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Abstract
The submillimetre wave band withholds a wealth of molecular
information in the form of spectral lines, originating from transitions between rotational and vibrational modes. By studying
the shape of the spectral lines the physical conditions of the observed species, such as temperature, wind and pressure can be
found. Radiometry is used in atmospheric research for extraction of the emission line frequency spectra. By the use of limbsounding techniques, where the limb of the Earths atmosphere is
scanned, the vertical distribution of gases can be resolved. This
enables the study of the chemical exchange mechanisms between
the atmospheric layers, processes that have implications on our
climate and environment.
In this thesis an integrated room temperature sideband separating receiver topology for future Earth atmospheric instruments
is presented. The possibility to separate the receiver sidebands is
important when spectral lines originating from the receiver upper
and lower sidebands, interfere with each other in the downconverted IF band.
The proposed 2SB receiver topology is based on a subharmonic IQ-mixer consisting of two subharmonic (x2) Schottky
diode DSB Mixers, two IF LNA MMIC’s and LO and RF 90
degree waveguide hybrids. The IQ-mixer together with an IF
90 degree hybrid or an IQ-correlator spectrometer, makes the
separation of the sidebands possible. The developed mixer has
the advantage of low RF and LO VSWR as 90 degree hybrids
are used, leading to improved performance compared to other
topologies. With an experimental modular sideband separating
mixer assembly, applying only a ﬁxed phase tuning of the I and
Q signals in 3 GHz IF bands, image rejection levels around 20
dB have been reached over the whole band.
Moreover two novel concepts for the realisation of diﬀerential
phase shifters are presented. The phase shifters are based on
very simple and compact ﬁlter structures with a minimum lateral
distribution. Thereto the ﬁlter structures themselves can be used
for signal distribution, leading to very eﬃcient designs suitable
for MMIC technology and submillimetre circuits.
A TRL-calibration methodology applicable for Terahertz Monolithic Integrated Circuits TMIC’s, is also proposed. The design
of a waveguide packaged membrane based TMIC TRL-kit is presented, which can be used for S-parameter characterisation of
submillimetre devices and circuits.
Keywords: submillimetre wave technology, heterodyne receivers,
Schottky diodes, subharmonic mixers, sideband separation, radiometers, phase shifters, diﬀerential phase shifters, S-parameter
measurements, TRL-calibration
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Chapter 1

Introduction
For future THz applications, 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 includes novel circuit integration schemes, packaging concepts
as well as ﬁnding new measurement and characterisation techniques.
This research project aims at developing new THz receiver topologies
based on GaAs Schottky diode technology [1–4], enabling new types of
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
instrument [5], with an operating frequency band of around 320 GHz
to 360 GHz. Such a device comes to a high cost due to it’s complexity,
however on system level, it will actually reduce the complexity considerably and enable new and more eﬃcient instrument conﬁgurations.

1.1

Background

Radio astronomy has indisputably been the main driver in the development of sensitive detectors operating in the submillimetre wave
range [6, 7], i.e. the electromagnetic spectrum from 300 GHz to 3
THz. Today we ﬁnd advanced submillimetre wave radio telescopes like
the ALMA interferometer project [8] and its precursor the APEX telescope [9], the Herschel Space Observatory [10] and COBE [11], dedicated
for exploration of various aspects of the universe. The submillimetre
wave band, constituting the lower part of the THz frequency band, is
of great importance, as it contains a large portion of the emission and
1

absorption lines [12], 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, security, etc., is being explored [13]. So far, one of the main obstacles has
been the high development costs of THz systems. Therefore, the way
towards consumer applications seems still long. A promising candidate
for true commercialisation of THz technology is silicon technology [14].
At present, ultimate low noise receivers used for radio astronomy are
based on cryogenic devices such as Superconductor-Insulator-Superconductor (SIS) tunnel junctions [15] and Hot Electron Bolometers (HEB’s)
[16] reaching quantum noise levels. 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 [17] and diode multipliers [18], has greatly improved the useability of heterodyne radio receivers.
Another important application of radiometry is atmospheric sensing
and earth observations [19]. Important parameters such as temperature,
pressure, wind speed and gas concentration can be extracted by studying the shape of the spectral lines. Atmospheric sensing of the Earth is
possible through ground based observations [20], air-born high altitude
observations from aeroplanes [21, 22], balloons [23] and sounding rockets [24], and by the use of space-born limb sounders and imagers [25]. In
contrast to radio astronomy observations, Earth observations are typically characterized by high brightness temperatures and short integration times [26]. Earth observations are also ideally made continuously
(on a daily or weekly basis) during many years (>7), to accommodate
for changes in between winter and summer as well as for naturally occurring irregularities in the climate cycle. It is then possible to detect
trends and make future predictions of the climate development [5]. 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 and because the impact of molecules diﬀer depending on the altitude they are at. The most eﬃcient way of extracting detailed vertical
information is by using limb sounding techniques, i.e. by scanning the
Earth’s limb, layer by layer. For continous monitoring this is ideally
done using space born instruments as large parts of the atmosphere can
be covered by a single satellite.

2

Atmospheric sensing has proven to be possible through the use of
less sensitive receivers such as those based on room temperature (RT)
GaAs Schottky diode technology. Being the predecessor of modern cryogenic technology, GaAs Schottky diodes have a long track record and
can be considered as low risk, high reliability alternative. The trade oﬀ
in-between scientiﬁc impact and cost makes the use of room temperature technology very attractive, as the complexity of test equipment and
facilities as well as test procedures is reduced, compared to cryogenic
receiver development. Also the choice of materials, assembly procedures
and more important the instrument design are simpliﬁed considerably.
Schottky based receiver systems can be made very compact (low weight)
and have no fundamental limitations in the operation lifetime, i.e. not
limited by the amount of cooling agent that can be brought on board
the satellite, which cryogenic devices typically are [11, 27], even though
active closed cycle cryogenic cooling systems like for SPICA [28] are
being developed, reducing the weight of the satellite dramatically.

1.2

Motivation and main results

At submillimetre wave frequencies sideband separating fundamental SIS
mixers have been employed for example in ALMA [8], where a generic
dual sideband (2SB) topology is used through out most of the bands
reaching image rejections better then 10 dB. In this case the noise of
the image band is rejected improving the sensitivity of the instrument.
When it comes to submillimetre wave Schottky technology, the development of waveguide based 2SB receivers using either fundamental or
subharmonic mixers has been nonexistent. However recently, as the
STEAMR instrument, which is a part of the ESA PREMIER mission [5]
intended for atmospheric observations, left the drawing board and entered a feasibility phase, the need for 2SB functionality has been addressed. The instrument baseline is a focal plane array of 14 heterodyne
receivers operating in the 320 GHz to 360 GHz range, whereof 8 are to
be 2SB with around 20 dB of image rejection. Since LO power comes
to a high cost at submillimetre frequencies subharmonic mixers [29] are
chosen as they have similar performance as fundamental mixers. The
motivation for having SSB receivers is that for atmospheric observations
typically a combination of many and broad spectral lines originating in
both sidebands (the eﬀect of line broadening is typically seen at lower
altitudes at which the atmospheric pressure is higher) can be observed,
see Fig. 1.1. To be able to resolve the individual lines a sideband separating topology becomes desirable. The instantaneous IF bandwidth for
the STEAMR instrument is around 15 GHz. For traditional radiometric
instruments that uses only one or a few DSB receivers, a modular approach i.e. using individual waveguide packaged mixers, multipliers and
3

Fig. 1.1: Simulated frequency spectrum of the atmosphere at 12 km altitude
as observed by the STEAMR microwave limbsounder, ESA [5] - courtesy of
D. Gerber.

coaxial packaged LNA’s, would have been suﬃcient and most cost eﬃcient. The integration and/or custom design of front-end components
is mainly motivated as new and higher standards are set for radiometric instruments, as the system performance can be improved by the
integration of components and by sharing and controlling mechanical
and electrical resources. Naturally there are trade oﬀs when choosing
integration level, variability of components and yield are two limiting
factors to consider.
Based on previous radiometer development at submillimetre frequencies at Omnisys Instruments AB, a 2SB submillimeter wave topology
for subharmonic mixers was proposed to the Swedish Research Council
(VR) 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 [30] [31] and
the development of a novel sideband separating SIS mixer [32]. The
main outline for realisation of this novel concept at submillimetre wave
frequencies is partially presented in Paper [A] with the main results
of the full realisation presented in Paper [D]. In addition, initiated as a
collaboration project with Rutherford Appleton Laboratories, a parallel
development and demonstration of the proposed subharmonic sideband
separating mixer topology has been conducted [33]. The advantage of
using a matched Y-junction or the equivalent double E-plane probe design [34] for the RF, is mainly the larger RF bandwidth, low losses and
ease of fabrication. However potential problems of this topology, such
as RF standing waves from mismatches and generated mixer RF noise
at the output, which are due to the poor isolation between the mixer
RF ports, have to be considered, as they will for instance lead to large
ripples in the image rejection response. This has lead to the develop4

ment of an alternative and completely new topology, Paper [D-E], where
a concept employing 90-degree LO and RF hybrids is proposed, leading to a considerable improvement in isolation between both RF and
LO ports. In addition, this feeding arrangements reduces the LO and
RF voltage standing wave ratio (VSWR) to a minimum, as ideally any
reﬂections at the LO and RF ports are terminated in the isolated 4:th
arm of the coupler. This reduces the eﬀects of RF mismatches seen in
the conversion loss response and leads to a more stable and broadband
frequency response in general.
In this thesis the design and characterisation of a sideband separating (2SB) low VSWR subharmonic (x2) GaAs Schottky barrier diode
mixer with integrated IF LNA MMIC’s is presented. It is comprised
of a 340 GHz IQ mixer that in addition with an IF quadrature hybrid
alternatively with an IQ-IF spectrometer back-end makes it possible
for the separation of the upper and lower sidebands. As a side result
two novel diﬀerential phase shifter topologies are proposed suitable for
planar integration giving an alternative to traditional waveguide based
phase shifter hybrid solutions, Paper [B]. A novel approach for characterisation of submillimetre devices and circuits is also presented using
waveguide embedded TRL-calibration integrated on THz membrane circuits, Paper [C]. Finally, in Paper [F] a short summary of the ALMA
Water Vapor Radiometer (WVR) development is presented, in which I
have mainly been involved in the design of the LO multiplier chain and
design of the IF ﬁlter bank.

5

Chapter 2

Radiometer systems
A Radiometer is a sensor that can detect radio waves ( electromagnetic radiation) in a certain frequency band. In atmospheric science the
received signal is most often generated by thermal radiation from the
object observed. The receiver subsystem is responsible for detection and
quantiﬁcation of the electromagnetic radiation. A summary of receiver
DSB noise comparing diﬀerent technologies is plotted in Fig. 2.1.
There are many diﬀerent types of radiometers [26], e.g. the total power,
Dicke, noise injection and correlation radiometer to mention the most
common ones. The choice of receiver technology 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. The calibration method can compensate to a large degree for
the system drift and instabilities and is relatively easily implemented.
For space-born applications the reference loads used for Dicke switching could be cold space (T ≈ 2.7 K) or/and thermally stabilised loads
onboard the satellite. For resolving characteristics of narrow molecular lines, spectral resolution in the order of MHz are needed. In such
applications heterodyne detectors with high resolution back-end spectrometers are used. A schematic of a general Dicke switch radiometer
system based on a heterodyne receiver is sketched in Fig. 2.2.
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. Some characteristics of state-of-the-art THz submillimeter
wave Schottky diode based receivers are:

- large instantaneous IF bandwidth (B > 20 GHz)

7

Fig. 2.1: Comparison of equivalent input DSB noise temperature results for
various receiver technologies; cooled and room temperature Schottky diode
mixers and receivers [19, 35–57], HEB receivers [57, 58], SIS receivers [57] and
various LNA’s [59–64].
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Fig. 2.2: Schematic of a Schottky based radiometer system.
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VCO

- LO power (∼ mW)
- sensitivity Trec,dsb (∼ 1000 K to 10000 K)
- are waveguide packaged and use horn antennas

The level of LO power that is required for eﬃcient pumping of the
mixer diodes can be reduced to some extent by proper circuit design,
by applying a DC bias to the diode or by using low bandgap materials
with lower turn on voltage. For Schottky based receivers in particular,
subharmonic GaAs diode mixers have become very popular since they
reduce the required LO pumping frequency by a factor of two or more.
In fact most of the high performance GaAs Schottky based radiometers
operating in the lower end of the submillimeter wave band, use subharmonic x2 mixers [29], which have a very little increase of mixer noise
and conversion loss compared to higher order harmonic mixers. The
total amount of power required for generating a LO signal at half the
RF frequency could in this way be reduced by as much as a factor of
10 compared to receivers based on fundamental mixers, given the low
eﬃciency of multipliers and that the LO chain power level has to be
raised. The number of components and gain in the LO chain is also
reduced increasing the stability and reliability of the system.
When looking at the design of the multiplier chain, components with
high eﬃcency, broad bandwidth and high multiplication factor are desirable. As these requirements do not necessary go hand in hand there
are trade oﬀs to consider. For the design of eﬃcient and stable multiplier chains, it is necessary to optimise each multiplier stage for the
speciﬁc power level and frequency at which it will operate. Another
important thing to consider is of course the availability of high power
ampliﬁers for pumping the multiplier chain. Active devices are typically
more eﬃcient and are therefor used at the highest possible frequency.
Various Schottky based doubler and tripler designs up to a couple of
THz have been reported, [18]. Output powers exceeding 1 mW around 1
THz, suﬃcient to pump a Schottky mixer, have been demonstrated using power combining techniques. Another interesting alternative is the
HBV diode [65], which has an inherent antiparallel IV and CV characteristic suitable for high frequency high power odd harmonic generation.
Heterodyne systems employing Schottky diode mixers are often used
at submillimeter wave frequencies, because the signal phase information
is preserved compared to direct detection, and because submillimetre
LNA technology is not yet an option. For such systems the mixer and
9

IF LNA are responsible for the larger part of the receiver noise contribution. The receiver equivalent input SSB noise temperature, assuming
no RF loss, can then be written as
Trec,ssb = Tmix,ssb + Lmix · Tlna

(2.1)

Thus, reducing the mixer noise Tmix,ssb is equally important as reducing the product of the mixer conversion loss Lmix and LNA equivalent input noise temperature Tlna . Moreover, minimising RF input
losses and mixer IF losses is also important as these will eﬀectively increase the receiver conversion loss but also contribute with extra noise.
Another characteristic of Schottky mixers is the high impedance at
the IF port, which is typically in the range of 100 Ohm to 300 Ohm.
The IF mismatch between the mixer and LNA leads to a ripple response, which limits the radiometer performance. Specially for applications which require large IF bandwidths, this can become a problem,
why the integration and co-design of a LNA and mixer must be considered. Instead of using impedance transformers or matching networks
in general, which can be considered as relatively narrow band and introduce additional losses, a better way would be to custom design the
LNA for a high input impedance and place it in the same housing as
the mixer with minimum separation distance.

10

Chapter 3

Diode mixers
In this chapter some basic theory of Schottky barrier diode mixers is discussed with focus on the important tradeoﬀs between device parameters
of modern high-speed Schottky devices. In ﬁgure Fig. 3.1 an example of
a fuzed quartz mixer circuit and antiparallel GaAs Schottky diode can
be seen.

3.1

Mixer theory

A mixer converts power from one frequency to another keeping the signal information intact by intermodulation with an LO signal. For a
downconverting mixer the input high frequency RF signal is downconverted to a low frequency IF signal, see Fig. 3.2. The mixer eﬃciency is
measured as the ratio of input and output power and is deﬁned as the
mixer conversion loss:

Fig. 3.1: Manufactured circuits and devices at Chalmers University of Technology. Fuzed quartz mixer circuit side by side with diode chip (top left),
microscopic photo of an antiparallel diode chip (bottom left) and a SEM
image of a similar device (right).

11

non linear device

RF

IF

LO
Fig. 3.2: Principle circuit schematic of a mixer.

Lmix =

PRF,in
PIF,out

(3.1)

In resistive diode mixers it is the non-linear voltage-current characteristic that is used for frequency mixing. A resistive switch, variable
from zero Ohms to inﬁnity, makes a good ﬁrst approximation of a resistive diode mixer. It has a theoretical conversion loss of -6 to-3.9 dB
assuming a sinusoidal to square waveform [66].
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 switching states, and is estimated to about 1 dB. The eﬀect of
mismatch losses contribute to an additional loss of about 1 dB. By this
very simple analysis values of the intrinsic mixer conversion loss not far
from simulated values of diode mixers, are obtained.
For Schottky diode mixers, degradation of the conversion eﬃciency
is mainly due to the series resistance Rs and parasitic capacitance.
In [67, 68] an analysis is made of this additional parasitic conversion
loss, for ﬁnding the important trade oﬀs in diode parameters for optimum performance at submillimetre wavelengths, 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 that are used for characterisation of the mixer performance. For submillimetre wave applications the lack of eﬃcient and
powerful LO sources, makes optmisation of the of required mixer LO
power important. Other important parameters are the RF, LO and IF
12

impedances, as well as conversion loss ﬂatness and spurious generation.
For image rejection mixers, IQ-mixers and sideband separating mixers
(2SB mixers), the phase and amplitude unbalance or image rejection
are signiﬁcative. For high performance radiometer applications, high
stability for accurate measurements is needed, why temperature drift
eﬀects etc. have to be considered.
The concept of using an antiparallel diode pair for subharmonic mixing, was proposed by Cohn in 1975 [29], with a performance similar to
fundamental mixers. The antisymmetric IV-relationship of an antiparallel diode pair has an intrinsic suppression of even harmonics when
pumped by a LO signal. As the diode pair conducts current in opposite
directions for the positive and negative periods of an applied sinusoidal
LO voltage, the eﬀective diﬀerential conductance versus applied voltage
becomes an even function (symmetrical). This results in a conductance
time domain waveform with half the period compared to the applied
LO signal, which is the fundamental principle behind subharmonic intermodulation. 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. In the same way currents containing the even
harmonics are conﬁned in the diode loop and canceled outside the diode
circuit. The most common mixer type is the subharmonic (x2) mixer
also referred to simply as a subharmonic mixer, which utilises the second harmonic of the LO signal for downconversion of the RF signal.

3.2

Schottky diodes

The name Schottky diode has been awarded Walter Schottky for his pioneering work during the 1930’s and 40’s in the ﬁeld of metal-semiconductor interfaces [69]. However the discovery of the rectifying eﬀect of a
metal to semiconductor transition goes as far back as to 1894 and experiments conducted by Ferdinand Braun on metal-sulﬁdes [70]. The
Schottky-barrier model proposed by Cowley and Sze [71, 72], explains
most of the characteristic phenomenons seen in Schottky rectiﬁers. It
includes the eﬀects of surface states in the metal-semiconductor junctions, ﬁrst pointed out by Bardeen [73], and the eﬀect of image-force
lowering of the barrier, also known as the Schottky eﬀect, which is more
pronounced in the backward biasing direction.
The main responsible forward current transport mechanism at room
temperature is thermionic emission. By applying a positive forward
voltage (positive at metal interface), leading to a positive oﬀset of the
thermal energy of electrons in the conduction band relative to the metal,
we allow for the transport of electrons over the barrier and into the metal
13
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Fig. 3.3: Electrical model of diode.

contact. The exponential dependence of the electron distribution, gives
the non-linear relationship between the forward current and applied
voltage:
I(V ) = IS (e

q(V −IRs )
ηkB T

− 1)

(3.2)

with Is being the reverse saturation current, Rs the series resistance,
η the diode ideality factor, kB the Boltzmann constant and T the temperature.
The Schottky diode is a majority carrier device and does not suffer from the slow recombination processes of PN junctions. Furthermore it can be designed with minimum parasitics owing to its simple
2-port structure (metal-semiconductor junction). The Schottky diode
is therefore well suited for high-speed operation with reported cut-oﬀ
frequencies reaching several THz. The cut-oﬀ frequency is deﬁned as:
fc =

1
2πRs Ctot

(3.3)

with Ctot being the diode chip total capacitance. The rule of thumb
is to have a cut-oﬀ frequency ten times higher then the operating frequency. However, the cut-oﬀ frequency does not give a measure on the
conversion eﬃciency, bandwidth or noise. That is why the device parameters Rs , Cj0 , η and Ctot are used instead as they are relatively few
and give a more direct measure of the expected device performance. In
Fig. 3.3 an electrical circuit representation of the diode is shown.
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Optimisation of the Schottky barrier and parasitics is crucial for
submillimetre frequency operation. Epilayer thickness, doping concentration, contact size and layout have to be optimised. In general the
epilayer thickness is chosen to be around one zero bias depletion width,
as to large thickness will only add to the resistance. The doping concentration for high frequency diodes is chosen rather high, in order to reduce
the series resistance coming from the undepleted region of the epilayer
and to reduce hot electron eﬀects, but without increasing the tunneling
eﬀects and leakage current to much. As the resistance increases and
the junction capacitance decreases with smaller anode size, there is a
trade oﬀ in between these two parameters inﬂuencing the diode cutoﬀ frequency, bandwidth and noise. In other words, THz diodes have
to be small enough to eliminate parasitic losses due to the junction
capacitance keeping the series resistance at a minimum to reduce the
conversion losses and noise.
When it comes to the structure of modern THz Schottky diodes used
for THz detectors and sources, planar devices are prefered to whisker
contacted devices owing to there ability to withstand stresses and the
superior repeatability. The assembly of planar devices is also less challenging. Moreover, complex diode structures such as antiparallell, antiseries and in-series diode conﬁgurations found in subharmonic mixers, balanced mixers and multipliers are only possible thanks to planar
technology. For the diode chip design, trade oﬀs also exist. The most
important is between pad capacitance, ﬁnger inductance and ﬁnger capacitance [74], which inﬂuence the device performance. A lumped model
of a antiparallell diode and its 3D correspondence is shown in Fig. 3.4.
Device modeling and parameter extraction requires some kind of lumped
device model. The lumped model is important for optimisation and design of a device structure to be able to understand the various parasitic
contributions. When functional it can to a large extent replace tedious
3D-EM simulations.

3.3

Noise theory

There are three mechanisms that mainly contribute to the diode intrinsic noise. These are the shot noise, thermal noise and hot electron
noise [76].
The shot noise comes from the discrete nature of the non-linear
current mechanism of the diode and is due to random variations of the
electrons passing through the barrier.
Thermal noise (also called Johnson or Nyquist noise) is due to the
diodes series resistance and is together with shot noise a major noise
contributor in room temperature applications.
Hot electron noise (hot noise) or high ﬁeld noise, which is due to
a non-equilibrium distribution of electrons in the conduction band and
15
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Fig. 3.4: Lumped model of the anti-parallel planar diode with mutual inductive coupling between ﬁngers [75] on top of a 3D-model with coaxial ports
.

scattering eﬀects, will come in to eﬀect at high current distributions and
voltages.
When cooling a diode, the thermal noise contribution will decrease
and the eﬀects of shot noise will start to dominate, this is why we say
that the cooled Schottky diode is shot noise limited. For high frequency
resistive mode operation the parasitic junction capacitance parallel with
the barrier has to be reduced for eﬃcient coupling of power to the
diode. The consequence, as stated earlier, is that smaller devices have
to be used leading to an increase in series resistance, since it is inversely
proportional to the contact area and contact circumference. The series
resistance will also increase due to the skin eﬀect. Overpumping diodes
leads to strong current densities in the barrier causing an increase in
the total noise that is due to hot electron noise, mainly coming from
diﬀerent scattering eﬀects. Applying a DC bias would also increase the
noise as the average current density is increased. A general noise model
adopting the eﬀects of thermal, shot noise and hot noise contributions,
can be used [77] for accurate prediction of mixer noise.
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Chapter 4

Design of subharmonic mixer
This chapter deals with the general aspects of basic waveguide coupled
circuit designs. The emphasis is on the design of a subharmonic x2
mixer employing antiparallell diodes, for which a ”divide and conquer”
design approach has been adopted, breaking up and identifying the
various circuit parts and allowing for a systematic design approach, see
Fig. 4.1. Moreover ideal to full 3D simulations have been compared,
pointing out the importance of 3D modeling to more accurately include
the eﬀects of device parasitics. Finally considerations of the 2SB mixer
design are presented.
The design process ﬂow, seen in Fig. 4.1, starts by deﬁnition of the
topology and is then divided into separate parts that can be designed
independently. These designs are then combined one by one and a cooptimisation is done.

4.1

Circuit technology considerations

The choice of circuit technology is important and mainly decided by the
technologies that are at hand. Submillimetre wave circuit implementations ranges from the simpler low frequency hybrid circuits, that use
quartz carriers and ﬂip chip mounted discrete diodes, to high frequency
membrane MIC with an arsenal of circuit features such as beamleads,
on chip resistors and capacitors. In between we ﬁnd circuit technology hybrids such as quartz circuit carriers with beamleads and/or with
integrated active components using substrate transfer techniques, and
custom MIC’s with integrated waveguide probes, that have been thinned
down to extreme thicknesses.
The choice of circuit technology will inﬂuence and limit the number of choices for the circuit topology. For waveguide packaged mixers,
which are considered here, the machining capabilities will also inﬂuence
the choice of topology as waveguide components and waveguide to circuit transitions are vital parts of the design. For this particular mixer
17

Fig. 4.1: Mixer design process ﬂow chart.

design the goal was to use circuits that can be fabricated commercially,
why a hybrid circuit design using a quartz carrier and a discrete diode
chip was chosen. Hybrid circuits using ultra thin quartz substrates and
discrete anti parallel diode chips that are soldered up side down (ﬂipchip mounted) on to the quartz carrier, have been reported up to about
600 GHz. It is also the highest frequency for which discrete commercial
diodes are available [78].
To minimise the number of critical assembly steps and maximise repeatability of the circuit assembly a suspended inverted mixer topology
was chosen, similar to [40]. To be able to use commercially available
circuit fabrication processes and for the substrate to be able to withstand stresses due to the extremely long circuit dimensions (∼5 mm) of
the design compared to the thickness (∼75 μm) and width (∼240 μm),
the substrate thickness was maximised. Furthermore, as this topology
optimally requires reduced height waveguides, both for the RF and LO,
it sets slightly tougher requirement on the machining capabilities com18

pared to full height waveguide mixer designs.

4.2

Subharmonic (x2) mixer topologies

Eﬃcient subharmonic intermodulation can be achieved using a single
diode, by designing idlers at the undesired multiples of the LO frequencies. However diﬃculties in separating the RF signal from the LO has
lead to the development of the more common antiparallel diode topology which inherently suppresses even harmonics.
The subharmonic x2 mixer uses half the eﬀective LO frequency giving almost the same conversion eﬃciency and noise as fundamental single ended diode mixers. It also gives a natural separation of the RF
and LO ports that simpliﬁes the circuit design considerably. An antiparallel diode conﬁguration can be implemented either in a series circuit
conﬁguration or in a shunt circuit conﬁguration to ground. The main
diﬀerence of these two topologies is that the blocking ﬁlters have to
provide a short circuit in one case and an open circuit in the other, see
Fig. 4.2.
The antiparallell chip is more suitable for high frequency operation
as its circuit realisation is much simpler then for the diode series pair,
which requires a ground connection for the diodes. The diode series
pair conﬁguration becomes interesting for THz Monolithic Integrated
Circuits (TMIC) designs, which allow realisation of more complicated
circuit structures and possibility to individually bias the diodes [79].

4.3

E-ﬁeld coupled rectangular waveguide to
planar transmission line transitions

The purpouse of the waveguide probe is to eﬃciently couple power from
the planar transmission line mode to the rectangular waveguide mode.
In this context we only consider the speciﬁc case of probes coupling to
the fundamental TE10 mode of rectangular waveguides with a 2:1 ratio. Supporting only one polarization this is by far the most common
waveguide type used in submillimetre wave mixer applications. We also
consider the case in which the transmission line is situated on a substrate inside a shielded channel. The mode of the planar transmission
line is either in microstrip, suspended stripline, CPW or a combination
thereof, as the tightly shielded environment will lead to coupling to the
surrounding ground walls. Even under such limitations numerous types
of waveguide probes are possible to design. The transmission line plane
can be oriented in or perpendicular to the E-plane of the waveguide
mode. The choice will have an inﬂuence on how the mechanics are
to be machined, possibility to integrate other waveguide components
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Fig. 4.2: Schematic of series (top) and shunt (bottom) type mixer topologies
employing antiparallel diodes.

and assembly cavities to the same block. It will also aﬀect the probe
response, in terms of bandwidth and matching properties and the physical shape of the probe design. In our case we consider E-plane type
splitblocks, which are typically used for broadband high frequency and
low loss applications, as the current of the waveguide mode is propagating along the split and not across it.
When deciding on the probe functionality, the simplest case is when
no additional functionality is needed, that is a single E-ﬁeld probe with
a waveguide backshort. If a ground connection is needed a planar backshort can be used similar to the mixer design RF probe seen in Fig. 4.8.
The transmission line backshort can be replaced by a RF choke ﬁlter
providing an alternative path at lower frequencies, see Fig. 4.6. Full
height waveguides or reduced height waveguide with broader frequency
response can be used. Reduced height waveguides are however more
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diﬃcult to fabricate, as they require larger aspect ratios of the cutting
tool. The use of reduced height waveguides can also provide additional
tuning functionality when the probe is a part of a matching circuit or
when matching is done in the waveguide, and is commonly used in various waveguide based circuit designs.
By putting an additional probe in the same plane as the single Eﬁeld probe, but on the opposite side of the waveguide a balanced dual
probe design can be made with the two probe feeds being 180 degree
out of phase [34]. It is also possible to design diﬀerential (balanced)
line probes [80, 81], with a single launch entering the short length side
of the waveguide. For doubler designs a crossbar type topology is very
common, having the active components integrated with the waveguide
probe. This topology features a center feed at the end of the waveguide backshort which is isolated from the fundamental waveguide mode.
Another diﬀerential probe that also is launched at the back short end
of the waveguide uses a dipole antenna for coupling to the waveguide
mode [82]. It is also possible to utilise a tapered ridged waveguide
structure for transformation from a microstrip type mode to the TE-10
waveguide mode [83].

4.4

Planar ﬁlter structures

The most commonly used planar submillimetre wave ﬁlter is probably
the RF choke ﬁlter with alternating low and high impedance quarter
wavelength long sections, see Fig. 4.6 and Fig. 4.7. This ﬁlter topology
oﬀers a very good rejection to a relative few number of sections. The
main advantage of using it is that for hybrid circuits the same substrate is also used for coupling to the waveguide mode, which requires
an eﬀective substrate/mounting channel width below cutoﬀ. This gives
very little or no space for the realisation of open stubs. A less common
alternative is to use the more complex hammerhead ﬁlter topology or
curved open stubs.
Electrical shorts require some kind of grounding mechanism i.e.
plated vias or beamleads, for this advanced processing is however required. Traditional bondwires are to large in size and are to inaccurate
to be used. An alternative is to use gold wires soldered to the block
and to the circuit in a similar fashion as the soldering of the diode chip,
however this is not advantageous from a repeatability and production
perspective. Therefore ﬁlter topologies requiring electrical ground are
avoided as much as possible.
The best way in terms of reproducibility and ease of assembly of
grounding the circuit is by using beamleads that are clamped in be21
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Fig. 4.3: Full 3D-Model used for EM simulation of the ﬂip-chip mounted
antiparallel diode chip.

tween the two split blocks. Beamlead manufacturing requires a process
in which the substrate carrier is etched away. Both quartz circuits and
GaAs circuits can be manufactured with beamleads by etching and/or
lapping techniques. An alternative to beamleads is to suspend the substrate in an inverted position, in which the suspension points can be
used as ground connections to the block or as signal connections for low
frequency or DC interfaces.
Coupled line ﬁlters are easily implemented and could give advantages
in terms of bandwidth and better match. Multisection coupled line
ﬁlters typically suﬀer from high transmission losses but also add directly
to the total length of the circuit and are therefore avoided. On chip
capacitors are mainly used for providing a DC connection for biasing
working as AC ground.

4.5

3D-modeling of diode

To be able to accurately predict the diode chip optimum embedding
impedances a full 3D EM simulation of the diode chip in its circuit environment is necessary, see Fig. 4.3. By replacing the active part of the
diode with internal coaxial or lumped port [74], the diode non-linear
part and passive circuit part can be combined, see Fig. 4.4. The diode
pad interface has been extruded and the transmission line ports are later
de-embedded back to the diode reference planes.
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Fig. 4.4: Principle HB simulation setup of the aniparallell diode mixer topology, ideal case (left) and combining 3D-EM simulations of the diode chip.

4.6

Diode embedding impedances

By adding the inﬂuence of the chip parasitics, the optimum embedding impedances change dramatically compared to the ideal case. The
3D EM simulation of the diode chip with internal ports for the active components was imported in the form of a S-parameter ﬁle. The
diode component was then connected to the internal ports and down
to ground. Important is to consider the phase of the port and diode in
order to get the antiparallell conﬁguration right, see Fig. 4.4. By running harmonic balance simulations, the optimum conversion loss RF,
LO and IF impedances can be found, see Fig. 4.5. The optimum noise
and conversion loss points are assumed to be close one another, why
the mixer design was mainly based on the conversion loss simulations,
similar approach as in [74]. Idlers for the remaining frequency mixing
products have to be used, and were in this case implemented by using
a frequency dependent source impedance deﬁnition. Diﬀerent simulations schemes, applying perfect ground (ideal), open or 10 Ohm (average
real) for the termination of the mixing products, were used without any
large impact on the optimum embedding impedances. The LO power
level was found to be an important parameter for reaching convergence
in the simulation. Another way to include the parasitics of the diode
is by a lumped model, which can be based on 3D-EM modeling, and
when complete oﬀers a very eﬃcient way of parameterised modeling and
optimisation of the diode structure.

4.7

LO/IF ﬁlter circuit

Before starting on the more extensive LO and RF ciruit design, it is a
good idea to get acquainted with the waveguide circuit environment by
investigating the design of the LO/IF duplex ﬁlter, see Fig. 4.6. This
particular design can be divided into three parts, partial design of a
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Fig. 4.5: Comparing HB simulated optimum RF (triangles) and LO (circles)
conversion loss diode embedding impedances (compared with [40, 74]) for fLO
= 170 GHz, fRF = 340 GHz and PLO = 1 dBm, for ideal antiparallell diodes
using the VDI-SD1T7-D20 chip parameters with Rs = 13 Cj0 = 1.5 and η =
1.3, and conversion loss contours from 5.5 dB to 7.1 dB in 0.2 dB steps for the
VDI-SC1T2-D20 chip with Rs = 8, Cj0 = 3.5 and η = 1.2, including 3D-EM
modeling.
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Fig. 4.6: Full 3D-Model used for EM simulation of the complete LO/IF duplex
ﬁlter.

symmetrical LO probe (to WR-05), design of a planar LO stop ﬁlter,
and ﬁnal co-optimisation of the two. The harmonic balance simulations suggest an optimum IF impedance of above 100 Ohms, which was
chosen as the characteristic impedance for the transmission line port interfaces. The characteristic impedance also has to give reasonable line
widths for the low and high impedance ﬁlters and will eﬀect the matching circuit design. Moreover a larger characteristic transmission line
impedance, results in a smaller transformation ratio to the waveguide
mode impedance (larger then 300 Ohms) simplifying the design of the
waveguide probe.

4.8

LO matching circuit

Once the diode chip optimum embedding impedances are found the
design of the matching circuits can start. The LO matching circuit
should also work as an RF stop ﬁlter and provide a ground return for
the RF signal at the diode. Diﬀerent options for the realisation of the
LO circuit exist. Important to consider is that the RF ground response
will eﬀect the RF bandwidth. For our application the LO absolute
bandwidth is less then 5 GHz at 170 GHz which corresponds to about
3 %. The RF bandwidth is about 45 GHz at 340 GHz corresponding
to more then 13 %. Therefore a RF choke ﬁlter topology with a low
impedance section directly at the diode chip was chosen, as it gives the
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Fig. 4.7: Full 3D-Model used for EM simulation of the RF ground/ LO matching circuit.

most broadband RF response, see Fig. 4.7. The remaining sections were
then optimised to maintain the broad RF ground response and give a
suﬃcient match for the LO signal. 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, in which the diode port is de-embedded to
the correct diode reference position.

4.9

RF matching circuit

The RF matching circuit contains both planar circuitry, as the diode is
positioned inside the mounting channel and a 3D waveguide part (WR2.8) using a reduced height waveguide in the part where the RF coupling
probe is positioned, see Fig. 4.8. Moreover a planar backshort on the
other side of the waveguide is used for an IF ground return which also
is transformed back through the RF probe and matching structure to
a LO ground at the diode chip. The reduced height not only works
as an extra matching section for the RF matching network, but also
reduces the distance between the planar short and the diode chip which
is required to be approximately half a wavelength at the LO frequency.
The diode chip interface is also included in the simulation in which the
diode port is de-embedded to the correct diode reference position.

4.10

Mixer circuit modeling

When all subcircuits have been optimised the complete mixer is simulated and ﬁnal tweaks can be made, see Fig. 4.9. The S-parameters of
this simulation can then be plugged into the HB-simulation. The designed matching circuits reﬂection coeﬃcients are presented in Fig. 4.10
on top of the optimum conversion loss contours.
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Fig. 4.9: Full 3D-Model used for EM simulation of the complete mixer design.
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Fig. 4.10: Equivalent reﬂection coeﬃcients of the RF and LO matching circuits seen from the diode reference plane for the RF, LO and IF frequencies.

4.11

2SB mixer design

Sideband separation (2SB) could be implemented using waveguide or
quasioptical diplexers and image rejection ﬁlters [84]. These are however
bulky, expensive and have little or no tunability in frequency. Moreover
any losses in the RF path leading to the receiver will directly translate to
an increase of the noise temperature. For these reasons a waveguide integrated sideband separating mixers approach was chosen, with relative
low input losses and broadband frequency characteristics. Traditional
waveguide components such as branch guide couplers and Y-matched
waveguide junctions have been the building blocks considered for realisation of the mixer, as they are relatively easily implemented. By
simple analysis of sideband separating subharmonic mixer topologies,
with the eﬀective LO phase diﬀerence being twice of the subharmonic
LO hybrid, the following hybrid topologies are possible, see Fig. 4.11.
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Fig. 4.11: Schematic of possible 2SB mixer conﬁgurations employing subharmonic mixers and various hybrid options.
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Chapter 5

Characterisation of mixers
This chapter discusses Y-factor measurements in general and the diﬀerent measurement setups that have been used for characterisation of the
mixers that are presented.

5.1

Noise measurements

In this chapter the basic theory of Y-factor characterization of DSB mixers is brieﬂy touched up on. Much of the analysis can be found in [76].
SSB Y-factor measurements are also possible but require measurements
of the image rejection [85]. However, such measurements have not yet
been conducted and are therefore left out in this discussion.
The Y-factor of the receiver system is measured using two reference loads at diﬀerent temperatures, see Fig. 5.1. We used hot (RT
EccosorbT M absorber, 290 K) and cold (EccosorbT M in liquid nitrogen, 77 K) load terminations coupling to a horn antenna connected to
the mixer. The Y-factor is deﬁned as the ratio between the measured
hot and cold load noise power at the IF port. A power meter is connected via a YIG-ﬁlter (with a typical bandwidth around 50 MHz) to
the output of a IF LNA chain, in order to get a good frequency resolution. For DSB mixers the radiation from the upper and lower sidebands
will be added together at the downconverted IF band and therefore it
has to be accounted for twice.
The total input noise power Ptot can be expressed as the sum of
the noise power delivered by the load with equivalent noise temperature
Tload to the antenna plus the equivalent receiver system input noise
power and its equivalent receiver SSB input noise temperature Trec.,ssb .
The detected output power depends on the system gain G and bandwidth B (in this case deﬁned by the YIG-ﬁlter), and can be written as:
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Fig. 5.1: Schematic of hot and cold load setup for Y-factor measurements.

Ptot = (Trec.,ssb + 2 · Tload )G · kB · B

(5.1)

with kB being the Boltzmann constant. The Y-factor is then deﬁned
as:

Y ≡

(Trec.,ssb + 2 · Thot )G · kB · B
Phot
=
Pcold
(Trec.,ssb + 2 · Tcold )G · kB · B

(5.2)

We can see that the Y-factor which is the ratio in the received total
hot to cold noise power, is independent of the unknown B and G parameters and only depends on the known hot and cold load temperatures
Thot and Tcold respectively, and the unknown receiver noise temperature. The generated noise power from the load, is coming in from both
sidebands why there is a multiplication factor of two in front of the
equivalent load temperature term. If we divide the numerator and denominator by two we get the equivalent expression for the receiver DSB
noise temperature.
Y =

(Trec.,dsb + Thot )
(Trec.,dsb + Tcold )

(5.3)

In this analysis the upper and lower sidebands are assumed to contribute equally to the receiver noise temperature (in reality they diﬀer
and we have a sideband ratio to consider). The DSB noise temperature
can then be deﬁned as the total equivalent input noise temperature
equally divided over each sideband. The SSB noise temperature is deﬁned as the equivalent input noise temperature entering only from one
sideband where the other sideband has no noise contribution, that is
why the SSB noise is twice as high as the DSB noise. The important
thing to keep in mind in the general confusion between the SSB and
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Table 5.1: Receiver DSB noise temperature in Kelvin versus Y-factor in dB
with Thot =300 K (RT) and Tcold =77 K (LN)

Y [dB]
0.1
0.2
0.3
0.4
0.5

Trec.,dsb [K]
9500
4650
3040
2230
1750

Y [dB]
0.6
0.7
0.8
0.9
1

Trec.,dsb [K]
1430
1200
1030
890
780

DSB conventions, is that any continuum noise radiation seen by the
receiver antenna enters the system through both sidebands and must
therefore be accounted for twice.
Equation 5.3 can be solved with respect to the unknown receiver
noise temperature:

Trec.,dsb =

Thot − Y · Tcold
Y −1

(5.4)

We now have a way of directly estimating the receiver input noise
temperature using Y-factor measurements. In Table 5.1 values of the
receiver noise temperature versus Y-factor are shown. By adding an
attenuator with a known attenuation 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 [76]:
Tatt = Tamb (Latt − 1)

(5.5)

The input noise temperature for a 3 dB attenuator in room temperature is 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. The receiver
input noise temperature can now be rewritten as:

Trec,ssb,att = Tmix,ssb + Lmix (Tamb (Latt − 1) + Latt · Tlna )

(5.6)

By subtracting the nominally measured receiver noise temperature
Trec.,ssb from the one using a 3 dB attenuator Trec.,ssb,att setting Latt =2
and solving the equation for Lmix , we can get an explicit expression for
the mixer conversion loss as a function of the diﬀerence in measured
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Table 5.2: Mixer conversion loss Lmix versus measured receiver noise diﬀerence Delta with and without a 3 dB attenuator assuming a Tlna of 50 K and
100 K respectively.

Delta [K]
1000
1250
1500
1750
2000

Lmix,50K [dB]
5.7
7.1
8.6
10
11.4

Lmix,100K [dB]
5
6.3
7.5
8.8
10

receiver noise temperature and the LNA equivalent noise temperature.

Lmix =

Trec,ssb,att − Trec,ssb
Tamb + Tlna

(5.7)

In Table 5.2 values for the mixer conversion loss versus diﬀerence in
measured receiver noise temperature are shown.
If we know the IF chain noise temperature, we can easily calculate
the equivalent mixer input noise by subtracting the IF noise contribution. A ﬁrst approximation is to assume matched conditions between
the LNA and mixer and that additional IF noise from backend can be
neglected. In Fig. 5.2 the extracted mixer noise is plotted over IF frequency. In this particular setup a coaxial packaged Chalmers 1-14 GHz
LNA module (design by Niklas Wadefalk), with 50 K to 100 K noise
temperature and 34 dB to 37 dB gain was used together with a 1.5 GHz
to 9 GHz YIG ﬁlter from Micro Lambda Wireless Inc. with about 40
MHz bandwidth. A resonance slightly above 11 GHz coming from the
YIG can be observed in the measurement.
Additional broadband IF ampliﬁers from MITEQ and a power meter
were also used. A matlab (or labview) interface was then used for data
readout and tuning of the YIG ﬁlter and speed of the chopper wheel.
No thermal stabilisation of any components was used other then the
heater of the YIG ﬁlter.

5.2

Image rejection measurements

A good way of measuring the image rejection is to use a CW signal
at the RF frequency. A single tone multiplier chain can be used or,
as was done in these measurements, a comb generator, with a spurious response generating all the harmonics of the fundamental pumping
frequency (typically 11 GHz - 18 GHz). For an IQ-mixer setup the
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Mixer DSB Noise Temperature (K)

Mixer Conversion Loss (dB)

IF Frequency (GHz)
Fig. 5.2: Measured equivalent mixer DSB input noise and conversion loss at
158 GHz and 3.6 dBm of LO frequency and power respectively.

phase and amplitude of the I and Q signals could be compared using an
oscilloscope and the corresponding image rejection could be calculated.
However the large IF bandwidth of the mixer (4 GHz - 21 GHz) requires
the use of an additional IF downconverter chain complicating the setup.
Instead an IF 90 degree hybrid was connected to the IQ-mixer forming
a sideband separating mixer, and the signal power levels at the two IF
outputs were instead compared, giving a direct measure of the image
rejection. This of course includes the unbalance in the IF hybrid, which
in our case can be considered as negligible as the mixer unbalance is
relatively large.
The measured 2SB receiver consisted of two separate mixers with integrated LNA’s and separate RF and LO hybrid modules. Two mechanical phase tuners were connected to each mixer IF port and phase
matched semirigid coaxial cables were connected to various IF hybrids
together covering the 2-18 GHz band. The image rejection was optimized in 3 GHz bands, by using only phase tuning, no amplitude
tuning was used. The measured image rejection is presented in Fig. 5.3.
A simple amplitude tuning could be applied 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
compensation needed.
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Image Rejection (dB)

Phase (Deg)

RF Frequency (GHz)
Fig. 5.3: Measured image rejection at 168 GHz LO frequency, using ﬁrst order
phase compensation in 3 GHz IF bands.

5.3

CW conversion loss measurements

For veriﬁcation of the conversion loss measurements using the Y-factor
measurement method, a CW measurement was done. The RF CW
source consisted of diﬀerent prototype W-band multiplier chain setups
that were developed for the ALMA Water Vapor Radiometer (WVR).
The most powerful multiplier module was comprised of two WR-08
waveguide packaged series connected ampliﬁer modules (Hittite AUH317 ampliﬁer chip from Velocium, Northrop Grumman) and a passive
x3 multiplier module with WR-08 waveguide output interface and a
coaxial input interface at around 30 GHz, capable of producing more
then 80 mW of output power over the 80 GHz to 90 GHz frequency
range, paper [E,F].
A VDI high power Schottky doubler module (WR-10 to WR-05) followed by a medium power VDI Schottky doubler (WR-05 to WR-2.8)
was then used for multiplication up to 300 GHz. The output power of
the speciﬁc W-band module used in the setup was not high enough to
saturate the VDI x4 chain leading to large ripple in the ﬁnal output
power.
By the use of a spectrum analyser the purity of the IF signal could
be veriﬁed. A power meter was then used for automated measurements
enabling frequency sweeps. In Fig. 5.4 the measured mixer conversion
loss is shown. We see that the measured conversion loss is within about 2
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Mixer Conversion Loss (dB)

RF Frequency (GHz)
Fig. 5.4: Measured conversion loss at 160 GHz and 170 GHz LO frequency
using a RF CW source.

dB of the conversion loss level in the Y-factor measurements. There is a
clear periodic ripple in the response in both curves, which were measured
at diﬀerent LO frequencies. This points to a large RF standing wave
eﬀecting the accuracy of this measurement. By changing the setup to
include an isolator or attenuator the RF standing wave could potentially
be decreased improving the accuracy of this measurement.
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Chapter 6

Conclusions and future
outlook
In this thesis work the goal has been to develop practical submm-wave
Schottky diode mixers with improved functionality, comparing with existing commercially available mixers. This has involved various aspects
of mechanical manufacturing and design, electrical modeling, circuit
design and manufacturing, assembly and device and circuit characterisation. A simple and clear design methodology 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 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 Papers [A, D, E]. The demonstration of two novel and compact concepts for sideband separation 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 [B]. The phase shifters have
interesting features such as small lateral extension and possibility to
utilise the longitudinal distribution of the component for more eﬃcient
layouts suitable for MMIC and TMIC applications. Finally a novel approach of applying TRL-calibration at submillimetre wave frequencies
has been proposed and demonstrated which makes more accurate characterisation of THz-devices and circuits possible, Paper [C]. This should
allow for better prediction of device parameters and lead to improved
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performance of THz circuits and systems.
In general the prospects of developing Schottky diode technology
based receiver systems for atmospheric observations and planetary missions seem very promising looking at the technology development roadmaps for the coming 10+ years. As the feasability of using transistor
technology is expected to be pushed up to at least 300 GHz the focus
for Schottky development will be at submillimetre wave wavelengths
from 300 GHz and up, improving eﬃciency and functionality of receiver
systems. We will see a continuous trend of integrating multiple receiver
functions in to 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 measurement methods and eventually lead to
better climate and weather forecasts as well as understanding of the atmospheric processes. Another consequence will be that other emerging
applications in the ﬁelds of security, medicine and communication will
have greater probability to evolve and reach the market. If soo, we will
see a revolution of new applications closing the THz gap and opening
the THz window for good.
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