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Abstract—While monolithic integrated-circuit technology a waveguide mixer block, and waveguide tuning stubs with
promises a practical means for realizing reliable reproducible mechanically adjustable backshorts are used to optimize per-
planar millimeter and submillimeter-wave circuits, conventional formance by compensating for parasitic device reactance

planar circuits do not allow for critical post-fabrication optimiza- Fabricati f h CIrCUItS i difficul d | d
tion of performance. A 620-GHz quasi-optical monolithic detector abrication of such circuits Is a difficult and costly procedure,

circuit is used here to demonstrate the performance of two and the steadily decreasing size of higher frequency waveguide
integrated micromechanical planar tuning elements. This is features only makes the challenge more severe.

the first reported demonstration of integrated micromechanical An attractive alternative is the use of all-planar integrated-

tuning at submilimeter wavelengths. The tuning elements, .o it technology. Such circuits are fabricated through pho-

called sliding planar backshorts (SPB'’s), are used to adjust lith hi hni | Ki h imol

the electrical length of planar transmission-line tuning stubs tolithographic techniques alone, making them simpler and
to vary the power delivered between a substrate-lens coupled more cost-effective than conventionally machined waveguide
planar antenna and a thin-film bismuth detector over a circuits. A variety of these circuits have been demonstrated
range of nearly 15 dB. The circuit performance agrees with sing a substrate lens to quasi-optically couple millimeter and

theoretical calculations and microwave measurements of a [ . .
—0.06-dB reflection coefficient made for a scale model of the submillimeter-wave signals to planar antennas and devices

integrated tuners. The demonstrated tuning range for the SPB [91-{7]. This approach can provide better reproducibility and
tuners indicates that they can be valuable for characterizing reliability, allow for the creation of focal plane-imaging arrays
components in developmental circuits and for optimizing the in-  without an increase in the complexity of the fabrication process
use performance of various millimeter and submillimeter-wave [g] and could potentially allow for the inclusion of intermedi-
|ntegrated circuits. . 3 . .
ate frequency (IF) circuitry to form fully integrated receivers.
Index Terms—Micromachining, submillimeter waves, tuners.  However, device parasitics are still significant [9], [10] and
must be compensated for using planar circuit elements, which
are typically of fixed form and do not provide a means of

I. INTRODUCTION . -5 . k
post-fabrication optimization. This results in a greater need for

BMILLIMETER-WAVELENGTH molecular emissions 5. rate device and circuit characterization and optimization
re a valuable resource for providing insight into thfhrough iterative fabrication

chemical makeup and dynamics of stars, the intergalacticy 5 gesjrable to integrate adjustable tuning elements

medium, and the earth's atmosphere [1], [2]. Over the PaSl, pianar circuits, which would function analogously

ENO deca?jes, me(;hanlcal!y tunable waveguide circuits haye yhe adjustable backshorts found in waveguide circuits,
een use to make sens_lt_lve spectroscopic measuremen'_[gn@ techniques demonstrated in the fabrication of silicon
the millimeter and submillimeter-wave bands. In these Cificromachines suggest a means for realizing them. The

CUitS‘ a device such as a Schottk_y—dio_de or supercondu.é lisotropic etching of silicon (bulk micromachining) has been
tor—insulator—superconductor (SIS) junction is embedded Red to form rigid submilimeter-wave antenna [11], [12]

and transmission-line structures, [13], [14] and sacrificial-
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Fig. 1. (@) Circuit layout and (b) theoretical model [22]-[27] for the tunable
620-GHz integrated circuit. Two SPB tuners are used: one to create a variable
series reactance in between the antenna and detector and the other to create 3 ‘ 3
a variable susceptance in parallel with the detector. .30 H i H i H

3 4

2
. . Frequency, GHz
performance of two SPB tuners is demonstrated here in
a fully monolithic integrated circuit, where they are used ®)

to adjust the impedance match between a slot antenna &i§g2- Plotof the measured (a) reflection coefficient and (b) transmission co-
efficient for a scale model of the integrated SPB on &278PW transmission

a thin-film detector to predictably vary the circuit résponSgne. Measuredsi | is better than—0.5 dB over a 30% bandwidth.

over a range of nearly 15 dB at 620 GHz [18]. This is the

first reported demonstration of integrated micromechanicaliye uncovered sections retain their higher impedance. Each
adjustable tuning at submillimeter wavelengths. Such tuniRg these sections is approximately one quarter-wavelength
elements may be used in developmental circuits as an aididfg, and the cascade of alternating low-impedance and high-
characterizing state-of-the-art devices or to provide real-tif@pedance sections results in an extremely low-impedance
performance optimization in a wide range of millimeter anghmination at the position along the transmission line at which

submillimeter-wave integrated circuits. the plate is positioned. The critical dimensions of the 620-GHz
integrated SPB tuners used in this experiment were scaled
Il. DESIGN from a tuning element, which was empirically designed at

A quasi-optical 620-GHz monolithic direct-detection circui2 GHz for use on a 208 coplanar-strip transmission line
was developed to demonstrate the operation of integrated 9R8]. A frequency-scaled version of this tuning element has
tuners. This circuit used a dielectric-filled parabola to focu@so been demonstrated at 100 GHz [20]. The(¥&PW
radiation onto a slot antenna and coupled this radiation touaed here is the physical dual of that transmission line, and the
bismuth detector by means of two coplanar waveguide (CPWturn loss of the SPB in this application was also measured
transmission lines, each with integrated SPB tuners. One SRB2 GHz as|s;1| = —0.06 dB. Insertion and return loss
was used to create a variable series reactance betweenntieasurements were made from 20 MHz to 5 GHz using an HP
antenna and detector, potentially serving to compensate for @510 network analyzer, anjel ; | remained better than0.5 dB
off-resonance reactance of the slot. The other SPB createdvar a bandwidth of approximately 30%, as shown in Fig. 2.
variable susceptance in parallel with the detector, and could ate 620-GHz frequency-scaled SPB consisted of three covered
to compensate for the parasitic capacitance found in otherwistions, each approximately 0 long, and two uncovered
desirable submillimeter-wave devices. The integrated circ@iéctions, approximately 65- and 7®a long. Additional un-
design is illustrated in Fig. 1. covered and covered sections were added to the trailing end of

An SPB consists of a rectangular metal plate with aphe SPB to better facilitate its manipulation with a mechanical
propriately sized and spaced holes, which rests on top opebe. The width of the exterior of the 620-GHz SPB was 200
dielectric-coated planar transmission line. The impedance jaf, and the holes were 110m wide. These dimensions were
the sections of line covered by metal is greatly reduced, whithosen to avoid lateral resonances at the design frequency.
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The dielectric-filled parabola used in this experiment con-
sisted of a plano-convex fused-quartz lens with the convex
surface shaped into a parabola with a focal-length-to-diameter
ratio of 1:4 [21]. The parabolic side was metalized to function
analogously to a conventional parabolic dish antenna, focusing
incident paraxial radiation to a small beam-waist. The inte-
grated detector circuit was fabricated on a fused-quartz wafer
and positioned on the lens so that the antenna coincided with
this beam-waist.

The CPW transmission lines were designed to optimize the
effect of the tuning elements, and the antenna was designed
to be compatible with the dimensions of the CPW and SPB
tuners. The antenna was a full-wave resonant slot, j261-
long, 5:m wide, and designed to have a feed impedance of
24 Q) at 620 GHz [22]. The CPW ransmission lines consisted
of a 16u:m-wide center conductor, with Bm-wide gaps
on each side, and were designed to have a characteristic
impedance of 782 and a guide wavelength, of 312 um
[23], [24]. The line was also designed to minimize loss due
to radiation into the substrate [25]. Conductor loss for such
a line can be minimized by the use of a highly conductive
metal or superconducting film. Total loss for the lines in this
experiment was calculated to be 0.6 AR/

For this experiment a small bismuth film was used to create
a self-heating thermocouple for detection of the submillimeter
radiation. It was patterned to lie across both sides of the CPW -
line, near the antenna. Current induced in the antenna by a (b)

Sme”hmeter signal passes thQUgh the film and heatsllt’ aﬁg 3. (a) An SEM photograph of the integrated SPB tuners and (b) an
the physical symmetry of the interface between the bismudptical photograph of the entire transparent circuit wafer compared with a
and conductors of the CPW results in a thermal—electdine. Each SPB is 20gm wide and 5:m thick and slides along a polyimide
voltage, which is proportional to the power absorbed by g’ SCLce 6 B Lo T e Pl 1 a 620-GHz
film. This circuit was designed to accommodate a four-wirggnal.

resistance measurement, allowing the bismuth film to be used

as a microbolometer as well [26]. The advantage of using theartz wafer. Conventionally patterned thin-films were used
film as a thermocouple is that it requires no bias current arfdy the dielectric-coated transmission lines and antenna, and
thus, has reduced noise [27]. Using a bismuth film, which {he SPB tuners added over a sacrificial seed layer through two
much thicker than the metal layer with which the detector mustetal electrodepositions and a spin coating of polyimide [28],
overlap, insures good edge coverage and also results in a 1¢28]. After removing the sacrificial metal to allow the patterned
impedance detector, which closely matches théX2datenna. metal elements to slide freely within the polyimide guides,
The measured dc resistance of the two bismuth detectors @patterned thin-film of bismuth was added as the detector.
and 42() appeared in parallel for the RF circuit as 185 An SEM photograph of the center of the circuit is shown in
This impedance match and, consequently, the output of thg). 3(a), and a photograph of the entire circuit is shown in
circuit, could then be altered by varying the positions of theig. 3(b).

SPB tuners. The circuit was mounted in a brass fixture over a recess
containing the fused-quartz parabola with gold-film backing.
Aluminum bond wires were used to connect the center and
outer conductors on each end of the CPW to individual

The seven-layer submillimeter-wave detector circuit wgwinted circuit boards on the mount, each terminated with a
fabricated entirely by monolithic techniques. The antennapnnector. This was done in order to allow various connection
CPW, and detectors were fabricated using standard thin-fimethods to be tried for measurement of the detected signal.
techniques. The SPB tuners were fabricated using a unidtiee fixture was attached (with the circuit facing upwards) to
application of molding and sacrificial-layer techniques. Thesa adjustable gimbal mount on top of two orthogonal linear-
are similar to techniques which are commonly applied in theanslation stages mounted on an optical-measurement table. A
micromachining of silicon, but have been adapted to materiageld mirror mounted on translational and rotational stages was
and processes suitable for a submillimeter-wave integratesied to direct a horizontally incident signal onto the circuit.
circuit. Simple circuit fabrication facilities lacking dedicatedA microscope with a magnification of 10@0was positioned
environmental controls proved adequate. The entire circuit waisan angle above the circuit to aid in the manipulation of the
fabricated on a circular 18-mm-diameter 2pd+thick fused- SPB tuners. The setup is illustrated in Fig. 4(a).

Ill. EXPERIMENTAL RESULTS
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Fig. 5. Measurede) (+) and theoretical (—) response for series tuning
i , of the 620-GHz detector circuit with the parallel tuner in a fixed position

(I, = 0.321),). The power absorbed by the detect®y; is shown as a
function of the series tuner positioh, normalized to that measured near the
peak withl; = 0.488\,.

(b)

Fig. 4. lllustration of the (a) 620-GHz measurement system and (b) micro-
scope photograph of SPB tuner manipulation. A mirror was used to direct the
chopped signal onto the substrate lens of the circuit with a lock-in amplifier : : : ‘ :
used to monitor the circuit response while the SPB tuners were manipulated S : R S S
with an ox-hair probe. : : : :

A backward-wave oscillator (BWO) was used as a 620-GHz 0.0 1.0 2.0
source. This source provided a few milliwatts of multimode L/
power with much less than 1% in the fundamental mode, P
which couples to the circuit. It was positioned behind a 25-Hz @
chopper and as close as possible to the gold mirror. A PAR-
125A lock-in amplifier was used to measure the output voltage L R A UG SN N
of the detector. The system was first aligned to maximize the i A T"""
detected signal (approximately&/) with the tuning elements 2 A R A
in somewhat arbitrary positions. The voltage was measured St R S oot S AR Bt S
across the two detectors in series. : : ‘ "
A probe was fashioned with a 5@m-diameter ox hair at
its tip and used to manually position the appropriate SPB
for each measurement, as shown in Fig. 4(b). Micrometer-
driven positioners were not used here due to mechanical
constraints, but could provide improved usability in most
circuits. Manual adjustments proved adequate here for the
desired), /16 position increments. o0 10 20
Measurements were made of the power delivered to the LI
detector as the SPB tuners were adjusted. The measured data P
obtained by sweeping the position of the series tuning element (b)
incrementally over a distance of one guide-wavelength forray. 6. Measured’s) (+) and theoretical (—) response for shunt tuning
fixed position of the parallel tuning element is shown in Fig. mf the 620-GHz detector circuit, with the series tuner in two different fixed
Data sets obtained by sweeping the parallel tuning elem ositions (a) and (b). The power absorbed by the detetors shown as a

h ) tion of the parallel tuner positioy normalized to that measured near the
incrementally over a range of three guide-wavelengths for tweak withl, = 0.321\, andl, = 0.488),.
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integrated with CPW transmission lines in a quasi-optical
detector circuit and their performance measured at 620 GHz.
The circuit performance was consistent with a theoretical
model, indicating that each SPB had a reflection coefficient
of approximately|s;1| = —0.06 dB. The tuning elements
were used to vary the power delivered to the detector over
a range of almost 15 dB by adding a variable reactance in
series with the antenna and a variable susceptance in parallel
with the detector. The tuner design can be easily scaled for use
at higher (or lower) frequencies, and potentially include mi-
croelectromechanical actuation. Fabrication of the SPB tuners
involves processes and materials common to and compatible
with those typically used in the production of millimeter-
wave and submillimeter-wave integrated circuits. Such tuning

elements are useful as an aid for the characterization of
Fig. 7. Smith chart showing the range of impedances to which the integra

SPB tuning circuit can transform a 2&-antenna. The indicated range, basegg&te_pf_the_art planar SmeI_”Imet(__‘\r_Wave dewce_s_ and for the
on a lossless system, includes impedances suitable for matching to thos@@timization of performance in a wide range of millimeter and

SIS and Schottky devices. submillimeter-wave monolithic integrated circuits.

Impedance Matching
Range for Typical

Submillimeter Wave
Devices /

Accessible
Tuning Range

different positions of the series tuning element are shown in ACKNOWLEDGMENT

Fig. 6. These results were recorded over several experimentathe authors would like to thank Y.-C. Tai for valuable
runs spaced some hours apart, and different symbols have bggBussions on micromachining, P. H. Siegel for providing
plotted to represent groups of data recorded in each run. Datgjice and facilities, including the dielectric-filled parabola,

for each sweep were normalized to a reference measuremgif 0. Borg-Lubecke for assistance with the manuscript.

taken near the peak response with the SPB which created
the parallel susceptance positioned nagy4 and the SPB
which created the series reactance positioned ne#2. In

each measurement sweep, the SPB tuners functioned to vdH/

the power through multiple peaks and nulls in a repeatablg)
manner.

A theoretical model for the planar circuit, shown in 3
Fig. 2(b), was created to predict and validate the performance
of the SPB tuners [30]. The power delivered to the detector
P, was calculated as a function of SPB positidgngfor the 4]
SPB in series between the antenna and detectorsj,afidr
the SPB in parallel with the detectors) normalized to that
calculated for the circuit with, = 0.488X, andl, = 0.321), 5
corresponding to the positions for the measurement used to
normalize the measured data. The theoretical model includi%
impedance and losses calculated for the transmission lin
[23]-[25], the dc conductivity measured for the metal film,
impedance calculated for the antenna [22], and reflectiol!
coefficient measured for the SPB tuners at 2 GHz. The
theoretical response has been included with the measuréd
data in Figs. 5 and 6.

The results are consistent with those calculated from thp]
model. There may have been some additional coupling phe-
nomena between the SPB and the antenna, particularly for
distances of less thah, /2. The theoretical range of detector{10]
impedances for which this circuit can provide an impedaniﬁ]
match to a 24?2 antenna is shown in Fig. 7, which coincide
with that of many common submillimeter-wave devices.

[12]
V. CONCLUSIONS
This paper demonstrates the function of micromechanidafl

tuning elements in a fully monolithic submillimeter-wave
integrated circuit. Two micromechanical SPB tuners were
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