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Abstract—This paper presents the effect of internal reflections on climate. (Sub)millimeter-wave frequencies can be used
on the beam pattern and input impedance of integrated lens an- to obtain data for studies on ozone-depletion mechanisms.
tennas. A silicon lens was designed and manufactured, and mea- \illimeter-wave frequencies can focus on exchanges between

surements were conducted at a frequency of 100 (impedance) andt h d stratosph brinai | t inf
500 GHz (beam pattern). A frequency-dependence characteriza- roposphere anad stratosphere, bringing compiementary infor-

tion of the beam pattern clearly showed the existence and impact Mation useful for studies on global changes.
of internal reflections. The measurements confirmed that most of ~ One of the most challenging problems in cosmology is
the frequency variations of the beam pattern could be attributed 10 the jssue of small temperature anisotropies in the cosmic

internal reflections, as predicted by the model. An on-wafer mea- ;o vave background. The combination of millimeter and
surement strategy for determining the antenna impedance at mil-

limeter-wave frequencies is presented. The validity of the model Submillimeter-wave frequencies allow contamination from
was also proven by an excellent match of the inputimpedance mea- galactic emission and extragalactic sources to be removed from
surements and predictions. Not only the level, but also the oscilla- the cosmological temperature anisotropies. Space astronomy
tion on the impedance curve was predicted accurately. Initial space gphservations at submillimeter wavelengths will also open up

qualification was performed in the form of thermal cycling. a virtually unexplored part of the spectrum, which cannot be
Index Terms—integrated lens antennas, internal reflections and  gpserved well from the ground.

input impedance. Several Earth observation instruments (MASTER, SO-
PRANO, PIRAMHYD) and astronomical missions (FIRST,
|. INTRODUCTION PLANCK), which use millimeter and submillimeter wave-

M ILLIMETER-WAVE and submillimeter-wave frequen- bagis, Sre ge{r‘l? 'IE)rllanrl\lle?h b% tr:je ET‘;:Ope"?‘“ tSpace tAgency
cies are becoming increasingly important in variou(s,E ). Noordwijk, The Netherlands. These instruments have

applications. For example, in imaging, remote sensing, ra any commonalities in their design and construction tech-

astronomy, and radar there is a high demand for low-noise FEgges. :;.T_ey reqUIlre. f;ateh-_ofr-]thet-art t(lecthnology t.(,:. iCh'e\:je
ceivers operating at frequencies from 30 GHz to 3 THz [1]-[4]€!f @mbitious goas; the fighest resolution, sensitivity an

There are several very important processes taking place in ZHEequency of operation.

atmosphere that deserve our attention, such as the greenhouMPSt of the above-mentioned instruments have receivers that

effect and ozone depletion. There is an ever-growing awaldork with horn antennas as receiving elements. They have tra-

ness on the possible detrimental effects of man's activitiédionally been the most common microwave antenna feed types
and, although the attenuation of fundamental-mode waveguides

at higher frequencies is high and both the effect of metal tol-
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Fig. 1. Integrated lens antenna design with expanded view of double slot and bolometer detector (dimensions not to scale).

allows these components to be accurately produced in muble beam efficiencyrf,c..,). Furthermore, a beam waistq) of
larger numbers at far lower costs. 1.20 mm was required to couple well to an existing quasi-op-
However, there might be some problems related with plantgal system ([7]).
antennas because of the reduced efficiency associated with the )
dielectric substrates on which these antennas are fabricaféd Planar Feed and Lens Design
If the dielectric is thick in terms of a wavelength, surface The lens antenna was optimized for an operating frequency
waves can be excited. Two basic approaches have been usesf 800 GHz. A planar double-slot radiator is selected as a feed
increase the efficiency; dielectric lenses or photonic-bandgfip a (high-resistivity) silicon substrate lens. The double-slot an-
(PBG) crystals. The PBG antenna is still a relatively netenna was chosen above other configurations, such as a double
concept and, with respect to the antenna performance thipole, an annular slot, etc., because of its better characteristics
PBG technology, is still in an experimental stage. Conversely,terms of the beam and Gaussian beam efficiency. After the op-
research on integrated lens antennas and designs has alréiaglgation procedure, as described in [8], a double-slot length,
reached some level of maturity and very promising radiatiGseparation, and width of 168, 93, and:f followed, respec-
characteristics have been demonstrated. tively. This resulted in an expected coupling efficiency of over
In this paper, the electromagnetic model of the internal re0% to the 2x 1m niobium (Nb) bolometer.
flections in integrated lens antennas, as described in [6], is comThe resulting lens geometry from the design procedure con-
pared to measurements. First, the planar feed design at 500 Gidzed of an extended hemispherical silicon lens with a diameter
is treated. In Sections Il and 1V, the beam-pattern measumd extension length of 4.0 mm and 66, respectively. On
ments are discussed, while the input impedance measuremeptof the lens, a quarter-wavelength (88) coating of Stycast
results are compared to theoretical results in Section V. Finalh264 is applied. The actual design is depicted in Fig. 1, whichin-
conclusions are drawn in Section VI. cludes the exploded view of the double-slot feed and bolometer.
The bolometer is placed between the inner conductors of the
coplanar waveguides (CPWSs) connecting the slot elements.

Il. INTEGRATED LENS ANTENNA DESIGN The transmission and absorption of Stycast 1264 were mea-
sured at room temperature with a Michelson interferometer in
the frequency range from 300 to 1500 GHz (Fig. 2). From those

Many scientific applications, such as limb sounding, radiormeasurements, a relative dielectric constant of 2.90 was found,
etry, and radio astronomy require an antenna that is optimizetiile the absorption coefficient was 3.5 Np/cm. The same mea-
for that particular application. Previous work on integrated lerssirements, but at a temperature of 4 K, showed that the per-
antennas [3], [4] showed that a high dielectric-constant lens likdittivity decreased to 2.85 and the absorption coefficient to
silicon (g, = 11.7) is very suitable to achieve excellent perfor0.2 Np/cm (Fig. 3).
mance in the millimeter and submillimeter range. The substrateTo test whether the silicon/Stycast 1264 combination could
lens, which is very attractive because of its mechanical rigidityithstand thermal cycling from room to cryogenic tempera-
and thermal stability, is designed for a limb-sounding instraures, the silicon lens with a layer of Stycast 1264 was heated
ment in the following section. The main design objectives fand cooled down from 300 to 4 K. No delaminating or cracking
that application were the Gaussian beam efficiemgy.£<) and was observed after multiple cool downs to 4 K.

A. General
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Fig. 2. Power transmission spectrum of Stycast 1264 layer with thickneSSfpéquency range of 400-500 GHz is used as an RF source. The

152 m at 300 K (—: fitted theoretical curve, — —: measured data). beam coming out of the carcinotron can be collimated)
b ' _ . ' . ' and a power density of aboutW/m2 can be achieved at the
‘ : ‘ : : : ! lens position (15 cm from carcinotron). This results in a max-
: imum power at the feed of 1.26 10~ W. Together with the
L Sl At S N R prommees P . measured noise equivalent power (NEP) of 10V/+/Hz and
; ; ; voltage sensitivity of 5 V/W (3-mA bias current) this resulted in
g 08f - T PN S ( ------------- a measurement dynamic range of at least 40 dB.
2 ! ; ; ! A chopper with a frequency of around 370 Hz is put in front of
g I R S [ [ the horn feed to amplitude modulate the RF signal. This chopper
E | g ; | g signal is also sent to the phase reference input of the lock-in
z ; ; ; ; : amplifier. To improve the polarization purity of the feed horn,
B T C . o ; : a polarizer is placed directly after the chopper. The polarized
E E : ! : i beam is then used to illuminate the integrated lens antenna.
0.5p==-mkommmmo oo oo TRRRREEEED ERRREEEEE Boeoeooo-- e The detection circuit (Fig. 5) was mounted inside a metal
: : E i housing (metal box), which is covered by an absorbing material
0l : : : : : to prevent standing waves. The received modulated RF signal
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is detected by a bolometer and then preamplified. The detector
circuit needs a dc-power supply as input and a current source to
Fig. 3. Power transmission spectrum of Stycast 1264 layer with thicknessldiis the bolometer. The output signal of the detecting circuit is

Frequency [GHz]

148um at 4 K (—: fitted theoretical curve, — —: measured data). amplified with a bandpass filter before it is sent to the lock-in
amplifier. Furthermore, a computer is used to read/write data
chopper from and to the lock-in amplifier.

b lens antenna

orn >

xy- || carcino- i | detector

A =hrise = ’ (] B. Bolometer Detector

g To detect the incoming power at the integrated lens antenna,
a microbolometer placed between the two planar slots is used at
room temperature. In Fig. 6, the planar feed structure is shown

polariser step motor —

rotation table

phase reference containing the double-slot feed, bolometer detector, and filter
. section. For the optimum integrated lens antenna design, sil-
personal lock-in filter . X .. . .
computer amplifier amplifier [~ icon is selected. Although the conductivity of silicon is some-

what higher than, for example, the conductivity of GaAs, the
main contribution of the conductivity losses will come from
impurities of the dielectric. Therefore, expensive and pure sil-
icon lenses were used to minimize these losses. To increase the
I1l. BEAM-PATTERN MEASUREMENTS thermal isolation of the bolometer, a 250-nm-thick filmSa0)
is thermally grown on top of the silicon slab.
The microbolometers used for the actual designs were made
Inthe setup, as depicted in Fig. 4, beam patterns are measuediobium (Nb). One good reason for choosing Nb above the
with a rotation stage in which the integrated lens antenna canwiglely used bismuth (Bi) is that, according to [9], th&f noise
rotated around two axes. In this wé¥, H-, as well asD-plane level of Nb is a factor of seven lower than the one of Bi. Further,
cross-section measurements can be made. A carcinotron inc¢beering the bolometer device with a 10—-20-nm-thick layer of

Fig. 4. Beam-pattern measurement setup.

A. Description of the Setup
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Fig. 6. Double slot plus bolometer detector and filter. Angle from boresight [deg]

aluminum oxide reduced the oxidation of Nb by air and, conseig. 7. Computed (—) and measured (%-plane beam patterns at 497 GHz,

quently, increased the reproducibility and accuracy. of a 4.0-mm-diameter silicon hemispherical lens with an extension length of
670 um.

IV. BEAM-PATTERN MEASUREMENT RESULTS

A. Results for Lens without Matching Layer °

The first measurements were conducted on a sil %
icon extended hemispherical lens of 4.0-mm diam- _j
eter. The output frequency of the carcinotron was meeg
sured to be 497 GHz and both the co- and cross-polar beam pz 13
terns were measured in tiie, H-, andD-planes. In Figs. 7-9, 2
the measured and theoretical results are depicted. It should
noted that the cross-polar radiation in theand H -planes was
lower than the noise floor of about40 dB. ,

Comparing the measurements and predictions in Figs. 7-§
shows that the agreement is very good for both the main bea=-35
and sidelobes. Another observation is that, for the measurt
beams, the nulls are deeper. A possible explanation is the effe
of internally reflected field contributions that may interfere with -4
the direct contribution. For a more detailed discussion onthe ir
ternal reflections, the reader is referred to [6] and Section IV-C =%
Finally, the differences for larger angles from boresight may be

due to a combination of double-slot feed misalignment, the prgsg. 8. Computed (—) and measured (F5plane beam patterns at 497 GHz,

ence of the CPW feeding structure, and the measurement setfip.4.0-mm-diameter silicon hemispherical lens with an extension length of
670 um.
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B. Results for Lens with Matching Layer

The silicon lens coated with the Stycast 1264 material was Fig. 13, the results are shown for the lens without coating,
also measured. The same operating frequency of 497 GHz vaasl in Fig. 14 for the lens with a Stycast coating.
used for the measurements and the results fofthed-, and  From these figures, it appears that the frequency dependence
D-planes are shown in Figs. 10-12, respectively. The agrée&more significant if no matching layer is present. For the non-
ment between measurements and predictions for the lens vdgated lens, both the beamwidth and sidelobes change more as
a matching layer is as good as for the lens without a matchiggunction of frequency. Simulations for the same three frequen-
layer. cies do not show this trend. However, if the internally reflected
field contributions are included into the model, the resulting
C. Frequency Dependence beam patterns have a similar frequency-dependent behavior, as
To investigate the frequency dependence of the beam pattegpicted as in Fig. 15.
for the lens with and without a matching layer, the measuredsince the overall beam pattern is an effect of two (or more)
H-plane co-polar radiation patterns are plotted for the followingbntributions, i.e., the direct and internal reflection contribu-

three frequencies: tions, a change in frequency manifests itself as an interference
1) 475 GHz, pattern. Mainly the sidelobes are affected because the direct
2) 486 GHz; contribution is considerably stronger than the internal reflected
3) 497 GHz. field contribution. Even though the main beams are more or less
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Fig.9. Computed (—)and measured (7>jplane beam patterns at497 GHz,Fig. 11. Computed (—) and measured (- H)-plane beam patterns at
of a 4.0-mm-diameter silicon hemispherical lens with an extension length §47 GHz, of a 4.0-mm-diameter coated silicon hemispherical lens with an
670 m. extension length of 67pm.
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Normalized co~ and cross—polar pattern [dB]
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Fig. 10. Computed (—) and measured (- E}plane beam patterns at

497 GHz, of a 4.0-mm-diameter coated silicon hemispherical lens with @Y. 12. Computed (—) and measured (— Dyplane beam patterns at

extension length of 67pm. 497 GHz, of a 4.0-mm-diameter coated silicon hemispherical lens with an
extension length of 67pm.

unaffected, the beamwidth behavior is the same as can be ob-

served from Fig. 13. To compare the Gaussian beam efficiencies, the definition

from [6] is used. However, it is clear from that reference that
not only the far-field amplitude of the beam is needed, but
From the measured and predicted beams, itis possible to caiso the far-field phase. The measurement setup described in
pute the beam and Gaussian beam efficiency. For the beamS#etion IlI-A did not allow phase measurements. Therefore,
ficiency comparisons, the power in the main beam is computta present the Gaussicity results, an uniform phase for both
to a level of—10 and—15 dB. In Table I, the resulting beamthe computed and measured beams is assumed. This means
efficiencies are given. It should be noted that, for a fair compahat only the far-field amplitude is considered. In Table Il, the
ison, only threep-cuts (-, D-, and H—planes) are taken from results are shown for the Gaussicity and beam waist in the
the measured and theoretical beam patterns for the computatimisimum waist plane.
of the efficiencies. The table clearly shows good agreement between the pre-
The agreement between the measured and predicted beandieted and measured Gaussian beam efficiencies. In general,
ficiencies is very good, except for the frequency of 486 GHthe beam waists are smaller (broader main beam) for the pre-
This originates from the differences between both beam pattedisted beams than for the measured beams, which agrees with
(in E-, D-, and H-planes) at that frequency, but it is not cleathe observation from the beam patterns (Figs. 7—12). Further, it
what causes this discrepancy. appears that the measured beams show the largest discrepancy

D. Results of the Beam and Gaussian Beam Efficiency
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Fig. 13. Measured? -plane beam patterns [497 GHz (—), 486 GHz (- —)Fig. 15. Computedd -plane beam patterns [497 GHz (—), 486 GHz (- -),
and 475 GHz (-.—-)] for a 4.0-mm-diameter silicon hemispherical lens with @md 475 GHz (—.-)] for a 4.0-mm-diameter silicon hemispherical lens with an

extension length of 679 m. extension length of 670m. The first-order internal reflections are included.
0 TABLE |
BEAM EFFICIENCIES (PERCENTAGE FOR THE MEASURED AND
S PREDICTED BEAM PATTERNS
-10r - frequency | matching | measurements predictions
g—lS [GHz] [Yes/No] | 10dB 15dB | 10dB 15dB
|5 497 No 83.8 88.4 | 83.9 88.9
£ 20 486 No 74.9 83.1 | 83.1 88.5
% 475 No 82.9 89.3 | 83.1 88.6
=25 497 Yes 83.0 874 | 824 88.6
;é 486 Yes 784 832 | 817 885
é =30 475 Yes 82.6 88.8 | 81.7 88.1
2 s}
i TABLE I
—40 GAUSSICITIES (PERCENTAGE) AND BEAM WAISTS (IN MILLIMETERS) FOR THE
MEASURED AND PREDICTED BEAM PATTERNS
45
: frequency | matching | measurements | predictions
- 20 10 0 10 20 30 [GHz] | [Yes/Nol | fgauss Wo | Mgauss _Wo
Angle from boresight [deg] 107 No 90.8 130 | 940 1.25
Fig. 14. Measured{ -plane beam patterns [497 GHz (—), 486 GHz (—-), and i?g 11:112 ggg };g gg; igg
475 GHz (—.-)] for a 4.0-mm-diameter coated silicon hemispherical lens with ' ’ ’ '
an extension length of 670m. 497 Yes 913 1.35 | 949 1.16
486 Yes 89.2 1.28 947 1.17
475 Yes 943 134 | 945 1.18

with theory for a frequency of 486 GHz and this has also been
observed from the beam efficiency comparisons.

V. INPUT IMPEDANCE MEASUREMENTS
A. Description of Setup

The setup for the on-wafef-parameter measurements of the
double-slot feed is depicted in Fig. 16. In this figure, it can be
seen that the CPW lines between the slots have been placed o
the outside of the feed instead of on the inner side, as in the
original double-slot design. The reason for this is that it is not
possible to put the measurement probes on the wafer betweer
the slots. It is, therefore, assumed that $i@arameters ob-
tained in this way represent the double-slot feed with two CPW
transformers at the inner side of the double slot. An extra length
(12004:m) of a transmission line is also added on both sides to
prevent the on-wafer probes from influencing the measurements
[lO]. Fig. 16. Setup for th&'-parameter measurements of the double-slot feed.
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10 ' ' ' ? ' ’ In order to verify the validity of this assumption, two different

configurations of double slots on an extended hemispherical
lens have been measured. First, the double-slot feed is placed
at 5.5 mm off axis and, second, the double slot is placed in the
focus itself. In the first case (Fig. 17), good agreement is found
between the model and measured impedances, neglecting the
lens effect. In the second case (Fig. 18), a good agreement is
also found, but this time, by including the lens effect on the
input impedance. The agreement between the predicted and ob-
served oscillation is remarkable. This proves that the internally
reflected waves are the main reason for the input impedance
variations caused by the lens [6].

However, in the measured data of Fig. 17, small oscillations
in the impedance can be observed as a function of frequency.

: These oscillations are certainly due to internal reflections, but

oo B e P 1% 1% the error that is introduced by neglecting them in the modeling
is in the same order as the design of the double slot with the

Fig. 17. Computed (—) and measured (- -) slot input impedance (ingkternal CPW instead of the internal CPW.
double-slot configuration) for an off-axis feed displacement of 5.5 mm. The

double slot is placed on a 20.0-mm-diameter silicon hemispherical lens with
an extension of 3.35 mm. VI]. CONCLUSIONS

140 , : , , , , , , In this paper an integrated lens antenna was designed, which
had a comparable performance as a Potter horn currently used
in a limb-sounder receiver around 500 GHz. To verify the elec-
tromagnetic prediction models, measurements were conducted
of the beam patterns around 500 GHz and scale-model mea-
surements of the input impedance at 100 GHz. The co- and
cross-polar beam-pattern measurements showed that, for a sil-
icon lens with and without a Stycast,( = 2.9) antireflec-

tion coating, the predicted patterns were comparable with the
measured ones at three different frequencies, i.e., 475, 486, and
497 GHz. The effect of the internal reflections was noticeable
when making a frequency sweep. Further, the predictions for
the input impedance (from 67 to 110 GHz) agreed very well
with the measured input impedances. Even the same oscillation
with frequency, due to the lens effect, was observed for the input

G 5 B 5w s e 1 o Impedance of a single slot in a double-slot configuration.
Frequency [GHz]

50

Input impedance [Q]

80L -0

=Y
<
T

'S
(=3

Input impedance [Q]

20r

Fig. 18. Computed (—) and measured (— —) slot input impedance (in a ACKNOWLEDGMENT
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