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Resume

China is now building an astronomical observatory including a THz telescope at Dome A

on the Antarctic plateau. The development of superconducting HEB (Hot Electron Bolometer)

mixers, the best choice for coherent detection at frequencies beyond 1 THz, becomes

increasingly crucial. We present in this manuscript the investigation of high-sensitivity

superconducting HEB mixers using quasi-optical technology in the THz region.

The main results of this study are as follows:

)

2)

3)

4)

We developed a vector measurement system to measure the dielectric constant of
high-resistivity silicon at 77 K and 295 K and at millimeter wavelengths. The
measured permittivity is adopted to simulate the far-field beam pattern of our
quasi-optical superconducting HEB mixers.

We studied the far-field beam pattern of a superconducting HEB mixer by using
both near-field heterodyne and far-field direct detection measurement system. The
measured results accord well with the simulation. We also investigated the effect of
HEB bias voltages and bath temperature on the far-field beam-pattern.

We successfully developed a high-sensitivity superconducting HEB mixer at 1.4
THz. The uncorrected measured double-sideband noise temperature is 600 K, which
is a state-of-the-art result at this frequency. We systematically characterized
heterodyne performances such as RF noise, conversion gain and noise bandwidth.
We also measured the frequency response and calibrated it with a new method.
Furthermore, we investigated the performance of this superconducting HEB device
integrated with different elliptical lenses.

Finally, we measured the noise performance and the frequency response of a HEB
mixer coupled to a 0.1-1.5 THz spiral antenna, the frequency dependence of the

noise temperature has also been characterized.

This study has provided a further understanding of superconducting HEB mixers and

allowed the realization of a HEB mixer with state-of-the-art sensitivity at 1.4 THz. Hence the

results of this study can find good use in the 5 m terahertz telescope (DATES) at Dome A.
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Resumé en Francais

La Chine est en train de construire un observatoire astronomique comprenant un

télescope dans le domaine THz au Dome A en Antarctique. Le développement de mélangeurs

HEB (Bolométre a Electron Chaud) a supraconducteur, le meilleur choix pour la détection

cohérente aux fréquences au-dela de 1 THz, devient de plus en plus crucial. Nous présentons

dans ce manuscrit une étude approfondie de mélangeurs HEB a supraconducteur a haute

sensibilité en utilisant la technologie quasi-optique.

Les principaux résultats de cette étude sont les suivants:

1)

2)

3)

4)

Nous avons développé un systéme de mesure vectorielle pour mesurer la constante
diélectrique du silicium a haute résistivité a 77 K et 295 K. La permittivité mesurce
est utilisée pour simuler le diagramme de rayonnement en champ lointain du
mélangeur HEB en configuration quasi-optique utilisant une lentille au Si.

Nous avons mesuré le diagramme de rayonnement en champ lointain d'un
mélangeur HEB a supraconducteur a la fois par le systéme de mesure hétérodyne en
champ proche et par le syst¢tme de mesure de détection directe en champ lointain.
Les résultats de mesure concordent bien avec la simulation. Nous avons également
étudié I'effet de la tensions de polarisation et de la température de bain du HEB sur
le diagramme de rayonnement en champ lointain.

Nous avons développé avec succes un mélangeur HEB a supraconducteur a haute
sensibilité a 1,4 THz. La température du bruit mesurée non corrigée a double bande
latérale est de 600 K, qui se situe a 'état de l'art pour cette fréquence. Nous avons
caractérisé systématiquement les performances hétérodynes du mélangeur, comme
le bruit RF, le gain de conversion et la bande passante de bruit. Nous avons
également mesuré et calibré la réponse en fréquence du mélangeur par un nouveau
procédé. En outre, nous avons étudié la performance de ce mélangeur HEB en
l'intégrant avec différentes lentilles elliptiques.

Enfin, nous avons mesuré la performance en bruit et la réponse en fréquence d'un

mélangeur HEB couplé a une antenne spirale fonctionnant entre 0,1 et 1,5 THz, la
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dépendance en fréquence de la température de bruit a aussi été caractérisée.
Cette étude a fourni une meilleure compréhension des mélangeurs HEB a
supraconducteurs et a permis la réalisation d'un mélangeur HEB dont la sensibilité a 1,4 THz
atteint 1'état de l'art. Ces résultats peuvent ainsi trouver un bon usage dans le télescope THz de

5 m (DATES) au Dome A en Antarctique.
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Chapter 1

Introduction

1.1 Terahertz sciences

The terahertz (THz) radiation, covering the frequency range between 0.1 THz to 10 THz
(wavelength correspondingly ranges from 3 mm to 0.03 mm), falls in between infrared
radiation and microwave radiation in the electromagnetic spectrum (see in Figure 1.1).

The terahertz region occupies approximately half the total luminosity in universe after
the cosmic microwave background (CMB) radiation, about equal to that in the
ultraviolet/visible/near-IR band. In this frequency range lie a lot of vibration and absorption
lines of molecules which makes it interesting for deep space radio astronomy and for
spectroscopic analysis [1]. Besides applications in radio astronomy, the THz technology has
also been widely applied to other fields, e.g., atmospheric and environmental science, medical
and dental imaging, gene theory, communications and detecting the DNA sequence of virus
and bacteria. Astrophysics, Spectroscopy, medicine and security applications are only a few
areas in science and technology that show an increased interest in measurements in this
frequency range.

However, there are two factors restricting the development of terahertz technology: one
is the lack of high-sensitivity detecting technology and the other is water-vapor absorption in
atmosphere. The former one concerns in particular the lack of terahertz source which
seriously restricts the development of heterodyne detection. The later one is mainly caused by
the interactions between THz wave and rotating molecular {rﬁainly oxygen and water) and the

scattering of atmospheric particle [2].
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Figure 1.1: Terahertz region in the electromagnetic spectrum.

1.1.1 Terahertz astronomy

Terahertz astronomy is becoming more and more important in observational astronomy

in the past two decades. Terahertz wave has higher interstellar penetration and space

resolution than infrared and millimeter wave. In astrophysics, terahertz region is the most

important band for cold and dark matter research in universe since approximately half the

total energy of Milky Way and other spiral galaxies emits in this frequency. Therefore,

terahertz astronomy is of great importance for studying star and galaxy formation, cosmology,

etc.

The major research contents of terahertz astronomy include:

)

2)

3)

Cosmic Background Radiation: the research of cosmic background radiation (see in
Figure 1.2) in terahertz frequency can provide abundant information for cosmology.
Cool interstellar dust and early universe: according to Wein's displacement law of
radiation, the peak power of a 10 K blackbody radiation locates around 1 THz; the
radiation of early distant objects also falls in THz band due to the
Doppler shift effect.

Molecular and atomic spectral lines of fine construction: there are a great number of
individual spectral lines in THz band, only a few thousand of which, a small part of

the existing spectral lines, have been identified (see in Figure 1.3). These spectral
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lines can help scientists study the physical and chemical characteristics of
astronomical objects and provide information for understanding the formation of

planets and stars.

Figure 1.2: Picture of cosmic microwave background (CMB) radiation [3]
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Figure 1.3: Schematic presentation of a 30-K interstellar molecular cloud. The spectrum
includes dust continuum, molecular rotation- and atomic fine-structure line emissions in the
THz regime (reprinted from [4]).

Since terahertz band plays an important role in modern astronomy, many countries have
built Earth-based or space-based observatories and developed high-sensitivity detectors for

them. However, THz signals are strongly absorbed by water vapor in atmosphere, they are
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obscured from most Earth-based observations (except from a very few high-altitude
observatories). This provides strong motivation for a number of existing or upcoming space
astrophysics instruments. Stratospheric Observatory for Infrared Astronomy (SOFIA) [5] is a
telescope set in a Boeing 747 aircraft. Space Infrared Telescope Facility (SIRTF) [6],
covering the wavelength of 3.5-180 um, is launched in 2003 by NASA. The most notably
instrument is Herschel [7] satellite launched in 2009 by ESA (see in Figure 1.4 left), which is
the largest sub-millimeter satellite and covers the frequency range of 0.48-1.91 THz by HIFI
instrument. The detectors of HIFI are superconducting SIS mixer and superconducting HEB
(Hot Electron Bolometer) mixer [8], which is the first time that superconducting THz
detectors are applied to space astronomy observation.

Although space telescope can avoid water vapor absorption in atmosphere, its small
aperture and short service life restrict the capacity of long time observation. Therefore,
building THz observatories in high-altitude and dry area becomes another kind of economic
and reliable choice. Many sub-millimeter (THz) and far-infrared (FIR) telescopes have been
built in recent years, e.g. Atacama Large Millimeter /sub-millimeter Array (ALMA) [9] and
CCAT [10] located on the Chajnantor plateau, at 5000 meters altitude in northern Chile (see
in Figure 1.4 right); South Pole Telescope (SPT) [11], a 10 meter diameter telescope located
on the Antarctic Plateau at an altitude of 2800 m.

China is now building an astronomical observatory including a THz telescope at Dome
A on the Antarctic plateau. As the highest point on the plateau (4092 m above the sea level),
Dome A is likely to be the coldest and driest location on the planet, opening up new windows
for terahertz astronomy. Meanwhile, the climate in Dome A is very stable and the wind speed
is low. These unique features of climate and geography make Dome A an excellent location
for a THz astronomical observatory, as already demonstrated by early site testing result [12].
The development of high-sensitivity detector is crucial for the observatory at Dome A and

consists of the main content of this thesis.




Figure 1.4: (left) Herschel space telescope (credit: ESA) and (right) Atacama Large

Millimeter Array (ALMA-provide by NAOJ)

it ik

Figure 1.5: Dome A in Antarctic

1.1.2 Other applications of THz technology

In addition to astronomy, terahertz technology is rich in application in many other fields
[13]. The unique properties of terahertz wave can have a great effect on atmospheric
observation, communication, medical imaging, nondestructive testing, security etc. The main

applications are as follow:



)

2)

3)

atmospheric observation:

The earth warming ,and the greenhouse effect are the biggest climate issues for
human now. Observing the change of atmospheric ozone layer is a major means to
monitor the greenhouse effect. OH group and HCI molecule play an important role
in the deterioration of the ozone layer. Both of them have spectrum lines in THz
band, this makes THz band crucial for monitoring the greenhouse effect. The
atmospheric research in THz band can help scientists establish an accurate model of
atmosphere and predict the destruction of atmospheric ozone layer and global
warming trend.

Terahertz imaging:

Because the rotation and vibration energy level of many important biological
macromolecules such as DNA, RNA and protein fall in THz band, scientists can use
THz wave to analyze or accurately adjust the structure and characteristic of
biological macromolecﬁl-eh:.s‘.’ What’s more, THz radiation can also pass through
many materials used for packaging and clothing which, in recent years, attracted the
interest of security agencies all around the world. By using sensitive THz detectors,
it is possible to measure the THz emission from a human body. Concealed objects
will (in contrast to the clothing which is transparent) show a different THz emission
than the rest of the body and thus can be detected even if they are beneath clothes. It
is also interesting for non-destructive material testing where transmission
measurements of THz radiation can reveal internal inclusions inside materials.
Terahertz communication:

Terahertz communication includes the advantages of microwave
communication and optical communication. It can provide a data rate as high as 10
Gb/s in wireless communication, the effective data transmission per second is more
than 1T bit which is hundreds or even thousands of times faster than current ultra
broadband technology. At the same time, terahertz communication has better
secrecy and anti-jamming ability since it has very high directivity and strong
penetration in cloud. Comparing to optical communication, terahertz wave has

wider beam-pattern and lower quantum noise, so its antenna system can achieve
16



miniaturization and planarization.

Another important application of terahertz wave in communication technology is
the remote sensing and communication of re-entry air vehicle such as missiles,
satellites and spacecraft since terahertz wave won't be affected by the signal

interruption caused by air ionization.

1.2 Terahertz detecting technology

According to the difference of working mechanism, there are two kinds of terahertz
detecting technology: direct (incoherent) detection and heterodyne (coherent) detection. In

this section, characterization techniques for both kinds of detectors are briefly discussed.

1.2.1 Direct (incoherent) detection

Direct detectors are not able to preserve the phase information of the incoming signal,
they only detect amplitude information and generate a DC voltage or current signal
proportional to the amount of the incoming signal power. The detector's sensitivity is
characterized by NEP (W/vYHz), which is defined as the absorbed radiation power that
produces a signal to noise ratio of unity at the output of the detector in the bandwidth of one
hertz. Since direct detectors don't measure the phase information, its sensitivity isn't restricted
by the Heisenberg uncertainty principle and has no upper limit. The main noise sources of a
direct detector system are thermal fluctuation noise [14], noise in follow up amplifiers and //f
noise. Figure 1.6 schematically illustrates the process of a typical direct detector system. The
bandwidth of the system is determined by the RF filter and detector itself.

The most popular direct detector in THz band is transition edge bolometer (TES) [15].
Operation of this device is based on the sharp change of resistance of a superconductor at its

transition temperature. Such a bolometer can be put in the center of its transition region by
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applying a suitable bias current. Thus, even a small amount of absorbed radiation can increase
the temperature of the bolometer such that it gives rise to a strong increase of resistance. Read
out electronics can react to this increase and decrease the bias current accordingly to keep the

bolometer at its transition edge point.

IncoherentIDirect Detector

-

Bandpass Detector  Amplifi Lowpass
Filter (THz) mpimer Filter
Q~ 102104

Figure 1.6: Schematic layout of a direct detector system [16].

1.2.2 Heterodyne (coherent) detection

Unlike direct detectors, heterodyne detectors can measure both amplitude and phase
information by mixing the incoming local oscillator (LO) signal and RF signal. Heterodyne
detectors are mainly used in high-resolution molecular and atomic spectrum observations, and
high space resolution interferometers. The detector's sensitivity is characterized by equivalent

noise temperature.

Figure 1.7 schematically illustrates the process of a typical heterodyne receiver. A weak

signal of interest at frequency @, and a strong local oscillator signal ®,, are coupled to

the mixer by a beam splitter. Then an amplitude modulation is generated since the mixer has a

strong nonlinear current-voltage characteristic. At the output of the mixer, the generated
modulations will contain many components at the frequencies mw,, £ nwg for all integers
m and n. In most practical cases, we are only interested in the component at the frequency
Dy =|a)L0 —a)s|, which is called’ intermediate frequency. The intermediate frequency is
amplified by a low noise amplifier and then be analyzed by a spectrum analyzer. A low pass
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filter is commonly placed between the IF amplifier and the spectrum analyzer to make sure

that only the IF part of the signal is coupled out and that the other frequencies are rejected.

Coherent/Mixer
Signal (as) IF Spectrum
1.00120THz Detector Amplifier Analyzer

1.00100THz |

1.00000THz 1

Local Oscillator (o, )

1.20GHz
Gomp 05— "’Loll
D 1.00GHz I

Figure 1.7: Schematic layout of a heterodyne detector system, the two signals are
superimposed on a mixer. At the IF output port, the signal is amplified and filtered first and

then measured by a spectrum analyzer [16].

The equivalent noise temperature of total receiver system can be expressed as:

T, =T+ L, +—T’F—— (1.1)
GRF GmGRF

where T, is the equivalent receiver noise temperature, T, is the noise temperature of the

RF optics, T, is the noise temperature of mixer itself whose upper limit is determined by

m

quantum limit (Aw / 2kB), T,. is the input noise temperature of the IF amplifier, G, is

the gain of RF optics, G

m

is the conversion gain of the mixer. It is obvious that the noise

temperature and conversion gain of mixer is particularly important in a heterodyne receiver
system. Here we briefly present three heterodyne detectors in THz frequency:
Schottky-barrier diodes, superconductor-insulator-superconductor (SIS) junctions and hot
electron bolometers (HEB).
a) Schottky-barrier diodes:
Schottky-barrier diodes are the most commonly used heterodyne detectors
before superconducting detectors appeared. The most significant advantage of

Schottky-barrier diodes is that they can work over a wide temperature range with

19



b)

good sensitivity and do r.10t require cooling to cryogenic temperatures. They can
therefore be utilized where cryogenic cooling is not possible or unfavorable. They
can also work over a wide frequency range (up to several THz) with good stability.
The major disadvantage of Schottky-barrier diodes is that the receiver noise
temperature increases rapidly with frequency, especially beyond 1 THz. Another
disadvantage is that Schottky-barrier diodes require a relatively high level of LO
power (typically a few milliwatt) [17], which is difficult to achieve in most THz
astronomy observations.

Superconductor-insulator-superconductor junctions:

Superconducting SIS mixers consist of two superconductors separated by a
very thin (only several atoms thick) layer of insulator, typically an oxide. The basis
of mixing mechanism in SIS junction is the photon assisted tunneling of
quasiparticles. Superconducting SIS mixer is the most sensitive detector at
frequencies below 1 THz, the noise temperature is only 3~5 times of quantum limit
at frequencies below 0.7 THz [18]. Meanwhile, Superconducting SIS mixer has
wide IF bandwidth (more than dozens of GHz) and high conversion gain (about 0
dB), the requirement of LO power is small too. However, the application of SIS
mixers is limited by its gap frequency that is determined by the material of
superconductor (~ 0.7 THz for Niobium). The mixing performance will be degraded
when the working frequency is beyond the gap frequency and is expected to
degrade sharply at twice this frequency.

Superconducting Hot-Electron Bolometers (HEB)

Superconducting HEB mixers are currently the most sensitive detectors at
frequencies beyond 1 THz. It normally consists of a very thin strip of
superconductor placed between two bulky electrodes made of normal metal. The RF
signal is coupled to the mixer via a planar antenna or waveguide. A DC bias voltage
or current is also applied to the HEB device to keep it in resistance states, thus the
device is heated close to its critical temperature 7, and has the sharpest rise of the
resistance for mixing.

In contrast to superconducting SIS mixers, superconducting HEB mixers don't
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suffer from a cut-off frequency set by the superconductor’s energy gap (gap
frequency). It has the lowest noise temperature at frequencies beyond 1 THz (see in
Figure 1.8), nearly 10 times of quantum limit. Moreover, the LO power requirement
for HEB mixers is very low. A minimal LO power requirement of 30 nW has been
experimentally demonstrated [20]. Although the IF instantaneous bandwidth of
superconducting HEB mixers has been found to be on the order of several GHz, it is
enough for many astronomical applications. Overall, the superconducting HEB

mixer is the most sensitive receiver for coherent detection at frequencies beyond 1

THz.
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Figure 1.8: Receiver noise temperature as a function of frequency for three types of devices

widely used in THz frequency range [21].

1.3 Background and future of superconducting HEB mixers

Bolometer is a device for measuring the power of incident electromagnetic radiation via

the heating of a material with a temperature-dependent electrical resistance. In 1959, Boyle
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put a bolometer based on carbon into practice for the first time, opening the door of
applications of bolometer in many fields. More recently, a lot of attention has been attracted
by superconducting hot electron bolometers [22, 23], which consist of a very thin
superconducting film. In recent years, the superconducting HEB mixer has achieved a
working frequency of 5.25 THz [24], and been selected for many ground based [25, 26] and
space telescopes [27].

Despite the undeniable advantages of the HEB mixers compared with other receivers
operated at frequencies higher than 1 THz, further work is carried out to optimize the basic
characteristics of mixer such as the noise temperature and conversion band. At present, the
conversion band of practical HEB receivers does not exceed 4 GHz since the electron
response time is limited to 50 ps [28]. The lowest noise temperature of superconducting HEB
mixer is only 10 times of quantum limit and can be further optimized.

Higher frequency and larger scale (multi-pixel) are also the research direction of HEB
mixers. Progress towards much higher working frequency of superconductor HEB mixers is
possible by decreasing the contact loss of the mixers with integrated antenna or by a
direct-absorption design [29]. Large arrays of heterodyne detectors at submillimeter
wavelengths are important for higher sensitivity, greater mapping speed, large scale mapping
ability, and video rate imaging capability. Passive and/or active heterodyne large focal plane
imaging arrays would have profound impact on medical diagnostics, explosive detections, and

astrophysical imaging applications [30].

1.4 Thesis overview

In this thesis, we mainly focus on the development of high-sensitivity superconducting
HEB mixers for astronomical observation in THz band. China is now building an
astronomical observatory including a THz telescope at Dome A on the Antarctic plateau.
Therefore the development of superconducting HEB mixers, the most sensitive for coherent

detection at frequencies beyond 1 THz, becomes increasingly crucial. The main works of this
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study include: 1) dielectric constant measurements of commonly used materials in THz band;
2) measurements and simulations of far field beam patterns of a quasi-optical
superconducting HEB mixer; 3) development and characterization of a high-sensitivity
superconducting HEB mixer at 1.4 THz; 4) design and characterization of a 0.1-1.5 THz
spiral antenna coupled superconducting HEB mixer. The content of each chapter is as follows:

Chapter 1 gives an introduction about the characteristics, scientific significance and
application prospect of THz band and THz detecting technology. Then the background and
development tendency of superconducting HEB mixers and the motivation of this thesis are
discussed.

Chapter 2 describes the operation principle and main characteristics of superconducting
hot electron bolometer mixers.

In chapter 3 we first describe the structure of quasi-optical HEB mixer using a dielectric
lens integrated with a planar antenna. Then we explain two simulation methods of far-field
beam pattern of the quasi-optical configuration and compare their advantages.

Chapter 4 presents the measurements performed with a vector measurement system for
material permittivity and analyzes the influence of different dielectric constants on the
far-field beam pattern of our quasi-optical structure using the dielectric lens. Two
measurement systems using either near-field heterodyne and far-field direct detection are
developed to measure the far-field beam pattern of a si.lperconducting HEB mixer. The
measurement results are presented and analyzed.

Chapter 5 details the design, the fabrication and the characterizations of a 1.4 THz twin
slot antenna coupled superconducting HEB mixer. The heterodyne performances, RF and DC
characteristics as well as the methods of characterization of this mixer are presented.
Furthermore, the influence of lens’ parameters on the performance of this mixer is discussed.

In chapter 6, we report on the DC characteristic, noise temperature and IF noise
bandwidth of a 0.1-1.5 THz spiral antenna coupled superconducting HEB mixer, and compare
the spectral responses measured in both direct detection mode and heterodyne mode.

Chapter 7: we conclude the thesis with a summary about what is achieved in this work
and a short outlook.

This work is carried out at LERMA of Observatoire de Paris in France and at Millimeter
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and Sub-Millimeter Lab of Purple Mountain Observatory in China. This work is supported by
the Eiffel Excellence Scholarship and the China-France Joint Doctoral Promotion

Programme.
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Chapter 2

Theory of Superconducting HEB

Mixers

2.1 Basic principle of bolometer

Bolometer is a device for measuring the power of incident electromagnetic radiation via
the heating of a material with a temperature-dependent electrical resistance. The first
bolometer, consisted of two platinum strips covered with lampblack, was developed
by Samuel Pierpont Langley in 1878 as a tool to measure the infrared spectrum of the sun [1].
Today, most bolometers use semiconductor or superconductor absorptive elements. These
devices can be operated at cryogenic temperatures, enabling significantly greater sensitivity.
Since bolometers have no limit to working frequency, they are widely used in remote sensing
satellites and astronomical observations.

In this chapter, we first describe the basic operation principle of a bolometer. The most
important figures of merit like sensitivity and response time of the bolometer are derived and
explained. The special case of the superconducting hot-electron bolometer is introduced and
explained. In the second part, we present the theory and mixing characterization of
superconducting hot-electron bolometer in detail. In the last part of the chapter the theoretical

models of superconducting HEB mixer are presented.
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2.1.1 Basics of operation

A bolometer consists of an absorptive element, such as a thin layer of metal, connected
to a thermal reservoir (a body of constant temperature) through a thermal link. Any radiation
impinging on the absorptive element raises its temperature above that of the reservoir. The
temperature change can be measured directly with an attached resistive thermometer, or the
resistance of the absorptive element itself can be used as a thermometer. A schematic view of
the basic components of a bolometer is shown in Figure 2.1.

When radiation power P from an incident signal is absorbed by the absorber, the
produced heat is transferred to the thermal mass. Then the thermal mass will be heated up to a
temperature 7 depending on the amount of power absorbed by its heat capacity C. The
temperature difference between the non-irradiated state and the irradiated state is proportional
to the power of the absorbed radiation. To relax back into its initial state the bolometer body
is coupled to a thermal bath. The thermal coupling is described by the thermal conductance G,

which governs the time that the heat can be removed from the thermal mass.

Power P

<

absorber

Resistive
Thermometer

Thermal Mass
Heat Capacity C
Temparature T

Thermal
Conductance G

T

Thermal Reservoir

Figure 2.1: Conceptual schematic of a bolometer [2].
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There are three key figure-of-merits of bolometers: response time, noise equivalent
power (NEP) and voltage responsivity.
The time dependent behavior of a bolometer that absorbs all incoming radiation can be

described according to [3] using the thermal balance equation of the system:

PS=GAT+C% @.1)

here P, is the absorbed incoming radiation power, AT =T —T7,, T is the temperature of

bolometer after absorbing the incoming radiation, 7, is the temperature of the thermal

Ieservoir.
The speed of this temperature change or its inverse, the response time 7 in which the

bolometer can relax to its equilibrium state is defined by the ratio between the conductance G
. C
and heat capacity C of the bolometer body as: 7= E :

When a bolometer is irradiated by a radiation source with a modulated amplitude, the
temperature change of bolometer will also be modulated. Assume the power of the incoming

radiation consists of a constant part and a variation part, it can be written as
P, =F +AP(wt) . Using this equation and Eq. 2.1, the temperature response of the

bolometer AT to the incoming radiation power AP can be calculated:

AT 1

AP G+’

where @ is the modulation frequency of the output power. Eq. 2.2 also describes the thermal

(2.2)

sensitivity S, of the bolometer to incoming radiation.

The signal-to-noise ratio (SNR) of a direct detector can be defined as:

LT,
NEP

SNR = (2.3)

where T, is the effective integration time, the factor 2 is chopping efficiency (50%).

The noise equivalent power (NEP) is defined as the signal power that gives a

signal-to-noise ratio of one in a one hertz output bandwidth. Using this definition, Eq. 2.3 and

P; =2k, T;Av (Rayleigh-Jeans approximation, factor 2 represents two polarizations), we can

get the expression of NEP:
29



NEP =2k, T,A\[2T, (W | [H,) 2.4)
where Av is bandwidth and is proportional to NEP.
The voltage responsivity (electrical sensitivity) S, of a resistive bolometer is defined
as the ratio of the change of the detector voltage AV to the change of radiation power AP .
Taking Eq. 2.2, the sensitivity can be written as:

_AV _IuAR AR

bias = 1

1
AP AP " AT G+ w?t?

The voltage responsivity S, and noise equivalent power (NEP) can be related by equation

2.5)

Sy

V ) .
NEP =—,where V, isthe measured noise voltage.
|4

Bolometer can work in both direét and heterodyne detection mode. When it operates as a
direct detector, the voltage responsivity needs to be optimized to maximum. According to Eq.
2.5, thermal conductance G should be reduced. But the decrease of G will also increase the
response time 7, and then decrease the voltage responsivity. Therefore, we normally reduce
the area of detector to decrease its heat capacity C and keep response time 7 as small as
possible. When bolometer operates as a mixer, the thermal response time determines the IF
instantaneous bandwidth of the mixer. In order to have shorter response time 7, the thermal

conductance G should be increased.

2.1.2 Superconducting Hot-Electron Bolometers

The signal power of many interesting applications in the THz frequency range is very
small which makes it difficult to be detected. So there is a need for very sensitive detectors.
One kind of detector that can satisfy this need is the superconducting Hot-Electron Bolometer
(HEB) [4].

Figure 2.2 illustrates a two dimensional cross-section of a typical superconducting

Hot-Electron Bolometer. The HEB device is indeed made of a superconductor thin film
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(micro-bridge) and a planar antenna integrated on a dielectric highly resistive substrate. The
superconducting thin film is usually connected with two metal pads and is coupled to the

input radiation via an on chip antenna or a mechanical waveguide.

Antenna

Microbridge

Figure 2.2: Schematic of a superconducting Hot-Electron Bolometer

Figure 2.3 illustrates a thermal transfer model in a superconducting thin film [5]. The

film is assumed to consist of two separate systems, one is electron system and the other is

phonon system. Each system has a temperature of Tph and 7,. The substrate has a

temperature of 7. The thermal transfer between electron system and phonon system can be

represented by the thermal resistance R and the thermal transfer between phonon system

e—ph
and substrate can be represented by the thermal resistance R,, . For traditional bolometer

(operating at room temperature), the thermal resistance R between electrons and

e-ph
phonons is extremely small due to the large phonon density. This means the interaction time
between electrons and phonons is very short, and results a very fast thermal transfer between
electron system and phonon system. Therefore, the induced temperature difference between
electrons and phonons can be negligible. However, it is completely different for bolometer
based on superconducting material. When the bolometer is refrigerated to temperature lower

than the critical temperature of superconductor, the phonon density will decrease greatly,
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resulting in a much longer interaction time and a larger thermal resistance R, ,, . When the

bolometer absorbs the incoming power, the thermal energy can break the Cooper-pair and
form quasi-particles first and then can excite these quasi-particles to create "hot electrons". In
this case, the temperature of electrons is substantially higher than that of phonons, which is

referred to as hot electron effect.

Re-ph Rph-s

Electron /\/\/\ Phonon __JA\/ | Substrate
Te V Tph /R Ts

Figure 2.3: Schematic depiction of the thermal transfer in a hot-electron bolometer.

2.1.3 Phonon-cooled & diffusion-cooled HEB

According to the cooling mechanism, there are two types of superconducting
hot-electron bolometer: phonon-cooled HEB [4] and diffusion-cooled HEB [7].
This thesis is focused on the phonon-cooled HEB, in which the hot electrons are cooled

down by the interactions between electrons and phonons in the superconductor and then the

energy is transferred to the substrate. The thermal time constant 7, for a phonon-cooled

HEB mixer is determined by the electron-phonon interaction time 7, , and the escape time

7, of phonons into the substrate:

Ce
= Te—ph + T (26)

esc

Tlh

ph
where C,and C,, is the specific heat of electron and phonon respectively. 7, and 7, ,
mainly depend on the materials and the structure of the microbridge. For a NbN microbridge,

the electron-phonon interaction time 7, , is commonly estimated to be less than 15 ps,

corresponding to an instantaneous bandwidth of 10 GHz. Nevertheless, the relatively long
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escape time of phonons 7, will limit the bandwidth to 4-5 GHz.

The diffusion-cooled HEB was proposed by Prober in 1993 for the first time. For this
kind of HEB, the absorbed energy will diffuse into the contact pads rapidly before the phonon

scattering event takes place. Therefore, the length of the microbridge L is much shorter than

the electron-phonon scattering length A, , which is defined as:

Ay = /Dre_ph (2.7)

here D is the electronic diffusion constant.
The thermal time constant for a diffusion-cooled HEB is determined by length of the

microbridge L and the electronic diffusion constant D:

LZ

Tdi[f :;B- (28)

In conclusion, the heat has two different paths (indicated by the red arrows in Figure 2.4)
to leave the system. Both of these cooling mechanisms are present in every bolometer, but

depending on the size and the material one of the two is dominant.

Figure 2.4: Sketch of the detector area of a typical Hot-Electron Bolometer and the thermal

transfer direction of two kind of HEB [8].
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2.2 Mixing characteristics of HEB mixers

The superconducting HEB mixer always operates at a cryogenic temperature (cooling to
its superconducting state) to achieve high performance mixing. Usually, it is also electrically
biased for adjusting its working state [9]. There are three states in a superconducting HEB
device at a cryogenic temperature: superconducting state, resistive state and normal state.
These states can be distinguished from both current-voltage (/-V) curve and
resistance-temperature (R-7) curve, as shown in Figure 2.5. In the typical /-V curve, the HEB
device is in superconducting state at the lower voltages, the current increases rapidly with the
increasing voltage until it reaches a maximum value (critical current /.). Then the current
decreases due to the absorption of DC power by the microbridge, which results in a dynamic
negative resistance and an instable region in the /-¥ curve. This region is corresponding to the
resistive state of the HEB device and is where HEB device normally operates. When the bias
voltage increases highly enough, the HEB device becomes normal conducting (normal state)

and the superconducting properties disappear.

le

Resistive state
Normal

state

Current (pA)

v

Superconducting Voltage (mV)
state
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Figure 2.5: Typical current versus voltage (I-V) curve (upper) and resistance versus

temperature (R-T) curve (lower) of a superconducting HEB mixer [6].

2.2.1 Mixing theory in bolometers

When a bolometer is fed by two signals with very close frequencies, it can operate in

heterodyne mode. If we assume the local oscillator (LO) frequency is ®,,, RF signal
frequency is ;. , then the voltage across the bolometer is:

Va(t) =V, cos(a; )+ Ve cos(@pet) (2.9)
where ¥, and V. are the voltage components of the LO and RF signal. If the resistance

of bolometer is R,, the total instantaneous power dissipated by the bolometer can be

expressed as [11]:

VZ
P(t)=—= (2.10)
2R,
Substituting Eq. 2.9 into Eq. 2.10, the equation can be rewritten as:
2 2 2 2 o 3
P(t)= ’;:li———VLo ; Vi o+ % cos(2w, 1) + V—SF' COS(20pet) + 2V oV COS(@, + Dyr ! ; cos(@,p — Wy )I]
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@.11)

2 2

Here P, =-—%% and P, =—%& are the average absorbed LO power and RF signal power

respectively. In practice, RF signal power is usually much smaller than the LO power, i.e.
Py << P,,. Therefore, each P, component in Eq. 2.11 can be neglected. Since the
response time 7 is small, bolometer can't follow the temperature change at frequencies:

20y, 20,, and @,, + @y . It can only response the change of electron temperature at

the intermediate frequency @, = |a)LO = a)RF[ . Therefore, Eq. 2.11 can be written as:

P(t)y=F,,+2, /PLOPRF cos(wy,:t) (2.12)

2.2.2 Conversion efficiency

The conversion efficiency is an important parameter for characterizing the mixing
performance of superconducting HEB mixers. It is defined as the ratio of intermediate

frequency power to input signal power [12]:

n = (2.13)

where Py is the IF output power delivered to the load and Py is the signal power absorbed at
the mixer input.

Eq. 2.13 only illustrates the intrinsic conversion gain of a superconducting HEB device,
while the total gain of a mixer system includes RF optical loss and IF gain too. The intrinsic
conversion gain of a HEB device can be derived from the equivalent circuit in Figure 2.6 [13].
The main idea of the derivation is that the HEB device is assumed to be a resistance changing
with the total power (including bias, RF signal and local oscillator power) and determined by
the time constant of the device.

In this equivalent circuit, the DC component in Eq. 2.12 is blocked out by the

capacitance C. Therefore, active radiation power can be rewritten as:
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AP, =2,[P, P&’ (2.14)

we also assume there is an initial bias current /, and voltage ¥, on the HEB device, then the

DC resistance of the deviceis R, =V, /1,.

PD(‘

Lblock§ 1 IO Cblock

| 7
AR
P(t) = Pro + 2y PoFrp cos(wypt) l To-Al R.
——
R .
Bolometer IF chain

Figure 2.6: Equivalent circuit of a superconducting HEB mixer.

When the HEB device absorbs the LO and RF signal power, its resistance increases by
AR . This small resistance results a current change A/ across the HEB device. The current

change also flows through the IF load resistance R, and is modulated by IF frequency.
Therefore, the DC power change can be written as:

AP, =V, +AV)(I,—Al)= T AV -V, Al (2.15)

Since the load resistance R, = AV /Al , Eq. 2.15 can be rewritten as:
AP, =1,R Al —V,Al (2.16)
The change of the device resistance AR due to the change in incident radiation power AP,

and in DC power AP, can be written in terms of the heating capacities as:

AR = C,, AP, +C, AP, 2.17)
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AR
and C,, =——

RF |AP, =0 dc | APpr-=0

here Cg. =

What's more, the voltage change on HEB device should be the same with that on IF load
resistance, then we have AV =R,Al =1 AR—R/Al (neglect the minimal term A/AR).
Substituting Eq. 2.17 into this formula, we can have:

R Al = I (CpeAP + C AP, ) — R AT (2.18)
Substituting Eq. 2.18 into Eq. 2.16, the current change A/ can be expressed as:
VI, ¥
(R, +R)(1+C, 1} ﬁo R, L)

Al = (2.19)
Combining Eq. 2.19, Eq. 2.13 and the formula P, = R, Al % /2, the conversion gain can

be expressed as:

P, 2ICi.RP -R, _
77=_’F_:____£( ZRO L)Z

‘,L (2.20)
P~ (R, +R,)’ "Ry +R,

Note that the heating capacities C,. and C, have a frequency dependence determined by

the electron relaxation time 7,, and can be given by:

Cop) =2 2=0
1+ jor,

C,(®) C""(a.)zo) 2.21)
1+ jor,

Therefore, the final expression of conversion gain including frequency dependence can be

given by:
_21;CxR P R 1
LO( ZRO L) ( — ) (2.22)
(R0+R) R()+R 1+wIFTmix
where 7, is the mixing time constant and can be written as
2
Tmix = (223)
1+C, 1} KR,
R, +R,
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When a superconducting hot-electron bolometer operates as a heterodyne mixer, three

factors can affect its sensitivity: bath temperature 7, absorbed LO power P;o and DC bias
V,f,'gg To better understand the complex physical interactions that govern the HEB mixer, we

depict in Figure 2.7 a graphical representation of the HEB device physics. DC bias is in the

horizontal direction and applied LO bias in the vertical direction. At the lower left corner is

the intrinsic device resistance R(T) at temperature T. At the lower right is R(T,I5,), the
resistance as a function of temperature 7 and HEB's dc current g, . At the top is

IV, B,), which is the current voltage characteristic as a function of bias voltage el

and local oscillator power P, . The dashed curve follows the HEB mixer conversion gain. It is
easy to find from Figure 2.7 that the conversion gain of the mixer is strongly dependent on

these three factors..

I(Viigs» Bo)

(-‘ opt
T mix

— P, (1)

Applied LO Power (B )

R VILIIIL B R(T I“LB)

Figure 2.7: Diagram of various processes in superconducting HEB mixer, the dashed curve in

the middle of the triangle indicates the condition for optimal mixer gain [10].

Figure 2.8 shows four I-V curves under various LO pump conditions and the optimal
bias region of a superconducting HEB device. The optimal bias region normally locates where
the negative resistance region disappears. The optimal bias voltage is normally set to about

0.5-1 mV.
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Figure 2.8: Four I-V curves as a function of LO power.

2.2.3 Noise in HEB mixer

Hot-electron bolometers are used for measurement of very weak energy signals. The
ultimate limiting factor in signal measurement is the noise generated by the receiver system
and the background noise of the ihcdming radiation. When the noise signal is larger than the
incoming radiation, no measurements are possible. Thus for the measurement of small signals
the reduction of the noise is of great importance.

According to the noise mechanism, there are several kinds of noise in a receiver system:
Johnson-Nyquist noise, thermal fluctuation noise, quantum noise, shot noise and Flicker noise
(1/fnoise).

Among these noises, the 1/f noise can be neglected at THz frequencies since it is
inversely proportional to frequency and mainly impacts at low frequencies.

The shot noise comes from the random motion of electric charge. Itis a type
of electronic noise which can be modeled by a Poisson process. In electronics, shot noise
originates from the discrete nature of electric charge. Shot noise is a static white noise which

is independent with frequency and temperature. The power of shot noise can be expressed as:
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(Pn )shr)l = Z lzR = %eIdL'BR (224)

where e is the charge, I, is dc current, B is noise bandwidth, i’ =2el B is the

root-mean-square current of shot noise [15]. In a superconducting HEB device, the shot noise
is mainly caused by the discontinuity of barriers between HEB device and two electrodes. The

equivalent noise temperature of shot noise can be expressed as [16]:

T = Bl _ elaR (2.25)
: k,B 2k,

In a superconducting HEB device, the barrier resistance R is only several ohms, so the shot
noise can be neglected too.

Besides /f noise and shot noise, Johnson-Nyquist noise and thermal fluctuation noise
are two major noise sources in a superconducting HEB mixer. In the optimum operation
region, the latter one is usually dominant. At THz frequencies, the quantum fluctuation of the
input signal, regarded as quantum noise, also becomes increasingly important as the

frequency rises.
Johnson-Nyquist noise:

Johnson-Nyquist noise was first measured by John B. Johnson at Bell Labs in 1926. It is
the electronic noise generated by the thermal agitation of the charge carriers (usually the
electrons) inside an electrical conductor at equilibrium, which happens regardless of any
applied voltage. The Johnson-Nyquist noise in an ideal resistor is approximately white,
meaning that the power spectral density is nearly constant throughout the frequency spectrum.
When limited to a finite bandwidth, Johnson-Nyquist noise has a nearly Gaussian amplitude
distribution.

Johnson-Nyquist noise is distinct from shot noise. Thé equivalent voltage source of the

noise of a resistance R with a temperature of 7 can be expressed as [17]:
(v?) =4k, TBR (2.26)
Where k, is Boltzmann’s constant, B is bandwidth.
Figure 2.9 shows the equivalent circuit of the HEB mixer for modeling Johnson noise
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[12]. If HEB device has a temperature of 7, and a resistance of Ry, the equivalent voltage

source of the noise on HEB device can be given by:
<v: > =4k, T.BR,
Then the total dissipated power in the HEB mixer can be given by:

R)+AP=(R0+AR)(IO—N)2+vn(10—A[)

(2.27)

(2.28)

The second item on the right side of Eq. 2.28 represents the power of thermal noise, which is

shown in Figure 2.9 by voltage source of the noise v,. Expanding Eq. 2.28 and ignoring the

second order of small signal terms, we can get:
P, +AP= RJI; —2[0R0A1+AR13 +v 1,
Separating the small signal and large signal parts yields:
AP =ARI} —21,RAI +v,1,

Substituting AP = -A—Rinto Eq. 2.30 and solving for AR:

de

_ v oCo =21, RAIC,

AR 2
1 - Cdt' [0

The voltage across the HEB device for a small signal can be expressed as:

Vo+AV =(R,+AR)(I, —Al)+v,
Solving for AV :
AV =—AIR,+1,AR+v, = AIR,
Substituting Eq. 2.33 into Eq. 2.31 for solving A/ :

1%

_n 2RL_RO
(R, + R)(U=Col )

Al =

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

With this expression, the output Johnson-Nyquist noise power can be simply expressed as:

R, (AV])

P =R, (oF°) =
(R, +R)’(1-C,1; &—Rﬂ)l
R, +R,

Substituting Eq. 2.27 into Eq. 2.35:
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PJ(:,W:RL<A]2>: RL*4kBILBR0

=k, BT (2.36)
(R,+R,)*(1-C,I; By )?
R, + R

where T, is the Johnson-Nyquist output noise temperature and can be expressed as:

AR, RT,

201 ZRL_R() 2
(R, +R,)" (1-C, 1, —_RL+RO)

out __
T.'In -

(2.37)

It is obvious that the Johnson-Nyquist output noise of superconducting HEB mixer is
white noise and independent on the intermediate frequency. Nevertheless, the
Johnson-Nyquist noise at the input of the HEB mixer is different. It is dependent on the IF
frequency since the conversion efficiency decreases when the IF frequency increases. The
double side band (DSB) input Johnson-Nyquist noise can be expressed as:

w I R
Jn
2n C;F 1 (fPLO

(+wh72) (2.38)

Poc

Lblock l IO Cblm:k

Al

1 To-Al RL

Bolometer IF chain

Figure 2.9: Equivalent circuit of the HEB mixer for modeling Johnson noise.
Thermal Fluctuation Noise:

The noise contributed by thermal fluctuations is a result of energy randomly flowing

between the thermal reservoir and the bolometer. It is caused by the transfer of energy in
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quantized units via quasiparticles, phonons or photons, and should clearly depend on the
thermal conductance between the reservoir and bolometer. In a phonon-cooled
superconducting HEB mixer, the device is cooled by the heat transfer between
electron-phonon system and reservoir. During this process, the whole system generates
random thermal fluctuation that behaves as the fluctuation of electron temperature.

In a general system with a temperature 7, a heat capacity C and a thermal conductance G,
the spectral density of temperature fluctuations is expressed as [18]:

k,T
G

<(ATFL)2>/ = (239)

In the superconducting HEB mixer, the thermal fluctuation noise is limited in frequency range

which is determined by the mixing time 7,. Therefore, Eq. 2.39 can be rewritten as:

7 1 4k, T 1
AT2 ((aT, df =—2= 2.40
) {< w)), T+ (1, e 1+ w7, 249

When the LO power remains unchanged, the dissipated power in superconducting HEB

mixer including the change of DC power and the thermal fluctuation noise power is:

AP=AP,.+P, =(V, +AV)(1,,—A1)-VOJO+§

0
1 OR
=10AV__V()A1+_C_,;(57-;_)XATFL (2.41)

1 OR
=1, AI(R, —R))+—(—) X AT,
oAI(R, —R,) C (@T) FL

0 e

Substituting AP = %ﬁ and AV =R,Al =1 ,AR—-R/Al into Eq. 2.41, the small change of

0
current can be expressed as:
]0 —aa—;;_ AIWFL
Al = . (2.42)

R, —R
R, +R)(1-C,I; G
( ) R, R)

Therefore, the total output power at the load R, due to the thermal fluctuation is:
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OR
R IV ((AT,)),
out 1 1) a]; j
(B)" ==AI'R, = (2.43)

R, +R 21—C12'—_L 2
(L 0)( OORL+R0)

Substituting Eq. 2.39 into Eq. 2.43, the noise temperature due to thermal fluctuation at the

output of the mixer can be given by:

e R, (8R 4T 4Tz,
out __ < ">f _ Ce
TFL = = R (2.44)
ks (R, +R0)2(1—c01§ RL—%)Z
+
L

OROT, OR 1 6Ri

into Eq. 2.44, T, can be rewritten as:
aT oP aT G aT (4

Substituting C, =

4R T} — R C,1;
oT

To = e (2.45)
(R, + R (1-C,12 Koy
R +R,

The double side band (DSB) noise temperature caused by thermal fluctuation at the input of

the mixer can be obtained by dividing the output noise by the conversion gain (refer to Eq.
2.20):

Toul B 1 (a_R)z 7:,2‘[9
2n CI?(’FPLO a7, C,

T = (2.46)

Apparently, the thermal fluctuation noise does not depend on the intermediate frequency.
In addition, the thermal fluctuation noise is proportional to the square of electron temperature,
while the Johnson-Nyquist noise is only proportional to electron temperature. Therefore, the
thermal fluctuation noise is dominant in HEB mixers [19], typically one order in magnitude
higher than the Johnson-Nyquist noise, when HEB mixer is operating close to the critical

temperature in resistive state.
Quantum noise

Quantum noise is the ultimate noise limit of a receiver system on simultaneous
measurement of the amplitude and phase of the electromagnetic field. The essence of

quantum noise is the wave-particle dualism. According to Heisenberg uncertainty principle,
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the quantum noise can be expressed as [20]:

T, =— (2.47)

Where 4 is Planck constant, v is frequency and kz is Boltzmann's constant. The quantum noise
is referred to the input of HEB mixer.

From Eq. 2.47 we can find that when the frequency is low, the quantum noise can be
neglected. However, it becomes increasingly important as the frequency rises. Recent
experimental results [21] indicate that quantum noise contributes to roughly 30% of the total

measured receiver noise temperature at frequencies beyond 4 THz for a NbN HEB mixer.

2.2.4 Gain bandwidth and noise bandwidth

In a phonon-cooled HEB mixer, the IF gain bandwidth is mainly determined by the
mixing time constant. It is defined as the frequency at which the conversion efficiency drops

to half of its maximum value:

(2.48)

1
fgain -

27z-z-mix
where 7, is the mixing time constant of HEB mixer and can be determined by the electron

relaxation time 7, :

P = iz (2.49)

mix R —R
=Gl 2R
L 0

Normally, 7, iscloseto 7,,, 7, =1l.17,.

mix ?
The electron relaxation time 7, in a phonon-cooled HEB mixer is related to five

processes, as shown in Figure 2.10. The processes and their time constants are described
below:

1. The electron-electron interaction time 7, ,. When the radiation is absorbed by the HEB
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device, the energy will be distributed quickly throughout the electron subsystem by
inelastic electron-electron interactions with time constant 7, , . Since the
electron-electron interaction time is very short, the whole electron system will achieve an
equivalent electron temperature 7, quickly. In the superconducting thin film, 7,_, can be

obtained by [22]:

1

7, , N (2.50)

Here R, is the sheet resistance of the film (typically 500 ohm for NbN). When the

electron temperature is 10 K, 7, , is about 2 ps.

The electron-phonon interaction time 7, ,, . It has been shown in experiments that the

electron-phonon interaction time is a function of the electron temperature 7, and for NbN
it can be written as[23]:

5

Te-ph ZW (251)

For NbN film, when the electron temperature is 10K, 7,_ oh is about 10 ps.

The phonon-electron interaction time 7, , . It is the time constant that energy flows from

the phonon subsystem to the electron subsystem, and is related to 7,_,, by:
C C
e (2.52)
z_e~ph 2-ph—e

Here C, andC,, are electron and phonon specific heat respectively. Since C,, /C, is
proportional to electron temperature 7, [24], the phonon-electron interaction time7 ,, ,
is longer than the electron-phonon interaction timez,_, .

The phonon escape time 7, , this time constant represents the relaxation time of heat

esc?
from phonon subsystem to the substrate. It relates to the film thickness d, acoustic

transparency factor « , and the sound velocity v in the film [25]:
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4d
T, ~—

esc

(2.53)
av

5. The phonon backscattering time 7 the time constant of the reverse energy flow from

s—ph?*
the substrate back to the phonon subsystem. When the width of superconducting film is

less than the mean free path of the phonons, 7

§

_» canbe neglected.

Absorbed power
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Figure 2.10: Heat relaxation processes in a superconducting phonon-cooled HEB mixer.

The electron relaxation time 7, is mainly determined by the electron-phonon

interaction time 7, , and phonon-escape time 7, . It can be written as:

Ce
Ty=7T,_,,+t {5 (2.54)

e—ph esc
ph

According to Eq. 2.48, the IF gain bandwidth can be improved by reducing the electron

relaxation time 7,. Adopting materials with high critical temperature to reduce the

electron-phonon interaction time 7, ,,, and reducing the thickness of superconducting film
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are the common way to achieve shorter electron relaxation time. Note that when the thickness
of superconducting film is thin enough, its critical temperature will decrease quickly.
Therefore, an appropriate material and thickness is needed.

The noise bandwidth of a HEB mixer is defined as the IF frequency at which the mixer

noise temperature increases by a factor of two. It can be obtained by [12]:

Tmll+T{)uf+T
Froise = [ ain \[ I (2.55)

out
By il

Jn

Obviously, the noise bandwidth is always larger than the gain bandwidth.

2.2.5 Small signal impedance

The understanding of RF and IF impedance of the superconducting HEB mixer is helpful
for achieving optimum matching at the input and output of the receiver. Here we will deduce
the expression of small signal impedance. For simplicity, only DC power change is
considered and LO power is kept unchanged.

As shown in Figure 2.11, if there is a small DC power change near HEB's bias point (7%,

1), the corresponding resistance and power change AR and AP can be expressed as:

V.+AV V, AVI,-V,Al
AR = 10 L "Toz—olz—o_ (2.56)
0 0 0

AP =V, + AV, + Al) =V, I, =~ AVI, +V,Al 2.57)

Then the DC capacitor becomes:

dv
ar_1 avt—var 1 Ggpeeho
AP I} AVI,+V,AI 1

Cpc= (2.58)

P ¥

0 ( d[ ?DC + RO
v . e .

Where (E) pe 18 differential resistance and R, is the DC resistance of the HEB mixer.

Then the differential resistance can be expressed as:

2
2=, = _ g 1 Cocls

- 2.59
di "1-Cp.I; e
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According to Eq. 2.21, Cpc 1s frequency dependent, so the frequency dependent impedance

Z(w) can be expressed as:

1+—1 Jrjg)f"lz 1+ jor,,, %
Z(w) = Z(0)———22 = 7(0) , ©
1+l)fg— l+ja)Tian
DCT0
2C, 1} 1

=R, (1+
of 1-Cpo ] 1+ jor,

imp

Where 7, =7,/(1-Cp/ o) is the time constant of the impedance.

Eq. 2.60 illustrates the frequency dependent impedance of a superconducting HEB mixer

under a small signal, as shown in Figure 2.12. For frequency f <<1/(27z, ), the

imp
. . av
impedance can be given by Z(O)=Eand only has a real part. When the frequency

increases to 1/(27zr, )<< f <<2A/h, the frequency dependence can be neglected. The

imp

impedance almost equates to the DC resistance R, of the HEB mixer. For frequencies higher
than 2A/h, the full length of the superconducting film will be seen as a normal conductor with

a normal resistance R,,.

A Current

AR=AVAI

-

L} § I R
Io :

et >
Vo VotAV Voltage

Figure 2.11: Schematic illustration of small signal impedance
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Figure 2.12: Frequency dependence of small signal impedance for superconducting HEB

mixers [13].

2.3 Hot spot model

2.3.1 Standard model

The first theory to explain the physics of heterodyne mixing in a superconducting HEB
is the standard model (point HEB model) proposed by Arams ef a/ [3]. This model assumes
that the bolometer is treated as a lumped element and the electron temperature along the
bolometer bridge is uniform. In addition, equal amounts of DC and RF power are assumed to
produce the same change in the resistance of the bolometer. This means they can be replaced
with each other if the total absorbed power is the same. Based on these assumptions, the heat
balance equation for the superconducting HEB device can be expressed as:

v =eip (@,T)=1V,+P@) (2.61)

e e—>rs

Here c, is electron specific heat, ¥ is the volume of the bolometer, ¢,V =C, is the heat

capacity, 7. is the electron temperature, 7, is the bath temperature, P _ (7,,7,) is the
pacity. P ens ety
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transferred power from electrons to the bath via the interaction with phonons. /, and V) are the
bias current and voltage across the bolometer, and P(?) is the absorbed radiation power. Since
DC and RF power have the same effect on electron temperature, they also have the same

effect on the heat capacity Cy of HEB mixer:

OR
Co’:‘ Cpc =Crr = T (2.62)
OR OR
Where CDC == 5PRF=0’ CRF 2—57)— 5PDC=0‘
DC RF

Based on these assumptions, the absorbed RF power by the HEB mixer can be calculated
from I-V curves by isothermal method. Meanwhile, the mixer conversion gain and equivalent
noise temperature can also be estimated with an acceptable accuracy when the HEB mixer is
operating close to its optimum point. However, the standard model is only suitable for
frequency below the gap frequency. While the frequency is higher than the gap frequency, the
standard model fails to predict the performance of the HEB mixer. The reason is the RF
power can be absorbed uniformly by the entire bolometer microbridge while the DC power
can only be absorbed in the region where the electron temperature is higher than the critical
temperature of the superconductor. Also due to the basic assumption that the bolometer is a
lumped element, the standard model can not explain the conversion gain and equivalent noise

temperature of the HEB mixer in magnitude with respect to their voltage dependence.

2.3.2 One dimensional hot spot model

Since the standard model can't explain the mixing characteristic of the superconducting
HEB mixer well, Skocpol et al [27] proposed the concept of hot spot based on the research of
Bremer and Newhouse [26]. They found that the critical temperature of the thin
superconducting film under the contact is lower than that of the microbridge due to the
superconducting proximity effect. If a DC current is sent through the microbridge in
combining with a strong RF signal, a resistive state will develop as soon as the critical current

density of the microbridge is exceeded. But the thin superconducting film under the contact
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will remain superconducting due to the cooling by the contact. The hot spot model can predict
both DC characteristics and mixing performances of HEB mixers with an improved accuracy
than standard model.

In hot spot model, the electronic hot spot is formed by the heating of the absorbed DC
and LO power. The application of a second small signal with a frequency slightly different
from the LO signal will modulate the dissipated power and consequently the length of the hot
spot in the microbridge. So the resistance of the microbridge is modulated too. In other words,
the mixing process in the HEB mixer is provided by the hot spot with its length oscillating at
the intermediate frequency. This is the so-called hot spot mixing.

The heat balance equation for a small volume element of the microbridge can be given
by:

dr, dr,
dt

K.S LF
dx

~KS

X

+c,Sdx

x+dx

= dpheating - dpcooling (263)

Where K, is the thermal conductivity of electrons, S is the cross section area of the bolometer,
dx is the length of the element, 7, is the electron temperature, c,Sdx=C, is the heat
capacity,  dPreaing and dpcooiing are the input heating power and the power flowing out of the
element respectively.

Substituting  dp,, .., — P =dp into Eq. 2.63 and dividing the both sides by dx yields:

cooling
LR LW JY LN (2.64)
dx dx”  dx dt

Assuming the absorbed power is zero and the heat transfers from the electron subsystem to

substrate is zero too, we can obtain from Eq. 2.64:

2
K, d 7:‘ =c, a1, (2.65)
dx” dt
Solving Eq. 2.65 yields:
T (x,t)oce e (2.66)

Here 7, is the electron relaxation time, /, is the thermal healing length. Substituting Eq.

e

2.66 into Eq. 2.65, we can get:
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£="e 2.67)

Here [ = ,/Drg , D is the diffusion constant [12]. Then the thermal conductivity of electrons

related to the specific heat can be written as:

K,=c,D (2.68)

For simplicity, we let K,S=4,, ¢,S=C,, dp/dx= P and substitute them into Eq. 2.64:

dT,
< dt

Since the temperature of phonon and electron in the microbridge is different, the heat balance

=P (2.69)

equations in a small volume element of the microbridge can be written separately as:

_gx_(z C;T P_,=Pue+ 5. (2.70)
Lyvic 70
——(,1 —)+c —Fth.th =F, 2.71)

Here 7, is the electron temperature, 7, is the phonon temperature, P, is the heat power
transferred from electron subsystem to phonon subsystem, P, . is the heat power flown from
the phonon subsystem to the electron subsystem, P, is the heat power transferred from
phonon subsystem to the substrate, C, and C, are the heat capacity of electron and phonon
respectively, 4, and 4, are the thermal conductivity of electron and phonon respectively. The
heat flow for electrons and phonons in a small volume element of the microbridge is
schematically shown in Figure 2.13.

Since the full numerical solutions of Eq. 2.70 and Eq. 2.71 are quite intricate, different
approximations have been made in hot spot model. The common simplification is to neglect
the thermal conduction of phonons, which is small compared to the losses caused by the
phonon escapes to the substrate. Meanwhile the electron temperature does not vary with time

in steady state, so Eq. 2.70 and Eq. 2.71 can be rewritten as:

dT,
e . - Pp—e = Btealing (272)
By S = (2.73)
B ouing 18 the sum of LO power, signal power and DC power. Assuming that Prrand P, are

54




2L

/ N
/ 4 lealin;; N N
Vi A 7 N

Electrons
—AEs 2,15 %
dx |, {} ax | ..
:" PT.,T"},Zﬁ'. ~
Phonons
-1 k) 7, AT )sﬂ’:
P F d\f n P P dt -

"
o

Figure 2.13: Heat flow for electrons and phonons in a small volume element of the

microbridge.

uniformly absorbed in the bridge, B can be expressed as:

heating

, = .
P ) - PLO+PRF +10p(]1e) (274)
heating 2L S

Here L and S are the length and cross section area of the bolometer microbridge respectively.

p(T,) is the local resistivity of the bolometer microbridge.

Because coupling efficiency between electron and phonon is proportional to 6" —T),

and n=3.6 for NbN [28], we can get:

P _Pp*e — ACS(YLJ.() _ T:.()) — O_e (7;3.() —T;G) (2.75)

e=p
Where o, is the electron phonon coupling efficiency and determined by:

c,S

O, = 6. (2.76)
3.67, Top
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Since c. is proportional to T, andz, = , the electron phonon coupling

efficiency o, is temperature independent.

In the same way, the power transfered from phonons to substrate in phonon subsystem

can be expressed as:

_ 4 4y 4 pa
'[)p—-s - ApS(Tp - ]: ) - O-p (Tp 7‘; ) (2'77)
o, is the phonon substrate coupling efficiency and can be given by:

c
o,=AS=—2"—35 2.78)
S 4Tz,

Substituting Eq. 2.74, Eq. 2.75, Eq. 2.78 into Eq. 2.72 and Eq. 2.73, and neglecting the signal

power Ps:
2
d edT o (T — T”’) Bo Mzo (2.79)
dx dx 2L S
o ([} ~T,°)~0,(T, ~T)=0 (east)

Solving the phonon temperature 7, from Eq. 2.80 approximately and then substituting the

expression of T, into Eq. 2.79 yields: -

dT,

2
%(ﬂe Iy (124 - oy Lo LopT) 2.81)

Tor 2L S

Where o, is the effective electron phonon coupling efficiency and is defined as:

8
J?U”‘/» (2.82)

Ter = 8o \/_+7a

Eq. 2.81 is the core of hot spot model. It gives the electron temperature distribution
along the superconducting microbridge. According to this equation, the electron temperature
profile can be calculated, and therefore the resistance and consequently the I-V characteristics
of the device can be calculated in terms of a certain electron temperature dependence of the
resistivity. Based on small signal model, the calculation of the conversion gain and equivalent
noise temperature of the HEB mixer can also be done.

In earlier hot spot model, the electron temperature dependence of the resistivity is
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assumed to be a step function, which implies that it can not give any information about the
performance of the device before the hot spot is formed. The resistive hot spot model [29]
solves this problem by assuming a simple exponential distribution of the electron temperature

dependence of the resistivity:

Py
ply=—1 (2.83)

l+e 2T

Here p, is the normal resistivity of the device, AT is the width of the transition

temperature when the resistivity changing from p, to zero.

Substituting Eq. 2.83 into Eq. 2.81, the heat balance equation for any electron temperature can

be given by:
2
L 220y (T -T2+ 22 B = .39
@ S(+e 57)

However, the conversion gain calculated by this equation is slightly higher and the
equivalent noise temperature is slightly lower than the measurement. The calculated results
are then fitted to the measurements by adjusting the heat efficiency for RF power to a smaller

empirical value [29].

2.3.3 Andreev reflection and critical current

The described models above can’t calculate accurate conversion gain and noise
temperature of the superconducting HEB mixer simultaneously. Therefore, two additional
effects are taken into account recently for improving the resistive hot spot model: Andreev
reflection at the hot spot boundaries and critical current variations along the microbridge [30].

At the interfaces between the normal conductor and the superconductor, the single
electron from normal conductor with energies less than the superconductor band gap has
probability to be reflected into the normal conductor when it tries to pass through the interface,
this is so-called Andreev reflection. Therefore, at the interfaces between the hot spot region

and the superconductor, only part of electrons with energies larger than the superconductor
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band gap can carry heat across the interface, some heat energy will flow back to the hot spot.
In order to evaluate the effect of Andreev reflection, we commonly assume that the
quasiparticle band gap doesn’t change with thermal healing length (refer to Eq. 2.67), then the

heat transfer across the hot spot boundary can be estimated using a Fermi-Dirac distribution

function:
[ re(EraE KTn(+e 7 )= AT
a=2 i, ;;1 2)_ (1) (2.85)
[ np(E)dE 1
0
Where the temperature dependent superconductor band gap A(7) is given by:
T
A(T) = Ao(l—}—)y (2.86)

According to BCS theory [31], y is the exponent of the temperature dependence of the
superconductor band gap and is commonly in the range from 0.5 to 1.5. According to Eq. 2.85,
the Andreev transmission coefficient @ can be numerically calculated. For a superconductor
with a critical temperature of 10 K and a substrate temperature of 4 K, its typical value is
close to 0.1. Figure 2.14 illustrates the process of Andreev reflection at the hot spot boundary

of a HEB microbridge.
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Figure 2.14: Schematic of Andreev reflection at the hot spot boundary of a HEB microbridge
[30].

Another crucial parameter for improving hot spot model is the critical current. According
to Ginzburg-Landau theory [32], the critical current in the microbridge of a superconducting
HEB device is related to the critical temperature by:

T
J (T,)=j.(0)1 —7“)’ (2.87)

Here j, (T,) is the critical current density at temperature T, and j (0) stands for the

maximum value of the critical current density at 7=0 K. Solving this equation for temperature

gives the critical temperature as a function of current:

1
U

I.(y) = 1=())T(0) (2.89)

Where I, and I, are the bias current and the critical current of the device at T=0 K,

respectively.

2.4 Resume

In this chapter, we presented the operation principle and the mixing theory of the
superconducting hot electron bolometer. The main parameters determining the heterodyne
performances of a HEB mixer, including conversion efficiency, noise bandwidth and gain
bandwidth, have been discussed and their calculation formulas have been explained and
developed. We also presented the evolution of the Hot Spot model, a theoretical model
describing the heat exchange mechanism inside the HEB in order to better understand the

physics of the mixing process in a HEB mixer.
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Chapter 3

Design and Simulation of Integrated
Lens Antenna of Quasi-optical HEB

Mixers

Coupling the RF radiation from the telescope into the detector with more efficiency is
crucial to improve the receiver sensitivity. At microwave and millimeter wavelengths,
microstrip line and coplanar line are commonly used for the coupling of RF radiation.
However, at THz frequency, these transmission lines become too small to fabricate and have
large insertion loss. Therefore, quasi-optical [1-3] technology becomes the first choice for the
efficient coupling of RF radiation at THz frequency. The quasi-optical technology uses focus
elements to realize the signal transmission. The advantages of this technology are low
transmission loss and easy fabrication.

In this chapter, we first introduce the structure of a quasi-optical superconducting HEB
mixer. Then we compare two methods for the simulation of far-field beam pattern of the
mixer since the far-field beam pattern is of prime importance for achieving optimal coupling

between any receiver and telescope.

3.1 Quasi-optical HEB mixers

A quasi-optical superconducting HEB mixer usually consists of three parts: dielectric
lens, planar antenna and superconducting HEB device. The superconducting HEB device and
planar antenna are integrated on a same substrate which is glued onto the flat side of a

dielectric lens, as shown in Figure 3.1. The RF radiation is first focused by the dielectric lens
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and then transmitted to the superconducting HEB device by the planar antenna.

HEB chip

{ IF CPW

N
BN

bolometer choke filter

Figure 3.1: Schematic structure of a quasi-optical superconducting HEB mixer.

3.1.1 Dielectric lens

The idea of integrated lens antennas was first introduced by Rutledge and Muha in 1981
[4]. A two-dimensional cross-sect.ion‘ of the integrated lens antenna is depicted in Figure 3.2,
which also shows the optional matching layer. The lens is necessary to prevent the excitation
of surface-wave mode [4] and to focus the incoming radiation to the planar feed. The planar
antenna (deposited on a dielectric substrate) is placed directly on the flat side of the dielectric
lens. If the dielectric constant of the lens is close to that of the antenna substrate, then

substrate modes will not exist. The ratio of the power inside the dielectric to that radiated to

3/2
r

the air is approximately &' [5], where ¢, is the relative dielectric constant of the lens. For

high resistive silicon, this means that only 2% of the power is radiated into the air-side. In
addition, dielectric lenses can produce high quality Gaussian-beams, which is important for

efficient coupling in a quasi-optical system.
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Figure 3.2: Schematic of an integrated lens antenna.

The commonly used dielectric lenses in superconducting HEB mixer are elliptical lens
and extended hemispherical lens, as shown in Figure 3.3.
The elliptical lens is an ellipsoid cut off at a plane perpendicular to its major axis. It can

focus all the rays to its foci. The defining equation for an ellipse is:
X2 V
(=) +(=)" =1 (3.1
a b

where the foci are at +¢ and c¢=+/b"—a’ . It is also known from optics that for a given

index of refraction n, the eccentricity of the ellipse such that the geometric focus becomes the

optical focus is:

b —-d’ 1

e=———=— (3.2)

From this one can derive that:

= (3.3)



=2 (3.4)
n

The elliptical lens can achieve high Gaussicity and directivity, but is difficult to fabricate

and costs high.

Figure 3.3: Schematic of an elliptical lens (left) and an extended hemispherical lens (right)

The extended hemispherical lens is an approximation of elliptical lens and is easy to
fabricate. It is a hemisphere lens with an extension length of L. There are two special cases for
extended hemispherical lens: hyperhemispherical lens and synthesized elliptical lens.

The hyperhemispherical lens has an extension length:
L=— (3.5)
n

where n is the index of refraction. The virtual focus of the resulting spherical wave is at a

distance of L., behind the center of the lens:
L ="=lp (3.6)
n

The f-number, defined as the ratio of the effective focal length to the diameter of the lens, can

also be given by:
1
2sin @

A hyperhemispherical lens can reduce the fnumber. In antenna terms, a hyperhemispherical

3.7

lens bends most of the power radiated by the planar antenna towards the lens side, thereby

effectively sharpening the radiation pattern and increasing the gain of the integrated antenna
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by n’.

The synthesized elliptical lens is an approximation to a true elliptical lens, which is
capable of converting a spherical wave into a planc wave. Figure 3.4 shows a schematic of a
synthesized elliptical lens. According to Snell’s laws, the index of refraction of the lens can be

expressed as:

n:s%n,B: sin f# 3.9)
sina £sin;/
R
it iom B PR ;T
Substituting sin f = i siny = - into Eq. 3.8 yields:
B Y
R R L+R
_ - = 3.9
! £ :Y ;!f X Vi‘ L ( )

Solving from Eq. 3.9, we can get the value of cxtension length: L=R/(n-1). Note that we
assume S ~ L+ R when the angle is small.

The extended hemispherical lens can provide beam patterns with good Gaussicity and is
easy to fabricate. These advantages make it widely used in THz superconducting receiver
system. The influence of extension length on far-field beam-pattern, Gaussicity and

directivity has been well studied by Buttgenbach and D.F. Filipovic in last twenty years [6-9].

A Y

Equivalent phase plane

Y <

Figure 3.4: Schematic of synthesized elliptical.
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3.1.2 Planar antenna

The planar antenna can be simply classified as broadband antenna and narrowband
antenna according to its working bandwidth. The narrowband antenna normally has fixed
resonant frequency, its working bandwidth is relatively narrow. The common narrowband
antennas are double dipole antenna [10], double slot antenna [8], and annular slot antenna
[11]. The broadband antenna is normally non-resonant antenna which has wide working
bandwidth. The common broadband antennas are bow tics antenna [12], log spiral antenna
[13] and log periodic antenna [174]. In following sections, we introduce three widely used

antennas in superconducting HEB mixer.

1) Double slot antenna

Double slot antenna is a narrowband and linear polarized antenna which has good beam
pattern characteristic. Figure 3.5 is the Schematic of a typical double slot antenna
integrated with a HEB device in the center of the antenna. The RF radiation is received
by two slots and coupled to the HEB device by a coplanar waveguide (CPW)

transmission line. The slot length L and the slot width 7, determining the resonant

Figure 3.5: Schematic of a double slot antenna.
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2)

frequency and the input impedance of twin slot antennas, are usually taken as 0.34, and
0.02~0.07L respectively. The slot distance S controls the mutual coupling between two

slots and is normally chosen as 0.172.

Log spiral antenna

The structure of a log spiral antenna is completely determined by several angles and is
not affected by linear length. Therefore, its characteristics are independent of frequency.
For frequencies where the antenna arms arc very short in terms of wavelength, the
radiated field is linearly polarized. As the frequency increases, the field on the axis
perpendicular to the plane of the antenna becomes elliptically and then circularly
polarized [13].

Figure 3.6 depicts the structure of a log spiral antenna which consists of two winding
conductors with the edges defined by the following equations:

R . a(e-0)
n=ne , n=ne

B=Ret D, g =gt (3.10)
where J determines the arm width, 7, is the inner radius (d/2 in Figure 3.6) and a is the

growth rate. The upper and lower cut off frequencies of log spiral antenna are normally

determined by the inner and outer diameter, the rclation between them is:

A
”ff'— s 5 3.11)
up min

An empirical criterion [15] used to estimate the lower cut off frequency isA ,, =4D,

where A__ is the wavelength of lower cut off frequency in the substrate.

The impedance of log spiral antenna is determined by a and J, and is normally between

50~100 Q.
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Figure 3.6: Schematic of a log spiral antenna.

3) Log periodic antenna

Log periodic antenna is also a broadband antenna like log spiral antenna. However, log
periodic antenna is linearly polarized [14]. The log periodic antenna, as shown in Figure 3.7,
is a modified bow tie antenna with notches and teeth to force the current to bend and change
direction rapidly. The log periodic antenna should satisfy the relation a+f=n/4 in order to
keep itself self-complementary. The input impedance of a log periodic antenna can be given
by:

- (3.12)

Zam = [(1+¢)

where Z, is the impedance of free space (1207 2), ¢, is the dielectric constant.

r

The structure of the nth tooth of the log periodic antenna can be determined by

parameters o and 7 (as shown in Figure 3.7). 7 is defined as:

r=ta oy (3.13)
= .

n+l

and the width of the tooth is defined as:

Jo=Las (3.14)

70




For the nth tooth, the length of center radian can be obtained by [16]:

l, = ———R”;r” (a+p) (3.15)

Since at the designed center frequency f, we have / = 7”, A, is the wavelength of center

frequency, Eq. 3.15 can be rewnritten as:

A R +r
L= r (g4 3.16
5 ) (a+p) (3.16)

Therefore, the designed center {requency f, can be expressed as:

(3.17)

o 4c
% (R, +r)J2(1+¢,)

From the structure of log periodic antenna, it is obvious that the electrical characteristics
at a frequency f will be repeated at other frequencies given by z” f', where » may take on any

integral value. This is becausc when two antennas have same geometry but both of their
dimensions and working frequencies differ 7 times, their electrical characteristics should be
the same according to antenna similarity principle. Figure 3.8 illustrates this phenomenon by
simulating the input impedance of a log periodic antenna in a wide frequency range. In
practice, the log periodic antenna is of finite size, and its upper and lower cutoff frequencies

are determined by the shortest tooth and the longest tooth respectively.

Figure 3.7: Schematic of a log periodic antenna.
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Figure 3.8: Input impedance of a log periodic antenna [17].

3.2 Far-field beam pattern simulation of integrated lens

antenna

Far-field beam pattern is of prime importance for any practical application since it allows
achieving optimal coupling of the recciver to a telescope as well as accurate retrieval of
atmospheric data. Therefore, it is a crucial parameter in the design of a superconducting HEB

mixer.

3.2.1 GO/PO hybrid calculation

The GO/PO hybrid approach of the integrated lens antenna, as described by Filipovic et
al. [8] in 1992, applies Geometrical optics (GO) for fields inside the lens and Physical optics
(PO) to obtain the near-field and far-field beam patterns outside the lens antenna. For the GO

fields calculation inside the lens, the current distribution or the far-field pattern of the planar
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feed needs to be calculated first. The lens-air interface is assumed to be located in the far field
regime of the planar antenna, so that the planar antenna can be treated as a point source.
Then the electric and magnetic fields at the lens surface can be computed using a ray-analysis
technique. Once these electric and magnetic fields are known, they have to be decomposed
into parallel and perpendicular component to obtain the fields just outside the dielectric lens
(the interface of air/lens). Then, each component must be multiplied by the appropriate

Fresnel transmission coefficient, which can be calculated by:

_ 2cos b

T, =
. n,’ . S
cosd + f(— 2)? _sin* @'

n

1

2(™)cos @'
e “ (3.18)

("2 cos @' + /(&)2 —sin® &'
h "

where 7 is the index of refraction and @' is the angle of incidence measured from the normal

outwards the lens surface. The indices 1 and 2 refer to the dielectric and air side respectively,
as shown in Figure 3.9.

After the fields have been multiplied by the appropriate transmission coefficient, the
equivalent electric and magnetic current densitics are determined just outside the dielectric

surface. For these current densities, it can be written as:
Jg=nxHg
Mg =-nxE; (3.19)

where 7 is the normal to the lens surface. According to diffraction theory, the electric field

in observation point with a distance r, from the hemispherical lens can be written as [18]:

b jke " (L, +1N,)

4

4y
P

ke ™" (L, —nN,
E¢:j ( 0 77 ¢) (320)
47[1'/,

where N and L are defined as:
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N(@.9) =[] /(e ds
L©.9)= || M (e ds (3.21)

where k is the propagation constant in the free space, R the radius of the hemispherical lens
and the integration is done on the whole surface S of the lens.

The GO/PO hybrid calculation can be used to calculate the radiation patterns of the
integrated lens antenna with any feed antenna when its radiation properties into a dielectric
half space are known. The advantages of this approach are that the calculation time is very
short and the requirement of computer memory is few, which means that this approach can
obtain the far-field beam pattern very quickly. However, the GO/PO hybrid calculation is not
accurate enough. The origin of the inaccuracies in GO/PO is well known. It is related to
neglecting the lens and the field wavefront curvatures and thus results in a failure to

characterize internal resonances in dielectric objects [19].

X X

feed
antenna

diameter D

dielectric slab

Figure 3.9: Two-dimensional cross-section of the integrated lens antenna [20]

3.2.2 MoM/PO calculation

The MoM/PO calculation is different from GO/PO calculation, it applies method of
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moments (MoM) to obtain the electric and magnetic fields at the lens surface. The MoM, first
proposed by Harrington in 1958 [21], is a numerical computation method for solving the
electromagnetic problems. It solves the integral equation and differential equation by
discretizing continuity equation to algebraic equations. The principle is transforming an
integral or differential equation into an equation with integral or differential operator first,
then rewriting the functions into the linear combination of a set of basic functions and
substituting them into the operator equation, finally applying two chosen weight functions to
the operator equation to obtain the matrix equation or algebraic equations.

The MoM is an accurate numerical simulation method. Its accuracy is only limited by
the accuracy of calculation and model, so it can achieve arbitrary precision of calculation and
solution. Meanwhile, it is a stable calculation method which means there is no pseudo
solution. Since it is based on the integral equation, it can calculate the electromagnetic field
distribution of an object with any shape, especially suitable to simulate the object with
complex structure.

The disadvantages of MoM are that it needs a great many of computer memory and takes
a much longer time to calculate. This is because there are a great number of matrixes
produced by discrete equations, which need a large number of numerical solutions.

In this work, we use an electromagnetic simulation software "FEKO" to achieve the

simulations applying the method of moments [22].

3.2.3 Comparison of two simulation methods

In far-field beam pattern simulation of a quasi-optical superconducting HEB mixer, the
MoM/PO calculation can simulate the real structure of the HEB mixer in contrast to GO/PO
calculation. The GO/PO calculation does not take the shape of HEB chip into account and
assumes the whole mixer structure as a dielectric lens, as shown in the left of Figure 3.10. In a
quasi-optical superconducting HEB mixer, the superconducting HEB device and planar

antenna is fabricated on a dielectric substrate chip which is glued to the dielectric lens. The
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dielectric substrate chip is normaily .a cube with a thickness of a few hundred microns, as
shown in the right of Figure 3.10. In order to see the effect of this structure difference, we
simulate the far-field beam patterns of two structures by using MoM/PO calculation since it is
more accurate and can simulate an object of complex structure. The results are shown in
Figure 3.11, it is obvious that the difference in mixer structure results difference in far-field
beam pattern. In addition, we simulated the beam pattern of the same superconducting HEB
mixer by using both MoM/PO and GO/PO method, as shown in Figure 3.12. The result shows
that the simulated far-field beam patterns are also different, which can be attributed to the

difference of the calculation accuracy and the simulated structurc of HEB mixer.

Figure 3.10: Approximate structure in GO/PO hybrid calculation (left) and the real structure

(right) of a quasi-optical superconducting HEB mixer.

——GOIPO structure |
real structure A

Normalized power(dB)

-30 -20 -10 0 10 20 30
Angle(degree)

Figure 3.11: Simulated far-field beam pattern with two different mixer structures.
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Figure 3.12: Simulated beam pattern by two calculation methods of the same HEB mixer.

Although the MoM/PO method is more accurate, it takes a long time for calculation and
requires a large amount of computer memory. For simulating the beam pattern of a
hemispherical lens with a radius of 3.5 mm at 600 GHz, thc MoM/PO method needs 16 GB
memory and 6 hours of computing time with a 8-corec CPU @ 3.4 GHz. However, the GO/PO
method only needs very little memory and takes less than one minute to calculate the beam
pattern of the same integrated lens antenna. Figure 3.12 also shows that the main lobes of two
simulations accord well, and only the side lobes are slightly different. Furthermore, the
difference between two methods will be smaller when the lens size increases. Therefore, we
conclude that the MoM/PO method can give a more precise beam pattern than GO/PO
method. However, the GO/PO method is still suitable for simulations of electrically large

objects which are difficult to be calculated by MoM/PO method.

3.3 Gaussian beam and Gaussian coupling efficiency

The propagation of electromagnetic wave at THz frequency can be described by
Gaussian beam propagation. The mathematical expression of Gaussian beam is the paraxial

approximation solution of Helmholtz equation which is normally expressed as [23]:
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Vig+kiy =0 (3.22)
assuming the propagation is along z axis, y represents electric or magnetic field and its
change in x, y axis is much lower than in z axis, then we can assume that:

v =w(xy,z)e’" (3.23)
so the paraxial wave equation can be expressed by:

viy -2k ¥ ~0 (3.24)
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where in cylindrical coordinates: V; = P e - >
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The fundamental solution of Eq. 3.24 is the first order Gaussian beam. If y represents
electric field, the solution of Eq. 3.24 can be expressed as the normalized electric field

distribution:

2 o jrrt .
E(V,Z):,,”WZ exp(*—v;;‘ﬂiz——[ﬁﬂ%) (3.25)

where 7 is the vertical distance to propagation axis, z the propagation direction, w the beam
radius, A the wavelength, R the radius of curvaturc and ¢, the phase shift of Gaussian beam.

The far field of a Guassian beam is the Fourier transform of its near field on an aperture and

the normalized electric field distribution is of the form [24]:

E0,2) = exp(- ;- ke

0

+jt) (3.26)

where @ is the direction in the far field from boresight. The value 6, controls the

amplitude term and 6, controls the phasing term of the Gaussian beam respectively.

An important parameter in quasi-optical system is the coupling efficiency between an
antenna and a Gaussian beam. The Gaussian beam efficiency is calculated using a normalized
inner product between the antenna radiation pattern and the Gaussian beam pattern in the

angular domain. It can be defined as:

-

(3.27)

'7 = |<Wu/m'nna ‘//Guu.vx>

Then with substitution of the appropriate field representations, the Gaussian beam coupling
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efficiency can be written as:
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where n is the polarization of the Gaussian beam.

co. far

3.4 Conclusion

In this chapter, we studied in detail the structure of a quasi-optical superconducting HEB
mixer with integrated lens antenna. In particular, we have focused the discussion on the
design of dielectric lens and planar antenna since they are crucial for determining the far-field
beam pattern of the mixer. In order to get an efficient and reliable design, we applied two
methods for the simulation of the quasi-optical structure: MoM/PO and the GO/PO
approximation. The comparison between two simulation ways has been performed and the

advantages and disadvantages of each method have been discussed.
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Chapter 4

Investigation of Far-field Beam
Patterns of Quasi-optical HEB

Mixers

For the quasi-optical superconducting HEB mixer studied in this work, its far-field beam
pattern is mainly determined by the material (normally silicon) permittivity and the shape of
the focus lens. Therefore, in order to optimize the far-field beam pattern and the design of
superconducting HEB mixer, we nced to know the accurate value of silicon dielectric
constant.

In this chapter, we first present a quasi-optical vector measurement system for obtaining
material permittivity. Then we measure the far-field beam patterns of a superconducting HEB
mixer using a direct far-field and a vector near-field measurement system. We also investigate

the effect of HEB bias voltage and bath tempcrature on measured far-field beam patterns.

4.1 Measurement of Si dielectric constant

High resistivity silicon is a commonly used material at THz wavelength. It is widely
used in THz receiver system [1, 2] and integrated circuit [3, 4] since it is relatively cheap and
easy to fabricate. High resistivity silicon is normally chosen to be the material of focus lens
for HEB mixers and the substrate of HEB device because of its high permittivity and low
absorption loss at THz frequency. However, it is difficult to find out its accurate complex
permittivity (especially at low temperature and THz frequency) in the literature or from

manufacturers’ measurement data.
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4.1.1 Measurement setup

Broadband methods such as FTS and TDS can measure the permittivity of a dielectric
slab in a large bandwidth, but the SNR is limited at millimeter and even part of submillimeter
wavelengths. On the other hand, the cylindrical resonant cavity method is limited to
microwave frequencies [5]. Here we adopt a broadband frequency-domain method using a
vector network analyzer (VNA) [6] combined with a quasi-optical transmissometer of a
dynamic range as high as 110 dB to ensure high measurement precision of permittivity.

The quasi-optical transmissometer used in our measurement is shown in Figure 4.1. Two
biconvex focus lenses are employed as quasi-optical collimators. Their sizes and positions are
designed to have a Gaussian bcam-waist at the sample location and a beam width smaller than
the radius of the sample [7]. The quasi-optical circuit is driven by a vector-network-analyzer
(MVNA 8-350GHz) which uses Schottky diode devices as source and detector. The VNA is
employed to measure the complex transmission coefficient over an extended frequency range
of 8-350 GHz through harmonic multiplication of a sweepable centimeter source (S;) which
provides a nominally flat output power in the frequency range F\=8~18 GHz. The millimeter
wave signal used in our measurement is produced by a Scho-ttky-diode multiplier optimized

for a desired harmonic N. Detection is then achicved by mixing the millimeter wave signal
(F,, =NxF)) with the signal from a second centimeter source (S,) at a second Shottky

diode (harmonic mixer). The detection LO (S;) is PLL-controlled by the source LO (S;) with
a frequency offset /'in the MHz range, and the harmonic ranks N of both LO are the same.
For measurements at cryogenic temperature, the sample is placed in a cryogenic dewar

and is surrounded by blackbody absorber to reduce reflections, as is shown in Figure 4.2.
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Figure 4.1: Schematic of the quasi-optical transmissometer. L1 and L2 denote two focus
lenses. S1 and S2 are 8-18GHz centimeter sweepers. The Schottky multiplier (at left) and

harmonic mixer (at right) work with harmonics up to 12.

Figure 4.2: Picture of the low temperature measurement system (left), the cryogenic dewar

and the holder of sample (right).

4.1.2 Calculation of permittivity

The procedure to determine the complex permittivity of a plate-sample is as follows. The
transmittance spectra of a sample is measurcd by the VNA by recording the ratio of the
complex amplitudes of the transmitted (with the sample in place) and incident (with the
sample removed) signals. The transmitted signal is the sum of an absorption behavior and a

resonant behavior - the dielectric slab behaving as a Fabry-Pérot resonator.
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The permittivity ¢, or the refractive index n, can be deduced from the measured
transmittance spectra data by the observed period 4F between two successive transmission
maxima. The relationship between the periodicity of the transmission maxima AF and the

refractive index » is as following:
= 4.1

where d is the sample thickness, ¢ the speed of light in vacuum, and 4f'the frequency interval
between two successive maxima of the measured transmission spectra. Eq. 4.1 is for
broadband estimation, namely an averaged refractive index over the whole measured
frequency range. The refractive index at a single frequency can be determined by the

observed phase variation 49:
(n=D*dx* 1 B A(//Q )
C 360

where f is the frequency, k& an integer number of turns, and 4@ the phase rotation

(4.2)

corresponding to less than one turn.

The loss tangent is obtained from the damping of the transmitted signal and is given by:

. e
tan o = -

4.3
nk (43)

where a is the attenuation with unit of dB/cm and the resonance frequency F with unit of GHz.

The parameter a is determined by measuring the loss at the transmission maxima.

4.1.3 Si permittivity at 77 K and 295 K

We have measured the permittivity of high resistivity silicon at 77 K and 295 K. The
silicon sample under study has a thickness of 10.05 mm and a diameter of 20 mm, the
resistance is larger than 10 kQ cm. For measurements at 77 K, the sample is placed in a
cryogenic dewar which is filled with liquid Nitrogen to keep the temperature at 77K.

Figure 4.3 illustrates the measured and fitted complex transmittance spectrum of the
silicon sample from 165 GHz to 200 GHz ul’ 295 K. High peak values in the amplitude
spectrum indicates low loss of this material. A least mean squares fitting was used in

calculating the permittivity in order to obtain accurate results. The measured complex
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transmittance spectrums were firstly fitted and then used to calculate the permittivity by Eq.
4.1 and Eq. 4.2. Obviously, the fitted curves coincide well with the measured results,
indicating fairly high accuracy of measurement. The obtained average value of refractive
index is 3.42, i.e., 11.71 for permittivity, which is very close to previously reported results in
this frequency range [8, 9]. The calculated loss tangent by Eq. 4.3 is 5.8%107. This value is
not accurate since high-resistivity silicon is a low-loss material and the attenuation in
amplitude spectrum is too small to be observed. Other techniques such as dielectric-resonator
and composite dielectric-resonator are needed for the measurement of low-loss materiel [5].
What’s more, the refractive index is crucial but the accurate value of loss tangent isn’t
important for the design and simulation of superconducting HEB mixers.

The fluctuations in measured transmittance spectrums will result in errors in the
determination of sample’s refractive index. These fluctuations are mainly caused by standing
waves. Any reflections caused by impedance discontinuitics and imperfect alignment within
the measurement system would give rise to standing waves. Experimental and computational
methods have been used to reduce them. In the mecasurecment, wide-band in-wave-guide
isolators and additional attenuators have been added to the VNA head-units; both of them are
effective in suppressing standing waves. Mcanwhile, a computational time-gating function
and numerical FFT have been applied to filter out any short-period standing waves in
transmittance spectrum. Care had been taken when these functions are employed since the
total effective path-length for multiple reflections within a low loss sample could approach

the path length between the components of the transmissometer.
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Figure 4.3: Measured and fitted complex transmittance spectrum of silicon at 295K. The
upper plot is amplitude spectrum and the lower plot is phase spectrum. The dotted line is

measured transmitiance and the solid line is fitted curve.

Figure 4.4 illustrates the measured complex transmittance spectrums of the silicon
sample at 77 K. Some fluctuations caused by the multi-reflections inside the cryostat can be
observed both in amplitude and in phase spectrum. In spite of that, fitted phase curve is in

good agreement with measured result. The obtainced average value of refractive index is 3.38,

which is 11.43 for permittivity.
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Figure 4.4: Measured and fitted complex transmittance spectrum of silicon at 77K. The
upper plot is amplitude spectrum and the lower plot is phase spectrum. The dotted line is

measured transmittance and the solid line is fitted curve.

4.2 Far-field Beam pattern simulation with measured Si

permittivity

The prime application of our permittivity measurement is for optimizing the far-field
beam pattern of the superconducting HEB mixer and improving its sensitivity. Most people
adopt silicon’s room-temperature permittivity (normally 11.7) in designing quasi-optical
superconducting HEB mixers [10-12]. Ones often observe, however, the difference in the
beam pattern between the simulation and the measurement. Different permittivity at low
temperatures might be one of reasons. In order to illustrate this standpoint, we simulated
far-field beam patterns of a quasi-optical HEB mixer at 200 GHz with previously measured
silicon’s permittivity at 77 K and 295 K.

Figure 4.5 illustrates the difference in beam patterns caused by adopting two silicon’s
permittivity in simulation: the main-lobe has a width difference of 1.2° at -10 dB and the

side-lobe has an amplitude difference of 2.5 dB. These simulations were done with an
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extended hemispherical lens with a radius of 6.35 mm and an extension length of 2.45 mm.
The integrated two-slot planar antenna has a slot length L of 0.28 X, slot separation § of 0.155

Ao and slot width # of 0.0133 A, where A, is the free space wavelength.

0 T T T

T v 1

—-—-8i=11.43
—Si=11.7 |

Freq=200GHz

Normalized Power(dB)

Angle(degree)
Figure 4.5: Simulated far-field beam-patterns with silicon's permittivity measured at 77 K and

295K

What’s more, we simulated far-ficld beam patterns by adopting two silicon’s permittivity
at different frequencies: 100 GHz, 150 GHz, 200 GHz, 250 GHz, 300 GHz and 400 GHz. As
shown in Figure 4.6, the difference between two beam patterns increases from 100 GHz to
200 GHz and then decreases from 200 GHz to 400 GHz. This phenomenon could be
explained as follow: when the frequency increases from100 GHz to 200 GHz, the optical path
inside the lens increases; but when the frequency increases higher, the hemispherical lens
becomes diffraction limited and makes the beam pattern mainly determined by the shape of

the lens. Hence the influence of the dielectric constant becomes less important.
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Figure 4.6: Simulated beam patterns of a big lens (r=6.35 mm) adopting two silicon

permittivities at 100, 150, 200, 250, 300 and 400 GHz.

To demonstrate this conclusion we changed the size of hemispherical lens and simulated
again. The radius of hemispherical lens is reduced to 3.175 mm and the extension length is
reduced to 1.225 mm. The twin-slot planar antenna keeps the same. The simulated beam
patterns are shown in Figure 4.7, and same phenomenon can be observed. The difference
between two beam patterns increases from 200 GHz to 400 GHz and then decreases from 400
GHz to 800 GHz. From Figure 4.6 and Figure 4.7 we can also find that this difference is

mainly dependent on the ratio (1) of lens’s diameter D to free space wavelength 4, it reaches
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maximum around 7=8.5 and then reduces to minimum at n=13.

Finally, we come to the conclusion that the difference of the silicon permittivity at two
temperature (77 K and 295 K) does affect the simulated far-field beam pattern of a
quasi-optical superconducting HEB mixer. It’s desirable to use silicon’s permittivity at low
temperature in the beam pattern simulation of cryogenic mixers, especially when the ratio of

lens’s diameter to wavelength (D/2) is less than 13.
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Figure 4.7: Simulated beam patterns of a small lens (r=3.175 mm) adopting two silicon

permittivities at 200, 300, 400, 500, 600 and 800 GHz.
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4.3 Beam pattern measurements of a HEB mixer at 600 GHz

In order to compare with simulations, we measured the beam patterns of a double slot
antenna coupled superconducting HEB mixer. Two different measurement systems are
employed: the far-field beam pattern by measuring the direct detection behavior of the HEB
device; the near-field beam pattern by measuring the mixing behavior of the HEB device,
which is then translated to far-field beam pattern by Fourier transformation. Finally, we
compared the advantages and disadvantages of two measurement techniques. It should
be noted that the operating frequency was chosen at 600 GHz duc to the requirement of
computer memory in MoM/PO simulation and the RF source number in vector near-field

measurement.

4.3.1 Direct far-field beam pattern measurement

4.3.1.1 Measurement system

The experimental setup is shown in the Figure 4.8. A solid state multiplier chain
operating at 0.6 THz is applied as a signal source. The superconducting HEB mixer is
mounted in a copper block, as shown in Figure 4.9, and then fixed on the 4 K cooling plate of
the dewar. The cryostat is placed on a rotation table for angular measurements. The angle
resolution of the system is 0.01°. The center of twin-slot antenna is located in the center of the
rotation. The distance between the signal source and the detector is 70 cm, which is far
enough for far-field measurement. The measured beam pattern of the antenna is therefore
expected to be independent of the beam pattern of the signal source. A Labview [13] program
is used to control the movement of the rotation motor and the data acquisition. A lock-in
amplifier is used to record the current changes due to the modulated incident signal as a
function of rotation angle of the cryostat. The dynamic range of this measurement system is

about 30 dB.
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The 600 GHz double slot antenna coupled superconducting HEB mixer consists of a
NbN micro-bridge, a double slot planar antenna and an extended hemispherical lens. The
micro-bridge and planar antenna are fabricated on a highly resistive and natively oxidized Si
substrate chip with a thickness of 0.4 mm. The twin-slot antenna designed at 0.6 THz has a
slot length L of 0.297 2, a slot separation S of 0.158 4y and a slot width W of 0.021 4y, with 4,
the free space wavelength. The extended hemispherical lens has a diameter of 12.7 mm and
the extension part of the lens together with the I1EB chip substrate yields a total extension

length of 2.45mm.

Frequency
multiplier

Blackbody with
small hole Rotating pl

Figure 4.8: Schematic drawing of the measurement setup. The HEB mixer is mounted in a
liquid helium cryostat which is placed on a rotation table. The rotation table is controlled by

a computer and is synchronous with data acquisition.

Figure 4.9: Pictures of the.superconducting HEB mixer block.



4.3.1.2 Measurement result

The measured far-field beam-patterns at 600 GHz are shown in Fig. 4.10. The
beam-pattern is only measured in H-plane. The measured beam-pattern is symmetric and the
full width at half maximum (FWHM) is 2.7°. implying that the beam is well collimated. The
side lobes are nearly 18 dB below the main lobe.

For comparison, two simulated beam patterns with different numerical methods
(MoM/PO and GO/PO) are also plotted in Fig. 4.10. The result illustrates that the simulation
given by MoM/PO method accords better with the measured result than the GO/PO method. It
should be noted that the dielectric constant of silicon is set to be 11.43 instead of 11.71 in the

simulations and the real structure of the mixer is adopted, as mentioned in Chapter 3.

—x— Measured -
MoM/PO |
— GO/PO

Normalized Gain(dB)
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Figure 4.10: Measured and simulated far-field beam-patterns of a superconducting HEB

mixer at 600 GHz. Two simulation methods (MoM/PO and PO/GO) have been used.
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4.3.2 Vector near-field measurement

Vector near-field measurement is an important technique to characterize electromagnetic
radiation properties of antennas and quasi-optical systems. Moreover, a two-dimensional
planar map of the vector near field can be utilized to generate the near-field distributions at
any other locations in the three-dimensional space, and by means of near-to-far (NTF)
transformation [14] the far-field radiation pattern can be obtained in all solid angles. Thus, the
information provided by a vector near-ficld measurement is more complete than direct
far-field measurements in the two principle plane cuts. In terms of system setup, near-field
measurements is also more compact. and this is especially true for high-frequency antennas
with large radiating apertures for which the far-ficld distance requirement is usually difficult

to satisfy.

4.3.2.1 Measurement setup

The schematic of the overall system setup is shown in Figure. 4.11. The system is made
up of a test channel and a phase reference channel.

In the test channel, the LO signal at 600 GHz is provided by a frequency synthesizer
followed by an amplifier multiplier chain (AMC) with a total multiplication factor of 36,
while the RF signal at 599.64 GHz is generated by another AMC with a same total
multiplication factor of 36. The RF and LO signals are coupled to the superconducting HEB
mixer through a beam-splitter of a 50 pum-thick Mylar film. The 360 MHz IF signal, after
proper amplification and filtering, is directly sampled by a high-speed A/D converter (ADC).

The phase reference signal is generated by a millimeter mixer instead of another receiver.
The output frequencies of the synthesizers for LO (16.667 GHz) and RF (16.657 GHz) are fed
into a Ku-band mixer. The mixing of two signal vields a 10 MHz IF signal, which is used as
the phase reference for the test IF signal at 360 MIz.

A raster scan which is 300 mm away from the aperture of HEB mixer and covers an area

of 100x100mm’ is performed to measure the near-field amplitude and phase distributions.
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Meanwhile, both the amplitude and phase fluctuations of the system are measured by
periodically (usually every 10 s) sampling a fixed reference position in the scanning area,
which helps us to calibrate the shift of mixing gain and phasc caused by time.

The measured superconducting HEB mixer is the same one as mentioned in section 4.3.1.
Actually, the measured near-ficld beam-pattern is the convolution of signal source and HEB
mixer. Nevertheless, when the beam waist of signal source is much smaller than that of the
HEB mixer, the measured beam-pattern is a good approximation to the true near-field

distribution of HEB mixer [15].
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Figure 4.11: Schematic of the system setup.

4.3.2.2 Measurement result

Figure 4.12 illustrates the measured two-dimension amplitude and phase distribution of
near-field beam pattern. Obviously the phase spectrum have good symmetry, which indicates
that our measurement is reliable. Then by means of near-to-far (NTF) transformation, the

far-field radiation pattern can be obtained.
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Figure 4.12: Measured near-field amplitude (upper) and phase (lower) spectrums at 600

GH:.

4.3.3 Comparison between near-field and far-field measurement

Figure 4.13 illustrates the comparison between the direct measured far-field beam pattern,
the calculated far-field beam pattern by near-to-far (NTF) transformation and the result

simulated by MoM/PO method. It is obvious that both main-lobe and first side-lobe of two
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measured results accord well with simulation. The far-field beam pattern transformed from
near-field measurement has higher signal-to-noise ratio than direct measured one, the second
side-lobe can also be observed. However, the near-field vector measurement needs two RF

sources and a long measuring time. It takes nearly 2.5 hour to perform a scan of an area of

100x100mm’ while the direct far-field beam pattern measurement takes only several minutes

to finish the testing and only needs one RF source.

Near-field
—*— Simulation
Far-field

Normalized Power(dB)

Angle(degree)

Figure 4.13: Comparison between two measured far-field beam patterns and simulation.

4.4 Effect of HEB bias voltage and bath temperature on

far-field beam patterns

Many previous works have investigated the effect of lens and planar antenna on far-field
beam-pattern [16, 17], while few works have been done to study the effect of HEB device
itself. Therefore, we measured the far-field beam-patterns of a superconducting HEB mixer at
different DC bias voltages and bath temperatures, and analyzed their relations. All

measurements were performed by direct far-field beam pattern measurement to minimize the
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risk of drift over time since it is faster.

Figure 4.14 illustrates the measured far-field beam pattern at different DC bias voltages
of the mixer. It is obvious that the profile of beam-patterns does not change with the DC bias
voltage while the signal-to-noise ratio (SNR) decreases with the increase of the DC bias

voltage. This deterioration can be attributed to the decrease of HEB’s sensitivity.
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Figure 4.14: Measured far-field beam pattern at different DC bias voltages.

Figure 4.15 illustrates the measured far-field beam pattern at different bath temperature
of the mixer. Obviously, the profile of beam-pattern doesn’t change with HEB’s bath
temperature while the signal to noise ratio (SNR) is deteriorated when the bath temperature
increases. This deterioration can also be attributed to the decrease of HEB’s sensitivity. Many
previous works [18, 19] measured far-field beam-pattern by heating HEB to a temperature
slightly below the superconducting transition temperature. Our measurements prove that
heating is unnecessary since it not only accelerates the consumption of liquid helium (if using
liquid helium for cooling) but also decreases the SNR of measured beam-pattern.

In conclusion, both the DC bias and bath temperature don't change the profile of mixer's
beam-pattern since the beam-pattern is mainly determined by the dielectric lens. However,
they will affect the signal to noise ratio of measured beam-pattern since the direct detection

sensitivity is dependent on them.
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Figure 4.15: Measured far-field beam pattern at different bath temperatures.

4.5 Conclusion

In order to make simulations more close to the reality, we developed a quasi-optical
vector test system to measure the silicon permittivity at cryogenic temperature. We found that
the difference of silicon permittivity at two temperaturcs (77 K and 295 K) does affect the
simulated far-field beam pattcrn of a quasi-optical superconducting HEB mixer. So it’s
desirable to use silicon’s permittivity at low temperaturc in the beam pattern simulation of
cryogenic mixers. Then, for getting a better understanding of the beam pattern, we measured
the far-field beam patterns of the same superconducting HEB mixer by using a direct far-field
measurement and vector near-ficld measurement system. Both measured results accord well
with simulation, while the near-ficld measured result has higher signal-to-noise ratio. Finally,
we investigated the effect of HEB bias voltage and bath temperature on measured far-field
beam patterns. Neither DC bias nor bath temperature affected the profile of mixer's

beam-pattern, but they affected the signal to noise ratio.
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Chapter 5

Investigation of a 1.4-THz
Quasi-optical HEB Mixer

Dome A, with an altitude of 4093 m, is presumably the most promising ground-based
observing site for THz astronomy [1, 2]. Purple Mountain Observatory is planning to build a
5 m terahertz telescope (DATES) there, with one important band centered at around 1.4 THz
which is a frequency band where there is an abundance of molecular spectral lines and fine
atomic structure spectral lines (e.g., high-J CO, H2D+ and NII). In this chapter, we present in
detail the design, fabrication, and characterization of a 1.4-THz quasi-optical superconducting

HEB mixer integrated with a double slot antenna.

5.1 Mixer design

The 1.4-THz superconducting HEB mixer consists of a NbN microbridge, a twin-slot
antenna and an elliptical lens. The NbN microbridge of 2 pm wide, 0.2 pm long and 3.5 nm
thick is fabricated on a highly resistive and natively oxidized Si substrate. As shown in the
upper plot of Figure 5.1, the microbridge is connected to the central conductor of a coplanar
waveguide (CPW) transmission line by two Ti/Au contact pads. The CPW line couples radio
frequency (RF) and local oscillator (LO) radiation from the twin-slot antenna to the NbN
microbridge. The twin-slot antenna has a slot length L of 0.067 mm, a slot separation S of
0.03819 mm and a slot width W of 0.005 mm. A RF choke filter with three alternating high-
and low-impedance quarter wavelength segments is adopted to prevent RF and LO radiation
from leaking to the mixer's intermediate frequency (IF) output. The superconducting HEB
device chip, fabricated on a 0.4 mm thick Si substrate, is mounted on the flat surface of an

elliptical lens. The elliptical lens is an ellipsoid cut off at a plane perpendicular to its major
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axis, with a major axis length of 5.228 mm and a minor axis length of 5 mm. The extension

length of the elliptical lens is 1.149 mm, the structure of the lens is shown in the lower plot of

Figure 5.1.
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Figure 5.1: SEM picture of the planar antenna and a close-up view of the HEB device (upper)

and schematic structure of the Si elliptical lens (lower).
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Figure 5.2: Simulated S parameter and resistance of the double slot antenna.
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Figure 5.3: Simulated E-plane and H-plane far-field beam pattern at 1.4 THz.

Figure 5.2 illustrates the simulated resistance, reactance and S parameters of the double
slot planar antenna by HFSS. Figure 5.3 illustrates the simulated far-field beam-pattern of the
superconducting HEB mixer at 1.4 THz. The beam pattern has good symmetry in both
E-plane and H-plane, the full widths of main lobe at -3 dB level is 3.4° and the side lobes are

17 dB below the main lobe.
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5.2 Device fabrication

The fabrication of superconducting HEB device includes superconducting film and
planar antenna. The key element for a HEB device is an ultrathin superconducting film that is
typically with a thickness of several nm. The thin superconducting film used in this thesis is
made of niobium nitride and is provided by Moscow State Pedagogical University (MSPU). It
is deposited by DC reactive magnetron sputtering [3] that is the commonly used method for
the deposition of high quality superconducting films on substrate. In this sputtering process,
an argon ions gas, generated by a glow discharge, is feed into the vacuum chamber. The ions
are accelerated by a DC voltage of some hundred Volts to a target consisting of the material to
be deposited. The material is cjected isotropically from the surface of the target due to the
momentum exchanges between the bombarding ions and the surface atoms. The nitrogen gas
is also feed into the sputter chamber to react with the target material. After fabricating the
superconducting film, the HEB electrodes, the antenna and the bonding pads can be patterned
by electron beam (e-beam) lithography, deposition of metals, and lift-ofT.

The 1.3 THz superconducting HEB device was fabricated at LERMA by R. Lefevre.
Unlike conventional processes adopting an additional superconducting interlayer to improve
the contact quality, we deposit the Au contact pad directly on the NbN film after an in-situ
cleaning. Moreover, only one Au layer was used to make the contact and antenna structure
instead of two Au layers which represent the standard configuration in most of reported HEB
fabrication process [4]. The contact resistance close to the HEB microbridge is then reduced.

Figure 5.4 shows a scheme of the main steps of the HEB fabrication process. The detail
is as follow:

1. Deposition of a thin NbN superconducting film by DC reactive magnetron sputtering at
MSPU. The typical thickness of the NbN film is around 3.5 nm.

2. Patterning the HEB electrodes, the antenna and the bonding pads at the same time by
electron beam (e-beam) lithography, deposition of metals, and lift-off. For the deposition
of metals, the sample was firstly cleaned in situ by ion beam etching with argon. Then we
deposited 5 nm of Ti as adhesion layer followed by 200 nm of Au. Afterwards, we
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removed the resist with trichloroethylene and rinsed the sample in two baths of acetone.
In this step the length of the HEB was defined by the gap between its electrodes ranging
from 100 to 200 nm.

Patterning a rectangle mask across the two HEB electrodes. The width of the bolometer
(usually 2 um) was defined at this stage.

Removing the unprotected NbN film, by reactive ion efching with SF6. An over-etching
has been done to be sure that the unprotected NbN was completely removed

Removing the Ni mask which short-circuits the HEB electrodes. This was done by wet
etching with nitric acid at 69 % for 6 min. Then the sample was rinsed with deionized
water.

Covering the sample with a 10 nm thick SiN passivation layer to protect the devices from
the ambient atmosphere. This was performed by plasma enhanced chemical vapor
deposition at 280 °C.
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Figure 5.4: Scheme of the main steps of the HEB fabrication process [4].
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5.3 DC characteristic

The measured /- curve and R-T curve of this superconducting HEB mixer are shown in
Figure 5.5. The critical current is nearly 250 uA. Two superconducting transitions can be
observed at 5 K and 9.5 K, respectively, with the lower one due to the proximity effect at the
NbN-Au interface [5] and the higher one due to the NbN microbridge itself. The normal state

resistance is about 67.4 Q.
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Figure 5.5: Measured I-V curve (upper) and R-T curve (lower) of the 1.4-THz

superconducting HEB mixer.
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5.4 Receiver noise temperature and IF bandwidth

5.4.1 Receiver noise temperature and analysis

The receiver noise temperature is usually used to characterize the noise performance of a
receiver system. The common way to determine the equivalent noise temperature is the
Y-factor method, in which the output powers of the receiver in a certain bandwidth Af are
compared when the system’s input port is connected to a hot load and a cold load. In our
measurement, the hot load and cold are 295 K and 77 K blackbody load respectively.

The Y-factor is defined as:

})uul,hol . P

hot—load + P/‘uc'(’i\’ur (5 l)

Rm/‘('u/«/ R‘u/df/mu/ e R‘U('ci\w’

¥ =

where P, and P . are the recciver output powers with respect to the hot and cold
blackbody loads, P,.,. isthe noise power of receiver itself.

According to Planck’s law [6], the thermal power emitted in the bandwidth 4f from the

blackbody at a temperature 7 is given by:

. ;
P(T, f)= —éf—— Af (5.2)

e/(BT _l
where h=6.626-10*J.5 and ky=1.38-10 2 J/K are the Planck’s and Boltzmann’s

constant respectively. In the limit of small4f / k,T", the Planck's law can be approximated to
Rayleigh-Jeans limit:

P(T, )=k, TAf (5.3)
Then Eq. 5.1 can be written as:

Polll./wl o G/CBY;;,,,A.](. + G/(B];C'L-A./‘ . 7;14;/ F 7:‘('4' (5 4)
})(ml,ullzl G/(BYZ'{I/L/A-/. + G/\’BT A/ 7:1:/‘/ + T .
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where G and 7, are the gain and equivalent noise temperature of the receiver, respectively.

From this equation, the receiver noise temperature can be determined:
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It should be noted that the approximation given by the Rayleigh-Jeans limit is no longer valid
when the frequency is sufficiently high or the temperature is sufficiently low. In this case the

equivalent blackbody radiation temperature is determined by the Callen-Welton radiation law:

hf
- k,T hf
Tew=T ——h/‘B +—— (5.6)
e 2k,
e —1

For a cascade system composed of multiple amplifiers, the equivalent noise temperature

of the whole system can be given by:

T, T.
T =T +2+——+.. (5.7)
G GG

Therefore, for the superconducting HEB mixer, the measured receiver noise temperature by
Y-factor consists of three parts: RF noise Tgg, mixer noise 7. and IF noisc Ty It can be
expressed as:

T . T
b Sl =5 = (5.8)
G G0

mixer

The measurement sctup is illustrated in Figure 5.6. The LO source is a solid state
multiplier chain operating at 1.3 THz. The beam from the LO source is collimated by an
objective Teflon lens, and then coupled into the cryostat through a 12.5 um Mylar beam
splitter. The cryostat has a 2 mm thick high-density polyethylene (HDPE) window and a Zitex
G104 infrared filter. The mixer intermediate frequency (IF) output signal goes through a
bias-tee and an isolator, and is then amplified by a cryogenically cooled low-noise amplifier
(LNA) of 35 dB gain and a room temperature amplifier of 40 dB gain. The IF output signal is

filtered at 1.5 GHz within a bandwidth of 80 MHz and recorded by a square-law detector.
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Figure 5.6 Schematic of the noise temperature measurement setup.

Figure 5.7 shows the I-V curves of the HEB mixer with different LO powers, the optimal
region for noise temperature measurement is also marked.

Figure 5.8 shows the measured receiver noise temperature and the corresponding
receiver IF output powers of 295 K and 77 K blackbody as a function of the HEB dc-bias
voltage. Note that the temperatures of the hot and cold blackbody were calibrated to the
effective radiation temperatures of 296 K and 81 K at 1.3 THz in terms of the Callen-Welton
definition. In addition, the direct detection effect was compensated by adjusting the LO power
[7] to make the IV curves unchanged between the hot- and cold-load measurement. The bias
current changed 1 pA due to the direct detection effect at the operating point. The absorbed
LO power owning for adjusting is about 2 nW. It can be scen clearly that the measured lowest
DSB receiver noise temperature is about 600 K, which is indeed a state of the art result, at a
bias voltage of 0.4 mV and at a bath temperature of 4 K. The low optimal bias voltage can be

attributed to the very small residual resistance.
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Figure 5.8: Measured receiver IF output power (right axis) for the hot-and cold-load at an
optimal LO power and the corresponding DSB receiver noise temperature (left axis), shown

as a function of the mixer dc-bias voltage.

The measured receiver noise temperature in the previous section includes RF noise Tzf,
intrinsic noise of HEB device 7)., and IF noise Tz Therefore, the estimation of RF noise

and IF noise is very important for understanding the intrinsic noise behavior of HEB device
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itself.

a) REF noise

Figure 5.10 shows the quasi-optical and electrical components in the signal path. The RF
optics of the receiver system consists of a 12.5um Mylar beam-splitter, positioned under an
angle of 45°, a 2 mm HDPE vacuum window, a Zitex G104 IR filter, and the integrated lens

antenna without anti-reflection coating. Note that the IF gain is not included in Gypar.
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Figure 5.9: Gain and noise temperature of quasi-optical and electrical components in the

signal path.

In order to cvaluate Gz and Ty, cach RF component should be separately considered
because the RF components are at different temperatures, and they add an additional amount
of blackbody power (noise) depending on their physical temperature. Then the equivalent
input noise temperature 7, of each RF component with a gain G is given by:

1-G

T,=1.,(T) e (5.9)

According to Callen-Welton radiation law, 7., (7) is related as stated in Eq. 5.6.

Using Eq. 5.9, we calculated the cquivalent noise temperature and gain of each RF
component at 1.3 THz. The calculated results are listed in Table 5.1. The gain of the 12.5um
Mylar beam-splitter is -0.97 dB (calculated from the transmittance shown in Figure 5.11) and

the equivalent noise temperature is 75.25 K. The total gain of RF part of the receiver is -3.35
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dB, and the equivalent noise temperature 7 calculated from Eq. 5.7 is 152.78 K.

Table 5.1

GAINS AND NOISE TEMPERATURES OF THE QUASI-OPTICAL COMPONENTS AT 1.3 THz

Gain (dB) Physical Callen-Welton Noise Temp
Twmp(K) Temp (K) (K)
Beam splitter -0.97 300 301.0 7525
Vacuum Windows -0.56 300 301.0 41.05
Zitex G104 -0.22 77 80.9 4.26
Lens reflection -1.5 4 30.3 12.49
Lens absorbtion -0.1 -4 303 0.7
Total -3.35 152.78
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Figure 5.10: Transmission of a 12.5 um Mylar beam-splitter in the frequency range from 0.1

to 2000 GHz

In addition, we measured the RF noise of the superconducting HEB mixer by a method
developed by W. Miao [8]. The measurement setup is the same as the one for noise

temperature measurement. At a constant bias voltage (e.g., at 1 mV), we simultaneously
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recorded the bias current and the IF output power of the HEB receiver when the HEB mixer is
slowly heated to its normal state. The IF output power of the HEB receiver needs to be
accurately determined for two different input radiation temperatures (77 K and 300 K). Then
we extracted the IF output power of the HEB receiver from the polynomial fitting of the
measured IF output power versus the HEB bias current (P-/) curves, as shown in Figure 5. 11.
According to this plot, the measured receiver IF output power versus input radiation
temperature (P-7) curves for different bias current can be obtained. It should be noted that the
mixer output noise decreases when the bath temperature of HEB mixer increases in the

measurement. We can estimate the effect of the decrease of the mixer output noise on the IF

AT, P

output power by e , where 47,,, is the variation of the mixer output noise

(3RF(zn(7kc4_T)

and can be calculated from hot spot model. Figure 5.12 shows the measured receiver IF
output power versus input radiation temperature (P-T) curves after correcting this effect. The
cross point of the IF-output-power lines is the measured RF noise temperature value.
Apparently, it can be seen that the input RF noise temperature of the HEB receiver is about

145 K, which is very close to the calculated RF noise result of 152 K.
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Figure 5.11: The measured and fitted IF output power versus the HEB bias current (P-I).
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Figure 5.12: Measured recciver IF output power versus input radiation temperature (P-T)
curves after correcting the effect of the decrease of mixer output noise on the receiver IF

output power.

b) Antireflection coating

From the analysis of noise temperature and gain of ecach RF component in a quasi-optical
system, we can find that the reflection loss of Si lens occupies near 50% of the total RF loss.
This reflection loss is caused by the mismatching of diclectric constant between silicon and
free space and can be climinated by coating an antircflection film on the surface of the Si
lens.

The reflectivity of the electromagnetic wave on the lens surface can be given by:

r-(2=ly (5.10)
n+l

where 7 is the refractive index of Si. When n=11.43, the reflectance is about 30%. A 1/4

wavelength impedance transformer can be used to eliminate the reflection. The impedance
transformer is a dielectric film with a dielectric constant of & = /&g and a thickness of 1/4

wavelength. In this work, we chose Parylene C film with a thickness of 35.5 pm to be the

impedance transformer.
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According to Eq. 5.8, the receiver noise temperature can be rewritten as:

i 5.11
c ) (5.11)

RF mixer

rec

1
T = TRI" +— (anixer T

Substituting RF loss, RF noise temperature (without anti-reflection coating) and the measured

receiver noise temperature 7, into Eq. 5.11, wecanget 7, +—"—=207K.

rec

When the Si lens has an anti-reflection coating film, its reflection loss becomes 0 dB,
therefore the new RF loss becomes -1.85 dB and the RF noise temperature becomes 133.7 K.

Substituting them into Eq. 5.11, we can estimate the equivalent receiver noise temperature
with an anti-reflection coating filmis 7 =450K, the anti-reflection coating can reduce the

noise temperature of 150 K.

In addition, we measured the receiver noise temperature of this 1.4-THz superconducting
HEB mixer with an anti-reflection coating on the lens. As shown in Figure 5.13, the measured

noise temperature is 450 K, which accords well with calculated result.
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Figure 5.13: Measured receiver equivalent noise temperature of the 1.4-THz superconducting

HEB mixer with an anti-reflection coating.
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¢) IF noise and conversion gain

After studying the RF noise and gain, we also need to know the IF noise temperature 7;¢
and conversion gain of the receiver system G,

The HEB mixer is heated to its normal state when measuring the IF noise temperature.
Therefore, the HEB device is as a resistance and the gain of the mixer G, is zero. Then the IF

output power can be written as [9]:

P, =G kAT +(1-T)T,,] (5.12)

out
where kg is Boltzmann's constant, Af the bandwidth, 7}, the temperature of HEB device.

I" is the reflection coefficient between the HEB device (normal state resistance, 67.4 Q) and

IF load resistance (50 ), and can be given by:

=S =R (5.13)

RHEB + RIF

In the measurement, we recorded the IF output power of the HEB mixer at different

temperatures and plotted the P-T curve in Figure 5.14. Then we linear fitted the curve and

obtained the power F, at 7),, =0K by oppositely clongating the fitted line. According to

Eq.5.12, F, can be written as:

B =Gk MT, (5.14)
Picking the other IF output power £ at high bath temperature and substituting both of them
into Eq. 5.12 yields:

B =P, =Gk, (1-T)T,, (5.15)

Combining Eq. 5.14 and Eq. 5.15, we can get:

Ty 2
=22, (] =T 5.16
P ( ) (5.16)

1 40

5

IF

=P

0

71HEB

where F, is the intercept and is the inverse of the slope of the fitted line shown in

1 %o
Figure 5.14. Therefore, the IF noise temperature of the 1.4-THz receiver system is:
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Figure 5.14: Measured IF output power of the HEB mixer at different temperatures and the

linear fitted line.

The conversion gain G, of the investigated HEB mixer can be evaluated using the U

factor method. The U factor is defined as the ratio of the IF output power at the operating bias

P,ys to that at the zero dc bias without LO pumping Py, and is given by [10]:

2 Too+T
U= 295 — 293 - 2Gmm/ (518)
P, Iy o M T

SC bath

where T,, is the effective radiation temperatures determined from their physical

temperatures by the Callen-Welton formula. 7 is the noise temperature of the IF chain. 7., is
the receiver noise temperature at the optimum bias point. Solving Eq. 5.18 for the total
conversion gain G, yields:

= U( 7;7111/1 + T'II" )
total 2(,/,295 + 7, )

rec

(5.19)

Using this equation and the previous measured results of IF noise temperature and

receiver noise temperature, we calculated the total DSB conversion gain 2Gya as a function
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of the bias voltage at the optimal LO pumping level (shown in Figure 5.15). It can be seen
that the maximum conversion gain is around -8 dB when the HEB mixer is biased at 0.4 mV.
Subtracting the contributions of the quasi-optical components (-1.85 dB in this case, with
antireflection coating) from G, the DSB conversion gain (2G,:.,) of the HEB device itself

is about -6.15 dB.

-5 r T . T L T i T ! T

Giotal (dB)

Voltage (mV)

Figure 5.15: Total DSB conversion gain as a function of bias voltage at the optimal pumping.

Finally, since the receiver noise temperature, RF noise temperature, IF noise temperature,
RF gain and conversion gain of the HEB device are all known, we can calculate the intrinsic
noise temperature of the superconducting HEB device by Eq. 5.8. The calculated result of

Tpixer 18 225 K.

5.4.2 IF noise bandwidth

As mentioned in Chapter 2, the IF noise bandwidth of a HEB mixer is defined as the IF
frequency at which the receiver noise temperature increases by a factor of two.
The measurement setup of IF noise bandwidth is nearly the same as that of noise

temperature measurement. The difference is that the IF output power is recorded by a
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spectrum analyzer instead of the square-law detector. The Y-factor method is used to calculate
the receiver noise temperature as a function of IF frequency, as shown in Figure 5.16. The IF
noise bandwidth can be obtained by fitting the data in Figure 5.16 with following equation:

T,.=T,1+ (——f—)z) (5.20)

JIF 3dB

where 7,, is the measured receiver noise temperature at optimal bias point, f is the IF
frequency, fizzaz is the IF noise bandwidth. The value of fjz;4 can be determined when the
fitted curve accords well with the measured data. From the result shown in Figure 5.16, we

obtain that the IF noise bandwidth of this HEB mixer is about 3 GHz.
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Figure 5.16: The IF noise bandwidth of the superconducting HEB mixer.

5.5 Intrinsic frequency response

The frequency response reflects the coupling efficiency of the mixer at different
frequencies. In this section, we use a compact Fourier transform spectrometer (FTS) [11] to
measure and calibrate the frequency response of the HEB mixer.

Figure 5.17 shows the schematic diagram of the compact FTS system. This FTS consists
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of a Michelson interferometer with a mercury lamp providing broadband radiation. The FTS's
beam splitter is a 25 pm thick Mylar. The signal from the mercury lamp was modulated by a
chopper at about 27 Hz and the dc-current change of the HEB mixer was recorded by a
lock-in amplifier synchronized with the chopper. The FTS was operated in a
step-and-integrate mode. The maximum travel length is 41 mm and the step size is 10 pm,

giving a frequency resolution of 3.66 GHz and a frequency bandwidth up to 7.5 THz.

Figure 5.17: Schematic diagram of the compact FTS system.
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Figure 5.18: Measurement setup of frequency response of superconducting HEB mixer (upper)

and setup of calibration measurement by Si bolometer (lower).
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The measurement setup of frequency response is shown in the upper plot of Figure 5.18.
Apparently, it can be seen that the directly measured frequency response of the HEB mixer
includes the emission spectrum of the broadband signal source Sy,(v), the power transfer
function of the FTS system #,75(v), the air transmission #,,(v), the transmission of the optical
vacuum window and IR filter #,iws(v), the transmission of silicon lens #..(v) and the
intrinsic frequency response of HEB device #yz5(v). In order to determine the intrinsic
frequency response of the measured superconducting HEB device, we need to calibrate other
responses.

The calibration measurement was done by a Si bolometer, the measurement setup is
shown in the lower plot of Figure 5.18. According to two diagrams, the measured spectra of

the HEB mixer (Syzs (v)) and the Si bolometer (Sp,/(v)) can be expressed as:

SHEB (V) = S/lg (V) % 77FTS (V) * nun' (V) 2 77wun/uu‘l (V) * 77/(’!1.\' (V) * T7HE (V)

? (5.21)
S ol ( V) = Sllg (") *Nrrs (V) 7 (V) ¥ vinttow? ( ") *Woane (") *s; (V)

where #7..(v) is proportional to A? because of diffraction limit, Ncone(v) the throughput of the
Winston cone integrated in the Si bolometer (a constant), #75(v) the frequency response of the
Si bolometer (a constant) [12], #yindew:(v) the frequency response of vacuum window (2 mm
HDPE) in HEB cryostat [13], and #,ina0w2(v) the frequency response of vacuum window and
IF filter in Bolometer cryostat which can be found in [14]. The spectra measured by the HEB
mixer and by the Si bolometer are shown in Figure 5.19, in which the air transmission
calculated using an atmospheric model [15] is also plotted.

The intrinsic frequency response of the HEB device n5(v) can be determined by

dividing Sggs (v) to Spe(v), which can be given by:

SHEB (V) * 77\rinu’0w2 (V) ¥ 77Conu (‘)) % 775:' (V) (522)
SBO/ (V) '7\\'lnduwl (V) P ’7/(%\‘ (V)

Since all parameters on the right side of Eq. 5.22 are already known, the intrinsic frequency

Mhies (") =

response of the HEB mixer 77,5 (v) can be obtained straightforwardly.
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Figure 5.19: Measured frequency response spectrums of the HEB mixer and the Si bolometer

without calibration. The air transmission line is calculated using an atmospheric model.

The calibrated frequency response of the 1.4-THz superconducting HEB mixer together
with its fitted curve and residual are shown in Figure 5.20. Note that the singular data points
caused by the water-vapor absorption line (shown in Figure 5.19) were removed. The
calibrated intrinsic frequency response still includes the coupling efficiency between the
planar antenna and HEB microbridge and the intrinsic direct-detection responsivity of the
HEB device. Therefore, we theoretically calculated the coupling efficiency of the double slot
antenna based on an infinite Si substrate using FEKO [16]. As shown in Figure 5.20, the
simulated frequency response of the double slot antenna is in good agreement with the
calibrated intrinsic frequency response of the HEB mixer, indicating that the intrinsic
direct-detection responsivity of the HEB device is nearly frequency independent. Note that
the normal stat resistance is used as the resistance of HEB device in the coupling efficiency
simulation of the double slot antenna. From Figure 5.20 we can also find that the coupling

efficiency is quite high in the frequency range of 0.8~1.5 THz.
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Figure 5.20: Calibrated spectral response (square symbol) of the HEB mixer and the
simulated coupling efficiency of the twin-slot antenna (green line). The fitted curve (black line)

Jor the calibrated response and its residual (ved line) are also plotted.

5.6 Far-field beam pattern

The far-ficld beam pattern of this superconducting HEB mixer was measured by the
vector near-field measurement system introduced in section 4.3.2. We obtained the far-field
beam-pattern by means of the near-to-far (NTF) transformation. The far-field beam pattern
was measured at 850 GHz since we don't have two signal sources at 1.4 THz.

The system is made up of a test channel and a phase reference channel. In the test
channel, the LO signal is provided by a frequency synthesizer followed by an amplifier
multiplier chain (AMC) with a total multiplication factor of 54, while the RF signal is
generated by an AMC with a total multiplication factor of 72. The RF and LO signals
centered around 850 GHz are coupled to the HEB mixer through a beam-splitter of a 50
um-thick Mylar film. The 360 MHz IF signal, after proper amplification and filtering, is
directly sampled by a high-speed A/D converter (ADC). The phase reference signal is

generated by a millimeter mixer instead of another receiver. The output of the RF (11.81 GHz)
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and LO (15.74 GHz) frequency synthesizers are fed into a 4 times multiplier and a 3 times
multiplier, respectively, to generate two millimeter signals at 47.24 GHz and 47.22 GHz. The
mixing of two signal by a Q-band mixer yiclds a 20 MHz IF signal, which is used as the
phase reference for the test II* signal at 360 MHz.

A raster scan which is 350 mm away from the aperture of HEB mixer and covers an area

of 100x100mm’is performed to measure the near-field amplitude and phase distributions.

The measurement results are shown in Figure 5.21. Obviously the amplitude and phase
distribution have a good Gaussian shape. Figure 5.22 shows the far-field beam patterns in
E-plane and H-plane obtaincd by the ncar-to-far (NTF) transformation at 850 GHz, with a full
width at -10 dB level of 3.4° in E-planc and 3.8° in H-plane. Clearly, the main beam is well
collimated. The E-planc and H-planc side lobes are 15 dB and 20 dB below the main lobe.
Figure 5.22 also shows the simulated far-ficld beam pattern (by GO/PO method) is in good

agreement with the measured one.
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Figure 5.21: Measured near-field phase (upper) and amplitude (lower) spectrum at 850 GHz.
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Figure 5.22: E-plane (upper) and H-plane (lower) far-field beam-patterns obtained by the

near-to-far (NTF) transformation. Simulation results are also plotted for comparison.

5.7 Effect of lens's extension length on the mixer’s

performance

The characterizations in previous sections are performed by the elliptical lens with an
extension length of 1.149 mm. In this section, we investigate the noise temperature and
frequency response of the HEB mixer using elliptical lenses with different extension lengths.

The corresponding far-field beam-patterns, directivity and Gaussicity have also been
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simulated.
Four elliptical lenses with same ellipsoid shape but different extension length are
selected. The extension lengths are 1.109 mm, [.149 mm, 1.189 mm and 1.229 mm

respectively. According to geometrical optics, the focus length ¢ of major axis of the elliptical

lens is determined by the major axis length b and the dielectric constant ¢, :

cn::zzf (5.23)

Taking 11.43 as the silicon diclectric constant, the focus length is 1.549 mm (including the 0.4
mm thickness of HEB device chip). Therefore, when the extension length is 1.149 mm all the
rays will focus to the major axis foci.

The noise temperature was measured at 1.3 THz using the Y-factor method. The
measurement setup is illustrated in Figure 5.6. The measured double-sideband (DSB) noise
temperatures of the superconducting HEB mixer with four extension lengths are shown in
Figure 5.23. The superconducting HEB mixer was pumped to the same level by monitoring its
I-V curve during all the mecasurements. It can be clearly seen from Figure 5.23 that the

receiver noise temperatures arc independent of the extension length.
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Figure 5.23: Measured DSB noise temperatures for the extension length of 1.109 mm, 1.149

mm, 1.189 mm and 1.229 mm at 1.3 THz.

128




The frequency response of the superconducting HEB mixer was measured by the
compact Fourier transform spectrometer (FTS) mentioned in section 5.6. Note that the
measurements were performed at a temperature close to the HEB’s transition temperature to
have a same direct-detection responsivity. The measured frequency responses are shown in

Figure 5.24. The normalized frequency responses show limited dependence to the extension

length too. -
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Figure 5.24: Measured frequency responses for the extension length of 1.109 mm, 1.149 mm,

1.189 mm and 1.229 mm.

In addition, we investigated the effect of extension length on far-field beam pattern. We
simulated the E- and H-plane far-ficld beam pattern (GO/PO method) of the superconducting
HEB mixer at 1.3 THz for the four extension lengths. As shown in Figure 5.25, the narrowest
pattern occurs at L=1.149 mm, which appears the best solution as the main-lobe widths and

the side-lobe levels increase at other extension lengths.
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Figure 5.25: Simulated far-field beam-patterns for the extension length of 1.109 mm, 1.149

mm, 1.189 mm and 1.229 mm at 1.3 THz

The simulated peak directivity and the Gaussicity (coupling efficiency) as a function of
the extension length are shown in Figure 5.26. The directivity has a peak of 39.4 dB at
L=1.149 mm and remains within 1.0 dB of the peak between 1.12 mm and 1.19 mm. The
Gaussicity has a peak of 90.98% at L=1.149 mm. Both peaks are centered at an extension
length around L=1.149 mm, which is indeed the focus length of major axis of elliptical lens.
The beam-waist width was also calculated. As shown in Figure 5.27, the peak of 4.1 mm is
located around L=1.149 mm as expected. Similar simulations were done at 850 GHz to
understand the frequency dependence of the above parameters. As plotted in Figure 5.26 and
Figure 5.27, the peaks are mostly centered at L=1.149 mm too.

In conclusion, we found that the noise temperature and frequency response are nearly
independent of the lens extension length, but the directivity, Gaussicity and beam-waist width
are not the case. As far as the beam pattern is concerned, the optimum extension length is

equal to the focus length of major axis of the elliptical lens.
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Figure 5.26: Calculated directivity and Gaussicity as a function of the extension length at

1300 GHz (upper) and 850 GHz (lower). The geometric focus point is denoted by symbols.
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850 GHz. The geometric focus point is denoted by symbols.
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5.8 Conclusion

We have designed and fabricated a quasi-optical 1.4 THz superconducting HEB mixer
using integrated lens/double slot antenna. We have then performed a full characterization of
the parameters related to the mixer's performance. The noise temperature measurement has
demonstrated a state of the art sensitivity (600 K) at 1.3 THz. We have characterized the
intrinsic frequency response of the HEB device by applying a new method, the RF bandwidth
is from 0.8 THz to 1.5 THz. The near and far-field beam patterns of this mixer have been
measured, analyzed and compared to the simulation. The simulated far-field beam pattern
appears in good agreement with the measured onc. We investigated the effect of the extension
length of the elliptical lens on the noise temperature, the frequency response and the far-field
beam pattern of the mixer. We found that the noisc temperature and frequency response are
nearly independent of the lens extension length, but the directivity, Gaussicity and beam-waist

width are strongly dependent on the lens extension length.
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Chapter 6

Investigation of a (0.1-1.5 THz
broadband HEB Mixer

6.1 Mixer design

The structure of the broadband superconducting HEB mixer is the same as mentioned in
Chapter 3. The HEB microbridge together with the planar spiral antenna [1] is fabricated on a
highly resistive Si substrate. The schematic of the planar spiral antenna is shown in Figure 6.1.
The NbN microbridge of 2 um wide, 0.2 um long and 3.5 nm thick locates in the center of the
spiral antenna, and is connected to the antenna by two Ti/Au contact pads. The HEB device
chip is mounted on the flat surface of an clliptical lens with a major axis length of 5.228 mm
and minor axis length of 5 mm. The extension length of the elliptical lens is 1.149 mm.

The operating frequency of the spiral antenna is designed from 0.1 THz to 1.5 THz.

Parameters calculated from the Eq. 3.10 are listed in Table 6.1.

Table 6.1 Parameters of the spiral antenna designed from 0.1 THz to 1.5 THz

Frequency a o Maxd Iy d D
THz & um um  pm
0.1-1.5 0.32 1.5 11.2 5.5 8.4 300
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Figure 6.1: Schematic structure of the spiral antenna.

The simulated input resistance and reactance of the planar spiral antenna are shown in
Figure 6.2. The resistance is about 80 Q and the reactance is small enough to be neglected

within the frequency range of 0.1-1.5 THz.
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Figure 6.2: Input resistance and reactance of the planar spiral antenna

In addition, we simulated the E-plane and H-planc far-field beam pattern of this HEB

mixer at 0.2 THz, 0.5 THz, 0.8 THz, 1.1 THz and 1.4 THz, as shown in Figure 6.3. It can be
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seen clearly that the main-lobe is strongly dependent on the operating frequency, however the
side-lobe levels are mostly at -17 dB.
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Figure 6.3 Simulated E-plane (upper) and H-plane (lower) far-field beam pattern of the

spiral antenna coupled HEB mixer.

6.2 DC characteristic

The broadband superconducting HEB device used in this thesis is made of niobium
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nitride and is provided by Moscow State Pedagogical University (MSPU) [2]. The measured
[-V curve and R-7 curve of this mixer are shown in Figure 6.4. The critical current is nearly
93 uA. Two superconducting transitions can be observed at 5.8 K and 7.4 K respectively, with
the lower one due to the proximity effect at the NbN-Au interface and the higher one due to
the NbN microbridge itself. The normal state resistance is 113 Q.
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Figure 6.4: Measured I-V curve (upper) and R-T curve (lower) of the spiral antenna coupled

superconducting HEB mixer.



6.3 Receiver noise temperature

The measurement sctup of receiver noise temperature is illustrated in Figure 5.6. Since
this is a broadband mixer, the noise tempcrature measurements were performed at 220 GHz,
330 GHz, 500 GHz, 850 GHz and 1300 GHz. The LO sources at 220 GHz, 330 GHz and 500
GHz are Gunn oscillators together with multipliers, and the LO sources at 850 GHz and 1300
GHz are solid state multiplier chains together with signal synthesizers.

Figure 6.5 illustrates the measured /-7 curves at the optimal pumping level at five
frequencies. The HEB mixer was always biased at 1 mV and 25 pA. The HEB mixer wasn't
pumped enough at 1.3 THz since the LO source output was too low. We can also find in
Figure 6.5 that the well-pumped /-7 curves at 220 GHz and 330 GHz still show negative
resistance while thc I-V curves at other frequencies don't. This can be attributed to the
non-uniformly absorption of terahertz radiation in the superconducting microbridge when the

photon energy of the incoming radiation is lower than the energy gap of the microbridge

Aw<2A, [3].
T T T T T T L I
90 —— unpumped
—— 1300GHz
] 220GHz i
——330GHz
—~ ——500GHz
< 60+ ——850GHz .
c
2
5
o
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0 1 i I L) I N I 1 v

0 1 2 3 4 5
Voltage(mv)

Figure 6.5: Pumped I-V curves of the HEB mixer at different frequencies.

Figure 6.6 shows the measured receiver noise temperature and the corresponding IF
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output powers as a function of the HEB dc-bias voltage at five frequencies. The direct
detection effect was compensated by adjusting the LO power [4] to make the IV curves
unchanged between the hot- and cold-load measurement. The measured uncorrected DSB
receiver noise temperatures are listed in Table 6.2. Note that the noise temperature at 1300

GHz is a little larger since the HEB device is not pumped to the optimal region.

k 0.0024

4500

0.0020 4250 |-
& 330GHz 1o.0020
£ 200 - 3400
] 5 -
5 0016 = &
3 pagis. s 40.0016
§ 2700 E R £
g § § 2550 + §
g " w01z S 400012 9
g 1800 w5 1700 | w
3 2z
O8
900 0.0008 skole -4 0.0008
0 & APJ — 0.0004 0 0.0004
0 4
0.0030 7000 0.0035

6400 6300 |-

5600 0.0025 —. 4 0.0030
% 4800 g 4900 b J0.0025
-3 <o 9
E 4505 0.0020 ?: § 4200 |- g

E
g % g 3500 |- {00020
5|/9200 400015 § E 3
K & § 2s00f <
2 2400 w Lo 40.0015
s & 2100 F =
Z 1600 00010 2
1400 |- 40.0010
800 ool
. - 0.0008 4 0.0005
0
-6 b -6 6
Voltage(mV) Voltage{mV)
6000
40.0036
— 4500
X
e 0.0027
g =
2 &
g
£ 3000
3 0.0018 £
@ >
- ‘-:
:
2 1500 Bi0608
0 €.0000
p 4

’ Voltage(mV)
Figure 6.6: Measured receiver IF output powers and the corresponding receiver noise

temperature as a function of the HEB dc-bias voltage at five frequencies.

Table 6.2 Mecasured uncorrected DSB receiver noise temperatures

Frequency(Gliz) 220 330 500 850 1300

Treo(K) 950 850 800 700 1500




According to the analysis in section 5.4.1, we calculated the RF noise and gain of this
superconducting HEB mixer at five frequencies, as listed in Table 6.3. The calculated RF

noises are in the range of 23 K to 238 K.

Table 6.3 RF noise and gain

220 GHz 330 GHz 500 GHz 850 GHz 1300 GHz
| Noise | Gain | Noise | Gain | Noise | Gain | Noise | Gain
Beam splitter | 2.42K | 0.992 | 5.5K | 0.982 | 12.5K | 0.96 | 34.5K [ 0.897 | 218K | 0.58
Wi?‘?‘?}xﬂ,‘ | 13.2K | 0.958 | 15.8K | 0.95 | 16.5K | 095 | 202K | 0.94 6K
Zitex G104 | 4.1K | 0.95 | 41K | 095 | 41K | 095 [4.15K | 0.95
26K | 07 | 35Ke | 0.7 8l 52K | 0.7 §88.74K | 0.7
23 | 0.63 | 30 | 062 | 402 | 061 | 728 | 0.56 | 238 |0.334

In addition, we measured the IF noisc bandwidth at 500 GHz and 850 GHz, as shown in
Figure 6.7. The calculated IF noise bandwidth is 3.4 GHz@500 GHz and 3.5 GHz@850 GHz,

showing no obvious dependence on RF frequency.
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Figure 6.7: Measured IF noise bandwidth at 500 GHz and 850 GHz.

140




6.4 Spectral Response

A FTS system based on Martin-Puplett interferometer [S] was employed to measure the
spectral response of the spiral antenna coupled superconducting HEB mixer. The schematic of
this FTS is shown in Figure 6.8. The input signal is horizontal polarized at Polarizer 1, and is
then divided by a 45° wire-grid, Polarizer 2, into two beams (reflected and transmitted) which
have an angle of +45° with horizontal plane respectively. Then they are reflected by a roof
mirror and the polarization direction deflects 90 degrees. Therefore, both of them can pass
through Polarizer 2 and no signal return to input port. Compared to a Michelson
interferometer, a Martin-Puplett interferometer can provide a coupling efficiency much higher
and a frequency dependence negligible since the wire grid is used instead of the dielectric
film as beam splitter. The input ports of the FTS are two blackbodies with different
temperatures (77 K and 295 K). The blackbody is made by terahertz RAMs and has a
reflection less than -30 dB [6]. Roof mirrorl is fixed and Roof mirror2 is moveable. The

maximum resolution of the FTS system is 6 GHz.
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g / \ \,\\
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Py Y~ ('/
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Polarizerl -
Reference
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Figure 6.8: Schematic of the FTS system based on Martin-Puplett interferometer.
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The directly mecasurcd spectral response by the FTS can be expressed as:

Shes (V) =[Byysk (‘) — By (‘)] *Ners (V) * Nesuic (") Nries (V) (6.1)
where Sy, (v) is the measured spectral response, B,y (v) —~ (v) the input
blackbody signal and can be calculated by Planck's law [7], 7.7 (\)) the frequency response
of FTS system, 77,,,. (v)the frequency response of optical componenté in measurement

system, 77,z5 (v) the frequency response of HEB mixer.

The superconducting HEB mixer is operated as a direct detector. The input blackbody

signal can be approximated to Rayleigh-Jeans limit in the frequency range of 0.2 THz - 2 THz,
and then B,y (v)—B77K (v) is frequency independent. What's more, 77, (v) is also

frequency independent since the reflection and transmission of wire grid is frequency

independent. Therefore, the directly measured spectral responsc by the FTS is the

combination of frequency responsc of optical components 77, .. (v) in measurement system

and the frequency response of HEB mixer 7., (v) .

As presented in scction 6.3, we have measured the noise temperature of the
superconducting HEB mixer at five frequencics. Therefore, we can obtain the heterodyne
spectral response of this mixer by using the measured Y-factor. Figure 6.9 illustrates the
spectral response of the HEB mixer measured by an FTS in direct detection mode and by the
Y-factor method in heterodyne mode. Not surprisingly, the heterodyne sensitivity closely
follows the spectral response measured with the FTS. The data shows that this mixer has an

input bandwidth of 0.2 THz - 2 THz, the peak response of the mixer is around 0.85 THz.



1.0 ; 0 : : . : : : : 1.3
FTS
®  Y-factor h
2 M J1.2
o
[+ G [
T ] L
@ 3]
L g
© ]
g 1 >
2 414
f .
}
1 1 s | 1 1 1.0
1000 1500 2000 2500

Frequency(GHz)

Figure 6.9: Spectral response of the HEB mixer measured in direct detection mode by an FTS

(left axis) and in heterodyne mode using the Y-factor method (right axis)

6.5 Conclusion

In this chapter, we have designed and characterized a 0.1-1.5 THz wideband
superconducting HEB mixer using integrated lens and spiral antenna. The measured R-T
curve shows two superconducting transitions at 5.8 K and 7.4 K respectively. The noise
temperature has been measured at five frequencies, the lowest noise appears at 850 GHz. The
IF noise bandwidth has been measured at 500 GHz and 850 GHz, the result shows
no obvious dependence on RF frequency. We also measured the spectral response of the HEB
mixer in direct detection mode by an FTS and in heterodyne mode using the Y-factor method,

the heterodyne sensitivity closely follows the spectral response measured with the FTS.
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Chapter 7

Conclusions

The objective of this thesis is to develop high sensitivity superconducting HEB mixers

around 1.4 THz for the construction of the THz telescope at Dome A on the Antarctic plateau.

This research work has concerned mainly the cesign and the characterization of quasi-optical

HEB mixers using integrated lens antenna configuration. Particular cfforts have been made to

acquire a good understanding of the quasi-optical structure through a thorough and attentive

study on the simulation and characterization of the radiation pattern of mixers with integrated

lens antenna. Good agreements between simulations and experiments have been obtained and

one of the mixers developed during the thesis las demoustrated the state of the art sensitivity

at 1.4 THz.

The main achievements during this thesis can be summarized as follows:

1)

2)

A special vector test system has been developed to measure precisely the dielectric
constant of high-resistivity silicon at 77 K and 295 K, a crucial parameter for the
lens design. We have then analyzed the effect of this constant on the far-field beam
pattern of the quasi-optical superconducting HEB mixer and found that the
difference of the silicon permittivity at two temperatures (77 K and 295 K) does
affect the simulated far-field beam pattern. So it’s important to apply the silicon’s
permittivity at low temperature in the beam pattern simulation.

Two simulation methods (MoM/PO and GO/PO) of far-field becam pattern have
been compared and analyzed in order to get cificient and reliable design. We found
that the MoM/PO method can give a more precise beam pattern than GO/PO
method. However, the GO/PO method is still -uitable for simulations of electrically
large objects which are difficult to be calculated by MoM/PO method.
Measurements of beam pattern at 600 GHz have also been performed by both direct

far-field method and vector near-ficld mecthod, both measured results accord well
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with simulation. We have a!so found that the far-field beam pattern transformed
from ncar-field measurement has higher signal-to-noise ratio than the direct
measured one. In addition, we have investigated the effect of HEB bias voltage and
bath temperature on measurcd far-ficld beam patterns. Neither DC bias nor bath
temperature affected the profile of mixer's beam-pattern, but both affected the signal
to noisc ratio.

3) A quasi-optical 1.4-THz supcrconducting HEB mixer using integrated lens/double
slot antenna has been successfully developed. Full direct and heterodyne
charactcrizations including R-T curve, noise temperature, conversion gain, beam
pattern (far and ncar ficld), RF and IF bandwidth are performed. The noise
temperature measurement has demonstrated a state of the art sensitivity (600 K) at
1.3 THz. We have characterized the intrinsic frequency response of the HEB device
by applying a new mcthod, the RE bandwidth is from 0.8 THz to 1.5 THz. The
near-ficld and far-ficld beam patterns of this mixer have also been measured,
analyzed and compared to the simulation. The simulated far-ficld beam pattern
appears in good agreement with the measured one. Furthermore, the influence of
lens’ paramecters on the }5&1‘&)1'1\1;11100 of this mixer has been investigated. We have
found that the noise temperaturc and frequency response are nearly independent of
the lens extension length, but the directivity, Gaussicity and beam-waist width are
strongly dependent on the lens extension length.

4) A 0.1-1.5 THz broadband supcrconducting HEB mixer using integrated lens and
spiral antenna has been developed and analyzed. The noise temperature has been
measured at five frequencies, the lowest noise appears at 850 GHz. The IF noise
bandwidth has been measured at S00 GHz and 850 GHz, the result shows
no obvious dependence on RF frequency. The measured spectral response of the
HEB mixer in direct detection mode by an FTS accords well with that measured in
heterodyne mode using the Y-factor method.

In conclusion, this work has provided a further understanding of superconducting HEB

mixers and achieved the state of the art sensitivity at 1.4 THz. Hence, the results of this study

can be of use and of benefit to the construction of the 5 m terahertz telescope (DATES) at
146



Dome A.
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