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ABSTRACT

In this paper, the theoretical far-field patterns and Gaussian-
beamn coupling efficiencies are investigated for a double-slot antenna
placed on quartz hemispherical lenses with varying extension lengths.
The radiation patterns of the double-slot antenna are computed using
ray-tracing inside the lens and electric and magnetic field integration on
the spherical dielectric surface. The theoretical results are equally valid
for double-dipole, log-pericdic, and spiral antennas, and are presented
in extension length/radius and radius/A. Therefore, the results yield
universal design curves for quartz lenses of different diameters and at
different frequencies and using different antennas. The results indicate
that for single units, there exists a wide range of extension lengths (ext.
length/radius=0.61 to 0.76) which result in high Gaussian-coupling ef-
ficiencies to moderately high f/# systems. For imaging array appli-
cations with high packing densities, an extension length/radius=0.82
to 0.93 (depending on frequency) will result in peak directivity and
highest packing density but lower Gaussian-coupling efficiencies.
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I. INTRODUCTION

This paper represents an extension of the work performed on ex-
tended hemispherical silicon lenses that was published by the authors
in the October 93 issue of the IEEE Transactions on Microwave The-
ory & Techniques [1]. In this companion paper, the computed results
for an extended hemispherical lens fabricated from fused quartz are
presented. The reader is referred to [1] for a complete discussion of the
ray-optics/aperture-integration theory used in this analysis.

Quartz lenses can be hemispherical, hyperhemispherical, or el-
liptical, and many researchers have placed various antennas on these
lenses for receiver applications {2,3,4,5,6,7]. The hyperhemispherical
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 [8]. 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 vary-
ing extension length [1].
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Figure 1: The extended hemispherical lens and the ray-tracing/field-
tntegration technique.
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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 hyper-
hemispherical lens is a special case of the extended hemispherical lens.
Section II describes the double-slot antenna design. Section III presents
the theoretical directivities and maximum “Gaussicities” for quartz ex-
tended hemispherical lenses. 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 de-
fined as the total coupling efficiency which is the Gaussicity multiplied
by any system losses (reflection loss, backside loss, impedance mis-
match loss, etc.). Section IV shows the reflection loss with and without
a matching-cap layer. Section V describes the directivities and Gaussic-
ities versus extension length as a function of frequency. The theoretical
results are equally valid for double-dipole, log-periodic and spiral an-
tennas. The only constraint is that the planar feed antenna produces
a circularly symmetrical beam into the dielectric lens.

As was shown in [1], an elliptical lens can be synthesized using a
hemispherical lens and attached planar wafers. For the case of a quartz
lens with ¢, = 3.8 and a diameter of 13.7mm, the synthesized elliptical
position is 6380um (L/R=0.93) behind the hemispherical point, and the
hyperhemispherical position is 3520pm (R/n) behind the hemispherical
point. Recently, Biittgenbach experimentally placed a spiral antenna at
a specific position behind the hyperhemispherical position (but before
the elliptical position) and achieved good patterns and high aperture
efficiencies [9]. Biittgenbach based his analysis on the quality of the
measured far-field power patterns and did not present a full characteri-
zation of the Gaussian-coupling efficiency of an extended hemispherical

lens.

II. DOUBLE-SLOT ANTENNA DESIGN

A double-slot antenna is chosen as the feed antenna for the
quartz extended hemispherical lens. This antenna has been used previ-
ously by Kerr et al. in a 100GHz receiver [10] and recently Zmuidzinas
built a 492 GHz SIS receiver using a double-slot antenna on a quartz
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hyperhemispherical lens [6]. The double-slot antenna patterns are cal-
culated assuming a sinusoidal magnetic current distribution on the slot
and using an array factor in the E-plane direction. The magnetic cur-
rent distribution in the slot is given by sin[ky(l — |z|)] where ky, is
the mean propagation constant [11). Figure 2 shows the calculated
radiation patterns of a double-slot antenna with length 21 = 0.49),;,
(0.76),,) and spacing d = 0.28),;, (0.43),,) into a dielectric with a
relative dielectric constant of ¢, = 3.8 (fused quartz). This design is
very similar to the one used by Zmuidzinas in [6].

0

-8

-18

TR [N VNS SRS SRS T OO VOO TUOOS T W O OO0 S0 N |

i
—
<
LIS 1N SR Bt N D SR AN N A B I M B B

Relative Gain (dB)

Angle (degrees)

Figure 2: The radiation patterns of the double-slot antenna into a quartz
(er=3.8) dielectric.

The double-slot antenna results in symmetrical patterns in the
infinite dielectric half space with a corresponding directivity of 11.2dB
and a cross-polarization level lower than -23dB in the 45°-plane (the
directivity quoted is calculated using the pattern radiated in the di-
electric only). The phase is constant across the mainlobes in the E,
H, and 45°-plane, and the power radiated in this approximate cone
illuminates the whole spherical surface of the extended hemispherical
lenses considered in this paper. The patterns radiated to the air-side
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are broader with a -10dB beamwidth of 66° in the H-plane and a nearly
uniform E-plane, and contain 28.3% of the total radiated power from
the double-slot antenna. This is considerable compared to the case of
a double-slot antenna on a silicon lens (9% power loss to the airside).
The log-periodic, spiral, double-dipole antennas do not suffer from this
loss due to the use of a ground-plane reflector behind the antenna. For
a full treatment of log-periodic antennas including their co-polarization
and cross-polarization properties, the reader is referred to [12].

III. THEORETICAL RESULTS

The radiation patterns from the extended hemispherical lenses
are computed using a ray-tracing technique (see [1] for more detail).
The double-slot antenna patterns into the dielectric are used with a
ray-optics approach to calculate the distribution of the electric and
magnetic fields across the spherical surface of an extended hemispheri-
cal lens (Fig. 1). The equivalent electric and magnetic current densities
are then defined on the spherical surface of the lens, and the equivalent
currents are integrated to yield the far-field patterns of the extended
hemispherical lens.

The E and H-plane power patterns and the phases of the electric
field in the E-plane of a 13.7mm diameter lens fed by a double-slot an-
tenna at 246GHz are shown for extension lengths of 3000um, 3800um,
4200pm, 4800xm, 5400um, 6000xm, 6600um, and 7200pm (Fig. 3).
It is seen that the patterns become progressively narrower resulting in
higher directivity up to 6000um 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 syn-
thesized elliptical position (6380xm). This is seen on the 6000um plot
where the phase is nearly constant in the mainlobe and then shifts 180°
in the first sidelobe. The corresponding peak directivity and the Gaus-
sicity (pattern coupling efficiency) as a function of the extension length
is shown in Figure 4. The Gaussicity is computed using an overlap
integral between the far-field patterns and the far-field Gaussian-beam
expression [1]. The directivity has a broad peak of 30.3dB centered
at 6000um (L/R=0.87) and remains within 0.5dB of the peak between
5500um (L/R=0.80) and 6900xm (L/R=1.01). The corresponding
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Figure 3: F and H-Plane power patterns and phase in the E-plane at
246GHz for extension lengths of 3000um, 3800pm, 4200pm, 4800um,
5400pum, 6000pm, 6600um, and 7200pm. The (— - — - —) line corre-
sponds to the phase.
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aperture efficiency (coupling to a plane wave) peaks at 86%. This peak
position agrees well with Biittgenbach’s formulation on the diffraction-
limit of a lens (see [9] 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 progres-
sively increases as the extension length is increased. It is seen that
the Gaussicity is above 92%, up to 4600um (L/R=0.67) and drops to
84-82% at the peak directivity and synthesized elliptical positions.
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Figure 4: Directivity and mazimum Gaussicity (pattern coupling effi-
ciency) as a function of extension length at 2{6GHz.

A similar analysis of a 13.7mm diameter lens was performed at
100GHz and 500GHz, assuming the same radiation patterns of the feed
antenna. Figure 5 shows the patterns and phases for extension lengths
of 3000m, 3800um, 4200pm, 4800pm, 5400um, 6000um, 66004m, and
7200um at 500GHz. The peak directivity (not the directivity at bore-
sight) and Gaussicity calculations at 100GHz, 246GHz and 500GHz are
shown in Figure 6. It is important to note that the 500GHz patterns
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Figure 6: Directivity and mazimum Gaussicity (pattern coupling ef-
ficiency) as a function of extension length at 100GHz, 2{6GHz, and
500G Hz.

at positions of 4200um (L/R=0.61) and 4800pm (L/R=0.70) do yield a
high Gaussicity. This is counter-intuitive, especially at 4800um where a
dip of -20dB exists at § = 0. The reason for the high Gaussicity is that
the phase is quadratic and that there is very little power in a pattern
around § = 0. The quadratic phase matches well to a converging
Gaussian-beam. Patterns with dips and peaks around § = 0 have
been judged before by researchers to be “quite bad”. This example
shows that both the amplitude and the phase of the far-field pattern are
important to completely judge a pattern and its coupling efficiency to
Gaussian-beams. At 100GHz, the peak in the directivity curve occurs at
5600pm (L/R=0.82) and is very broad. The corresponding Gaussicity
is very smooth with a drop of 9% at 5600um and 12% at the synthesized
elliptical position. On the other hand, at 500GHz, the directivity curve
shows a distinct peak of 36.2dB centered at 6200um (L/R=0.90), with
a corresponding aperture efficiency of 81%. Again, this position agrees
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well with Biittgenbach’s diffraction method (see [9] 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 500GHz at the hyperhemispherical position (3520um) with a value of
97% and drops to 76% at the 6200um-6400p¢m 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 near-field waist and radius of curvature are found from an
inverse Fourier transform of the far-field Gaussian-beam [1] (Fig. 7).
These are referenced to the aperture at the tip of the lens (Fig. 1). As
expected, the radius of curvature is infinity at the synthesized elliptical
position (6380xm) and changes sign immediately afterwards. This
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Figure 7: Waist and radius of curvature as a function of eztension

length at 100GHz, 2{6GHz, and 500GHz.



Double-Slot Antennas 1915

means that the synthesized elliptical lens is a good approximation to
a true elliptical lens and couples best to a Gaussian-beam at its min-
imum waist. As expected, the Gaussian-beam radius of curvature ap-
proaches the lens radius (6.858mm) when the extension length is small.
The beam waist is nearly constant at 6.1+0.4mm for extension lengths
between 2000um (L/R=0.29) and 6000um (L/R=0.87) for 100GHz,
246GHz, and 500GHz. It is mainly the radius of curvature that is
changing from -12mm to -co between 2000x#m and 6380um for all three
frequencies. Therefore, the converging Gaussian-beam must be very
well characterized on the lens aperture for optimal Gaussian-coupling
efficiency.

The directivity and Gaussicity are calculated for a true elliptical
lens using the same approach as for the extended hemispherical lens
at 246GHz. 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 effective area on the aperture plane is
the same for both lenses (see [1] for more detail). The E and H-plane
mainlobes are slightly narrower than those of the synthesized elliptical
lens and have 0.5dB higher sidelobes. The directivity is 30.7dB which is
0.5dB higher than the synthesized ellipse. The elliptical lens Gaussicity
is 83% and is independent of frequency. The corresponding minimum
waist at the aperture plane is 5.7mm, which is 0.2mm more than that
of the synthesized elliptical position.

IV. REFLECTION LOSS CALCULATIONS

The ray-tracing technique presented earlier also results in a full
characterization of the reflection loss at the lens-air interface as a func-
tion of the extension length (Fig. 8). The reflection loss is calculated
by finding the total power radiated into the quartz dielectric by the
double-slot antenna and dividing it by the transmitted power which is
integrated over the outside spherical surface of the lens. At low exten-
sion lengths or for high directivity feed antennas, the calculated loss is
0.5dB which is the same as that predicted from simple transmission-line
theory, ﬁ 2 where n is the index of refraction of the fused quartz
lens. For a double-slot antenna, with a directivity of 11.2dB, the loss
increases to 2.7-3.2dB at the peak-position and synthesized elliptical
position due to the unfocused power lost in the rectangular extension
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Figure 8: Reflection loss at the lens/air interface as a function of the
extension length for different feed antenna directivities (or correspond-
ing 10dB Gaussian-pattern beamwidths): (a) without a matching layer
and (b) with a A, /4 matching cap layer.
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section and from the total internal reflection of wide angle rays (above
57°). This is a considerable amount of reflected power which will ap-
pear in the sidelobe structure and the back-side power pattern of the
extended hemispherical lens antenna. This power is assumed in this pa-
per as a total loss in terms of Gaussian-coupling efficiency. The power
lost to the rectangular extension section is considerable for extension
lengths near the synthesized elliptical position. This presents a serious
limitation for using low index of refraction lenses which require long
extension lengths. On the other hand, a quartz elliptical lens has a
reflection loss of only 0.65dB, since the whole surface of the lens is
properly curved.

The Gaussian-coupling efficiency of the extended hemispherical
system must be multiplied by the reflection loss to result in a complete
characterization of the system. Note that for feed antennas with greater
than 13dB directivity (or a 10dB Gaussian-pattern beamwidth of less
than 80° into the quartz lens), the reflection loss does not increase as
much since most of the power is near normal incidence to the lens. The
directivities of spiral and log-periodic antennas on a quartz dielectric
and backed by a ground-plane reflector are not known but are expected
to be between 12dB and 13dB. The directivity of a double-dipole an-
tenna inside the dielectric (as presented by Skalare [7]) is also around
12dB. Therefore, these three antennas present a much lower reflection
loss at the quartz-air interface. This is very important at high frequen-
cies (above 300GHz) where it is difficult to manufacture an accurate
matching layer for the quartz lens. For a quartz elliptical lens, the
reflection losses decrease to less than 0.5dB for antenna directivities
greater than 13dB.

Figure 8 also includes the reflection loss using a uniformly thick
Am/4 matching cap layer with dielectric constant equal to |/€jcns. The
reflection loss for the double-slot antenna (directivity=11.2dB) is 0.2dB
at the hyperhemispherical position, and increases to 2.2dB at the syn-
thesized elliptical position. Again, this is primarily due to power lost
in the rectangular extension section. 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 (12-
15dB) are lower (Fig. 8). No attempt is made here to design an opti-
mum matching layer by varying the thickness of the matching dielectric



1918 Filipovic and Rebeiz

across the surface of the lens. It is expected that an elliptical lens with
a A /4 matching layer will result in a reflection loss of less than 0.2dB
for all antenna directivities (11-15dB).

V. GAUSSICITY VS. FREQUENCY

A comparison of the directivity and Gaussicity for the true ellip-
tical lens, the synthesized elliptical lens, and an extended hemispherical
lens at peak directivity position for 100GHz-1THz is shown in Fig. 9.
The true elliptical lens has a constant Gaussicity of 83% and a quadratic
increase in the directivity, as expected from ray-optics calculations. The
directivity of the synthesized elliptical lens shows a 1.7dB drop at 1THz
compared to the elliptical lens due to the residual phase error on the
planar aperture. Similarly, the Gaussicity drops to 70% at 1THz due
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Figure 9: Directivity and mazimum Gaussicity (pattern coupling effi-
ciency) as a function of frequency (or lens radius) for a true elliptical
lens, a synthesized elliptical lens, and an extended hemispherical lens
at peak directivity position (Lpi).
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to the same effect. The directivities at extension lengths resulting in
peak directivity (Lpx) for 100GHz, 246GHz, 500GHz, 800GHz, and
1THz are also presented in Figure 9. Figure 10 shows that Ly asymp-
totically approaches the synthesized elliptical position with increasing
radius/wavelength (or increasing frequency for a constant radius). The
directivity at Lpk is always slightly higher (0.1-0.2dB) than the synthe-
sized elliptical directivity and shows a 1.5dB drop at 1THz from the
true elliptical lens. The Gaussicities at Ly are the same as those of
the synthesized elliptical position, except at 100GHz, where the peak
directivity position is closer to the hyperhemispherical position.

R/Aair
2 6 10 14 18 22
1.00 T T T T T T L T T T 1.00
- - - Synthesized Elliptical Positi
0.96 | " P SO 096
0.92 0.92
24
~
3
o
o]
0.88 0.88
0.84 0.04
s ]
0.80 ! | i { Il | L )| 0.80
100 300 500 700 900

Frequency (GHz)

Figure 10: Extension length for peak directivity versus frequency (or

R/).

The Gaussicity and directivity for extension lengths of 3520um
(hyperhemispherical), 5000pm (an intermediate position), and 6380xm
(synthesized ellipse) are shown in Figure 11. The hyperhemispherical
lens results in a nearly constant directivity of 18dB and Gaussicity
of 97%. Notice that the directivity is constant with frequency due
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to the constant n? magnification of the hyperhemispherical lens. The
Gaussicity at 5000¢m is slightly lower than the hyperhemispherical lens
and the directivity increases to around 30dB at high frequencies. The
Gaussicity at 6380um (close to the synthesized 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 70% at 1THz while the Gaussicity for the 5000pzm position drops to
80% at the same frequency. The hyperhemispherical position shows the
highest theoretical Gaussicity. However, it is hard to experimentally
achieve this efficiency at the hyperhemispherical position due to the
difficulty in aligning to the strongly converging beams needed at the
aperture of the lens [1]. Thus the region between 4200xm and 5200xm
(L/R=0.61 to 0.76) results in the best compromise between alignment,
directivity and Gaussian-coupling efficiency.
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a function of frequency (or lens radius) for an eztended hemispherical
lens at L=3520pm, 5000pm, and 6380xm.
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IV. 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. The results show that the directivity is
strongly dependent on the extension length, especially at high frequen-
cies. Our calculations also show that a 13.7mm diameter quartz lens
at the synthesized elliptical position can be used up to about 1THz (or
R/A=23) with an associated directivity greater than 40dB, but with a
drop in the Gaussicity to 70%.

The question arises of where to place the antenna on a lens for
the best possible performance. The answer, according to our calcula-
tions, 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. In our opin-
ion, 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 13.7mm diameter quartz lens, we believe that
a good compromise between the increase in directivity and the decrease
in Gaussian-coupling efficiency is achieved at 4200um-5200um exten-
sion length (L/R= 0.61 to 0.76). The corresponding Gaussicity is very
high being always above 80% for frequencies below 1THz. Also, the
corresponding dielectric reflection loss with a matching-cap layer is ac-
ceptable (0.3-1.0dB). The Gaussian-coupling efficiency for a double-slot
antenna at a position between 4200um to 5200xm (L/R= 0.61 to 0.76)
is 60-50%, which includes the reflection loss at the quartz-air interface
with a ), /4 matching layer (0.4-1.2dB) and the back-side power loss
(28%). The Gaussian-coupling efficiency for double-dipole and spiral
antennas is expected to be higher than double-slot antennas due to the
absence of power loss to the air-side and lower reflection loss at the
lens-air interface (see Fig. 8).

For imaging arrays, the extension length resulting in peak di-
rectivity should be chosen so as to result in the best possible packing
density in the focal plane. For a 13.7mm diameter lens, the aper-
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ture efficiency (coupling to a plane wave) at L, is 84% at 246GHz
(R/A=5.6), T7% at 500GHz (R/A=11.4), and 63% at 1THz (R/A=23).
The aperture efficiency vs. frequency (or R/)) can be calculated using
the formula €,p = (%)(%), where D is the directivity (Fig. 9) and A
is the aperture area of the lens. The corresponding Gaussicity is high
at 246GHz with a value of 84% and drops to 70% at 1THz. However
at Ly, the reflection loss at the lens-air interface is high, about 3dB
without a matching-cap layer, and 2.4dB with a A,,/4 matching-cap
layer. This reflection loss is mainly due to power lost in the flat ex-
tension section, and it is possible to reduce the reflection loss with a
higher directivity feed antenna (spiral antenna, log-periodic antenna, or
double-dipole antenna all with a backing ground plane). The Gaussian-
coupling efficiency of a double-slot antenna on a quartz lens with a A, /4
matching-cap layer at the Ly position is therefore 30%. This is con-
siderably lower than the 7T0% Gaussian-coupling efficiency expected for
double-slot antennas on extended hemispherical silicon lenses [1] at the
Lk position with a matching-cap layer. In [9], Biittgenbach found a
high Gaussian-coupling efficiency to a telescope (no absolute efficiency
data were quoted) with the use of an exended hemispherical quartz
lens at Ly position. The reason is that he used a spiral antenna and a
back-plane reflector, thereby eliminating the back-side power loss (28%)
and considerably reducing the reflection loss due to the increase in the
directivity (12-13dB) of the planar antenna inside the lens.

As seen from our calculations, double-slot antennas on extended
hemispherical quartz dielectrics suffer from two major loss factors. One
is the power loss to the air side (28%), which can be eliminated with the
use of a double-dipole, spiral, or log-periodic antenna and a back reflec-
tor. The other is the high reflection loss at larger extension lengths (Lpx
or synthesized elliptical positions). Zmuidzinas measured an estimated
60% Gaussian-coupling efficiency at 492GHz because he used a hyper-
hemispherical lens with a low extension length. His f/# was low and
he used an additional plastic lens to collimate the beam. The loss in
the Gaussian-coupling efficiency due to the additional lens is currently
being investigated [13]. The reflection loss calculations in Fig. 8 are
also applicable to double-dipole, spiral, and log-periodic antennas, and
are not as high as the double-slot antenna. One way to considerably
reduce the reflection losses for all these antennas is through the use of
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a true elliptical lens. The elliptical lens results in 0.6-0.65dB reflection
loss without a matching cap layer and a maximum of 0.2dB with a
Am/4 matching cap layer. Another way is through the use of a high
dielectric constant lens (silicon, alumina, etc.), which require shorter
extension sections. This also eliminates the need of a back-plane re-
flector in the case of double-dipole, spiral, and log-periodic antennas
thereby resulting in truly wideband designs.
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