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Abstract—1n this paper, the far-field patterns and Gaussian-
beam coupling efficiencies are investigated for a double-slot
antenna placed on hemispherical lenses with varying extension
lengths. The radiation patterns of a double-slot antenna on a
silicon dielectric lens are computed using ray-tracing inside the
dielectric lens and electric and magnetic field integration on
the spherical dielectric surface. The measured radiation patterns
at 246 GHz and Gaussian-beam coupling efficiencies show good
agreement with theory. The theoretical results are presented in
extension length/radius and radius/)\ and therefore result in
universal design curves for silicon lenses of different diameters
and at different frequencies. The theoretical and experimental
results indicate that for single units, there exists a wide range of
extension lengths (ext. length/radius = 0.32 to 0.35) which result
in high Gaussian-coupling efficiencies (50—-60%) to moderately
high f#’s. These Gaussian-coupling efficiencies can be increased to
80—90% with the use of a \,, /4 matching-cap layer. For imaging
array applications with high packing densities, an extension
length/radius = 0.38 to 0.39 (depending on frequency) will
result in peak directivity and a corresponding Gaussian-coupling
efficiency 15-20% lower than for single units.

I. INTRODUCTION

NTEGRATED ANTENNAS on thick dielectric substrates

suffer from power loss into substrate modes [1], [2]. One
way to avoid this problem is to integrate the antennas on a very
thin substrate, typically less than .02); for dipoles and .04\
for slot antennas. However, the substrates become very thin
and fragile at millimeter and submillimeter-wavelengths. One
way to synthesize a thin substrate is to place the antenna on
a very thin dielectric membrane [3]—[S], which is typically
between 1-3 pum thick. The membranes are integrated on
silicon or GaAs wafers and the antennas radiate as if sus-
pended in free-space. Therefore appropriate design methods
must be used to render the patterns unidirectional. Another
attractive method to eliminate substrate modes is to place the
antenna on a dielectric lens. The dielectric lens has the same
dielectric constant as the planar antenna wafer. The structure
of the dielectric lens does not support surface-waves. Antennas
placed on dielectric lenses tend to radiate most of their power
into the dielectric side making the pattern unidirectional on
high dielectric constant lenses. The ratio of powers between
the dielectric and air is ei'/ ? for an elementary slot antenna
and ¢, for an elementary dipole antenna [1], where ¢, is the
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relative dielectric constant of the lens. The dielectric lens is
a very attractive solution since it also provides mechanical
rigidity and thermal stability.

Dielectric lenses can be hemispherical, hyperhemispherical,
or ellipsoidal, and many researchers have placed various
antennas on these lenses for receiver applications. The hy-
perhemispherical lens is a hemispherical lens with an attached
extension length of R /n, where n is the index of refraction of
the lens, and R is the radius of the lens. The hyperhemispher-
ical lens was borrowed into the millimeter-wave field from
optics [1], [6] and it was found that radiation patterns from
these lenses were broad and even multi-lobed in some cases.
The hyperhemispherical lens satisfies the sine condition, which
guarantees the absence of circular coma, and is aplanatic,
implying the absence of spherical abberations [7]. The later
condition implies that if an optical system is designed such that
all the rays are being focused to a point, the hyperhemispher-
ical lens can be added to the system and all the rays will still
focus to a point. In antenna terms, the hyperhemispherically
shaped dielectric lens bends the rays radiated by the integrated
antenna towards the broadside direction, thereby sharpening
the pattern and effectively increasing the gain of the integrated
antenna by n®. The hyperhemispherical lens is capable of
coupling well to a Gaussian-beam system, but couples well
to a converging beam and not to a planar equiphase front.
On the other hand, any antenna placed at the focus of the
elliptical lens will result in a far-field pattern with a main-
beam that is diffraction limited by the aperture of the elliptical
lens. In a ray analysis, an elliptical lens with a source at its
more distant focus refracts the emitted rays so that they emerge
from the lens parallel to cach other [8]. The diffraction-limited
patterns have been verified for the log-periodic and spiral
antennas [9], and also for a simple dipole antenna [10], a
double-dipole antenna [11], and a double-slot antenna [12].
The difference between these antennas is in the sidelobe and
cross-polarization levels. The elliptical lens is compatible with
a large f-number imaging system due to the potential of
achieving very narrow beam patterns. As will be seen later, the
elliptical lens couples well to a Gaussian-beam at its minimum
waist (where there is a planar equiphase front).

The log-periodic [13], spiral [14], double-slot, and double-
dipole antennas have been successfully used on quartz and
silicon dielectric lenses from 30 GHz to 600 GHz [15]-[18].
The antennas were placed on hyperhemispherical or elliptical
dielectric lenses and were characterized by the measured far-
field pattern. Recently, Biittgenbach experimentally placed a
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spiral antenna at a specific position behind the hyperhemi-
spherical point (but before the elliptical focus) and achieved
good patterns and a high-aperture efficiency (coupling to a
plane wave) [19]. Biittgenbach based his analysis on the
quality of the measured far-field power patterns and therefore
did not present a full characterization of the Gaussian-coupling
efficiency of an extended hemispherical lens.

The need for a full characterization of the extended hemi-
sphere (Fig. 1) prompted us to develop a ray-optics/field-
integration formulation to solve for the radiation patterns and
Gaussian-coupling efficiencies of a double-slot antenna on
hemispherical lenses with a varying extension length. The
extended hemispherical system is very practical, since it results
in an antenna/lens system which couples to a wide range of
quasi-optical systems simply by varying the extension length
behind the hemispherical position. It is important to note that
the hyperhemispherical lens is a special case of the extended
hemispherical lens. Section II shows that there also exists
a specific extension length that effectively synthesizes an
elliptical lens. Section III presents the theoretical analysis of
extended hemispherical lenses and shows the directivity and
maximum “Gaussicity” as a function of the extension length.
The term “Gaussicity” is defined as the coupling efficiency
of a far-field pattern of an antenna to the far-field pattern of a
Gaussian-beam. The Gaussian-coupling efficiency is defined as
the total coupling efficiency which is the Gaussicity multiplied
by any system losses (reflection loss, backside loss, impedance
mismatch loss, etc.). Section IV shows the reflection loss
with and without a matching-cap layer. Section V describes
the directivities and Gaussicities versus extension length as
a function of frequency. Three particular values of extension
length, 1700 pm, 2200 pm, and 2700 ym were chosen for
experimental verification. Section VI describes the measured
radiation patterns at 246 GHz and compares them with theory.
Section VII presents the experimental setup at 246 GHz used
for measuring the Gaussian-coupling efficiency of an extended
hemispherical lens. The theoretical and experimental results
indicate that with a well designed quasi-optical system, there
exists a wide range of extension lengths which yield a high
Gaussian-coupling efficiency.

II. SYNTHESIS OF AN ELLIPTICAL LENS

In this section, an elliptical lens is synthesized from an
extended hemispherical lens by carefully choosing a particular
extension length. The analysis is done in two dimensions since
the geometry is rotationally symmetric. The defining equation

for an ellipse is:
(2 (1) - »

where the foci are at +c and ¢ = Vb2 —a? It is also
known from optics that for a given index of refraction n,
the eccentricity of the ellipse such that the geometric focus
becomes the optical focus is [8]:

Vb2 — q? 1

eccentricity = — = 2)
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Fig. 1. The extended hemispherical lens and the ray-tracing/field-integration
technique.
From this one can derive that:
b= _*r (3)
Ji-&
b

= — 4
c= ©

A hemisphere of unit radius is defined by 2% 4+ 32 = 1,
choosing only positive y-values. The distance from the circular
tip of an extended hemisphere to the end of its extension is
equal to 14 L, where L is the extension length. The distance
from the tip of an ellipse to its more distant focus is equal to
b + c. These distances must be equal in order to superimpose
the two lenses, which yields L = b+ ¢ — 1. The ellipse must
be shifted down by a value y9 = L — ¢ so that the focus
of the ellipse has the same coordinates as the focus of the
extended hemisphere. Thus given the index of refraction, the
parameter b is varied until the extended hemisphere appears
to have the closest geometrical match to an ellipse (b will
lie within a narrow range no matter how this is defined).
This has been done for a dielectric constant of ¢, = 2.3
(polyethylene), 4.0 (quartz), and 11.7 (silicon), and is shown in
Fig. 2. Tt is obvious that the higher dielectric constant yields a
more exact geometrical approximation. For a silicon lens, the
fitted ellipse values are ¢ = 1.03 and b = 1.07691, and this
yields an extension length of L = 2670 pm for a 13.7 mm
diameter lens. There are many ways to synthesize an ellipse
[19] and it will be shown later that the synthesized silicon
ellipse presented above is a very good approximation to a true
elliptical lens.

III. THEORETICAL ANALYSIS

A double-slot antenna is chosen as the feed antenna for the
extended hemispherical lenses. This antenna has been used
previously by Kerr et al. in a 100 GHz receiver [20] and
recently Zmudzinas built a 492 GHz SIS receiver using a
double-slot antenna on a quartz hyperhemispherical lens [17].
The double-slot antenna patterns are calculated assuming a
sinusoidal magnetic current distribution on the slot and using
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Fig. 2. The synthesis of an elliptical lens from a hyperhemispherical lens
and planar wafers. The extended hemisphere is a very good geometrical
approximation to an elliptical lens at high dielectric constants.

an array factor in the E-plane direction [21]. The double slots
lie in the z-z plane, and the slots point in the direction of the
z-axis. The wavelength of the sinusoidal current distribution in
the slot is the mean wavelength [22] given by A, = Ao/\/€m
and ¢, = (14 ¢,)/2. The current in the slot is given by:

I = Lyax sin[kn (I —|2])], -1<z5,1
2inax = 0.28X4; o)
where k,, = 2w /. The corresponding normalized H-plane
field pattern is:

sin f[cos(kel cos 0) — cos(kml)]
k2, — k2 cos?d

(6)

where k., = kgjop = 27/Agie for the dielectric side, ke =
27 [ Aair for the air side, and 6§ is the angle with respect to the
z-axis. The element pattern is a constant in the E-plane. The
E-plane array factor is given by:

cos (ke% sin @ cos 45) N

where ¢ is the angle from the z-axis in the z-y plane, k. is
defined as above, and d is the spacing between the two slots.

Fig. 3 shows the calculated radiation patterns at 246 GHz
of a double-slot antenna with length 2/ = 0.28),; and
spacing d = 0.16,;, into a dielectric with a relative dielectric
constant of €, = 11.7. The double-slot antenna results in
symmetrical patterns in the infinite dielectric half space with a
—10 dB beamwidth of around 48° and a cross-polarization
level lower than —30 dB in the 45°-plane. The phase is
constant across the main-beam, and the power radiated in
the main-beam illuminates the whole spherical surface of the
extended hemispherical lenses considered in this paper. The
patterns radiated to the air-side are broader with a —10 dB
beamwidth of 70° in the H-plane and a nearly uniform E-plane,
and contain 9.0% of the radiated power.

The radiation patterns from the extended hemispherical
lenses are computed using a ray-tracing technique [23]. The
double-slot antenna patterns into the dielectric are used to
calculate the distribution of the electric and magnetic fields
across ‘the spherical surface of the extended hemispherical
lenses (Fig. 1). It is important to note. that this analysis is
not limited to double-slot antennas and is applicable to any
planar antenna designed to yield similar patterns in the dielec-
tric; for example, the double-dipole and spiral/log-periodic
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Fig. 3. The double-slot antenna (a) and its radiation patterns into a silicon
(er = 11.7) dielectric (b).

antennas. For a given ray, the fields are decomposed into
parallel/perpendicular components at the lens/air interface,
and the appropriate transmission formulas are used for each
mode [24]:

nv'1 — n2sin%0s — cos b;

Ty = 8

I ny'1 — n?sin20i + cos §; ®
cos §;

M= 0T =y ©

ncosf; —+/1 — nsin?f,
ncosf; ++/1 — n?sin?f;

TL=1+PJ_

I‘J_=

(10)
(11)

where n is the dielectric constant, 8; is the angle of incidence
from the normal to the spherical lens (Fig. 1), and I' and 7
are the reflection and transmission coefficients for the parallel
(I) and perpendicular (L) polarizations. Once the electric
and magnetic fields have been found, equivalent electric and
magnetic current densities [24] are calculated just outside the
spherical surface using:

Js=nxH (12)
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Mg = i X B (13)
where 7 is the normal to the interface, and # = @, when the
origin of the coordinate system is defined to be the center of
the spherical surface. In the far-field, the transverse clectric
field is equal to:

jke=Ikr
Eg2—>— (L
0 py (L +nNs) (14)
jke‘j’“
Ey=24+>——(Ly — N
o =+ ——(Lo —nNy) (15)
where N and L are defined by:
N:// Jsejk‘r‘,cos’¢ dsl (16)
s
L:// Msejkr'coswdsl (17)
S

where s’ is the closed surface just outside the lens, ' is
the distance from the origin of the coordinate system to the
equivalent electric and magnetic currents, r is the distance
from the origin to the far-field point, and ¢ is the angle
between r and r’. A matching layer at the lens/air interface
is not yet considered in this analysis.

The computed E and H-plane power patterns and the phases
of the electric field in the E-plane of a 13.7 mm diameter
lens fed by a double-slot antenna at 246 GHz are shown for
extension lengths of 1600 pm, 1800 xm, 2000 xm, 2200 pm,
2400 pm, 2600 pm, 2800 pum, and 3000 um (Fig. 4). It is
seen that the patterns become progressively narrower resulting
in higher directivity up to 2600 ym and then the mainlobe
widens and the sidelobe levels begin to increase. It is important
to note that the phase of the field is not constant in the
mainlobe except around the synthesized elliptical position
(determined to be L = 2670 pm). This is seen on the 2600 pm
plot where the phase is nearly constant in the mainlobe and
then shifts 180° in the first sidelobe. The corresponding peak
directivity and the Gaussicity (pattern coupling efficiency) as
a function of the extension length are shown in Fig. 5. The
Gaussicity is computed using an overlap integral between the
far-field patterns and the far-field Gaussian-beam expression
(see Appendix). The directivity has a broad peak of 30.2 dB
centered at Ly, = 2550 pm and remains within 1.0 dB of
the peak between 2400 pm and 2800 um. The corresponding
aperture efficiency (coupling to a plane wave) peaks at 84%
and is above 68% between 2400 pym and 2800 pm. This peak
position agrees well with Biittgenbach’s formulation on the
diffraction-limit of a lens (see [19] for more detail). In the far-
field, the decrease in Gaussicity at the larger extension lengths
can be interpreted as the result of the formation of out-of-phase
sidelobes whose level progressively increases as the extension
length is increased. It is seen that the Gaussicity is very high
up to 2200 pm (above 95%) and drops to 88—86% at the peak
directivity and synthesized elliptical positions.

The near-field waist and radius of curvature are found from
an inverse Fourier transform of the far-field Gaussian-beam
[23] (Fig. 6). These are referenced to the aperture plane at the
tip of the lens (Fig. 1). As expected, the radius of curvature is
infinity at the synthesized elliptical position (L = 2670 pm)
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Fig. 4. E and H-Plane power patterns and phase in the E-plane at
246 GHz for extension lengths of 1600 pm, 1800 pgm, 2000 gm, 2200 pm,
2400 pm, 2600 pm, 2800 pm, and 3000 pm (dielectric constant = 11.7).
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Fig. 5. Directivity and maximum Gaussicity (pattern coupling efficiency) as
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and changes sign immediately afterwards. This means that
the synthesized elliptical lens is a good approximation to a
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true elliptical lens and couples best to a Gaussian-beam at
its minimum waist. The Gaussian-beam radius of curvature
approaches the lens radius (6.858 mm) when the extension
length is small, as expected. The beam waist is nearly constant
at 5.6 +0.3 mm for extension lengths between 1000 yum and
2700 pm and 5.8 +0.1 mm between 1800 pm and 2300 pm.
It is mainly the radius of curvature that is changing from
—13 mm to —oo between 1000 pym and 2700 pm. Therefore,
the converging Gaussian-beam must be very well characterized
on the lens aperture for optimal Gaussian-coupling efficiency.

In order to gain a more intuitive understanding of the
optimal radius of curvature, the phase of the electric field on
the aperture plane is presented in Fig. 7 for the lens system at
246 GHz. The phase is calculated using a ray-optics approach
all the way to the aperture-plane. This method has proven to
result in a caustic with the extended lens system and is not used
for far-field pattern and Gaussian-beam calculations (a caustic
is a region where an infinite number of rays converge and
therefore results in a singularity). However, the method does
yield a physical understanding of the problem. The phase of the
electric fields on the planar aperture is seen to follow a near
quadratic behavior with varying curvature depending on the
extension length. For larger extension lengths (L = 2200 ym
and above) the phase is plotted up to the caustic region. For
low extension lengths, the aperture fields extend significantly
beyond the diameter of the lens due to the weak refraction of
the wide angle rays, and this contributes to the high Gaussicity.
This is not shown in Figure 7 since the phase is only plotted
to 180°. At L = 2700 pm (just near the synthesized elliptical
position) the phase is nearly constant, and then begins to
increase positively for increasing extension length.

A similar analysis of a 13.7 mm diameter lens was
performed at 100 GHz and 500 GHz, assuming the same
radiation patterns of the feed antenna. Fig. 8 shows the
patterns and phases for extension lengths of 1600 pm,
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spherical lenses with different extension lengths with the double-slot antenna
as the feed.

1800 pm, 2000 pm, 2200 pm, 2400 pm, 2600 pm, 2800 pm,
and 3000 pm at 500 GHz. The directivity and Gaussicity
calculations at 100 GHz, 246 GHz and 500 GHz are shown
in Fig. 9. The corresponding waists and radii of curvature are
shown in Fig. 10. At 100 GHz, the peak in the directivity
curve occurs at 2480 pm and is very broad. The corresponding
Gaussicity is very smooth with a drop of 10% at the
synthesized elliptical position. On the other hand, at 500 GHz,
the directivity curve shows a distinct peak of 36.3 dB centered
at 2600 pm (with a corresponding aperture efficiency of
72%) and drops by 0.5 dB at the synthesized elliptical
position. Again, this position agrees well with Biittgenbach’s
diffraction method (see [19] for more detail). Note that
at higher frequencies, the peak directivity is closer to the
synthesized elliptical position, which is the result of the
geometrical optics approximation becoming more accurate.
The Gaussicity peaks at 500 GHz at the hyperhemispherical
position of 2000 ym with a value of 97% and then drops
to 82% at the 2600 ym—2700 ym position. Again, as the
frequency increases, the ray-optics approximation becomes
more valid, and this explains the peak in Gaussicity at the
hyperhemispherical position.

The directivity and Gaussicity are calculated for a true
elliptical lens using the same approach for the extended
hemispherical lens at 246 GHz. The true elliptical lens is
defined such that the minor axis (perpendicular to boresight)
is equal to the radius of the extended hemispherical lens,
so that the physical area on the aperture plane is the same
for both lenses. The E and H-plane mainlobes are slightly
narrower than those of the synthesized elliptical lens and have
0.5 dB higher sidelobes. The directivity is 30.6 dB which is
0.6 dB higher than the synthesized ellipse. The elliptical lens
Gaussicity is 88% and is the same to within +1% for the
synthesized elliptical lens. The corresponding minimum waist
at the aperture plane is 5.6 mm.
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IV. REFLECTION L0SS CALCULATIONS

The ray-tracing technique presented earlier (Fig. 1) also
results in a full characterization of the reflection loss at
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the lens-air interface as a function of the extension length
(Fig. 11). The reflection loss is calculated by using equations
8 and 10 and integrating the reflected power over the entire
surface of the lens. At low extension lengths, the calculated
loss is 1.52 dB which is close to the 1.55 dB predicted from
simple transmission-line theory (between silicon and air). The
reflection loss increases to 2.1 dB at the synthesized elliptical
position (L = 2670 pm) due to the power loss from the
total internal reflection of wide angle rays (above 65°). The
Gaussian-coupling efficiency of the extended hemispherical
system must include the reflection loss to result in a complete
characterization of the system. This results in an additional
decrease of 13% in the Gaussian-coupling efficiency at the
synthesized elliptical positions compared to the Gaussian-
coupling efficiency at the hyperhemispherical position. The
calculated reflection loss at the synthesized elliptical posi-
tion is 1.8 dB for an antenna with a symmetrical pattern
and a 10 dB-beamwidth of 46° (corresponding to a direc-
tivity of 12 dB) and a nearly constant 1.52 dB for antennas
with a 10 dB-beamwidth of 40° and 31° (corresponding to
a directivity of 13 dB and 15 dB). This means that it is
advantageous to use a high gain antenna for a feed into
the extended hemispherical lens. This is important at high
frequencies (above 300 GHz) where it may be difficult to
manufacture an accurate matching layer for the silicon lens.
While it is not known accurately, it is expected that the
spiral antenna [19] and log-periodic antenna [13] have a
pattern directivity into the lens of around 12 dB. As ex-
pected, the calculated reflection loss of an elliptical lens is
nearly equal to the reflection loss at the synthesized ellipti-
cal position,

Figure 11 also includes the reflection loss using a A, /4
matching cap layer with dielectric constant equal to \/€jers.
The reflection loss for the double-slot antenna (directivity =
11.1 dB) is nearly zero up to the hyperhemispherical position,
and then increases to 0.6 dB at the synthesized elliptical
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Fig. 11. Reflection loss at the lens/air interface as a function of the

extension length for different feed antenna directivities with and without a
matching layer.

position. The radiation patterns and the directivities remain
essentially the same with the matching cap layer. As expected,
the reflection loss for the higher directivity antennas are lower
with a loss of 0.3 dB, 0.1 dB, and zero for the 12 dB, 13 dB,
and 15 dB pattern directivities at the synthesized elliptical
position. No attempt is made in this paper to design an
optimum matching layer (i.e. non-uniform) for the higher
extension lengths.

V. GAUSSICITY VS. FREQUENCY

A comparison of the directivity and Gaussicity between
the true elliptical lens, the synthesized elliptical lens, and an
extended hemispherical lens at peak directivity position for
100 GHz-1 THz is shown in Fig. 12. The true elliptical lens
has a constant Gaussicity of 88% and a quadratic increase in
the directivity, as expected from ray-optics calculations. The
directivity of the synthesized elliptical lens shows a 1.2 dB
drop compared to the elliptical lens at 1 THz due to the
residual phase error on the planar aperture. The Gaussicity
drops from about 90% at 100 GHz to 78% at 1 THz due
to the same effect. As was seen in Fig. 9 at 246 GHz and
500 GHz, there exists a distinct peak in the directivity at
a specific extension length (Lpk). Fig. 13 shows that Ly
asymptotically approaches the synthesized elliptical position
with increasing radius/wavelength (or increasing frequency
for a constant radius). The peak directivity is slightly higher
than the synthesized elliptical directivity and is nearly the
same above 500 GHz. The Gaussicities for peak directivity
positions are the same as those of the synthesized elliptical
position to within +1% above 200 GHz. At 100 GHz, the
peak directivity position is close to the hyperhemispherical
position, and therefore results in a slightly larger Gaussicity.

The Gaussicity and directivity for extension lengths of
2000 pm, 2350 pum, and 2700 pm are shown in Fig. 14. The
hyperhemispherical lens results in a constant directivity of
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22 dB and a constant Gaussicity of 97%. Notice that the
directivity is constant with frequency due to the constant n?
magnification of the hyperhemispherical lens. The Gaussicity
at 2350 pym is slightly lower than the hyperhemispherical
lens and the directivity increases to around 30 dB at high
frequencies. The Gaussicity at 2700 pm (close to the synthe-
sized elliptical position) is the lowest of all three positions,
but results in the largest directivity. The Gaussicity at the
synthesized elliptical position (and at L) drops to 78% at
1 THz while the Gaussicity for the 2350 pm position drops to
88% at the same frequency. Although the hyperhemispherical
position shows the highest theoretical Gaussicity, it is hard
to experimentally achieve this efficiency due to the difficulty
in aligning to the strongly converging beams needed at the
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aperture of the lens (see section VII). Thus the region between
2200 pm and 2400 pm results in the best compromise between
alignment, directivity and Gaussian-coupling efficiency.

Since all the calculations were done in terms of wavelength,
Figs. 12 and 14 present universal design curves to predict
the performance of extended hemispherical silicon lenses
for different diameters when using the same antenna feed
patterns. These graphs shows that for high gain systems, a
13.7 mm diameter silicon lens can be used in an extended
hemispherical configuration up to 1 THz without a significant
drop in the Gaussicity. For a matched load, the Gaussian-
coupling efficiency is found by multiplying the Gaussicity
presented above by the reflection loss at the lens-air interface
(shown in Fig. 11) and by 91.0% to take into account the
power radiated by the double-slot antenna to the back-side (air-
side). It is important to note that the reflection loss for higher
extension lengths (near L, and the synthesized elliptical
position) will have an additional loss of about 0.5 dB (10%)
over the hyperhemispherical position (2000 pm).

VI. EXPERIMENTAL RESULTS: PATTERNS

The double-slot antenna was fabricated for 246 GHz mea-
surements using standard photolithographic techniques. All
the conducting layers are 2000 A gold deposited on a high-
resistivity (4000 2 — cm) silicon wafer. A bismuth bolometer
is placed in series at the center of the double-slot antenna using
a coplanar-waveguide transmission line (Fig. 3). The series
feeding is necessary in order to result in the sum mode of the
double-slot antenna. The bolometer is 20 pm X 15 pm and
is integrated on a 1.2 ym thick polyimide patch for thermal
insulation from the substrate. The measured dc resistance of
the bolometer is 60 Q. The left and right ends of the coplanar
line are terminated by a polyimide/gold capacitor which acts
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as an RF short. The center strip of the coplanar waveguide
line runs out from the right end to a large pad for dc biasing
and low frequency detection. The coplanar waveguide spacing
is 15 pm and the width 10 pm. This yields a quasi-TEM
transmission line impedance of 502 [25]. The measured RF
impedance at the bolometer position is 60 + 750 on a
4 GHz microwave model, and results in a good match to the
bolometer.

Experimental measurements at 246 GHz were performed
on a 13.7 mm diameter silicon lens (e, = 11.7) without any
type of matching layer and the double-slot antenna as a feed.
Three particular values of extension length were chosen for
the purpose of experimental verification: 1700 pm, 2200 pum,
and 2700 pm. The extension lengths were achieved by adding
high-resistivity silicon wafers. These positions were chosen
based on their different properties: a phase curvature across
their aperture planes of high, low, and virtually none, respec-
tively; and a radiation pattern that is broad, narrow with nearly
no sidelobes, and narrow with low sidelobes, respectively. The
position of 2700 pum represents the extension length where
the extended hemispherical lens has effectively synthesized an
elliptical lens. The hyperhemispherical position is at 2000 pm
and no measurements were done at this position. However,
the 1700 pm extension has the same features as the 2000 pm
position in terms of Gaussian-coupling efficiency and the small
radius of curvature needed to couple well to a Gaussian-beam.
No pattern measurements were done on a true elliptical lens.

The patterns were measured at 246 GHz using an 82 GHz
Gunn source, and a wideband (220-270 GHz) tripler. The
Gunn source was modulated at 1040 Hz, and the output from
the bolometer was fed to a lock-in amplifier. Measured patterns
at the extension length of 2700 pum (Fig. 15) demonstrate a
directivity of 29.4 dB + 0.3 dB with relatively low sidelobes
(—16 dB). The corresponding aperture efficiency (coupling to
a plane wave) is 70% +5%. Notice that the theoretical analysis
predicts a directivity of 29.9 dB (78% aperture efficiency)
at the synthesized elliptical position. Good agreement ‘exists
between the theoretical and experimental patterns (Fig. 16).
Measured patterns at 2700 ym for £10% of the 246 GHz
design frequency result in nearly the same directivity, and
therefore the double-slot antenna has good pattern bandwidth.
The measured power at broadside is nearly the same from
222 GHz-270 GHz, also indicating good impedance band-
width for the double-slot design. The measured patterns at
an extension length of 2200 pm are slightly broader than the
synthesized elliptical lens with a directivity of 26.7 dB =+
0.3 dB. Again, there is close agreement between theory and
experiment (Fig. 17). At an extension length of 1700 pm, the
patterns become wide with a peak gain of 19.1 dB £ 0.3 dB,
and it is considerably more difficult to laterally align the feed
antenna to the focus, resulting in non-symmetric patterns with
ripples (Fig. 18). As was seen earlier, this wide pattern has no
detrimental effect on the coupling efficiency to a converging
beam. The ratio of the 246 GHz measured peak received power
between the extension lengths of 2700 pm and 1700 pm is
10 dB + 0.5 dB and this is the same as the difference in
the measured directivities (including the effect of the different
reflection losses at the lens surface).
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for the double-slot antenna on a synthesized elliptical lens (extension length
2700 pm).

VII. EXPERIMENTAL RESULTS: GAUSSIAN-BEAM COUPLING

A Gaussian-beam experiment was performed at 246 GHz
with the purpose of coupling all the power radiated by a
corrugated horn into the double-slot antenna/lens system. A
two-lens quasi-optical system was designed which achieves
a wide variety of waist sizes and radii of curvature (Fig. 19).
The 10-cm Rexolite lenses used were numerically machined
using parametric equations and result in no spherical aberra-
tions [26]. The source was a WR-03 corrugated horn having
symmetric E, H, and 45° patterns with a computed waist
size of wg = 2.1 mm. The waist can be traced through
the lens system using the g-parameters [27]. In Fig. 19, d1,
d2, and d3 are the lens separation distances, and f; and fo
are the respective f/#’s (f/# = f/D, where f is the focal
length and D is the diameter of the lens). Care must be taken
that the edge illumination of the lens is below the —30 dB
level so that the Gaussian-beam does not deform from its
ideal shape. The experimental procedure went as follows:
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Fig. 19. The setup for the Gaussian-beam coupling experiment. The waist at
the aperture is 5.2—5.9 mm for all three lenses, and only the radii of curvature
are different.

the distances d1, d2, and d3 and the f/#s f; and fo were
first calculated for maximum coupling between the corrugated
horn and the extended hemispherical lens system. Then, the
distances d1, d2, and d3 were tuned experimentally to result
in peak measured power in the bolometer.

2700 um extension length (synthesized ellipse): An equi-
phase wavefront is needed for the synthesized ellipse and
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is obtained at the minimum waist. A quasi-optical system
with final values of d; = 96 mm, dy = 68 mm, dz =
312 mm, f1/2.0, and f5/1.4 resulted in a peak received
power with a calculated minimum beam-waist of 5.1 mm at the
planar lens aperture. The beam waist for optimum Gaussicity
calculated from the present theory is 5.2 mm. The final values
of d1, d2, and d3 are within =1 mm of the initially calcu-
lated values.

2200 pm extension length: A quasi-optical system with
final values of di = 95 mm, d» = 122 mm, d3 = 224 mm,
f1/2.0, and f5/1.4 resulted in peak received power. The
calculated beam waist and radius of curvature were 5.78 mm
and —65 mm, respectively. The corresponding minimum waist
is 2.8 and is located —35 mm (away from the horn) from the
aperture plane. The final values of d1, d2, and d3 are within
+5 mm of the initially calculated values.

1700 um extension length: A quasi-optical system with
di = 106 mm, dy = 120 mm, dz = 86 mm, f;/0.9, and
f2/2.0 resulted in peak received power. The calculated beam
waist and radius of curvature were 6.07 mm and —27.7 mm,
respectively. The corresponding minimum waist is 1.1A (a
result of the small radius of curvature necessary at the aperture
of the lens). The final values of d1, d2, and d3 differ by as
much as +25 mm to the initially calculated values. We believe
that for this extension length, the radius of curvature across the
aperture is so strong that the desired aperture field distribution
will distort rapidly with misalignments of the feed antenna to
the lens. This is commonly seen in optics where it is difficult
to align to a lens system with small f/D ratios.

The raw measured powers were 1.03, 1.18 and 1.00 for the
1700 pm, 2200 pm, and 2700 pym positions, respectively. In
the experimental setup, the 2200 pm and 2700 pym systems
used the same set of objective lenses (f1/2.0 and f2/1.4)
and therefore have approximately the same reflection and
dielectric losses in those lenses. The 1700 ym experiment
required f;/0.9 and f2/2.0 lenses and has approximately an
additional 6—10% loss due to the added thickness of the
£/0.9 lens. The measured power at the 1700 pm position is
therefore multiplied by 1.08 to take into account the excess
dielectric loss for the 1700 ym quasi-optical system, resulting
in a corrected power of 1,11 (shown as a cross in Fig. 20).
The theoretical Gaussicities are multiplied by the different
reflection losses at the silicon-air interface (see Fig. 11) for the
three lens systems, and by the back-side power loss (91%) to
yield the actual Gaussian-coupling efficiency. The theoretical
Gaussian-coupling efficiencies are presented in Figure 20, to-
gether with the measured powers which have been normalized
to the 2700 um position. This position was chosen for the
normalization because the experimental waist and radius of
curvature at 2700 ym agree very well with the theoretical
values. The normalization is necessary since no absolute
power measurements were done at 246 GHz. It is seen that
within experimental error, the measured values agree well with
the theoretical predictions at extension lengths of 2200 pm
and 2700 pm. Notice that the 2700 ym position results in
the lowest measured Gaussian-coupling efficiency. Also, the
measured Gaussian-coupling efficiency at 2200 pm is 7% and
18% higher than the measured Gaussian-coupling efficiencies
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Fig. 20. Measured and calculated Gaussian-coupling efficiency as a function
of extension length. This takes into account reflection at the lens/air interface
and power lost to the air side (91%).

for the 1700 um and 2700 pm positions, respectively. This
agrees well with our calculations in Section V which state that
the 2200 pm-2400 pm positions (L/R = 0.32 to 0.35) result
in the best compromise between directivity and Gaussian-
coupling efficiency.

VIII. DISCUSSION AND CONCLUSION

In this paper, a ray-optics/field-integration approach has
been used to fully characterize an extended hemispherical
lens system with a double-slot antenna feed. We have also
presented a formulation for synthesizing an ellipse from an ex-
tended hemispherical lens. The results show that the directivity
is strongly dependent on the extension length (especially at
high frequencies). The calculated Gaussicity (pattern coupling
efficiency) is very high up to approximately 2200 pm and then
drops gradually by about 10—15% at the synthesized elliptical
position (depending on frequency). The corresponding beam
waist on the aperture-plane is nearly constant (5.6 +0.3 mm)
and the radius of curvature ranges from —13 mm to —oco. Thus
the incident Gaussian-beam must be very well characterized on
the planar aperture for optimum coupling efficiency. In fact, we
have built a lens system with a 10 dB difference in directivity
and still succeeded in achieving nearly the same Gaussian-
coupling efficiency for the low and high directivity systems.
Our calculations also show that a 13.7 mm diameter silicon
lens can be used up to about 1 THz without a significant drop
in the Gaussian-coupling efficiency (maximum 20%) and has
an associated directivity greater than 40 dB. The Gaussian-
coupling efficiency for a double-slot antenna at a position
between 2200 pm to 2400 pm (L/R = 0.32 to 0.35) is
approximately 60—50%, which includes the reflection loss and
the back-side power loss. This is expected to increase to about
90—80% when a matching cap layer is used.

The question arises of where to place the antenna on a
lens for the best possible performance. The answer, according
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to our calculations, depends on the specific application (for
example, a single unit or a unit in an imaging array). For single
units, the hyperhemispherical position is not the best place
since it results in a low directivity, and requires small f/#
systems that are difficult to align. This was well demonstrated
by our quasi-optical set-up and we found that it was very
difficult to choose the position of the lenses for best Gaussian-
coupling efficiency at the 1700 ym extension length. In our
opinion, one should use an extension length that results in
an acceptably high directivity and therefore a large f/# for
the objective lens. This also yields an easy-to-align quasi-
optical system. However, the high directivity is achieved at
the expense of a reduction in the Gaussian-coupling efficiency.
For a 13.7 mm diameter silicon lens, we believe that a
good compromise between the increase in directivity and
the decrease in Gaussian-coupling efficiency is achieved at
2200 pm-2400 pum extension length (L/R = 0.32 to 0.35).
The corresponding Gaussicity is very high being always above
90% for frequencies below 1 THz. This was well demonstrated
in our experimental setup at 246 GHz where the 2200 pm
positions resulted in a 7% and 18% higher coupling efficiency
than either the 1700 gm or 2700 um positions, respectively.

For imaging atrays, the extension length resulting in peak
directivity should be chosen so as to result in the best possible
packing density in the focal plane. For a 13.7 mm diameter
lens, the aperture efficiency at Ly is 84% at 246 GHz and
72% at 500 GHz. The corresponding Gaussicity is high at
246 GHz with a value of 88% and drops to 78% at 1 THz. At
Ly, the reflection loss at the lens-air interface contributes an
additional 0.5 dB (11%) reduction in the Gaussian-coupling
efficiency (with or without a A,, /4 matching-cap layer) com-
pared to the 2200 ym position. It is possible to reduce the
reflection loss with a higher directivity feed antenna. The
L, position is advantageous because it results in a high-
packing density with only a 15-20% drop in Gaussian-
coupling efficiency when compared to the 2200 pm-2400 pm
positions. It is also interesting to compare qualitatively the
performance at this position to a corrugated horn. At peak
directivity position, the extended hemispherical lens at L,y
will result in about 20—25% higher packing densities (i.e.
aperture efficiencies) and about 25-40% lower Gaussian-
coupling efficiencies (including back-side power loss and a
Am /4 matching-cap layer) than a corrugated horn designed
for the same f/# system. This is not a high penalty to pay for
high-packing densities in imaging arrays.

Finally, all our calculations are presented in R/XA and
L/X and therefore present universal design curves for silicon
lenses of different diameters at different frequencies. Similar
calculations on quartz lenses are available from the NASA-
CSTT/University of Michigan and will be published in the
October 1993 International Journal of Infrared and Milli-
meter Waves.

APPENDIX

The electric field of a Gaussian-beam is of the form:

—[0/60]? p£am[6/61]?

(18)

EGauss(a) = €go€
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where ¢ is the direction in the far-field from boresight (assum-
ing circular symmetry), and €., is a unit vector representing
the polarization of the beam. In the near-field:
2 . 2
Ecaus(r) = ee” 551 e 7] (19
where r is the radius in a planar field representation (assuming
circular symmetry), w(z) is the waist of the Gaussian-beam,
R(z) is the radius of curvature, and €., is a unit vector
representing the polarization of the beam. The value 6y (or
w(z)) controls the amplitude term and 6y (or R(z)) controls
the phasing term. The coupling efficiency of an antenna to
a Gaussian-beam (Gaussicity) is calculated using the formula
N = {® antenna| P Gauss)|?» which written out in the far field
is [28]:

NGaussicity =

| [] leco - F(8, §)]e™ (8760 e£0mC101)* gin 6 46 dp|?

20
[ |F(8,9)” sin6 df d [[ e=2(6/60)" sin 6 df dp )
and written out in the near-field is:
NGaussicity =
. ~(5t5) o (55w ) 2
| [f [€co - F(r,d)]e e rdrdo| 1)

[[1F(r,$)*r drd [[ e=20/wE)r dr dg

where F(f, ¢) is the electric field in the far-field pattern of the
antenna, and F(r, ¢) is the electric field in the planar repre-
sentation. The amplitude and phasing terms are varied to op-
timize the coupling efficiency (Gaussicity). For high coupling
efficiency (>80%), the near-field Gaussian parameters can
be found from a Fourier transform of the far-field Gaussian
parameters [23].
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