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Abstract—The effects of a two-dimensional (2-D) electromag- and finite-difference time-domain (FDTD) analysis of a pho-
netic bandgap substrate on the performance of a microstrip patch tonic crystal waveguide [17]. Since, in many applications, EBM
a”te’:j”? a’t'e. 'rt‘xeSt:ga:ed' The 'p'cl;OStgp patcg atm?ntnha 1I:S| p'al‘?ed has finite size of a few lattice constant or is accompanied by a
on a defect in the electromagnetic bandgap substrate that localizes ;. -
the energy under the antenna. Finite-difference time-domain cal- finite ground plane, from all the above approaghes, the FDTD
culations are employed to determine the effects of the substrate. S€€MS to be more advantageous [18], [19]. This becomes more
The excitation frequency of the antenna near the resonance fre- evident when one has to study the combined behavior of an an-
quency of the defect mode can be used to control the coupling be-tenna with an EBM substrate.

tween antennas that are placed in an array. For the antenna applications of EBMs, much of the earlier
Index Terms—Electromagnetic bandgap materials, integration, WOork has been based on integratisigjypleantenna structures
microstrip patch antennas. (dipoles, bowties, etc.) with three-dimensional (3-D) EBMs

[6]-19], [20]. The basic idea is that since an antenna placed on
a dielectric substrate radiates more efficiently into the dielectric
substrate than the air sif21], one must replace the substrate
LECTROMAGNETIC bandgap materials (EBMs) are avith an EBM whose forbidden gap encompasses the antenna
new class of periodic metallic, dielectric, or compositexcitation frequency. In this manner, provided there are no
structures that exhibit transmission (pass) and reflection (stepiface modes, the power previously radiated into the substrate
bands in their frequency response [1]. Also known as photonigll be reflected toward the air side.
crystals, the bands in the EBMs occur due to the constructiveAlthough the above approach has led to somewhat more ef-
and destructive interference of the electromagnetic waves witlficient antennas, the measured antenna responses are not en-
the crystal. When the stopbands exist for waves in all directiofggncement as originally expected [20]. This is partly because the
the band is called “forbidden gap,” and the EBMs are sometimeéspersion in the EBM substrate complicates the sindglgign
referred to as photonic band gap materials. If the periodicity éguations and one must take into account both the magnitude
an EBM is perturbed by either removing or adding a materiahd phase of the waves reflected from the EBM substrate, partly
with a different dielectric constant, size, or shape, a “defedtecause the multiple reflection from the substrate and its inter-
state is created in the forbidden gap, where an electromagneiition with the radiated field must be accounted for. To make
mode is allowed, and localization of the energy occurs [1]. the matters more complicated, the location of the feed point of
Because of the properties described above, EBMs are ctire antennais also a critical parameter in obtainirepsonable
rently being used in many novel microwave applications. Fantenna pattern. It is clear, therefore, that manufacturing an ef-
example, they are used as filters in microstrip lines [2], [3], diient antenna with an EBM substrate is a challenge.
high-power microwave components [4], and as substrates forTo simplify the work, there are few steps that may be con-
printed antenna structures [5]-[9]. Theoretical descriptions sidered. For example, to use the simgisign equationsone
EBMs thus far have been limited to the plane wave expansiaray characterize the EBM substrate in terms of an effective (or
method for infinitely long and uniform crystal [10]-[12], scat-equivalent) index of refraction [22], with both real and imag-
tering matrix method [13]-[15], transfer matrix method [16]inary parts, to take into account both the magnitude and the
phase of the reflected waves. Another attempt may be to re-
place the 3-D EBM substrate used in [6]-[9] and [20] with a
Manuscript received April 15, 2001; revised April 15, 2002. This Worélmplel’Z—D electror_na_gnetlc bgndgap mate”?ll (2-DEBM) Sut?-
was supported in part by the U.S. Army Research Office under Graptrate [23]—[25]. This is of particular interest in the case of mi-
DAAH04-96-1-0439. _ crostrip patch antennas (MPAs) since eliminating the radiation
kagi- @‘)\g;'iv‘l’;’gr;g‘g mfe'ess' LLC, Albuquerque, NM 87112 USA (e-mail: jntq the substrate (the energy trapped between the two metallic
M. Mojahedi is with the Department of Electrical and Computer EngiPlates) is of noimmediate concern, whereas inhibiting the prop-
neering, University of Toronto, Toronto, ON M5S 3G4 Canada (e-maifigation of the surface modes is. Finally, an FDTD method can

mojahedi@waves.utoronto.ca). ke in nt the multiple reflection. in ition
B. Minhas and K. J. Malloy are with the Center for High Technology Mape used to take into account the mult ple reflection, additio

terials, Electrical and Computer Engineering Department, University of NeW ganing |n3|ght to the problem of eleCtromagneUC wave inter-
Mexico, Albuquerque, NM 87111 USA. actions with the substrate.
E. Schamiloglu is with the Pulsed Power Laboratory, Electrical and Computer
Engineering Department, University of New Mexico, Albuquerque, NM 87111 1For a slot antenna and an elementary dipole, the power radiated into the
USA (e-mail: edl@eece.unm.edu). substrate is proportional t§/2 andel/?, respectively, where, is the substrate
Publisher Item Identifier S 0018-926X(02)04960-8. dielectric constant.

. INTRODUCTION

0018-926X/02$17.00 © 2002 IEEE



452 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 50, NO. 4, APRIL 2002

MPAs are known for their many desirable physical characte
istics such as, low profile, low cost, light weight, easy fabrice‘l’
tion, and conformability. They have found applications in cor h
munication systems, as well as many other systems that reqi
compact antenna structures [26]. The conventional microst
antenna is a metallic patch of an arbitrary shape that is place
certain distance, typically less than 0.0where\ is the wave-
length of the electromagnetic radiation, above a metallic ground
plane. They are typically excited using a coaxial probe through
the ground plane, as shown in Fig. 1(a), or by a microstrip line
in the plane of the antenna [26].

Because of its resonance nature, the MPA has inherently a
narrow bandwidth, limiting its wide spread application. How-
ever, there are some techniques that may be used to increase
the bandwidth [26]—-[30], but they all invariably increase the
antenna volume by either increasing the patch size or the sub-
strate thickness. This approach, while in principle can produce
bandwidths as high as 20% [27], greatly reduces the antennas
efficiency due to the increased surface wave losses [26]-[31].
In other words, the increase in the substrate thickness causes
the antenna to more efficiently excite the substrate and surface
modes, which in turn removes energy from the main radiation
lobe.

To understand the mechanism responsible for the surface
waves generation, a ray optics description can be useful. (b)
Considering the MPA shown in Fig. 1(a), the rays within the
substrate that are incident on the substrate—air interface v{@ftz_lbe
angles greater than the critical angle are internally reflectgsich.
and are trapped as surface waves [21]. These surface waves
may show up as spikes in the antenna pattern [21], [32] and gaB.2 The code is based on the standard Yee cell geometry, and
dominate the radiated power. the values of the electric and magnetic fields are calculated

EBM substrate is a simple solution to the problem of surfade consecutive time steps [18]. The utility of the approach is
waves. If an EBM is designed such that the frequencies of the ability to calculate S-parameters [18], [33]. In addition,
substrate modes fall within the stopband, the excited substrateady-state field plots are obtained to provide physical insight
modes will exponentially decay, hence reducing the energy l@sto the problem and the effects of the EBM substrate. The two
into the substrate and increasing the energy coupled to theaatennas compared in this work are shown in Fig. 1(a) and
diated field. Yanget al. originally proposed that high-gain an-(b). Two sets of simulations are performed. The initial set of
tenna structures could be obtained by printing an antenna ogirulations is used to validate the code through experimental
2-DEBM [24]. In this work, 2-DEBMs are employed as a mean¢erification. The second set of simulations is used to compare
of eliminating the substrate and surface modes for patch @ conventional patch antenna (without EBM substrate) with
tennas. In addition, a 2-DEBM antenna structure is fabricatéfe that is integrated with a 2-DEBM. The effects of the EBM
with a defect point in the EBM substrate placed under the pateHbstrate with and without the defect is also investigated.
location. This point defect is used to localize the field within the For the initial set of simulations, the patch has a width of 8
defect region, hence confining the energy under the patch. THE in thez-direction and a length of 4.14 mm in thedirec-
energy confinement leads to a more efficient antenna as wellli@§)- A Cartesian coordinate system is employed, and the an-
providing a simpler method of fabrication. tenna geometry is broken up into a gr!d Afe = 0.4 mm,

The remainder of the paper is organized as follows. Sectiordl = 0-414 mm, andAz = 0.25 mm in a space of 75

will provide a brief description of the FDTD method and the0 > 25 cells. The width of the antenna is 2@ cells, and the
commercial package used for its implementation. Section 111 {§"9th of the antenna is 1 cells. The substrate in the FDTD

adescription of the experimental setup used to validate the Coﬁculation is 1.25 mm thick (thereby occupying five cells in

Section IV determines the response of the EBM substrate w  z-direction), with a dielectric constant of 10.2. The antenna

and without the point defect and the 2-DEBM antenna structut _exc_lted on center in the direction and off center in the
Section V presents the conclusions. irection at a point 1.656 mm from the bottom edge of the an-

tenna. The time step is taken to be 0.6294 ps, which is set to the
Courant limit for a general 3-D grid [18]. The ground plane is
assumed to be infinite in extent. All other boundaries are set to
be absorbing (Liao-type).

The FDTD code used in this work is XFDTD(Version  2xrpTp is a registered trademark of Remcom, Inc., University Park, PA,
4.06), which is a commercial code available through Remconggs.

(a) Conventional patch antenna using a coaxial probe excitation.
lectromagnetic bandgap substrate that is integrated with a conventional

Il. FDTD METHOD
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For the second set of simulations, the size of the FDTD spa
is increased such that the effects of the 2-DEBM can be studi
The patch has a width of 8 mm in thedirection and a length of
4 mm in they direction. The antenna geometry is broken up int
agrid of Az = 0.1 mm,Ay = 0.1 mm, andAz = 0.4233 mm
in a space of 126« 135 x 35 cells. The substrate in the FDTD g -15
calculations is 1.27 mm thick, thereby occupying three cells =
the z direction, and has a dielectric constant of 10.2. The tin—
step is taken to be 1.211 ps, which is again set to the Cour: 25
limit for a general 3-D grid. The antenna is suspended in tl
FDTD space ten cells above an absorbing boundary in ordet
preserve the finite-size effects, and a finite PEC layeris used ok 00 0 i b s el i i iiy
a ground plane. All remaining boundary conditions are set to 8 9 10 1 12
absorbing (Liao—type). Frequency (GHz)

The antenna is excited with a Gaussian pulse with a width
of 121 ps. The coaxial probe excitation of the antenna is shoWwi: 2. [S::| measured (solid line) using a network analyzer and calculated
on Fig. 1(a). It was found that a thin wire was the best type ﬂg}gu:’:ttign";%‘%se) eL)J(TJIQSmFeaID' There is a good agreement between the
excitation suited for obtaining reasonable agreement with the
experimental results. For the initial set of simulations, the cocra
was run for 10 000 time steps that took approximately 30 min
a Pentium Pro, 300-MHz machine with 256 MB of RAM. Fol
the second set of simulations, the code ran for approximatt
5-8 h on the same machine.

TTT{TTIIT[TITT [ TP T TrTT

Ill. EXPERIMENTAL SETUP

Two antennas were built for measurement. They both had
mensions consistent with the simulations and were fabricated
a RT-Duroid 6010 substrate with a dielectric constant of 10. o)
The thickness of both substrates was 1.27 mm. The first anter
had a uniform dielectric substrate as shown in Fig. 1(a), al
the second antenna had the 2-DEBM integrated, which was «
tained by drilling holes into the substrate as shown in Fig. 1(k
The EBM substrate had a triangular lattice with lattice consta
of 1.38 cm and a hole diameter of 1.27 cm and was original
designed to have a gap at approximately 9 GHz [1]. This gap ¢
signis based on an EBM that s infinite in extent in the transver.
direction. The antennas return los&{) is measured using an
HP8510 vector network analyzer.

The network analyzer measurements are compared to

FDTD calculation for the conventional patch antenna. In Fig. 2, ) _ _ o _
Fig. 3. (a) Horizontally oriented microstrip line on a uniform substrate.

. . . . 9.
the SOI'd.“ne '_5511 measured_usmg the network analyze_'ib) Horizontally oriented microstrip line on a 2-DEBM substrate. (c) Vertically
and the line with the markers is the calculated results usiagented microstrip line on a 2-DEBM substrate. (d) Horizontally oriented

XFDTD®. The calculated results are based on the first set Bfcrostrip line on a 2-DEBM substrate with a defect.
simulations and are in agreement with the experiment. Antenna
pattern measurements and discussions of finite ground-plahe EBM substrate periodicity. The top views of the structures
effects were investigated using these antennas and can be founder investigation are shown in Fig. 3. Fig. 3(a) is a horizon-
in [23]. tally placed microstrip line on a uniform substrate. Fig. 3(b) and
(c) are the horizontally and vertically oriented microstrip lines
on a 2-DEBM substrate. Fig. 3(d) is a horizontally oriented mi-
crostrip line on a 2-DEBM substrate with a point defect. The
We have chosen to study the effects of the EBM substrate fmycrostrip lines investigated all have a width of 4 mm in the
computing the transmission coefficieb( ) of a microstrip line direction and a length of 80 cells. The geometry is broken up
on the substrate using XFDTDIn other words, the microstrips into a grid of Az = 0.1 mm, Ay = 0.1 mm, andAz = 0.4233
shown in Fig. 3 are excited at one end by a Gaussian pulse, amuh in a space of 12& 135 x 35 cells. The substrate in the
the transmitted pulse is detected at the other end. Since the fidi@T D calculations is 1.27 mm thick, thereby occupying three
in a microstrip line are confined in the dielectric between theells in thez direction, and has a dielectric constant of 10.2. The
line and the ground plane [34], this scheme is ideal to sampime step is taken to be 1.211 ps.

|'i.'_|. |d|

IV. EFFECTS OF THEEBM SUBSTRATE
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The frequency range of the stopband can be determined by 05
computedSs;. Fig. 4 shows the calculateth; of a microstrip
line on a uniform substrate and the calculatedof a microstrip -5
line on a 2-DEBM, as indicated. Note that in the case of tt C
2-DEBM substrate, there is a stopband from 5.5t0 10.5 GH =10 | uniform substrate
This stopband is due to the destructive interference that occl € X Stop band
in the substrate because of the periodic placement of the hol — 15 [
Using the results presented in [1], for an infinite 2-D structureZ” /
the EBM was designed to have a stopband centered at 9 Gl .20 L 2-DEBM
However, the FDTD results show that the stopband frequen X
has been reduced for a finite microstrip structure with a grout 25 :
plane. C
The width and location of the stopband depends on the o .30 S S TP TR R S
entation of the microstrip line. Fig. 5 shows the stopbands as 0 2 4 6 8 10 12
function of the orientation of the microstrip line for two sym- Frequency (GHz)

metry points. In Fig. 5, the horizontal orientation of the mi-

crostrip line is shown as the solid line, and the vertical oriefiig. 4. || for a standard microstrip line on a uniform substrate and a

tation is shown as the dashed line. The stopband for the h %:OSStgFt)o“rig Elégli(zj on a 2-DEBM substrate. Note that the stopband extends

izontally oriented line extends from 5.5 to 10.5 GHz. For the ' '

vertically oriented microstrip line, the stopband extends from

5.5 to 10 GHz. Note that for an EBM substrate with triangula

unit cell, there is a three-fold rotational symmetry. Therefore

for our geometry, a vertical microstrip line is equivalent to i

line rotated 30 away from one of the triangle sides. By over- _

lapping the transmission responses of the horizontally and vi &

tically placed lines, one can obtain the dispersion curve as w —

as determine the location of the “forbidden gap.” Returning t2

the point expressed in the introduction, in order to increase t

antenna efficiency by suppressing the surface modes, one r

try to excite the MPA at frequencies within the “forbidden gap.
Itis well known that introducing a lattice imperfection, which

is also known as defect, can produce a localized modes witt

the “forbidden gap” [1], [35]. To investigate the effects of a poin Frequency (GHz)

defect, the same microstrip line as in the previous cases is used, ] ) o ] ]

but now, the center hole is filed with a material other than a5, Hediiude o 6 fo & micresr ine paced i e horzone)

with dielectric constant of 5.6. The result is shown in Fig. Go lower frequencies for microstrip with the vertical orientation.

where .Sy, for the microstrip line printed on a 2-DEBM with

a point defect (dashed line) and without the defect (solid lin¢ " 0 —<y
is displayed. The point defect creates a peak in the density r
states within the “forbidden gap,” where previously, no state -5 F ‘=._
were allowed, which is shown as a transmission peak depict : !
in Fig. 6. Because of the finite size of the crystal, the defect ste . 10 -

has a finite bandwidth [35]; however, its location in frequency ¢ g Is

its bandwidth can be tuned by varying the dielectric constant -
the size of the defect. Fig. 7 is the response of a microstrip lii— 54
with a defect with dielectric constant of 10.6 (same as the hos

In this case, there are two transmission peaks. For the horiz -25 -
tally oriented microstrip line, the first peak is at 6.8 GHz, an :
the second is at 9.5 GHz. For the vertically oriented microstr -30 h— 2' s "‘ — 6' — ; — '1'0' : ‘—1'2

line, the transmission peaks occur at slightly lower frequenci
of 6.4 GHz and at 8.5 GHz. For reference, the arrow indicates
the excitation frequency and the resonance of the patch anteryid.6.  Magnitude ofS», for a microstrip line printed on a 2-DEBM
The nature of the defect modes and their resonance frequensi@strate (solid line) and a 2-DEBM substrate with a defect (dashed line). The
as a function of direction is currently under investigation. Sindgnsmission peak at 7.75 GHz is the result of the defect state.

defect modes can be used to localize the energy at a point, it is

expected that they play a critical role in designing a more effi- The motivation behind combining the EBM substrate having
cient MPA. a defect with a MPA is as follows. As previously mentioned,

Frequency (GHz)
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Fig. 7. |S21| for the microstrip line with a defect in the periodicity. The
transmission peaks in the stopband are the defect modes. The solid line is the
horizontally placed microstrip line, and the dashed line is the vertically placed
line. The arrow indicates the excitation frequency of MPA.

in order to suppress the surface modes, one must try to excite
the antenna at frequencies within the “forbidden gap.” At the o )

same time, the presence of  point defect immediately under I , FSCI ek iensyplotir s patch anterna on 2 DEG substte
patch, as shown in Fig. 1(b), allows a higher concentration of thigwn in Fig. 7, which results in coupling in the vertical direction.
electromagnetic energy density within the cavity formed by the
patch and the ground plane, which in turn can increase the radi-
ated energy of the antenna. To make this point more clear, con-
sider Fig. 8, which is a plot of the electric field magnitude (and A 2-DEBM was integrated with a conventional rectangular
hence electric energy) in gray scale for the MPA in the vicinitiPA. The properties of this structure and the effects of the sub-
of the defect point. Note that since electric field is largest alorgjrate were studied using a FDTD code. The initial calculations
the nodal planes of the magnetic field [1], the above intensitg verify the code compared favorably with the experiment.

plot is a rough estimate of the total energy density. The antennal’he properties of a 2-DEBM substrate were investigated
excitation and the forward scattering coefficieit) for the using a microstrip line. The fields of a conventional microstrip
2-DEBM substrate were shown in Fig. 7. From Fig. 7, it is eadipe are confined between the line and the ground plane, hence
to see that the antenna excitation is tuned to the “horizontal regoviding an ideal way of sampling the structure. An EBM
nance” and away from the “vertical resonance.” In other wordsubstrate was designed with a point defect under the antenna
we expect that the energy density will be well confined in thaite. The presence of the defect can increase the radiated power
horizontal direction and not so completely confined in the veflue to the energy storage under the antenna.

tical direction. It has previously been shown that for a localized Finally, conventional design tools for MPA are insufficient to
state in the middle of the “forbidden gap,” the electric and ma§€términe the optimal coupling into the antenna. A design tool
netic fields are tightly bounded to the defect with a decayirlg currently being developed to'optlmlzg the incorporation of the
length in the order of one lattice constant [35]-[37]. This lengfAt€nna with the 2-DEBM having a point defect.

is expected to increase as the localized state moves from the
mid-gap toward the continuum. Fig. 8 shows that this seems to
be the case for the MPA when the excitation frequency is tuned ] )
to the “horizontal defect.” On the other hand, since the excita-21 J; D: Joannopoulos, R. D. Meade, and J. N. WiRhotonic Crystals:

) ) h Molding the Flow of Light  Princeton, NJ: Princeton Univ. Press, 1995.
tion frequency is away from the “vertical resonance” and yet [2] V. Radisic, Y. X. Qian, R. Coccioli, and T. Itoh, “Novel 2-D photonic

V. CONCLUSION
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trolled by tuning to or away from a defect resonance line can be
used to inhibit or stimulate the coupling between different ele-
ments of an MPA array. Therefore, incorporating point defects
in a 2-DEBM substrate for MPA also presents itself as a viable °
approach in designing more efficient antenna arrays.
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