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A Broad-BandU -Slot Rectangular Patch Antenna
on a Microwave Substrate

Kin-Fai Tong, Kwai-Man Luk, Senior Member, IEEE, Kai-Fong Lee, Fellow, IEEE, and Richard Q. Lee

Abstract—A broad-band -slot rectangular patch antenna
printed on a microwave substrate is investigated. The dielectric
constant of the substrate is 2.33. The antenna is fed by a coaxial
probe. The characteristics of the -slot patch antenna are
analyzed by the finite-difference time-domain (FDTD) method.
Experimental results for the input impedance and radiation
patterns are obtained and compared with numerical results.
The maximum impedance bandwidth achieved is 27%, centered
around 3.1 GHz, with good pattern characteristics.

Index Terms—Broad-band antennas, printed antennas.

I. INTRODUCTION

RECENTLY, a single-layer single-patch wide-band mi-
crostrip antenna in the form of a rectangular patch with

a -shaped slot has been studied [1]–[3]. The antenna was
fabricated on a foam material. Impedance bandwidth of over
30%, with good pattern characteristics was obtained. Unlike
most of the bandwidth enhancement methods reported in the
literature, this antenna retains the major advantage of microstrip
antennas—low profile.

However, it is awkward to fabricate the resonating patch on a
foam material. In this paper, rectangular-slot patch antennas
printed on conventional microwave substrates using printed cir-
cuit board (PCB) fabrication technique will be investigated ex-
perimentally. FDTD codes are written to verify the experimental
results. Key issues when designing broad-band-slot patch an-
tenna on a microwave substrate will be addressed. The geom-
etry of a -slot rectangular patch antenna etched on a finite
grounded microwave substrate is shown in Fig. 1. The input
impedance, resonant frequency and far-field radiation pattern
of the antennas will be analyzed by using the three-dimensional
(3-D) FDTD method, which is most suitable for this complex
structure. The FDTD method requires relatively large computa-
tional and storage resources. However, these requirements are
colaguately met by the processing power of the latest pc’s and
workstations.

The FDTD algorithm of solving the problem will be de-
scribed briefly in Section II. Appropriate absorbing boundary
conditions (ABC’s) for terminating the computation domain
will be discussed. A thin-wire approximation for the probe
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feed will be used to reduce the program memory requirement.
Thereafter, the calculation of input impedance of the antennas,
the surface current on the patch and the radiation patterns of the
antennas at different operating frequencies will be described.

II. THEORY

The FDTD algorithm solves Maxwell’s time-dependent
curl equations by first filling up the computation space with a
number of “Yee” cells [4]. The relative spatial arrangement of
the and fields on each “Yee” cell enables the conversion
of Maxwell’s equations into a set of finite-difference equations.
These equations are then solved in a time-marching sequence
by alternately calculating the electric and magnetic fields in an
interlaced spatial grid.

When calculating the tangential electric fields lying on the
boundary of different material, special consideration should be
taken. Suppose there is an interface lying in the- plane be-
tween two different dielectric materials with parameters
and respectively. It can be shown that and can
be solved by (1) and (2)

(1)

(2)

Hence, the interfaces between different dielectric materials
in the FDTD simulation are handled by substituting the average
values for the parameters of the materials involved.

Absorbing boundary conditions (ABC’s) for mesh termina-
tion are required in the simulation. The ABC’s developed by
Engquist and Majda [5] are employed. The Engquist–Majda
ABC’s numerically absorb impinging scattered waves when ap-
plied to the outer boundary of a FDTD grid. A simplified feed
model based on thin wire approximation is used to reduce pro-
gram memory requirement [6], [7]. A Gaussian pulse type of
voltage excitation is selected so that the frequency dependent
characteristics can be obtained in one analysis cycle. The cur-
rent flowing into the antenna is obtained by performing the line
integral of the magnetic fields around the base of the probe at
each time step. The input impedance of the antenna is deter-
mined by the ratio of the discrete Fourier transform (DFT) of
the input voltage wave and that of the input current wave. The
surface current density [8] on the-slot patch is computed by
the field at a half-space step above and below the patch, which
is located on the grids for the field.

A near-to-far-field transform can be employed to obtain the
far-field radiation pattern. The transformation is based on the
field equivalence principle and can be performed either in the
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Fig. 1. Geometry of aU -slot rectangular patch antenna printed on a microwave substrate.

Fig. 2. Comparison of bandwidth between Antenna A and an antenna printed on foam material.

TABLE I
DIMENSIONS OFANTENNA A, ANTENNA B, AND ANTENNA C IN MILLIMETERS

frequency domain [9] or in the time domain [10]. According to
the field equivalence principle, the electromagnetic fields out-
side an imaginary closed surface (a virtual surface) surrounding
the object of interest can be obtained if the equivalent sources
on the closed surface are known. In this paper, the equivalent
sources are transformed to the frequency domain using the dis-
crete Fourier transform. Then the near-to-far-field transforma-
tion is carried out in the frequency domain at each frequency of
interest. This method can save the memory space required for
the calculation.

III. RESULTS AND DISCUSSION

The -slot rectangular patch antenna shown in Fig. 1 with
dimensions tabulated in Table I (Antenna A) is investigated first.
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Fig. 3. Computed and measured impedances of Antenna B and Antenna C.

TABLE II
OPERATING FREQUENCIES ANDBANDWIDTH OF ANTENNA B

Fig. 4. Radiation patterns of Antenna B operated at 2.76 GHz.

The FDTD code developed by the authors includes the effect
caused by a ground plane of finite size.

The space steps in the- and -directions and used
in the FDTD simulation are first determined from the smallest
parameter of the antenna structure, which is the width of the

-slot, , and . Then, the space steps in the-direction are
based on . For Antenna A, the dimensions of the space steps
are mm, mm, and mm and

equal 0.89 and 0.91 mm in modeling Antenna B and C,
respectively.

Fig. 5. Radiation patterns of Antenna B operated at 3.56 GHz.

The time step used is ps, such that the Courant
stability condition is satisfied. The size of the computational
domain is . The number of space steps
between the antenna and the ABC’s is 30 steps in all directions.
The simulation is performed for 20 000 time steps to allow the
input response to drop to an insignificant value.

The gap-voltage model together with Jensen’s model [11] are
used to simulate the probe feeding configuration. The Gaussian
pulse of the form , parameters
ns, and ns, are used. The 3-dB bandwidth of
the pulse is about 2 GHz. The Gaussian pulse will have a value
of or almost 220 dB down from the maximum value at the
time of truncation at and .

The dimensions of Antenna A were based on the antenna
designed on foam material [3, with mm and
mm]. First, the dimensions of the-shaped slot were adjusted
to obtain a good impedance matching. Although the desired
impedance was obtained, the impedance bandwidth of the an-
tenna was less than 10%. The SWR against frequency plot of
Antenna A, the antenna printed on foam material [3] and mi-
crostrip antenna without the-slot are shown in Fig. 2 for com-
parison. The decrease of the bandwidth can be explained by the
increase of quality factor of the antenna due to the use of the
microwave substrate.

As microwave substrate of lower dielectric constant substrate
is not available, the only way to reduce thefactor is to increase
the thickness of the substrate. A testing antenna (Antenna B)
with a thicker substrate was designed.

The computed and measured values of the impedance of An-
tenna B are shown in Fig. 3. It can been calculated that the per-
centage bandwidth is about 25%. The agreement between the
computed and measured results is good. The center frequency

, upper cutoff frequency , lower cutoff frequency ,
the absolute bandwidth (BW) and percentage bandwidth (per-
centage BW) are tabulated in Table II for reference.
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(a) (b)

(c) (d)

(e) (f)

Fig. 6. The surface current density of Antenna B at 3.30 GHz. (a) On the upper side of the metal patch—real part. (b) On the upper side of the metal
patch—imaginary part. (c) On the lower side of the metal patch—real part. (d) On the lower side of the metal patch—imaginary part. (e) The sum of the current
density on the upper and lower sides—real part. (f) The sum of the current density on the upper and lower sides—imaginary part.

Then, the far-field radiation of Antenna B was studied. In
Figs. 4 and 5, the -plane and -plane radiation patterns are
shown. We can see that the-plane radiation pattern is symmet-
rical with respect to the-axis, but not for the -plane radiation
pattern. This may be due to the existence of the-slot. More-
over, when the position of the-slot is varied, the impedance
of the -slot antennas will also be affected and the bandwidth
of the antenna will be decreased. The 3-dB beamwidth of both
the and planes are listed in Table III. We can see that there
is reasonably good agreement between the computed and mea-
sured results. It should be mentioned that the front-to-back ratio
is defined by the IEEE standard [12].

Finally, the surface current density distribution of Antenna
B is investigated. The surface current density,, on the metal

TABLE III
FAR-FIELD CHARACTERISTICS OFANTENNA B AT 2.76 GHzAND 3.56 GHz

patch, is calculated by the field at a half space step above
and below the metal patch. The surface current density distribu-



958 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 6, JUNE 2000

TABLE IV
OPERATING FREQUENCIES ANDBANDWIDTH ANTENNA C

tion of the Antenna B operated at 3.3 GHz is shown in Fig. 6.
Solid lines are used to show the rectangular patch and the-slot.
When the antenna operates at the resonant frequency, the current
density that flows on the upper surface of the metal surface cir-
culates around the arm of the-slot and flows to the base of the

-slot. And the amplitude of the current are relatively smaller
than that of the lower surface. On the lower surface of the metal
patch, the real part of the current density depends on the position
of the coaxial probe, a relatively strong current spreading radi-
cally from the feeding point. The resonant mode of the antenna
can be observed from the imaginary part of the current density.
Moreover, the magnitude of the current is negligible out of res-
onance.

One of the reasons which makes the-slot patch antennas
exhibit broad-band characteristic is the low-factor of these
antennas. A thicker antenna substrate,, will produce a lower

-factor. A higher ratio of 0.12 was used for the second
design (Antenna C). The impedance bandwidth of
the Antenna C is about 27%. The dimensions of Antenna C are
also listed in Table I.

The comparison between the computed and measured
impedance of Antenna C is shown in Fig. 3. We can
see that the agreement is good. The discrepancy of the
center frequency between the computed and measured
results is about 3.6%. It may be caused by the thin-wire
approximation made in the feed model and the ABC’s
used for the mesh termination. For a more accurate and
effective simulation, resistive source [13] and the perfectly
matched layer [14] can be better modeling methods. The
center frequency , upper cutoff frequency , lower
cutoff frequency and bandwidth of Antenna C are
listed in Table IV. In Figs. 7 and 8, the computed and
measured results of the radiation pattern of Antenna C
operated at the upper and lower cutoff frequencies are
shown. Reasonably good agreement can be observed from
these figures. The 3-dB beamwidth and front-to-back ratio
are tabulated in Table V.

The measured gain of Antenna B and Antenna C are shown
in Fig. 9. We can see that the gain of each antenna is about 6.5
dB, which is less than the case with a foam substrate (8.5 dB).
When the antennas operate at a higher frequency, the gain of the
antennas drop. This drop is more serious in Antenna C and may
be caused by surface waves, since a larger thickness was used
in Antenna C.

IV. CONCLUSION

This paper has presented a new design of broad-band-slot
rectangular patch antenna printed on a microwave substrate. The
analysis is based on the 3-D FDTD method. The foam material

Fig. 7. Radiation patterns of Antenna C operated at 2.68 GHz.

Fig. 8. Radiation patterns of Antenna C operated at 3.50 GHz.

TABLE V
FAR-FIELD CHARACTERISTICS OFANTENNA C AT 2.68 GHzAND 3.50 GHz

in the previous studies is replaced by a dielectric substrate of
. This substitution can ease the fabrication of the an-

tennas especially in an array environment, since conventional



TONG et al.: BROAD-BAND -SLOT ANTENNA ON MICROWAVE SUBSTRATE 959

Fig. 9. Measured gains of Antenna B and Antenna C.

PCB fabrication technique can be used. It is found that the cru-
cial step to design a broad-band-slot patch antenna printed on
a microwave substrate is to use a larger thickness than the case
with a foam material. The achieved impedance bandwidth of
the -slot patch antennas on microwave substrates are 25% and
27% with equal to 0.1 and 0.12, respectively. The com-
puted resonant frequencies and far-field patterns agree well with
measured data. The measured gain of each antenna is about 6.5
dB.
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