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Photonic crystal horn and array antennas
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We introduce a defect-based horn antenna in a two-dimensional photonic crystal. Our numerical simulations
demonstrate the efficient, highly directional nature of the antenna. It has a large operating bandwidth, low loss,
and an operating frequency that is scalable to various regions of the electromagnetic spectrum. We also show
that the photonic crystal horn antenna can be successfully used in an array configuration that uses a feed
network made from photonic crystal waveguide circuits. The feed network and antennas have been integrated
into a single photonic crystal device. This photonic crystal array antenna is shown to have high directivity and
compact size while retaining the advantages of the photonic crystal horn antenna.
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[. INTRODUCTION tric material and contains no metal, the losses will be low,
particularly at high frequencies where the skin effect loss of
Photonic crystal§PC9 have introduced new possibilities conductors tends to dominate. The operating frequency of
in the design of radiating structures. PCs are dielectric strudhe PCHA is also scalable to different regions of the electro-
tures that are periodic in one or more dimensiphs3] and ~ magnetic spectrum, due to the scalability of Maxwell's equa-
prevent the propagation of electromagnetic waves for a givefons. This property enables the PCHA to be used as an an-
band of frequencies, known as the photonic band(@&G).  tenna at microwave and millimeter wave frequencies, as well
PCs were first used in the field of antennas to increase th@s having applications as a source and/or receiver in optical
radiation efficiency of planar devicdg]. Dipole antennas Systems.
using two-dimensional and three-dimensional PC reflectors Afray antennas are used in applications that require very
have also been implement§s,6]. Resonators composed of directive characteristics and extremely narrow radiation pat-
defect structures in PCs have also been reported to crea@™s, such as long distance communications. The PCHA in-
antennas with large directivities and high efficiencies. Thesd&oduced in this paper is also versatile enough to be used as
resonator antennas have been realized using one-dimensiofi3¢ basic radiating element of an array antenna. We show
[7], two-dimensional[8], and three-dimensiondld] PCs. how to use well-known PC components such as 90° bends
They have the advantage of being compact, but are limited ignd T junctions to build ghotonic crystal array antenna
their operating bandwidth and still require metallic compo-(PCAA) which integrates the feed network and radiating el-
nents. One W|de|y used antenna techno|ogy that has go(ﬂnents into a Single device. The PCAA retains most of the
bandwidth is the metallic horn antenna. Composed of a holadvantages of the PCHA, the main difference being that it
low pipe of a particular cross-sectional shape, it is tapered tfas an increased directivity.
form a large opening. The type, direction, and amount of
taper dictate the overall antenna performance. II. PHOTONIC CRYSTAL HORN ANTENNA
Much of the fundamental theory of the horn antenna was
developed during world war 1[10] and further refined as ~ The configuration of the proposed two-dimensional
time progressed. To address the problem of limited bandPCHA is shown in Fig. 1. We have analyzed this antenna
width in current PC based antennas, we introduce a differerf#sing a two-dimensional finite-difference time-domain
type of radiating structure that uses the concept of a horn

antenna and the band gap of a PC. We call this structure th 4ol IPML2 _~———p———+
photonic crystal horn antenn@PCHA). It is made from a S SIS
defect waveguide in a two-dimensional photonic crystal. The
defect waveguide is then gradually tapered to a larger open&  [:332325533ksss0asessseiseassansese"""} ®
ing to form the radiating aperture of the antenna. A similar 89.5, , FMLT, . ol oevoooeos, .. o EI
transition from a PC waveguide to free space has recently> 1
been reported11]. The resulting radiation pattern and per- Z:::ZZZZZ‘;ZZZZ:ZZZZ:zg§§§2::§§§§:::§§§§2
formance of this antenna are quite important in applications
and we provide this analysis here. 0 PMLY s :
The advantages of the PCHA are its large operating band 0 10 202 axis 30 40 48

width, high directivity, low loss, and scalability. The band-
width will be shown, under the proper design conditions, to  FIG. 1. Configuration of the two-dimensional photonic crystal
be equal to that of a PC defect waveguide. The directivityhorn antenna and computational domain used for its analysis. The
may also be changed by varying the size of the radiatin@inits of each axis are given in lattice constaatso generalize the
aperture. Since the PCHA is made completely from a dielecresults presented. The excitation point isxat9.5a andz=10a.
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(FDTD) method[12] and Berenger’s perfectly matched layer 0 , - . , ,

(PML) [13]. The FDTD method is a direct solution of Max- i | --- p=ba

well's time-dependent curl equations. It replaces the spatial : »_?_A "j’g ‘ ‘

and temporal derivatives of these equations with finite- o[ I s;15: Sl
difference expressions, which leads to an algorithm that is__ : p=18a -
accurate upto second-order. The approach gives explicit so%_w_. DN

lutions to the time-domain electric- and magnetic-field inten- ¢
sities within the computational volume under analysis, thus2
avoiding the matrix inversions typically required by the so-
lution of implicit equations. This gives the advantage that
electrically large, complicated structures may be simulated,
such as photonic crystals. Given its time-domain nature, so: -20
lutions are broadband, and quantities may be easily trans : v : ‘
formed to the frequency domain using the discrete fourier o5l ~— R ]
transform. ' ' ' ' .

Open regions and waveguide ports used when modeling 033 035 037 o)g'/%?cc 0.41 043 045
antennas need to be terminated with absorbing boundary
conditions(ABCs). ABCs absorb the outgoing electromag-  FIG. 2. Computed reflection coefficient versus normalized fre-
netic waves while keeping unphysical reflections as low agjuency for six photonic crystal horn antennas with different taper
possible to model the phenomena of a wave disappearingngths. For each antenna the aperture width used-s3a.
into free space or a mode traveling into a waveguide of in-
finite length. The PML has been shown to give low reflec-quencies have been chosen because they correspond to the
tions in PC waveguidegl4], so it is useful for terminating lower, center, and upper operating frequencies of the PCHA
the feed section of the PCHA and the free space regionarray that will be examined in Sec. Ill. The radiation patterns
surrounding it. Figure 1 also shows the details of the FDTDfor these frequencies are presented in Fig. 3, and are com-
computational domain used to analyze the antenna. The Pgared with the analytical formulas for thé-plane radiation
consists of circular dielectric rods in air positioned in a rect-pattern of a TE, mode distribution aperture on a metallic
angular lattice, with a lattice constaat ground plane, where the TEmode corresponds to that of a

For the purpose of our analysis, thexis corresponds the rectangular metallic waveguidd6]. The simplified analyti-
the vertical axis of Fig. 1, the axis corresponds to the hori- cal expression for these radiation patterns is
zontal axis, and thg axis is parallel to the axis of the rods.

We set the radius of the rods te=0.18 and the dielectric

constant of the rods to 11.56. This PC structure has § TM §_ 07 cosX

band gap that extends in frequency frama/2mc=0.302 to Ey=-3C cosam, @)
0.443[15]. For all FDTD simulations reported in this paper,

the spatial discretization value used was a/25 in bothx

andz directions. To terminate the waveguide feed section of ma

the antenna a PML region that isd®DTD cells in length X=—=sing, 2
has been usePML 1 in Fig. 1). The other boundaries used

PML regions of ten FDTD cells. Figure 1 also shows the

parameters that have been used to define the antenna. Thegieh C a normalizing constant anéis the polar angle mea-
parameters are the taper lengttand the aperture width;. sured from thez axis.

To observe the effect of varying the taper lengttand The definition ofa; given in Fig. 1 is from center to
hence, the taper angle for the same size aperture width @fenter of the rods that form the mouth of the PCHA. A more
a;=8a, six different PCHA configurations with taper accurate estimate is from the inner edge of the rods, which
lengths ofp=6a, p=9a, p=12a, p=15a, p=18a, andp givesa,;=8a—2r=7.64a. The patterns presented in Fig. 3
=21a have been analyzed. The spectrum of the pulse used @ive reasonable agreement with the analytical expressions of
excite the antennas extended fram/27c=0.330 to 0.450. Eq. (1), particularly for the main lobe, and show the directive
The reflection coefficient vs normalized frequency calculatedhature of the PCHA at each frequency. The half-power beam-
using the FDTD method is shown in Fig. 2. From this figure,widths (HPBW) W, computed using FDTD are 28.6°,
it is clear that increasing the taper length reduces the refle@4.7°, and 22.0° for the respective frequenciea/2wc
tions at the input of the PCHA and extends the useful band=0.342, 0.374, and 0.405. The first null beamwidths
width of the device. For taper lengths greater thanl5a, (FNBW) Wy computed using FDTD are 70°, 62°, and 54°
the —10 dB bandwidth of the PCHA is 31%, which is equal for the respective frequenciesa/27c=0.342, 0.374, and
to the operating bandwidth of the PC waveguide. 0.405. These values can also be estimated with reasonable

The far-field radiation pattern for the waveguide configu-accuracy using thel-plane formulas for a T mode distri-
ration with p=21a and a;=8a have also been calculated bution aperture on a metallic ground plajrié]. These for-
using the FDTD method for the frequenciesa/2wc mulas are based on an analytical solution and may be calcu-
=0.342, wal2mc=0.374, andwa/27c=0.405. These fre- lated as follows:
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FIG. 3. Computed radiation pattern for the photonic crystal horn antenn@) aba/27wc=0.342, (b) wa/2wc=0.374, and(c)
wal2mc=0.405. The taper length jg=21a and the aperture width ia;=8a. The solid line corresponds to theory and the dashed line

corresponds to FDTD.
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Using a value ofa;=7.64a in Eq. (3) gives the HPBWs of et R et et e N0 B
26.3°, 24.1°, and 22.2° for the respective frequencies |scccccsccocecocoacciisazaaiicenaciiocecs
wal2mc=0.342, 0.374, and 0.405. From Ed4), the ‘;22Z222ZZZZ23222222330332233555223232522
FNBWs are 65.7°, 60.2°, and 55.5° for the respective fre- 0
quenciesva/2wc=0.342, 0.374, and 0.405. From REES], 0 10 20 30 40 48
the first sidelobe level is given as 23 dB below the major - - - '
lobe, which compares well with the FDTD range of-2D1 T

dB. Using these simple formulas, we can efficiently obtain
an accurate estimate of the PCHA's radiation performance.

To give more insight into the operation of the PCHA, a  FIG. 4. (Color online E,
linear scale field plot is presented in Fig. 4. This plot hasantenna atwa/27c=0.392, plotted in linear scale. The fields have
been calculated for the frequeneya/27wc=0.392 by taking been normalized so that the
the discrete fourier transform of the time-domain fields. Thevalue is—1.
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FIG. 5. Configuration of the photonic crysfRjunction and two notation as for Fig. 1.

90° bends. The excitation point is at13.52 andz=10a. (Axes

and notation as for Fig. 1. element. Here, we analyze an array that is formed by placing

plot clearly shows the profile of the propagating mode in thethe individual elements in a line. This is the simplest forma-

PC defect waveguide and its transition to a spherical wave irt1Ion available and is known as a linear array. An approximate

free space, via the tapered section of the PCHA. rgdlatlon pattern may b.e calculated by m“'t'p'y'r?g the radia-
tion pattern of an individual antenna element with the array

factor (AF) F, of the array[16], as follows:
I1l. PHOTONIC CRYSTAL ARRAY ANTENNA

In many applications, such as long distance communica- Egrray:[EglemerJ[FA]' )
tions, the directivity that can be obtained with a single an- . .
tenna is not high enough. These situations require an anten ere the A!: d_epends on the array configuration, element
with a large electrical size to increase the directivity andSPacing, excitation amplitude, and phage for each array ele-
sharpen the radiation pattern. This may be achieved by usingem' For the linear array, the normalized AF may be ex-
r

an array of antennas that focuses the electromagnetic ene {/essed as
in a particular direction through the action of constructive

interference. The radiating elements used in the array are Azi S'n(N'/’/Z)} (6)
usually identical. Further, it is possible to shape the radiation N[ sin(y/2)
pattern of the array by varying its parameters. These param-
eters are the number of elements used and their geometricihere
configuration, the element spacing, the excitation amplitude
and phase of each element, and the radiation pattern of each W= 2md sing @)
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FIG. 6. Computed transmissiofdashed ling and reflection
(solid line) coefficients vs normalized frequency for the photonic
crystal T junction and two 90° bends.

FIG. 8. Computed reflection coefficient vs normalized fre-
qguency for the two-element photonic crystal array antenna.
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FIG. 9. Computed radiation patterns for the two-element photonic crystal array antg@ahaat27c=0.342,(b) wa/27c=0.374, and
(c) wal2rc=0.405. The solid line corresponds to array theory and the dashed line corresponds to FDTD.

with N equal to the number of array elements ahelqual to The feed network just described has been used to design a
the separation between two adjacent elements. two-element linear array, as shown in Fig. 7. This array uses
To create a PCAA, we require a feed network to distributethe PCHA introduced earlier in this paper as its basic radiat-
the input power to each element of the array. This can béng element. Figure 7 also gives details on the FDTD com-
accomplished by using a PT junction [17] plus two 90°  putation domain used to analyze the array such as the size of
bends[15], which is depicted in Fig. 5. Adding extra rods the domain in terms of lattice constants and the location of
between the input and output waveguides increases the trartfe PML boundaries. Each PCHA has an aperture width of
mission of theT junction [17]. Beyond this, we have ob- a;=8a and a taper length gf=21a. Using the computa-
served that by changing the separation of these extra rods,tibnal domain of Fig. 7, the reflection coefficient for the ar-
is possible to tune the frequency of maximum transmissiontay antenna has been computed and is plotted in Fig. 8. This
The radius of the extra rods used in our design was figure shows the operating region of the arraywia/27rc
=0.08 and the separation between the rods was £.32 =0.342 to 0.405 and has an operating bandwidth of 17%.
Computed transmission and reflection coefficients versu¥$he far-field radiation pattern for the two-element array has
normalized frequency for th€ junction are given in Fig. 6. also been calculated using FDTD at the frequencies
This figure shows that the maximum transmission and miniwa/2wc=0.342, wa/27wc=0.374, andwa/27c=0.405.
mum reflection occurs aba/27¢c=0.383, with—3 dB or A comparison between the FDTD computed radiation pat-
50% of the input power being transmitted into each outputerns and those calculated from the array theory of Ejjs.
waveguide. The bandwidth of thE junction is also good, (7) is presented in Fig. 9. The individual element radiation
with more than 45% of the input power being transmittedpatterns used in the array theory calculati@,.oin Eq.
into each output waveguide fara/2mc=0.344 t0 0.402 or a (5)] are the FDTD computed values shown in Fig. 3. There is
bandwidth of 15.5%. good agreement between array theory and FDTD in Fig. 9,

016609-5



WEILY, ESSELLE, AND SANDERS PHYSICAL REVIEW E58, 016609 (2003

the T junction, followed by two 90° bends that direct the
signal to the PCHAs. The output of the PCHAs then gener-
ates an interference pattern that creates a highly directional
main beam in the free space region.

271

13.5,
IV. CONCLUSION

28 We have demonstrated a different type of radiating de-
0k Dol s wrd sl vice, the photonic crystal horn antent@CHA), which is
0 10 20 30 40 50 60 made from a tapered defect waveguide in a two-dimensional
: ‘ : PC. For gradual taper values, highly efficient transmission
B B om the PC waveguide to free space is obtained over the
4 08 06 04 02 0 02 04 06 08 1 entire bandwidth of the waveguide. This is equal to a 31%
FIG. 10. (Color onling E, field of the two-element photonic bandwidth. The PCHA also _has the added advaptages c_)f I_OW
crystal array antenna ata/27r¢c=0.392, plotted in linear scale. The loss and a scalable operating frequency. Far-field radiation
fields have been normalized so that the maximum value is 1 and tH@afterns have been computed for the PCHA and showed the
minimum value is—1. directional nature of the structure. Simple formulas have
been presented that accurately predict the PCHA far-field

with a small discrepancy in the sidelobes caused by th®atterns and parameters such as HPBW and FNBW.
omission of the mutual coupling between array elements in A photonic crystal array antenndCAA) composed of
the array theory calculation. This result leads us to conclud&o PCHAs has also been presented. The array feed network
that array theory applies equally well to PCAAs as it does tovas constructed from a PTjunction and two 90° PC wave-
standard array antennas, thus providing a simple approa(gUide bends. The feed network and PCHAs were integrated
for accurate|y predicting PCAA radiation performance_ |tint0 a single device. The array was demonstrated theoreti-
also indicates that there is no significant mutual couplingcally to give low reflections over a 17% bandwidth and has a
between the two PCHAs even though they are located nextighly directional radiation pattern. Array theory has been
to each other. used to accurately predict the PCAA far-field radiation pat-
The HPBWSs for the PCAA are 10°, 8.9°, and 8.2° for thetern from the radiation pattern of a single PCHA. Mutual
frequenciesva/2wc=0.342, 0.374, and 0.405, respectively. coupling between the two PCHAs was found to be insignifi-
The FNBWs are 21°, 20°, and 18° for the respective fre-cant even though they are located next to each other. The
quencieswa/27c=0.342, 0.374, and 0.405, while the first concepts of the PCHA and PCAA given here are expected to
sidelobe level is 6.5 dB below the major lobe. Comparingh@ve a wide range of useful applications in the future at
Fig. 9 to Fig. 3, it is apparent that more sidelobes and nullghicrowave, millimeter, and optical frequencies.
appear in the radiation pattern of the array due to construc-

tive and destructive interference effects petween the two ar- ACKNOWLEDGMENT
ray elements. To demonstrate the operation of the array an-
tenna a field plot forwa/27rc=0.392 is given in Fig. 10. This research was funded by an Australian Research

This plot shows the input signal being split into two parts by Council Discovery Grant.
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