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Abstract - Broadband tunable, hot electron bolometer (HEBE)
heterodyne detectors with receiver noise temperatures of the
order of 10 x hf/k in the frequency range 3 THz to 10 THz are
required for future space systems. The HEB detectors have to
be configured in focal plane arrays (FPA) with many elements
(hundreds). We discuss the feasibility of such FPAs, espe-
cially the expected performance of HEB detectors at high
terahertz frequencies, the role of quantum noise, and quasi-op-

tical configurations. We show that a fly’s eye configuration -

with separate silicon lenses is preferable, and that MMIC IF
amplifiers can be directly integrated with the HEB detectors.
We also discuss suitable integrated antenna elements for the
FPA and LO injection schemes.
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1. INTRODUCTION

Space astronomy in the far infrared/submillimeter region has
recently been revitalized by the ongoing development of a
number of projects. In the next few years, three new significant
FIR/submm space cbservatories will become active: SIRTF
(now launched), SOFIA (airborne, operations starting in
2005), and Herschel (launch 2007). Previous observatories in
this frequency region were much more modest in size and
scope (the airborne Kuiper, IRAS, ISO). The new emphasis on
expansion of space activities in the submm/FIR region owes
much to the realization that a new generation of instruments in
the FIR region would have the potential to solve important
astronomical problems related to the origin of galaxies, star
formation, etc. in a unique way, It is anticipated that these
research activities will lead to even larger projects in this
frequency range in the next decade or so. The mostrecent NAS
Decadal survey recommended that “A rational coordinated
program for space optical and infrared astronomy would build
on the experience gained with NGST to construct a
JWST-scale filled-aperture far-IR telescope SAFIR™ [1]. The
participants in the Second Workshep on New Concepts for
Far-Infrared/Submillimeter Space Astronomy. which was
held on 7-8 March 2002, issued a Community Plan for
Far-Infrared/Submillimeter Space Astronomy which also
emphasized the importance of the development of new
technologies in the FIR region, and the anticipated benefits in
terms of astronomical goals [2].

The group represented in this paper has been active in the de-
velopment of hot electron bolometer (HEB) heterodyne detec-
tors for the lower terahertz frequency region (1 to 2.5 THz).
The drastic improvement of heterodyne detector sensitivity
demonstrated by HEB detectors (by more than an or-
der-of-magnitude),which has occurred in the last ten years, is
one of the most important factors that have spurred the rebirth

1 of activity in this region of the spectrum. Another factor is the
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very low local oscillator (L.O) power required by the detectors.
HEB receivers have now been employed on three
groundbased sites [3,4]. We haverecently installed an HEB re-
ceiver on the AST/RO submm telescope at the
Amundsen/Scott US South Pole Station [3]. HEB receivers
will also be on board SOFIA and Herschel [5,6]. At this point it
is appropriate to ask the question: what type of heterodyne de-
tectors will be required for the next generation of space instru-
ments, anticipated to be operating over the entire submm/FIR
range of 1 to 10 THz. Presently there are no heterodyne detec-
tors operating in space in the higher terahertz range, and only
one preliminary laboratory experiment with an HEB detector
has been performed up to 5.3 THz [5]. We will describe our ef-
forts so far related to actively exploring these questions. The
SAFIR project is the best example of a future NASA mission
activity which would require this type of technology develop-
ment. There are also other projects which could use this tech-
nology, such as remote sensing of the upper atmosphere in the
FIR. The Single Aperture Far-InfraRed (SAFIR) observatory
is envisioned as a 10 meter class FIR observatory that would
begin full-scale development late in this decade and is planned
for launchin 2015-2017 [7]. It will “enable the study of galaxy
formation and the earliest stages of star formation by revealing
regions too enshrouded by dust to be studied by JWST, and too
warm to be studied effectively by ALMA” [1]. Although much
of the observing time with SAFIR will be devoted to direct de-
tector arrays, it is predicted that from 1/4 to 1/3 of that time
may be available for heterodyne work [8]. There are a number
of strong spectral lines in the FIR region of a typical galaxy.
Prominent among these are CIT at 158 pm, N1I at 205 and 122
pm, as well as Ol at 63 pm and OIII at 88 pm. There are also
numerous lines due to H,O and CO. 1SO observed these and
other spectral lines, but with a grating spectrometer that could
not resolve them, Full resolution of galactic spectral lines cor-
responds to a velocity interval of about 1 kms™', which in the
FIR translates to a frequency resolution (Av/v) of 3 x 107,
Grating spectrometers of such high resolution would become
impractically large, and are thus not used. Fabry-Perot inter-

W

ferometers can probably be built with the required resolution,
but lose sensitivity due to having to scan in frequency, whereas
heterodyne detectors can record all frequency channels simul-
taneously. Therefore, SAFIR specifications identify “Quan-
tum-Noise Limited Heterodyne Spectrometers” as one of
four critical detector technelogies which will be needed be-
fore the goals of the SAFIR instrument may be realized
[8,9]. Heterodyne detectors are intrinsically less sensitive than
an ideal direct detector, by virtue of having to also detect the
phase of the incoming radiation, and the related restrictions
imposed by Heisenberg’s uncertainty relation. Nevertheless,
for high resolution spectrometers, they are still the best choice.
We will discuss quantum noise issues in some detail in a later
section. SAFIR requirements anticipate a sensitivity of the
heterodyne detectors of a few times the quantum noise
limit, and we discuss the feasibility of achieving this. Another
important requirement is that the heterodyne detectors be
tunable over a very broad band [10]. We discuss later how
HEB heterodyne detectors can meet this requirement. NASA
also stresses the need for developing miniaturized and
highly integrated arrays of sensors. In the context of hetero-
dyne focal plane arrays, this translates mainly into (1) design-
ing an optimum quasi-optical system for coupling a telescope
to a focal plane array (FPA), and (2) finding solutions to inte-
gration of the intermediate frequency (IF) amplifiers, and as-
sociated transmission lines and bias lines.

We have been working on solving all of the above problems,
and will present our results and future plans in this paper.

2. REVIEW OF THE STATE-OF-THE-ART

The sensitivity of heterodyne (*mixer’) receivers is usually ex-
pressed in terms of their double sideband (DSB) receiver noise
temperature. The state-of-the art for different types of receiv-
ers over a broad terahertz frequency range is shown in Figure
1. The quantum-noise limit for the DSB system noise tempera-
ture is hf/2k. The distinction between system noise tempera-
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Figure 1. Double sideband receiver noise temperature for different heterodyne receivers over a wide frequency range.
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ture and receiver noise temperature is that the former includes
the noise from the input source (ideally the vacuum fluctua-
tions), whereas the latter includes the noise generated in the re-
ceiver only. This distinction between different types of defini-
tions for the noise temperature is not always clearly stated. For
example, the “quantum noise limit” is often loosely given as
hf’k even in a diagram for the DSB receiver noise temperature.
‘The quantum limit for the single sideband system noise tem-
perature is ht'k, whereas the quantum limit for the DSB re-
ceiver noise temperature is 0 K [11]. The DSB receiver noise
temperatures of the best receivers from 100 GHz to 2.5 THz
are presently close to the 10 x hf/2k line. The next generation
of SIS receivers will have DSB noise temperatures from 200
GHz to 700 GHz of about 8 x hf/2k [10]. SIS mixers have the

best sensitivity up to about 1 THz, but are limited in frequency”

by the bandgap frequency of the superconductor used in the
junction. The oldest technology, Schottky-barrier diodes
(SBD), yields noise temperatures at terahertz frequencies at
least an order-of-magnitude higher than that of hot electron
bolometer (HEB) devices. SBD receivers require three to four
orders of magnitude higher LO power than that of HEB receiv-
- ers (hundreds of nanowatts to a few microwatts). LO power at
terahertz frequencies is very difficult to produce. Qur UMass
group was first to demonstrate HEB DSB receiver noise tem-
peratures close to 15 x hf/2k from 1 THzto 2.5 THz[12], to be
followed shortly after by the group at Chalmers University of
Technology, Sweden [13]. Other recent results are given in
references [14,15]. All of the above data were obtained with
NbN phonon-cooled (see below) devices. Nb diffusion-cooled
devices initially obtained noise temperatures in the same gen-
eral range, but have not been developed further in the last few
years. Very few measurements have been performed on HEB
receivers above 2.5 THz; the only published data was mea-
sured by the DLR/MSPU collaboration [5]. No heterodyne de-
tectors have been developed so far between about 5 THz and
28 THz. At28 THz, there is an established heterodyne technol-
ogy using Hg;.Cd, Te devices with CO; lasers as LO sources
(see Figure 1). Note that these detectors are within a factor of
three from the quantum noise limit. Erbium doped fiber ampli-
fiers, a work-horse component in fiber communication sys-
tems at 200 THz, are another technology which represents co-
herent detection and exhibits noise temperatures at the quan-
tum noise limit (also shown in Figure 1). Clearly, the challenge
is to demonstrate quantum-noise limited detectors in the inter-
mediate frequency range of 3 THz to 10 THz.

3. PRESENT HEB TECHNOLOGY

The important features of the NbN HEB technology can be
summarized as follows:

1. HEBs are “surface” devices. Therefore, parasitic
reactances are extremely small, even at the highest
terahertz frequencies. A typical device size is 4 pm
{width) x 1 um (length). A device integrated with a
broadband log-periodic antenna is shown in Figure 2.
The device can be matched to the antenna by changing its
aspect ratio, and using the fact that its impedance at
terahertz frequencies (well above the superconducting
bandgap frequency) is real with a value equal to its nor-
mal resistance just above the critical temperature.

726

Figure 2. SEM picture of an NbN HEB device integrated
with a broadband log-periodic antenna.

2. HEBsrely on a) being able to absorb the terahertz radia-
tion up to the visible range due to the very short momen-
tum scattering times; and on b) being able to change their
resistance as the quasi-particles heat as a function of the
incoming energy. These two properties are independent
of the RF/LO frequency.

3. NbN HEBs have a thermal time-constant which is deter-
mined by the rate at which phonons are emitted by the
electrons, and also by the escape rate of the phonons from
the NbN film to the substrate. The resulting conversion
gain bandwidth is about 3 to 3.5 GHz for our devices,
while the receiver noise temperature bandwidth is about
twice the gain bandwidth. An operating temperature for
the HEB devices of 4.2 K to about 10 K is an advantage
compared to most other FIR devices, which require cool-
ing to sub-K temperatures.

| Si elliptiealiens

CRELO

Figure 3. Quasi-optical coupling to the HEB device using
a twin-slot antenna,



4. The majority of HEB receivers now use quasi-optical
coupling to the incoming radiation field using a combi-
nation of a dielectric lens and an integrated antenna.
Some HERB receivers in the range of up to about 2.5 THz
are likely to be waveguide-coupled in the next few years.
HEB receivers at the highest terahertz frequencies are
likely to continue to use quasi-optical power coupling.

We have employed two types of antennas: twin-slot an-
tennas, which have about 30 % bandwidth, and log-peri-
odic antennas, which can be designed to have several oc-
taves of bandwidth depending on the number of teeth
(see Figure 2). The device is fabricated from an NbN
film, which has been sputtered on a silicon substrate. The
film thickness is typically 3.5 to 4 nm. The antennas are
produced in an e-beam-evaporated Ti/Au film by
lift-off. We currently use UV lithographical techniques.
The antenna is in turn coupled through an elliptical lens
(4 mm in diameter) as illustrated in Figure 3.

5. We use a CO»-laser pumped gas laser LO, see Figure 4,
This system can provide up to 100 mW on the strongest
lines, and several tens of mW on a typical line. Although
this is much more than the minimum power required, it
makes experiments convenientto set up and perform. We
employ a mylar beam splitter which reflects only about 1
% of the power in order to separate the LO and the signal
frequencies, We have operated this laser up to close to 5
THz {60 pm}. Many lines are available over the fre-
quency range of 1 THz to 5 THz. In the future we will ex-
tend the operation of our laser system to 10 THz.

6. Tocouple the DC signal to the device and extract the IF
signal from the device, we use a bias “iee” circuit which
is built into the mixer block, as shown in Figure 5. We
have also developed a broadband MMIC IF amplifier in Figure 5. Pictures of the mixer block. The HEB is at the
collaboration with Dr. S, Weinreb of CalTech/JPL, see center. The IF output is through the SMA connector to
Figure 6. The measured noise temperature of this ampli-  the left, and bias connections are to the right. The silicon
fier varies fromabout S Kat 1 GHzto 10 Kat§ GHz. This ~  lens is on the opposite side, as shown in the lower photo.
noise temperature performance is sufficiently low so as

Figure 4. Optical setup used for measurements of HEB
devices. The CO; laser is in the blue box in the center

foreground, and the FIR laser is located to the left. The Figure 6. MMIC amplifier chip to be integrated with an
liquid helium dewar is in the background to the right. HEB device.
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not to influence the total HEB receiver noise temperature
by more than a few percent. The amplifier gain is pres-
ently 20 dB and will be increased to 30 dB in the next ver-
sion currently being fabricated. The size of the chip is
about 1 mmx 2 mm. We have performed comparative ex-
periments with this amplifier (i) without isolators be-
tween it and the HEB device, and (ii) using a series of oc-
tave band isolators (the widest ones available). The re-
ceiver noise temperature bandwidth (the IF frequency at
which the HEB receiver noise temperature has doubled
in comparison to the extrapolated value at zero IF) was
measured to be 5.5 GHz [16] with the isolators. Remark-
ably, the amplifier was stable (no oscillation) when used
without isolators. The mixer receiver noise temperature
was very similar in the two experiments at the lowest fre-
quencies, and rose more rapidly above about 3 GHz.
This shows that it should be feasible to eliminate the
isolators in an array HEB receiver. Note that the iso-
lators are much larger than any other components,
and thus can not be used in multi-element FPAs.

4, THE ROLE OF QUANTUM NOISE IN
TERAHERTZ RECEIVERS

The question of quantum noise is obviously fundamental to the
utility of HEB heterodyne detectors for performing observa-
tions at the higher terahertz frequencies. Previous work onthe
quantum noise limit for the noise temperature of coherent de-
tectors has clearly established that the minimum systerm output
noise power for a linear amplifier, referred to the input, is hiB,
where B is the bandwidth over which the noise is measured.
The comresponding system noise temperature is hivk [17].
Likewise, the minimum system noise output power for an ideal
DSB SIS receiver is also hfB [11]. The minimum output noise
in the SIS mixer case is due entirely to the quantum noise from
the input source (hfB/2 from each sideband). Reference [18]
primarily discusses the quantum noise limit in SIS receivers,
but also appears to show that the minimum output noise power
for any ideal DSB receiver is the same, hiB. There is clearly a

need to analyze the quantum noise limit specifically for HEB -

receivers, and the first paper on this topic was presented by
Kollberg and Yngvesson in 2002 [19]. An extension of this
work will also soon be submitted for publication [20]. We will
discuss the quantum noise limit for HEB receivers based on
this theory. One basic assumption is that (consistent with all of
the above references} the DSB receiver noise temperature of
any ideal ‘broadband’ receiver is 0 K. The term ‘broadband
mixer’ refers to one which has equal conversion loss in both
sidebands, which is expected to be true for a typical terahertz
mixer due to the large ratio between RF and IF frequencies.
We use the term ‘Ideal Broad Band Mixer’ (iBBM) receiver
for this ideal receiver. The guantum noise limit of such ideal
receivers is also clearly discussed in [21] and [22]. Based on
this concept, one can derive the DSB receiver noise
temperature for an HEB receiver to be:

P, 300K
TR.’;’SB =(L300 - 1) ﬂmk( ) + hf[L3ooL4 % _IJ

kB 2 )
Lol ot
+ — (TCL + TIFAmp ) (1)
ZGMXR
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The approach is still basically the same as in [19], except for
the above-mentioned assumption that the ideal HEB receiver
(from a quantum noise point of view) is equivalent to an
IBBM. The further assumptions that go into this equation need
to be discussed:

1. Weassume that there are optical losses between the input
source and the receiver, both at 300 K and at 4 K (inside
the dewar). The thermal noise of these is given by the
standard Planck function. Only the thermal noise at 300
K is significant at terahertz frequencies. This is the first
term in Eq. (1).

2. The second term represents extra quantum noise from the
HEB mixer itself, due to the fact that it is not ideal. A sim-
ilar increase in quantum noise is well-known from opti-
cal heterodyne detectors, which may have “quantum ef-
ficiency” less than one. The non-ideal nature of the HEB
arises from the fact that only a portion of the device is ac-
tive in performing frequency conversion, according to
the most recent “hot-spot” models for HEB operation
[23]. Note that if R, (the resistance of the active portion
of the HEB) is equal to Ry (the total bolometer resistance
at terahertz frequencies) and there is also no optical loss,
this term vanishes, as expected.

3. The third term represents the “classical” noise of the
HEB detector (T3 ~ 50 K) as described in standard HEB
theoretical papers so far. It is produced directly at the IF
(and therefore is not influenced by quantum noise since
fir << f' o rf), and is primarily due to temperature fluctua-
tions in the bolometer. Guxr 15 the intrinsic conversion
gain of the mixer, typically about -10 dB. Guxz is consid-
erably lower than what is predicted for a uniform
bolometer due to the division of the bolometer into active
and passive sections. We also add the noise temperature
of the IF amplifier chain. Both contributions to the third
term are independent of the LO frequency, thus the HEB
receiver noise temperature should also be independent,
provided that the optical input losses do not depend on
frequency. Measured noise femperatures do increase
with frequency and there is a need to analyze if this in-
crease is due to increased optical loss, quantum noise, or
a combination of both. The quantum noise will have a
clear effect only in the higher terahertz frequency range.

Figure 7 shows noise temperatures measured by researchers at
(1) Chalmers University, and (ii) the DLR/MSPU group, com-
pared with a prediction based on Eq. (1). Wealso show a line
corresponding to 20 hff2k for comparison. The DLR data
show much steeper frequency dependence than the CUT data.
It is possible that the optical losses in the DLR setup increase
with frequency much faster than in the experiment performed
by CUT (or perhaps the antenna efficiency decreases). The
blue curve is predicted from Eq. (1), assuming Rs/R, = 3. This
curve matches the measured CUT points, but these of course
only extend to 2.5 THz, at which frequency quantum noise ef-
fects are not so prominent. There seems to be no reason why
one cannot extrapolate the CUT data in attempting to estimate
the future performance of HEB mixers up to 10 THz, however.
The frequency dependence of the DSB receiver noise tempera-
ture for HEB detectors above 2.5 THz would then be predicted
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to be close to 20 x hi72k. This frequency dependence is in rea-
sonable agreement with our present (limited) understanding of
quantum noise in HEB mixers. In a space instrument using
HERB detectors, the system sensitivity will be determined by
the system noise temperature. This can be obtained by adding
the noise temperature of the source to the receiver noise tem-
perature in Eq. (1):

DSE
T.vys tem

h |
:Tkll)‘,sﬂ +_f+Tbackgmund

Planck

)

The second term is the equivalent quantum noise temperature
induced by the vacuum fluctuations at the input of the receiver,
and the third term is the thermal noise from the astronomical
background that the receiver “sees”. The third term is often
called the photon noise background, or simply “the back-
ground”. At the frequencies we consider, the photon back-
ground is usually negligible compared with the first two terms.
In contrast, direct detectors do not have the second term, and
can have a noise equivalent power which is comparable to or
less than the background.

In conclusion, the predicted sensitivity (10 x hf7k) of future
HEB heterodyne detectors is in the range desired for detectors
under development for deployment with space instruments
such as SAFIR [8,9].

5. FOCAL PLANE ARRAYS WITH HEB
DETECTORS

Plans for future FIR space instruments specify a need for focal
plane arrays (FPAs) with thousands of elements [7,8,9]. Simi-
lar FPAs exist in the visible and Near IR range, but will be a
novelty in the FIR, FPAs increase the mapping speed com-
pared with a single detector telescope by a factor essentially
equal to the number of elements in the array. Large aperture
telescopes such as SAFIR will be able to resolve a galactic
cluster at the furthest reaches of the universe. There are no pre-
cedents for heterodyne FPAs with anywhere near this number
of elements, although equivalent FPAs with up to about 30 ele-
ments exist at 100 GHz [24]. Can they be built in the terahertz
region? To explore this, we are presently building a three ele-
ment prototype array for 1.6 THz, shown in Figure 8. The main
guidelines for the design are discussed below:

Quasi-Optical Considerations

There are well-known limitations for the smallest beam spac-
ings which can be obtained in an FPA [25]. These can be dis-
cussed in terms of the geometric spacing (Ax) of adjacent ele-
ments in the array. [f each element in the array illuminates a
telescope at an f-number of /D, then ideal sampling of the fo-
cal plane image at the Nyquist rate requires that Ax = 0.5 x
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Figure 7. Measured and predicted DSB receiver noise temperatures for HEB receivers up to 10 THz.
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(fA/D) [26,27]. There is no type of feed element that is capable
of being spaced this close while still illuminating the telescope
efficiently. The best that has been achieved in practice is Ax =1
x (fA/D). Corrugated horns, for example, which are especially
efficient feed antennas, must be spaced at about 2 x (fa/D)
[27]. The displacement (N} of the telescope beam on the sky,
measured in Full Width Half Maximum Power {FWHM)
beamwidths is also related to Ax by N=Ax/1.20{f/D) {26]. An
array element spacing of about 1.2 x (fA/D), thus, corresponds
to a spacing of adjacent beams on the sky of one FWHM
beamwidh.

There are two different methods for coupling dielectric lenses
to an antenna array:

(7} asingle-lens configuration; and
(i} a multi-lens configuration.

If we first consider the single-lens case, the individual ele-
ments placed near the focus of the lens will radiate a beam
which has an f-number of roughly 1.0, i.e. a 56 degree FWHM
beamwidth. Filipovic et al [28] analyzed this case and derived
the minimum spacing possible. To obtain a rough estimate, we
assume a spacing corresponding to one beamwidth, and find
Ax:?\/\[; ,0r 30 pm for A= 100 pm. This leads to impossibly

tight constraints on any wiring that has to be connected to the
devices and antennas, and it is obviously impossible to place
the IF amplifiers close to the antennas.

The multi-lens configuration, on the other hand, is much more
flexible. The relatively small (radius R = (40-130) x A in the
frequerncy range considered here) elliptical lens that we have
developed, lends itself well for use in this “fly’s eye” type of
array, see Figure 8. Both the LO and the incoming signal are
injected through a quasi-optical diplexer. The optics is thus
unchanged from our single-element approach, The beamwidth
from each lens is approximately given by 1.2 x M/(2R), and the

lenses can be placed at a spacing equal to their diameter (2R), -

i.e. Ax=2R. The beam-scan {N) will be about one FWHM
beamwidth. The angular resolution (angular spacing between
adjacent pixels) wilkthus be about equal to the diffraction-iim-
ited beamwidth of the telescope, which is typical of the best
resolution obtainable for FPA receivers as discussed above.

While the array architecture with silicon lenses will be the ap-
proach we will plan to use to demonstrate our new technology,
we are also exploring the feasibility of etching grooved Fres-
nel lenses in the surface of the device silicon substrate by deep
RIE. A problem to solve with this approach is that this type of
lens (which is being used in today’s optoelectronic technol-
ogy) works best for large f-numbers, whereas the illumination
produced by integrated antenna elements has an {-# close to 1.
The lenses also need to have about an octave of bandwidth.

Antenna Elements

The SAFIR requirements speak of heterodyne detectors that
are as widely tunable as possible. Quasi-optical coupling al-
lows the use of very broadband antenna elements, actually sev-
eral octaves (log-periodic self-complementary toothed ele-

:

Figure 8§ a. Yiew from the device/circuit board side of the
1 x 3 element array concept.

Figure 8 b. View from the lens side of the 1 x 3 element
array concept

ments, see Figure 2; logarithmic spiral elements are also com-
monly used). While the beamwidth of the antenna elements
may be quite independent of frequency, the beamwidth (and
f-#) of the lens/antenna combination (Figure 3) is determined
by the lens diameter since the lens acts as an aperture antenna.
The f-# presented to the telescope will thus vary and change
the illumination of the latter. These effects will effectively de-
termine the bandwidth over which a quasi-optically coupled
HEB detector may be used. An octave of bandwidth appears to
be a reasonable estimate of what can be accomplished,

There is very little guidance to be obtained from previous
work, since very few antennas have been developed for such
high frequencies, DLR used a log-periodic spiral antenna up to
5.3 THz for their measurements. Logarithmic spiral antennas
up to 30 THz were designed and measured [29]. It was found
that although 50 % efficiency was obtained at 30 THz for cou-
pling to a thermal source, large changes occurred in radiation
patterns and polarization properties, presumably due to kinetic
inductance effects in the antenna conductive material. No fur-
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ther systematic study of these phenomena in integrated anten-
nas has been performed since that time. The different antenna
elements do not have the same size, but are still very small
compared with a unit cetl in the FPA, Since they all produce a
radiation pattern which matches that required for the lenses,
their different sizes are not an important consideration. The
log-periodic toothed antenna and the spiral antenna have the
advantage of not requiring a separate filter structure to stop the
terahertz radiation from leaking out. The twin-slot antenna
(Figure 3) on the other hand requires very precise definition of
the CPW center structure and the filter, and would be difficult
to fabricate at 2.5 to 10 THz. It is also difficult to design for
high frequencies [30]. We are developing the slot-ring an-
tenna, as shown in Figure 9. This element has a simpler shape
and would be easier to fabricate, but does require a filter. The
filter also almost certainly would only work well if air-bridges
(which prevent mode conversion) are inserted as shown in the
Figure. An additional advantage of this antenna is the elimina-
tion of the requirement for a diplexer for pumping the LO into
the devices. This can be achieved by using different polariza-
tion for the LO beam and the signal beam and coupling both di-
rectly to the slot-ring antenna. The fabrication of air bridges
has never before been attempted at terahertz frequencies, as far
as we know. An alternative might be to use a microstrip feed
line on a separate dielectric, as is common in SIS mixer
designs. A final possible antenna element is to use a small
array of how-tie antennas, as demonstrated at 15 THzin [31].

LO Injection

Injection methods for the LO also need to be discussed, since
this issue impacts the choice of antenna element. In laboratory
experiments with a gas laser LO source, a very thin mylar
beam splitter, which reflects a small percentage of the LO, is
sufficient. There is essentially zero loss to the signal in this
case. To optimize LO use in the array system, one needs to em-
ploy a more efficient method, however. Thicker mylar beam
splitters with appropriate choice of polarization would allow a
larger percentage (butnot 100 %) of the LO to be injected, with
some loss to the signal as well. Basically, with any LO injec-
tion scheme, an acceptable compromise has to be found be-
tween the loss to the LO and the loss to the signal. One method,
which has been employed with SIS mixer arrays, is to inject
the LO through an interferometer. The loss to the LO may typi-
cally be about 3 dB, which would be an acceptable value, It is

Figure 9. Slot-ring antenna element for terahertz appli-
cations, including airbridges.
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very difficult to design this injection system for many beams,
however, and we prefer some other method. Injection through
& wire grid Is very low loss; the LO and signal then are injected
in orthogonal polarizations. This is possible for the slot ring
antenna, for example, and we demonstrated this up to 35 GHz
with Schottky diodes {32]. The HEB element would be placed

in a 45 degree position (refer to Figure 9) and ideally both
beams can be injected with no loss. As noted above, it is not

clear if it is feasible to fabricate slot ring antennas at the high

terahertz frequencies if air bridges are necessary. The spiral

antenna is sensitive to circular polarization, Since the LO sig-

nal would typically have linear polarization, half of its power

would be lost. If a wire grid were used for LO injection in an

actual system with spiral antenna elements, the erthogonal sig-

nal and 1O beams would each experience a 3 dB loss, which

may be acceptable. The log-periodic antenna is close to lin-

early polarized, and the direction of the linear polarization var-

ies periodically by + 22.5° as the frequency is changed. We

measured this effect at terahertz frequencies in [33]. This an-

tenna could be oriented at an intermediate angle and allow LO

and signal injection in orthogonal polanizations, again with a

relatively small loss. Clearly, LO injection issues need to be

studied in depth to find the optimum compromise. The choice
of the actual LO source in future space systems is not discussed

in detail in this paper. However, quantum cascade lasers ap-

pear promising [34].

Array Integration

Testing the array configuration shown in Figure 8 will provide
experience with HEB devices in an integrated configuration.
This type of architecture will place MMIC IF amplifiers on a
circuit board very close to the device chips for the first time.
This layout is not possible for two-dimensional arrays with
many elements. The array concept can scale to larger arrays by
employing separate parallel boards for the IF amplifiers and
the bias circuitry. Suitable connection methods will be devel-
oped for connecting vertically between these boards. Similar
configurations are being designed for direct detector arrays,
and should be feasible for heterodyne arrays as well.

6. CONCLUSIONS

The development of HEB heterodyne detectors and associated
array architectures is very promising for employment in future
space systems in the 3 to 10 THz range. Such systems are pre-
dicted to have receiver noise temperatures close to 10 x hf’k,
and should be tunable over about an octave. We have demon-
strated that HER detectors are directly integratable with broad-
band MMIC IF amplifiers, and are presently constructing a
prototype three-element FPA. Our fly’s eye array concept is
scalabie to much larger arrays. A crucial question which re-
mains to be solved is that of an LO source with small volume,
weight, and power consumption, and the optimum method for
injecting the LO into the FPA.

ACKNOWLEDGEMENT

The work in this paper has been supported by NASA through
Contract NAS1-01058 with the NASA Langley Research
Center,



REFERENCES

[11 “Astroromy and Astrophysics in the New Millennium,”
National Academy Preess, Washington, DC (2001).

{21 “Community Plan for Far-Infrared/Submillimeter
Space Astronomy”, available at http://mips.as.ari-
zona.edwMIPS/fircase3.pdf (Febr, 2000).

[3]1 “Deployment of TREND - A Low Noise Receiver User
Instrument at 1.25 THz to 1.5 TH= for AST/RO at the
South Pole,” E. Gerecht et al, 14™ Intern. Symp. Space
THz Technology, Tuscon, AZ, {(April 2003).

(4]  “First Light with an 800 GHz Phonon-Cooled HER
Mixer Receiver,” J, Kawamura et al., p. 35-43, 9'
ISSTT, (19981}. Also see: “C(H9-8) in Orion,” 8.
Radford, . 14" Intern. Symp. Space THz Technology,
Tuscon, AZ, (April 2003).

[5] A.D.Semenov et al., “Design and Performance of the
Lattice Cooled Hot-Electron Terahertz Mixer,”
L.Appl.Phys. vol. 88, p.6758, 2000.

[6] “1.4to 1.7 THz NbN Hot Electron Bolometer Mixer for
the Herschel Space Observatory,” S. Cherednichenko,
H. Merkel, Th. Ottoson, A. Adam, E. Kollberg, D.
Lodkov, B. Voronov, G. Gol’tsman, H. Richter and
H.-W. Huebers, Proceedings of the Symposium on As-
tronomical Telescopes and Instrumentation, SPIE.
Hilton Waikaloa Village Hotel, Hawaii, August 22-28,
2002, :

[7]1 *“SAFIR — The Single Aperture Far Infrared Observa-
tory,” H. Yorke, IEEE Aerospace Conference, (March
2003).

[B) *“SAFIR Science: Single Aperture Far Infrared Observa-
tory : P.M. Harvey, G.H. Rieke, D.F, Lester, & D.J.
Benford, Proc. SPIE #4850, pp. 1120-1131 (2002).

[91 “Cryogenic Detectors for Infrared Astronomy: The Sin-
gle Aperture Far-Infrared (SAFIR) Qbservatory,” D.J.
Benford and S.H. Moseley, to be published in NIMPA
(from 10th International Workshop on Low Tempera-
ture Detectors; Genea, Italy) - July 2003,

[10] “Heterodyne Receiver Requirements for the Single Ap-
erture Far-Infrared (SAFIR) Observatory,” D.J.
Benford and J.W. Kooi, 14 Intern, Symp. Space THz
Technology, Tuscon, AZ, (April 2003).

- [11] “Receiver Noise Temperature, the Quantum Noise

Limit, and the Role of the Zero-Point Fluctuations,”

A.R. Kerr, M. J. Feldman, and 8, ~K. Pan, in Proc. gt

Int. Nat. Symp. Space Terahertz Technology, March

25-27, 1997, pp. 101-111. Available: URL:

http://colobus.aoc.nrao.edu/memos as MMA Memo

161.

[12] “NbN Hot Electron Bolometric Mixers - A New Technoi-
ogy For Low Noise THz Receivers,” E. Gerecht, C. F.
Musante, Y. Zhuang, and K. S. Yngvesson, T. Goyette,
J. Dickinson, J. Waldman, P. A. Yagoubov, G. N.
Gol.tsman, B. M. Voronov, and E. M. Gershenzon,
IEEE Trans. Microw.Theory Techniques . MTT-47,
2519-2527, (Dec. 1999).

[13] “NBN hat electron bolometric mixers for terahertz fre-
quencies ’, M. Kroug, S.Cherednichenko, H. Merkel, E.
Kollberg, B. Voronov, G. Gol'tsman, H.-W. Hubers,
H.Richter, IEEE Trans on Appl. Supercond. Vol.11,
no.1, pp.962-965, (March 2001).

[14] *Noise Performance of NbN Hot Electron Bolometer
Mixers at 2.5 THz and its Dependence on the Contact
Resistance,” ).J. Baselmans et al., 14" Intern. Symp.
Space THz Technology, Tuscon, AZ, (April 2003).

[15] “1.6 THz HEB mixer for far infrared space telescope
(Herschel)”,S. Cherednichenko, M. Kroug,
N. Wadefalk, P. Khosropanah, A. Adam, H. Mer-
kelLE. Kollberg, D.Loudkov, B. Voronov,
G. Gol'tsman, H.-W. Huebers, H. Richter, to be pub-
lished in Physica C {2003).

[16] “Impedance and Bandwidth Characterization of NbN
HEB Mixers,” F. Rodriguez-Morales and S.
Yngvesson, 14" Intern. Symp. Space THz Technology,
Tuscon, AZ, (April 2003).

[17] “Quantum limits on noise in linear amplifiers,” CM.
Caves, Physical Review D 26, 1817-1839 {1982).

[18] “Quantum Noise in Heterodyne Detection, M.J.
Wengler and D.P. Woody, IEEE J. Qu. Electronics,
QE-23, 613-622 (1987).

[19] “Quantum Noise Contribution to the Receiver Noise
Temperature of HEB THz Heterod'};ne Receivers,” E.L.
Kollberg and K.S. Yngvesson, 137 ISSTT, pp. 73-84
(2002).

[20] “The Role of Quantum Noise in HEB THz Heterodyne
Receivers,” E.L. Kollberg and K.S. Yngvesson, to be
submitted to IEEE Trans. Microw. Theory Techniques
(2003).

[213 “Principles of Quantum Electronics,” D. Marcuse, New
York, Academic Press (1980).

[22] “Electromagnetic Noise and Quantum Optical Measure-
ments,” H.A. Haus, Berlin, Springer Verlag (2000).

[23]1 “NbTiN and NbN Hot Electron Bolometers, a Compari-
son”, P. Khosropanah, H. Mer]&aal, S. Cherednichenko,
V. Drakinskiy, J. Baubert, 14" Intern. Symp. Space
THz Technology, Tuscon, AZ, (April 2003).

[24] “Focal Plane Imaging Systems for Millimeter
Wavelengths,” P.F. Gold smith, C.-T. Hsieh, G.R.
Huguenin, J. Kapitzky, and E.L. Moore, “IEEE Trans.
Microw. Theory Techniques, MTT-41, 1993,

[25] “Near Millimeter Imaging with Integrated Planar Re-
ceptors: General Requirements and Constraints,” K.S.
Yngvesson in Infrared and Millimeter Waves (K. J.
Button, Ed)), Academic Press, Orlando, FL.,Vol. 10,
Chap. 2, p.91 (1983).

[26] “Imtegrated-Circuit Antennas,” D.B. Rutledge, D.P.
Neikirk, and D.P. Kasilingam, in Infrared and
Millimeter Waves, (K. J. But ton, Ed.), Academic Press,
Orlando, FL.,Vol. 10, Chap. 1, p.1 (1983).

732


http:llmips.as.ari
http:l/colobus.aoc.nrao.ediilmemos

[27] “Realizable Feed-Element Patterns and Optimum Aper-
wre Efficiency in Multi-Beam Antenna Systems,” K.S.
Yngvesson, I.F, Johansson, Y. Rahmat-Samii, and Y.S.
Kim, /EEE Trans. Antennas and Propagat., AP-36,
1637, 1988.

[28] “Off-axis Imaging Propérties of Substrate Lens Anten-
nas,” D.F. Filipovic and G.M. Rebeiz, Proc. Sth Intern.
Symp. Space THz Tech nology, May 1994,

[29] “Lithographic Spiral Antennas at Short Wavelengths™,
Grossman, E.N.; Sauvageau, J.E.; McDonald, D.G.,
Appl. Phys. Lett. 59(25): 3225-3227, {1991).

[30] “Broadband Fourier Transform Spectrometer (FTS)

Measurements of Spiral and Double-Slot Planar Anten-

nas at THz Frequencies”, D. Loudkov, P. Khosropanah,

S. Cherednichefllko, A. Adam, H. Merkel, Kollberg, G.

Gol’tsman, 13™ ISSTT, Harvard Univ., Cambridge,

MA(2002).

[31]1 “Improved Performance of a Superconducting Optical
Detector with Planar Antennas,” M. Leung et al., I[EEE
Trans. Applied Supercond., 3, 2163 (1993).

[32] “Modeling of a Monolithic Slot Ring Quasi-Optical

Mixer,” Masarweh, S.K., Sherer, T.N., Yngvesson,

K.S., Gingras, R.L., Drubin, C., Cardiasmenos,

A.G.,and Wolverton, [., IEEE Trans. Microw. Theory

Techniques, MTT-42, 1602, (1992).

[33] “Terahertz Receiver With NbN Heb Device (TREND) - 4
Low-Noise Receiver User Instrument for AST/RO at
The South Pole”, K. 8. Yngvesson, C.F. Musante, M. Ji,
F. Rodriguez, and Y. Zhuang, E. Gerecht, M.
Coulombe, J. Dickinson, T. Goyette, arLd ]. Waldman,
C. K. Walker, A. Stark and A. Lane, 12" Intern. Symp,
Space THz Technology, San Diego, CA (2001).

[34] “High-Performance Continucus-Wave Operation of
Superlattice Terahertz Quantum-Cascade Lasers,” R.
Kohler, A. Tredicucci et al., Appl. Phys. Lett., 82, 1518
(2003).

BIOGRAPHIES

K. Sigfrid Yngvesson (M’62-SM’92-F°98) was born in

— Lidkoping, Sweden jn 1936. Hereceived
the degrees of Civilingenjor, Tekn.lic.
and Tekn. Dr. in Electrical Engineeering
from Chalmers University of Technol-
ogy, Gothenburg, Sweden, in 1958,
1965, and 1968, respectively, majoring
in physical electronics. He was a
post-doctoral fellow in the Department
of Physics, the University of California,
Berkeley, during two two-year periods in the 1960s.
Yngvesson has been teaching in the Department of Electrical
and Computer Engineering, the University of Massachu-
setts/Amhetrst since 1970 where he became a full professor in
1978. He has worked on quantum electronic low-noise receiv-
ers forradio astronomy, and on integrated arrays of antenna el-
ements and active devices with applications to imaging and
power combining. His present main research interests are in

10

the areas of quasi-optical terahertz low-noise devices and ap-
plications, in particular hot electron belometric mixers. He is
the author of Microwave Semiconductor Devices, a text and
reference book (Kluwer Academic, 1991),

Eyal Gerecht (S'88-M’98) received the B.S.E.E. degree in
;  Electrical Engineering with a minor in
Solid State Physics (Magna Cum Laude)
from the University of Houston, Hous-
ton, TX in 1990 and the M.S.E.C.E and
Ph.D. degrees in Electrical and Com-
puter Engineering from the University of
Massachusetts at Amherst in 1994 and
1998, respectively.
In 1998, he joined the Department of
Physics and Astronomy at the University of Massachusetts at
Ambherst as a Senior Postdoctoral Research Associate. Since
2000, he has been a physicist in the Electromagnetic Division
at the National Institute of Standards and Technology, Boul-
der, CO. developing a number of terahertz related technolo-
gies. His interests also include the development of receivers
for millimeter and submillimeter applications.
Dr. Gerecht is a member of Tau Beta Pi and Eta Kappa Nu.

John J, Nicholsen recetved the B.S. Degree in marine biclogy

‘ from Southeastern Massachusetts Uni-
versity of North Dartmouth (presently
University of Massachusetts) in 1976,
and the Associate degrees in industrial
technology/electronics and engineering
science in 1984 and 1989, respectively.
From 1987 to 1996, he was with
Millitech Corporation werking on milli-
meter wave and sub-millimeter wave
whisker contacted multipliers before becoming a semiconduc-
tor process engineer. He continued this work at Millivision,
LLC and became lab manager of the semiconductor fabrica-
tion facility. Mr. Nicholson joined the TREND group as a Re-
search Engineer for the University of Massachusetts Depart-
ment of Electrical and Computer Engineering in May 2001
where he is also lab instructor for the semiconductor fabrica-
tion course.

Fernande Redriguez-Morales received the B.S. degree in

1 eletronics from Universidad Autonoma
Metropolitana, Mexico, in 1999. From
2000 to 2001 he was with the Department
of Physics and Astronomy, University of
Massachusetts at Amherst, where he col-
laborated in the development of single
electron transistor (SET) technologies as
well as bolometric array detectors. In
2003 he received the M.S.E.C.E degree
in electrical and computer engineering from University of
Massachusetts at Ambherst, where he is currently pursuing a
Ph.D. degree in the same field. His research interests include
the development of highly imtegrated HEB focal plane arrays
for terahertz frequencies, microwave circuit design, and com-
puter graphics.

733



Dazhen Gu received the B.S. degree in Physics from Nanjing

\ University, Nanjing, China, in 1999, and
is currently working toward the Ph.D. de-
gree in Electrical Engineering at the Uni-
versity of Massachusetts Amherst. From
1999 to 2001, he was a research assistant
in Superconductor Electronics Labora-
tory of Nanjing University, where he
worked on the three-terminal device em-
ployed High Tc¢ Superconductor,
Ferro-electric and Ferro-magnetic materials. Since 2001, he
has been involved in the design and fabrication of NbN hot
electron bolometric mixer for terahertz receivers. From No-
vember 2003, he is temporarily a guest researcher at the Na-
tional Institute of Standards and Technology, Boulder, CO.
His research interest includes nano-fabrication, quantum elec-
tronics and RF circuit design.

Xin Zhao received the B.S. degree in physics from University
of Science and Technology of China in
2000. Since 2001, he is pursuing a Mas-
ter degree in the Electrical and Computer
Engineering department in University of
Massachusetts at Amherst. He is cur-
rently a research assistant in the terahertz
group. His work is focused on the an-
tenna design, calculation and measure-
ment in terahertz frequency range.

Jerry Waldman received the B.A. degree in physics from Co-
lumbia University, New York, NY, and
the Ph.D. degree in physics from the Mas-
sachusetts Institute of Technology, Cam-
bridge, MA, in 1960, and' 1970, respec-
tively. He joined the faculty of the Uni-
versity of Massachusetts in 1970, where
he is presently Professor of Physics. Fol-
lowing a two-year leave-of-absence at
MIT Lincoln Laboratory, he helped cre-

11

ate the Submillimeter Technology Laboratory (STL). During
the past decade STL has developed submillimeter wave radar
components and systems for scale-model measurements.

Thomas Goyette received his Ph.D. in Physics from Duke

= University in 1990. Dr. Goyette has done
research in molecular spectroscopy, mil-
limeter and sub-millimeter wavelength
sources, and low temperature experi-
ments and detectors. He is now perform-
ing research on new far-infrared sources
and devices, optically pumped lasers, low
noise detectors, and laboratory radar sys-
tems.

Erik Ludv1g Kollberg is a professor at the Schoo! of Flectri-
cal and Computer Engineering at
Chalmers University of Technology in
Sweden since 1980. His research has
comprised low-noise millimeter wave
Schottky diode mixers, varactor diode
multipliers, superconducting quasi-par-
ticle (SIS) mixers, quantum well devices,
submillimeter wave hot electron mixers
and three terminal devices such as FETs
and HBTs. He is the inventor of the heterostructure barrier
varactor diode. In the fields mentioned above about 250 scien-
tific papers have been published. He received the Microwave
Prize given at the 12th European Microwave Conference in
Helsinki, Finland, the Gustaf Dahlén gold medal 1986, and
was elected Fellow of IEEE 1990, He was invited as a guest
professor to Ecole Normal Superieure, Paris, France, and as a
Distinguished Fairchild Scholar at the California Institute of
Technology in 1990. He was given honorary Ph.D. at the
Technical University of Helsinki, Finland, in 2000. He is a
member of the Royal Swedish Academy of Science and the
Royal Swedish Academy of Engineering Sciences.

734



