
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 3, MARCH 2003 421
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Abstract—With the virtual enforcement of the required
boundary condition (BC) at the end of a slot antenna, the area
occupied by the resonant antenna can be reduced. To achieve
the required virtual BC, the two short circuits at the end of
the resonant slot are replaced by some reactive BC, including
inductive or capacitive loadings. The application of these loads is
shown to reduce the size of the resonant slot antenna for a given
resonant frequency without imposing any stringent condition on
the impedance matching of the antenna. In this paper, a procedure
for designing this class of slot antennas for any arbitrary size is
presented. The procedure is based on an equivalent circuit model
for the antenna and its feed structure. The corresponding equiv-
alent circuit parameters are extracted using a full-wave forward
model in conjunction with a genetic algorithm optimizer. These
parameters are employed to find a proper matching network so
that a perfect match to a 50
 line is obtained. For a prototype slot
antenna with approximate dimensions of0 05 0 0 05 0 the
impedance match is obtained, with a fairly high gain of 3 dBi,
for a very small ground plane( 0 20 0). Since there are neither
polarization nor mismatch losses, the antenna efficiency is limited
only by the dielectric and Ohmic losses.

Index Terms—Miniaturized antenna, slot antenna.

I. INTRODUCTION

T HE TOPIC of small antennas has been a subject of interest
for more than half a century, but in recent years, it has at-

tained significant attention because of an exorbitant demand for
mobile wireless communication systems. The need for antenna
miniaturization stems from the fact that most mobile platforms
have a limited space for all of the required antennas in ever in-
creasing wireless systems. Compact antennas are needed so that
more antennas can be closely packed together without the risk of
mutual and parasitic coupling between them. For local area net-
works, there is an emerging interest in making antennas small
enough to ultimately fit on a single chip with the rest of the re-
ceiving front-end. As part of a general trend in monolithic circuit
integration, using the area of substrate more efficiently is an-
other strong motivation. At low frequencies (HF–VHF), minia-
ture antennas are in high demand, since the antenna size often
imposes a significant limitation on the overall size of a portable
wireless system.

Earlier studies on small antennas focused on establishing a
relation between the volume occupied by the antenna to radia-
tion characteristics and the bandwidth of the antenna [1]–[4]. In
these studies, a relation between the Quality Factor () of the
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antenna and the radius of the smallest fictitious spherical en-
closure containing the antenna was derived. This derivation was
based on the spherical wave function expansion of the fields ra-
diated from the antenna. Each spherical mode was represented
by an equivalent circuit for which a quality factor ( ) was
calculated. Since the spherical eigenfunctions are orthogonal,
no energy could be coupled among modes. Therefore, the
of the antenna was expressed as a function of theof indi-
vidual modes. Finally, it was shown that the quality factor of
the lowest order mode is a lower bound for theof a single
resonant antenna [2]. A similar approach was adopted by Collin
[5] for cylindrical antennas using cylindrical wave functions to
provide a tighter lower limit on the of thin antennas with large
aspect ratios. Results of these studies have been summarized and
referred to as the fundamental limitations of small antennas [6].
However, in the aforementioned papers there are no discussions
about procedures to design miniaturized antennas.

In addition to high , a direct result of antenna miniaturiza-
tion is reduction in the antenna efficiency owing to the relatively
high conduction and/or polarization currents on the conductors
or within the dielectric part of the antenna structure. Further-
more, the matching network of a miniaturized antenna is usu-
ally complex and lossy. An example of miniaturized antennas
is a meandered antenna where a half wavelength dipole is made
compact by meandering the wire [7]. A similar approach can be
applied to design a meander type slot antenna [8]. In order to in-
crease the efficiency of these antennas by reducing dissipation,
the use of a high temperature superconductor (HTS) has been
proposed [9], [10]. On the other hand, meandered antennas are
very hard to match to a 50-line. This difficulty is due to the fact
that the radiation of almost in-phase electric currents flowing in
opposite directions on closely spaced wires tend to cancel each
other in the far-field region. This cancellation renders a consid-
erable portion of opposing currents ineffective as far as radia-
tion efficiency is concerned and leads to a very low radiation
resistance that might have been increased using a two-strip me-
andered line [11]. Consequently, these antennas are difficult to
match, and yet require a very low temperature of operation to
control material losses [12].

Another approach for antenna miniaturization, reported in the
literature, is to use very high dielectric constant materials in di-
electric loaded antennas [13], [14]. Obviously, dielectric loading
provides a size reduction factor on the order of for the
leaky dielectric and cavity resonator type antennas (e.g., mi-
crostrip patch antennas), whereis the relative permittivity of
the dielectric material. This miniaturization method, however,
is less effective for terminated transmission line antennas, such
as slot or printed dipole antennas since these antennas see an
effective permittivity ( ), which is considerably less than.
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Although this method of miniaturization is susceptible to sur-
face wave excitation, it might be found beneficial, especially
when the electrical thickness of the substrate is small compared
to the wavelength. It is worth mentioning that this type of an-
tenna miniaturization is not immune to the aforementioned ad-
verse effects such as high, low efficiency, and complexity in
the matching network.

Nevertheless, there is another important methodology in an-
tenna miniaturization; that is, modifying the antenna geometry.
Recently a new topology based on an S-shape quarter wave-
length resonant slot antenna was reported by the authors [15].
A miniaturized quarter wavelength slot antenna was proposed
using a short circuit at one end of the slot and an open circuit at
the other end. The open circuit was realized by a coiled quarter
wavelength slot-line. Using this design, a very efficient minia-
turized antenna with dimensions of the order of
on a substrate having was constructed using a mi-
crostrip feed.

In this paper, we propose a novel procedure to design
a miniaturized slot antenna where its dimensions (relative
to wavelength) can be arbitrarily chosen, depending on the
application, without any adverse effects on the impedance
matching. As will be shown, in order to fine-tune the resonant
frequency of this structure, the antenna is first fed by a two-port
microstrip line, and then the location of the null in the insertion
loss ( ) is found and adjusted. To specify the terminating
impedance at the second port in such a way that a perfect match
is achieved, an equivalent circuit for the antenna is proposed
and its parameters are extracted using a genetic algorithm
(GA) in conjunction with a full-wave simulation tool. Finally, a
prototype antenna is designed, fabricated, and its performance
is evaluated experimentally.

II. A NTENNA GEOMETRY

For a resonant slot antenna, one needs to apply two boundary
conditions (BCs) at both ends of a slot line to form a resonant
standing wave pattern. These two conditions are chosen so as
to enforce zero electric current (open circuit) for a wire antenna
or zero voltage (short circuit) for the slot antenna, and yield a
half-wave resonant antenna. On the other hand, these alternative
BCs result in a smaller resonant length than a half wavelength
antenna [16]. One choice which is conducive to antenna minia-
turization is the combination of a short circuit and an open cir-
cuit, which allows a shorter resonant length of [15]. The
choice of the two BCs, however, is not restricted to the above
conditions, whereas the effect of reactive BCs in reducing the
resonant length and antenna miniaturization is investigated in
what follows.

A. Slot Radiator Topology

Starting from a slot and in the view of the transmission
line approximation for the slot dipole, the equivalent mag-
netic current distribution along a linear slot antenna can be
expressed as

(1)

Fig. 1. Magnetic current distribution on a half wavelength and inductively
terminated miniaturized slot antenna.

where is the guided wavelength in the slot-line. In (1),
represents the amplitude of the magnetic current density (elec-
tric field across the slotline). This approximate form of the cur-
rent distribution satisfies the short circuit BCs at the end of the
slot antenna. If by using an appropriate boundary condition, the
magnetic current density at any arbitrary point
along the length of a modified slot antenna can be maintained
the same as the slot antenna, then it is possible to make
a smaller slot antenna. Any size reduction of interest can be
achieved so long as the appropriate BCs are in place at the proper
location on the slot. Fig. 1 illustrates the idea where it is shown
that by imposing a finite voltage at both ends of a slot, the de-
sired magnetic current distribution on a short slot antenna can
be established.

To create a voltage discontinuity, one can use a series induc-
tive element at the end of the slot antenna. It should be pointed
out that terminating the slot antenna with a lumped inductance
or capacitance is not practical since the slot is embedded in a
ground plane, which can in fact short-circuit any termination.
To circumvent this problem, a lumped inductor could be phys-
ically realized by a compact short-circuited slotted spiral. To
ensure inductive loading, the length of the spiral slot must be
less than a quarter wavelength. Instead of a single inductive el-
ement at each end, it is preferred to use two inductive slotlines
opposite of each other [see Figs. 2(c) and 3]. Since these two
inductors in the slot configuration are in series, a shorter slot-
line provides the required inductive load at the end of the slot
antenna. Another reason for choosing this configuration is that
the magnetic currents flowing in opposite directions cancel each
other’s fields on the planes of symmetry, and thereby, minimize
the near-field coupling effect of the inductive loads on the de-
sired current distribution along the radiating slot.

It should be noted that the mutual coupling within the spiral
slotline reduces the effective inductance, and therefore, a
longer spiral length compared with a straight section [Fig. 2(c)]
is needed to achieve the desired inductance. To alleviate this
adverse effect, a narrower slot width must be chosen for the
spiral slotline.
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Fig. 2. Transmission line model of a slot antenna (a) half-wave slot antenna.
(b) Inductively terminated slot antenna. (c) Two series inductive terminations.

Fig. 3. Proposed antenna geometry fed by a two-port microstrip feed. This
two-port geometry is used to find out the exact resonant frequency of the
inductively loaded slot.

B. Antenna Feed

A microstrip transmission line is used to feed this antenna.
The choice of the microstrip feed, as opposed to a coaxial line,
is based on the ease of fabrication and stability. This feed struc-
ture is also more amenable to tuning by providing the designer
with an additional parameter. Instead of short-circuiting the
microstrip line over the slot, an open-ended microstrip line with
an appropriate length extending beyond the microstrip-slot
crossing point (additional parameter) can be used.

A coplanar waveguide (CPW) can also be used to feed the
antenna providing the ease of fabrication, whereas it is more

TABLE I
SLOTLINE CHARACTERISTICS FORTWO DIFFERENTVALUES OF SLOT WIDTH

w, AND THE DIELECTRIC CONSTANT OF" = 2:2 AND THICKNESS

OF h = 0:787(mm) AND f = 300 MHz

difficult to tune. Usually, a metallic bridge is needed to suppress
the odd mode in the CPW. The use of CPW lines also reduces
the effective aperture of the slot antenna, especially when a very
small antenna is to be matched to a 50-line. Typically for
a low dielectric constant substrate, the center conductor in the
CPW lines at 50 is rather wide and the gap between the center
conductor and the ground planes is relatively narrow. Hence,
feeding the slot antenna from the center blocks a considerable
portion of the miniaturized slot antenna [17]. There are other
methods to feed the slot antenna with CPW lines, including an
inductively or capacitively fed slot [18].

III. D ESIGN PROCEDURE

In this section, a procedure for designing a novel miniatur-
ized antenna with the topology discussed in the previous sec-
tion is presented. To illustrate this procedure, a miniaturized slot
antenna at 300 MHz is designed. This frequency is the lowest
frequency at which we could accurately perform antenna mea-
surements in the anechoic chamber, and yet, the miniature an-
tenna is large enough so that standard printed circuit technology
can be used in the fabrication of the antenna. A microwave sub-
strate with a dielectric constant of , a loss tangent of

, and a thickness of 0.787 mm (31 mil) [19] is
considered for the antenna prototype.

As the first step, the basic transmission line model is em-
ployed to design the antenna and then, a full-wave Moment
Method analysis is used for fine tuning. Table I shows the finite
ground plane slotline characteristic impedance and guided
wavelength for the above mentioned substrate and for two
slot widths of mm and mm, all at 300 MHz.
As mentioned before, the antenna size can be chosen as a de-
sign parameter, and in this example, we attempt to design a very
small antenna with a length of mm . A slot
width of mm is chosen for the radiating section of the
slot antenna. A slot antenna whose radiating slot segment is of
a length , should be terminated by a reactance given by

(2)

in order to maintain the magnetic current distribution of a
resonant slot antenna (see Fig. 2). In (2)

(3)

and and are the characteristic impedance and the guided
wavelength of the slotline, respectively. As mentioned before,
the required terminating reactance of can be constructed by
two smaller series slotlines. Denoting the length of a terminating
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slotline by , as shown in Fig. 2(c), the relationship between the
required reactance and is given by

(4)

where and are the characteristic impedance and the guided
wavelength of the terminating slotline. A narrower slot is used
to construct the terminating slotlines so that a more compact
configuration can be achieved. As shown in Table I, the nar-
rower slotline has a smaller characteristic impedance and guided
wavelength which results in a slightly shorter length of the ter-
mination ( ). Although is smaller than , the actual minia-
turization is obtained by winding the terminating line into a
compact spiral as seen in Fig. 3.

According to (2) and (4), and also the values for the guided
wavelengths, is found to be mm. Referring to
Fig. 3, the vertical dimension (along theaxis) of the rect-
angular spiral should not exceed half of the length of the ra-
diating slot segment (). This constraint on the inductive rect-
angular spiral is imposed so that the entire antenna structure
can fit into a square area of 55 mm55 mm, which is about

. Since the dielectric constant and the thickness
of the substrate chosen for this design are very low ( ),
the guided wavelength ( cm) is not very much different
from that of free space ( cm). Thus, the miniaturization
is mainly achieved by the proper choice of the antenna topology.
It is worth mentioning that further size reduction can be obtained
once a substrate with higher permittivity is used.

IV. FULL-WAVE SIMULATION AND TUNING

In Section III, the transmission line model was employed for
designing the proposed miniature antenna. Although this model
is not very accurate, it provides the intuition necessary for de-
signing the novel topology. The transmission line model ignores
the coupling between the adjacent slot lines and the microstrip
to slot transition. For calculation of the input impedance and
exact determination of the length of different slotline segments,
a full-wave simulation tool is required. IE3D, a commercially
available Moment Method code is used for required numerical
simulations [20].

Fig. 3 shows the proposed antenna geometry fed by a two-port
50 microstrip line. The two-port structure is constructed to
study the resonant frequency of the antenna as well as the tran-
sition between microstrip and the slot antenna. The microstrip
line is extended well beyond the slot transition point so that the
port terminals do not couple to the slot antenna. The radiating
slot length is chosen to be mm, and the length of the
rectangular spirals are tuned such that the antenna resonates at
300 MHz. The resonance at the desired frequency is indicated
by a deep null in the frequency response of. The simulated
S-parameters of this two-port structure are shown in Fig. 4. This
figure indicates that the antenna resonates at around 304 MHz,
which is close to the desired frequency of 300 MHz. In fact, the
resonant frequency of the radiating structure must be chosen at
a slightly higher or lower frequency. The reason is that small
slot antennas have a low radiation conductance at the first reso-
nance and therefore, it should be tuned slightly off-resonance if
it is to be matched to a 50-transmission line. Fig. 5 shows an

Fig. 4. S-parameters of the two-port antenna shown in Fig. 3.

Fig. 5. Topology of the equivalent circuit for the two-port antenna.

equivalent circuit model for the two-port device when the tran-
sition between microstrip and slot line is represented by an ideal
transformer with a frequency dependent turn ratio () [21], and
the slot is modeled by a second order shunt resonant circuit near
its resonance [22]. The radiation conductance, which is also
referred to as the slot conductance, attains a low value that cor-
responds to a very high input impedance at the resonant fre-
quency. However, this impedance would decrease considerably,
when the frequency moves off the resonance. The 4 MHz offset
in the resonant frequency of the antenna is maintained for this
purpose.

Having tuned the resonant frequency of the antenna, coupled
to the two-port microstrip feed (Fig. 3), we need to design a loss-
less impedance matching network. This can be accomplished by
providing a proper impedance to terminate the second port of
the microstrip feed line. To fulfill these tasks systematically, we
need to extract the equivalent circuit parameters shown in Fig. 5.
It should be pointed out that for the proposed miniaturized slot
antenna, a simplistic model for standard size slots, which treats
the slot antenna as an impedance in series with the microstrip
line is not sufficient. Essentially, the parasitic effects caused by
the coupling between the microstrip feed and rectangular spirals
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Fig. 6. Y -parameters of the two-port antenna after deembedding the
microstrip feed lines.

as well as the mutual coupling between the radiator section and
the rectangular spirals should also be included in the equivalent
circuit.

A. Equivalent-Circuit Model

In this section, an equivalent circuit model for the proposed
antenna is developed. This model is capable of predicting the
slot radiation conductance and the antenna input impedance
near resonance. This approach provides very helpful insight as
to how this antenna and its feed network operate. As mentioned
before, this model is also needed to find a proper matching
network for the antenna.

Near resonant frequencies, the slot antenna can be modeled
by a simple second order RLC circuit. Since the voltage across
the slot excites the slot antenna at the feed point, it is appropriate
to use the shunt resonant model for the radiating slot as shown
in Fig. 5. The coupling between the microstrip and the slot is
modeled by a series ideal transformer with a turn ratio.

To model the feeding mechanism right at the cross junction
of the microstrip and slot, it is necessary to deembed the effect
of the microstrip lines between the terminals and the crossing
points. There are different deembedding schemes reported in
[24] and [25]. The advantage of proper deembedding, as op-
posed to the mere shifting of the reference planes by the corre-
sponding phase factor is to exclude the effect of radiation and
other parasitic effects of the line.

To model the parasitic coupling of the microstrip line and the
slot (coupling of radiated field from the microstrip line and slot),
two additional parasitic parameters, namely,and are in-
cluded in the model. The use of shunt parasitic parameters has
previously been suggested to model the effects of fields as per-
turbed by a wide slot [23]. Fig. 6 shows the deembedded-pa-
rameters of the two-port microstrip-fed slot antenna where the
location of deembedded ports are shown in Fig. 3. Note that
these two ports are now defined at the microstrip-slot junction.

TABLE II
THE PARAMETERS OF THEGENETIC ALGORITHM OPTIMIZER

TABLE III
THE EQUIVALENT CIRCUIT PARAMETERS OF

THE MICROSTRIPFED SLOT ANTENNA

According to the lumped element model of Fig. 5, the-param-
eters are given by

(5)

(6)

Using reciprocity and noting the symmetry of the equivalent
circuit, it can easily be shown that and .

In order to extract the equivalent circuit parameters, a GA
optimization code has been developed and implemented [26].
The sum of the squares of relative error for real and imaginary
parts of -parameters over 40 frequency points around the res-
onance is used as the objective (fitness) function of the opti-
mization problem. We ran the program with different random
number seeds to ensure the best result over the entire domain
of the parameters space. Also, the parameters were constrained
only to physical values in the region of interest. The parameters
of the GA optimizer are shown in Table II. Table III shows the
extracted equivalent circuit parameters after 50,000 iterations.

The -parameters of the equivalent circuit as well as
the -parameters extracted from the full-wave analysis are
shown in Fig. 7. Excellent agreement is observed between the
full-wave results and those of the equivalent circuit.

B. Antenna Matching

Having found the equivalent circuit parameters, the antenna’s
matching network can readily be designed. For matching net-
works, especially when efficiency is the main concern, lossless
terminations are usually desired. Therefore, we seek a purely re-
active admittance to terminate the feed line, which in fact is the
load for the second port of the two-port equivalent circuit model.
The explicit expression for a termination admittance () to be
placed at the second terminal of the two-port model in order to
match the impedance of the antenna is given by

(7)



426 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 3, MARCH 2003

Fig. 7. Comparison between the full-wave simulatedS-parameters of the
antenna and that of the equivalent circuit.

Fig. 8. The required terminating admittance for the second port of the two-port
model in order to match the antenna to a 50-
 line.

Fig. 8 shows the spectral behavior of for a standard 50-
line ( ). Interesting to note are the two distinct
frequency points at which the real part of vanishes. This
implies that we can match this antenna at these two frequency
points, namely, 300 and 309 MHz. As mentioned earlier,
a small slot antenna has a very low radiation conductance.
The value of this low conductance, shown in Table III, sug-
gests a very high input impedance of the order ofK at
resonance, considering the transformer turn ratio. Thus, in
order to match the antenna to a lower impedance transmission
line, the matching should be done at a frequency slightly
off the resonance. At an off-resonance frequency, the input
impedance does not remain a pure real quantity, however,
the imaginary part can easily be compensated for by an
additional reactive component created by an open-ended mi-
crostrip. At each resonance, there are two possibilities. One pos-
sibility is to match the antenna slightly below the slot res-
onance, that is 304 MHz (Fig. 4), and terminate the second

TABLE IV
THE PHYSICAL LENGTH OF THE50-
 MICROSTRIPLINE NEEDED FOR

REALIZING THE TERMINATION SUSCEPTANCE, WHERE THEDIELECTRIC

MATERIAL PROPERTIES ARE ASSPECIFIED IN TABLE I

Fig. 9. The geometry of the antenna and its feed designed to operate at
300 MHz.

port capacitively. The second possibility is to tune the antenna
slightly above the slot resonance and terminate the second port
inductively.

Based on what is shown in Table IV, a very short open-ended-
microstrip line extension is required at the second port, in con-
trast with a quarter wavelength extension for an ordinary half
wavelength slot antenna. This short extension introduces a small
capacitance, which compensates the additional inductance in-
troduced as a result of operating below resonance. After tuning
the antenna, the original slot resonant frequency at 304 MHz,
shifts down to the desired frequency of 300 MHz, as shown in
Fig. 8 and Table IV.

V. ANTENNA SIMULATION AND MEASUREMENTS

In this section, simulation results for the proposed antenna
are illustrated. Fig. 9 shows the antenna geometry matched to a
50- line. As seen in this figure and suggested by Table IV, the
feed line has been extended a short distance beyond the slot line.
The width of the microstrip, where it crosses the slot, is reduced
so that it may block a smaller portion of the radiating slot. It is
worth mentioning that the effect of the feed linewidth on its cou-
pling to the slot was investigated, and it was found that as long
as the linewidth is much smaller than the radiating slot length,
the equivalent circuit parameters do not change considerably.

As mentioned, the antenna has been simulated using a com-
mercial software (IE3D) [20]. Using this software, the return
loss ( ) of the antenna is calculated and shown in Fig. 10. In
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Fig. 10. Measured and simulated return loss of the miniaturized antenna.

Fig. 11. A photograph of the fabricated antenna.

order to experimentally validate the design procedure, equiva-
lent circuit model, and simulation results, the antenna was fabri-
cated on a 0.787-mm-thick substrate with and

.
Fig. 11 shows a photograph of the fabricated antenna. The re-

turn loss ( ) of the antenna was measured using a calibrated
vector network analyzer and the result is shown in Fig. 10. The
measured results show a slight shift in the resonant frequency
of the antenna (1%) from what is predicted by the numer-
ical code. The errors associated with the numerical code could
contribute to this frequency shift. This deviation can also be at-
tributed to the finite size of the ground plane,
for this prototype, knowing that an infinite ground plane is as-
sumed in the numerical simulation. The shift in the resonant fre-
quency resulted from the finite size of the ground plane for slot
antennas is discussed in [15].

The far-field radiation patterns of the antenna were measured
in the anechoic chamber of The University of Michigan. The
gain of the antenna was measured at the bore-sight direction

TABLE V
ANTENNA CHARACTERISTICS AS AFUNCTION OF TWO DIFFERENTSIZE

GROUND PLANES COMPARED WITH THE SIMULATED RESULTS FOR THESAME

ANTENNA ON AN INFINITE GROUND PLANE

Fig. 12. Simulated radiation pattern of the miniaturized antenna.

under polarization-matched condition using a standard antenna
whose gain is known as a function of frequency. The gain of

3 dBi (relative to an isotropic radiator) was measured. Having
perfectly matched the impedance of the antenna, the simulated
efficiency of this antenna is found to be % ( 0.6 dB),
which can exclusively be attributed to dielectric loss. Obviously,
the contribution of the conductor loss, which is the main source
of dissipation in slot antennas, is not accounted for in the sim-
ulated antenna efficiency. The simulated radiation efficiency is
the ratio of the total radiated power to the input power of the
antenna. The directivity of this antenna (with infinite ground
plane) was computed to be dB. This value of direc-
tivity is very close to that of a dipole antenna. Based on the def-
inition of the antenna gain [16], under the impedance matched
condition, one might expect to measure the maximum gain of

dB dB dB (8)

for this antenna. There is still a considerable difference between
the measured and simulated gains (about 4.4 dB), which stems
from two major factors, in addition to the ohmic loss of the
ground plane. First, in the simulation, an infinite ground plane is
assumed, whereas the actual ground plane size for the measured
antenna is approximately . As the ground plane
size decreases, the level of electric current around the edges in-
creases considerably. This increase in the level of the electric
current results in an additional ohmic loss compared to the in-
finite ground plane. Another reason is that as the ground plane
size decreases, the directivity of the slot antenna is reduced. Ba-
sically, as the ground plane becomes smaller, the null in the pat-
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(a)

(b)

Fig. 13. Measured radiation patterns of the antenna with a small (0:2� �

0:2� ) and a larger (0:5� � 0:5� ) Ground Plane (GP): (a) H plane pattern.
(b) E plane pattern.

tern diminishes and the pattern approaches that of an isotropic
radiator. The reduction in the directivity of the slot antenna with
a finite ground plane can also be attributed to the radiation from
the edges and surface wave diffraction [27]. To further study the
effect of the size of the ground plane, the same antenna with a
slightly larger ground plane ( ) was fabricated
and measured. Table V shows the comparison between the ra-
diation characteristics of these two antennas and simulated re-
sults. As explained, when the size of the antenna ground plane
increases, the gain of the antenna increases from3.0 dBi to
0.6 dBi, which is almost equal to the gain of a half wavelength
dipole and very close to the simulated value for the antenna gain.

Finally, the radiation patterns of the proposed antenna in the
principal E and H plane were measured and compared with the
theoretical ones. For H plane pattern, we measured in the

plane, and for E plane pattern, was measured in
the . The simulated radiation patterns of this antenna are

shown in Fig. 12. It is seen that the simulated radiation pattern
of the proposed antenna with an infinite ground plane is almost
the same as that of an infinitesimal slot dipole. Fig. 13(a) and
(b) show the normalized co- and cross-polarized radiation pat-
terns of the H and E plane, respectively, for two different ground
planes. As expected, the null in the H plane radiation pattern is
filled considerably, owing to the finite ground plane size. The
ground plane enforces the tangential-field, , to vanish
along the radiating slot at , which in fact creates the
null in the H plane pattern. On the other hand, a deep null in
the measured E plane pattern is observed, whereas in simula-
tion this cut of the pattern is constant except at the dielectric-air
interface where the normal-field is discontinuous. This null
in the E plane is the result of the cancellation of fields, which
are radiated by the two opposing magnetic currents. The equiv-
alent magnetic currents, flowing in the upper and lower side of
the ground plane, are in opposite directions and consequently,
their radiation in the point of symmetry at the E plane cancel
each other. However, in the case of an infinite ground plane, the
upper and lower half-spaces are isolated, and therefore, the E
plane radiation pattern remains constant.

Moreover, an increase in the measured cross-polarized com-
ponent is observed as compared with the simulation results. Al-
though it may seem that there is a considerable cross-polariza-
tion radiation due to the presence of spiral slots at the termi-
nations, there is no such component in the principal planes as
well as the planes since the geometry is symmetric
with respect to those planes. The cross polarization appeared
in these measurements is mainly caused by radiation from the
edges as well as the feed cable. The contribution of the anechoic
chamber, giving rise to the cross-polarized component at the low
frequency of 300 MHz, is also a factor. The radiated field of the
antenna is always capable of inducing currents on the feeding
cable, especially when the ground plane size is very small com-
pared to the wavelength. Then, the induced currents re-radiate
and give rise to the cross polarization. Nevertheless, both of the
above mentioned sources for the cross polarization can be elim-
inated by increasing the ground plane size.

VI. CONCLUSION

In this paper, a procedure for designing a new class of minia-
turized slot antennas was proposed. In this design the area oc-
cupied by the antenna can be chosen to be arbitrarily small, de-
pending on the applications at hand and the tradeoff between
the antenna size and the required bandwidth. As an example, an
antenna with the dimensions was designed at
300 MHz and perfectly matched to a 50transmission line.
In this prototype, a substrate with a low dielectric constant of

was used to ensure that the dielectric material would
not contribute to the antenna miniaturization. An equivalent cir-
cuit for the antenna was developed, which provided the guide-
lines necessary for designing a compact lossless matching net-
work for the antenna. To validate the design procedure, a proto-
type antenna was fabricated and measured at 300 MHz. A per-
fect match for this very small antenna was demonstrated with
a moderate gain of 3.0 dBi when the antenna is fabricated on
a very small ground plane with the approximate dimensions of
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. The gain of this antenna can increase to that of
a half-wave dipole when a slightly larger ground plane of about

is used. The fractional bandwidth for this antenna
was measured to be 0.034%.
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