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Abstract—A reconfigurable electrically small capacitively
loaded PIFA-as-a-Package (PIFA-AAP) is developed to demon-
strate the potential utility of reconfigurable antenna technologies
to miniature and/or portable UHF wireless devices. The scal-
able PIFA-AAP concept involves simply integrating the antenna
and the device package to maximize the effective area of the
antenna given the physical constraints of the application. An
elegant approach to frequency-agility is developed using commer-
cial-off-the-shelf solid state switches, overcoming the key weakness
of extreme environmental sensitivity inherent to any electrically
small antenna. The measured performance of a 25 x 50 x 9-mm
PIFA-AAP includes near-contiguous tuning coverage between
407.8 and 463.1 MHz with a total realized gain of better than
—10 dBi across the tuning range. The measured bandwidth of
our proof-of-concept frequency-agile PIFA-AAP is benchmarked
against the Wheeler—Chu-Mclean fundamental limit.

Index Terms—Electrically small antennas, inverted F-antennas,
reconfigurable antennas.

. INTRODUCTION

ANY highly integrated miniature systems are required
I\/I to communicate at RF wavelengths much larger than
their own physical size, requiring an electrically small an-
tenna (ESA). Such applications abound from HF through
5.8-GHz ISM-band frequencies. As the trend towards miniatur-
ization and multifunctionality in wireless devices progresses,
the need for relatively ef cient and environmentally agnostic
electrically small antennas in every frequency band becomes
more acute. Many next-generation wireless sensor network
and radio frequency identi cation (RFID) systems will utilize
the favorable propagation characteristics available at UHF and
lower frequencies. Strict physical constraints coupled with the
rapid pace of battery development leave the RF antenna as the
largest impediment to further miniaturization for an increasing
number of applications. The well-known tradeoffs between
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bandwidth (Q), gain, and size of electrically small antennas
must be carefully balanced to develop optimal antenna solutions
for each speci c application.

For a xed frequency, antenna size reduction dictates a de-
crease in achievable bandwidth, and typically results in a lower
realized gain. High-Q ESAs are very sensitive to the environ-
ment in their near- eld which is not known a priori for many
applications. In such cases, electrically small recon gurable an-
tennas can be implemented that have the capability to adaptively
compensate for environmental detuning effects creating an en-
vironmentally agnostic ESA. Frequency agility alone allows
the rst-order effect (frequency shift) of many near- eld pertur-
bations to be compensated for by simply retuning the narrow
passband of the ESA.

Recently, Best [1] has demonstrated that the @@ (bandwidth)
of impedance-matched ESAs is primarily established by the an-
tenna s effective height (when above a ground plane) in ad-
dition to its effective volume. That is, antennas with a larger
effective volume will have a lower minimum quality factor and
greater bandwidth while maintaining reasonable gain. The spe-
ci ¢ geometry of the antenna within this volume does not seem
to be a signi cant factor in determining the performance char-
acteristics of ESAs [2]. It is clearly advantageous, however, to
maximize the size of the ESA given an available volume. Desir-
able ESA design methodologies allow three-dimensional scala-
bility, frequency agility, and straightforward integration into de-
vice packages.

Historical examples using tunable lumped elements to
achieve frequency agility abound [3] [5]. In many cases, such
approaches are applied to ESAs [6] [8]. A recent scalable and
readily integrable ESA design is also amenable to lumped-el-
ement tuning [9]. However, the limited ) of practical tunable
lumped elements often dominates the ef ciency of ESAs
tuned using this approach. It is therefore desirable to employ
tuning methods that do not rely on tunable lumped elements.
Switch-enabled recon gurability is therefore an attractive
alternative to lumped-element tuning for ESA applications.

A fully scalable capacitively loaded electrically small planar
inverted F-antenna (PIFA) design is presented in the context of
maximizing the effective antenna volume of electrically small
antennas for portable wireless devices by integrating the an-
tenna into the overall device package. An elegant approach to
switch-enabled frequency agility and integration is adopted to
create a tunable PIFA-as-a-package (PIFA-AAP) that has the
potential to impact a number of miniature and portable wire-
less device applications. Numerical results using commercial -
nite element and method of moments tools coupled with labora-
tory measurements of proof-of-concept PIFA-AAP prototypes
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Fig. 1. PIFA-AAP concept progression.

demonstrate the utility of our approach. The straightforward
fabrication of the laboratory prototype is explained in detail. Fi-
nally, the Wheeler Chu McLean fundamental lower bound on
electrically small antenna @ is used to benchmark the perfor-
mance of the PIFA-AAP concept.

Il. PIFA-AAP CONCEPT AND DESIGN PROGRESSION

Since the ideal electrically small antenna design seeks to
maximize the effective volume available to the antenna, the
best possible antenna volume for space-constrained miniature
applications is often times the device package itself. Accord-
ingly, we develop a scalable PIFA-AAP antenna design concept
suitable for a number of wireless applications where the total
device size is constrained to a fraction of a wavelength in the
operational frequency band. The PIFA is quickly becoming a
ubiquitous antenna in mobile telephone handsets because of
its small size and ease of integration into handset cases [11].
The well-known PIFA is nominally a quarter-wave resonant
antenna; however, the antenna structure can be capacitively
loaded [12] to reduce the size to A/8 or smaller. In the fol-
lowing, a frequency recon gurable (tunable) capacitively fed,
capacitively loaded PIFA-AAP is developed on a standard
FR-4 epoxy printed circuit board substrate. We select the
400 500-MHz band to demonstrate our concept; however, the
design approach is scalable in frequency.

Fig. 1 illustrates the progression from a basic PIFA to the
PIFA-AAP concept used as the basis for our tunable electrically
small antenna. As illustrated from the side view (note that the
antennas have width perpendicular to the drawing plane), a ca-
pacitive feed is added to the PIFA for the additional degree of
impedance matching freedom [10]. The PIFA is then capaci-
tively loaded to reduce its electrical length [12]. Fabricating the
PIFA on a standard printed circuit board substrate (i.e., FR-4
epoxy) reduces the size of the end-loading parallel plate capac-
itor, while keeping the majority of the antenna dielectric ma-
terial air, to avoid unnecessary dielectric loss and maximize the
antenna sef ciency. Using the outer metal of the PIFA structure
as the device package, the space underneath the antenna-feed
pedestal and above the loading capacitor can be used to house
the requisite transceiver circuitry and power supply battery for
a miniature portable wireless device. Since the antenna and the
battery are typically the two biggest roadblocks to portable wire-
less device miniaturization, integrating them to save space is
generally good practice [13]. However, integrating the antenna
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Fig. 2. Diagram of tunable PIFA concept using switchable grounded straps.
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Fig. 3. 3-D drawing of strap-tunable PIFA-AAP on FR4.

and the package (to house the entire device) is the optimal solu-
tion. The battery will certainly have an effect on antenna perfor-
mance, and batteries for speci c applications should be included
in full-wave 3-D EM simulations during the design process.

Fig. 2 depicts how the strap tuning method used in [14] is
applied to the PIFA-AAP geometry of Fig. 1 to yield a novel
tunable electrically small PIFA-AAP. The grounded side of the
PIFA structure is cut into multiple straps (shown in Fig. 3) which
are, in turn, soldered to separate pads on the FR4 PCB that are
connected to grounded vias through surface-mount packaged
switches (COTS PIN diode, GaAs FETs, CMOS, or discrete
packaged RF MEMS). The state of the switches (open or closed)
controls which straps are connected to ground (becoming part of
the radiating structure) and which straps are left oating. Effec-
tively, the location and size of the ground path can be controlled
via the state of the switches.

When all of the switches are closed, the tunable PIFA be-
haves very much like a regular (grounded) capacitively loaded
PIFA. The notable exception is that the insertion loss of the
packaged switches decreases both the @ and the ef ciency of
the antenna. The insertion loss of the switches must be taken
into consideration during the design process. This is accom-
plished by modeling the closed-state switch as a thin- Im sur-
face impedance boundary condition in commercial full-wave
EM simulators (i.e., Ansoft Designer and Ansoft HFSS). The
surface impedance boundary is designed to model the exact in-
sertion loss of the switch (taken from the data sheet or mea-
sured), yielding accurate numerical predictions of antenna @
(bandwidth) and ef ciency (gain).

In the speci c design shown in Fig. 3, the three center straps
are permanently shorted, while the eight switched straps are
located symmetrically on the grounded vertical side of the
PIFA. There are 2 possible tuning states; however, the sym-
metric states will yield the lowest ohmic losses and therefore
the highest and most useful gains. Accordingly, we label the
switches symmetrically starting from the outside as S1, S2, S3,
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Fig. 4. Air capacitive fed PIFA-AAP design.

and S4 as indicated in Fig. 3. The locations of the individual
switches are numerically optimized using fully parameterized
CAD models. To accomplish this, parameterized models have
been developed such that any physical dimensional parameter
of the antenna structure (i.e., the position of S1, S2, S3, S4,
feed location, height, etc.) can be treated as an independent
optimization variable. Any combination of variables may be
optimized against speci ¢ cost functions and performance
goals using optimization algorithms built-in to the commercial
codes. This approach allows maximum exibility in designing
a tunable PIFA-AAP for any speci c application.

The above PIFA is designed using eight commer-
cial-off-the-shelf (COTS) NEC UPG2214TK surface-mount
switches and a 3-mm-thick air-dielectric capacitive feed. The
plastic NEC UPG2214TK package footprint is 1.5 mm x
1.3 mm and is amenable to the fairly high integration den-
sity required for this application. The insertion loss of each
switch is about 0.25 dB at 500 MHz. This switch also has
very good isolation (~ 70 dB) in the lower UHF band. Fig. 4
shows the full-wave Method of Moments (MoM) simulated
performance of the ve states of the tunable antenna. Three-di-
mensional full-wave nite-element method simulations (using
the commercially available Ansoft HFSS code) were used
to corroborate reported gain values. With all of the switches
closed, the antenna resonates near 475 MHz with a simulated

realized gain (including mismatch loss) of —8.1 dBi. Opening
up only the outer two S4 switches tunes the antenna down
to about 460 MHz with a realized gain of —8.4 dBi. When
the outer four switches (S3 and S4) are opened, the antenna
resonates at 450 MHz with a simulated gain of —8.9 dBi. With
switches S2, S3 and S4 open the resonance moves to 440 MHz.
Finally, with all of the switches open (with only the three
center straps grounded), the antenna resonates at 420 MHz
with a simulated gain of —8.5 dBi. Contiguous tuning coverage
and a at-gain response were key goals during the design and
optimization of this antenna structure. Across the tuning range,
the electrical length of this antenna varies from about 0.07 to
0.08 X on its longest side! Note also the very low pro le of this
antenna, a well-known contributor to low radiation ef ciencies,
but a physical requirement for many applications.

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 55, NO. 11, NOVEMBER 2007

Capacitive loop feed
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Fig. 5. Duroid loop feed Illustration side and bottom view.

The above design yields suf cient simulated performance
to justify proof-of-concept prototype fabrication. In a realistic
application, the PIFA-AAP antenna is fed from the trans-
ceiver circuitry located on top of the PCB substrate. However,
laboratory prototypes are constructed with a standard SMA
connector mounted to the backside of the PCB ground plane to
facilitate straightforward measurement techniques. The 3-mm
air-dielectric feed is problematic to construct, even in the
low-volume laboratory environment. Furthermore, inexpensive
manufacturability is an essential design constraint for many
portable wireless device antennas.

In order to physically support the capacitive feed during fabri-
cation, some type of very low dielectric constant support struc-
ture is necessary. Various RF honeycomb and foam-based di-
electrics have been investigated for this purpose. A chief draw-
back of most honeycomb/foam dielectric materials is their in-
herent temperature sensitivity. The .050-in. feed post must be
soldered to the bottom plate of the capacitive feed, exposing at
least a portion of the temperature-sensitive dielectric material to
extreme soldering temperatures. In addition, the low dielectric
constant capacitive feed couples very readily to any large con-
ductive components mounted to the surface of the PCB within
the wireless device package (such as a battery).

New capacitive feeding techniques using conventional PCB
and high-frequency laminate substrates are developed to address
these manufacturability concerns, and mitigate parasitic cou-
pling to devices inside the PIFA-AAP. A 0.062-in.-thick Rogers
Duroid 5880 (e, = 2.2) glass-reinforced PTFE composite is ul-
timately selected as the capacitive feed substrate. The 0.062-in.
Duroid substrate is procured from Rogers Corporation with a
half-ounce copper cladding on both sides, greatly simplifying
the PIFA-AAP manufacturing process.

Rather than using a simple rectangular capacitive feed geom-
etry, an optimized rectangular loop feed is found to enhance the
bandwidth of the feed. Since the probe feed location is xed as
the antenna tunes, the quality of the impedance match of the
outer most states is limited by the bandwidth of the feed. Fig. 5
illustrates the Duroid capacitive loop feeding concept. Fig. 6
shows HFSS return loss results for the highest gain tuning states
and four discrete probe feeding locations (4, 5, 6, and 7 mm
from the shorted end). If the probe is positioned farther away
from the shorted end of the PIFA, the higher frequency states
will be matched better at the expense of the lower frequency
states, and vice versa. Fig. 7 establishes the advantage of the
Duroid capacitive loop feeding technique using full-wave HFSS
Return Loss simulated data for an optimized probe feed location
of 5.5 mm from the shorted end of the antenna structure. The ve
states of a rectangular 0.062-in.-thick Duroid capacitive feed are
plotted along with the ve states using the enhanced bandwidth
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Tunable PIFA-as-a-package HFSS results with fixed .062" Duroid loop feed
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Fig. 6. HFSS results for four discrete feed positions.
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Fig. 7. Duroid loop feed bandwidth enhancements (HFSS).

capacitive loop feeding technique. The capacitive loop allows
a better impedance match for the highest and lowest frequency
states. Note that the parametric results of Fig. 6 are valid with
or without the loop feed. The only advantage of the loop feed is
a slight bandwidth improvement evident in the lower and upper
states.

Ultimately, the performance advantage of the recon gurable
PIFA-AAP over a xed frequency PIFA of the exact same
physical dimensions is best observed by the swept-gain verses
frequency analysis summarized in Fig. 8. Gain sweeps are
performed for all tunable states (including switch loss) and
a xed-frequency reference antenna (no switch loss). HFSS
swept-gain results agree quite well with Ansoft Designer 2.5D
MoM results, and the MoM results are included here. The dark
black curve with the highest simulated peak gain represents
a 470 MHz xed-frequency capacitive loop fed PIFA with
physical dimensions equivalent to Fig. 3. The blue curves
represent the ve highest-gain tunable states. Of course, with 8
switches there are 28 possible switch combinations and many
more than ve different frequency states of operation for this
antenna. However, the ve states represented by the blue curves
envelope the maximum gain of all 28 states and are therefore
the most useful of all the states. To illustrate this point, the

3313

Tunable Gain curves (MoM results) of high-gain tunable states
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Fig. 8. Swept gain analysis for tunable PIFA-AAP performance evaluation.

highest gain curve for the lower-gain states is included in Fig. 8
as the red curve centered at about 455 MHz. All swept-gain
curves used in this analysis include the effects of impedance
miss-match loss.

From a systems engineering perspective, a useful metric to
compare the two antennas is a gain bandwidth product. Obvi-
ously, the xed-frequency antenna has a better peak gain, due
to the insertion loss of the RF switches in the recon gurable an-
tenna. However, the tunable antenna is clearly superior in terms
of gain bandwidth product. Consider a xed-frequency PIFA
designed to operate at 420 MHz. If this antenna is placed in an
environment that perturbs its near- eld enough to detune the an-
tenna by 50 MHz, then the absolute gain of the antenna would
drop from the —5.5 dBi peak value to below —23 dBi. How-
ever, the tunable antenna can easily recon gure to provide about
—8.5 dBi under these circumstances. In this fashion, electrically
small tunable antennas can be described as environmentally ag-
nostic. An important caveat here is the fact that the enhanced

gain bandwidth product afforded by recon gurability is not
instantaneous bandwidth. While solid state switches such as
the GaAs FET devices used here can switch at extremely fast
rates, wide instantaneous bandwidth signals will be severely
distorted, as they would be with any electrically small (nar-
rowband) antenna. Certain wider band modulation schemes (an
LFM chirp, for example) could take advantage of this type of
recon gurable antenna with the appropriate control algorithms.

The scalable PIFA-AAP design introduced above can easily
take advantage of an additional and very straightforward tuning
technique. The value of loading capacitance on the open end
of the PIFA structure can be digitally tuned to provide a very
broad tuning range. Additional surface area can be added to
the top plate of the distributed parallel plate loading capacitor
by switching in addition parallel-plate sections already etched
on the printed circuit board substrate. Combining this rough
tuning technique with the ne tuning of the strap technique
would vyield very contiguous tuning across an impressively
broad range. Fig. 9 illustrates this tuning approach using
full-wave MoM simulation results for four discrete parallel
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Fig. 9. Combined strap and loading cap tuning.

Fig. 10. Radiation patterns of loaded PIFA-AAP antennas.

plate sections, the strap tuning technique, and a single xed
capacitive feed. The price for this additional engineered degree
of freedom is degraded antenna ef ciency due to the additional
switch loss. The results of Fig. 9 only illustrate this increased
tuning range and intentionally overlook the inevitable ef ciency
degradation.

Finally, the radiation characteristic of this class of antenna is
similar to any patch-type radiator. Peak gain is always in the
broadside direction, regardless of the tuning state. Unless oth-
erwise stated, all gain values reported in this work are peak
gains at broadside. The electrically small nature of this antenna
results in a primarily linearly polarized (LP) far- eld radiation.
The polarization purity is very good at broadside and degrades
away from broadside. Fig. 10 shows simulated radiation pattern
data for a representative PIFA-AAP antenna over a large ground
plane. From the plot on the left ( i = O cut), it is observed
that at greater than 70° from broadside, the co-polarized electric
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eld component (Etheta) is equal in magnitude to the cross-po-
larized electric eld component (Ephi). This eliminates the po-
tential for polarization mismatch at angles away from broadside
(a useful characteristic for some applications). The plot on the
right is a pattern cut along the t eta = 90° plane and demon-
strates the very good azimuthal pattern symmetry for this class
of antenna. Azimuthal pattern symmetry is an essential require-
ment for most portable wireless communication devices.

I1l. COMMENTS ON FUNDAMENTAL () /BW LIMITATIONS

The fundamental Wheeler Chu McLean limit (also known
as Chu-limit) for a linearly polarized antenna (T My, spherical
mode for an electric dipole or TEg; for a small loop) is given
by the following expression [15]:

(ka <<1) (1)

11 .
Quw_Lp = Nr { } ~

k3a3 + ka| ™ (ka)3
where £ is the wavenumber (k = 27/)), a is the radius of the
smallest sphere that can enclose the ESA, and 7, (radiation ef-
ciency) is included to account for the conductor and dielec-
tric losses in the antenna. Antenna loss will decrease the ob-
tainable @ for the ESA, but this inef ciency cannot indicate an
encroachment upon the fundamental Chu-limit. The exact ex-
pression reduces to the approximate expression in the electri-
cally small limit (ka < 1). For the lossless case, 7, = 1.
Yaghjian and Best [16] derive a useful approximate expres-
sion for the quality factor of electrically small antennas near res-
onance (or antiresonance):

wo

Q(WO) ~ 2R0 ((.do)

)

d(Zo(wo)) ‘ ~_ 2B
dwo FBWV(W[))

where Zg = Rg + j X is the matched antenna input impedance
near resonance and /3 = (VSWR —1)/(2VVSWR) < 1.
FBW, (., Is the fractional impedance bandwidth of the an-
tenna system de ned for any arbitrary VSWR. For half-power
bandwidth, VSWR ~ 5.828:1, v/3 ~ 1, and (2) reduces to
Q34 ~ 2/BWsqgp. For VSWR = 2 bandwidth, /3 ~ 1/2v/2
and (2) reduces t0 Qpw, _, ~ 1/v2FBW,_s

The above two equations can be combined to obtain a funda-
mental upper bound on the fractional impedance bandwidth of
an ESA:

1 2/B(ka)® -

FBW, . ~
Vil e 1+ (ka)?

where the 1/n, (radiation ef ciency) term is again included to
account for the conductor and dielectric losses in the radiating
structure. Equation (3) therefore represents the absolute upper
bound on bandwidth for an ESA including loss [17].

Equation (4) gives the standard de nition of radiation ef -
ciency for any antenna.

Rradiation _ Pradiated

— _ Gpeak (4)
Rradiation + Rloss

Dpeak

N = =
Paccepted
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