matching circuit components in each stage. Without loss of gener-
ality, a meander line monopole, with dimensions of 80 10 10
��

�, is used as the radiator in the proposed wideband antenna
design. To validate the proposed new design, a four-state matching
circuit controlled by four PIN diodes is fabricated and measured.
The reflection coefficient of the prototype antenna is found to be
better than � � ��, and the peak gain is higher than � ���

across the 470–770 MHz bandwidth for the Integrated Services
Digital Broadcasting-Terrestrial (ISDB-T) application.

Index Terms—Iterative gradient searching, PIN diode, switch-
able matching circuits, wideband matching.

I. INTRODUCTION

W ITH the rapid development of wireless communication
systems, there is a significant interest in providing

more digital broadcasting services to small mobile handsets.
For example, Integrated Services Digital Broadcasting-Ter-
restrial (ISDB-T) can deliver television programs or other
multimedia content directly to mobile terminals. ISDB-T
operates at the frequency range of 470–770 MHz, covering a
relatively wide bandwidth of 48.4%. It is always a challenge to
install a passive internal antenna in a mobile handset to cover
the entire ISDB-T band. This is because the typical dimensions
of a mobile handset are quite small in comparison to a quarter
of the wavelength which is the antenna dimension needed
to effectively transmit in the 470–770 MHz frequency band.
Several promising antenna designs have been published in
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recent papers including the planer meander sleeve monopole
antenna utilized as the radiating element in a mobile handset [1]
and the conical monopole loaded with a circular patch on top
studied by Zhou, et al. in [2]. These designs, however, occupy
unacceptably large space, and, hence, some other techniques
need to be investigated to design compact wideband antennas
for the ISDB-T applications.

Frequency reconfigurable antenna approach represents an al-
ternative method for designing wideband antennas [3]–[8]. This
approach has the capacity of switching the operating frequency
while maintaining similar radiation pattern and gain throughout
the required bands. Examples of these designs include the one
described in a study by Kathleen et al. [3], using a varactor to
tune the frequency of PIFA. Similar idea is studied by Milosavl-
jevic et al. [4], wherein a varactor is loaded at the end of a
PIFA antenna and the operating frequency was tuned by varying
the capacitance. This reconfigurable method is also used in an-
other study [5], where a varactor is loaded in a slot antenna at
a fixed location to achieve a wide tunability range of the first
resonant frequency ( ) and the second resonant frequency ( )
and a frequency ratio ( ) that ranges from 1.2 to 1.65. If
different varactor locations are chosen, a wider frequency ratio
could be achieved with a range of 1.3 to 2.67 [6]. PIN diodes
are also used to change the length of antenna elements [7], ad-
just locations of feed points [8], and help tune the antennas and
achieve impedance matching. Some of these antenna designs ac-
tually covered multiple bands including the GSM850 (824–894
MHz), GSM900 (880–960 MHz), DCS (1710–1880 MHz), PCS
(1850–1990 MHz), and UMTS (1920–2170 MHz) bands [8].

The circuit used for impedance matching can also be recon-
figurable. The antenna impedance can be matched in a relatively
wide bandwidth by several states in a switchable matching cir-
cuit. The matching circuit designed by Mingo, et al. [9] can gen-
erate a great number of impedance values uniformly distributed
on the Smith Chart. In this case, the circuit is composed of sev-
eral lumped capacitances controlled by several PIN diodes. In a
switchable matching circuit, several matching components are
needed and lumped components are usually more preferred than
distributed ones as they provide advantages, such as small foot-
print, ease of switching, and wide-working frequency range.
The insertion losses of lumped components, however, cannot
be ignored, but they are often considered acceptable in antennas
designed for mobile communication applications.

In this paper, a compact wideband monopole antenna with
a switchable matching circuit is proposed. In a study by Kang
et al. [10], a preliminary switchable matching circuit was pro-
posed, and some preliminary simulations were presented. In
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Fig. 1. 3-D geometry of proposed antenna (unit: mm).

this follow-up manuscript, a matching procedure and a switch-
able matching circuit topology are systematically described, and
a dual-step gradient optimization method is introduced to de-
termine the component values of a matching circuit. Specifi-
cally, a four-state switchable matching circuit is designed using
four lumped components controlled by four PIN diodes, and
each component is reused twice to minimize the complexity of
the overall system. A prototype of meander line monopole an-
tenna is fabricated as an example of a switchable system to val-
idate the developed matching technique. The obtained results
show that the designed antenna can cover the entire ISDB-T
(470–770 MHz) band with better than when com-
bining the four matching states. The gain and radiation patterns
are also measured, and the obtained results are presented in the
following sections.

The manuscript is arranged as follows. In Section II, the
matching technique is studied and the topology of the matching
circuit is described. In Section III, a gradient optimization
method is introduced to determine values of the matching
circuit components. The fabrication of the proposed antenna
with a matching circuit is then described and the results of the
measured reflection coefficient, gain, and radiation patterns are
shown in Section IV. Conclusions are presented in Section V.

II. SWITCHABLE MATCHING CIRCUIT DESIGN

A. Compact Meander Line Monopole

Without loss of generality, a compact meander line monopole,
shown in Fig. 1, is used here to demonstrate the proposed re-
configurable matching technique. The antenna dimensions are
80 10 10 (0.125 0.016 0.016 ). The width of
strip is 2 mm. The antenna is installed at the edge of the ground
plane, which is made up of a 2-mm thick 140 80 single
side FR4 board ( ). The impedance locus of the an-
tenna is shown in Fig. 2, and the impedance at 770 MHz and
470 MHz are marked by Markers 1 and 2, respectively. This
impedance locus is a good representative of most monopole an-
tennas. In a low frequency band, the antenna has a capacitive
characteristic, while in a high frequency band, its impedance is
inductive. The original reflection coefficient without matching
is shown in Fig. 3, and the reflection coefficient bandwidth of

is only 100 MHz.

B. Matching Circuit Design

It is well known that for any given impedance, there is more
than one matching circuit, which could be used to achieve
good impedance matching [11]. In the example shown in

Fig. 2. Resonant antenna curve on Smith Chart (470–770 MHz).

Fig. 3. Reflection coefficient of proposed antenna without matching.

Fig. 4(a) and (b), all four circuits can be used as a single
frequency matching for the impedance at location . Using the
left side circuit in Fig. 4(a) as an example, the series capac-
itor moves the antenna impedance from location along the
large anticlockwise curve, while the shunt inductor moves the
impedance along the small anticlockwise curve to the matching
point. Combining the effect of both components, the impedance
at location is successfully matched to 50 . In the proposed
procedure, the goal of a reconfigurable matching is to match
different portions of the impedance locus, which are equivalent
to different frequency bands, by using different circuits. This
might sound simple, but in practice the matching must be
carefully designed to achieve the desired performance.

For example, if the desired frequency range of the antenna
is divided into four segments, as shown in Fig. 5, with Band 1
having the lowest frequency band and Band 4 having highest
frequency, the total number of possible matching circuits will
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Fig. 4. Four different ways to match the impedance at location �.

be sixteen (i.e., four segments multiplied by four possible cir-
cuit elements, see Fig. 4 for each segment). In other words, one
way to implement this wideband impedance matching is to uti-
lize four independent circuits, one for each band. Assuming that
each matching circuit uses two components, the matching ar-
rangement mentioned above will require eight components and
two single-pole four-throw (SP4T) switches.

Another way to obtain the required four matching states could
be based on an overall and simultaneous optimization of one
set of matching components. In this case, when selecting the
matching components and the circuit layout, reuse becomes a
primary consideration. By using one shunt and one series com-
ponents, as shown in Fig. 6, it is possible to match all four bands
independently. Looking from the antenna side, a series inductor
and a shunt inductor can be used to match Band 1, a series in-
ductor and a shunt capacitor for Band 2, a series capacitor and a
shunt inductor for Band 3, and a capacitor and a shunt capacitor
for Band 4.

In Fig. 6, although the matching circuits used to match the
four regions have been chosen to have similar topologies, if
there are no constraints on the matching circuit design, the re-
sult could still be eight different component values. The fol-

Fig. 5. Division of the whole bandwidth into four regions.

Fig. 6. Matching circuits for four bands.

lowing shows that the circuit can be simplified by optimizing
the matching circuit as a whole and while covering the required
frequency rang. Here, single-pole 2-throw (SP2T) switches are
used as the switchable components. Because each SP2T switch
can provide two states, switches can then provide a maximum
of states. Two possible topologies of such matching circuits
are shown in Fig. 7(a) and (b). The maximum numbers of states
in these two topologies are 4 and 8, respectively.

In the circuit shown in Fig. 7(a), for example, a total of four
components are used and each component is active in two states.
When the Switch A is in Position 1 and Switch B is in Position
1, and then Band 1 can be matched. The other matching config-
urations are listed in Table I.

III. PARAMETER OPTIMIZATION

After deciding on the topology of the matching circuit, this
section focuses on describing the procedure for selecting values
of the circuit components. There are actually two related opti-
mizations in this process. The first one is on how to divide the
entire frequency band into several regions, while the other is on
the determination of the values of the components. As may be
expected, when the frequency span of a region gets narrower,
it is easier to achieve good matching in this region. This, how-
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Fig. 7. Switchable matching circuit (a) 2 SP2T, 4 states and (b) 3 SP2T, 8 states.

TABLE I
MATCHING CONFIGURATION OF SWITCH A AND B

ever, makes it more difficult to achieve matching over the en-
tire band, since the process results in a set of well-matched but
narrow bands. Naturally, an optimization procedure of multiple
iterations is required to achieve an optimized matching over the
entire band.

As an example, in the circuit shown in Fig. 7(a), all matching
components and switches are considered as ideal ones. As a
result, the component value vector and frequency band edge
vector can be expressed by (1)

(1)
In vector , and are the band edges of the overall band,

with and . In addition, , ,
and are sub-band edges, which segment the overall band. The
vectors and are variables that need to be optimized. The cost
function is given in Formulas (2)–(4). is the mea-
sured input impedance without matching. is the matched
input impedance in each band, as listed in Table I. is the
optimization goal of return loss in the sub-band. In this ex-
ample, is set to 10 dB for all four sub-bands. The
is the sum of error of all four sub-bands. In each sub-band, the
error is calculated by integrating the positive difference between
the antenna response and the goal over the specific sub-band. If
at one frequency the antenna response is better than the goal, the

Fig. 8. Flow chart for optimization.

error value at that frequency is 0, which means it doesn’t con-
tribute to the overall cost function

(2)

(3)

(4)

The optimization procedure is illustrated in Fig. 8. It includes
the following steps:

1) Random optimization: 100 values of vector are selected
randomly between 0 and 30 (nH/pF), as candidates for
starting values. Even distribution is selected as the value of
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TABLE II
OPTIMIZED VALUE

, i.e., , , and .
is calculated to find the , whose is

the minimum.
2) Nonlinear gradient optimization I: The optimized is

found when is fixed; that is, the optimized values of ,
, , and for the fixed four sub-frequency bands are

found. The object function and constraints are illustrated
in Formula (5). The index is utilized as the counter of
optimization times while setting first

(5)

3) Nonlinear gradient optimization II: The optimized is
found when is fixed; that is, the optimized ranges of sub-
frequency bands for four matching circuits are found. The
object function and constraints are illustrated as follows:

(6)

4) If the calculated error converges, the optimized is ob-
tained. Otherwise, Step 3 is repeated. The index then in-
creases by one.

5) The process of optimization terminates when it converges
or . The latest is chosen as the optimized .

The method to find the value of in Step 1 is based on
random optimization. The optimization goal in Step 2 and 3 is to
find the minimum of constrained nonlinear multivariable func-
tion based on the iterative gradient searching. The optimization
procedure has been run several times and converges with iter-
ations less than 100. As a result, is set to guarantee
the final convergence. The final results are not sensitive to the
starting values. Various initial values, which are randomly dis-
tributed between 0 and 30 (nH/pF), are trialed to test the robust-
ness of the optimization procedure and it always converged to
the same values.

The optimization values of the four components are listed
in Table II. The goal of the optimization without any parasitic
parameters and insertion loss is to prove the design strategy and
find initial values for practical tuning.

IV. ANTENNA FABRICATION AND MEASUREMENT RESULTS

To demonstrate the validity of the presented matching
strategy, a meander line antenna was fabricated and matched.
The fabrication of a meander line monopole antenna, which is
fed by a 50 coaxial cable, is shown in Fig. 9. The antenna

Fig. 9. Fabrication of proposed antenna.

Fig. 10. Schematic diagram of switchable matching circuit.

TABLE III
MATCHING CONFIGURATION OF D1-D4

is made of a flat metallic strip, meandered and attached to the
outer side of a foam support, with dimensions of 80 10 10

. The 3 V control voltage for the switch is supplied using
two AA batteries.

The schematic diagram of the four-states of a switchable
matching circuit is shown in Fig. 10. The gray area in Fig. 10
is the bias circuit and the clear area is the primary signal path.
Four PIN diodes (Philips BAP64-03) are used to control ,

, , and . The configuration of the four PIN diodes
for different matching states is shown in Table III. The bias
resistances ( - ) are all 46 , and the inductance ( -
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Fig. 11. Dimension of switchable matching circuit PCB (unit: mm).

) chokes RF signal from the matching circuit to control
the voltage source with a value of 120 nH. RF signal shorting
capacitances ( - ) are all 470 pF, and the DC block ca-
pacitance ( and ) are 100 pF each. The entire matching
network with voltage bias circuit was printed on a 1-mm thick
11 12 PCB, as shown in Fig. 11. If the antenna is to
serve as a transmitting antenna, the power handling capability
must be considered when designing the matching circuit. To
transmit a 30 dBm signal, a bias voltage of 10 V or more is
required. However, the antenna proposed in this paper is sup-
posed to be used as a receiving antenna, so a 3 V bias voltage
can already guarantee the positive bias status.

The values of key components , , , and are dif-
ferent from the optimized set-up due to the parasitic parame-
ters introduced by the components and routing from the PCB.
Also, the insertion loss of PIN diodes must be involved. Starting
from the simulated values of the four components, some itera-
tive tuning procedure must be involved based on the frequency
response. The optimizing method is almost identical to the one
used in the simulation. Unlike continuous value used in simu-
lation, discrete components with parasitic effect are replaced at
each iteration step. The series components and affect the
center frequency for four bands, while shunt components and

decide the return loss. As a result, a tradeoff between center
frequency and return loss in each band must be considered in the
components values tuning. The final values of , , , and

soldered on the PCB are 12 nH, 18 nH, 4.7 pF, and 2.2 pF.
The measured reflection coefficient of the proposed antenna

with the matching circuit is shown in Fig. 12. As seen in the
figure, the combined bandwidth covers the whole required
ISDB-T frequency band of 470–770 MHz with better than

.
Simulated gain and measured gain in the desired bands are

shown in Fig. 13. The measured gain peaks at 2.9 dBi and is
better than , which is the minimum gain limit required
by the system specification across the whole band. The differ-
ence between the straight line and the dashed line is attributed to
the insertion loss introduced by the matching components. The
average insertion loss is around 2 dB in the ISDB-T band. The

Fig. 12. Reflection coefficient with matching circuit.

Fig. 13. Measured and simulated gain.

insertion loss is mainly introduced by non-ideal lumped com-
ponents and PIN diodes. And it can be reduced by adopting
high quality components and low insertion loss switches in the
matching network. There is a discrepancy at the 495 MHz fre-
quency shown in Fig. 13, where the measured gain is higher
than the ideal one. This is due to the error introduced by the
chamber measurement. Furthermore, at the low end of the mea-
sured frequency range, the chamber uncertainty can be up to
2 dB. It can be observed that the antenna has a below average
gain when the shunt matching component is switched to the
capacitor, which corresponds to bands of 545–590 MHz and
725–770 MHz. Further investigation and improvement on this
phenomenon are needed if better performance is required.

The radiation patterns at 495 and 720 MHz are shown in
Figs. 14 and 15, respectively. A quasi-omnidirectional pattern
is achieved in the - plane.

V. CONCLUSION

In this paper, a compact frequency reconfigurable monopole
antenna with switchable matching circuit is presented. The
monopole antenna matching method has been systematically
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Fig. 14. Radiation pattern at 495 MHz.

Fig. 15. Radiation pattern at 720 MHz.

studied and optimized. An iterative gradient optimization
method is introduced to divide the band of interest into suitable
regions and to determine the four optimized component values
that would achieve matching over the entire band. A meander
line monopole antenna and a four-state matching circuit are
fabricated and measured to validate the proposed technique.
Simulation and experimental results show that the antenna can
cover the entire ISDB-T (470–770 MHz) frequency band with

better than . The gain and radiation patterns of the
proposed antenna are also measured. The proposed matching
technique can, therefore, successfully be utilized for other appli-
cations using different antennas over different frequency bands.
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