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This paper proposes a novel RF front-end architecture for software-defined radios (SDRs) based on an electronically tunable
antenna pair controlled by an antenna control unit (ACU) consisting of field effect transistor (FET) switches and a field pro-
grammable gate array (FPGA). The fundamental gain-bandwidth limitations of electrically small antennas prevent a small antenna
from having high efficiency and wide bandwidth simultaneously. In the age of miniaturization, especially in the wireless commu-
nication industries, a promising solution to this limitation is to introduce reconfigurable antennas that can be tuned electronically
to different frequency bands with both high efficiency and narrow instantaneous bandwidth. This reconfigurable antenna tech-
nology not only simplifies current RF front-end architectures, but can be reprogrammed on demand to transmit and receive RF
signals in any desired frequency band. This novel RF front-end architecture implemented by a reconfigurable antenna pair can
help realize SDRs.
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1. INTRODUCTION

Software-defined radios (SDRs) are considered to be the ul-
timate solution for the future of wireless communications.

This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

However the application of SDRs over wide frequency bands
is constrained at the RF front end due to analog hardware
parts, especially the antenna [1]. The gain-bandwidth lim-
itation of electrically small antennas is a fundamental law
of physics that limits the ability of the wireless system engi-
neer to simultaneously reduce the size of an antenna while
increasing its bandwidth and efficiency [2]. A revolution-
ary approach to circumventing this limitation is to construct
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Figure 1: Block diagram of the reconfigurable antenna pair con-
trolled by DSP.

a small, highly efficient antenna with a narrow instantaneous
bandwidth that can be electronically tuned over wide fre-
quency bands.

The reconfigurability of the antennas is achieved by alter-
ing the geometry of the antenna electronically based on the
frequency information received by an antenna control unit
(ACU). The ACU consists of the field programmable gate ar-
ray (FPGA) and field effect transistor (FET) switches. The
FPGA will act as a microcontroller to toggle FET switches to
effectively change the electrical length of the antennas. The
block diagram of a reconfigurable antenna pair used in an
SDR is shown conceptually in Figure 1. Introducing an elec-
tronically tunable antenna pair that receives commands from
the radio’s digital signal processor (DSP) is a promising solu-
tion for realizing multiband radios and SDRs.

Furthermore, the narrow instantaneous frequency re-
sponse of the reconfigurable antenna pair would greatly re-
duce the need for additional analog filtering in the RF front
end, which will also reduce the size, cost, and power re-
quirements of wireless mobile devices. Such an antenna pair
would reject undesired interferers with a minimum degra-
dation of the desired signal’s signal-to-noise ratio (SNR). In
this paper, it is found that selectivity of the reconfigurable
antenna pair provides filter-like performance so that duplex-
ing, diplexing, and bandpass image rejection functions are
absorbed into the antenna. In addition, a novel RF front-end
architecture which is simpler and more cost-effective than
current RF architectures is proposed to improve the perfor-
mance of the RF front end and demonstrate the feasibility of
SDR applications.

2. RECONFIGURABLE ANTENNA PAIR

In this section, we discuss the design of an electronically tun-
able shorted patch antenna (SPA) controlled by an ACU con-
sisting of FET switches and FPGA.

2.1. Shorted patch antenna (SPA)

SPA is one of the most promising antennas for wireless mo-
bile devices such as mobile handsets because of their com-
pactness, conformability, low-cost, and omni-directional
patterns [3]. The SPA is loaded with small and low-cost vari-
able capacitors at the radiating edge to effectively change the
electrical length of the antenna. The required physical size of
SPA for resonance is also reduced by the capacitor loading.

Ground

Variable
capacitor

Coax feed

Figure 2: Geometry of SPA for reconfigurable antenna implemen-
tation.
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Figure 3: Block diagram outlining the functionality of the FPGA
for ACU.

The geometry of the SPA for the electronically tunable
antenna is shown in Figure 2. The SPA is designed with a
layer of copper placed above a ground plane separated by a
substrate layer. The shorting edge is accomplished by con-
necting one side of the square radiating patch to the ground
plane. To feed the SPA to the ground plane, the outer conduc-
tor of the SMA connector is connected to the ground plane
while the inner conductor is connected to the patch.

It is necessary to model the antenna as a two-port de-
vice to account for the effect of its frequency response on the
system. It is shown in [4] that the forward transmission co-
efficient (i.e., the scattering parameter, S21) of the antenna
is equal to its total efficiency, which includes radiation effi-
ciency and mismatch loss. Both copper loss and tuning cir-
cuit loss contribute to reduced radiation efficiency and also
affect the bandwidth. This two-port equivalent circuit of the
SPA is invaluable for calculating the practical limitations on
bandwidth, size, efficiency, and the effects that losses in the
tuning circuits have on these quantities.

2.2. Antenna control unit (ACU)

The ACU introduced in this paper employs both analog
and digital technology. FET switches are adopted in or-
der to change the electrical dimension within each antenna
and to tune the antenna pair between GSM850(US Cel-
lular)/GSM900 and PCS/DCS bands. The on/off status of
single-pole double-throw (SPDT) FET switches are con-
trolled by the FPGA based on frequency information received
from the DSP. Employing the FPGA for the ACU provides
the end users with complete control over the tunability of
antenna.

An overall perspective view of the system level design is
discussed in this section. The ACU is divided into two mod-
ules as outlined in the schematic shown in Figure 3. The in-
put/output module receives commands from the radio’s DSP
and then translates them into a necessary format for the
use of the switch controller. The hardware description lan-
guage (HDL) code residing on the input/output module of
the FPGA will be responsible for the initial hand shaking to
accept data or serve as the end of the line for the transmit-
ted data. For demonstration purposes, this module is pro-
grammed to receive frequency information in the RS-232
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Figure 4: Dimensions of the tunable GSM 850/900 SPA mounted
on a PCB with ACU.

asynchronous serial format and convert the serial data into
parallel data format.

The switch controller module receives parallel frequency
data from the input/output module and generates required
switch control signals to reconfigure the antenna pair. For
SDR applications, this module can be updated anytime the
RF front-end device needs to change to an application in-
volving different frequency bands.

2.3. Tunable SPA design for GSM 850/900
An electronically tunable SPA covering the transmit por-
tions of the US cellular (824–849MHz) and GSM 900 (890–
915MHz) bands was designed and fabricated in order to
demonstrate the feasibility of the reconfigurable antenna pair
for mobile handsets. The dimensions of the antenna and the
printed circuit board upon which it is mounted are shown
in Figure 4. A picture of the physical hardware that was con-
structed is shown in Figure 5. The antenna has length, width,
and height of 30 × 30 × 7mm, respectively. The tuning cir-
cuit consists of variable capacitors and an SPDT FET switch
that is controlled by the ACU. The SPA is electronically tuned
between the GSM 850 and GSM 900 bands based on the fre-
quency information provided by the user to the FPGA. The
measured return loss for both states is presented in Figure 6.
The return loss of the antenna is a measure of impedance
mismatch between the antenna input and its 50Ω feeding
line. The bandwidth of the antenna is, in general, determined
by determining the frequency range over which the return
loss is less than−10 dB. As shown in Figure 6, the bandwidth
of the return loss response in each state is about equal to the
25MHz bandwidth of the transmit portions of the US cellu-
lar and GSM 900 bands.
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Figure 5: Photo of the fabricated tunable GSM 850/900 SPA.
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Figure 6: Measured return loss of the reconfigurable SPA between
GSM 850 and GSM 900 bands.

2.4. Tunable SPA pair for GSM 850/900, DCS, and PCS

After successfully fabricating a single SPA, two antenna pairs
consisting of four individual SPAs are designed to cover all of
mobile communication bands: GSM850/900, DCS, and PCS.
The layout of the prototype is shown in Figure 7. The tun-
ability between GSM and PCS/DCS bands is achieved by us-
ing two different sizes of SPAs, the larger for GSM and the
smaller for PCS/DSC bands, and by switching the RF signal
paths. The antenna pair for GSM bands has length, width,
and height of 30×30×7mm and 20×20×6mm for PCS/DCS
bands. In order to minimize the coupling and interfer-
ence between each antenna pair, the antennas are arranged
orthogonally relative to each other. Coupling of less than
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Figure 7: Prototype of tunable antennas for GSM850/900, DCS, and PCS.

Figure 8: Photo of the prototype of tunable antennas for
GSM850/900, DCS, and PCS.

20 dB between the Tx and Rx antennas was achieved. The
tuning techniques for each SPA are described in Section 2.3.
The picture of the prototype is shown in Figure 8.

3. ELECTRONICALLY TUNABLE
ANTENNA IMPLEMATATION

With the SPA pairs fully fabricated and tested as well as the
ACU programmed and implemented, the setup shown in
Figure 9 was assembled to evaluate the performance of the
electronically tunable antenna pairs. For demonstration pur-
poses, the DSP was emulated by a graphical user interface
which accepts frequency information from a user and con-
verts the frequency information into the required series bi-
nary format for RS-232 communication. The SPA pair is
electronically tuned betweenGSM850 andGSM900, and the
measured return loss for each state is presented in Figure 10.
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Figure 9: Test setup for demonstrating the electronically tunable
antennas.

4. NOVEL RF FRONT END FOR SDRs

Based on the careful review of antenna characteristics and
experimental results revealing that the return loss of an SPA
resembles the frequency response of a bandpass filter, we be-
came interested in determining if the frequency responses
of the Tx/Rx antenna pair could be used to eliminate or re-
duce the requirements on the RF filters required in a wireless
transceiver. Separate Tx and Rx antennas might also allow
for the elimination of a T/R switch or duplex filter if enough
isolation can be achieved between PA output and LNA input
[5].

In order to quantify the filtering robustness of the an-
tenna, we performed a system simulation using HP’s Ad-
vanced Design System software to analyze system perfor-
mance for both a conventional RF system architecture and
a proposed RF system architecture based on the tunable SPA
Tx/Rx pair. The specific configuration we analyzed comprises
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Figure 10: Measured return loss of tunable antenna pair tuned to (a) GSM 850 band and (b) GSM 900 band.
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Figure 11: Conventional dual-band full-duplex RF front-end archi-
tecture.

a full duplex, dual-band (GSM 850 and PCS bands) su-
perheterodyne receiver. We attempted to mimic the perfor-
mance of off-the-shelf passive and active devices in our sim-
ulations. A block diagram of the conventional dual-band,
full-duplex front end is shown in Figure 11. A block di-
agram of a proposed novel dual-band, full-duplex front
end based on the reconfigurable antenna pair is shown in
Figure 12.

The results of the simulations for the US cellular and PCS
bands are summarized in Table 1. It should be noted that
we obtained the antenna characteristics used in the simu-
lation from a transmission line model [6]. If we had used
measured data, the results would not have been as favor-
able for the image rejection. As can be seen, the architec-
ture based on the reconfigurable antenna pair offers almost
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Figure 12: Proposed dual-band full-duplex RF front end imple-
menting reconfigurable antenna pair.

the same image rejection as the conventional architecture
while providing substantially better noise figure. Further-
more, the component count and cost of the SPA-pair archi-
tecture are substantial lower than that of the conventional
architecture.

5. FUTUREWORK

The reconfigurable antennas that we have breadboarded to
date all use PIN diode or FET switches. These switches are
far from ideal and significantly reduce the radiation effi-
ciency of the antennas. Furthermore, these devices also ex-
hibit nonlinearities that contribute to harmonic and inter-
modulation distortions in both transmit and receive chains.
However, RF MEMS switches appear poised to become
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Table 1: Comparison of simulated results of conventional and proposed RF front-end architectures.

Architecture type Conventional architecture Proposed architecture

Band GSM 850 PCS GSM 850 PCS

Desired signal at antenna −90 dBm −90 dBm −90 dBm −90 dBm
Image (200MHz offset) at ant. −60 dBm −60 dBm −60 dBm −60 dBm
Desired signal at LNA out −82 dBm −80 dBm −77 dBm −78 dBm
Undesired signal at LNA out −135 dBm −120 dBm −116 dBm −110 dBm
Desired signal gain 8 dB 10 dB 13 dB 12 dB

Undesired signal rejection 75 dB 60 dB 56 dB 50 dB

System noise figure 4.1 dB 3.8 dB 1.9 dB 1.6 dB

viable alternatives in the near future to minimize these un-
desired effects. These switches are virtually ideal in terms
of insertion loss and isolation, and their linearity is 40 to
50 dB better than GaAs devices [7, 8]. Currently, reliabil-
ity and packaging issues concerning these devices are be-
ing resolved, and low-cost production techniques are be-
ing developed. Based on these developments, we expect
to be able to evaluate the performance of reconfigurable
antennas realized with RF MEMS switches in the near
future. Implementing the reconfigurable antennas with
MEMS technology will increase the performance and tuning
range of an electronically small antenna. Hence, we expect
that the two antenna pairs introduced in this paper can be
replaced with a single antenna pair for all current wireless
frequency bands including GSM, PCS, DCS, GPS, ISM, and
so on.

6. CONCLUSION

A novel electronically tunable antenna pair and RF front-
end architecture for current wireless communication bands
(GSM 850/900, PCS, and DCS) were designed and demon-
strated for SDR applications. Both high efficiency and small
profile of the antenna were achieved by introducing a recon-
figurable antenna pair that covers only the desired band in-
stantaneously.Moreover, a narrowband filter-like response of
the antenna pair drastically improves the SNR of RF front
end and reduces the cost and size of current radio architec-
tures by eliminating the need for a T/R switch or a duplex
filter. Since the antenna pair is electronically reconfigured
based on frequency information received from the DSPs, the
proposed RF front-end architecture is a promising candidate
for SDRs.
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