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Göteborg, Sweden, 2011

ii



Till Karin, Alisia och Alve

iii





Abstract

This thesis treats the development of high frequency circuits for
increased functionality of terahertz receiver front-ends based on
room temperature Schottky diode technology. This includes the
study of novel circuit integration schemes, packaging concepts as
well as new measurement and characterisation techniques.

As the main result, a novel broadband waveguide integrated
sideband separating (2SB) receiver topology for future Earth ob-
servation submillimetre wave instruments is proposed. The 2SB
receiver topology has an inherent low RF and LO port voltage
standing wave ratio (VSWR) and high sideband ratio (SBR). It
is based on subharmonic (x2) Schottky diode double sideband
(DSB) mixers with embedded IF low noise amplifiers (LNA’s)
and LO and RF 90 degree waveguide hybrids. Access to the IF
IQ-paths makes it possible to implement phase and amplitude
imbalance compensation schemes. Sideband separation is done
in the analog domain by the use of an IF 90 degree hybrid or in
the digital domain by using an IQ-correlator spectrometer. The
use of embedded LNA’s reduces the IF losses and leads to a low
ripple and broadband response.

Measured results on a prototype 2SB receiver operating in
the 320 GHz to 360 GHz frequency range show an untuned SBR
of 15 dB over the whole band and mixer noise consistent with
the optimal performance of a DSB mixer. The LO return loss is
measured to be approximately 15 dB (broadband) and the RF
return loss is estimated to have similar performance. A 340 GHz
DSB receiver with an embedded custom designed 3-15 GHz LNA
has also been developed. By co-simulation of the mixer and LNA
using a simple mixer noise model it is shown that accurate predic-
tion of the receiver noise response is possible. The DSB receiver
exhibits ultra low noise over the 12 GHz IF bandwidth, with a
minimum input receiver noise temperature of 870 K (DSB).

Two novel differential line phase shifters based on stepped
impedance and coupled-line filter structures are proposed. The
filters have a minimum lateral distribution making them well
suited for use in submillimetre wave circuits. A method for TRL-
calibration of terahertz monolithic integrated circuits (TMIC’s) is
also proposed and demonstrated. The method allows for embed-
ded S-parameter characterisation of waveguide integrated TMIC
devices and circuits.

Keywords: terahertz technology, terahertz electronics, submil-
limetre wave technology, heterodyne receivers, Schottky diodes,
subharmonic mixers, sideband separating mixers, radiometers,
phase shifters, differential phase shifters, S-parameter measure-
ments, TRL-calibration, frequency converters, down converters
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Chapter 1

Introduction

For future THz applications [1], a versatile and flexible receiver technology is
needed, enabling true system integration, reducing cost and size and adding
to the system functionality. This can only be done at component level and in-
cludes novel circuit integration schemes, packaging concepts as well as finding
new measurement and characterisation techniques.

In this research project, advanced THz receiver topologies based on GaAs
Schottky diode technology [2–5] are studied for future THz instruments and
applications. Attention is given to system integration and reliability aspects
as well as cost, for the possibility to transfer results directly to industrial
applications. The idea is to set new standards for subsystem functionality
for THz frequencies and to make it possible to define instruments focused on
end user needs and requirements, instead of what is possible to implement
on a component level today. In particular the main goal has been to develop
a 2SB receiver topology, employing subharmonic Schottky diode mixers, for
the STEAMR receiver array. The STEAMR instrument which is part of the
ESA PREMIER mission [6], is specified to operate in the 320 GHz to 360
GHz frequency range with a 12 GHz wide IF bandwidth.

1.1 Background

Radio astronomy has indisputably been the main driver in the development of
sensitive detectors operating in the THz range [7, 8], which is loosely defined
as the electromagnetic spectrum from 100 GHz to 10 THz. Today we find
advanced submillimetre wave radio telescopes like the ALMA interferometer
project [9] and the APEX telescope [10], the Herschel Space Observatory [11]
and COBE [12], dedicated for exploration of various aspects of the universe.
The submillimetre wave band, constituting the lower part of the THz fre-
quency band, is of great importance, as it contains a large portion of the
spectral lines [13], originating from rotational and vibrational modes of basic
molecules. An important part of the cosmic microwave background (CMB)
radiation, originating from the very early years after Big Bang, is also found
in this frequency range. Furthermore, the potential of THz-technology for
new applications in the fields of medicine [14, 15], security [16], etc., is being
explored. So far, the main obstacles of THz systems have been the high pro-
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duction costs, bulkiness, complex operation, low reliability, high maintenance
e.g of cryo-coolers, and therefore, the way towards consumer applications
seems still long. A promising candidate for potential ”mass market” commer-
cial THz applications is silicon technology [17].

At present, ultimate low noise heterodyne receivers used for submillimetre
wave radio astronomy are based on cryogenic devices such as Superconductor-
Insulator-Superconductor (SIS) tunnel junctions [18] operating up to about 1
THz reaching quantum noise levels and Hot Electron Bolometers (HEB’s) [19]
operating from 1 THz to about 7 THz. The development of these innovative
devices has been possible thanks to advancements in processing techniques
for micro and nano-scale electronics, the increase in available computational
power and through the development of sophisticated CAD software. Thereto,
the advancement of THz source technology and development of compact
broadband source modules, using solid state amplifiers [20] and diode multipli-
ers [21], has greatly improved the useability of heterodyne radio receivers [22] .

Another important application of submillimetre wave radiometry is re-
mote sensing of the earth’s atmosphere for which both room temperature
and cryogenic technology is used. Atmospheric sensing, i.e. spectroscopy and
imaging is important for the understanding of the chemical exchange mecha-
nisms and their effects on our climate, and for accurate weather forecasting.
Parameters such as temperature, pressure, wind speed and gas concentra-
tion can be extracted by studying the shape and strength of the spectral
lines. Atmospheric sensing of the Earth is possible through ground based
observations [23], air-born high altitude observations from aeroplanes [24,25],
balloons [26] and sounding rockets [27], and by the use of space-born limb
sounders and imagers like ODIN [28] and EOS MLS [29]. In contrast to radio
astronomical observations, Earth observations are typically characterized by
high brightness temperatures and short integration times [30].

In the study of the chemical processes that control our climate, resolving
the vertical distribution of key trace gases is important, as it gives insights
to the chemical interaction between the different atmospheric layers. Earth
observations are also ideally made continuously (by the hour, or on daily or
weekly basis) during many years, to accommodate for changes in between
winter and summer as well as for naturally occurring irregularities in the cli-
mate cycle. By long term observations it is possible to detect trends and make
future predictions of the climate development [6]. By the use of space born
limb sounders employing tomographic scanning of the Earth’s limb, contin-
uous monitoring over many years covering large parts of the atmosphere is
possible.

In Fig. 1.1 the vertical distribution of the 14 beams of the STEAMR limb
sounder employing a stare-viewing concept is shown. The receiver array im-
proves the instrument sensitivity with the square root of 14, i.e. 3.74. A high
vertical resolution is possible by the use of two polarisations with overlapping
beams. The altitude coverage ranges from the upper troposphere (6 km) to
the lower stratosphere (28 km) denoted as the UTLS-range.

A close relationship exists between the choice of observation platform, the
instrument topology and choice of receiver technology. For spaceborn atmo-
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spheric sounders, uncooled GaAs Schottky diode receivers have proven to be
a feasible alternative. Being the predecessor of modern cryogenic technology,
GaAs Schottky diodes have a long track record, and are based on a mature
technology platform and can be produced with high reliability.

Uncooled technology has the advantage of low complexity of test equip-
ment and facilities as well as test procedures, compared to cryogenic receiver
development. Also the choice of materials, assembly procedures and more
important the instrument design are simplified considerably, why Schottky
technology in general is considered as an alternative with lower associated
risks. In Fig. 1.2 a summary of reported receiver noise is shown, comparing
Schottky diode technology with other receiver technologies.

Schottky based receiver systems can also be made very compact (low
weight) and have no fundamental limitations in their operation lifetime, i.e.
not limited by the amount of cooling agent that can be brought on board the
satellite, which cryogenic systems typically are [12, 60]. Even though active
closed cycle cooling systems like for SPICA [61] are being developed, increas-
ing the operational lifetime and reducing the size and weight of cryogenic
systems to some extent, such systems will always be subject to the limited
lifetime of cryo pumps, higher complexity, and reliability concerns.

1.2 Motivation and main results

At submillimetre wave frequencies sideband separating fundamental SIS mix-
ers have been employed for example in ALMA [9], where dual sideband (2SB)
receivers are used for many of the bands reaching image rejections better then
10 dB. In this case the image band noise is rejected improving the sensitivity
of the instrument by almost a factor of two. Until recently, there has been
no or very little development of submillimetre wave 2SB Schottky receivers,
neither for fundamental nor for subharmonic mixers. Instead, traditional fil-
tering techniques using bulky optical or waveguide filters have been used,
increasing the size, loss and cost, and thus, decreasing the performance and
scientific impact of the instruments. However with the development of the
STEAMR instrument, the need for 2SB functionality for Schottky receivers
has been addressed. With an instrument baseline of 14 heterodyne receivers
in a focal plane array, based on both DSB and 2SB subharmonic Schottky
diode mixers [62] operating in the 320 GHz to 360 GHz range, the develop-
ment of a robust 2SB receiver architecture has been undertaken.

For Schottky based receivers, suppression of the image band noise will
not have the same impact on the system noise as for cryogenic receivers, since
the receiver noise is many times larger than the antenna noise (background
noise). Instead the main motivation for using SSB receivers for atmospheric
observations comes from the complex spectral composition, e.g. line broaden-
ing effects and the combination of weak and strong spectral lines, see Fig. 1.3.
When down-converted to the IF band signals from the upper sideband (USB)
and lower sideband (LSB) interfere with each other. This can also lead to a
confusion in the origin of signals. To be able to resolve the individual lines a
sideband separating topology becomes desirable.
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Fig. 1.1: Beam distribution of the STEAMR 14 pixel limb sounder using a
stare viewing concept in 2 polarizations covering altitudes from 6 km to 28
km - courtesy of M. Ahlberg, Swedish Space Corporation (SSC).
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Fig. 1.2: Comparison of equivalent input DSB noise temperature results for
various receiver technologies; cooled and room temperature Schottky diode
mixers and receivers [19, 22, 31–52], HEB receivers [19, 53], SIS receivers [19]
and various LNA’s [54–59].

Moreover to be able to detect as many different molecular lines as pos-
sible and the several GHz wide lines due to pressure broadening, broad in-
stantaneous frequency coverage is needed. For STEAMR the IF bandwidth is
specified to 12 GHz for both DSB and 2SB receivers. In Table 1.1 a summary
of the main targets is shown.

The most cost efficient approach for instruments that use only one or a
few DSB receivers is a low level integration modular assembly i.e. individual
waveguide packaged mixers, multipliers and coaxial packaged LNA’s. The in-
tegration and/or custom design of front-end components is motivated, as new
and higher standards are set for radiometric instruments, e.g. for receiver
arrays. Integration will in general make it possible to design instruments
with larger frequency coverage and allow for co-optimization and integration
of components and sharing of mechanical and electrical resources. Naturally,
trade offs are made when choosing integration level. Variability of components
and yield are two limiting factors to consider, development cost another. In
Fig. 1.4 and Fig. 1.5 the engineering models of the STEAMR instrument and
receiver cartridge are shown respectively. The instrument is designed for high
reliability and high sensitivity and therefor uses a multibeam system with no
moving parts i.e. does not use the traditional scanning of one beam. The
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Table 1.1: Main UT/LS target species in the STEAMR Band A5 instrument
baseline configuration from 2010, courtesy of J. Urban, Chalmers University
of Technology.

flsb = 324.0-336.0GHz, fusb = 343.25-355.25GHz.

flo = 339.625GHz, fif = 3.625-15.625GHz.

species target lines

H2O 325.152GHz

HDO 335.395GHz

CO 345.795GHz

HCN 354.505GHz

O3 e.g. 326.900, 327.844, 332.704, 332.881,
335.271, 349.743, 352.323, 352.592, 352.815,
355.018GHz

N2O 326.556, 351.667GHz

HNO3 ∼ 331.9, 332.3, ∼344.5GHz

CH3CN ∼ 331.0, ∼349.4GHz

CH3Cl ∼ 345.4GHz

(ClO) ∼346.92, 352.88GHz

total instantaneous bandwidth is nearly 200 GHz and the instrument is thus
close to submillimeter wave operation in terms of processed IF bandwidth,
not only operating RF frequency.

Based on previous radiometer development at submillimetre frequencies
at Omnisys Instruments AB, a 2SB topology for subharmonic mixers was
proposed to the Swedish Research Council (VR) in 2005 for this research
project. The proposed topology consisted of a 45-degree LO phase shifter
hybrid and a matched Y-junction for the RF feed, compare to the work on
subharmonic IQ-mixers [63] [64] and the development of a novel sideband
separating SIS mixer [65]. The main outline for realisation of the proposed
2SB receiver concept was presented in paper [C]. In papers [F,G] the first
results for this topology were demonstrated together with results on a new
improved 2SB Schottky receiver topology. The new topology used quadrature
feeding for both the LO and RF and both demonstrators were evaluated using
a modular waveguide assembly, i.e. individual mixers and hybrid blocks.

Both topologies had a nominal sideband ratio SBR of around 5-10 dB, that
could be improved to around 15-20 dB by phase tuning of the IQ-imbalance.
In addition, initiated as a collaboration project with Rutherford Appleton
Laboratories, a parallel development and demonstration of a waveguide in-
tegrated subharmonic sideband separating mixer, based on the topology in
paper [C], was also conducted [66]. The outcome of these experiments was
that the improved 2SB receiver topology was choosen for further investigation.

In paper [A] the first demonstration of a waveguide integrated 2SB re-
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Fig. 1.3: Simulated frequency spectrum of the atmosphere at 7 km,15 km
and 28 km altitude in the STEAMR frequency range - courtesy of J. Urban,
Chalmers University of Technology.

ceiver topology based on quadrature feeding of both LO and RF is made with
very promising results, showing a nominal sideband ratio SBR of 15 dB, and
mixer noise performance close to state-of-the-art DSB mixers. Taking the
results from paper [B] on a subharmonic DSB mixer with embedded custom
designed LNA, the realisation of broadband high performance 2SB receivers
seems feasible.

1.3 Thesis outline

This thesis treats the development of high functionality submillimetre wave
receivers based on room temperature Schottky diode technology. In chapter
1, an introduction, background and motivation for this work is given. In
chapter 2, a brief introduction to radiometer systems is given followed by the
theory and principal operation of Schottky diode mixers. The main charac-
teristics of modern planar GaAs Schottky diodes are discussed. In Chapter
3 the designs of the DSB mixer and IQ-mixer are discussed. In Chapter 4
the Y-factor measurement method is described and experimental results are
shown. In Chapter 5 the membrane TRL calibration technique is presented.
In Chapter 6 a summary of the appended papers is given and in Chapter 7
conclusions are made and the future outlook for advanced Schottky receivers
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Fig. 1.4: Engineering model of the proposed STEAMR intrument showing
the sun shield, the main reflector, the quasi-optical system and contours of
various subsystems, e.g. spectrometers, calibration loads etc., courtesy of the
Swedish Space Corporation (SSC).
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Fig. 1.5: Engineering model of the receiver cartridge developed at Omnisys
Instruments AB for the STEAMR instrument, showing seven front-end re-
ceivers, each consisting of a horn antenna, a subharmonic mixer with embed-
ded LNA, a LO varactor doubler, and an active W-band multiplier module. In
the instrument, two cartridges will be used, one for each polarisation, together
forming the 14 pixel stare-viewing array.
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is discussed.

In the appended paper section the main results of this work are found. In
paper [A], the design and characterisation of the novel waveguide integrated
sideband separating (2SB) receiver, operating in the 320-360 GHz band, based
on subharmonic (x2) Schottky diode mixers and embedded LNA’s is pre-
sented. The advantage of co-optimization and integration of the mixer and
LNA is demonstrated in paper [B]. An alternative 2SB receiver topology is
proposed in paper [C], in which a possible realisation of a waveguide based 45
degree hybrid is demonstrated. As a side result two novel differential phase
shifter topologies are proposed applicable for planar submillimetre wave hy-
brid circuits, providing an alternative to traditional waveguide based and
planar differential phase shifter hybrids, see paper [D]. In paper [E] a novel
approach for S-parameter characterisation of submillimetre wave membrane
devices and circuits is presented. papers [F] and [G] mainly discuss different
2SB receiver implementations and the low VSWR waveguide integrated 2SB
receiver topology is proposed. A subharmonic mixer design with an embedded
commercial LNA is presented together with the demonstration of a broadband
IF spectrometer back-end based on IQ-correlators. Also different options for
the LO-source module are evaluated. Finally, in paper [H] a short summary
of the ALMA Water Vapor Radiometer (WVR) development is presented.
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Chapter 2

Background

This chapter describes the main theory and background information.

2.1 Radiometer systems

A radiometer can detect and measure the power of radio waves (electromag-
netic radiation) in a certain frequency band. Planck’s radiation law gives us
the power spectral density Psf emitted by a blackbody at physical tempera-
ture T at frequency f and for single mode propagation its given by:

Psf =
hf

e
hf
kBT − 1

(2.1)

with kB and h being the Boltzmann and Planck constants respectively.

By using Rayleigh-Jeans low frequency approximation of Planck’s radia-
tion law, we get a linear relationship between the antenna temperature TA

and received power PA:

PA = kBTAB (2.2)

For atmospheric observations, the antenna radiometric temperature will
correspond to the brightness temperature of the atmosphere. The typical
brightness temperature is around 200 K at low altitudes decreasing with
higher altitudes down to around 3 K (cold sky), see Fig. 1.3. The spec-
tral emission lines of gases are seen as peaks with an increased brightness
temperature at certain frequencies. The receiver is responsible for detection
and quantification of this radiation which is translated to a measured value
of arbitrary unit e.g. a DC voltage. The measured power will be a function
of the antenna temperature TA and radiometer temperature TR:

Pmeas = kBB(TA + TR)G (2.3)

with B being the IF predetection channel bandwidth and G being the system
gain.

The sensitivity of a radiometer system corresponding to the root mean
square fluctuations of the measured radiation temperature, is a function of
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the total noise temperature of the radiometer system TA+TR, the post detec-
tion integration time τ and predetection channel bandwidth B. For an ideal
detector, i.e. the receiver noise and system gain are assumed time invariant,
the sensitivity ∆T is given by the basic radiometer equation [30]:

∆T =
TA + TR√
B · τ

(2.4)

If we keep the bandwidth fixed, which is typically determined by the specific
application, then a better sensitivity can be either achieved by reducing the
receiver noise or increasing the integration time. By using a multibeam system
instead of traditional scanning of a single beam the integration time will also
be increased e.g. a system of 16 beams with an antenna temperature of 200
K and receiver noise of 1000 K has an equivalent performance to a single
beam system with a receiver noise of 100 K. The receiver noise temperatures
will depend on the choice of technology and design of the receiver. The
integration time will typically depend on system requirements, e.g. spatial
resolution, and will be limited by system drift. Taking gain instabilities into
account the radiometer equation can be written as:

∆Tgain =

√
TSY S

2

B · τ + (
∆G

G
)
2

TSY S
2 (2.5)

with ∆G being the rms fluctuations of the system gain representing an effec-
tive system gain instability.

System components will always be under the influence of varying oper-
ation conditions, e.g. ambient temperature, component oscillations, aging
effects, random fluctuations etc. Therefore calibration techniques have to be
applied to applications requiring a high absolute accuracy. A measure of sys-
tem stability is the so called Allan variance (AVAR) [67], that was initially
developed for measuring the noise and stability of clock systems. The AVAR
is calculated for a finite set of N number of consecutive measurements of a
certain quantity e.g. a DC voltage coming from a detector. The AVAR is de-
fined as the variance of the difference of two consecutively measured averages
φ. Each average is calculated on a subgroup of consecutive measurements
spanning over a time τ . Each value of τ will divide the total number of
measurements into M number of groups. The AVAR can be written as [68]:

σ2
AV AR(τ) =

1

2M

∑
i

(φ(τ)i+1 − φ(τ)i)
2 (2.6)

The AVAR is typically plotted in a log/log scale (Allan-plot) in which an upper
limitation of the integration time can be found above which the sensitivity of
the system is not improved anymore.

Stability of subsystems, e.g. bias supplies, amplifiers, detectors and LO
chains can to a large degree be improved by proper mechanical and thermal
design, active regulation of components and by optimising each subsystem
for highest possible stability, e.g. by operating LO multipliers and driving
amplifiers close to or in the saturated region rather then in the linear region
and by using constant current supplies for the LNA’s. The dynamic range
and linearity are other important merits of the radiometer that have to be
considered.
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Fig. 2.1: Schematic of a Schottky based heterodyne radiometer system.

There are many different types of radiometers [30], e.g. the total power,
Dicke, noise injection and correlation radiometer. The choice of receiver tech-
nology and design will differ depending on the application. For atmospheric
spectrosopy the Dicke switch type calibration, which uses a reference load at
the radiometer input for calibration of the received power at the antenna,
is commonly used. For space-born applications cold space or thermally sta-
bilised loads onboard the satellite could for instance be used as reference. A
schematic of a general Dicke switch radiometer system based on a heterodyne
receiver is sketched in Fig. 2.1. Since a considerable part of the observation
is spent on calibration, this will lead to a reduced sensitivity for the ideal
direct detector case (2.4). Taking gain drift instabilities into account (2.5)
the system accuracy is increased manifold times.

For resolving characteristics of narrow molecular lines, a spectral resolu-
tion in the order of MHz is needed. In such applications heterodyne detectors
with high resolution back-end spectrometers are typically used since RF fil-
ters with such high Q-factors become impractical. In other cases, e.g. for
imaging or detection of broad features of spectral lines, spectral resolution in
the order of GHz is required.

2.2 Receiver front-ends

When it comes to Schottky receiver technology, whenever the sensitivity is
good enough for the specific application, the relative simple realisation and
low cost of Schottky based receivers make them a natural choice. In Fig. 2.2
the layout of the 340 GHz DSB front-end receiver prototype for STEAMR,
with medium integration level is shown.
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Fig. 2.2: Schematic of the STEAMR DSB front-end receiver prototype show-
ing outline of the mechanics (black) and circuits (red) of the subharmonic
mixer (SHM) with embedded LNA presented in paper [B], a varactor dou-
bler [69] and the x6 active multiplier paper [H]. The total length of the three
combined modules is 91 mm. The development has been done by Omnisys
Instruments AB in collaboration with Chalmers University of Technology and
Low Noise Factory.
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A summary of reported state-of-the-art equivalent input noise for different
THz receiver technologies is shown in Fig. 1.2 together with the lines repre-
senting 2, 10 and 50 times the quantum noise (SSB) limit. The quantum noise
limit, which is a consequence of Heisenberg uncertainty principle and related
to the discrete nature of energy or energy quanta discovered by Max Planck,
gives a lower limit of the output noise for mixer’s and LNA’s [70]:

Tquanta =
hf

2kB
(2.7)

with f being the frequency.

Without going into the details of the noise mechanisms for the respective
technologies, which is outside the scope of this thesis, we simply state that
the performance of SIS technology is clearly distinguished from the other
technologies approximately following the 2 x quantum noise limit (similar to
LNA’s at microwave frequencies) with an increasing tail up to around 1 THz
at which the performance of HEB technology becomes competitive following
approximately the 10 x quantum noise limit. Room temperature Schottky
diode technology follows approximately the 50 x quantum noise limit. The
noise performance of HEB receivers in the 1 to 10 THz range is similar to the
performance of Schottky receivers in the 0.1 to 1 THz range. An interesting
trend is the entrance of transistor based technology into the THz regime,
competing in many aspects with both SIS and Schottky diode technologies.

Some characteristic features of state-of-the-art THz Schottky diode based
receivers are:

- large IF bandwidth (often limited by LNA)

- LO power ∼ mW

- Receiver noise (DSB) ∼ 1000 K at 300 GHz to 10000 K at 3 THz

- Waveguide packaged using horn antennas

The level of LO power that is required for efficient pumping of the mixer
diodes can be reduced by proper circuit design, by applying a DC bias to
the diode or by using other material systems [71,72] leading to lower turn on
voltage. For Schottky diode based receivers in particular, subharmonic mix-
ers [62], are extensively used requiring only half the LO pumping frequency
with similar performance to fundamental mixers [73, 74]. The total amount
of power required for generating the LO signal at half the RF frequency is
considerably lower compared to receivers based on fundamental mixers. The
low efficiency of multipliers and self heating effects at high power levels are
the main reasons for this. Reducing the number of components and gain in
the LO chain, the stability and reliability of the system will be increased.

In general for the design of efficient multiplier chains, it is necessary to
optimise each multiplier stage for the specific power level and frequency range
at which it will operate. For narrowband applications multiplier chains with
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higher efficiency can typically be designed. Another important thing to con-
sider is of course the availability of high power amplifiers for driving the first
stage of the multiplier chain. Commercially available GaN and InP HEMT
based W-band (75 GHz - 110 GHz) amplifiers with output power levels from
100 mW to 0.5 W are becoming available. Various Schottky based doublers
and triplers up to a couple of THz have been reported, [21]. Output powers of
around 1 mW close to 1 THz, sufficient to pump a Schottky mixer, have been
demonstrated using power combining techniques. Another interesting alter-
native suitable for high frequency high power odd harmonic generation, is the
Heterostructure Barrier Varactor HBV diode [75] with an inherent symmet-
rical CV characteristic. The HBV does not require bias, which simplifies the
circuit realisation. Moreover a similar broadband performance for HBV mul-
tipliers as for Schottky diode varactor multipliers can be achieved. At present
the state of the art high frequency HBV tripler, developed at Chalmers Uni-
versity of Technology, is capable of generating 30 mW at 282 GHz output
frequency at an input pump power of 0.5 W.

For a heterodyne Schottky receiver, the performance of the mixer and IF
LNA will be equally important for the receiver noise. Thereto the phase noise
and stability of the LO has to be considered. The LO amplitude stability is
translated to AM noise and the phase noise have an impact on the instrument
resolution. Applying Friis formula [76] the receiver equivalent input SSB noise
temperature can be written as (the LO noise contribution is not included):

TR = TM + LM · TLNA (2.8)

with LM being the mixer conversion loss, TM the mixer equivalent input
noise and TLNA the LNA equivalent input noise. Thus, designing the mixer
for low noise is equally important as reducing the mixer conversion loss and
the LNA equivalent input noise temperature. Moreover, the RF and IF losses
have to be kept at a minimum. The circuit RF losses can be reduced to
some extent by partly realising the circuit in waveguide technology which has
lower loss than planar implementations. The RF waveguide paths should be
kept short and RF interconnects avoided if possible. Another characteristic
of Schottky mixers is the high IF impedance, which is typically in the range
of 150 Ω to 250 Ω. The IF mismatch between the mixer and LNA leads to
a ripple response, which limits the radiometer performance. Especially for
applications which require large IF bandwidths, this can become a problem,
why co-design of the LNA and mixer has to be considered.

2.3 Mixer theory

A mixer converts the signal power from one frequency band to another pre-
serving the signal phase and amplitude information through a intermodulation
process with a LO signal. For a super-heterodyne downconverting mixer a
very high frequency RF input signal is downconverted to a in relation low in-
termediate frequency IF signal, see Fig. 2.3. The mixer efficiency is measured
as the ratio of the input signal power to the output signal power defined as
the mixer conversion loss:
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LM =
PRF,in

PIF,out
(2.9)

In resistive diode mixers it is the non-linear voltage-current characteristic
of the diode that causes frequency mixing (intermodulation). A resistive
switch, variable from zero Ohm’s to infinity, makes a good first approximation
of a resistive diode that is pumped by a large LO signal. Such an ideal mixer
has a theoretical conversion loss of 6 to 3.9 dB assuming an ideal sinusoidal to
square conductance waveform [77] with all frequency components terminated
in a matched load.

In this analysis, the degradation factor of the conversion efficiency, due to
non ideal switching in the real case, is found as the square of the difference
between the maximum and minimum reflection coefficient for the two switch-
ing states, and is estimated to about 1 dB.

For Schottky diode mixers, degradation of the conversion efficiency is
mainly due to the series resistance Rs and parasitic capacitance. In [78, 79]
an analysis is made of this additional parasitic conversion loss predicting a
minimum parasitic conversion loss contribution of 1 dB at 300 GHz to 4 dB
at 1.5 THz.

Mixer conversion loss and equivalent input noise are the two main figure-
of-merits for mixers. For submillimetre wave applications the lack of efficient
and powerful LO sources, makes the mixer LO power requirement important
as well. Other important parameters are conversion loss flatness and spu-
rious generation. For image rejection (IR) mixers, IQ-mixers and sideband
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separating mixers (2SB mixers) the IR, phase and amplitude imbalance and
sideband ratio SBR respectively are also important.

The concept of using an antiparallel diode pair for subharmonic mix-
ing, was proposed by Cohn in 1975 [62], with a noise performance similar
to fundamental mixers but requiring an LO at only half the RF frequency.
The antisymmetric IV-relationship of an antiparallel diode pair causes the
suppression of even harmonics when pumped by a LO signal. Since the an-
tiparallel diode pair conducts current in both directions, i.e for the positive
and negative periods respectively of an applied sinusoidal LO voltage, the
small RF signal will see a conductance time domain waveform with half the
period of the LO signal, which is the fundamental principle behind subhar-
monic mixing. Depending on circuit design any even order harmonic of the
LO can be utilised for downconversion, and for an ideal perfectly balanced
diode pair only odd order LO harmonics will be generated outside the diode
loop. Currents containing the even harmonics are confined within the diode
loop and canceled outside the diode circuit.

2.4 Schottky diodes

The name Schottky diode has been awarded Walter Schottky for his pioneer-
ing work during the 1930’s and 40’s in the field of metal-semiconductor inter-
faces [80]. However the discovery of the rectifying effect of a metal to semicon-
ductor transition goes as far back as to 1894 and experiments conducted by
Ferdinand Braun on metal-sulfides [81]. The Schottky-barrier model proposed
by Cowley and Sze [82,83], explains many of the characteristic phenomenons
seen in Schottky rectifiers. It includes the effects of surface states in the
metal-semiconductor junction, first pointed out by Bardeen [84], and the ef-
fect of image-force lowering of the barrier, also known as the Schottky effect.

When a semiconductor and metal with different electron affinity are brought
together, a potential barrier is created. The part of the semiconductor closest
to the metal interface becomes depleted from charge carriers, leaving behind
atoms with a net charge compensating for the potential difference until equi-
librium is reached. The difference in potential between the conduction band
and barrier height is called the built in junction potential. For GaAs Schot-
tky mixer diodes, the rule of thumb when deciding on the epilayer thickness
is that it should be around one depletion width at zero bias. The depletion
width is given by:

w =

√
2εs(φb − Vj)

qNd
(2.10)

with Nd being the epitaxial layer doping concentration, Vj being the voltage
across the junction, φb the built in junction potential and εs the dielectric
permittivity of GaAs. The two main current transport mechanisms of GaAs
Schottky diodes are the thermionic emission and tunneling. By applying
a positive forward voltage (positive at metal interface), the effective elec-
tron barrier height is lowered allowing for electron transport to the metal
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Fig. 2.4: Scanning electron micrograph of an antiparallel Schottky diode with
a 0.44 µm2 area. The devices have been fabricated at Chalmers University of
Technology.

via thermionic emission. The exponential characteristic with respect to elec-
tron energy distribution in the semiconductor gives rise to a highly non-linear
relationship between the forward current and applied voltage over the barrier:

I(V ) = IS(e
q(V−IRs)
ηkBT − 1) (2.11)

in which the reverse saturation current Is is given by:

IS = AA∗T 2e
− qφb
kBT (2.12)

with A being the area, A∗ the effective Richardson constant, Rs the series
resistance, η the diode ideality factor, kB the Boltzmann constant and T the
junction temperature.

The second transport mechanism is related to quantum effects allowing for
tunneling of electrons through the barrier, which is a process independent of
temperature. The tunneling current increases with decreasing barrier thick-
ness and is not so pronounced at forward bias. However becomes important
in backward bias direction e.g. as in varactor multipliers.

In Fig. 2.5 an electrical circuit representation of the intrinsic diode is
shown. The effect of the parasitic series resistance is that less power is cou-
pled into the Schottky junction increasing the conversion loss. For resistive
mixers it is the non-linear resistance-voltage R-V relationship in the forward
direction that is used for mixing. For varactor multipliers it is the non-linear
junction capacitance-voltage C-V relationship for the reversed biased diode
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Fig. 2.5: Equivalent circuit model of the Schottky diode consisting of a resis-
tance in series with a varistor and varactor in parallel.

that is utilised for harmonic generation. The voltage dependent junction ca-
pacitance is given by:

Cj = A

√
qNdεs

2(φb − Vj)
(2.13)

Today GaAs Schottky diodes are commonly used for multiplier and mixer
applications. Such devices are well suited for high-speed operation with re-
ported cut-off frequencies reaching several THz. In Fig. 2.4 a scanning electron
microscopy (SEM) image of a modern planar air-bridged antiparallel Schot-
tky diode is shown. The diode intrinsic cut-off frequency fc is defined as the
frequency at which the magnitude of the reactance 1

ωCj
equals the diode series

resistance Rs:

fc =
1

2πRsCj
(2.14)

For high frequency operation, it is necessary to decrease the capacitance.
The capacitance can be decreased by choosing a smaller anode size or by
choosing a lower doping concentration for the epitaxial layer. Both will lead
to a higher series resistance. Thus we have a trade off in noise performance
and bandwidth [85]. There are three main contributors to the diode intrinsic
series resistance:

Rs = Repi(vj) +Rspread(f) +Rohmic (2.15)

with Repi being the effective resistance coming from the undepleted part of
the epilayer, Rspread being the contribution of the spreading resistance [86]
in the highly doped contact layer, and Rohmic being the ohmic contact series
resistance. Conductor losses in the diode package, e.g. coming from surface
roughness and skin effect, can be included in the series resistance as well.
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Optimisation of the Schottky barrier and parasitics is crucial for sub-
millimetre frequency operation. Epilayer thickness, doping concentration,
contact size and layout have to be optimised. The diode ideality and noise
characteristics heavily depend on the quality of the Schottky contact and
epitaxy. The contact formation involves deposition of different metals, e.g.
Ti/Pt/Au for evaporated contacts and Pt/Au for pulse plated contacts, on
top of a preconditioned semiconductor epitaxial layer surface. The doping
concentration for high frequency diodes is chosen rather high, in order to re-
duce the series resistance coming from the undepleted region of the epilayer.
However choosing a too high doping level will often lead to an increased ide-
ality factor, increasing the leakage current and shot noise.

When it comes to the realisation of modern THz Schottky diodes used
for THz detectors and sources, planar air-bridged devices [39] are used owing
to there ability to withstand stress, there superior repeatability and ease of
assembly. Moreover, planar technology enables simple realisation of complex
diode structures such as anti-parallel, anti-series and in-series diode config-
urations used in subharmonic mixers, balanced mixers and multipliers etc.
The extrinsic diode parasitics can be modeled as a pad-to-pad capacitance,
a finger inductance and finger capacitance [87]. The parasitic finger capaci-
tance is closely linked to the process capability. A lumped schematic model of
an anti-parallel diode and its 3D layout correspondence is shown in Fig. 2.6.
The highly doped conductive contact layer (buffer layer) shown in red has
been tapered for minimising the pad to pad capacitance. Device modeling
and parameter extraction requires some kind of lumped device model. The
lumped model can also be used for circuit design and optimisation of the
diode structure. In general the simpler the model i.e. less number of com-
ponents in the model, the easier it is to fit measurements and simulations.
However for accurate prediction of higher order effects, such as proximity ef-
fects, eddy currents and skin effect [88], which become more pronounced at
higher frequencies, more advanced models have to be used [89,90].

2.5 Noise theory

The noise in Schottky diodes has been the subject of extensive study. The
two main noise mechanisms that contribute to the diode’s intrinsic noise are
the shot noise and thermal noise [91]. The excess noise or hot noise is the
measured noise that can not be explained by the shot noise and thermal noise
models.

The shot noise is due to the discrete nature of electrons and random vari-
ations of the electrons passing through the barrier. The mean squared shot
noise current in the diode junction, modeled as a shunted current source, is
given by [73,74]:

〈ishot2〉 = 2qIB (2.16)

with B being the bandwidth and I the current through the junction. Thermal
noise (also called Johnson or Nyquist noise) originating from the diodes series
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Fig. 2.6: Lumped model represantion of the anti-parallel planar diode with
mutual inductive coupling between fingers [89] on top of a 3D-EM model
with internal lumped ports replacing the diodes, the highly doped conductive
buffer layer is shown in red.

resistance is together with shot noise a major noise contributor in room tem-
perature applications. The thermal noise depends on the device temperature.
It can be modeled as a voltage noise source in series with the corresponding
series resistance with a mean square voltage given by [92,93]:

〈v2n〉 = 4kBBTR (2.17)

The excess noise e.g. hot electron noise and high field noise, which is
due to a non-equilibrium distribution of electrons in the conduction band and
scattering effects, will come into effect at high current distributions. Further-
more it will like the shot noise have a cyclostationary character i.e. it will vary
over the LO pump cycle. The excess noise can be estimated empirically and
by looking closer into the the electron transport mechanisms and operation
of the mixer diode [94,95].
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Chapter 3

Mixer design

This chapter deals with the general aspects of waveguide integrated designs.
The design of a subharmonic 340 GHz Schottky mixer using hybrid technol-
ogy is presented. The 2SB mixer design is briefly discussed and results are
presented.

3.1 Design methodology

An iterative ”divide and conquer” design approach is adopted, breaking up the
circuit in parts, where each part is simulated and optimized individually. The
different parts are then combined and and optimised together. The combining
process has an iterative nature, see Fig. 3.1.

3.2 Circuit technology considerations

The choice of circuit topology is important and mainly decided by the tech-
nologies that are at hand. Submillimetre wave circuit implementations range
from the simpler and less expensive hybrid circuit topologies, in which typi-
cally low dielectric and low loss materials, e.g. quartz are used together with
discrete diode components that are ”flip chip” mounted/soldered to the cir-
cuit, to ultra thin (∼ µm) membrane MIC structures with an arsenal of circuit
features such as beam leads, on chip resistors and capacitors and air-bridges.
In between we find circuit technology hybrids such as quartz circuit carriers
with beam leads and with integrated active components using substrate trans-
fer techniques, and MMIC’s that have been diced and mechanically thinned
to fit the waveguide assembly.

For the 340 GHz mixer the goal was to make a design based on commer-
cially available technology i.e. fabricated to a low cost, why a hybrid circuit
design using discrete diodes was chosen as the baseline. To simplify assembly
and assure good repeatability of ground connections a suspended inverted
mixer topology was chosen for the design, similar to [36]. Suspended topolo-
gies are less sensitive to substrate thickness variation, compared to microstrip
circuits, however are more sensitive to variations in width.
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Fig. 3.1: Mixer design process flow chart.

3.3 Subharmonic (x2) mixer topologies

Fundamental single ended mixers require some kind of RF/LO combiner, a
topology that can become both lossy and bulky. The subharmonic x2 mixer
uses half the effective LO frequency. This allows for a natural separation of
the RF and LO ports, which simplifies the circuit design considerably. For
fundamental mixers, balanced topologies can be used instead.

An anti-parallel diode mixer configuration can be implemented in two
ways, see Fig. 3.2. The main difference of these two topologies is that the RF
and LO choke filters have to provide a short circuit in one case and an open
circuit in the other.

The series connected antiparallel-diode configuration is more suitable for
high frequency operation as it does not require a ground connection, which the
shunt connected antiparallel-diode configuration does. The shunt connected
antiparallel-diode mixer topology can also be implemented using a series pair
with the center node connected to the signal strip and with the outer nodes
grounded. This topology becomes interesting for TMIC designs in which the
individual diodes can be biased [96].
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Fig. 3.2: Schematic of series (top) and shunt (bottom) type mixer topologies
employing antiparallel diodes. The IF port is embedded in the LO port.

3.4 E-field coupled rectangular waveguide to
planar transmission line transitions

Supporting only one polarisation, the rectangular waveguide with a 2:1 aspect
ratio, is by far the most common waveguide type used in submillimetre wave
systems. Waveguide probes are used to efficiently couple power between the
planar circuit and the fundamental TE10 mode of the rectangular wavwguide.
The planar circuit is typically situated inside a shielded channel and can be
of microstrip, suspended stripline or coplanar waveguide type. By extending
only the signal strip out in the waveguide an electric field probe (E-Probe) is
created. The shape and length of the E-probe is typically co-optimised with
a waveguide backshort and close to 100% coupling efficiency can be realised
almost over a whole waveguide band. The mechanical design of a waveguide
transition can be realised in many ways. In the case that the waveguide is
split along the H-plane symmetry, we get a E-plane splitblock. The E-plane
splitblock type is the most common and also gives the lowest loss as none of
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Fig. 3.3: Rectangular waveguide showing electric field (red arrows) and surface
currents (blue) on the guide walls for the TE10 mode. The H-plan and E-plane
symmetry lines are also indicated.

the currents of the waveguide mode are broken. It also has the advantage of
high flexibility in terms of embedding other components.

When no additional functionality is needed a single open-ended E-field
probe can be used. If a DC or out of band ground connection is needed a
planar backshort can be used similar to the RF probe seen in Fig. 3.9. The
extended transmission line backshort can be replaced by a RF choke filter
providing an alternative connection port at lower frequencies, see Fig. 3.7. Full
height waveguides or reduced height waveguide with larger tuning capability
can be used.

These are the most common types, thereto a large variety of different
probes exists e.g. H-plane probes and differential probes [97–102].
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3.5 Planar filter structures

The most common planar choke filter is probably the stepped impedance filter
with alternating low and high impedance quarter wavelength long sections,
see Fig. 3.7 and Fig. 3.8. This filter topology offers a very good rejection to
a relative few number of sections. The main advantage of this filter, besides
that it is extremely simple to design, is its minimum lateral extension, which
is typically needed for waveguide embedded shielded circuit topologies. The
disadvantage is the length of the filter. Another alternative to the stepped
impedance filter is to use the more complex hammerhead filter topology or
curved open stubs for which coupling effects have to be considered.

In general wire bonding is to imprecise to be used at frequencies above
300 GHz. One alternative is to manually solder the gold wires in a similar
fashion as the soldering of the diode chip, however this is not advantageous
from a repeatability and production perspective. Grounding vias are difficult
and expensive to fabricate for substrates thicknesses below 100 µm. Hybrid
technology is thus limited to circuit implementations that do not depend on
accurate grounds and circuit interconnects.

The best way in terms of reproducibility and ease of assembly is probably
to use beam leads that are clamped in between the two split blocks. How-
ever beam lead technology requires a process in which the substrate carrier
is etched away. Both quartz circuits and GaAs circuits can be manufactured
with beam leads by etching and/or lapping techniques. A low cost alterna-
tive to the more process extensive beam lead technology is to suspend the
substrate in an inverted position. The suspension points can then be used for
RF and DC interconnects using conductive glue or soldering.

Another useful and simple filter with minimum lateral extension is the
coupled line filter. Multi-section coupled line filters however typically suffer
from high transmission losses and should therefore be avoided.

3.6 3D-modeling of diodes

To be able to accurately predict the diode chip optimum embedding impedances
a full 3D electromagnetic (EM) simulation of the diode in its circuit environ-
ment is necessary. In Fig. 3.4 the 3D model of the diode package is shown. In
the simulation the diode pad interfaces are extended, and the reference plane
of the transmission line wave ports are later de-embedded back to the diode
reference planes. This is done not to excite evanescent modes at the port
interfaces. The active part of the diode is replaced by an internal coaxial [87]
or lumped port. In this way the diode barrier (non-linear part) and diode
parasitics (passive 3D part) can be separated.

The result of the 3D-EM simulation is imported in the form of a S-
parameter file and the internal ports are connected to a non-linear diode
model. The diode component is connected from the internal ports down to
ground. Important to keep in mind is the phase of the port and diode in
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Fig. 3.4: Full 3D-Model used for EM simulation of the flip-chip mounted
antiparallel diode chip.

Fig. 3.5: Principle HB simulation setup of the aniparallell diode mixer topol-
ogy, ideal case (left) and combining 3D-EM simulations of the diode chip.

order to get the antiparallel configuration right, see Fig. 3.5. By using a load
pull technique and harmonic balance simulations, the optimum conversion
loss RF, LO and IF diode embedding impedances can be found. Frequency
dependent source impedances are used to terminate intermodulation prod-
ucts. Different simulations schemes, applying perfect ground (ideal), open or
10 Ohm (average real) for the spurious terminations can be used to study the
impact on the optimum embedding impedances and performance. In Fig. 3.6
the embedding impedances for an ideal diode are compared to the embedding
impedances of the diode chip. A practical approach for designing a mixer
is to aim for low conversion loss maintaining the lowest possible LO power
ensuring a low current density through the diode and thus low shot noise.
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Fig. 3.6: HB load pull simulations at 170 GHz and 340 GHz LO and RF
frequency respectively, showing the optimum RF (triangles) and LO (circles)
conversion loss diode embedding impedances comparing to the results in [36,
87]), for an ideal diode with Rs = 13 Ω, Cj0 = 1.5 fF and η = 1.3. Conversion
loss contour plots from 5.5 dB to 7.1 dB in 0.2 dB steps using a full 3D diode
model and diode parameters Rs = 8 Ω, Cj0 = 3.5 fF and η = 1.2. The system
impedance is 50 Ω.
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Fig. 3.7: Full 3D-Model used for EM simulation of the complete LO/IF duplex
filter.

3.7 LO/IF filter circuit

The design of the LO/IF duplex filter is presented in Fig. 3.7. The LO-IF
diplexer can be divided into three parts, partial design of a symmetrical LO
probe (to WR-05), design of a planar LO choke filter, and final co-optimisation
of the two. The characteristic system impedance is defined by the transmis-
sion lines. In this case 100 Ω was chosen as it gives realisable line widths
for the stepped impedance filter and simultaneously work as an impedance
transformer from the mixer IF impedance, which is typically above 150 Ω, to
the 50 Ω input of the LNA.

3.8 LO matching circuit

Once the diode chip optimum embedding impedances are found the design
of the matching circuits can begin. The LO matching circuit should also
provide a ground for the RF signal at the diode reference plane. Thus it has
two satisfy two conditions which is the main challenge of the design. For the
case of a broadband RF and narrowband LO, a RF choke filter topology with
a low impedance section directly at the diode chip can be chosen, see Fig. 3.8.
It will give the most broadband RF response, and the remaining sections can
then be optimised to match the LO. The LO probe can also be utilised and
be a part of the LO matching. The diode chip interface has been included in
the simulation and extended for suppression of evanescent modes. The diode
wave ports are later de-embedded to the correct diode reference position.

30



Diode

 Interface Port

IF/LO Port

 (100 Ω)de-embed

RF ground

Fig. 3.8: Full 3D-Model used for EM simulation of the RF ground/ LO match-
ing circuit.

3.9 RF matching circuit

The RF matching circuit contains both planar circuitry, as the diode is posi-
tioned inside the mounting channel and a 3D waveguide part using a reduced
height waveguide (WR-2.8), see Fig. 3.9. Moreover a planar backshort is used
for the realisation of the IF and LO ground. The microstrip ground (planar
backshort) is transformed back to a short circuit at the diode interface. The
reduced height not only works as an extra matching section for the RF match-
ing network, but also reduces the distance between the planar short and the
diode chip. The diode chip interface has been extended and the port is later
de-embedded to the diode reference plane.

3.10 Mixer circuit design and results

When all subcircuits have been optimised the complete mixer is simulated and
final tweaks can be made, see Fig. 3.13. The S-parameters of this simulation
can then be plugged into the HB-simulation. The designed matching circuits
reflection coefficients are presented in Fig. 3.14 on top of the optimum con-
version loss contours. A typical simulated response of the mixer is presented
in Fig. 3.10 and in Fig. 3.11.
In Fig. 3.12 a fabricated fuzed quartz mixer circuit side by side with a Schot-
tky diode chip is shown.

3.11 CW conversion loss measurements

For verification of the conversion loss measurements using the Y-factor method,
a CW measurement was done. The output of a multiplier chain was directly
connected to the RF port of the mixer. The measured conversion loss over
RF frequency for two different LO frequencies is presented in Fig. 3.15. The
moving average of the two curves goes from about 8 dB to 12 dB with a max-
imum peak to peak ripple of 7 dB. The ripple points to a large RF standing
wave affecting the accuracy of this measurement. By changing the test setup
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Fig. 3.9: Full 3D-Model used for EM simulation of the LO/IF ground/ RF
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Fig. 3.10: Simulated mixer conversion loss and LO return loss at 2 GHz

IF frequency over LO frequency, at 0.5 mW, 1 mW and 1.5 mW LO drive

respectively. The simulated diode area is about 0.8 µm2 and the simulation
is based on a full 3D-EM model of the mixer using ideal conductors.
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Fig. 3.11: Simulated mixer conversion loss and RF return loss over RF fre-

quency, at 0.5 mW, 1 mW and 1.5 mW LO drive respectively and with fixed

LO frequency at 170 GHz. The simulated diode area is about 0.8 µm2 and
the simulation is based on a full 3D-EM model of the mixer using ideal
conductors.

Fig. 3.12: Photograph of a 340 GHz mixer quartz circuits fabricated at
Chalmers University of Technology. The mixer circuit is about 5 mm long
240 µm wide and about 70 µm thick. A discrete diode chip has also been
inserted to the picture for comparison.
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Fig. 3.13: Full 3D-Model used for EM simulation of the complete mixer design.

RF
IF
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Fig. 3.14: Equivalent reflection coefficients of the RF, LO and IF matching
circuits seen by the diode at the diode chip reference plane. The RF, LO and
IF simulated frequency range is about 310-370 GHz, 160-180 GHz and 0-20
GHz respectively. The system impedance is 50 Ω.
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Fig. 3.15: Measured conversion loss at 160 GHz and 170 GHz LO frequency
using a RF CW source.

to include an isolator, directional coupler or attenuator the RF standing wave
could potentially be reduced improving the accuracy of this measurement
method.

3.12 IQ Mixer design

The IQ-mixer constitutes the core of the 2SB receiver architecture. IQ stands
for in-phase quadrature-phase referring to the 90 degree phase difference be-
tween signals. An IQ mixer can either be realised by introducing an effective
quadrature phase difference in the LO or RF feeding. By connecting the
two I and Q IF signal outputs to a quadrature scheme, the upper and lower
sidebands can be separated. The individual I and Q signals contain phase
correlated downconverted USB and LSB signals. The relative phases of these
IF signals are defined by the RF and LO hybrid phase difference, together
with the downconversion process in the mixer, which can be fundamental
or harmonic. In the harmonic case the LO hybrid phase difference will be
multiplied by the harmonic of the mixer. In Fig. 3.16 the relative phases of
the USB and LSB signals propagating through an ideal 2SB receiver circuit
are shown. The details of the developed low VSWR 2SB receiver design are
described in paper [A].

In one of our first experiments on a modular 2SB receiver prototype the
image rejection could be improved from about 5-10 dB to 20 dB by a sim-
ple linear phase compensation. The phase compensation was done in 3 GHz
bands using two mechanical phase tuners inserted in the I and Q paths and
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Fig. 3.16: Schematic of the subharmonic 2SB receiver topology based on RF
and LO quadrature feeding.

the result is presented in Fig. 3.17. A simple amplitude tuning could be ap-
plied by using fixed IF attenuators of equal length or by switching LO feeding
port at the LO hybrid. However the main unbalance seem to be in phase,
with up to 60 degrees of compensation needed.

In Fig. 3.18 the IQ-mixer test setup is shown. A WR-05 waveguide had to
be used between the IQ-mixer and commercial doubler because of the tight
spacing between the LO hybrid ports.

In paper [A] the characterisation of the waveguide integrated low VSWR
2SB receiver is presented in detail. The assembly of the 2SB receiver is shown
in Fig. 3.19.
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Fig. 3.17: Measured image rejection at 168 GHz LO frequency, using first
order phase compensation in 3 GHz IF bands.

Fig. 3.18: Test setup for characterisation of the IQ-mixer.
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Fig. 3.19: Assembly of the low VSWR IQ-receiver consisting of two branch
guide couplers, two with embedded LNA’s.

38



Chapter 4

Y-factor measurements

The receiver noise can be measured by simply looking at the ratio in detected
noise power PH and PC using a matched RF termination at two different
and known physical temperatures, corresponding to the equivalent brightness
temperatures TH and TC respectively. This is the principle of the Y-factor
measurement method [91], [103]. By using (2.2) the Y-factor can be written
as:

Y ≡ PH

PC
=

(TR + TH) ·G · kB ·B
(TR + TC) ·G · kB ·B

(4.1)

with TR being the equivalent receiver input noise not saying that the receiver
is of DSB or SSB type. We see that the Y-factor is independent of bandwidth
B and gain G, that are assumed to be the same for the two measurements,
and only depends on the hot and cold load temperatures. (4.1) is simplified
to:

Y =
(TR + TH)

(TR + TC)
(4.2)

For the case of a DSB receiver TR is defined as the equivalent receiver DSB
noise temperature and in the case of a SSB receiver it is defined as the receiver
SSB noise temperature. Another way of viewing (4.2) is by rewriting it for
the case of an ideal DSB receiver having a SBR equal to 1:

Y =
(TR,SSB + 2 · TH)

(TR,SSB + 2 · TC)
(4.3)

In the ideal case the DSB receiver SSB noise will be equal to two times the
DSB noise and (4.3) becomes identical to (4.2). Comparing the DSB receiver
case in (4.3) to the SSB receiver case using (4.2) the only difference is in the
factor 2 in front of the hot and cold temperatures, which is a consequence of
the DSB receiver detecting radiation coming from both sidebands in contrast
to the SSB receiver which rejects the image band.
By solving (4.3) with respect to the unknown SSB noise temperature for the
DSB receiver we get:
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Fig. 4.1: Measured receiver noise for two mixers, one with an external LNA
showing more ripple and higher noise and one with an embedded LNA.

TR,SSB =
2(TH − TC · Y )

Y − 1
(4.4)

and for the SSB receiver case using (4.2) we have:

TR,SSB =
TH − TC · Y

Y − 1
(4.5)

Again the only difference is the factor two comparing the DSB and SSB case.

In Fig. 4.1 the receiver noise over IF frequency for two different receivers
using Y-factor measurements is shown. Both modules used the same mixer
and LNA design however one of the mixers had the LNA embedded in the
waveguide block, while the other used a coaxially packaged external LNA. The
mixer with embedded LNA used commercially supplied diodes from VDI with
typical diode parameters specified as; Ctot = 7.5−10.5fF , Rs,max = 13Ω and
Cpp,max = 3.5fF . The mixer with external LNA used diodes with 0.8 µm2

area fabricated at Chalmers, with diode parameters Ctot = 11fF , Rs = 8Ω,
Cj0 = 2.5fF and η = 1.3, and with a doping concentration ND = 5 ·107cm−3

and epilayer thickness tepi = 48nm. The LNA equivalent input noise was
30 to 80 K in the 4-14 GHz band(50Ω). The LO frequency was around 170
GHz for both measurements. The difference in performance seen as an offset
is mainly due to that different diodes are used. The IF mismatch is clearly
shown for the receiver using the external LNA as a large ripple in the response.
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Table 4.1: Receiver noise temperature TR in Kelvin versus Y-factor in dB
with Thot=300 K (RT) and Tcold=77 K (LN) using (4.2)

Y [dB] TR [K]

0.1 9500

0.2 4650

0.3 3040

0.4 2230

0.5 1750

0.6 1430

0.7 1200

0.8 1030

0.9 890

1 780

In Table 4.1 values for the equivalent receiver noise temperature TR in
(4.2) for different Y-factors are found.

By adding an attenuator with loss LAtt at the ambient temperature TAmb

in between the mixer and the LNA, we can also determine the mixer equivalent
noise temperature and conversion gain. The input noise temperature of an
attenuator with loss LAtt equals to [91]:

Tatt = TAmb(LAtt − 1) (4.6)

The input noise temperature for a 3 dB attenuator at room temperature
is thus equal to 290 K. Placed in between the mixer and the LNA in a receiver
system it also increases the contribution of the LNA input noise temperature
to the output of the mixer by a factor of two. Using (2.8) and Friis formula,
the DSB receiver input noise temperature can now be rewritten as:

TR,SSB,3dB = TM,SSB + LM,SSB(TAmb(L3dB − 1) + L3dB · TLNA) (4.7)

with TM,SSB and LM,SSB being the mixer input SSB noise and SSB con-
version loss respectively, TLNA being the LNA input noise and L3dB being
the loss of the attenuator. By subtracting (2.8) from (4.7) we get an explicit
expression for the mixer conversion loss as a function of the difference in mea-
sured receiver noise temperature and the LNA equivalent noise temperature.

LM,SSB =
TR,SSB,3dB − TR,SSB

TAmb + TLNA
(4.8)

The equivalent mixer input noise can be calculated by subtracting the IF
noise contribution. However due to IF standing waves using the 50 Ω matched
LNA input noise temperature will lead to a large error. There are many ways
around this problem which all include additional characterization of the IF
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Fig. 4.2: Schematic of hot and cold load setup for Y-factor measurements.

mismatch in some way. For instance, by using an IF isolator with known loss
the effect of standing waves can be eliminated. A directional coupler can be
used to inject IF noise into the LNA including the effect of standing waves.
By measuring the mixer IF impedance the mixer noise can be extracted only
for those frequency points that are close to 50 Ω, or the LNA input noise can
be estimated based on simulations including the measured IF impedance. In
Fig. 4.3 a typical mixer measurement scenario using the Y-factor method can
be seen.
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Fig. 4.3: Y-factor measurement of a DSB mixer with external LNA.
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Chapter 5

S-parameter characterisation
of TMIC devices and circuits

On wafer probing is typically used at microwave frequencies for the charac-
terisation of MMIC and thinfilm devices and circuits using microstrip and
coplanar transmission lines, with the advantage of being fast, accurate and
simple. However due to coupling effects in between probes, the open bound-
ary environment and difficulties in getting repeatable connections, on wafer
measurements become challenging at millimetre and submillimetre wave fre-
quencies and waveguide based calibrations are often used [104]. Today fre-
quency extenders up to 1 THz are becoming commercially available [105].
On wafer measurements at such high frequencies call for novel probe inter-
faces [106] as well as new standards for the waveguide flange interfaces [107].
Moreover on wafer measurements become less representative for the operation
of assembled/packaged THz components, e.g. membrane circuits, calling for
complementary characterisation methods.

At submillimetre wave frequencies embedded and suspended circuits topolo-
gies are often used in close symbiosis with the package, e.g assemblies with
waveguide interfaces. At these frequencies waveguide based measurements
are often used based on the TRL-calibration technique. The method relies
on a partially known imperfect 1-port reflect standard (open or short) and
on the relative distance of two otherwise identical 2-port transmission guide
standards (thru and line). Such standards are easily implemented in almost
any guiding structure. By implementing the calibration standards embedded
in a planar structure e.g on a waveguide embedded membrane circuit, it is
in principle possible to characterise packaged membrane devices and circuits
”on wafer”, see Fig. 5.1.

However applying such a method directly violates a fundamental principle
of microwave engineering; ”you shall not break the calibration path” by at least
4 times. This is the main concern of the proposed method. The repeatability
of the waveguide interfaces has to be considered as well as the repeatability
of the waveguide probe interfaces, which includes machining tolerances, pro-
cessing tolerances and assembly tolerances.
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Fig. 5.1: TRL calibration and S-parameter characterisation of waveguide em-
bedded membrane circuits.

Fig. 5.2: Photo of an opened TRL-thru standard block and enlarged photo
of the membrane thru circuit mounted with the circuit trace facing down.
S-parameter data over the 220 GHz to 325 GHz frequency range showing
the repeatability of the thru standard after reconnection of the waveguide
interface.

46



Fig. 5.3: S-Parameter measurement test-setup using an Agilent VNA (in the
back) and OML WR-03 frequency extenders (in the front).

In general TMIC fabrication is very precise, keeping circuit dimension
tolerances in the submicron scale, thereto they can be designed with self-
aligning features (circuit contours matched to the circuit cavities) allowing
for a mounting accuracy of better than 5 µm. Waveguide blocks can be ma-
chined with better than 2 µm precision and the repeatability of waveguide
interconnects can be improved by the use of waveguide standards developed
for the submillimetre wave range. It is also possible to apply a statistical
measurement approach by repeated measurements of a known standard or
device under test. Such an approach could also be used to compensate for
drift effects in the system.

A more detailed outline of the method and initial results is presented in
paper [E], in [108] results on various passive components and circuits can be
found. In Fig. 5.2 the waveguide block with circuit are shown together with
the measured S-parameters of the thru standard after reconnection of the
waveguide interfaces. In Fig. 5.3 the WR-03 test setup is shown.
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Chapter 6

Summary of appended papers

In this chapter a summary of the appended papers together with comments
on the creative contribution from my side is given.

Paper A

A Low VSWR 2SB Schottky Receiver

This paper discusses dual sideband topologies employing subharmonic Schot-
tky diode mixers. A novel balanced waveguide integrated 2SB receiver based
on LO and RF quadrature feeding of two subharmonic DSB mixers is demon-
strated for the first time. The paper is a joint work between Omnisys Instru-
ments AB and Chalmers University of Technology. I personally contributed
with: the idea for the novel 2SB topology, design of the DSB mixers and
hybrids, mechanical layout, assembly and measurements.

Paper B

Integration of a 340 GHz Subharmonic Schottky Diode Mixer and
a LNA for Broadband and Low Noise Performance

In this paper the advantage of embedding the IF LNA in the mixer hous-
ing is demonstrated. The paper is a joint work between Omnisys Instruments
AB, Low Noise Factory and Chalmers University of Technology. I personally
contributed with: design of the DSB mixer, receiver layout, mixer assembly,
measurements and simulations.
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Paper C

A 170 GHz 45◦ Hybrid for Submillimeter Wave Sideband Separat-
ing Subharmonic Mixers

In this paper a novel 2SsB topology for submillimetre wave receivers employ-
ing subharmonic mixers is proposed. A possible realization of the LO hybrid
based on a branch guide coupler with a stub-loaded differential line phase
shifter at the output is demonstrated. This work was done as a collaboration
between Omnisys Instruments AB and Chalmers University of Technology.
I personally contributed with: the design of the hybrid, mechanical layout,
measurements and simulations.

Paper D

High/Low-Impedance Transmission-Line and Coupled-Line Filter
Networks for Differential Phase Shifters

In this paper two novel planar 45 degree hybrids are presented. This work
was done as a collaboration between Omnisys Instruments AB and Chalmers
University of Technology. I personally contributed with: the idea for the novel
phase shifter topologies, theoretical analysis, design, circuit layouts, assembly
and measurements.

Paper E

Submillimeter Wave S-Parameter Characterization of Integrated
Membrane Circuits

In this paper a novel method for S-parameter characterization of membrane
waveguide integrated circuits based on the TRL-calibration technique is pro-
posed and demonstrated. The paper is a joint effort between SP Technical
Research Institute of Sweden, Wasa Millimeter Wave AB, Omnisys Instru-
ments AB and Chalmers University of Technology. I personally contributed
with: the idea of applying this method to membrane circuits, design of TRL-
kit and test circuits, circuit and mechanical layouts, assembly, measurements
and simulations.

Paper F

Compact 340 GHz Receiver Front-Ends
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In this paper different concepts of realising compact and cost efficient re-
ceiver front-ends including the last stage LO multipler module are discussed
and partly evaluated. The low VSWR 2SB receiver topology is also proposed
and a first experimental comparison between different 2SB topologies is made.
The work was done as a joint effort between Wasa Millimeter Wave AB, Om-
nisys Instruments AB and Chalmers University of Technology. I personally
contributed with: mixer design, mixer layout, mixer assembly and receiver
characterisation.

Paper G

STEAMR Receiver Chain

In this paper the realisation of the STEAMR radiometer is discussed. A
broadband IF spectrometer back-end based on IQ-correlator is demonstrated.
The paper is a result of a Omnisys Instruments AB prestudy on the radiome-
ter system for the STEAMR instrument, and has been done in collaboration
with Chalmers University of Technology and the Swedish Space Corporation
SSC. My contribution was mainly in the design and evaluation of the receiver
front-end.

Paper H

Water Vapor Radiometer for ALMA

In this paper the development and evaluation of the ALMA water vapor
radiometer WVR is presented in short. Omnisys Intruments AB has been re-
sponsible for the design, fabrication, assembly and final tests of the WVR’s.
The development of the system took 18 months and the production of the
58 radiometers took another 18 months. Final delivery to ESO was done in
April 2011. My contribution was mainly in the design and evaluation of the
active X6 LO multiplier and design of filter components for the IF back-end.
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Chapter 7

Conclusions and future
outlook

In this thesis, high functionality submillimetre wave Schottky diode mixers
have been studied and practical mixer architectures including IQ-mixers and
mixers with embedded LNA have been developed for the STEAMR instru-
ment. The work has involved various aspects of mixer design i.e. mechanical
design, electrical modeling, circuit design, assembly and processing as well
as device and circuit characterisation. A simple and clear design methodol-
ogy has also been developed for subharmonic mixers employing antiparallel
diodes. The availability of commercial Schottky devices, an in-house circuit
process as well as in-house manufacturing of the high precision mechanics has
played a key role for this development.

The main scientific contribution of this work, has been the development
of novel and practical sideband separation concepts employing subharmonic
Schottky diode mixers with embedded LNA’s, papers [A] and [B]. The demon-
stration of two novel sideband separation receivers using waveguide packaged
subharmonic mixers, has been important, as efficient 2SB operation can now
for the first time be considered for atmospheric sensing instruments as well
as for submillimetre wave instrumentation in general.

As a side result two novel differential phase shifter topologies have been
proposed and demonstrated paper [D]. The phase shifters are simple and have
a minimum lateral extension.

In paper [E] a novel approach of applying TRL-calibration at submil-
limetre wave frequencies has been proposed and demonstrated which makes
accurate characterisation of packaged THz-devices and circuits possible. The
proposed method is currently being evaluated but also applied in the develop-
ment of the Schottky TMIC process at Chalmers University of Technology. It
will allow for the characterization of diodes as well as 2-port characterization
of 3 and 4 terminal devices such as Wilkinson dividers, directional and hybrid
couplers etc. needed for advanced integrated circuit topologies.
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In general the prospects of developing advanced Schottky diode receivers
for atmospheric observations and planetary missions seem very promising. As
transistor technology is expected to become competitive to at least 300 GHz
the focus for Schottky development will be at submillimetre wavelengths from
300 GHz and up, improving efficiency and functionality of receiver systems.
We will see a continuous trend of integrating multiple receiver functions into
single waveguide modules and on chip integration using TMIC technology for
the realisation of compact, low weight, state of the art heterodyne receivers
and systems. This will enable new instrument configurations and measure-
ment methods important for atmospheric science and the understanding of
climate changes. Another consequence will be that other emerging applica-
tions in the fields of security, medicine and communication will have greater
probability to evolve.
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