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A Broad-BandU-Slot Rectangular Patch Antenna
on a Microwave Substrate
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Abstract—A broad-band U-slot rectangular patch antenna feed will be used to reduce the program memory requirement.
printed on a microwave substrate is investigated. The dielectric Thereafter, the calculation of input impedance of the antennas,
constant of the substrate is 2.33. The antenna is fed by a coaxial e gyrface current on the patch and the radiation patterns of the

probe. The characteristics of the U-slot patch antenna are . . . . .
analyzed by the finite-difference time-domain (FDTD) method. antennas at different operating frequencies will be described.

Experimental results for the input impedance and radiation

patterns are obtained and compared with numerical results. Il. THEORY
The maximum impedance bandwidth achieved is 27%, centered . o
around 3.1 GHz, with good pattern characteristics. 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 H fields on each “Yee” cell enables the conversion
I. INTRODUCTION of Maxwell's equations into a set of finite-difference equations.

ECENTLY, a single-layer single-patch wide-band mi:rhese equations are then solved in a time-marching sequence

crostrip antenna in the form of a rectangular patch Wit?’ry alternately calculating the electric and magnetic fields in an

a U-shaped slot has been studied [1]-[3]. The antenna V\}Qterlaced spatial grid.
fabricate% on a foam material. Im edance.bandwidth of ov SNhen calculating the tangential electric fields lying on the
0 . - IMpe . .boundary of different material, special consideration should be
30%, with good pattern characteristics was obtained. UnI|keken Suppose there is an interface lying in ghe plane be-
most of the.bandW|dth enhancemen.t methods reporte.d N H\een two different dielectric materials with parameters 1)
literature, this antenna retains the major advantage of mICYOStrII[Z]) :
' and (o2, e2) respectively. It can be shown thay, andE. can
antennas—Ilow profile.

However, it is awkward to fabricate the resonating patch onbae solved by (1) and (2)

Index Terms—Broad-band antennas, printed antennas.

foam material. In this paper, rectangul@sslot patch antennas o1+ 02 g 4G +e20E, OH, AH, 1
printed on conventional microwave substrates using printed cir- 2 vt 2 ot 9z  Ax @
cuit board (PCB) fabrication technique will be investigated ex- o1+ 02 e1+e0E. 0H, AH,

; . : . E. + = — . (2)
perimentally. FDTD codes are written to verify the experimental 2 2 ot or Ay

results. Key issues when designing broad-birslot patch an- Hence, the interfaces between different dielectric materials

tenna on a microwave substrate will be addressed. The geom- . . -
etry of a U-slot rectangular patch antenna etched on a finitd the FDTD simulation are handled by substituting the average

grounded microwave substrate is shown in Fig. 1. The inp\a?ksssofg)rirtlgeb%irr?c;:\?;e(r:ir?(;itt?oenrsn?,;el?,rglss,)I?t\)/:)lr\rii-h termina-
impedance, resonant frequency and far-field radiation patte%?In are required in the simulation. The ABC's developed by

of the antennas will be analyzed by using the three-dimensio hgquist and Majda [5] are employed. The Engquist-Majda

(3-D) FDTD method, which is most sitable for this ComIC)|(9)ABC’S numerically absorb impinging scattered waves when ap-
structure. The FDTD method requires relatively large computp-ied to the outer boundary of a FDTD grid. A simplified feed

tional and storage resources. However, these requirements'are, o 2
mé)del based on thin wire approximation is used to reduce pro-

;ﬂ?&?::gzsmet by the processing power of the latest pc's agram memory requirement [6], [7]. A Gaussian pulse type of
The FDTIj algorithm of solving the problem will be de_voltage excitation is selected so that the frequency dependent

scribed briefly in Section II. Appropriate absorbing bounda characteristics can be obtained in one analysis cycle. The cur-

r L ; . ; .
. . L . . rent flowing into the antenna is obtained by performing the line
conditions (ABC's) for terminating the computation dc’ma”il\':ltegral of the magnetic fields around the base of the probe at

will be discussed. A thin-wire approximation for the prObeeach time step. The input impedance of the antenna is deter-
mined by the ratio of the discrete Fourier transform (DFT) of
Manuscript received September 14, 1998; revised January 4, 2000. This wilile input voltage wave and that of the input current wave. The
was supported by CERG Grant 9 040 210, Hong Kong. surface current density [8] on tHé-slot patch is computed by
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Geometry of &7-slot rectangular patch antenna printed on a microwave substrate.
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Fig. 2. Comparison of bandwidth between Antenna A and an antenna pr

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

GD_L. GD_W DSL DS W € L w
Antenna A 1200 1000  90.0 80.0 2.33 36.0 26.0
Antenna B 1200  100.0 90.0 80.0 2.33 36.0 26.0
Antenna C 1200 1000  90.0 80.0 2.33 36.0 26.0
a b c ) h F Wy Wy
Antenna A 14.0 18.0 4.0 5.0 13.0 2.0 2.0
Antenna B 14.0 18.0 4.0 6.4 13.0 2.0 2.0
Antenna C 14.0 18.0 4.0 8.0 13.0 2.0 2.0

inted on foam material.

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.

Ill. RESULTS AND DISCUSSION

The U-slot rectangular patch antenna shown in Fig. 1 with
dimensions tabulated in Table | (Antenna A) is investigated first.
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Fig. 3. Computed and measured impedances of Antenna B and Antenna C. H-plane -« .. H-plane
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TABLE 1l
OPERATING FREQUENCIES ANDBANDWIDTH OF ANTENNA B

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

Antenna B fi(GHz) fo(GHz) fi(GHz) BW (GHz) %BW (%)
Computed 287 3.28 3.69 0382 250 The time step used &t = 1.60 ps, such that the Courant
Moasured 276 316 356 0.80 253 stability condition is satisfied. The size of the computational

domain is180Ax x 160Ay x 66Az. 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 feedin% configuration. The Gaussian
pulse of the formy(t) = ¢=(t=%)*/7" parameterd” = 0.9369
ns, andt, = 57" = 4.6845 ns, are used. The 3-dB bandwidth of
the pulse is about 2 GHz. The Gaussian pulse will have a value
of ¢=25 or almost 220 dB down from the maximum value at the
time of truncation at = 0 andt¢ = 2¢,,.

The dimensions of Antenna A were based on the antenna
designed on foam material [3, with = 12 mm andb = 20
mm]. First, the dimensions of thé-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 tHeé-slot are shown in Fig. 2 for com-
parison. The decrease of the bandwidth can be explained by the

increase of quality facta® of the antenna due to the use of the
Fig. 4. Radiation patterns of Antenna B operated at 2.76 GHz. microwave substrate.

As microwave substrate of lower dielectric constant substrate
The FDTD code developed by the authors includes the effégfiotavailable, the only way to reduce fdactor is to increase
caused by a ground plane of finite size. the thickness of the substrate. A testing antenna (Antenna B)

The space steps in the andy-directionsAz andAy used With a thicker substrate was designed.

in the FDTD simulation are first determined from the smallest The computed and measured values of the impedance of An-
parameter of the antenna structure, which is the width of thkenna B are shown in Fig. 3. It can been calculated that the per-
U-slot, w,, andw,. Then, the space steps in thalirection are centage bandwidth is about 25%. The agreement between the
based om\z. For Antenna A, the dimensions of the space stegemputed and measured results is good. The center frequency
areAz = 1.0 mm, Ay = 1.0 mm, andAz = 0.83 mm and (f,), upper cutoff frequencyy..), lower cutoff frequency f;),
Az equal 0.89 and 0.91 mm in modeling Antenna B and @he absolute bandwidth (BW) and percentage bandwidth (per-
respectively. centage BW) are tabulated in Table Il for reference.
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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 suneof the curr

density on the upper and lower sides—real part. (f) The sum of the current density on the upper and lower sides—imaginary part.

TABLE Il

Then, the far-field radiation of Antenna B was studied. In
Figs. 4 and 5, theH—pIane andE-pIane radiation patterns are FAR-FIELD CHARACTERISTICS OFANTENNA B AT 2.76 GHzAND 3.56 GHz

shown. We can see that the plane radiation pattern is symmet-

rical with respect to the-axis, but not for thez-plane radiation
pattern. This may be due to the existence oftthslot. More-

over, when the position of th&'-slot is varied, the impedance

of the U-slot antennas will also be affected and the bandwidt
of the antenna will be decreased. The 3-dB beamwidth of bo
the F andH planes are listed in Table Ill. We can see that ther
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is reasonably good agreement between the computed and r

sured results. It should be mentioned that the front-to-back rai

is defined by the IEEE standard [12].

Finally, the surface current density distribution of Antennpatch, is calculated by thH field at a half space step above
B is investigated. The surface current density, on the metal and below the metal patch. The surface current density distribu-
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TABLE IV
OPERATING FREQUENCIES ANDBANDWIDTH ANTENNA C

Antenna C #(GHz)  fo(GHz)  f,(GHz) BW (GHz) %BW (%)

Computed 272 3.14 3.56 0.84 26.8

Measured 2.68 3.09 3.50 0.82 26.5
90°

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 thlet.
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 th&slot and flows to the base of the
U-slot. And the amplitude of the current are relatively smaller
than that of the lower surface. On the lower surface of the metal Computed Measured
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 resig. 7.
onance.

One of the reasons which makes tHeslot patch antennas
exhibit broad-band characteristic is the l@yfactor of these
antennas. A thicker antenna substratewill produce a lower
Q-factor. A higherh/\, ratio of 0.12 was used for the second
design (Antenna C). The impedance bandwidi#WR < 2) 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(f,), upper cutoff frequency(f.,), lower _
cutoff frequency (f;) and bandwidth of Antenna C are = ____. Eplane — - — E-plane
listed in Table IV. In Figs. 7 and 8, the computed and
measured results of the radiation pattern of Antenna
operated at the upper and lower cutoff frequencies aré =
shown. Reasonably good agreement can be observed from TABLE V
these figures. The 3-dB beamwidth and front-to-back ratiorar-FieLp CHaRACTERISTICS OFANTENNA C AT 2.68 GHzAND 3.50 GHz
are tabulated in Table V.

The measured gain of Antenna B and Antenna C are sho 3 dB beamwidth (degree) | front-to-back ratio (dB)
in Fig. 9. We can see that the gain of each antenna is about
dB, which is less than the case with a foam substrate (8.5 dI

Computed Measured

Radiation patterns of Antenna C operated at 3.50 GHz.

H-plane E-plane H-plane E-plane

When the antennas operate at a higher frequency, the gain of ;6 Guz computed 79 7 2y e
antennas drop. This drop is more serious in Antenna C and rr measured 75" 85° 18.18 16.82
be caused by surface waves, since a larger thickness was computed Z3 100° 12.69 12.69
in Antenna C. OO — e 78 79° 16.92 19.23

IV. CONCLUSION

This paper has presented a new design of broad-basldt in the previous studies is replaced by a dielectric substrate of
rectangular patch antenna printed on a microwave substrate. Fhe= 2.33. This substitution can ease the fabrication of the an-
analysis is based on the 3-D FDTD method. The foam materiahnas especially in an array environment, since conventional
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Fig. 9. Measured gains of Antenna B and Antenna C.

PCB fabrication technique can be used. It is found that the crui2] “IEEE standard definitions of terms for antennatEEE Trans. An-

cial step to design a broad-babtidslot patch antenna printed on tennas Propagatpt. II, vol. AP-31, p. 15, Nov. 1983.
. bstrate is t | thick than th a[é%] R. J. Luebbers, “A simple feed model that reduces time steps needed
a microwave substrate IS to use a larger thickness than the ¢ for FDTD antenna and microstrip calculationt#EE Trans. Antennas

with a foam material. The achieved impedance bandwidth of  Propagat, vol. 44, pp. 1000-1005, July 1996.

thel/-slot patch antennas on microwave substrates are 25% afkf! J- Berer_]ger, “A perfectly matched layer for the absorption of electro-
27% with /A, equal to 0.1 and 0.12, respectively. The com- magnetic waves,J. Comput. Physvol. 114, pp. 185-200, Oct. 1994.
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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