258 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 12, NO. 7, JULY 2002

Efficient Body of Revolution Finite-Difference
Time-Domain Modeling of Integrated Lens Antennas

Maarten J. M. van der VorsMember, IEEEand Peter J. |. de MagdWlember, IEEE

Abstract—An efficient body of revolution finite-difference  opposed to techniques where the original source is used, this
time-domain (BOR-FDTD) method for the analysis of radiation results in fewer azimuthal modes to be taken into account.
properties of integrated lens antennas is presented in this paper. The proposed model can relatively easy handle lenses with

By neglecting most of the reactive power of the planar feed and . . - .
by expanding the filtered source currents into azimuthal modes, varying dielectric constants (flat lenses), integrated lens an-

lenses with both rotationally and nonrotationally symmetric tennas combined with objective lenses [5] and multiple internal
planar feeds can be handled. It appears that three to four az- reflections [1].

imuthal modes are sufficient to adequately model the magnetic

currents of a double-slot feed. Therefore, compared to a full Il. PROPOSEDBOR-FDTD MODEL
three—dimensional (3-D) numerical method, the implementation )

of the proposed method is very time and memory efficient. If  Expressing the electric and magnetic fields in cylindrical co-

only the radiation properties are required, the model described g/ dinates gives the following Fourier series [6]:
here can also be applied efficiently to other axially symmetric

geometries with an asymmetric feeding structure. . o .
Index Terms—BOR-FDTD, Fourier transform, integrated lens Ep, ¢, 2) = Z En(py 2) cosmp+EL (p, z)sinmp (1)

antennas. m=0
o>

H(p, ¢, z) =Y Hi(p, z) cosmp+Hy,(p, 2)sinme  (2)
. INTRODUCTION =

I NTEGRATED lens antennas are a very attractive solutiqheren, is the azimuthal mode index. The even and odd modes
for applications in the (sub)millimeter-wave region. UsUare denoted by superscriptando, respectively. After substi-
ally, the analysis of these antennas is performed by a hybyidion of (1) and (2) into Maxwell’'s equations, the BOR-FDTD
method-of-moments (MoM) and geometrical optics/physicghgate equations are found [6]. A perfectly matched layer
optics (GO/PO) technique [1], [2]. The justification for usingyoundary is implemented to limit the computational domain.
GO inside the dielectric lens is that the lens usually is large fy;rthermore, curved dielectric and metallic structures are
terms of the dielectric wavelength and therefore the lens surfaggsted according to the conformal method described in [7].
is located in the far field of the planar feed. For the analysis of 1, apply (1) and (2) to the modeling of integrated lens an-
relatively small integrated lens antennas, the GO/PO meth@fhnas, a nonrotationally symmetric feed has to be replaced by
was modified into a more accurate PO/PO method [3]. its equivalent azimuthal mode content. However, if the planar
However, the applicability of both methods is limited by thgeed structure consists of rapid spatial variations, the number of
fact that they can only handle simple homogeneous dielectfievant azimuthal modes is very high. Since, in this paper, only
lenses. Another complex issue is the modeling of (multiplghe radiation properties of these integrated lens antennas are of
internal reflections and of matching layers for relatively smaghterest, the reactive power of the planar feed can be neglected.

lenses. To overcome these difficulties, a full-wave method lik§y neglecting this contribution, the number of modes to be taken
finite element method (FEM) [4], MoM or finite-differencejntg account significantly reduces.

time-domain (FDTD) can be used. The full three—dimensional | the following, a magnetic current source is considered, but

(3-D) modeling of these antennas usually is very memoByjectric currents can be treated in a similar way. The Fourier

intensive /A > 10 ande,. > 10). Therefore, in this paper, transform of the original magnetic current distribution is written
an alternative full-wave method, the body of revolution FDTRg

(BOR-FDTD), is proposed that permits the analysis of general or oo
rotationally symmetric integrated lens antennas with circularlyy (kp, @) = / / M( p (p)ejkpp cos(¢’ —¢) pdpdp. (3)
symmetric (e.g., annular slot and circular patch) feeds. To " o Jo ’

handle lens antennas with nonrotgtionally symmetric planﬁﬁen, after applying a lowpass filter with a cut-off frequency

feeds (e.q., dquble slot,_double dipole or square pa_tch), ,%0) larger thanky = 2r,/&, /Ao and inverse Fourier trans-

Fourier expansion of the filtered source currents is applied. m, the resulting equation for the band-limited magnetic cur-
rent is
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with H(k,) being the transfer function of the lowpass filter. The  °[ _ ! ? — E-planc: delta—gap source ]
i g : i >> MIELANe b s T e Aktoc0
filter characteristic is defined in the spectral domain as ool e wi........|_x_E-plane: fitered source with Akro=0.25%kd

=

1 kp < keo i

H k = 7r(k — kco)
( /7) COS2 |:2PA—]§70 5 kco < ]ﬂ?p < kco + Akro‘
(6)

The resulting (filtered) magnetic current distribution is ther £-zo--
expanded into its azimuthal modes, according to (1), and th g~
radial mode distributions are used as magnetic source in tl. P
BOR-FDTD update equations for each separate modé&i-
nally, adding the contributions of each mode gives the total re °_ ! ! ! ! [ — Fi-plane: delta—gap source.

I ~ - H-plane: filtered source with Akro=0 1
d lation patte m. x H-plane: filtered source with Akro=0.25%kd |

g T T T
~— D-plane: delta-gap source

— ~ D-plane: filtered source with Akro=0
...| x D-plane: filtered source with Akro=0.25"kd H

pattern [dB]
o

I1l. RESULTS FOR ANANNULAR-SLOT FEED

. T . . -80 -60 -40 =20 [} 20 40 60 80
In order to verify the validity of the method described in Il, Angle from boresight [degl

the far-field patterns of an integrated lens antenna with an an- LN ized far-field patt fa2.0 diametersilicong 11.7)
. . | . ormalized tar-tield patterns of a Z.0-mm-diameter silicon .

nular slot_feed are computed. Thg reason for choosing this pIaB tical lens antenna at 500 GHz; — 1.

antenna is two-fold: the current distribution of the source resem-

bles a delta function (ip) that can be used to build any source

AN . To limit the spatial size of the filtered currents, both the
distribution according to

cut-off frequency and the cosine roll-off width can be changed.
0o As an example, the effect of the lowpass filter roll-off width
M(p, @) = Z [/ §(p — po) M, (p) dp:| cosmy. (6) Ak, is shown in Fig. 1, wheré&., = ky. In this figure, the
0 diagonal plane (45plane), between thé&- and H-plane, is

o

m=0

) , denoted byD-plane. For the comparison, an elliptical silicon
If it can be proven that the proposed method works fordﬁfere@) -1 %/) I(Fa)ns antenna is selepcted with a digmeter of 2.0

mode numbers and for different values®f then the method mm and a frequency of operation of 500 GHz. To minimize

will also work for general source distributions (e.g., a doub flection losses at the lens-air boundary, a quarter-wave
slot). A second reason for selecting the annular slot is that %tching layer is included

true physi_cal source (without approximaﬁons) can be imple-, Fig. 1, it can be seen that by increasing the width of the
mented directly in the BOR-FDTD algorithm, giving a refergiyar ro)1_off from 0 to 0.25,, the predicted far-field patterns for

ence far-field pattern. the filtered source better agree with the delta source. Most likely,

To reduc_e the com_pIeX|ty of the analysis, it is assu_med 8k smooth transition from the radiative region to the reactive
the magnetic currentin the annular slot can be approximated ion is the most determining factor for a small spatial source

a single azimuthal mode region. Of course, the lowpass filter design is not restricted to
this kind of roll-off shapes, because what matters is that all the
radiative power is taken into account and that the filter provides
smooth transition.

M(p, @) = 8(p — po) cosmep ()

with pg the (mean) radius of the annular slot. It should be notéd
that the existence of higher-order azimuthal modes is not a lim-
itation of the proposed method. By means of (3), the Fourier
transform of the magnetic source can be computed analyticallyln the previous section, the proposed method is verified for
Applying (4) together with the azimuthal mode expansion givescircular symmetric feed. To show the validity of the method
the required input current sources for the BOR-FDTD algder nonrotationally symmetric feeds, the convergence of the
rithm. far-field patterns of a double-slot fed lens antenna is tested by
An analysis of sufficiently large annular-slot fed lens anshifting the cut-off (spatial) frequency of the lowpass filter. The
tennas (seven wavelengths in diameter) showed for arbitrarydiameter of the elliptical shaped silicon lens is 2.0 mm while
andpo an exact match between the beam patterns obtained vilie double slot has a length of 168 micron and a separation
filtered source currents and those obtained with the origin@idth) of 93 micron.
source currents. The results were independent of the width oin Fig. 2, the resulting co-polar patterns are depicted for a
the cosine roll-off(Ak,.,) of the filter. A gradual decrease offilter cut-off frequency 0f0.8%,, 0.9%k4, 1.0k, and1.1k,. Be-
the lens size showed a dependence of the selected valuescéarse the design of this double slot nearly gives a rotationally
k., and Ak,,. The reason for this is that the filtered sourceymmetric pattern in the dielectric, only the azimuthal modes
current distribution extends over a much larger area in the = 1, 3, and 5 have to be taken into account. As expected, the
spatial domain than the original source. If the filtered sourgetterns converge for a cut-off frequency beydn@k,. As an
extends further than the edge of the lens, information of tlestimate of the efficiency of the proposed method, a reduction
source will be lost and as a consequence the computed far-fiildtor of more than 50 in computer memory and time is achieved
patterns will differ. compared to a 3-D FDTD algorithm.

IV. RESULTS FOR ADOUBLE-SLOT FEED
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Fig.2. Normalized far-field patterns of a 2.0-mm-diameter silicon£ 11.7)
elliptical lens antenna at 500 GHz; = 1, 3, and 5.

V. CONCLUSION

To effectively analyze integrated lens antennas with and[4

memory efficient compared to a full 3-D numerical method. A
memory- and time-saving factor of 50—100 can easily be found
if the diameter of the lens is in the order of 5-10 wavelengths.

To minimize the truncation effect of relatively small lens an-
tennas (diameter of several wavelengths), a smooth transition
from the radiative to the reactive region of the source currents is
necessary. This function can be provided by a lowpass filter and
will limit the size of the filtered source currents in the spatial
domain.
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