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j Jor a father who never came back home

and for brothers intozicated with metal and fire,
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‘ sewn with peace and love
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PREFACE

This thesis deals with the design and performance of millimeter and submillimeter-
wave integrated horn antenna Schottky receivers at room temperature. The de-
sign and performance of & dual-polarized integrated horn antennas imaging array

for millimeter-wave applications is also included.
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'CHAPTER I

INTRODUCTION

.Millimeter-wave systems spanning the frequency range from 30GHz to 300GHz
are attractive for many re;a.sons; Compared to lower-frequgncy microwave systems,
milliﬁleter-wave systems have better spatial resolution due to the small A ﬁsed, better
‘immunity to interfefence, and increased sensitivity to Doppler velocity effects. The
large bandwidths available at the corresponding millimeter-waves transmission win-
dows result in the fact that GHz bandwidths can be accommodated at any pa.rticuiar
millimeter-wave atmospheric window. Compé.red to optical systems, millimeter-wave
systems have a better a.tmos‘pheric propagation through fog, clouds, smoke, and dust
in their transmission windows, and offer a technology more feasible for frequency
multiplexing. Millimeter-wave systems have been used in many scientific and mil-
itary applications such in remote sensing, radioastronomy, communication systems,
imaging arrays, and missiles tracking rada.rs [1,2,3, 4, 5,. 6]. Millimeter-wave systems
are now being introduced into the commercial market through applications such as .
anti-collision radars (7] and Intelligent-Vehicle-Highway-Systems (IVHS) [8].

During the past tw&decﬁes, scientists have exploitéd. the near-millimeter wave
freﬁuency range (wavelength ranges from 3mm to 300um) for remote sensing and

radio-astronomical applications [1, 9). Hence, the development of heterodyne receivers




with 1mproved nensxtxv:ty has been necessary for a wide range of a.pphcatlons in radio

astronomy, plasma physics, frequency standa.rds spectroicopy, and satellite-based
radlometry. These low-noise heterodyne receivers use GaAs Schottky Barrier diodes
or supercc.)nducting tunnel-junctions (SIS) as the non-linear elements. In figure 1.1,
the basic configuration for a heterodyne receiver operating in the near-millimeter
wave region is shown. | |

The loss encountered in waveguide structures at near-millimeter wavelengths has
pushe& the development of guasi-optical structures for guiding the wave through free-
space and coupling it to the receiver antenna [10, 11]. The circuit functions, performed
before by waveguides in a microwave or a millimetér-wave system, are performed now
through the aid of quasi-optical elements with bearn djameters which are not many
orders of magnitude greater than the operating wavelength as in the optical regime.
In figure 1.1, the LO and RF signal beams are combined using a quasi-optical diplexer.
The combined be@ is coupled to the antenna-mixer block via a dielectric lens. The
IF signal is amplified through a low-noise IF chain. The most important element in
~ determining the receiver performance is the a.ntenna-niixer configuration. The most
widely used antenna-mixer conﬁgurati.on, discussed in section 1.1, is a waveguide feed
horn feeding into a waveguide mixer structure. This thesis deals with the design,
development, and performance of & new antenna-mixer configuration that falls in the
category of quasi-optical mixers that incorporate planar integrated antenna structures

with hybrid planar mixer circuits.
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Figure 1.1: The basic configuration for a heterodyne receiver operating in the near-
millimeter wave region.

1.1 Waveguide Recewers for the Near-Millimeter Wave Fre-
quency Range

1.1.1 GaAs Schottky Diode Mixers

Fig. 1.2 shows the ﬁlost common single-ended mixer mount structure [12, 13].
Scalar or corrugated horns [14], dual-mode horns [15],.pyra,mida1 and conical feed
horns [16] are used to couple the input RF and LO powers into the mixer struc-
ture; The diode is mounted inside a reducéd—height waveguide, typically one-fourth
of the nominal value, resulting in desirable RF and IF impedance levels over a wide
_frequency range. A quarter-wave step transformer or taper transition is normally
used to connect the reduced-height waveguide to the input guide. The RF choke,
either a coaxial structure [17] or a dielectric microstrip line (18], is used to pass the
IF signal and the dc bias to the Aiode and to present a reactive termination to the

RF frequency at the waveguide wall for optimum mixer performance. The opera.ﬁion




.

of waveguide mixers is limited to GOOGHz because above this frequency, single-mode
metalic-guided wave structures become very difficult to fabricate and exhibit high
loss. Corrugated horns with highly rotational symmetric patterns are d1ﬂicult to be
built above 350GHz due to the complexity of their mechanical designs. Dual-mode
horns with high Gaussian coupling éﬁcient.:ylcan be built up to 600GHz. Simple
pyramidal or conical horns have been used at frequencies higher than 600GHz [19),
but they suffer from !ngh sidelobe levels and a distinctly non-symmetric radiation
pattern, resulting in poor Ga.usslan coupling to quasi-optical systems.

The dot-matrix chip GaAs Schottky dicde has been mostly used in waveguide
mixer structures and has consistently achieved the best performance of any mixer
diode, because of its emall series resistﬁnce and junction capacitance, and its negligible
parasitic cﬁpacita.nce. A single anode “dot” on the chip is contacted by a small -
diameter contact wire (“whisker”), and the baﬁkside of the chip which represents
the cathode is soldered to an appropriate mounting suﬁaw. The whisker wire shape
and dimensions and the position of an adjustable tu;nng Short-i.n“t‘he”teduced-height
waveguide are used to control the embedding impedance seen by the diode at the LO
frequency a.ﬁd the RF sidebands. The optimization of the doping and thickness of the
diode epilayer and the optimization of the mixer mount have a big effect on lowering
the mixer noise temperature.

For high frequencf applications, work has been done on fabricating diodes with
small anode diamefer and on reducing the skin effect resistance between the Schottky
and ohmic contacts [20. A considerable improvement in the receiver noise temper-
ature is obtained by co§ling the diodes to crfogenic temperatures. DSB waveguide
receivérs ﬁoise temperatures as low as 62K at iOOGHz and as low as 330K at 230GHz

have been obtained at cryogenic temperatures [21, 12].
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Figure 1.2: A typical waveguide receiver mixer mount operating beloﬁ 600GHz.

One of the main disadvantages of the dot-matrix diode is the difficulty of achiev-
ing a mechanically reliable whisker contact. Also, whisker-contacted diodes require
reduced-height waveguide mounts which are difficult to machine and are ﬁot well
suited for space applications. To solve thjs problem, a variety of planar beam-lead
diode design's_'ha,ve.been investigated. In these bea,m-.lea.d diodes, the whisker is re-
placed by a planar‘ﬁnger contact. Thig results in a reliable and strong diode structure,
but suffers from high parasitic capa.cita.ucé which deteriorates the mixer performance
in the near-millimeter frequency range. Many designs have been developed for low-
parasitic planar diodes such as the low-parasitic bea.m-le;d diodes (22, 23, 24] and
the “surface channel” planar diode. The surface channel diode proved to be a very
promisixig structure for millimeter and submillimeter-wave applications (25, 26, 27).

As a result of planar diodes ‘development, a new line of waveguide mixers have




been designed and implemented, mcludmg single-ended f§ubha.rmomcally pumped,

and bala.nced mixers, using fin-line, microstrip line, and suspended substrate strip-
line technology [27 28, 29, 30]. In these designs, planar diodes are mounted on a
suspended stnp-lme or on a microstrip line structures which separates IF, LO and
RF algna.ls The LO and RF slgnals are coupled from Jull-height waveguide to the
strip-line or the microstrip line circuit via tunable probe-type transitions. These types
of waveguide mixers employing planar diodes ‘have showed compatible performance
with whisker-contacted ‘diode waveguide mixers for room temperature apphcatmns

[28, 26].

1.1.2 SIS Mixers

An alternative mixer element is the SIS superconducting tunnel junction [31, 32).
The SIS mixer is the most sensitive detector in the millimeter-wave region. The
quantum limit for noise temperature (in a SSB mixer) has essentially been reached
“at 100GHz [33]. This is a result of the extremely low shot noise, potential conversion
gain and low local oscillator power requirements of SIS mixers. Waveguide mounts,
similar to those used for Schottky-diode mixers, have been used for SIS mixers. The
frequency operation' of SIS mixers is limited by the superconducting energy gap of
the material. Current SIS waveguide receivers are used at frequencies up to 700GHz
[34, 35, 36, 37, 38, 39). Even though SIS devices are relatively stable and thermally
recyclable device, they must be cooled to 4-8°K. They are also electrically fragile and
the mixers incorporating these devxcw are not as rugged or reliable as those using

state-of-the-art planar Schottky diodes.
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1.2 Quasi-Optical Receivers for the Near-Millimeter Wave
Frequency Range |

>

As discussed in the previous section, fundamental-mode wavegiide mounts are
difficult to fabricate above 600GHz and exhibit high loss above 600GHz. The most
widely used open structure antenna in .submillimeter-wave he_terodyne receivers is
the corner-cube antenna (Fig. 1.3) [40, 41]. In- this mixer mount, the diode con-
tact whisker is uséd also as a tra.veling-v.vave’ antenna. A narrow high-gain beam
is produced by placing a corner reflector behind the wire. The disadvantage of | the
corner-cube antenna is that it has a low Gaussian coupling efficiency (around 40-50%)
because of its relatively high side lobes a.nd cross-polarization levels. Receivers em-
ploying the corner-cube antenna structure are the only receivers available now above
1THz [42]. |

The disa.dva.nta.ge of waveguide-based millimeter- and submillimeter-wave systems
is the considerable cost Df, ma.chiﬁing them. Applications, such as imaging arrays and
collision-avoidance radars, which ret;uir_e a volume production base, would Be very
expensive to develop using precision-machined waveguides. Also, as discussed pre-
viously, wa.v_eguid&based réceivers are very diﬂicult to fabricate above 600GHz. It
is clear that the suggested millimeter- and submillimeter-wave applications requiring
2 volume production base, low cost, optimized electrical performance, subminiature
packaging, and minimal dc power con_sumpfion necessitates the development of a
new generation of RF components and systems, one .prima.rly .based on a.dvaﬁced
integrated-circuit techniques. Hence, integrated receivers are easier to inanufa.cture

and to assemble, and more reliable than waveguide receivers. The integration tech-

‘niques allow a tremendous size and weight reduction of linear or two-dimensional

arrays of receivers. Integrated receivers can be precisely controlled with enhanced-
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Figure 1.3: A quasi-optical mixer mount using a corner-cube antenna.

resolution proéessing techniqués to achieve a higix degree of reproducibility.

Millimeter-wave integrated circuits are either hybrid or monolithic. In hybrid cir-
cuits, the RF circuit : integrated on an inéulating substrate and discrete, subminia-
ture, semicondﬁctbr devices are mounted on thé circuit. Then, the hybrid circuit is
either pl.a.ced in a thin-wall channelized housing or suspended in a waﬁeguide éavity
depending on the application. The hybrid approach leads to low startup costs and to
circuit flexibility with reasonably low production oost Also, the device; in a hybrid
module can be evaluated individually prior to circuit integration. Hybrid integrated
circuits been used extehsively in the last dm@e and still being used now in the
millimeter-wave‘frequency range for many commercial, scientific and military appli-
cations such as fundamental, balanced and mbhmomc mixers, transceiver systems,
amplifiers, and voitage-controlled oscillators [43, 44].

In monolithic circuits, the RF circuits and the active devices are both integrated

on semiconductor substrates. Multifunction circuits are formed on a single semicon-




ductor chip and the optimum layout of these circuits leads to considerable minjatur-
ization of the overall chip. The startup costs for monolithic circuits tend to be very
high but when the stage of volume ptoductlon is achieved, the cost peiimt becomes
very low. The big advancements in Ga.As monohthxc technology are makmg the ad-

vantages of millimeter-wave monolithic circuits real and the monolithic approach to
be the approach of the future. GaAs MMICs and millimeter-wave monolithic circuits,
such as amplifiers and mixer chips, have been developed and tested euccessfully with
very favorable results [43, 45]. The physical dimensions of integrated RF circuits for
submillimeter-wave applications make the job of mounting _semiconductor devices on
tEese hybrid circuits a very difﬁcult and non-practical task. Also, the availability of
semiconductor devices planar chips is limited. Hen_ce, mono_lith.ic circuits are currently
the only practical solution for the submillimeter-wave region. Yet, monolithic circuits
are still in their early stage of development, and hence, the cost of their production
is still high, Also, wi_th monolithic circuits, there is no opportunity to adjust, modify, -
or otherwise “tweak” a circuit to optimize it. That is why h‘ybricii- integrated circuits
have currently the state-of-the-art performance in millimeter-wave applications {46).
Note tha£ we are _ﬁot doing here ; comparison with millimeter-wave monolithic SIS
mixers since they outperform any other millimeter-wave either hybrid or monolithic
integrated mixers.

The main important factor in the development of integrated receivers is the de-
i-re!opment of planar integrated-circuit antennas and of low-parasitic planar GaAs
Schottky diodes [25, 26]. In an integrated receiver, the planar antenna is integrated
together with the mixer circuit on the same insulating substrate (hybrid) or on the
same semiconduetor substrate (monolithic). In order for an integrated receiver to

compete with a waveguide receiver in the near-millimeter frequency range, it is very
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important that its planar. antenna has a high coupling efﬁczency to Gaussian beam
optics. .
The first generation of integrated receivers was bujlt using integrated antennas
on dielectric substrates such as single-slot antenna [47) and double-slot antenna [18].
These antennas have the problem of low radiation efficiencies and poor patterns be-
cause of power lost through substrate-modes due to finite substrate thickness [48].
These substrate-modes losses can be eliminated by using a lens of the same dielectric
constant as the integrated circuit substrate and attached to the substrate (typically
called substrate lens) [48, 49]. This also Increases the directivity and the Gaussian
coupling efﬁc:ency of the printed-circuit antenna. Planar antennas, such as double-
dipoles, double slots, log-periodic and spiral antennas, have been used extensively
with substrate lenses to bu:ld hybrid and monolithic integrated Schottky receivers,
and quasi-optical SIS receivers for millimeter- and submllhmeter-wave applications.
The paper by Rebeiz [50] presents an exhaustive review of the different designs of
pla.na.r antennas on substrate lenses. The disadvantage of the substrate lens design is
their cost when machined out of silicon (or GaAs). They also suffer from dielectric
losses and reflection losses at the air-dielectric interface. |
'The need to have more efficient with no substra.te—mode or dielectric losses pushed
the development of planar antennas on thin dielectric membranes [51]. These mem-

branes are grown on silicon (or on GaAs) substrates [52] and the area of the substrate

- on which the antenna will be printed is etched away to the membrane level which acts

as an etch stop. In this new design, the membrane is so thin compared with a free-
space wavelength that the antenna effectively radiates in free space. Log-periodic and

linear tapered slot antennas have been fabricated on thin membranes and resulted in

good radiation patterns in the submillimeter-wave range [53, 54,
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Since the thin dielectric membrane on which the planar antenna is integrated
covers a small area of :the,‘ semiconductor substrate, the detectofs and S%g;tronics can
be integrated on the s;.;frounding substrate. This, in addition to the absence of losses
in this new planar antenna structure, resulted in the development of a two-dimensional
imaging array of integrated horn antennas (Fig. ‘1.4) [51). An integrated horn antenna
consists of a dipole probe integrated on a thin membrane and suspended inside a
70.6° flare angle pyramidal cavity anisotropically etched in silicon. The function of
the pyramidal cavity is to increase the eiﬁciencj and directivity of the dipole probe,
but not to the level of competing with corrugated or dual-mode horns. The large area
on the substrate and on the membrane surrounding the diﬁole probe is available for
RF, IF and dc electronics. This makes the integration of the dipole probe and the

surrounding circuitry fully planar. _

Space for
detection circuits

Back-wafer

Front-wafer

Figure 1.4: The basic structure of an integrated horn antenna.
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The work in this thesis is directed. toward the-.develop@nt of efficient low noise
single-channel planar Schottky receivers based on the integrated horn antenna for
millimeter- and submillimeter-wave applications. In chapter 2, the integrated horn
antenna is modeled for pattern and impedance measurements. These measurements
are very important for the receiver design. Chapter 3 describes the design, fabri-
cation, and performance of an integrated Schottky receiver at 90GHz and 250GHz.
This receiver is based on the quasi-integrated horn antenna [55] with a novel pla-
nar mixer design The hybnd approach is chosen for the rmxer design because of
the a.vmlablhty of high quality low-parasxtxc surface channel planar GaAs Schottky
diodes which are supplied by the Umversxty of Virginia and are suitable for the near-
mllhmeter wave frequency range The 90GHz and 250GHz receivers resulted in the
best performance up to date for a room temperature qua.sx-optlca.l receiver employing
a planar diode. Also, a submillimeter-wave integrated receiver at 335GHz has been
builh with another novel mixer design, and its measured noise figure is within 1dB of
the noise figure at 335GHz of the best tuned room temperature waveguide receivers
employing a similar planar diode. Chapter 4 describes the design and performance of
a 94GHz two-dimehsional imaging array of dua.!-polanzed mtegrated horn antennas.
The orthogonal dipole probes on the membrane are fed with a novel feeding structure.

In appendix A, the design and performance of a 16x16 802GHz array of inte-
grated horn antennas are described. A thorough study of quasi-optical diplexers and
the derivation of mixer noise temperature in a qua.sx-optxcal receiver system are pre-
sented in appendices B and C, respectively. Appendix D describes the fabrication
processes used for micromachining the V-groove and the trenches, which are part of

the integrated horn antenna structure.



CHAPTER II

MILLIMETER-WAVE INTEGRATED HORN
ANTENNAS

Integrated circuit antennas are tfhe leading technology used for millimeter- and
submillimeter-wave applications that vary from plasma diagnostics imaging arrays to
radic-astronomy and anti-collision radars. At these frequencies, the planar antenna
(or the mtenna-&ray) is an essential part of the integrated circuitry. The basic
- requirements for most antennas are acceptable ra;diat.ion efﬁqiency, symmetrical far-
field pattern, and impedance. This, in turn, translates to a high coupling efficiency
to a lens or a reflector if the planar antenna ié used as a focal plane sensor.

Several planar printed-circuit antennas on dielectric substrates have been devel-
oped such as the linear .taperéd slot antenna [56), the single—slot antenna [47), and tl'ig
twin-dipole antenna [57]. These antennas are easy to ixitegrate but they suffer from
surface wave and substrate-mode losses [58,.59, 48)]. This results in poor patterns and
low antenna radiation efficiencies. | | o

To solve this problem, the planar a.nténna.. is mounted on a dielectric lens which
eliminates the substrate modes, and increases the effective aperture a.nd couplmg
efﬁc:ency of the antenna [60, 61, 49]. Double-slot [42, 62], double-&xpole [63], log-

periodic [64, 65], and spiral antennas [38] on dielectric lenses have been successfully
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2.1 Integrated Horn Antenna Fabrication

The mainpart of the integrated horn antenna is the mernbra.ne‘;g{g‘fer. It consists
of a silicon wafer on which a tri-layer of Si0,/S8i3N,/Si0, (top/center/bottom) of
thickness (~ 45004/~ 35004 /~ 75004) is grown on both sides. This trilayer of
oxide/nitride/oxide films forms the membrane layer. The silicon wafers used for the
membrane wafer and the other wafers forming the horn have their surface plane as
the < 100 > crystal plane [68].

The membrane wafer is patterned from the back-side and the trilayer is etched
away to expose the silicon substrﬁtg. The silicon substrate is then etched anisotropi-
cally either using an ethylenediamine-pyrocathecol-water solution (EDP) or a hydrox-
ide potassium (KOH).-wa,ter solution {68, 69]. The anisotropic etchant will continue
to etch the silicon substrate until it reaches the other side of the wafer and the mem-
brane will act as an etch stop, leaving a transparent membrane with a thickness of
1.4-1.5pm.

When etching using the EDP soiution, the membrane layer is not attacked because
the top layer of SiO; is etched at an extremely slow rate [70]. However, for the case
of the KOH-H;0 solution, the top S5i0; layer is attacked, and a masking layer has
to be present during etching on the side of the membrane in order to protect it [68].
Anisotropic etchants attack the < 111 > surfaces at a much slower rate than the
< 100 > surfaces. For EDP and KOH , the anisotropic etch-rate ratios of < 100 >
plane over < 111 > plane are 50:1 and 400:1, respectively, and the etch rates are
1-1.2pm/min at 115°C and 0.4-0.5pm/min at 65°C, respectively. Normally, KOH
etchant is used when verf smooth walls are required (submillimeter-wave antennas)
and when the membrane dimensions are smaller than Imm so that the membrane

can still hold even with the top oxide layer is etched away. Due to the slower etch




rate in the < 111 > planes than in the < 100 > planes, the resulting walls of the

cavity formed are bounded by < 111 > crystal planes whigh are at an angle of 54.7°
with the < 100 > planes (figure 2.2). We can express the dimensions of the resulting
membrane as :

W memtrane = Wopening- (2t) tan(90°-54.7°) = Wopening= V2t »

where ¢ is the wafer thickness.

Ny Ve |

Silicon rMembtane

0 \ |
Wmembrane

Figure 2.2: The membrane wafer. The feed-dipole a.ntenna. is mtegrated on the thin
transparent membrane layer.

Before processing on thé membrane wafer, the_wa.fer is cleaned to remove any
residual etchant using a 1:1 DI-H;0:H,SO, solution for 1 min. and then rinsed with
water. The feed—dipole is then integra.ted on the thin membrane and any circuitry
| related to the antenna or receiver design is integrated around the membrane on the sil-
icon wafer. The fabrication of the circuit is déne with regular lithography techniques.
More detail on the fabrication procedure are presented in-{51, T1}.

A dipole antenna suspended on the thin membrane acts as a dipole antenna in
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air. Hence, its directivity and effective aperture are very low and it would very
unefficient to use such kmd of an antenna in an imaging or a receﬁer system. To
increase the dnrectmty of the feed-dipole antenna, we took advantage of the 35.3°
angle between the < 111 > crystal plane and the normal direction to the < 100 >
plane to form a pyramidal cavity containing the feed-dipole antenna. This is done |
by etching additional silicon wafers and attaching them to the front and to the back
of the membrane wafer in order to complete the pyramidal cavity which has a flare
angle of 70.6° (2x35.3°) (Figure 2.3). The depth of the horn dy is related to the
opening of the horn Wopenin, by

dn = Wopening /\/2- The number of wafers used to complete the cavity depends on
the horn opening and on the position of the feed-dipole inside the cavity. The wafers
used for completing the cavity are completly etched through and therefore need to
have only an oxide layer for use as a mas.k.when etching in EDP or KOH.

The horn collects the energy incident on its aperture, and focuses it on the dipole
antenna suspended on the membrane inside the horn. The integration of the dipole-
antenna on the thin membrane layer eliminates the possibility of coupling some of the
power incident on the dipole-antenna into substrate modes and eliminates the need of
a substrate lens. The focusing properties of the horn increase the effective area of the
dipole, thus leaving plenty of room for integrating circuitry around the membrane on
the wafer. This gives us the ability to build a closely spaced array of integrated horn
antennas and still leave ample space around the dipole underneath the horn opening
area for the interconnections and detection circuitry (Figure 2.4).

We will start by discussing the single-element integrated horn antenna in a ground
plane, since most of the work in this thesis is based on single-element integrated horn

antennas. The design of the horn antenna involves the selection of the horn aperture
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size and the dipole position in the cavit&. A horn aperture smaller than 0.8 results in
a wide radiation pattern with a directivity around 8 dB. This pattern dqgs not have
any advantage over elementary antennas such as a dipole backed by a g:jund plane.
On the other hand, a horn aperture greater than 1.8\ suffers from aperture phase
errors due to the large flare angle of the horn [72]. Also, the horn radiation pattern
and the dipole input impedance are strongly dependent on the dipole position inside
the horn cavity. For example, a dipole position close to the apex lies near the cutoff
region of the horn and results in a low input impedance, while the high-order modes
triggered by a dipole position close to the aperture distort the aperture field and yield
poor radiation patterns and low aperture efficiencies. From the theoretical analysis
developed by George Eleftheriades for the integrated horn antenna in a ground plane
[73, 74], we find that for a 70° flare angle, horn apertures from 1.0A-square to 1.5\

square with dipole positions between 0.36A and 0.55) result in good radiation patterns

and practical values of dipole impedances.

2.2 Impedance Measurements

A microwave model at 1-2GHz was constructed for impedance measurements. The
dipole antenna was fed using a coaxial cable and a coplanar-strip transmission line
shorted A/4 away from the feed (Figure 2.5). This design has two purposes. It models
the low-frequency connection on the membrane effectively, and provides an effective
Balun for the coax-dipole transition. The dipole antenna was modeled using copper
tape over a thin polyethylene sheet which represents the membrane. The dipole was
also fed along the axis of the horn with a coaxial cable and an appropriate Balun.
Both measurements resulted in identical results, A strip width of 0.015X-0.025) was

used in the following measurements.
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The measured resonant resistance and resonant length of th‘gieed dipole vs. dipole
position are compared with theory [74] in figure 2.6. The resbna.nt resistance is a
strong function of the dipole position, and varjes ﬁbm 250 to 1750 for dipole positions
between 0.34) and 0.6). As predicted by the fullwave analysis [74], the st.rip dipole
cannot achieve resonance for feeding positions between 0.6 and 0.8A. This is due to
the fact that at these positions, the dipole antenna resides in a strong capacitive region
and the hbm geometry limits the length of the dipole antenna ﬁMch will provide
the adequate inductance in order to obtain resonance, There is a setl:onc.lA region of
resonance near the aperture of the hofn, but the corresponding rt;adiation patterns are
poor, because the higher order modes (mainly TE;, and TM:3), which are excited
now close to the aperture, disfurb-signiﬁca.ntly the dominant mode distribution at
the aperture. - -

The input impedances versus frequency for irarioﬁs. feed Positions are presented in
figure 2.7. It is seen that the dipéle; impedance increases and becomes more wideband
as the dipole is moved away from the apex. The measured results agree very well
with theory [75). The region around 0.6A resulting in large radiation resistances (150-
2002) corresponds to the region where the horn focuses the incident energy from the
aperture and which results in the largest values of the electric field along the horn -
axis [58, 51]. | o |

Measurements and theory [73] indicate that as long as the dipole is located within
about 0.55\ from the \a.pex of the horn, its input i.mpedance is mainly determined
by the Iocé.l cavity environment and not by the size of the horn radiating aperture.
Thus, the dipole impedances of figure 2.6 (up to a position of 0.55) from the apex)
are equally valid for 1.0, 1.5), and 2.0\ horn apertures. Also, the radiation patterns

. of the antenna and jts directivity are not dependent on the dipole position when
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Figure 2.5: Microwave impédance measurement setup at 1-2GHz. The shorted
' coplanar-strips act as a balun and models the low-pass filter and the
bias line in the 92GH> antenna.
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Figure 2.7: The input impedances versus frequency for various feed positions in the
horn cavity. The dashed line is the measured impedance of a dipole in a
3x3 array at 7.3GHz [71].
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placed below 0.55) from the apex, because of the dominant excitation of TE;e mode
in the horn cavity. For these dipole feed positions (L, < 0.551), the far-field pattern
is only dependent on the horn aperture size. This leads to the indepé{i:%ence of the
feed-dipole input impedance design and the antenna directivity design. Figure 2.7
| shows that for dipole positions betwéen 0.36A and 0.55), we can obtain feed-dipole

impedances which are suitable for Schottky diodes and SIS mixers.

2.3 Pattern Measurements

An integrated horn antenna with an apetture of 1.35\-square and a dipole position
of 0.38) from the apex was viabricated for microwave and millimeter-wave pattern
ineasurements. This design is based on the criteria discussed in the previous two
sections of this chapter. The corresponding membrane is 0.54A-square. The dipole is
placed at the center of the membrane, and a resistive bolometer detector integrated
at its apex. The length of the feed-dipole is 0.38) because it results into a radiation
resistance close to 50(} at the design frequency (Fig.- 2.6). The 0.54A membrane allows
the integration of a simple coplanar-strip A/4 low-pass filter which results in a very
large parallel impedance at the dipole apex [51]. The bolometer detector presenfs
there a much lower impedance and absorbs a.ll the received power.

A microwave model at 3GHz with a ground-ﬁla.ne Idimension of 2.5A-square was
used for pattern measurements. For the 92GHz measurements, the horn design re-
sulted in a front and back wafer thicknesses of 1.9mm and 1.25mm, respectivély. The
front and back wafers were constructed from a stack of low resistivity (p = 1 —cm)
silicon wafers with nominal thicknesses of 760xm and 380pm (Fig. 2.8). The vari-
ation in wafer thickness and alignment repe#.tability introduced several 60um steps

in the horn cavity. The horn sidewalls are gold coated except for the sidewalls of
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the membrane wafer in order not to overshadow the membrane. This lowers the
cross-pola._riz,ation by 2-3dB and has a negligible effect on A}e co-polarized pattern
(51, 76]. For patterns measurements, a 4pmx4pm-square bismuth microbolometer
[51, 77) with a resistance of 700 is integrated at the apex of the dipole antenna, and
is used for détecting tﬁe poﬁrer coupled to the dipole antenna.

‘The measured E- and H-plane patterns (Figures 2.9, 2.10) agree well with theory
at 3GHz and 92GHz [74, 78]. The discrepancy in the E-plane pattern for ‘l.a.rge
angles are due to the finite size of the ground-plane at 3GHz, and to the steps in the
sidewalls at 92GHz. Al_so note that the pattern is rotationally symmetric due to the
small presence of the TE,;; and TM:2 modes on the aperture which taper the fields
in the E-plane.

This antenna at 92GHz has a calculated directivity of 12+0.3dB and translates
. into an aperture efficiency (coupling to a plane wave) of 70%=+4%. It is possible to
get a higher directivity (up to 15dB) from an integrated horn antenna structure with

an opening of 3.0\ but at an expense of a very low aperture efficiency of 30% (due to

the phase errors on the horn aperture) [73]). The cross-polarization component was

very low and not measurable in the E and H-plane scans. Thé 45°-plane pattern also
agrees well with theory (Fig. 2.10), but the cross-polarization component could not

be measured due to signal-to-noise ratio limitations.

2.4 Comparison with Two-Dimensional Horn Arrays

The measured input impedance for feed positions between 0.36) and 0.55\ did
not change if the ground-pline was removed or if the horn was placed in the middle
of a 3x3 array [71). Also, for the dipole positions mentioned above, the measured

(and predicted) impedance is insensitive to the horn aperture size. This is because
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at feed positions far from the aperture, the impedance is determined mainly by the
geometry of the horn cavity and not by the transition to free spa.ce; T_l;e predicted
impedances and resonant lengths for a horn in an infinite groimd-plane‘f::n therefore
be safely used for the design of two-dimensional horn arrays for dipole positions
between 0.36) and 0.55\ and for horn apertures greater or equal to 1. Indeed, the
experimentally determined resonant length and radiation resistance used by Guo et
al. [76] for the design of an efficient 1) imaging array agree well with our calculations
and measurements for a 1.35) horn in a ground-plane with the same dipole position
and dipole length (Fig. 2.7). For imaging arrays with apertures smaller than 1), the
mutual-coupling among the array elements starts affecting the dipole impedance and
the antenna patterns. |

The j)atterns for a 1.35X-square horn in a ground-plane and in a two-dimensional
array are shown in figure 2.11. Reciprocity and mode-matching technique at the
horn aperture has been successfully used to- predict the pattern of a horn element
in a two-dimensional array [73, 51]. The TE;q tapering of the electric field across
the aperture yields a vanishing tangential electric field at the edges of the horn and
therefore decouples the horn from the array environment. This results in an H-plane
pattern that is similar to that of a horn in an infinite ground-plane as long as the
horn aperture is larger than 1). In the case of the E-plane pattern, tl_le horn sees the
array and the spikes and nulls in the pattern are due to the discrete nature of the
Floquet-modes_' [79). It is clear from the patterns that a horn in a two-dimensional
array will always yield a.highef gain and spillover efficiency .tha.n a horn in an infinite
ground-plane. This is due to the null in the E-plane pattern at 90° and is a result of

the vanishing electric field at grazing angles in a two-dimensional array.
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| CHAPTER III

MILLIMETER AND SUBMILLIMETER-WAVE
QUASI-INTEGRATED HORN ANTENNA
SCHOTTKY RECEIVERS

In the previous chapter, the integrated horn ai:tenna. desigﬁ was presented. The
impedance measurements showed that for feed-dipole positibns between 0.36A and
0.55A from the apex of the horn, the dipole impedance is determined mainly by
the geometry of the horn cavity and not by the transition to free space, and the
resulting imﬁed@cw values a.r'c;, suitable for Schottky diodes and SIS mixers. Also,
the theoretical study done in [73, 74] and the experimental verification presented in
the previous chapter showed that horn apertures between 1.0\ and 1.5), either in an
array or in a ground plane, result in good radiation i)attems, independent of the dipole
position as long as it is below 0.55) from the horn apex. The resulting directivities
are between 10dB and 13dB. The three main points which are importa;nt to mention
and make the integrated horn antenna a good candidate for use in millimeter- and

submillimeter-wave receivers are:

o The integrated horn antenna does .not suffer from dielectric losses and substrate-

mode losses like other planar antennas on dielectric substrates or dielectric lenses

[50].
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o The integrated horn antenna is ideally suited for imaging array applications

with lots of space available for IF and low frequency connections.

o As will be seen in this chapter, a quasi-integrated horn antenna can be designed

to yield a 97% Gaussian coupling efficiency.

Quasi-optical components such as interferomeiers, lenses, and reflectors are used
for coupling the signal power into planar antenna receivers in the millimeter- and
submillimeter-wave region. The wave suffers from diffraction loss while propagating
through these quasi-optical components of finite diameter. A solution to the wave
equation including diffraction is an orthogonal set of basis functions, termed “Gaus-
sian modes”, which are characterized by the fact that the transverse amplitude and
'phase distribution of the propagating beam possess circular symmetry [10]. The low-
est order Gaussian mode or fundamental mode is of primary importance in practical
receivers because it results in the smallest possible optics for the quasi-optical sys-
tem. A well designed quasi-optical system allows nearly lossless propagation of the
fundamental mode and any conversion of energy to higher order modes is regarded as
undesired loss Hence, the coupling efficiency between the receiver antenna and the
fundamental Gaussian beam should be maximized. This is done by producing at the
aperture of the feed antenna a field distribution whose radiation pattern is symmetric
and highly Gaussian.

Scalar feed horns and dual-mode feed horns are examples of antenna feeds with
high G;usian coupling efficiency (A corrug#ted conical horn antenna with finjte
dimensions has a 97-98% Gaussian coupling efficiency) [16]. Note that a feed antenna
optimized to yield a high Gauésian coupling eﬂiciehcy does not result in the highest

aperture efficiency (coupling to a plane wave) which requires a different aperture

diﬂtr;hnﬁnn (11?\;&-\?"‘- Gn‘r’ A:e“r:‘-\u‘:nn\ T £1 s DI A T cory e
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. circular aperture yields a 97-99% Gaussain coupling efficiency and a 55-60% aperture
efficiency [72). Integra.ted horn antennas are desirable for i imaging smccﬁhcy result
in a relatively high aperture efficiency (70-80%) (due to the presence of the dominant
TEq0 on the aperture) [51, 76, 78]. On the other hand, the coupling efficiency of
integrated horn antennas, with an aperture opening between 1.0\ and 1.5), to the
fundamental Gaussian beam is around 75-80% {73, 55). This introduces a 1.2dB
increase in the receiver conversion loss and noise performance.

In this chapter, the design and performance of 90GHz, 250GHz, and 330GHz quasi-
‘ ihteyfated born antenna receivers are described. The RF coupling structure of these
receivers is a modification of the integrated horn antenna described in the previous
chapter. It exhibits a high Gaussian coupling efficiency (97%) and is a considerable
improvement over standard integrated-circuit antennas. The planar mixer circuit,
along with the feed dipole, are both integrated on the membrane wafer. The dxode
used for mixing is a planar University of Virginia surfa.ce-channel Schottky dlode
The IF signal is taken out through a sx_mple CPS line on the silicon substrate and
through an IF matching network. The mixer requires no tuning and no additional RF
matching network, and shows excellent performance over a 10% bandwidth. The low
cost of fabrication and the simplicity of the design makes it ideal for use in millimeter-
and submillimeter-wave receivers, and the resultlng performance compares favorably

with the performance of the best Schottky wavegmde mixers.

3.1 Antenna Desxgn

A quasi-integrated horn antenna has been designed by Eleftheriades et al. [80, 55].
to overcome the limitations of the large flare angle of the integrated horn antenna. In

this design, a flared machined section is attached to the front part of the integrated
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horn antenna to result in lugher gain patterns (Figure 3.1). The abrupt change of
ﬂare—a.ngle at7the Junctlon of the mtegrated section and the m!chmed section of the |
horn acts as a mode converter that excites mainly the TE,,, TElz/ TM;; and TEj3,
modes. These modes are properly phased on the radiating aperture by appropriately
selecting the length and the flare-angle of the machined section. This results in
highly symmetrical far-field patterns with higher gain. Hence, we have now a quasi-
integrated horn antenna compatible with integrated circuits, and which does not suffer
neither from dielectric losses nor from surface wave losses and has a performance
comparable to high gain scalar feed and dual-mode horns.
| Machined Section

IF Out 1
|
e — Membrane |

ag

g

Lg ‘
Integrated Section

Figure 3.1: A quasi-integrated horn antenna structure.

The design of the integrated horn antenna section is the same as the one discussed
in the previous chapter for the 92GHz pattern measuremenE. The 1.35A integrated.
horn antenna aperture does not yield a lot of phase errors at the junction of the
integrated section and the machined section. The 0.38) feed-dipole position from the

integrated horn apex results in feed-dipole impedance values sujtable for Schottky |
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and SIS mixers (Figure 2.7), and determined mainly by the geometry of the horn
cavity and not by the transxtlon to the machmed section. This is vahd & for dipole
positions below 0.55 from the horn apex, and this will facilitate the lm;cer modeling
because there is no need to model the machined section for impedance measurements.
The minimum dimension of the machined section is about 1.35A-square, which should
allow the fabrication of the quasi-integrated horﬁ antenna up to I.STHz. This is a

considerable improvement over waveguide horn technology where it is possible to

build corrugated horns up to 300GHz and dual-mode horns up to 600GHz [81].

3.1.1 Patterns and Radiation Characteristics for the 80GHz Quasi-Integrated

Horn Antenna

A 20dB quasi-integrated horn antenna was designed for 90GHz using the method
discussed above and with @, = 1.354, s = 0.0, Lpy = 7A, Xy = 3.56\ and 6, = 9° (see
figure 3.1 and [55] for more detail). In the measurement set-up, the machined section .
is mounted on a fixture, and the integrated horn antenna section is held against
the machined section using an x-y-z positioning étage. The measured patterns at
91.4GHz (Figure 3.2) show low sidelobe-levels, a -22dB cross-polarization level in
the 45° plane, a 10-dB beamwidth of 34°, and a calculated 97%- Gaussian coupling
efficiency {73, 55]. An excellent agreement down to -40dB between the measured
patterns and the theoretical patterns has been obtained [80, 55].

. 'fhe qﬁasi—integra.ted horn antenna aperture dimension is 3.561-square and results
in a 62.5% aperture ﬁdency (coupling to a plane wave) at 91.4GHz. Figure 3.3 shows
the measured pa.ttérns for the 90GHz design at 86.5GHz and 95.5GHsz. As shown, the
variation in the 10dB-beamwidth is less than 3° in this frequency range. The radiation

characteristics of the 20dB quasi-integrated horn antenna at the d&ign frequency and
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ﬂ ﬂ 0.95f, | f, 1.05f, ﬂ
Gain 19.4dB | 20dB 2o.sngJ,_

60.6% 62.8% 65.4% —"
10dB Beamwidth " 37°k1° 134°+1.2° | 32° 4+ 1.8°—"

" Aperture efﬁciency

Sidelobe-level (E-plane) " -23dB | -27dB | -26.3dB

Cross-pol. (45°) -22.5dB | -22.7dB | -23dB

|
85% 86% 86.5% 7‘

95.5% | 97.3% | 96.5% "

Table 3.1: The radiation characteristics of ﬁhe 20dB quasi-integrated horn antenna
over a 10% bandwidth. -

Beam-efficiency (to -10dB)

Gaussian Coupling efficiency

at 0.95f, and 1.05f, are summarized in Table 3.1. It is seen that the Gaussian coupling
efficiency remains very high (above 96%) and that the cross-polarization level remains
below -22dB. Table 3.2 shows the calcula.#ed gain and coupling efficiency of the 20dB.
gain quasi-integrated horn aﬁtenna from 80 to 110GHz (this is the frequency range
over which the receiver measurements were done). It is seen.that the variation in
the Gaussian coupling efficiency is not more than -0.5dB at the edges of the 30GHz
bandwidth. Also, the Gaussian coupling éﬁiciency drops more slowly at the higher end
of the bandwidth. It is important to note that in these calculations, the Gaussian
beam pa.ré.metérs are optimized at ‘each frequency to obtain for the best coupling
between the antenna and the Gaussian beam. In a practxca.l system, th:s will tra.nslate

. ..w«.m—_:-

into a slight adjustment of the receiving optics in the 30% ba.ndw1dth




36

0
— E-pllneiezp 3
..... H elexp. .
[**2er £45°~plane(exp. T
m -10f 3
© r J
£ F :
a o 3
-20 Py
s : :
= o ]
[} [ o
—y
g C ]
-30 | ]
-40 b

-90 -80 -30 o 30 60 go

Relative gain, dB

||llnii]:llalnnlllulll:::l;nanll:rl

-40 |nnu)]nul:nI|u1nuulnnuluhn!n:nhnnuu|

-90 -60 -30 0 30 60 90
Elevation angle, degrees

Figure 3.3: The measured E-, H-, and 45-° Plane patterns of the 9GHz quasi-
integrated horn antenna at 86.5GHz (ton) and 05 5O~ fhateen



37

Frequency (GHz) W 85 | 90 | 95 [ 100 | 10

110
, 86 {95 [ 97 | 97 | 92 | g8 8?"

Gain (dB) . 18.7 {194 | 20.0 { 20.6 | 21.3 | 21.9 | 20.7 "

Gaussian coupling efficiency %

Table 3.2: The calculated ga.mland Gaussian coupling efficiency of the 20dB quasi-
integrated horn antenna ftom 80GHz to 110GHz. The design frequency is
90GHz.

3.2 A 90GHz Quasi-Integrated Horn Antenna Receiver

3.2.1 Mixer Design

The quasi-integrated receiver consists of an integrated section (Figure 3.4), and a
machined section, which is attached to the frant of the integrated horn antenna and
is not shown in the.ﬁgure. The integrated structure is based on the design discussed
previously in section 3.1. The integrated horn aperture is 1. 35A resulting in a.‘ cavity )
depth of 0.95) or 3175pm at 90GHz (the cavity depth is related to the 70.6° cavity
flare angle).

The pyramidal cavity with the 70.6° flare angle is constructed using low and high
resistivity silicon wafers etched anisotropically and stacked together. The appropriate
wafer thicknesses used in the 90GHz receiver structure are shown in figure 3.4. Note
that the ezact cavity depth can not be achieved because of the limitations of wafer
thicknesses a,va.xlable in the industry. The mixer circuit consmtmg of the feed-dipole
with the CPS lines is integrated on the membrane wafer as shown in ﬁgure 3.5.

'The_: horn sidewalls of each silicon wafer, except for the wa.fer conta.lmng the mem-

brane, are coated with gold by flood evaporation before assembling the integrated
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horn antenna. The thickness of the gold evaporated is at least twice the skin depth at
90GHz (851 = 0.25pm at 90GHz). For the membrane wafer, only three sidewalls are
coated with gold and the sidewall in front of the coplanar stripline (waliii,‘Figure
3.4) is left uncoated so as not to short the IF and RF signals on the CPS line ;n
the mixer circuit. The three sidewalls of the.membrane wafer are coated one at a
time by masking the opening of the membrane except the area corresponding to the
projection of the side wall on the membrane opéning and then flood evaporating gold
on the wafer. Again, to avoid an IF short on the CPS line, the sidewall behind the
coplanar stripline {wall B, Figure‘3.4) must also be far enough from the CPS line.
To facilitate the fabrication of wall B, a V-shaped groove (70.6°) is etched anisotrop-
ically through wall B in the silicon wafer directly behind the membrane (Figure 3.6).
Hence, the wafer containing the V-groove in wall B can be flood evaporated with
gold, metalizing therefore all the sidewalls including the groove without inducing any

“short on the CPS line when the wafers are stacked. The silicon wafer containing the
V-groove does not need to be of high resistivity type since it is eventually coated with
gold. The reader is referred to Appendix D for details on the fabrication of V-shaped
grooves in silicon.

A microwave model of a CPS line on a half-space dielectric (Stycast ¢, = 12)
covered by a V-shaped groove showed that the height of the cavity should be at
least 6 times larger than the separation between the two strips forming the CPS
line. This is needed in order to minimize the effect of the groove environment on the
fields propagating along the CPS line on the dielectric. For the 9_0GHz- ldesign, the
V-groove height (or depth) is 300gm which is ten times larger than the sep;ration
between the two strips forming the CPS line on silicon. The V-groove cavity is small

enough so that no higher-order modes are present at 90GHz. The effective quasi-
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signal on the surrounding dielectric substrate. The height of the high resistivity
silicon substrate is chosen so that it appears thick at RF frequencies, and sgghat the
capacitance between the contact pad at the end of each stripline and the underneath
ground plane is minimized at [F frequencies. This ground plane is formed during the
flood evaporation of gold on the sidewalls of the high resistivity wafer which is above
the membrane wafer (Figure 3.4).

In the case of the 90GHz mixer, the high resistivity substrate consists of two 355um
high resistivity silicon wafers. The evaporated gold used in forming the mixer circuit is
about 5000A which is equal to twice the skin depth of gold at 90GHz (pyo1q = 2.2x10-6
{2~cm). An RF choke is defined along the CPS line by using two integrated lumped
capacitors. At 90GHz, the first capacitor on the membrane itself is As/4 away from
the dipole apex and the second capacitor on the silicon is Ae/2 away from the first
capacitor, where A, is the effective wavelength of the CPS line on silicon covered
on top by the V-shaped groove (e > (1 +¢€)/2). The capacitors are fabricated
by evaporating two gold patches over the CPS line and using a 1.1uym insulating
polyimide dielectric. The polyimide dielectric is Selectiplast HTR3-50 (82] with a
measured dielectric constant of 4.0 to 4.5 at microwave frequencies. The separation
between the two strips of the CPS line on the silicon wafer is reduced to 304m rather
than the 60xm on the membrane 1n order to minimize radiation losses of the CPS line

in the substrate [48]. The 60um separation between the two strips of the CPS line

on the membrane is chosen to give space for the planar diode a.node ﬁnger (50um)

when the diode is epoxied at the dipole apex. The CPS line impedance is 220§ on the
membrane (¢, = 1) and 820 on the silicon substrate (e, = 6.48) (the reader is referred
to figure 3.5 for the striplines dimensions, and to [83] for impedance calculations).

The capacitor integrated on the membrane js approximately 90fF (70pmx240pm)
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and the one integrated on silicon is 50{F (70;¢mx130yr¥i This results in a low pass
filter mth 2 -3dB corner frequency of 35GHz and a rejection of -19dB at 90GHz. The
series resistance in the CPS circuit lines is 4 to 4.50. The low pass filter presents a

* high impedance at the dipole apex at the fundamental frequency 90GHz and shorts
the diode at the second ha.rmqnic. These are the two most important frequency
components for mixer performance, as was shown by the v&c;rk of Held and Kerr
[84, 85] and also in [86).

A microstrip quarter-wave transformer is fabricated on a Duroid 5870 substrate
(87) and used to match the 1.4GHz IF diode output impedance to 500. The IF
matching network is specifically not integratéd on the high resistivity silicon sub-
strate to facilitate the use of different If matching networks. The transltlon from the

-integrated coplanar stripline to the Duroid substrate, obtained by either using silver
epoxy or bonding v_wm, is not important due to the low IF frequency used. For higher
IF frequencies, the IF matching network can be integrated directly on the wafer by
using a transition from coplanar stripline to coplanar waveguide (88, 89]. For arra.y
kapplication‘s with severe space constraints oﬁ the matching network, a transformer
can be integrated using a lumped capaditoxj and a lumped inductor [90]. Figure 3.7
shows such a matching network.

The diode of choice to be used in the mixer design is the UVA SC2T3 planar
surface-channel GaAs Schottky diode [25] with a 2.5¢m anode diameter and & 6-
F zero-bias junction capacitance, Cjo (Figure 3.8). The diode ideality factor  is
equal to 1.1-1.2. The diode saturation current I, is 5x10-'7 Amps. The Schottky
diode is fabricated using a 1000A-thick n~ layer (2x10'" /cm®) and a 5um-thick o+
layer (5x10® /cm®). The aurface-cha.nnel‘ etched underneath the anode finger results

in a reduction of the diode parasitic capacitance. The diode chip dimensions are
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400,umx140pmx55pm yielding approximately a 6-7{F Parasitic capacitance (Cpad)
between the contact pads and a 1.5-2fF parasitic capacitance (Cp) betweekilthe anode
finger tip and the cathode [91, 92, 93].

1 *=Zout/Zin
Zout | o= (005 Zin
OtZ |
L=t C Z; 2

Figure 3.7: AnIF matching network consisting of a lJumped capacitor C and a lumped
inductor L. Z,,, is the mixer IF output impedance. Z, is the input
impedance of the matching circuit from the [F chain side (normally 5092).

The diode DC series resistam-:e is 2.5-30, but there are three components at RF
which should be added to the dc value of the series resistance R,. The first component
18 Rerermar and it is due to the error in mea.suring the diode resistance at audio
frequencies or dc, which results in a negative component caused by heating of the
diode (84, 85). In our €ase, Rihermat is ~ 1 — 20 for a 2.5¢m anode diameter [92].
The second component is due to the RF skin effect in the n+ buffer layer and in the
anode finger which results in an additional R,;;, [94]. The skin depth 8,4, at 90GHz
for n* (p,+ =10-3 flcm) is 5.34m which is equal to n* layer thickness and hence at
90GHz, there is no additional skin eﬂ‘ect resistance due to the n+ layer. The anode
finger which is 50pmx2.5pmx2.5ym resu]t# in an additiona.llskin?eﬂ'ect resistance
of ~ 170 at 90GHz (pac = 2.2 X 10~° N—em, and Suin = 0.25um). The third

component results from the voltage dependence of the ‘undepleted epitaxial material
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Figure 3.8: The geometry of the UVa planar surface-channel diode.

width. In this study, this third component 1s assumed negligible. Hence, the tota
series resistance R, of the SC2T3 diode is 6-6.50. The ﬁnger inductance is assﬁme(
negligible (~ 0.9pH at 90GHz) [95). The SC2T3 dmde ha.s shown good performanc
at millimeter-wave frequencies with RF embeddmg u'npedanws around 50+j50Q [96]
This impedance cou]d be apprommately lclueved at 91 4GHz (RF frequency) by usin,
a 0.38)-long dipole positioned 0.38) from the apex in a fully conductmg horn cavity

Impedance measurements were done on a 35x sca.le model of the receiver structur
at 2.55GHz (correspondmg toa desxgn frequency of 91 4GHz) The non-conductmg
wall A in the receiver structure was modelcd usmg a wa.ll of stycast (& = 12). The
measured mput 1mpeda.nce was 85+Jllﬂ at the deslgn frequency including the effec
of the uncoated sidewall (wall A) and the V-ahaped groove (wa.ll B) (Flgure 3.9)
This input impedance drops to 75-]7(! when a sma.ll styca.st block 1s put at the ape;
of the feed-dipole to model the pad to pad parasitic capacitance (Cpea) of the GaA:



k 170 GHz
Conducting Cavity ———
(Theory)
Uncoated Wall =
‘ (measured)
UncoatedWalland | __ _ 1st harmonic
GaAs Block :

-jos5

~j20

-j1.5

Figure 3.9: The measured féed-dipole impedance over the 82-110GHz and 170-
) 190GHz range using the 2.55GHz microwave model of

the integrated horn
antenna receiver structure. The data points ‘are 4GHz apart,
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diode: Bofh mea.surgmen.ts were sensitive to the feed @metry and were repeatable
to 5 % j50. Note that the impedance measurements include the effect of the low-
pass filter which was also modeled. This is seen in the measured second harmonic
(180GHz) impedances which are close to a short-circuit, and is due to the first lumpec

capacitor being Azy,/2 away from the dipole apex at the second harmonic frequency

3.2.2 Video Detection at 91.4GHz

A quaéi'-integra.ted horn antenna receiver was built at 90GHz and a UVA SC2T3
planar Schottky diode was epoxied at the _feed-dipble apex (Fig. 3.10). Video de-
tection measurements were done at 91.4 GHz by shining a plane wave with known
power density on the quasi-integrated horn antenna and measuring the output de-
tected diode voltage in a 120K load using a lock-in amplifier. The RF plane wave
is ca.liSra.ted to £5% using an Anritsu 'powér meter and a standard gain horn. The
video responsivity is defined here as the ratio of the detected low-ﬁequency voltage
across a 120k} load over the total RF plane wave Epowér incident on the antenna aper-
ture. This definition includes a 2.0dB loss resulting from the 63% aperfure efficiency
(coupling to a plane wave) of the quasi-integrated antenna (73, 55].

Flgure 3.11 shows the theoretical and measured wdeo responsivity versus bias cur-
rent The theoretical video responsivity was fitted to the measured video responsivity

using the circuit parameters listed in Table 3.3. The fitted loss in walls A and B, and

- the fitted féed—dipole impeda.nce'iﬁclﬁdiﬁ'g' the effect 'of the pad-pad capacitance Craa
are very close to the measured values in the 35x scale model (L7i¢50ved = 1.1 —1.2dB

and Z"“""""‘ =75 — j701). In the theoretical model of the circuit (Figure 3.12), the
parasitic ca.pacxtance Cp between the a.node finger tip a.nd the cathode has been in-

cluded since it was not modeled in the microwave measurements. The 3fF predictec
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Antenna Diode

€aperture | €lossinwalls Zdipolc R.s Cj Cp ¢‘b£ n

-2.0dB | -1.15dB | 70 -j15 | 60 | 6.5(F | 3fF 0.9V [ 1.15

Table 3.3: The circuit parameters used to calculate the theoretical video responsiv-

ity at 91.4GHz (see text). Zgipor, includes Crad, the parasitic capacitance
between the contact pads.

value of C, is higher than the estimated value of 1.7-2fF [92]. The increase in C,
might be due to the fact that the pad to pad capacitance was not perfectly modeled
in the microwave model or there may be additional fringing capacitance between the
anode finger tip and the cathode at high frequencies [97]. For the junction capac-
itance Cjo, an average value of 6.5fF was used for the 6-7{F range of value. The
built-in-potential ®,; value of 0.9V was derived from the log I-V curve of the diode.
A 60 value for the RF series resistance has been used which accounts, in addition
to the dc resistance, for skin-depth losses and thermal time constant in the diode as
discussed previously. It is seen that a verj good agreement exists between theory
and measurement over four decades of bias current. The peak video responsivity is
1140V /W which is equivalent to 1.62 V/(mW /cm?) when referring it to the incident
power density on the antenna aperture.

The responsivity can also be defined as the detected low frequency voltage into a
120K(2 load divided by the power available at the dipole terminals (700 RF source).
This definition excludes the aperture efficiency loss (2dB) and the horn side wall loss
(1.2dB), and results in a peak responsivity of 2350V/W which is competitive with

whisker diodes at these frequencies.
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Figure 3.11: The theoretical and measured video responsivity of the antenna-mixer
versus bias current at 91.4GHz.

3.2.3 Theoretical Ana]ysig of the Mixer Performance

The mixer theoretical performance was analyzed using the reflection algorithm
developed by Kerr et al. [98] for determining the steady-state conductance and ca-
- pacitance waveforms for a diode given 2 certain dc bias, LO power level and the LO
embedding impedances at the fundamental and harmonic frequencies. After the large
signal analysis, the method described in [84, 85] is used to determine the Smaﬂwsignal
properties of the mixer which results in the calculation of the mixer noise temperature
and conversion loss as functions of the RF embedding impedances at the fundamental
and harmonic sideband frequencies. The simall signal analysis includes the effects of
nonlinear diode junction capacitance and resistance as well as shot and thermal noise
generated in the diode which predominate in room-temperature mixers. The large

signal and small signal analysis are done using 2 computer software provided to us
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. &
by Prof. Maas [99).

The analysis is done for LO and RF frequencies of 90GHz and 91.4GHz, respec-
tively. In our analysis, the embedding impedances at the first two LO harmonics
(wro , waro) and the first two harmonic sideba.nds Pairs (wzo wir, woro twrr) are
considered because they are the most important in deciding the mixer performance
[84, 85, 86). All embedding impedances at higher harmoﬁics are assumed to be short
circuits dué to the parasitic capacitance of the diode. The embedding impedance
values at the RF frequencies (USB and LSB) are equal to the measufed impedances

~at that frequency from the microwave model (figure 3.9) in paralle]l with a capaci-
tife reactance due to C, (1/(;C,w), C,=3{F) as seen in figure 3.12. Table 3.4 shows
the mixer theoretical performance for the UVA SC2T3 diode for an LO frequency
of 90GHz, an RF frequency of 91.4GHz, a dc bias of 0.64V (li: = 1.4mA) and an
available t.O power ﬁt the dipole terminals of 1.6mW. The diode parameters used in
this analysis are the one used in the calculation of the theoretical video résponsivity

(Table 3.3).

Rg measured
Zdipole
- Cp
9 S RF Coupled
Power

Figure 3.12: The equivalent RF mixer circuit. Note that C,,, is taken into account
by the impedance measurements at the antenna terminals.

It is seen that a minimum SSB conversjon loss of 5.4dB is achievable without

a matching network, and the SSB conversion loss remains under 7 NAR Aver 4 2ne7




Table 3.4: The mixer theoretical

4

f20(GHz)

frr(GHz)

LO embedding imp. Q) .

90GHz 180GHz

67-j27 7+j31 ”

RF embedding imp. Q)

88.6GHz | 91.4GHz

64-j41

RF embedding imp. )

178.6GHz | 181.4GH

{7426 | 61
ni% | evm |

80-)25

ﬂ diode,Lo () 76-j58

,L Z3t,. () 105+i6
Diode SC2T3 SSB Conversion loss (dB) 5.4
Diode SC2T3 SSB mixer temperature (K) 480

Diode SSB Conversion loss (dB) over 20% BW 5.0-7.0

terminals of 1.6mW.

performance of the UVA SC2T3 diode
diameter) for a dc bias of 0.64V and an available LO power

(2.54m anode
at the dipole
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bandwidth. The RF mismatch between the diode and thé‘épole at 91.4GHz is about
0.5dB. This can be eliminated by choosing & longer dipole in the pyramidal horn
cavity. The embedding impedances at the second harmonic (178.6GHz, 180GHz, and
181.4GHz) are close to a short as expected. An improvement of 0.2-0.3dB in mixer
performance can be obtained with a lower dc bias voltage, but at the expense of
higher‘ IF impedances which are hard to match to 500 over a wide IF bandwidth.
The conversion loss can also be improved with higher LO power levels but at the

expense of increasing the mixer noise temperature.

3.24 Quasi—Optical Measurement Set-_uj: Design | i

A quasi-optical set-up ha.s boeu dongned to couple the RF and LO ngna.ls into

S

the quasi-integrated horn antenna recewer usmg Ga.usslan-bea.m optics. The system
shown in figure 3.13 has been designed for 9OGHz. A WR-10 standard gain horn is
used for coupling the LO power from a Gunn oscillator soorce. Fi-cum tﬁe dimensions
of the standa.rd gain horn and using the dpplication note [100], the minimum waist
w0 of the LO horn is 8.27Tmm at 90GHz. The beam waist w. is the mlmmum beam
radius of the fundamental Ga.ussu.n mode, a.nd can be seen as the pomt from which a
Gaussian beam is launched orto which it converges At any point in- the system, the
beam radms w(z) of the fundamental Gaussxan beam corresponds to the circular waist
at which the power demxty in the funda.mental gauss:an mode beam drops to -8.7dB.

The circular waist with a radius of 2w(z) conmpondk to a pOWer Ievel of -35dB and

s

presents a sa.fe criteria for truncating the Gaussxan beam The system was designed

‘80 that any point z in the system, no Gaussian beam_ is truncated with a diameter

less than 4w(z) so that to ensure propagation of éssentia.[ly pure Gaussian beams

and proper performance of the finite diameter focusing elements [10]. The beam
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waist of the quasi-integrated horn antenna wj**"er 3¢ 90GHz is estimated using the
asymptotic angle of growth of the beam radius at large distances from thedieam waist,

which corresponds to the far-field region of the antenna [10], and is given by:
tan(0y,) = M xw, : (3.1)

where bw, corresponds to the ;8.7dB angle in the antenna far-field patterns (con-
sidering symmetrical patterns). From the measured patterns at 90GHz (Fig. 3.2),
Ow, = 16° and results in Wt = L11A = 3.7mm at 90GHz. The horn beam waist
is located at its phase center which is 1.45) from its aperture for the case of the 204B

qQuasi-integrated horn antenna, [55].

Mach-Zender
Diplexer Le 2'
ns .
s /] (#/D=075) A'!.’ICEP?:M..““
RF Load Ad
: 2.7cm F Load E 'FIFIZ
= Lensl
102em = 01 4
20.6cm I

Lo Vwo=8.27mm
Source |

Figure 3.13: The quasi-optical sef.-up used in the measurement of the quasi-integrated
horn antenna recejver performance. The design frequency is 90GHz.

As seen in figure 3.13, the power in the LO Gaussian beam is converged to the _

quasi-optical diplexer using a dielectric lens (lens?) with a power taper at its edges of
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-35dB &s discussed previously. The RF and LO beams i‘;ithe output of the diplexer
are coupled to the receiver using a dielectric lens (lens2) which also has 2 minimum
taper of -35dB at its edges An important design consideration is the position and
w:dth of bea.m waist inside the quasi-optical diplexer. As discussed by Erickson in
{101), the converging minimum beam waist from lens] is placed in the center of the
interferometer, and this results in the smallest interferometer size. The size of this
beam waist is given by equation B.13 _(i.ppéhdix.B) and results in the minimum
diffraction loss when combining the-undela.yed beam and the delayed béam at the
output of the interferometer (10] (figure 3.14). In the case of double udeba.nd (DSB)
measurements, the pa.th length difference A used in equation B.13 is equa.l to Arp/2.
At 90GHz and for an IF frequency of 1. 4GHz, w""’""’ should be greater than 16.9mm

- to result in a dxﬂ'ractlon loss of less than 0. 09dB

In our set-up, a Mach- Zender mterferometer is used for diplexing (Appendlx B).
Before setting a beam waist of 16.9mm at the center of the mterferometer, we have
to make sure that there will not be any beam truncation inside the interferometer
due to its dimensions. The output port 3 has'a diameter which is limited by the
separation between the corner mirror and the beam splitters, a.nd in the case of DSB
measurements and an IF frequency of 1 4GHz d= A;p/4 = 53.6mm (Fig. 3.14).
As discussed previously for the proper Gaussian bea.m‘lpropagatlon, the output and
input ports diameters should be greater or equal to 4w where w is the beam radius
at the output and input ports. For d=53.6mm, the beam radius at the output port
cannot be larger than d/4 ~ 13mm without blockage of the beam. This sets the beam
waist size ;t the center of the interferometer mour design to 13mm a.n& will result
in an increase in the diffraction loss (this is presented in the next section).

The quartz pla.tes used as beam splitters in the Mach- Zender interferometer are 49
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mils thick, and have a 50% reflectance for a vertically polarized wave incident at an
angle of 45° to the -liormﬂ to the plate (Appendix B). The resulting respoisf of the
diplexer is shown in ﬁgure B.2. The insertion loss in the LO path at the LO frequency
of 90GHz (path 23 in fig. 3.13) is 0dB theoretically, and increases to 0.3dB and
0.08dB at 82GHz and 112GHz, respectively, due to the change in the reﬂecfa.nce of
the quartz plates over the frequency range of measurements (82-112GHz) (Appendix
B). Note, as discussed in appendix B, the change in the reflectance value does not
introduce any insertion loss in the sidebands path at the image and signal frequepcies

(path 1-3),

Cormner Reflector

y ) .
_ | . T
Input Beam TN\ Output Beam
4wl /;,’ u 4w‘9 \\ 4w
4 .

o y

— ’ _\\\"

Beam Splitter

Minimum Gaussian
Beam Waist

Figure 3.14: A MacH-Zender interferoﬁeter.

The system geometry can now be designed knowing the beam waists of the LO
born (wg© =8.27Tmm) and the receiver horn (wieestver =3.7ﬁlm); and the beam waist
at the center of the diplexer (13mm by geometrical constraints). Using the “thin lens”
- approximation formulas for Gaussian beam optics discussed in [10], we can find the

size and the f/D number for lensl and lens2, and the appropriate distances between




.
all the quasi-optical components which will result in minimum loss and minimum
truncation of the signal beam through its path (-35dB tapering at the edges of the
lenses). The resulting system, designed for 90GHz, is outlin®¥ in detail in figure 3.13.
The two lenses are made up of teflon and lensl is grooved to reduce reflections of its

surface (both lenses are 10.2cm in diameter with focal distances of 14.22cm for lensl
and 7.62cm for lens2).

8.2.5 Receiver Measurements

DSB receiver measurements were done over the 82-112GHz range. In DSB‘ op-
eration, the mixer is assumed to have equal responses at both sidebands, and the
mixer output noise tempexa.ture“.is geﬁeu_téd‘ equally fmm both sidebands. At each
frequency, the distances betweeﬁ the lensés and the diplexer are varied émpirica.lly

around the desxgned value at 90GHz in order to ma.xumze the received LO signal by
the receiver. Th:s can be seen eﬂ'.her by reducmg the LO power, using the diode as
a video detector, and maxumzmg the detected sxgna.l on the lock—m amplifier, or by
pumping the diode with LO power and maximizing the dc rectified diode current on

the current meter.

The beam waist size at the center of the dxplexer is set alwa.ys around 13mm at each
measurement frequency. The optmmm response of the Mach-zender interferometer
corresponding to at least 20dB suppression of the LO tngnal at the upper and lower
sidebands frequencies (Fig. B.2) is obtained by settingthe half path length difference
d to ~ A1r/4 (DSB operation) and then slowly varying d.in order to maximize the dc
rectified diode current. This is why, is discussed in Appendix B, at ‘éach measurement
frequency fro, the IF frequency is not exa.ctly 1.4GHz but s close to this value anc
related to fro by: fro/fir = 2n, wheren isan integel‘ “This is valid for DSB opera.tlor



and for the case when port 2 of the diplexer is used for the LO signal, port 1 is used

for the RF and image signals_, and port 3 is the output port where a.ll_ﬁxe signals
are combined (Fig, 3.13_)T Port assignments and path responses of the Mach-zender
interferometer are discussed more in Appendix B.

The DSB receiver Tneasurements were done using the standard hot/cold load
method [102, 103]. The RF load, which is a black-body absorber (104], is directly
placed at port 1 of the interferometer, so that jts output noise power at both sidebands
frequencies fills up the beam of the receiver antenna. The RF load is used at room
temperature (Ty= 295K) and dipped in liquid nitrogen (77.3K). However, the cold
load tempex_-ature Tc used in the calculations to determine the receiver performance
is 85K and not 77.3K because the load material is not truly black (temperatures as
high as 95K hav been quoted [12]).

As discussed previously in the mixer design, a microstrip line over a Duroid sub-
strate ( &,uputrate = 45mils, ¢, = 2.33) is used to match the mixer IF output impedance
to 500). The predicted 1.4GH; IF output impedance from mixer theory (Table 34)is
around 105, and a 700 quarter-wave tranéformer is used as an [F matching network.
The output of the IF matching network is fed into the IF chain shown in figure 3.15.
The 10dB coupler used at the begimﬁng of the IF chain is used for measﬁring the
IF power reflection coefficient |I';7[? at the output of the mixer. A calibrated and _
matched noise source lis connected to the coupled port of the 10dB coupler and js
turned off during receiver measurements. The load connecfed to port 2 of the isolator
is cooled in liquid nitrogen. The temperature of thjs load T%, is-85K assuming a
slight increase in temperature due to the warm coaxial cable connecting the actual
cooled load to the isolator port. The resulting IF chain has a gain of (Gir) 92dB
and a noise temperature (7, 17) of 128K at 1.4GHz, with a 100MHz bandwidth. The
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output of the IF chain goes into a calibrated power meter at 1.4GHz.
After each receiver measurement, the IF power reflection coefficient |IT'1r|? is mea-

sured using the following way {105]:

¢ For the same LO power level and dc bias used for the receiver measurement
and with the noise source turned OFF, the IF power read on the power meter

is recorded (PpoiOFFy,

¢ For the same LO power level and dc bias used for the receivér measurement
and with the noise source turned ON, the IF power read on the power meter is

recorded (Pj2*=OV),

o The LO power and diode dc bias are turned off, and the noise source is turned
ON. The mixer diode looks like an open circuit under this condition and will
reflect all the power incident on the mixer port from the noise source. The

corresponding IF power recorded is Proise source-

o The IF reflection coefficient is then calculated as:

'P""I3 = (PIH;".“'ON - P;?'.”'OFF) / Pum’oelource'

In the remainder of this section, three different terms related to the measurement:
will be used, and each term représénts a specific way of defining the system perfor-
mance. In figure 3.16, the mixer conversion loss Ly includes the diode intrinsic con-
version loss and the RF mismatch between the diode impedance and the feed-dipole
impedance. The antenna-mixer conversion loss L4.ss includes the mixer conversior
loss Lps, the Gaussian coupling efficiency loss, and any other loss in the a;ntenna struc
ture. The receiver cohversion loss Ly includes the antenna-mixer conversion loss

the IF power reflection loss |T';r[?, and the RF losses in the quasi-optical diplexer an
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Figure 3.15: The IF chain used in the 90GHz receiver set-up. 92dB gain, 128K noise
temperature, and 100MHz bandwidth.

in lens L2 in front of the receiver antenna. The receiver noise femperature includes
also the noise temperature of the IF chain,

The receiver DSB fempefature and confersion loss over the 82GHz to 112GHz
range are shdwn in figure 3.17. At each frequency, the LO Power and dc bias voltage
were adjusted for minimum overal] noise‘tempera.ture Ticor. All the best data points
are obtained for a 1.5-2mW LO poﬁer available at the dipole terminals and a 0.91V-
0.92V dc bias voltage corresponding to a 1.2-1.5mA dc bias current. The LO power
available at the dipole terminals has been estimated knowing the transmitted power
from the Gunn source (which is measured using an Anritsu i:ower meter) usfng a
70% Gaussian coupling efficiency for the standard pyramidal horn antenna {100], and
estimating all the losses in.the LO sfgnal path till it reaches the dipole apex. The

LO signal losses are presented in the following paragraph. The receiver performance

calculations are done using equations C.15-C.17 (Appendix C). A minimum receiver
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Figure 3.16: The system block dla.gram

conversion loss of 6.5dB+0.3dB and n01se tempera.ture of 1600K:!:40K are obtained at
90GHz and 92GHz. This noise temperature mcludes the IF-chain noise temperature
of 128K. As shown in ﬁgure 3.17, a receiver noise tempera.ture of 1370K+10K was
measured at 92GHz thhout the 10dB coupler in the IF chain (Gu:- = 93dB Tir =
78K).

The loss in lensl (L1) and the loss in lens?2 (L2) (F:g. 3. 13) were determined
empmca]]y to be 0. 3:!:0 05dB and 0. 5:0. 1dB, respectxvely, over the frequency ra.nge
of measurements. The diffraction loss in the chplexer a.t each mea.suremeut frequency
for a beam waist size of 13mm inside the dzplexer aed a peth length dxﬂ'erence ~
Arr/2 for an IF frequency of 1.4GHz has been ca.lcula.ted usxng equat:on B.12. The
resultmg insertion loss L3 in the d:plexer R.F‘ path at the udeba.nds frequencies ‘
varied between 0.3dB a.ncl 0.2dB for the frequencnes between 82GHz and Il2GHz As

for the LO path (2—3), the insertion loss L1-.3 at the LO frequency consists of two




components;

o Diffraction los§t assumed to be equal to the diffraction loss caliilated at the
sideband frequencies (see above) since f;5 is small compared to the signal fre-

quencies.

» Loss due to the change in the value of the reflectance R of the beam splitters
with the change in the frequency of operation. This loss is less tﬁa.n 0.2dB over
the range 82GHz to 112GHz (0.4< R <0.6). Note, this loss is not included in
path 2—3 and bath 1 —3 at the sideband fréét’ieﬁ'ciéél'sin:ce their responses are

independent of R at those frequencies, as discussed in Appendix B.

Hence, the total insertion loss in the LO path at the LO frequency varied between

- 0.5dB and 0.4dB for the frequencies between 82GHz and 112GHz. The IF power

reflection coefficient varied between 0.2dB and 0.7dB at the optimum bias points and
LO power over the measurements frequency range. The insertion loss (Ls) at 1.4GHz
in the IF chain between the mixer IF port and the isolator port is measured to be
1.05dB (including the bias-T and the 10dB coupler). |

The DSB antenna-mixer conversion loss L,_p and noise temperature Ty_,, are
calculated using equations C.18 and C 19, and a minimum antenna-mixer DSB conver-
sion loss of 5.5dB=+0.5dB is obtained at 90GHz and 92GHz, and a minimum antenna- |
mixer DSB noise temperature of 770K+50K is obtained over the QOGHz. to 94GHz
range (Fig. 3.18). The measured antenna-mixer DSB conversion Joss and noise tem.-
perature over a 20GHz bandwidth (86GHz-106GHz) remain less than 6.3dB+0.5dB
and 1000K+50K, respectively. With the 100MHz band pass filter in the IF chain
was replaced by a 50MHz band pass filter, the DSlé measurements at 92GHz were

virtually the same.
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Figure 8.17: The measured receiver DSB noise temperature and conversion loss over
the 82-112GHz range.
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Figure 3.18: The measured antenna-mixer DSB noise temperature and conver-
The measured values remain less than 6.3dB+0.5dB and
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The antenna mixer performance includes the drop in the Gaussian coupling effi-
ciency of the quasmntegra.ted horn antenna at the low and high &eqtﬁlaes (Table
3.2) and the 1.1-1.2dB loss in the receiver structure as measured in the receiver mi-
crowave model and as predicted in the video detection theory (Table 3.3). At 90GHz,
excluding the Gaussian coupling efficiency loss 0.13dB (97%) and the 1.1-1.2dB loss
in the receiver structure, the resulting measured DSB mixer conversion loss and noise
temperature are Ly = 4.2dB+0.5dB and Tar = 495K+50K. Hence, the measured
DSB mixer conversion loss and noise figure (L¥re* =4.2dB a.nd NFppe = 4.3dB)
are only 1.8dB higher than the predicted theoretical DSB conversion loss and noise
figure at 90GHz, shown in table 3.4, assuming equal mixer response in both s:debands
(L35 =2.4dBand N Fj1™™¥ = 2.6dB for DSB operation). We can see that the mea-

sured results are in close agreement with the predicted performance. The discrepancy

- between experiment and theory can be attributed to the following reasons:

¢ The discrepancy in the measured embedding impedances at the first and second
harmonics betwgen the microwave model of the receiver structure and the actual

receiver at 90GHz.

¢ The effects of the embedding circuit, contributing noise from l:u'glier harmonic

terminations [12].

¢ Power lost by conversion to other frequencies, where the termina.ﬁng embedding

impedances have real parts [85].

It is useful to derive the effective mixer diode temperature from the mea.sured results
at 90GHz, since it is an indication of the inherent noise characteristics of the diode and
mixer environment. Assuming all losses are within the mixer diode jtself and %based

on the attenuator noise model of the mixer described by Kerr [106], the effective
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temperature is | &
: Tmeaa,DSB

(3.2)

Teqy = ( Lmeat,DSE -7)
whrch results in T.ys = 300 + 25K derived from the DSB mixer conversxon loss of
4.2+0.5dB md noise temperature of 495+50K. For an ldeahzed shot-noise limited
mixer, where the diode series and parametric effects due to the diode nonlinear‘ ca-
pacitance are negligible (R, =0, C; = Const), and with kigher harmonics reactively
terminated so that no power is converted or generated by these harmonics, the ide-
a.l:zed effective diode temperature is equal to T35 = nTpp,0icar /2 {106]. In this case,
7 = 1.15 20d Tphysicar = 295K and therefore T‘}’}“' = 170K. Hence, the effective diode
temperature of the 90GHz mixer diode js wlthm a factor of 1.8 of the effective diode
temperature of the idealized mixer uszng the same diode.

Single sideband (SSB) measurements for an LO frequency of 92GHz and an RF
frequency of 93.4GHz were done by halving the interferometer path-length used in
the DSB measurements and thereby tuning the interferometer as a single-sideband
filter (10]. Hence, Assp = Apsp/2 = A /4, resulting in dssp = Assp/2 = Aip /8,
which is equal to 26.8mm at 1.4GHz. This value of d, which also corresponds to the
diameter of input port 1, results in the truncation of the signal beam at the - 9.2dB
power level assuming a 13mm beam waist at the center of the mterferometer, asset in |
the DSB case, This truncation of power disturbs the propagation of the fundamental
Gaussian mode and results in power loss in the RF path. To eliminate this RF loss,
the interferometer is operated at a ionger path length difference Agsp which is set to
3A1r/4 (K=2), instead of A;r/4 (K=1) (refer to Appendinx B). The resulting response
of the interferometer corresponding to & = Agsp/2 = 3A;r/8 is shown in figure 3.19.
Increasing the path length difference eliminates the truncation of the input beam,

but results in an increase in the diffraction loss because the delayed beam travels a
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’l#rge distance inside the interferometer before reaching the output port. However,

a larger value of d allows the choice of a large beam waist inside the uiterferometer
without fear of trunca.tlon at the output port. The diffraction loss is ca.lculated using
equation B.12 (Appendix B) for fpr = 93.4GHz , {75 = 1.4GHz, A = 3)\;r/4, and &
beam waist size w, set inside the diplexer of 17mm. The resulting diffraction loss is
about 0.2dB. |

Figure 3.20 shows the measured SSB antenna-mixer conversion loss (L4—pr) at
93.4GHz versus LO power available at the dlpole termma.ls For each LO power
level, the DC bias voltage is adjusted to minimize the IF power reﬂectlon coeflicient
which was measured to be less than 0.3dB at optimum LO powers. A minimum
SSB antenna-mixer conversion loss of 7.5dB+0.5dB was obtained for an available
LO power between 1.3 and 2.5mW at the antenna aperture. Excluding the 1.2dB
power loss in the antenna structure and the 0.13dB Gaussian coupling efficiency loss,
the resulting SSB mixer conversion loss of 6.210.5dB ﬁgrees well with theory which
predicts a 5.3dB SSB conversion loss (Ta.blé 3.4).

33 A 250GHz Quasi-Integrated Horn Antenna Receiver

A 20dB quaéi-integrated horn antenna mixer was also designed at 250GHz with a
design similar to the 90GHz mixer presented a.bove Figure 3.21 shows the measured
patterns at the design ﬁ'equency of 250GHz and at the edges of the £10% bandwidth
over which the receiver measurements were done (230GHz-280GHz). The E- H-, and
45°-plane patterns are not perfectly symmetrical due probably to small alignment
errors between the integfated section and the machined section. Also, as seen, there
is an increase in the E-plane side-lobe level (-15dB) at 279GHz. Table 3.5 shows
the theoretical gain and coupling efficiency from.222GHz to 279GHz of the 2_50GHz
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Figure 3.19: The ideal rcsponse"of the Mach-Zender interferometer set for SSB oper-
ation with fyinat =93.4GHz and fro =92GHz (K=2, d = 3);r/8).
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| _
I Frequency (GHz) ’ 222
86

@!u
W
Ul‘lq
)
o
S
]
o

Gaussian coupling efficiency % 97 | 97 | 92
Gain (dB) ' 18.7119.4 | 20.0 | 20.6 | 21.3 ”

—_———— Il |

Table 3.5: The calculated gain and Gaussian coupling efficiency of the 20dB quasi-
1ntegrated horn antenna from 222GHz to 279GHz. The design frequency
is 250GHz.

quasi-integrated horn a.ﬁtenna 'As we can see, the 204B quasi-ihtegratéd horn antenna
shows a higher Gaussian couplmg eﬁc:ency at 279GHz than at 222GHz,

The 250GHz receiver structure is shown in figure 3.22. The feed-dipole is posi-
tioned 0.38) from the horn apex as in the 90GHz structure. The separatlon between
the two strips of the CPS line on the l:ugh resistivity silicon wafer s 20um rather
than 40um on the membrane jn order to minimize radiation losses of the CPS line
at 250GHz. The CPS line impedance is 240} on the membrane (e, = 1) and 850 on
the high resistivity sxhcon (e =~ * (¢ +1)/2 = 6.5) (Fxg 3.23).

‘The height of the V-groove In wall-B is 140um wiuch seven times larger tha.n the

-separation between the two strips of the CPS line mtegrated on the high resistivity

silicon wafer (figure 3. 23), and hence, the effective dlelectnc constant of the CPS line
can still be assumed as ¢, = (¢, + 1)/2. The cavity formed by the V-groove is small
enough so that no higher-order modes are present at 2SOGHz As seen m ﬁgure 3 21,

the antenna far-field patterns are not severely affected by walls A and B Fora 1.1xm
thick polyimide with ¢ = 4, the metal-dielectric-metal (MIM) capacxtor mtegrated
on the membrane is 53{F (40pmx190pm) and the one mtegrated on lihoon is 64fF

_ (50pmx170,um) This results in a low pass filter with a -3dB corner frequency of

70GHz and a rejection of -26dB at 250CHz.
The mixer diode is the UVA SClT4-S2O planar surface channel Schotiky diode




68

0 FIIIIII’IIIIllIllIll'lllll

250GHz

——— E-plane
weeneee. H=plane
truer 45%-plane

-
-
L
=

5 t h
8 i -
. 4 N

| -‘.-3 -10 i ]
g g .
g -'= ]

. 1 7
A :
Q 1 .
(-] 1} -
“\ i

-20 ; N

r -

-
.o
S
L2

~00 -60 -30 o0 . gg 60 90
Angle of Incidence, Degrees

0,

L | :
% [ 258GHz 237GHz ]
- -5 -10 | ; -

A f X ]

2 g H : -

- - H . ad

< ~15fF i 1} .

] - ) f .

3 f il i ;

(-1 - _ l"l : ') ]

-20 | ' : -

B 4 B SR § .
- t ' .3 : : -1
™ : . 4 M .

-25 1 1 & l"lllilll}"ll:I\:i. J;A;j;'l'lil;lilr

0 -6 30 o0 30 e 90
Angle of Incidence, Degrees |
Figure 3.21; The measured E-, H-, and 45-° plane patterns of the quasi-integrated

horn antenna at 250GH; (design frequency) (top) and 237GH; and
- 279GHz (bottom). o



3

I —




70

with a 1.3-1. 4pm anode diameter and a 9-3fF zero-bias junction capacitance. The
Schottky diode is fabricated using a 1000A-thick n~ layer (2 xﬂfbi” / cm3) and a 5pm-
thick o+ layer (5 x10'® /em®). The ideality factor is 1.15, and the dc geries resistance
is 10-1202. Tﬁe diode saturation current I, = 0.9-1x10~'7. The series resistance R,
is expected to increase to 15-172. This increase in resistance, as discussed before,
includes the thermal component (about 1.5 0 192]), the skin effect in the n* buffer
layer (1.3-1.5 @ with 8in depth = 3 1pm) and the skin effect in the anode finger (1 —
1.2Q). The diode chip dimensions are 210pm x80pm X 50pm yielding approximately
a 3-4fF parasitic capacitance (Cpad) between the contact pads and a 1.5-2fF parasitic
capacitance (Cyp) betwéen the anode finger tip and the cathode [92, 91, 93]. The anode
finger length is 20um and results in a negligible inductance. The diode parasitic pad
to pad capacitance is reduced by 1.5-2fF by chemically thinning the semi-insulating
GaAs substrate to 25-30pum [92, 93]. The 95-30um-thin diode is then mounted on the
feed-dipole apex using silver epoxy.

In the 90GHz receiver design, we saw that it is always better to make the dipole
more inductive in order to reduce the reactance induced by the diode parasitic ca-
pacitance. The dipole length in the 950GHz design is chosen to be 0.4). This results
in a dipole impedance at 250GHz vof 654725, when measured in a microwave scale
model of the receiver structure at 2.55GHz shown in figure 3.22. The measuré;l dipole
unpeda.nce includes the effects of the uncoated wall A, the V-groove in wall B, the
stycast block on the dipole apex modeling the pad to pad parasitic capacitance of the
25-30pm thinned diode and the low pass filter.

Video detectioﬁ measﬁrement.s were done on a 250GHz quasi-integrated receiver
from 230GHz to 280GHz using the same method described in the 90GHz experi-

ment. The video responsivity is defined as the ratio of the detected low-frequenc
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voltage across a 120k0) loa.d over the tbﬁa.l RF plane-wave power igﬁdent on the
quasi-integrated horn"antenna aperture. A 3mmx3mm large area bismuth bolometer
is used to measure the incident poﬁrer density on the antenna aperture [77). The
area of the bolometer is larger than 2Ax2X at the measurement frequencies. The
video responsivity varied around S00V/W or 91mV/(mW/cm?) for a 3-6pA dc bias
current from 230-280GHz. The variation in the data is due to .the +5% accuracy in
the power measurements and the variation in the feed-dipole impedance. Excluding
the 2.0dB loss resulting ﬁ'om the 62.5% aperture efficiency (coupling efficiency of the
quasi-integrated horn antenna to a plane wave) and the 1.1-1.2dB RF-loss due to the

uncoated wall A, the measurements result in a diode video responsivity of 1040V/W

‘referred to the feed-dipole terminals, This is competitive with the performance of

whisker-contacted diodes at 250 GHz in a WR-03 waveguide,

In the theoretical mixer analysis, and referring to figure 3.12, all the embedding
iinpeda.nm at the harmonics above the first harmonic a.re considered to be shorted.
The embedding impedances at the LO, RF ;nd' image frequéncies are assumed to be
equal since the IF frequency is much smé.ller_tha.n the LO frequency. This embedding
impedance is 65+525 0 in paralle] with the reactance of C, at 250GHz (Cp, = 4fF
assuming 2fF between the anode finger tip and the cathode, and an additional 2fF to
compensate for unmodeled capatita.noe and for fringing capacitance). The resulting
embedding impedance at wyp and wro twyr is T4—76 . The resulting SSB theoreti-
cal conversion loss and nojse temperature are 6.5dB and 1084K, respectively, for a dc
bias current of 1.4mA and an avajlable LO powef of 1.5mW at the dipole terminals.
This conversion loss i.ncludes a 0.7dB RF mismatch between the diode and :dipole
impedance. The mixer IF output impedance is around 1500 and & A/4 microstrip

line matéhing network on an ¢, =2.2 Duroid substrate [87] with an impedance of 850
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was used as a matching network at 1.4GHz.

The 250GHz quasi-optical set-up is similar to the 9§@Hz set-up but with different
distances between the quasi-optics and smaller lenses (figure 3.24). The beam waist at
the center of the Mach-Zender interferometer is set to 13mm for 230-280GHz ré’sulting
in a diffraction loss less than 0.1dB. The LO antenna is a corrugated horn with a 10dB-
beamwidth of 21.5° {107]. The beam waist of the LO horn w[© at 250GHz is estimated
to be 2mm using its far-field patterns [107, 10]. The beam waist of the 20dB quasi-
integrated receiver, as shown previousiy, is equal to 1.112 = 1.33mm at 250GHz.
Lensi in the LO arm of the interferometer has an /D number of 1.4 (D=6.35cm),

and lens? in front of the receiver has an f/D number of 0.85 (D=6.35cm). The lenses

are made from teflon and are not grooved, which result in a reflection loss in addition

to the absorption loss in teflon. The IF chain used in the receiver measurements is
the same one used for the 90GHz receiver.

The double-sideband conversion loss and noise temperature of the antenna-mixer
are measured using the hot /Cold load method. They were done at room temperature
and from 230GHz to 280GHz. At each frequency, the optimum LO power is ap-
proximately 2.2—2.5mw available at the quasi-integrated aperture, and the optimum
dc bias current is 1.2-1.4mA, The LO power at the antenna aperture wa;s estimated
by measuring the transmitted power from the LO tripler source .using the large-area
bolometer teﬁhnique described in [77], .a.nd reducing it by the RF loss in the quasi-
optical pat.h between the LO port and the integrated receiver.

During measurements, the loss du.e to the non-zero IF reflection coefficient at the
mixer output port was befween 0.5dB and 0.7dB. The RF losses (L3) in the £/0.85,
6.35cm diameter teflon lens in front of the receiver are estimated to be 0.3dB due.

to loss resulting from normal incidence reflection at both surfaces of the lens [108]
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(eteflon = 2.07) and 0.5-0.6dB due to absorption loss in teflon over t& frequency
range (a,b,;,,tia,. = 0.045 Np/em at 230GHz, Qgbsorption = 0.057 Np/em at 2800Hz
[66, 109]). The RF diplexer loss L,_5 in the signal and image path at both sidebands
frequencies is estimated to be 0, 1-0.2dB, which includes difftaction loss and dielectric
losses in the quartz beam sphtters The insertion loss L,_3 in the diplexer LO path
at the sidebands frequencies is assumed to be 20dB. The IF mismatch and RF path
losses are removed from the recejver measurements (appendix B), and the double

sideband antenna-mixer conversion loss and noise temperature are shown in figure

3.25,

LensZ

F— e v —y

. Lens1
6.35cm et (fm—fl-4)
9.8cm

LO\/ Wo=2mm
Source

Figure 3.24: The 250GHz receiver ql_uisi-optical set-up.

The conversion loss includes the antenna Gaussian coupling loss, any power loss
in the antenna-mixer structure, the RF mismatch between the feed-dipole and diode
impedances, and the diode intrinsic conversion loss. A minimum antenna-mlxer DSB '

conversion loss of 7. ldB:i:O 5dB and noise temperature of 1405K+70K are obtamed
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at 258GHz. It is seen that the receiver has a comfortable 10% bandwidth. The
measured DSB noise-iemperature and conversion-loss versus LO powé:"are shown in
figure 3.26 and it is seen that the measurements level-off at an LO power of 2-2.5mW
available at the antenna aperture (the available LO power at the dipole terminals is
1.3-1.5dB lower due to RF loss in the walls (1.2dB) and Gaussian coupling efficiency
loss (0.1-0.3dB)).

Excluding the 1.2dB loss in the receiver structure and the 0.13dB Gaussian cou-
pling efficiency loss (97%) at 250GHz, the resulting DSB mixer conversion loss and
noise temperature betweén 250GHz and 258GHz are Ly = 5.8dB+0.3dB and Ty =
980K+60K. At 250GHz, the measured DSB mixer conversion loss and noise figure
(L37** = 5.9dB and NFpe* = 6.5dB) are only 2.2dB higher than the predicted theo-
retical DSB conversion loss and noise figure at 250GHz, as discussed before, assuming
equal mixer response in both sidebands (¥ = 3.5dB and N Fjr*™ = 4.54B for
DSB operation).

As discussed before, the discrepancy between the theoretical and measured con-
version loss is attributed to the non-zéro impedance of the higher order harmonics,
higher RF mismatch than predicte& and resistive loss in the junction [85). As for the
noise, the increase in the series resistance of the diode at high frequencies increases
the generated thermal noise [84]. Also, the non-zero impedance of the higher har-
monics tend to increase the correlated shot-noise components from these harmonics
[110, 111). Another noise component is hot-electron noise which should be consid-
ered in the case of small anode di#meters [13]. Small anode diameters result in high
current densities and therefore high electric field occurring in the undepleted active
portion of the device during strong forward operation. These high fields accelerate the

electrons through the undepleted epitaxial material, causing higher electron average
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temperature th#n lattice temperature [112].

At 258GHz, the effective diode temperature assuming the attenuator noise model
for the mixer diode, as done in the 90GHz casé, is equal t§ 340K which is a factor of
2 larger than th:e effective diode temperature of .the idealized shot-noise limited mixer
using the same diode. The antenna-mixer DSB performance at 258GHz (LO) was
measured for IF frequenciés between 1.2GHz and 1.6GHz using a YIG-tuned filter in
the IF chain. It is seen that the mixer has a comfortable 300MHz IF bandwidth with
a simple A/4 matching network designed at 1.4GHz (figure 3.27). , 1
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Figure 3.27: The DSB a.ntenna-nﬁier conversion loss and noise temperature versus
IF frequency (fro = 258GHz, and the IF matching network designed at
1.4GHz).
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3.4 A 330GHz Quasi-Integrated Horn Antenna Receiver
With A New Design | 4
. &
In the previous sections of this chapter, the design and measurements of a 90GHz
and a 250GHz quasi-optical Planar receivers based on the 20dB quasi-integrated horn
antenna were presented. In this section, the design of the quasi-integrated receiver

structure has been modified for the following reasons:

1. To reduce the power loss in the uncoated membrane wafer sidewall A near the

CPS (IF) line integrated on the membrane wafer.

2. To eliminate the non-practical step of eva.pbrating gold on the three membrane-

wafer sidewalls.

3.4.1 Receiver Structure and Mixer Designs

The UVa SC1T4-S20 planar diode used in the 250GHz receiver is also used for
the 330GHz mixer design. The diode performs well for RF embedding impedances
around (60-70)+;(50-60)Q, as predicted from mixer theory. The impedance of a
- dipole 0.4) long and positioned 0.38) from the horn apex is 65+5250 as measured

in a microwave model of the 250GHz design (the measured impedahce includes the

effect of the diode block on the dipole-apex, the low pass filter in the mixer circuit -

and the receiver strﬁctdré): Note that the ﬁ:ea.sured dipole impedance is always in
parallel with an unmodeled capacitance (3-4fF for the SC1T4-520) which tends to
lower the inducfive reactance and increase the resistance real part of the equivalent
RF embedding impedance. Hence, in the 330GHz design, there is a need for a dipole
- with a higher indﬁctive reactance to compensate for the increased ca,pacitivé reactance
of the diode. This can be done by increasing the length of the dipole or changing the

dipole position. However, there are two limitations on increasing the dipole length:




1. The physical size of the membrane on which the dipole is integrated.

2. The real part of the dipole impedance increases also with increasing the dipole

length and this results in a higher diode-dipole RF mismatch.

 Moving the dipole away from the horn apex does not improve the RF match
between the SC1T4-820 diode.a.nd the dipole because of the increase in the dipole
radiation resistance value (Figure 2.6). As a result, the dipole is kept positioned 0.38A
from the horn apex, but its length is increased to about 0.43\. As seen in figure 3.28,
the first part of the dipole is 70um long and 40zm wide and corresponds to the size
of the diode conta.cf pads. The dipole width is then reduced to 20pm in order to

i

increase the dipole inductance.

LY IFTY SRS 2N

The low pass filter is designed in a similar way to the 250GHz d , but in
the 330GHz design, sputtered SiO; is used as the dielectric layer in the integrated
capacitors. The advantage of sputtering SiOs (€ =3.86) is that it exhibits low loss
at submillimeter-wave frequencies and it is possible to obtain very thin dielectric
layers with this process. This results m stﬁa.lle: integrated capacitor dimensions. The
sputtered §i0; layer is 3500A-thick, and the capacitor integrated on the membrane
is 45fF with dimensions of 20gmx124pm, and the ,cap;cif.or;integrated on silicon is
756F with dimensions 40umx94pm. This results in a low pass filter with -3dB corner

: frequehcy of 97GHz and a rejection of -29dB at 330GHz.

~ Asseenin ﬁgure 3.28, V-trenches have bee.n etched 50,um to 75pm away from the
membrane sidewalls, and coated with gold or filled with silver epoxy to ma.ke them
conducting. The fabrication of the V-trenches is explained more clearly in-Appendix :
D. The close pro:&mity of the coated V-trenches.sidewalls to the pyramidal cavity
sidewalls acts as if the membrane sidewalls have been coated with gold. This step of

micromachining the V-trenches is done along with the mixer fabrication, and therefore
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eliminates the gold evaporation step on the membrane wafer sidewalls, which proved
to be impractical at these frequencies. Also, we are able to etch two trkliches parallel
to sidewall A, which is above the CPS (IF) line so as to reduce any power loss through
this sidewall. The unetched silicon of width 120um between the two “sidewall A” V-
trenches is left unetched since it is the supporting substrate for the integrated CPS
line.

The 330GHz receiver structure with an aperture opening of 1.35A (figure 3.29)
and the mixer design without the V-trenches were nim.ieled”at 1.35GHz. . The 20-
25um-thick diode in the 330GHz design was also modeled at the diﬁole apex. The
resulting dipole impedance is around 76+350 at 330GHz (Fig. 3.30). As discussed
in the 250GHz design, there is a 3-4fF parasitic capacitance still unmodeled, which
introduces a réa.ctance in paralle] with the measured dipole impedance. The resulting
embedding impedance at the LO and sideband frequencies is 107-j14§), assuming
Cp=3.5{F (refer to the circuit in figure 3.12). The higher harmonics are assumed
shorted in the mixer analysis. The UVa SC1T4-S20 diqde parameters were presented
in the 250GHz receiver section. The diode dc series resistance is 10—129 and is
expected to increase to 16-180 at 330GHz. For an LO frequency of 330GHz and an RF
frequency of 331.4GHz, the mixer theory (84, 85] predicts a mixer SSB conversion loss
and noise temper#ture of 7.5dB and 2100K, respectively, for an available LO power
of 1.5mW at the dipﬁle t@n& and a DC bias current of 1.2mA. The predicted IF
impedance is around 17561 at 1.4GHz. »

3.4.2 Antenna Design

A new design has been used for the quasi-integrated horn antenna which results

in a higher gain antenna and a better Gaussian coupling efficiency rolloff versus







Figure 3.30: The measured feed-dipole impedance in 2 microwave model of the
330GHz receiver structure. The diode was modeled at the dipole apex
but the V-trenches were not modeled.

frequency {55]. A step has been introduced at the junction between the integrated
structure with an aperture of 1.35 and the machined section. This provides more
tapering of the modes at the machined section aperture resulting in a higher gain
antenna with higher symmetry in the patterns. Referring to figure 3.1, the choice of
@y = 1.52), 28 = 0.17A, Ly, = 13\, Xy = 5.4, and 6, = 8.5° results in a 23dB gain
antenna at the design frequency [73]. The antenna radiation characteristics (Table
3.6) show lower E-plane sidelobe levels than the 20dB gain design. The advantage
of this new design is that it is wideband in its Gaussian coupling efficiency and it
has a higher gain (Table 3.7). The higher gain results in a larger antenna beam
waist w,, and hence, a larger lens f/D number can be used in front of the receiver
antenna, resulting in lower absorption losses in the signal path. Again, the Gaussian

coupling efficiency is optimized at each frequency and this means that the distances
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in the quasi-optical set-up should be readjusted at each measurement frequency. The
23dB gain antenna has its phase center around 3.6\ away from the machined section
aperture [73].“_ )

A 23dB quasi-integrated horn antenna was designed at 330GHz for the receiver.
The antenna far-field patterns were measured at 352GHz (a 330GHz quadrupler was
not available at the time of measurements). The resulting patterns are highly sym-
metric a,nd. the measured E—plﬁ.ne pattern agrees very well with the theoretical E-plane
pattern (Fig. 3.31). No cross-poiarization measurements were done at 352GHz but
due to the high circular symmetry of the patterns, it is expected that the cross-pol
level is lower tha.n -20dB [113]. The calculated directivity from the measured patterns
is around 25dB. The measured patterns were done on a quasi-integrated horn antenna

with trenches etched around the membrane sidewalls, and therefore we conclude that

the trenches do not have any signiﬁc;'a.nt effect on the far-field patterns.

3.4.3 Receiver Measurements

Video detection measurements were done on the 330GHz receiver from 350GHz
to 380GHz. The video responsivity varied between 400V/W and 600V /W for a diode
bias current of 40-60¢A (see section 3.2.2 for the definition of the video responsivity).
This bias current is higher than the 250GHz diode bias current dﬁe to & non-optimum
diode I-V characteristics. The uncertainty in the measured video responsivity is due
to the uncertainty in determining the exact power generated bj the quadrupler source.

A picture of the trenches and the flip-chip diode is shown in figure 3.32 (top), and
figure 3.32 (bottom) presents a picture of the integrated structure as viewed from
its aperture. It can be seexi at submillimeter-wave frequencies, the diode dimensions

become comparable with the dipole dimensions, and the diode covers a large part of
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_ ” : " _0.965, fo '1.035f, H
ﬂ Cain 22.2dB | 22.8dB | 23648
Aperture efficiency ﬂ 48.5% 52% 58.4%
10dB Beamwidth , 27.6°£0.2° [ 25° £ 1.1° | 99,50 +1.3° ”
Sidelobe-level (E-plane) -28dB -33dB -29.8dB T,
Cross-pol. (45°) -205dB | .21dB -22dB
Beam-efficiency (to -10dB) 86.6% 86% 86.6%
Gaussian Coupiing efficiency 97.2% 97.3% 96.8% ]
Gaussian Coupling rolloff 96.3% | 97.3% 96.0% "

Table 3.6: The radiation characteristics of the 23dB quasi-integrated horn antenna
over a 7% bandwidth.

r 7 ~T=
) Frequency (GHz) | 300 | 310 | 320 | 330 | 340 | 350 | 360 3801]

Gaussian coupling efficiency % || 92.5 | og 97 [973(96.5( 95 | o4 90]’

21.8 122.2 [ 22.8 [ 23.3 | 23.9 24.4 | 25.1

|

Table 3.7: The calculated gain and Gaussian coupling efficiency of the 23dB quasi-

integrated horn antenna from 300GHz to 360GHz. The design frequency
is 330GHz. .
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the membrane,

360GHz (refer to equation B.i2). The beam waist of the 23dB quasi-integrated horn

the Quasi-integrated hory antenna (Figure 3.33). A Fabry-Perot filter (10, 115] was
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loss L, in the /1.0 teflon lens in front of the receiver antenna is about 0.8dB be-
tween 33§E}Hz and 355GHz (0.3dB reflection loss [108], aﬂf 0.5dB absorption loss
[66, 109]). The RF diplexer loss L;_3 in the signal and image path at both sideband
frequencies is estimated to be 0.1dB due to diffraction. In addition to all these RF
losses which contribute to the receiver noise, an additional noise component is due
to the carcinotron noise at both sideband frequencies. Carcinotrons output noise
temperature in the sidebands can be as high as 50,000K [17]. Assuming a 25-27dB
rejection at the sideband frequencies in the LO path thrpugh the Fabry-Perot filter
and the Martin-Puplett diplexer, the noisé temperature added to the rece.iver noise
temperature is about 100-150K (Appendix C).

Table 3.8 shows the antenna-mixer DSB performance. Note that the antenna-
__mixer noiée.te_mperature has been corrected for the carcinotron noise. It is expected
that the antenna-mixer pérformance at 315GHz-320GHz is as good as the 335GHz
results, and even, is 0.5-1dB better because of a better diode-dipole match at these
frequencies as measured in the microwave model aﬁd predicted by mixer theory. The
effective mixer diode temperature at 335GHz, assuming the attenuator model for the
mixer, is equal to 291+£5K. This is within a factor of 1.64 of the effective temperature
(nT,/2) for an idealized shot-noise limited mixer. There is no direct indication that
the etched V-trenches around the membrane wafer sidewalls eliminated the power
loss in the antenna structure. However, we can conclude that first, the trenches
did not affect the far-field patterns and second, we can see an improvement in the
new 330GHz design performance in comparison with the performance of the 250GHz
receiver. This improvement can be noticed in a reduction in the discrepancy between
the effective actual mixer diode temperature and the effective idealized mixer diode

temperature at 335GHz.

R s R A e




ﬂ Frequency (GHz) | Conversion Loss (dB) | Noise Temperature (K) I

335 8.5 1750-1800 "

345 9.2 1870-1920
355 109 ' 2500-2550 "

Table 3.8: The DSB antenna-mixer performance of the quasi-integrated horn antenna
receiver designed at 330GHz.

3.5 Comparison of the 90GHz, 250GHz, and 330GHz Mix-
ers Performance to Other Mixer Diodes Performance

The published results for the best room temperature fundamental mixers operat-

ing around 90GHz, 250GHz,

I, o m-s,

Schottky diodes are shown in Tables in tables 3.9 a.nd 3 10 Any SSB pubhshed re-

sults have been converted to DSB values by dividing by 2 so that all the results are

compared on a uniform basis.

The quasi-optical mixer presented in this work shows very good performance at
90GHz, 250GHz and 335GHz using a simple low cost design. The mixer requires
no tuning whatsoever, is planar and is compatible with monolithic techmques At
100GHz, the mea.sured DSB performance of the quasi-optical pla.na.r mixer presented
in this thesis is within 2-3dB of the best fundamental waveguxde mixers usmg either
a whxsker-contacted or a planar diode, and which have the advantage of a backshort
waveguide tuner. The measured DSB conversion loss from 86-106GHz is 1-2dB higher
than wideband tunerless waveguide mixers {117, 118]. At 250GHz, the berfenha.nce is
within 3-4dB of the best tuned fundamental whisker contacted wavi:guide t.n.i‘xers. The

difference in performance is due to the increase of the planar diode series resistance

I
) i
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-of the best tuned wavegmde nuxer ;mng a whisker oontacted diode with 1.§!¢m»mode
i

employing a similar planar UVa dxode, our antenna-mixer conversion loss is within

~Mixer Type
(Whisker-Contacted Diodes)

f0 (GHz) | L. (dB DSB) | Tas (K DSB) | Ref.

A e e W }M,. IR 5 SN S

Table 3.9: Summary of performanoe of best mq rtempex;ture hmda.menta.l mix-
. . ers operating near QOGHz, 250GHz ‘and 335GHz.3 sing w!nsker contacted
" GaAs Schottky barrier diodes. The IF fréqifeﬁéy ‘Between 1-2GHz.
SE: nngle-ended WG: wave-gmde &

| (TR e ity wdig B
and paramt:c capac:tance e!fect wluch are neghglble for wﬁmker-oon acted chodes, and
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the antenna loss in the nnooa.ted sldewa.ll A
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At higher frequenc:es, the area on the membra.ne taken by ‘the diode becomes
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significant when compared to the dxpole This results m%havmg a rela.txvely tlnck '
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substrate of GaAs on the back of a slgmﬁcant pomon of the cﬁipole lntenna, whxch 4
SRR DN ERPE i ak Pl w:u ,‘_\,wq - ’%:i';,’ : g

makes it difficult to match the dxpole nnpeda.nce to the diode impedance. The G;As
JRAa" il r.)é? ‘*‘t“f ﬁ%}. s uﬁ};&?{}{: T ‘

substrate can be thmned down but 1t becomes 1mpract1cal to mounf. c!ups which are
R IR LE T DY 8.1 et kit . gmz,vu T Ly

less than 25,um thlck Also, the therma! oonduc‘tlvxty of the thinned diode is reduoed
ErEL IO T .?i"’ﬂ B LA %dﬁ a8l

wlnch causes degrada.txon in performmoe due to excesswe dxode heaf.mg [1 19]
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In the 330GHz, the power Ioss in the unooated n
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use of V-trenches As we can see from the two tabIes, the performanoe of the tunerless
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quasl-ophca.l rece:ver a.t 335GHz is vnthm 2.5dB in
s ering abb aowaet gaabianel Wd%%
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dmmeter Companng to the best tuned waveguide mixer performa.nce at 335GHz
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Mixer Type

(Planar Diodes) { fzo (GHz) | L, (dB DSB) | Ta (K DSB) | 4
“ Ba, WG, Tuned 94 2.5 —_ [117]
SE, WG, Tuned 106 3.2 - 360 [27)
SE, WG, Tuned 94 24 260 [26]

ShP, QO 90 6.7 1080 [64]

|

SELQ0 | 8 | 66 1160 [62]

N S -

z |

SE, QO 92 5.5 ' 770 This work

i

ShP, WG, Tuned [28]
SkP, QO 182 | 85 1820 [64]

5.7

p——wa
====1

" SE, QO 258 7.1 1400 This work ﬂ
" SE, WG, tuned | 345 65 | 1300 | o
" SE,Q0 | 335 85 1750 | This worgﬂ

Table 3.10: Summary of performance of best room temperature fundamental mixers
operating near 90GHz, 250GHz and 335GHz using Planar GaAs Schottky
barrier diodes. The IF frequency is between 1-2GHz.

SE: single-ended; WG: wave-guide; Ba: balanced mixer; ShP:
subharmonically-pumped; QO: quasi-optical.

2dB and its noise figure is within 1dB only!
Currently, it is easy and inexpensive to array four of these receivers on a single
chip. Together, the four planar receivers have a sensitivity similar to that of one of

the best tuned waveguide mixers at frequencies from 100GHz to 360GHz.
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3.6 Conclusion and Future Work
L - &

The work presented in this thesis represents the first complete work on build-
ing low-noise integrated Schottky receivers for millimeter- and submillimeter-wave
applications using planar antennas printed on thin dielectric membranes. The inte-
grated horn antenna, which consists of 2 dipole—probe integrated on a thin membrane
and suspended inside a pyramidal cavity in silicon and which does not suffer from
substrate-modes and surface-wave losses, has been used as the receiver structure. The

knowledge of the RF dipole-probe impedance inside the pyramidal horn cavity and

the knowledge of designing the integrated horn antenna to result in excellent radiation

patterns led to the design of a novel simple mixer design. No RF matching network

was requxred between the dxpole»probe and the rmxer c1rcu1t Also, no tumng was »,.?

'4 e e g

required whatsoever because the dipole-probe can be des:gned so that its inductive
reactance can tune out the diode capacitive reactance over at least a 10% bandwidth.
The mixer circuit is planar and compatible with monolithic techniques. 'In addition
to the comparable performance of integrated horn antenna Schottky receivers to that
of tunable waveguide Schottky receivers at room temperature, the low cost of fabrica-
tion and the simplicity of the integrated receiver design make it suitable for compact
millimeter- and submillimeter-wave receivers needed for mass-production.

_ Future work on integrated horn antenna Schottky receivers can be directed toward
building quasi-optical millimeter-wave integrated balanced mixers. Two orthogonal’
dipoles can be integrated on the membrane, one dipole for RF and the other for,
LO. At the center of the membrane, four planar Schottky diodes are mounted in 2
ring mixer configuration between the two dipoles [122]. This work can be extended

with low cost to building an imaging array of integrated horn antenna receivers wit;h""j

 balanced mixer design.
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The development of integrated horn antenna SIS receivers should be investigated.
The integrated horn antenna outperforms other printed-creuit antennas-l:pf‘its radi-
ation efficiency and by its lossless structure. The SIS mixer is the most sensitive
detector in the millimeter-wave region, and all high-quality millimeter-wave astron-
omy is based it. The SIS junction could be deposited lithographically at the apex of
the dipole which is integrated on the membrane sﬁspéﬁded inside the horn structure
[123]. The combination of the integrated horn antenna with an SIS junction will re-
sult in a highly sensitive very low-noise receiver at millimeter- and submillimeter-wave
frequencies, and with the development of sensitive SIS junctions at high frequencies.

With the progress of the GaAs processing technology, many industries are pushing

the development of MMICs _and millimeter-wave monolithic circuits for commercial

‘applications. The integrated horn antenna is a very promising technology .and all

meonolithic techniques can be applied on the wafer; however, the membrane does not

allow the monolithic integration of semiconductor devices such as GaAs diodes. Also,

as it was seen from the 335GHz integrated horn antenna design, it becomes inade-
qua.te.to use the hybrid approach fqr the integrated mixer circuit because of the small
circuit dimensions and because mounting the diode becomes very time consuming.
This problem can be solved by the insertion of thin GaAs wafer into the integrated
horn antenna structure which replaces the membrane inside the silicon cavity. The
problem of surface-wave modes has been solved in [73, 124] by thé synthesis of a cav-
ity environment around the dipole, using the etching of $renches or via-holes. This
new way of building an integrated horn antenna receiver will yield strong, compact,
efficient, and inexpensive when mass-produced, monolithic planar systems suitable
for millimeter-wave commercial and scientific applications. Also, these systems will

represent a very promising solution for the development of monolithic Schottky re-
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wave region where the building of waveguide receivers
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CHAPTER IV

92GHz DUAL—POLARIZED INTEGRATED
HORN ANTENNAS

Polarimetric radar is an increasingly important tool in microwave and millimeter-
wave remote sensing. The technique consists of transmitting horizontally and ver-
tically polarized waves, and measuring both polarizations of the return signal. A
target polarization matrix is formed, and the return from any other incident polar-
ization could then'be readily synthesized. This technique has been used for image
enhancement and target discrimination in synthetic aperture radars [125, 126}, Sev-
eral researchers have also used orthogonal polarization for local oscillator and RF
injection in quasi-oftical baianced mixers [127, 122]. These mixers have inherént iso-
lation between the RF and LO ports, and do not xeqmre a diplexer for combining
the RF and LO signals. Dual polarization is also used in the emerging field of quasi-
‘optical a.mpliﬁer’s.r In tiﬁs application, the input pla.né wave is horizontally polarized
and amplified by a differential amplifier and the output wave is vertically polarized
[128, 129]. In this chapter, we use mode symmetry and orthogonality in a rectangu-
lar wavegmde to design a dual-polarized horn-antenna array suitable for polarimetric
imaging a.nd bala.nced mixers. The dual-polarized antesina array shares all the advan-

tages of the smgle—polarized horn array discussed in chapter 2, such as high aperture
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efficiency and diffraction-limited imaging, and also provides two polarization chan-
nels with identical responses. Also, the dual-polarized design can be combined with
a machined section to result in high gain (20-264B) [73, 80]. Thgﬁual-polarized an-
tenna consists of two dipoles perpendicular to each other and suspended on the same
membrane inside the horn cavity (Figure 4.1).' The dipoles couple to an orthogonal
set of waveguide médes, and therefore are effectively isolated from each other.

The patterns are ca.léuia.ted for each dipole independently, by approximating the
born structure by a cascade of rectangular waveguide sections, and matching the
boundary conditions at each of the waveguide sections and at the aperture of the
horn. A.deta.ile.d analysis of the theory is given in [73, 51]. The Schottky-diode or
SIS detém are integrated at the dipole apex at the center of the membrane, and do
not couple due to symmetry: The IF or video signals are 't;ken dtitr"tvhrough a novel

bias structure that leaves room at the center of the membrane for the orthogonal

‘dipoles and detectors. In section 4.1, the isolation between the two dipoles and the

impedance of each dipolé are measured using a microwave rhodel of the dual-polarized
horn antenna. Section 4.2 describes the fabrication process-of a"5%x5 dual-polarized
lntegrated horn antenna lrray at 92GHz. The millimeter-wave measurements on the

fabricated array and the. u‘smﬁamon between expenmental md iheéretical data are

Laln e - . ,J\,..,.?.‘_ SRR N .‘.ﬁ; YEs
presented in section 4.3, i s = R R

4.1 Microwave Modeling and Design

A 1-2GHz ‘microwave model was built for modeling the dua.l—ppldﬁzéd horn an-
tenna. The antennas were designed for pola.nmetnc applmatmns,;hng 4wo. indepen-

- dent channels. with a. high deztee of mlatmn_!ﬂswmd. Thi&;mdtﬁm:ent from

balanced. mixers, where the antennas would combine together Q.t the n:nter of the
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Back Wafer
: . - Front Wafer
| Pygamidal Hom

. Dipole Antennal
.‘. i
’ﬁ. B Membrane

"> Dipol Antenna2

| i £ |
Figure 4.1: Monolithic duaI—polanzed horn a.ntenna ele”;!ffcxé'ntdwx ‘}1 a novel bias a.nd
feeding structure. -

3‘ r’ w‘)wiwd.«f' o

membrane in a two or four-dxode mixer to yield 4 hﬂﬂe"fl"mut‘imt"’[lﬂ 110]. In our
case, the Schottky dlode or the SIS detector at th{%t&f&d of ¢ach ehdnnel acts
as a fundamental mixer for the RF and LO waves: of: t&;l;\f)&iuz&tmn, ‘éoupled by
the dlpole antenna parallel to that pdltnza.tlon iﬁﬁ%ﬁicﬁ’k”‘fuﬁiﬂg’”fhn cha.nnel
 This results in two separate IF ugnam%e takeﬂ s{itf%n&“‘e é‘: B tval

comforta.ble space presenf; it ﬁé}éﬂge’ﬁfm o

problem, a new feeding structure was developed (Figure:“{l) ;It mnmts ‘of narrow
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hnes (5¢m) wide close to the cavxty walls and connectmg the two ends of the dapole?
antennas. The tangential component of the electric field i is zero near the cavity walls, .
and therefore.no RF current is induced in the bias lines. l‘hrﬂﬁrmore, the lines are
thin and do not affect the perpendicular component of the electric ﬁeId The bias .
lines are qua.rter wave in len,gth and act as a A /4—transformer between the end of the .
dipole a.ntenna and the pyramidal cavity, which could be considered as an RF ground |
plane. The RF and LO waves will be coupled quasl-optxca.lly to the two orthogonal
channels. The LO wave is mmfent at ) 45° to each channel so. that the Lo power is -
divided equaﬂy between the two dzpoles (Figure 4. 2) By _, P

A born design’ with"an apetture of | f1.35)-square, Ind k feeid pomtmn of 0.39 from
the apex: was chm;e: for monolithic mteg'r:i;mn Thu"dwgn yxetaﬁ(ea.dy ,!i‘ﬂ,la-l. jdi!t)«:lB
beammdtl;s of 90° in the E and H-planes, and eouplea well to Qg J :eﬂector " ’

R T P T i e L 1R AL LS wb& ),ig.rﬂ # “)«J,&

[58] The measured input impedance of each dxpote,u’identlw ¥&€h§ impeda.na ‘

ﬂmyz, .Ilm mﬁne

fﬂ :.'?6

lhom.‘mtenn;mxm fhe dact tha
‘mw‘thosonal mmﬁmm wgniths mﬁw&faﬁ
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Figure 4.4: The measured lsolatlon between the orthogona.l dipoles in a xmcrowa.v&
scale model. The center frequency is 1. IZGHz

4.2 Fabrication

The fabrication process of the dlal-polmzed horn antennas array is the same as
the one described in clupter 2 for the fabrication of single-polarized horn antennas
array. The horn. a.ruy is, commaed of ltached silicon wafers with a (100). crystal
orientation. The upmmg of the'*w wafer determines the aperture size, while. the
total t]:uckneu of th@ww the pontnoq of the dipole antennas inside
the horn. The two orthogonal :&pde antennas and the corresponding two detectars 1
are integrated on the mw of each horn mtmna elmnent in_the array. . For -
thlsdeslgn,theddumuﬁiumhsmnth icrobolomete: /
detectors, and mmm :{ integrated near eagh ‘otbar at the center of the
membrane. To minimize the therma.l couplm;, th&detectors were placed 40 — 50um
apart in the horizontal and vett:ul dxrect:onz (Figure 4.5). A 1um polyimide-layer E
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[82] was used to isolate the two antennas. The polyimide layer provided a good dc and
low-frequency isolation. This design, with shifted and overlapping antennas, broke the
symmetry of the dual-polarized horn antenna and affected the 926841 performance.
It is important to note that Schottky diode mixers and SIS detectors are coherent
detectors (as opposed to thermal) and will not couple if integrated directly at the

center of the membrane.

Figure 4.5: The exact design and polarization tilt of the 92GHz dipole antennas.

4.3 Millimeter-Wave Measurements

Millimeter-wave measurements were done on a 5x5 horn array, with a horn open-
ing of 1.35)\ and a dipole feed-position of 0.39A from the apex. The silver dipole
antennas were 2500A thick. The bolometer impedances ranged from 400 to 700,

with a responsivity around 8V/W at a 0.1V bias. The horn array was mounted at
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the center of a two-axis computer-controlled gimbal mount, and' the' patterns were
measured" with a 92GHz Gunn source modulated at 300Hz. All pattern measure-
ments were done on central elements in the array. The output frorgihé"bol'bmeters
was fed to a PAR-124A lock-in amplifier. The detected voltage peaked at 104V and
the signal-to-noise ratio was better than 26dB.

The polarization response of both antennas is shown in Figure 4.6. The peaks and
nulls shrfted 15° from the dlrectlon of the probe dlpoles due to the electromagnetic

couphng between the off—center antennas. The- pola.nzatlon is- not expected to shift

if electromc dett:ctors are used a.nd the antennas are mtegra.ted exactly a.t the center

of the membrane The antenna.s are still hnea.rly polanzed and a pola.nzatlon 1sola-

ratlo did not hange for modula.txon‘frequencl'

the thermal coupling can be safely; neglécted.. .
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Figure 4.6: The measured polarization response of the orthogonal antennas at 92GHz.

case, the array was rotated 15° for maximum response, and the standard E-, H- and
-45° plane cuts were measured. Aga.in,‘ the antennas éhowed identical patterns, and
the cross-polarization level was lower than -23dB in the E and H-l:tlanc patterns, and
peaked at -15dB in the 45° pat&m. The cross-polarization level agrees with earlier
measurements done on singly polarized horn antennas [51]. The j:atta'ns agree well
with the standard E-and H-plane patterns forkiav.n.' intggfated Horn antenna element
in an array [73, 51], except for the a.béenp.e of tﬂe -13dB sidei;be in the measured
E-plane. This is because the E-plane scan at a poliriza.ﬁon angle of 15° does not
coincide snymore with an array axis. This result i is a strong indication that the E-
plane sidelobe is due to the two-d)mensmna! a.rray :tructure and its corresponding .
Floquet modes {79 T13). o

The two-dxmmslona.l pattern of a nngle channel shows a ngarly rota.t;ona.lly—

HATERS

symmetric pattern up to an angle of 45‘ from broadsldc, and a calculated co-polanzed
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dual-polarized horn antenna on a pola;iza.tion angle of 0°.

directivity from the two-dimensional pattern scan of 12.74+0.1dB (Figure 4.10) . This’ |

yields an aperture eﬁiciém‘:y of 81+2%. Theoretical modeling op the horn array indi-

cate that tﬁé aperture field distribution is quasi-T Eq with :lf.’.;nna.ll. w ] pha.se error ﬁs o

is due to the array environment and the associated Floquet-lﬁbdes. It is therefore _

_ possible to achieve a high aperture efﬁdmcfﬁom a 135Ahorn in an array environ-
ment. The radiated power is. well confined to ;ma.:n oentral b({in, and 88% (or 79%)7
of the radiated power is within a 100° (or 80°) beamwidth.. The resulting spillover
loss is 0.5dB and 1.0dB, respectively. The dual-polarized horn array is therefore well

: S
suited for £/0.7-0.8 imaging systems [58]. Loy
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4.4 Suminary and Conclu_sions

The two-dimensional dual-polarized horn antenna array h%s‘ been shown to be a
simple monohthlc antenna suitable for millimeter-wave focal-plane applications. The
key idea is the use of symmetry and orthogonality in rectangular waveguide modes.
The orthogonal channels show identical far-field patterns, and agree well with theory.
A small shift and an overlap in the orthogonal antennas shifted the polarization by 15°
from the dipole directions, and limited the polarization isolation to 20dB at 92GHz.
In the future, it should Be possible to achieve a much better polarization isolation if
the antennas are integrated directly at the center of the ‘membrane with Schottky-
diode detectors. This design has been used by Chen-Yu Chi at the Umvers:ty of -

Mlclngan to build a quasi-optical amplifier at 6GHz [128]. -

S
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APPENDIX A

Technology Demonstration at 802GHz

In chapter 2, the daign of an integrated horn antenna in an array or in a ground
plane was discussed. The fabrication of singly-polarized integrated horn antennas
array has been successfully demonstrated at ‘94GH’z [75]. To demonstrate the fea-
sibility of submillimeter wave imaging arrays, a iﬁxlﬁ Singiy-polaﬁze& ﬁtemtei{d
horn-antennas imaging array was built at 802GHz ﬁth' 1.4\ horn opening (Flgutge
A.1). The feed dipole is 0-4A longud poemoned 0 382 from the apex. As discussed
in chapter 2, this design resulta in a resouant feed-dlpole 1mpeda.nce of 56Q:¢

At 802GHz, the array cons:sts of only two sxhcon wa.fers etched a.nisotroplcallyv
and stacked together to form the pyra.m:da.l czmty. '_I‘he *front wafer ar thg Mémbrane
wafer is 210pm thick, and the feed-dipole antennas and the detection drcnitry are .
mtegra.ted on its back side (the membrane side). The detectors are 4ym-square Bis-
muth mxcrobolometers and are mt.egra.ted at the center of ead).{eed-&pble i.‘nfen.na :
The back wa.fer is 390,um tluck with an array of 150 -pm - pyum;ia.l im.cl::a;:::;s
etched init. In fa.ct it is much easier to bmld subm:lhmeter—wave integra.ted hom;;
| antennas because the membrane becomes very lma.ll (about 300;1111 tc IOOym-squa.re)“f
and only two wafers are needed for the horn camty

In our design, we contact an array of 4x4 e!ements in the eentei: !mce we a.re

only mterested in the patterns of a single element in an a.rra.y There isa lot of space'



1rirae

Pises

P s e b L it

Fote it e e <

Liati

sEEr s




112

a;va,ilable_ on the front wafer backside for bias and IF circuitry and in the case of a
1.4A—§ciuare, the available space is 1-(0.541/1.4X)?* = 85% of the wafer surface. This
is of course expect:ed to increase to 98-99% with the use of a quzig-“integrated horn
having a gain of 23dB (aperture of 5.4\-square).

The far-field patterns of a single integrated horn antenna in an array were mea-
sured using a far-infrared laser tuned at 802GHz [132]. The theoretical far-field
patterns of a horn antenna in a two-dimensional array has been discussed in chapter
2 and in [73, 51]. Figure A.2 shows the experimental E and H-plane patterns which
agree well with the theoretical patterns.

The H-plane is smooth due to the TEq tapering of the electric field across the
aperture. In the case of the E-plane, the horn sees the array, and the spikes and
nulls in the patterns are due to specific Floguet-modes. The E- and H-plane 10dB-
Bea.mwidths are 80° and 90° respectively and the far-field pattern matches well an
£/0.7-0.8 imaging system. The directivity of a single horn antenna calculated from the
measured E and H-plane patterns is 12.3dB:L:0.2dB. The pattern is quite symmetrical
as is evident from the measured 45°-plane pattern (Figufe A.3). The radiated power

is well confined to a main central beam, and 88% of the radiated power is within a

100° beamwidth. The resulting spillover loss is around 0.5dB.




1-1 ?ﬁ‘ | 113

s |
‘ 0
his NN R Rk
- S &
m 5 -
o L -
1ea- % I
¥ ok ]
eld E b i
3 - - 7
| oter % - . .
- ch e -15 |- :v" -
:
the ‘ -20 ;:nnuulnnnnuluu|u.i:Inlunuhuunul L .nnn-
_ -80  -80 -30 0  a 60 90
wd Angle of incidence, degrees
' {B- : : : P
; Figure A.2: Theoretical and experimental E- and H-plane patterns.
an
the o u
: ] -
' ical ' -
| e P . ' -
| wer - X ’
i m .6 e : po
na ‘: X ! ]
g | ' .
g | - ]
® -10 - : ~
5 [ ' ]
o N ] i
-15 : V-
- :l ' “ ]
p .. ' L
b H 1 4
I :.' ! Kt &s'-phne(uf . 1
=20 mﬂlmuuwwmmm :
-90 -60 ~=30 o0 30 80 90
Angle of incidence, degrees
Figure A.3: Experimental E- and “45"-‘;7:la.n’e p‘atterns




114

~  APPENDIXB 4

i Quasi-Optical Diplexers for Millimeter- and
' h Submllhmeter-Wave Appllcatmns

LR L
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includes an interferometer will then be outlined, and in the last section, a two-beam

interferometer configuration for single-sideband filtering is pfesented.

B.1 DSB Operation of Dual-Beam Interferoﬁ“igters

B.1.1 Mach-Zender Interferometer

The Mac.h-Z_énder iﬁterferométer principle is based on the amplitude division of
the signal into two beams, delaying one of the beams, and then recombining the
delayed and undelayed beams at the output port (101, 10, 136]. Figure B.1 shows the
basic geometry of the Mach-Zender Interferometer. The beam splitters are designed
to have a specific power reflectance R at a certain frequency, for a specific beam
incidence angle and a specific pola.nzatxon As we can see from figure B.1, the beams
are incident at an angle of 45° on the beam sphtters from input ports 1 and 2. The
polarization of the two input beams and the two output beams is vertical (TE). T™
polarization is not used because it gives low reflectance values, and this 'results_:in a
high insertion loss in the LO path. The power transmissions from port 1 to port 3,

and from port 2 to port 4 are equal to :
Pis = Py =1~ 2R(1 — R)[1 + cos(2xA/)))] : (B.1)

Similarly,

Prs=Pius= 2R(1-—R)[l+co.s(21rA/A)] B2

where A is the path length difference, which is equal twice the sepa.ra.tlon dxsta.nce

d between a beam splitter and the corrmpondmg parallel mirror, and A is theﬂ signal

KEE -]

AR SR

In DSB opera.txon, we choose A 2d = A;p(2K 1)/2 where Ki IS 1 2 3 and
fw/fu:' = 2n , where n ==1 2,3... (AMtr = ¢/fir). The va.lue of the reflectance is
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3) at the LO frequency. As discussed before, the variation in R does not result jn an

insertion loss in the signal path at the sideband frequencies.

o
o

04 15- ====-Tz23 (R=05)
\| ——Tis R=0406)
02 Fl----- Ty R=04,06)

‘l‘ransmittancc

Figure B.2: The Mach-Zender Interferometer response tuhed for DSB operation
(R =0.4,0.5,0.6 and K = 1). :

This variation of R with frequency determines the bandwidth over which we can

 use the interferometer efficiently and this depends on the choice of the beam splitters.

Wire grids and dielectric slabs are used as beam splitters and the method of designing
them will be explained in the fol.lowing two uectionsA.

¥ WiE G_ziﬂs | | o

Refemng to [138, 137, 10], 2 summary of formulas for des:gmng a wire gnd with

a speqﬁc reflectance is shown below R
‘ : vl el Yy sty b
1+ (2Z,,/Z.;.)I’I

Z,/Z, = i ms(ﬂ-)(fﬂmc(ﬂ/ﬁ)(y/»\), -for ﬂlm Jtﬂp-féf width 2a (B.4)
Z,/Z, = i cos(6; Y(in(g/2xa))(g/)), for rou*nd*m#c.é'?ﬁf ridius a. (B.5)
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where 6; is the incidence angle on the mesh. Z, is the wave impedance of the medium.
The equations for Z ¢/ 2o are valid for g < ) and for the mcxdent electric field paralle]
to the direction of the grid conductors. ' £ |
The performance of wire gnds as pa.rtlally reflecting mirrors is-limited by the absorp-

tion loss due to the surface resistance R, of the metal wxres, a.nd to a.ny nonuniformity

in the wire spa.cmg
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‘Figure B.3: The reflectance vs. frequency for three fused quartz slabs designed to
| ' yield B = 0.5 at 90GHz.

~ The thinnest slab (dy) yields the widest bandwidth where the insertion loss in the
LO path at the LO fr_equéncy is less than 0.2dB (04 < R < 0.6) from 66GHz to
180GHz. The thickest slab (d;) syields a bandwidth of only 13.3% sround 94GHz.
As the slab thickness is increased, the periodicity in obtaining B = 0.5 at other
frequencies increases on the expensé of reduction in bandwidth. The limitations in
using dielectric slabs, especially at submillimetgr—v#ave fréquénéia,'is the absorption
loss in the dielectric and the accuracy in obtaining very thin slabs, |
For the two kinds of beam splitters described before,.a.é we ‘mentioned at the
beginning, the variation in the reflectance R of the beam splitter azound 0.5 will
result in an insertion loss in the LO path at the LO frequency The'lost ﬁower will
exit from port 4 which is normally terminated by a matched load. =~
Quasi-optical systems suffer from diffraction of 'thé-’ﬁnitéiﬁiiea*béaﬁi“ih the pres
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ence of quasi-optical elements. Assuming a fundamental-mode Gaussian beam being
coupled to either port 1 or port 2 of the Mach-Zender interferometer, this beam will
be split in two beams. These two beams will recombine at outpuftport 3 with one

of them (beam A) having traveled a longer distance 'than the other one (beam B)

- due to the path difference A. This means that beam A will have a bigger radius

at the output port than beam B. For perfect coupling at the output port, the two
beams should have the same beam radii and redii of curvature, | Due to the imperfect
coupling between beam A and ‘beam B, some power will be lost in the signal path and
will be coupled to lugher order-mode ga.uss:a.n bea.ms Thxs loss is important because |

it represents an msertxon loss in thc RF and LO pa.ths and increases the receiver

- noise temperature This :nsert:on loss in the signal a.nd xma.ge pa.th (port 1- port

B A S bl o -}";
3) [10] can be calculated usmg Gauss:a.n-Bea.m oﬁhe_s a_nrc_lu_‘le mcpresaed as :'

'%" dg e O

where a = AA/Z: wﬁ the bea.m wa.lst of the anut bea.m For R = 0.5, equa.tmn
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input beams from ports 1 and 2 converge to f.he same minimum beam waist in the
optical center of the interferometer path, neglecting the path length difference [101].
Also, the input. poft physical size should be larger than at least& times the input
beam radius, in order to avoid truncation of the input fundamental-mode Gaussian
beam [10]. This truncates the beam at a level of -35dB and conserves 99.97% of the
incident power. |

Even though the geometry of the Mach-Zender interferometer is simple, it has two

main disadvantages :

1. The dependance of the reflectance of the beam splitters on frequency limits the

bandwidth of the interferometer.

2. The physical size of the input window of the mterferometer as seen in ﬂgure
B.1 is equal to d = A\;p/4 for DSB operation with K =]. In most’ nnlhmeter
wave applications, the input beam will be trunf:a.ted for this value of d It
is even impossibie to use it at higher IF &éc‘lﬁeﬁéies,,without incfeasing the
path difference (K =2,3,..) or reducing the waist of the bea.m at the center of
the interferometer. The latter option will increase the diffraction loss. Other

designs do exist make zero path length difference possible, but at the cost of
larger size and increased complexity [101]. | |

B.l.z The Martin-Puplett Interferometer | IR,
While initially developed for wideband Fourier transform npectroscopy [140 141],

it is widely used in millimeter and submillimter-wave uppln:a.txons for "LO ihjectxon

..or SSB filtering. kt.is defined as the poIanzatwn-mtatxng dua!gbenin’ihterferﬁmeter.

This is due to the fact that the two input ports afe sepmted By.";sing oue pbla.riza.tmn '

for one input port and the corrmpondmg orthogonal polanzatmn for the second input
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interferometér in order to present a higher rejection to the Lo ‘noise in i sidebands
frequencies [142].
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mterferometer filter will be described;

For A=2d= (2K = 1)A1r/4 and fimoge/ fir = 4n, where n =1 2,3,.. , figure B.6
shows the response of a dual-beam interferometer tuned for SSB ggeration (K=1in
this case, and R = 0.5 for Mach-Zender). Path 1 — 3 (Mach-Zender) or path V" — &
(Martin-Puplett) is the signal path, and path 2 — 3 (Mach-Zender) or path # — H
(Martin-Puplett) is the ima;ge path [10]. We see that we have a 3dB loss at the LO
frequency in either signal or image path. | |

In figure B.7, a configuration of two cascaded Martin-Puplett interferometers
have been used to obtain a true single sideband opera.tlon (signal/image separa-
tion and 100% LO mject:on) [142 12]. Interferometer A is tuned for SSB operation
(d4 = Arr/8). The signal is sent honzonta.lly polanzed from port 1 and the image
vertically polarized from port 2. The signal and image are combined together in the
interferometer and exit both horizontally polarized at port 3. The ﬁnage port (V) is
terminated with a ma.fched load at port 2. This-’termi@tion should be as cold and
as matched as possible in order to minimize the additiv; noise ‘d.ue to its tempera-
ture.. The horizontally polarized signal and image enter now tymgh the & port of
interferometer B which is tuned for-DSB operation (LO :njectxon, dg = Azp[4). The
vertically polarized LO ngnal is injected through the ¥ port of mterferometer B. At
the output V port of :nterferometer the RF signal, the cold image loa.d and the LO
signal exit vertically polanzed wlth 1deally no attennatnon through theu' pa.ths

A hybrid pola.nzmg/Fa.bryﬂPaot mtﬁmem has heen deslgned for true smgle
sideband operation but with the adva.ntagé that it has a.»wmpact size (no need to
cascade two :nterferometers) and can mupi;?he RFjEéﬁ, gthe: um.ge loa.d and the
LO signal to an array of receivers (3x5 array). This is a great pxece of quux-opt:ca.l
' design and the reader is reféred to ]

§ g ety n;r’ i ,
5] f&r morgmfo?maTl I 24 _M e
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Figure B.5: The response of the dual-beam interferometer when tuned for DSB op-
~erationfor K=1and K = 2. ' e
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Flgure B.6: The response of a dual-bea.m mterferpmeter la ,'S ﬁl o
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R Y TR

Figure B.7: True single-sideband operation using two Martin-Puplett interferometers
o in cascade. : :

R $yyey R Ee e
: ‘U‘ B t Bk ".J’;)G ﬁi&)_. LIPS S )




R L L P R,

APPENDIX C

Mixer Noise Temperature Calculation
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noise temperature
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where L,, L; are the signal and image conversion loss, resi)ectively. Lar and Tps are
the mixer conversion loss and equivalent input noise temperatu:e, respectively.

In [105, 144], the various noise contributionsk to the mixer outﬁ noise tempera-
ture in a receiver system have been discussed. In this appendix, the mixer conversjon
loss and equivalent iqput noise temperature will be derived for a room temperature
receiver where the RF and LO signa.ls are coupled using a quasi-optical approach.
Equahons for the mixer noise temperature are derived for the case when the quasi-
optical diplexer is used as a DSB filter a.nd the case when the quasi-optical diplexer
is used as a SSB filter (see Appendix B). Fmally, a method similar to that described

in [105] is presented for measuring the LO source output noise at the sxdeband fre-

quencies.

'C.1 DSB Noise Calculations

in figure C.1, the various contributions to the noise_temperaturé input to the IF
chain T/F are shown and will be discussed starting from left to right in the figure,
The signal and image noise powers coming from a load at temperaturé T, are coupled
directly to the signal and i image port of the quas:—opt:ca.l diplexer (port l) The quasi-
optical diplexer is tuned for DSB operat:on The different 1ypes ‘of quas:-optxcal
diplexers and the ports assignments for each’ type afe all discussed i ‘Appendix B.
Port 3 is the output port where the RF and LO signals are combitied End coupled
to the receiver antenna ‘through lens 2. Port 4 is the molatxon pm't and is usually
terminated by a load at room temperature L;..a is the loss in the signal and i image
path from port 1 to port 3. This Ioss xs the xa.me a.t both' ﬁde&&iﬁé%entnéa since

SATRENATCRCF S T B

the interferometer is tuned for DSB operation. L-,-..; is “the loss in the LO signal path
from port 2 to port 3 at both sideband frequencies. _f?i s Do TN



 at the USB and LSB ﬁ.equcnc:es. Inthe ggey;gmmw jtions; lﬁ‘ e

canoeeerbre b dlod s srmaz 2t i paul ar:ﬂ £ Yiog ot I
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For noise characterization, the quasi-optical diplexer can be looked at as a three-
port attenuator, with two inputs (1, 2) and a single output (3). Referririg to [110, 105],
the noise contnbtmon from the diplexer, at both sideband frequen&ia to the output

noise temperature at port 3 is :

11
ot = do 1 —— S— . .
Taint = To( Lr-s Lz-s) | (C3)

where T, is the ambient room tempera.ture.

The total output noise temperature at port 3 is equal to:

R H T’i-!f ST P AU TR S LELE el eV PR ‘
- T'S = Z"""' nlpf (0-4)
l-~3

Ceg v St SRR Ty . e ..:4-:”“",,:«“ 3 Y “ 4{‘ THRE {: " np g

This temperature is a.ttenuated through lens 2 wluch couples the ouj.put of port 3 to

the receiver antenna. ‘The noise temperature mcrden .on ghe a.ntenna is therefore.
ETY Ua'la’ 0 n“,.}; “ms,t’}‘)ﬁ fj\é‘h fm

T; LOFDEREE A NN AA | I i -
Ti=24T(1-= : C.5
4 Lz 0( I"2 - ( )

-
. e g Vs i - 1 *1 AR Bk 5 B
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. where L is the loss of leua 2 at both nﬁeband ﬁ'equcnaes,,g.gd %‘QQH}/IQ)) is the.

output norse tgp}perg,tpre&epgr&ted,by,p,.qtterrp;tor.of _losah{.a z&ndfq};,too.mftemper-
ature T, [110]. Teis thg;xgnq.[ npise tgmpera.gm which | ;gz:gr‘x‘p;g fothe y‘%tenmr nixer
- the e ﬁhat the_ ;
therma.l no:se pover 5; neratec Wx,g}%gi gs,l&-d% re g&} H m%m*phygw
temperyture T. This is only valid smdet;thrse mptwm% m:zf ai g
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Diplexer

Figure C.1: A quasi-optical receiver with the quasi-qpticﬂ.diplexef tuned as a DSB
filter. |

The first assumptlon is satisfied for an a.ntenna wlth 2 lngh Gaussu.n coupling-
efficiency and a quasi-optical receiver systcm well des:gned to‘ couple thh m.tmma.l loss

all the power in the signal to the antenna.. The second aasumptlon is usua.lly satisfied

since the detected power is lumted by the IF ﬁlter ba.ndmdth (50-200MH2) which
is neghgeable compared to the square of the operatmg nganl frequency (millimeter-
wave and submillimeter-wave frequencxw) However, fhe third assmnptxon is valid for
microwave and millimeter-wave applications byt Tay: not be valid for gubm:ll:meter-
wave apphca.t:ons and especm.lly far-cold signal tempeta.tuxqg, A, betterg,ppmmmatmn
[92, 145} can be used in for the, effective temperatyre correspondmgtd’"the thermal
noise generated at submzlhmcter-wave frcqucnc:es by a load.of xemperatm'e T with
the first two assumptions (;,g), previously noted,jtill qa.tlsﬁed‘ re

hf/i b i'dxﬁﬁ'a :1)“ VerI\E sz
e om .. (C.k
[ezp(hf/m 51 B ‘ )




whefe“‘h“is ‘leck consta.nt (6.63x 10'*’4 : ffdulés;g?g]{, ;}5« 35 Bdltzmmn cbﬂmm :

. i i

M 38)(10"” JOulee/"K), f is  the ugna.l frequency mm lfhemfrequj’ ’ka.ﬁ be used -
e e e

since the ﬂSB and LSB frequencxes are very close 'fo ea.ch other et m@lhmetebwave

frequenc:es) Under Ra.ylexgh-Jeans Lew, the noise temperature ofa loa,& is equal to_-
m phymca.l tempetature T. Usmg equa.t:on C 6 the actual noise temperature de-

_E“?ZKJ 10% error) “For T=295K and fﬁSSOGHz“, the error is enly 3%
temperaturee *hre'li’:ﬁv has ﬂﬁw" 6n i 4 '”der the Reyleigh-Jea.ns Law.

a,zé.}ﬂat Y

“‘&mfi’;"*:
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mismatch between the antenna-mixer output and the IF chain input. This mismatch

“at the IF frequency is denoted in figure C.1 by the IF power reflection coefficient

ITtr{? and can be mea;suréd using the method described in aﬁpter 3, section 3.2.5.
The IF chain is defined from the mixer output to the input of the power meter at the
other end of the chﬁn. The IF chain is calibrated right at the mixer ouput port using
the normal hot-cold load method and is characterized by an equivalent input noige
temperature T;r and a gair: Grr. It is important to have an isolator after the mixer
output port in order to insure the proper operation of the IF arxzpliﬁers which need to
see a source impedancr of 508. Port 2 of the i;éiatm is normr.ﬂy connected to a load
st & temperature TE, ( either room temperature T, or a cold "ternperifuré"'hBO-85K
since the coax:a.l cable connecting the cold xsolator load to the mola.tor port xs not
totally dlpped in liquid nitrogen [105]). This noise temperature TE, travels Back to
the mixer output port because of the low i msertron loss between ports 2 a.nd f of the
:sola.tor In a normal set-up, there will be some attenuation ji ‘the futh of T" This

attenuation L mclud& the insertion loss between ports 2 and 1 of the xsola.tor at the

'It

IF frequency and the loss due to the presence norma.lly of a bxas—T m IF cable. or
2 coupler between the mixer and the molator. We can. wnte the noise tempera.ture
incident on the mixer output port from the xsolator dxrectxon as o

e b b
N YT LA Twgdad e o

1“ "Y‘E g w’: s.‘ ‘x h“‘ﬂq?«i

T,:T-"é-:-r(l---) St b mdics)

Pa.rt of this noise tempenture Ts will be reﬂected back mto the IF cha.m due the

o lamhogo TRonBgE T

non-zero value of IT1rf?; end is ;dded to the aVa.:lable output ximse temperatnre TS
she depmdrn 1oL 4l s

from the antenna-mixer port which is Q,ttennated by a factor of (1-|It‘1p|’) The total

m&}t a.‘,m i .

P ATT s b

Ci b Dara o 1D 80D mﬂsm:xpu gfmzmﬂ

Y =T°"‘(1 ll‘wrl’)+Tslrml e w,.,f,m-,..,v(crt))
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The total output noise power available at the IF chain o‘utput which is conmected to -
a ca.hbrated power meter is

| - I &
PIE = Girk(TIF + Tir)B («© 11)

where £ is Boltzmann’s constant (1.38x10~% Joules/°K) and B is the ba.ndwxdth of

the IF chain which is normally limited by the bandpass filter in the chain [110]. Going

through some algebra, we can express the previous _equa.tiqn as e

S o oAl T e L B BT :3,,?::;3& ARG -
R 4 V3Lt R, i (012)

B T L D TA T A 5% .ﬁ e “'43 l“itm"" o 8 ey ‘-‘#ﬂfwi tent “33"?!‘ £5ad

g :w,where PIE, is the a.vulable gmse powex; at (thg,IFn,ﬁhp,}q %ugpx.}; OTes mgxng o an

. RF load of. temperatme Ty p.mhblﬁ at por, 1. of the. qggs}-pp,ty;;l glxplexg;. Note ;
Jﬁ e k

R e

-and Tye, are the DSB; receiver conyzprsxon Ioa &nd‘ It}m pSB rwm ggmu}snt} pput :

Lt lubmxlhmet.er-wm: ifrequenaegxyergeplwg{t by n,ggng fgquagio
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ature Ty :
o Leew(1=ITer]?) | | |
Lacv = “Tisls o « (C.18)
T _ (Treur - TG(LI-SLZ 1:}"1 1) ([—im +7. (1 = f-’-)]lI‘mI’ + TIF)LNM')
A-M = Lx-st
(C.19)

Knowing Trevry Lycwr, the path losses Ly_s and Ly_s in the quasi-optical diplexer, and
the losses L; and Ly, we can solve for T4_a and L4_ps. Note that at submillimeter-
wave frequencies, Ty irorc and T, in equation C.3 should be each replaced by their
corrected cﬁ'ective temperature using equation C.6." RS |
LO sources are not 1deal sources, md they produoe noise power at the the side-
bands frequencies. This output noise power Tm i attenuated first by Ly (loss in
lens 1 at the sidebands frequencies), second by La_ (loss i thé'diplexer'LO response
at the sidebands frequencies), and thfrd=By5Lg’"(l'oss"‘in‘-»lens 2 at the sidebands fre-
quencies). This noise power reaching thé mixer will increa.se the”DSB anten.na-mlxer
equivalent input noise temperature. Hencc, the corrected valﬁe uf ~‘lh01:ld be

Tf-’h "‘TA-M—’I;‘L:':Lz _(C.20)

This term 'r.-,o/m,,.,u is neghgéable fot *ﬂ’:e <ase ¢ of Gum: fdx}aé ‘biaged LO

STy

sources, assuming a’ 20dB rejection of the aideba.nds m t&é L’O pﬂtﬁ}ihmmgh the
diplexer (La-3). However, for the case when a carcxnotron is used as the BOQource,

the noise generated by the carcmotron in ihe l?deban&s Hm be,iS hiih“ti‘&’ﬂ OOOK [17],
‘‘‘‘‘‘ M*,M 4 7?h-,“~

and even with Ingh udebands mjedlomin th,& LO path the term T;,a/LlL-,-..ng can

S s de TR e ks G iy st sperendy by e

be in the order of 100-5001( Tlus is also true’ i MPATT dxodq,baaed LO sources
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' C.2 SSB Noise Calculations

In the case of a quasi-optical diplexer tuned as a SSB ﬁlter as showgiin Figure C.2,
the diplexer has 3 input ports and two output ports because there is a need for LO
injection and signal/image seperation as discussed in Appendix B. The signal port
sees a noise texnpera.tnfe T,. The image port is terminated by a load of temperature .
T,. This image termination should be made as cold and as well matched as possible
in order to mimimize the additive noise due to its temperature [12]. The LO is
" injected through port 2. The output port is port-3 and is coupled to the receiver
antenna through lens 2. Port 4 is the isolation port and fs teminated=by ‘l load. In

‘the following calculations, we consider that there is no power from . t.he lma.gc load

appearing at the signal frequency, and vme. versa. This is based on the assumptxon
that the SSB filter has a good signal to image telectmn ratio at the mgna.l frequencg
and vice versa, and which is va_lld;mrmallyf Hence, at the-signal frequency, we can

follow the same method as in the DSB caseand we kggg_lexpmsf'thg output noise

temperature at pcrt 3 as:. ‘ T e g e TegEn dnmse ity
T, 1 E
= L,‘. +T.(1 L::'s." pr (0.21) .

5

where T,(1-1/ L:_s* - 1/135_s) is the cbplexet eqmvalent mput noise tempqr;ture at the
signal frequency due to the loss L2 _y in the ngn;l¢ path ;and the!&ss]..",‘;;’;wihe LO

path ) : o ;"’. HEIEN

e e
O P R S

“"; “’.‘""": Eu‘\,'ﬂ.g‘i "’“K“wq’*:-
At the image ﬁtqucncyrthe cutput noue tempe:;au;re ;t port 3 is -im ion n;;i

il Ay DI shasdofun rigel er asvs. im
, ; Finage slmsd i i “
| = T.(l 4

ITEa ety " § ot i 113‘"" (K&'@Jﬁ.&a.mbm mii m
where T..(l IIL,_, 1 IL,__,) is the dxplexu eqmvalent mpny. qome tgmpq:a.ture at the

© 22_)

_image frequency due to the loss L i_s in the image path and the loss L,_g in the Lo |
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path. T, is the ambient room temperature. Port 3 is coupled to the receiver antenna
through lens‘2 of loss L; at both sideband frequenCies. The noise temperatures

incident on the antenna-mixer at the signal and image frequencies gife :

TH = -TZ- +T(1— -) (C.23)

‘ ok s R e
s LT WO Ry IM-:A t"’i e (i g
N Fxgure C. 2:A qnas:—optzcal receiyer. mth the quasx—opt;;a.l d:plegne\rﬁ ﬂ‘i‘ed p.s 2 SSB
er.
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In the SSB case, Itis assumed that the ngnal lnd lma.ge antenna-mixer 1 responses

kLS 1 - ‘-‘} lin"j‘ i
are equal, and the IF output nonse power genéi‘ateq éy the miiar‘ébinéé%tlrely £rom #

the sxgna.! band The total IF output noxse temp&hture avaﬁablea.t thc?mlxe: outpﬁt.

r..;: % .
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where TY_,, is the antenna-mixer SSB equivalent input noise temperatufé, and L% _,,

is the a.ntenna-mlxer SSB conversion loss. Rea,chmg this pomt where we have defined

T34, we can follow the same equations used for the DSB case to calcul¥e the IF power

! at the output of the IF cha.m corresponding to a signal with a noise tempetature T,

and an image termination at a temperature T. After going through the dgebra., we
can write the expression of the IF power available at the outpuf of the IF chain as

| pnr GrF Lot Toar) - (C2)

where we deﬁne L,,.,, and T, in the followmg equa.tlons , "' o

I = Ly sLisLs IRREAE b e 0i96)
= {L=1Trf) B S A R
Con o Lt pa Ly A
T;-.ew = TA—ML.-8L3+T(L 3L7 - 1)+TO(L:-SI'2" : L 3
: z-s -a, -3k
LTy Lo gLy = 0 TEmEmemihe
2 Liel? + Typ) Sazac izl | c.2.7
=+ (] A v o= oy ( 27)

L?er aud T}, are the SSB receiver conversion loss and eqmva.lent rmpul foise tem-

perature, respectxvely

Usmg equation C.15 - C.17 as in the DSB ca.se, we solve for I.mr a.nd T‘

‘using equations C.26 and C. 27 ‘we can calculate the SQB m‘f%mix} "‘5:0%{ :i
loss LY, and the SSB tntennu—mlxer eqmvalent input noise fempmtmﬁ" 1;,. fim
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In the SSB case, The LO noise power reaching the antenna-mixer af both sideband
Jrequencies will increase the SSB antenna-mixer equivalent input noise temperature

T4-ar- The corrected value of T",_,, is B {

T-.eorncted =T — TLo — Tw
A=-M A-M L L5_3L3 I L'g..st

(C.30)

In the SSB case, the ima.ge port of the mixer is assumed noiseless. As a result, all
noise powers appearing at the signal and image frequencies are added when referring

them to the signal port.

C.3 Measurements of the LO noise power in the sidebands
frequencles

R RS TRy

Going back to the DSB case, a.nd assuming we obtuned a ccrtmn T,A-u and
a certain Ly_ar for a specific rectlﬁed current in the mlxer dxode, the ® quasi-optjcal
noise power in both s:debands is a.llowed to go du'ectly mto the ;mxet mth little
attenuation. The LO power is rea.djusted slightly in order to account for the losses in

the diplexer, and thereby, _the a.ntenna.fmxxer TA-M l.nd LA.M,? mdﬂmg‘ ;eﬂechon

coefficient are the same as before Thc IF . power, m::asured at_»the outp;;t_of the IF

chain can be expressed R s A0 8 dsm s

l ; .1
PIE = Grek{( 22 Lo LG Lz)-m-u) b, i’f’"‘"f—i T D Tirl B
R ~h';‘»"4‘;‘-‘3’:3--1:?‘@:-&?’3 i oS «s W R ,r (031)

Using the power micter t6 meastiré P.{f,, m&u & R thEVheiab

' C.31 from previous caléulations and i measurers “ta % kﬁ&% gi’f: vnlu@ "of Tw

at the l!deb&nds l&eqmcles s 3-*11'% .;03( W ’Ef.ﬂ:équjm,f ’wﬁgﬂ&:} Qiéﬁj-'?&i %‘5 B 1:’!‘
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~  APPENDIX D &
Fabrication of Trenches and V_-Grooi(es in Silicon

T L Ut

D.1 chromaehmmg of V-Grooves: oy s
2312, ’z"lhp‘,}'ﬁ

In the mtegra.ted receiver structure presented in cha.pter 3,(or QQGHszGHz, and
335GHz a V-groove has been etéhed fh the nde%‘(ﬁ)w g%v’ ‘a“ﬁiié' i;ne w‘.lnch is
integrated on the membrene (see i“ig. 3. 4) Fxgure lf i (]gft}"&’*' =4 iie etr}ﬁpng mask

seT *mm U”mvnm LT *»;* oslgth

* for the V—groove opemng a.nd the pyramxdal cavity ¥ opening next to it. “Fhis etching

s BB Al mdwiwﬂ%# et ‘%ﬁa}’ﬁ*

: #13
ma.sk has two convex’ comers in it &onvex eornera, in gener &rcut by

‘, 2IEP o (O] **zii AP L1083
“anisotropic etches at a rate deterxmnecf 1: e gﬁéﬁxtﬁd‘é of e maximum étch rate,

. ’ 3 Afu“‘lm, “4153 ﬂv 14 "'t*
by the etch ra.te ratios for § varidus gﬁtﬁographe P ee,?an §$£3 ¥ ?’of local

surface area bemg aetw‘éfly etﬂgdw; F&i‘ﬂe{ i a"y m“{ f”“"rfﬁi’ﬁ%@iﬁ uiwer:;‘!:

e iy uem 3 ,m R A el
rate such as EDP (Ethylene Dnm.lne, Pyroughecof ﬁz ¥ is%nér %?&L o

are undercut a.nd the Y -;3 inh;tedﬁmb J»-(BEWL“‘ }_g ,“g = 1q[i,, .‘?;w
' InepaperbyBeanetl.l {69] ltxéeeenthet@mer s
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ra.te ratios than EDP and hence the etching rate through, silicon is slower. Normally,

during etchmg, there is an additional widening of the openmgs, due to the inherent

rmsalxgnment between the wafer and the mask durmg exposure. gence, the gap
between the two opening masks is reduced, and the wall separatmg the V-groove
from the pyram:da.l cavxty is thinned down during etchmg At a certain level (close
to the end of etchmg), this wall breaks and is etched a.way :

:,t-‘the end of etching, the

convex corners o‘otamed are nummally undercut (Flg

D2 -',Mitgiéoniaciﬁiniﬁg‘,?-af vir‘en&:he's‘; |

In the 330GHz recelver deslgn, V trenches ha.ve been etched ’50ym to 75pm away
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Figure D.4: The V-groove fabricated for the 330GHz receiver structure.
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" 7. The wafer is then dipped in the 60°C KOH/H;O solution in order to be etched
from the front and back sides. Etching the trenches and etching through the

wafer to reach the membrane are done almost at the same ti;ﬂi

After cleaning the wafer, the mixer integration on the membrane and the silicon
substrate is done with the trenches present around the membrane. Even though the
surface on which the mixer is integrated is not totally planar, the mixer circuttry was

integrated successfully using the following lift-off process:
1. spin Shipley1470 at 5K rpm for 30sec.
2. Bake for 15min. in a 60° oven.
3. Soak in Chlorobenzene for 11min.
4. Bake for 15min in a 90° oven.
5. Develop in a 5:1 MF319DI—H30 solutmn ;'c:;r 2min.

The Shipley1470 [146] is suitable for this kind of process because it is a thin photore- -
sist, unlike the Shipley1350J.
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