914 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 45, NO. 5, MAY 1997

TABLE |
COMPARISON OF THE CHARACTERISTICS OF ACONVENTIONAL
CIRCULAR MICROSTRIP PATCH, A SHORTED CIRCULAR
MICROSTRIP PATCH, AND THE PROPOSEDPRINTED ANTENNA

e ) ) MOUNTED ON THE SAME SUBSTRATE (d = 5 mm, ¢, = 1.13)
AR N e N L -r
“1.91 GHz 5", T\
N Ve v ~
<\< * z \<\< (( ‘ ' PRl (' Printed Antenna Type 10 dB Return Loss Bandwidth | Gain (dBi) | Area (cm?)
G TN e N [P e rR 9
G TN 40 <<t (\ ) |
LA A (< < r({ q Conventional Circular Patch 4.2% 94 51.5
¢ ¢ \
/ Shorted Circular Patch 2.1% 40 43
Proposed Printed Antenna 6.6% 8.4 31.2

same substrate. Thus, this printed antenna is suitable for applications
where limited antenna real estate is available and bandwidth is at a
premium.
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Fig. 2. Predicted and measured impedance of the annular-loaded shorted 38: PP- 806-813, June 1990.

microstrip patch4, = 1.13,tané = 0.001,d = 5.0 mm, R = 11.8 mm,

zp = 8.0 mm,y, =0, xps = 9.3 MM, yps = 0,7, = 0.325 mm,

ros = 0.325 mm,a = 31.5 mm, b = 17.0 mm).

seen from these_ results very gogd agreement between experiment and On the Optimal Design of the PML Absorbing
theory was achieved. The predicted and measured 10-dB return loss Boundary Condition for the FDTD Code
bandwidths were 6.6% and 6.8%, respectively. It should be noted that
to fabricate the antenna, the shorted patch and ring conductors were
etched on 0.254-mm thicRogers 5880 Duroidwhich was adhered

to one side of the foam with a brass plate affixed to the other to
provide a ground plane. The electrically thiduroid layer was not  Apstract—in this letter, an analytical method to predict and optimize
considered when designing the antenna and may be the contributirgperformance of Berenger’s perfectly matched layer (PML) absorbing
factor to the minor frequency shift between the measured and analjfindary condition (ABC) for finite-difference time-domain (FDTD)

results (approximately 1%) as well as the slight closure of the resonggu/ations is described. The shape of the conductivity in the PML layers
to be chosen carefully to obtain the best performance for a given

. . a
loop. The copolar a_nd CrOSS'F)O'f_ir patterns in the cardinal planesngﬁ]ber of layers. The relative error is shown to be the composite of
the shorted patch with a concentric ring were measured and the resmits distinct effects: the theoretical reflection coefficient given by the
were very similar to a conventional microstrip patch antenna mountBIL layers backed by a metal plane and the second-order error in the
on foam. The measured 3-dB beamwidth in fh@nd H planes were differential intrinsic in the FDTD formulation. A theoretical expression

o . . o evaluate this error as a function of the number of PML layers and
84° and 75, respectively, compared to the predicted values of 8({he shape of the conductivity is given, and the result is compared to that

and 70. The measuredd -lane cross-polarization level was alwaySpbtained for several FDTD test cases. The good agreement of the shapes

more than 20-dB below the copolar level. of the theoretical and numerically derived curves allows the use of the
To put these results into perspective, it is useful to compare tieoretical formulation to optimize the PML region as a function of the

theoretical characteristics of the novel patch configuration to both tf&Pe of the conductivity, resolution, and number of layers.

conventional circular microstrip patch and a shorted patch fabricatedndex Terms—FDTD methods.

using the same substrate. Table | presents the impedance bandwidth,

gain, and physical size of the three antennas. As can be seen from . ) ,

these results, the shorted patch with an annular ring has enhanf n independent version of the Berenger's perfectly matched layer

bandwidth compared to the other patches and is smaller than ﬁé/“‘é boupdary conditiog [1] v;]/as i:‘nplemefntlvqsd in a;initg-diﬁ(:ren(;]e
conventional patch, time-domain (FDTD) code. The shape of the conductivity for the

PML layers was chosen similar to [1], but with values obtained from
the following formula
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IV. CONCLUSION

. . . . -n—+1 - n+1
An annular ring loaded probe-fed circular microstrip patch antenna o= ao. Ml G Dl @

with a shorting pin has been analyzed, fabricated, and measured. The n+1

performance of the antenna was accurately predicted using a rigorou'aanuscript received March 28, 1996 revised April 9, 1996

fu.II-WaV‘e anaIySIS: Thg npvel paras.ltlclally coupled microstrip patlch The authors are with the Depa{rtmenf of Electrical Er{gineering, University
with a single shorting pin is smaller in size and has greater bandwidhytah, Salt Lake City, UT 84112 USA.

than a conventional circular microstrip patch antenna examined on th@ublisher Item Identifier S 0018-926X(97)02507-6.
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Fig. 1. The local error at the outer boundary of thecomponent of the b
electric field for the test case presented in [1] and [2] obtained with the use of (0)

three different boundary conditions: 16-layer PML, RT, and Mur second ordefig. 2.  (a) Average of the local error of thecomponent of the electric field
at the outer boundary of a 58 50 x 50 mesh considered for the Hertzian
dipole test case as a function of the oraeof variation of the shape of the
wherei is the cell number in the PML layeri > 1) andn is the conductivity for all of the considered boundary conditions (PML, RT, Mur).
order of variation of the shape of the conductivity. (b) The numerically computec_i curves for the estimation of the best arder
First, to verify the accuracy of our PML boundary, the same tel§’ the various PML boundaries.
case presented in [2] and [3] was considered. The local error obtained
in a vacuum space of 109 50 x 100 cubical cells terminated with backed by a metal plane and the second-order error in the differential
a 16-layer PML is compared with that obtained by the use of Mumtrinsic in the FDTD formulation. The first effect is dominant for
second-order boundary condition [4]. As a new feature, the lodalw values ofn, while the second one is dominant for high values
error obtained with the retarded time (RT) boundary condition [5f ». To obtain a more convenient pseudoanalytical formulation, we
for the same test case is also considered. A pulse source centeregiiinconsider the continuous form of (1)
the vacuum space for 100 time steps of simulation was considered 2 4yt ey n+l
exactly as prescribed in [2]. Fig. 1 confirms the results presented o(z) = oo GE+0" - ()
in [3]. Furthermore, it is shown that the RT absorbing boundary n+1
condition (ABC) gives similar results to those obtained with Muwhereé is the cell size considered for the PML layers.
second-order, both characterized by a local error considerably highefhe theoretical reflection coefficient due to a PML layer with
than that for the 16-layer PML. The effects of varying the numbdtiven by (2) is, therefore
of PML layers, as well as the order of variation of the shape of the —azy [0 gy
conductivity, were investigated. For this test case, we considered the R=e 0-5¢ \ @)

use of four, six, eight, and sixteen layers of PML with various ordegith 7, being the intrinsic impedance of vacuum andthe number
n between 1.6 and 3.4. Even the thinnest PML boundary (four layegs) puvL layers.

for a certain range of, gave results one order of magnitude more \wjth respect to [1, (34)], the limits of the integral are set,
accurate than those obtained with Mur and RT boundaries. respectively, to 05 and (m — 0.5) &, giving the possibility to

To better present the theory introduced in this paper, a Hertziggtain, with (3), a reflection coefficient closer to that one would
dipole sinusoidally excited with electric field amplitude of 0.1 V/nphtain considering the stair-step approximation of the shape of the
at a frequency of 835 MHz and placed in the center of ax50 conductivity in accordance with (1).
50 x 50 cells grid of resolution 2x 2 x 3 mm was considered.  The error intrinsic in the FDTD formulation is instead proportional
Similar to the previous test case, a bigger mesh, i.e., such that fhey factor(5/2)*/6 to the third derivative of the field. This error
boundaries cannot be reached by the field, was considered, andgiuld be integrated over to obtain the overall contribution of the
simulation run for 120 time steps, witht = &/(2co) whereé =2 pML layer
mm andc, is the speed of the light in vacuum. The average of
the local error on the border line of the mesh is plotted in Fig. 2(a) |Erprn| =
for the various boundaries and different values of the orddor
the conductivity(1.6 < n < 5.2). It is interesting to observe that where, again, the integral limits are chosen for a better matching with
even though the grid resolution is extremely high, it is possible evéime stair-step approximation actually used in the FDTD.
with a four-layer PML to improve the performance by more than For the composite error due to the presence of the PML boundary,
one order of magnitude relative to Mur and RT ABC'’s. Furthermoreye can write therefore
as can be seen, depending on the number of layers used for the . )
PML, the best performance of the boundary can be achieved within E =R+ |Eepro] ©®)
a small range of.: both lower values and higher values fergave In Fig. 2(b), (5) is plotted as a function of for the various PML
nonoptimal boundary performance. This can be explained observihicknesses. As can be seen, the families of curves plotted in Fig. 2(b)
that the error can be considered to be the composite of two distimeproduce in the shape very well the curves obtained for the dipole
effects: the theoretical reflection coefficient given by the PML layetsst case. Particularly, it should be noticed as the best valuefof
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each PML boundary can be predicted extremely well with the ugeedicting the best order of variation for the shape of the conductivity

of the theoretical curves. The ordinate axes of Fig. 2(a) and (b) acedesign a PML layer to be used as the ABC in FDTD codes.

different in values due to the fact that Fig. 2(a) gives a relative errbtoreover, as can be deduced from (3) and (4), the relative errors are

that, therefore, depends upon the intensity of the source, distancenof functions of frequency, but only of the cell size and the number of

observed points from the source, and the monitored quantity (in ti$AL layers. Therefore, a class of universal curves could be derived

case,FE.). having as variables the order the number of PML layers, and the
Furthermore, the error obtained by (4) is likely to be overestimategkid cell size.

having considered a maximum source of error by means of the only

first term of the series that should be considered to evaluate the overall ACKNOWLEDGMENT
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