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Abstract—In this paper, the theoretical far-field patterns and Objective Lens
Gaussian-beam coupling efficiencies are investigated for a double-
slot antenna placed off axis on extended hemispherical silicon
and quartz lenses. Measured off-axis radiation patterns at 250
GHz agree well with the theory. Results are presented that show
important parameters versus off-axis displacement: scan angle,
directivity, Gaussicity, and reflection loss. Directivity contour i
plots are also presented and show that near-diffraction limited i
performance can be achieved at off-axis positions at nonelliptical "1
extension lengths. Some design rules are discussed for imaging
arrays on dielectric lens antennas. T 1

Dielectric Lens /

Index Terms—Dielectric antennas. l [

I. INTRODUCTION

Aconvenient method to eliminate substrate modes with focus

integrated fmtennas Is to place the anter.ma On. a dieleclt:r_ic 1. Alinear imaging array on an extended hemispherical dielectric lens
lens [1]. If the dielectric lens has the same dielectric ConStarfi%pléd to an objective lens.The rays in this figure are not optically correct
as the planar antenna wafer, then substrate modes will Bad are only meant for illustrative purposes.

exist. In addition, antennas placed on dielectric lenses tend

to radiate most of their power into the lens side, making th? . .
pattern unidirectional on high-dielectric constant lenses. TﬁeOt antenna used in these studies launches a nearly perfect

ratio of powers between the dielectric and air is approximate]c ”dam?‘”ta' Gaussian-beam into the dielectric lens, the
aussicity can also be thought of as a measure of the

3/2 ; )

er for elelmen_tary Sl.Ot and dipole-type antennas .[1] W@re abberations introduced by the lens. For extension lengths
is the relative dielectric constant of the lens. The dielectric Ierds 10 the hvperhemisoherical position the Gaussicity is close
also provides mechanical rigidity and thermal stability, and h yp P P y

been used extensively in millimeter- and submillimeter-wa 100%. This is expected since the hyperhemispherical lens
receivers [2]-[8] is aplanatic, implying the absence of spherical abberations,

Previous investigations [2], [3], [9] have shown that thgnd satisfies the sine condition, which guarantees the absence
directivity of the substrate lens can be controlled by increasif circular coma [10]. As the extension length increases past

or decreasing the extension lengih defined in Fig. 1. In /n, the Gaussicity continuously decreases, which implies the

particular, as the extension length increases from the hypg}t_roduction of more and more abberations. Calculations in [2]

hemispherical lengtt® /n (whereR is the radius and is the and [9] indicate that for an “intermediate position” between the
index of refraction of the lens), the directivity increases until ffyPerhemispherical and diffraction-limited extension lengths

reaches a maximum diffraction-limited value. At the extensidd/ £ = 0-32 t0 0.35 for ¢, =11.7 and L/ R = 0.61 t0 0.76

length, which realizes this maximum directivity, the extendel@” ¢ = 3.8), the Gaussicity decreases by a small amount

hemispherical lens has a surface that closely approximates(&t0%). while the directivity is close to the diffraction-limited

elliptical lens with the planar antenna at the more distant focélue. The choice of an “intermediate position” extension
While the directivity increases at higher extension length@ngth has resulted in state of the art receivers at 90 and 250

the pattern-to-pattern coupling value to a fundament&Hz [5] [6].

Gaussian-beam (Gaussicity) decreases [2]. Since the doublethis paper characterizes the off-axis performance of

extended hemispherical dielectric lenses (Fig. 1). A ray-
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appropriate transmission formulas are used for each mode. The o ——
equivalent electric and magnetic currents are found directly
from the fields, and a standard diffraction integral results inthe _g
far-field lens patterns [11]. This general treatment results in thg
far-field lens patterns for any extension length, displacemen?: 1o
and orientation of the feed antenna with respect to the center gf
the lens. The characteristics for differing positions of the fee&
antenna are similar and this paper considers displacements t:s,)r'
two cases: arE-plane scan, in which the feed is displaced ing |
the direction of theE-plane and anH-plane scan in which -20 £
the feed is displaced in the direction of ti& plane. L
In most applications the dielectric lens will be coupled with  _25C
a quasi-optical system, and Fig. 1 shows the dielectric lens ™ ™ sz (degrees)
coupled to .an Objeotive lens. If the GaUSSia.n beams emanatli:?gz The radiation patterns of the double-slot antenna into a silicon or
from the dielectric lens are well charact_enze_d, then one cgit half-space.
easily trace these beams through a quasi-optical system [2], or
for greater accuracy, the patterns emanating from the dielectric
lens could be used with electromagnetic (EM) ray-tracingspective lenses. The double-slot antennas (Fig. 2) produce
techniques to find the fields across the aperture of the objectfynmetrical patterns into the infinite dielectric half-space with
lens. Then a Fourier transform will yield the far-field patternd corresponding directivity of 11.2 dB and a cross-polarization

from the objective lens/dielectric lens system. level lower than—23 dB in the 43 plane (the directivity
guoted is calculated using the pattern radiated in the dielectric

only). The radiation patterns are 98% Gaussian and, therefore,

_the radiation patterns from the dielectric lens should also
The double-slot antenna patterns are calculated assuming,ge 4 Gaussicity of 98% if no abberations are introduced.

sinusoidal magnetic-current distribution on the slot and usifghte that the patterns radiated to the air-side are broader,
an array factor in thé-plane direction [12]. The double slotsyng contain 9.0% of the total radiated power for a silcon lens
lie in the z-z plane, and the slots point in the direction ofn§ 28 .39 of the total radiated power for a quartz lens. The
the z axis. The wavelength of the sinusoidal magnetic-currefifeoretical technique for analyzing the lens-radiation patterns
distribution in the_ slot is approximately the geometric meag g expanded version of the electromagnetic ray-tracing
wavelength [13] given by, = Ao/\/em @nde,, = (1+€-)/2. technique presented in [2]. The geometry of the problem is
The magnetic current in the slot is given by shown in Fig. 3 where the Cartesian axes have been reoriented
I = Iaxsin [km (1 = |2])], —1< 2 <1, e = 0.280nz SO that the slots now Iay in the-y planez and th_ez axis is,

(1) therefore, the central axis of the lens. First, define the surface

wherek,, = 27 /\,,,. The corresponding normalized-plane normal to be
field pattern is
sin B[cos (kcl cos 8) — cos (ky1)]
k2, — k2 cos? 6
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Il. THEORETICAL CALCULATIONS

7 = cosf cos L + cos O sin pfy + sin 62, 4

(2) Define the ray path inside the lens to be

where k. = kqier = 27/Agiel for the dielectric sidek. = v = (25 — )2 + (ys — dy)§ + (25 — dz)2 (5)
21/ Aair fOr the air side, and is the angle with respect to the O =v/|v| (6)
z axis. The element pattern is constant in theplane. The

E-plane array factor is given by where(z;,ys, zs) are the surface coordinates afult, dy, dz)

are the feed location coordinates. The basis vectors that
d . define the component of electric field that lies in either the
cos | ke.—sinf cos ¢ 3) ) o
perpendicular or parallel planes of incidence are

where ¢ is the angle from the: axis in thez-y plane, k. is P, =ax7d (7)

defined as ab_ove, andlis the spacing bet_ween the two slots. P = P./[P.| ®)
All calculations are performed assuming a double-slot an- N R )

tenna as the feed antenna for the extended hemispherical By =P xo. ()

dielectric Iens._ However, any ante_nna which illuminates thf’nen the perpendicular and parallel values of electric field
lens surface with a nearly symmetrical, equal-phase beam Vﬁ%ide the sphere are

produce similar results. The dimensions of the double-slot

antenna are a length 6f28),;, and spacing 00.16,;. for a Eyy = Eq -Ifl (20)
silicon lens(e, = 11.7), and a length 00.49),;, and spacing Epy = Eq _p” (11)

of 0.28)\,;, for a quartz lens(e, = 3.8). The dimensions
have been scaled according to the square root of the dielectritzere E4 is the electric field on the lens surfaggside the
constant and yield nearly the same radiation patterns into #ghere, as calculated from (1)—(3). The electric field outside
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Fig. 4. Scan angle versus off-axis displacement at fixed extension lengths
for a silicon and a quartz lens.

Fig. 3. The geometry used for the off-axis theoretical computations.

the sphere can then be derived to be

Bw = EWTL(A&: " Pu) + Eyddj higher dielectric constant. Note that the off-axis positions are
X [(& - Py)cos(ther — 1) — (£ - 0) sin(e: —93)] (12) not dependent on the physical lens size. Also, the scan angle
E, = EgqTy (5 - f:l) + EoqT} i;Iinldependen; of the direction of the displacement (Eeqr
. o -plane scan).
X [(y'P”)Cf)S(w“ =9i) = (7 0)sin(¥e = i)l (13)  pirectivity: The effect of off-axis displacements on the
E. = EyT) (2 PL) + EeaTj directivity can best be seen by the contour plots for a\24-
x [(% p”)cos(z/}tr — ) = (2 9)sin(4 — )] (14) diameter silicoq anc_zl quartz extended hemispherical dielectric
E—E i+ Ei+E.2 (15) lenses shown in F|g. 5.' Thg .Contour 'plot for a q_qartz lens
¥ vy # shows less variation in directivity off-axis than the silicon lens
wheres); ands)y, are the angles of incidence and transmissiofince the lower dielectric constant requires longer extension
and7, and7j are the perpendicular and parallel transmissidangths, and thus lessens the effect of off-axis displacements.
coefficients at the lens-air interface defined in [2]. It is interesting to note that at the hyperhemispherical position
The ray path vector outside the lens can be found by  (L/R = 0.29) for a 24-\ diameter silicon lens the patterns
oA have higher directivity off-axis and achieve a maximum di-
So = Vg cO8(Yir — i) + (2 ) sin(ther —¢)  (16) rectivity of 35.2 dB atX/R = 0.24. This indicates that
sy = vy cos(Py — ;) + (Q-f:’”)sin(z/)tr —;) (17) the diffraction-limited performance can be nearly achieved
5. = v, cos(Pe — ) + (3 - I:,”)Sin(% —)  (18) by either increasing th(_e_ extension Iength on-axis past the
hyperhemispherical position, or by moving the feed antenna
and, therefore, the magnetic field outside the sphere is simplysition off-axis in the hyperhemispherical plane.
. Gaussicity: Fig. 6 shows the Gaussicity plots for a 24-
H=35xE. 19 . . -
diameter silicon and quartz lens. Two types of Gaussicity
Once the electric and magnetic fields are found just outsidee presented. The first set of curves represent the maximum
the sphere, the far-field is calculated using the Schellkund¥aussicity available at a certain displacement (or a beam
equivalence principle and standard far-field diffraction inteat a certain angle). The maximum Gaussicity is found by
grals [11] on the surface of the lens. The integrals are evaluatgiimizing the Gaussian-beam parameters (waist and radius of
with respect to a coordinate system having its origin at the tijurvature) at each displacement. In addition, the phase center
of the lens (see [2]). Thus, in subsequent calculations, tttbe point through which the axis of the Gaussian beam lies)
far-field phase or the near-field radius of curvature is always also changed to optimize the beam, however nearly the
referenced to the tip of the lens. same result will be achieved if the phase center is assumed
Scan Angle: The resulting scan angle for an off-axis disto be about 0.& behind the tip of the lens (see Fig. 1). The
placementX/R (where X is the distance off-axis an®& is maximum Gaussicity is useful for nonimaging applications in
the radius of the lens) is shown in Fig. 4 at three differemthich there is a single beam at a specific location.
extension lengthd./R (where L is the extension length): For imaging applications, in particular in a highi# system
hyperhemispherical, intermediate, and synthesized elliptigalch as a radio telescope), the parameters of the incoming
(diffraction-limited position), and for both silicote, = 11.7) Gaussian beams are constant with off-axis displacement (at
and quartz(e, = 3.8) dielectric lenses. As expected, for deast over the typically narrow field of view). Therefore,
given X/R off-axis displacement, the silicon dielectric lenghe second set of curves is plotted to ®/R using fixed
will have a larger scan angle than the quartz lens due to @gussian-beam parameters, and only for the synthesized el-

8
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length and off-axis displacement for a 24diameter lens.

(b)

litical L. . . id h field of vi Fig. 6. Gaussicity versus off-axis displacement at fixed extension lengths for
Iptical position since it provides the narrowest field o VIEW, 94\ diameter (a) silicon and (b) quartz lens.The dark lines are maximum

from the substrate lens. The Gaussian-beam parameters taatsicity (variable Gaussian parameters) and the light lines are the Gaussicity
were used are presented in Table |, and they are the valy#89 the on-axis Gaussian parameters.

that optimize the on-axi$X/R = 0.0) Gaussian beam. For

the hyperhemispherical and intermediate positions, which do TABLE |

not have equiphase fronts, a full characterization of the system, ON-:;\IXEI\(I?:SUZSFI,:’:E;E/;\A’: m:’gxﬁﬁizlgs; éfé?lci"‘l“ﬂ;ﬁ?of“‘s
including the objective lens, is needed.

Reflegtion Loss:The reflection loss for si!icon and qugrtz ' Extension LengthSchon Lens WD) RQD)
lenses (independent of frequency or physical lens radius) is L/R=.39 394 o
shown in Fig. 7 for off-axis displacements. As presented in Quartz Lens
[9], the reflection loss at the synthesized elliptical position is Extension Length w(z) R(2)
0.5-1.0 dB higher than the hyperhemispherical position due L/R=.93 9.43 LS

to the power loss from the total internal reflection of wide

angle rays. The reflection loss increases rapidly for a silicdn5-2.0 dB lower for a silicon lens and 0.6-0.7 dB lower
lens afterX/R = 0.1, while quartz lenses can be used ufor a quartz lens with a\,,/4 matching cap layer, where
to X/R = 0.25 with less than a 1-dB increase in reflection\,,, = A\o/\/€ ande,, = \/€lens. The off-axis reflection loss
loss. The reason for the rapid increase at off-axis positionsthout a matching-cap layer may be the limiting factor in
in silicon is that an increased amount of the rays are beitlye design of larger imaging arrays on dielectric lenses. The
internally reflected. The loss curves are expected to be abofftaxis reflection loss is expected to be much lower for feed
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antennas having higher gain patterns (12—-13 dB instead of I*NE‘L-20 i %—20 Z
dB for double-slot antennas—see [2]). 2 i 3 j
T T—— D(I) 20 40 50 e -‘g) -20 (Jl 20
carees egrees
[ll. MILLIMETER-WAVE MEASUREMENTS \ H-Plane, Element 1 . H—Plane,Elementlz
In this section, a comprehensive set of radiation patterns & | =" S R !
250 GHz is presented for 13-element arrays at hyperhemiz -1 E’—w
spherical, intermediate, and synthesized elliptical positions'-é ! T
Two arrays were fabricated, one for an off-axis scan in th& ] e i
H plane, and one for an off-axis scan in tigplane. Only £ i s A i
the H-plane scan results are presented sinceHimane scan ) o 00 2 5 e 0 00
results are very similar. Fig. 8 shows the vertical array for a H_mf;i smmm H_lef:; smem .
scan in theH plane. The arrayed element is the double-slot% L pn— T g U o }
antenna presented in Section Il, with a length of 0028 (340 % : S
pm) and a separation of 0.16,;, (190 zm). The double-slot 27" g
antenna is integrated with a bismuth microbolometer at thé » . §_20 :
center for detection [2]. Two capacitors are placeg;d./2 § ! § i
apart on the coplanar-waveguide line to short out the 250% _, ) “ 30 |
. . . -80 -60 -40 -20 0 20 -80 -60 -40 -20 0 20
GHz RF signal and pass only the low-frequency video signal. Degrees Degrees
The element-to-element center spacing is chosen to be 0.35 H-Plane, Flement 5 H-Plane, Element 6
Xair (420 gm) for maximum packing efficiency. The array is 5 '[xr-» 5 g [t E
placed on the back of a 13.7-mm diameter (11,4 at 250 & , £ 1
GHz) lens, and the middle eleme(i#0) of the 13-element = & ,
array was aligned to the center of the lens. The array was - i = |
measured at three extension lengths at 250 GHz to yield i : i
hyperhemispherical patternd. (= 1.64 mm), intermediate -3~ tor—r— e A
patterns L = 2.18 mm), and diffraction-limited synthesized Degrees Degrees

elliptical patterns [, = 2.72 mm). No matching-cap layer wasrig. 9. Measured radiation patterns at 250 GHz for off-axis displacements
used on the silicon lens during the pattern measurements. at the hyperhemispherical positi¢i. /R = 0.24) in the direction of thel

A comparison of the measured and theoretical radiatiSFE‘”e' The lighter line is theory and the darker line is experiment.
patterns at a low extension length bf= 1.64 mm (L/R =
0.24) is shown in Fig. 9. For this lowX/R dispacement, compares the measured and theoretical radiation patterns at an
the radiation patterns are noisy because of a weak sigirdermediate extension length &f=2.18 mm (L/R = 0.32).
due to the low-directivity patterns and reflection on the len3he diffraction-limited pattern occurs at the third-element off-
air interface. The fourth and fifth off-axis elements achievaxis, and note that the directivities are nearly constant for the
a near diffraction-limited pattern (as predicted) and agrdiest four off-axis elements. Fig. 11 compares the measured
very well with the theory. Note also that the peak positiorsnd theoretical radiation patterns at a synthesized elliptical
of the off-axis beams have been exactly predicted. Fig. &tension length of. = 2.72 mm(L/R = 0.40). As expected,
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Fig. 10. Measured radiation patterns at 250 GHz for off-axis displacemerktig). 11. Measured radiation patterns at 250 GHz for off-axis displacements
at the intermediate positiopL/R = 0.32) in the direction of theH plane. at the elliptical position(L/R = 0.40) in the direction of the/I plane. The
The lighter line is theory and the darker line is experiment. lighter line is theory and the darker line is experiment.

the maximum directivity occurs on axis, and slowly decreasesAnother discovery from the theoretical design curves is a
for off-axis positions, and there is good agreement betweeanstraint on the number of elements that can be packed into
theory and experiment. The disagreements pasta8® due to an imaging array. The maximum allowable value ¥f R,
lens blockage and/or mount reflections from the measuremarithout asignificantincrease in the reflection loss or decrease
fixture. in the Gaussicity of the patterns is 0.12—0.14 for a silicon lens
and 0.24-0.28 for a quartz lens. In both cases, this results in a
maximum scan angle of around2@nd the outer element will
have a system coupling efficiency that is 0.7—-1.2 dB lower than
In this paper, design curves were presented for the importdine center element (depending on the lens type and extension
parameters versus off-axis displacement on a silicon andeagth value). For a silicon lens with a diameter of 24this
quartz dielectric lens: scan angle, directivity, Gaussicity, amdeans that the maximum off-axis displacement is 1.45-1.7
reflection loss. Contour plots were also presented that predigf, on either side of the center element. Since double-slot
the exact directivity for any extension length and displacememt double-dipole antennas can be placed at a center-to-center
for a silicon or quartz lens. These were experimentally verifiegbacing of 0.30-0.35\,;, with low mutual coupling, the
at 250 GHz using an array in th&-plane direction and maximum number of elements for a 24diameter silicon
an array in theH-plane direction. It was shown that thelens is nine to eleven in a linear imaging array and 64-95
directivity of a hyperhemispherical lens antenna increases fara circular two-dimensional imaging array. Although the
off-axis displacements. It was also found theoretically that fenaximum allowable displacement is twice as large in a quartz
different types of lenses, an extension length just before tlems, the planar antennas and the element-to-element spacing
synthesized elliptical position maintains the directivity and thare also twice as large resulting in ts@memaximum allowed
Gaussian-beam parameters the most constant. This was alsmber of elements. The number of imaging elements can
shown experimentally with off-axis pattern measurements @bviously be increased by increasing the physical size of the
intermediate and synthesized elliptical extension lengths. lens in wavelengths. However, it must be remembered that a

IV. CONCLUSION AND DISCUSSION
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larger lens has a slightly lower on-axis Gaussicity [9] and wilQaniel F. Filipovic (S'87-M'95) was born in Detroit, MI, on October
therefore, Sh|ft |Ower the Gauss|c|ty curves. 26, 1968. He received the B.S.E., M.S.E., and Ph.D. degree in electrical

. . ._engineering from the University of Michigan, Ann Arbor, in 1990, 1991,
It is tempting to use very small antennas, such as a smgﬁ% 1995, respectively.

dipole, a single slot, or a bow-tie antenna in an imaging arrayin 1994, he worked at Hughes Space and Communications, El Segundo,

The advantage is higher packing density and, therefore, m&ti In 1995 he joined Qualcomm, Inc., San Diego, CA, where he is currently
d?veloping antennas and RF circuitry for satellite communications.

elements in the maximum allowable off-axis displacemen
region. However, there are two main disadvantages with
this design. The first is that the Gaussicity of the element
patterns in the lens is much lower (30-50% depending on the
antenna), and the second is that these antennas suffer ffélgps P. Gauthier (S'96) was born in Angers, France, in 1969. He received

. . . . . diploma of Telecommunications Engineer and the DEA from ENST
more lens-air reflection losses in an extended hemISPhe”g]%tagne, Brest, France, in 1992. He is currently working toward the Ph.D.

configuration due to their wide radiation patterns. In this cas@gree at the University of Michigan, Ann Arbor.

it is recommended that small antennas be used exclusively dtrom 1992 to 1994, he worked with IRAM, Grenada, Spain, on millimeter-
the hyperhemispherical extension lengih wih the associalgl, iherralcr euiaer swbeearucir O eevers 1 erest
problems of aligning a larg¢g# beam (from the telescope or

primary lens) to an antenna array with very low directivity

patterns.

Sanjay Raman(S'84) was born in Nottingham, U.K., on April 25, 1966. He
received the B.E.E. degree (with highest honor) from the Georgia Institute of
Technology, Atlanta, in 1987, and the M.S.E.E. degree from the University
b Michigan, Ann Arbor, in 1993. He is currently working toward the Ph.D.
degree in electrical engineering at the University of Michigan, Ann Arbor.
From 1987 to 1992 he served as a nuclear-trained Submarine Officer in
e u.s. Navy. In September 1992 he joined the EECS Department at the
University of Michigan, Ann Arbor. His research interests include millimeter-
jJvave receivers, antennas, radar systems, micromachining, and solid-state
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