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Abstract
Future ground based and space-borne meteorological instruments require sensitive
heterodyne terahertz receivers in order to study precipitation and atmospheric tem-
perature. Meteorological research is dependent on accurate water vapour measure-
ments, typically performed with receivers at 183.3 GHz. These receivers require
low noise mixers in order to meet the sensitivity requirement. At frequencies below
approximately 400 GHz conventional mixers use flip-chip soldered discrete Schottky
diodes. The flip-chip technique is unreliable and typically prohibits post-mount vi-
sual inspection of the diode anode, which is an important qualification step for space
applications. Moreover, mechanical stresses introduced during the mixer circuit as-
sembly can degrade the reliability. To overcome these problems a beamlead GaAs
Schottky diode 183 GHz subharmonic mixer, implemented with a microstrip cir-
cuit topology, has been designed. The beamlead diode enables full visual inspection
and the robust mounting of the microstrip circuit minimises the mechanical stress.
Simulations showed a minimum conversion loss of 6.2 dB including conductor losses
at a local oscillator frequency of 91 GHz and a power level of 2.5 dBm. The RF
bandwidth was 15 % with a centre frequency of 183 GHz and the LO bandwidth
was 6 % with a centre frequency of 91 GHz. The mixer was integrated with an IF
LNA and measurements showed a state-of-the-art minimum receiver and mixer DSB
noise temperature of 550 K and 400 K respectively at 1.6 mW of LO power which
was in good agreement with the simulations.

Keywords: Schottky diodes, subharmonic mixer, thin film circuits, heterodyne re-
ceivers
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1
Introduction

1.1 Background

Climate change is an often discussed topic today and the request for meteorolog-
ical data is increasing as scientists try to understand the mechanisms that drive
the climate system. The meteorological research is dependent on ground based and
space-borne sensitive instruments with high resolution in order to perform measure-
ments on precipitation, snowfall, atmospheric temperature and the depth of the
melting sea-ice [1], [2]. These measurements contribute to a deeper understanding
of the present and future climate change.

Water vapour in the atmosphere is of great interest in meteorological research
since it plays a major role in the Earth's radiative budget [3] and in the interaction
between clouds and aerosols [4] but also since it is used to perform numerical weather
forecasts through snowfall coverage imaging [1]. Water vapour can be measured by
observing one of the two channels at 23.8 GHz and 183.3 GHz where the latter
channel is 10 - 100 times more sensitive to water vapour compared to the 23.8 GHz
channel. Receivers need to have high sensitivity when measuring snow fall coverage
(high spatial resolution) [1] and when measuring the water vapour pro�le (high
accuracy and temporal resolution) which can be used to calibrate instruments [5].

To obtain sensitive receivers at 183.3 GHz Schottky diode mixers are used as a
�rst detection stage due to their low noise contribution [6]. Low noise ampli�ers
can also be used as a �rst detection stage but they have a higher equivalent noise
temperature at room temperature in general [7]. The recent Schottky diode mixer
designs at frequencies above 100 GHz and below 400 GHz use a so called �ip-chip
technique where the discrete diode is soldered upside down onto the circuit [8]�[10].
Furthermore, many designs use an inverted suspended microstrip topology where
the circuit is glued upside down to minimise the electrical length to the DC-ground
[8]�[10]. The diode and the circuitry in such designs cannot be visually inspected
which is an important quali�cation step for space-borne receivers. It has also been
observed that the suspended microstrip topology has a degraded reliability due to
mechanically stressed substrates [10] making such a mixer hard to implement.

In this thesis is a visually inspectable mixer circuit topology presented which
utilise the beamlead GaAs Schottky diode technology from Chalmers University
of Technology. The non-�ipped beamlead diode is in direct contact with the DC-
ground and a modi�ed microstrip topology has been implemented to obtain a relaxed
substrate. The mixer design has shown to give low noise at 183 GHz making it
suitable for water vapour measurements.
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1.2 Summary of room temperature Schottky diode
mixers

A summary of room temperature (RT) Schottky diode (SD) mixers is presented
in Figure 1.1. Omnisys Instruments AB (Omnisys) has during the past 10 years
delivered state-of-the-art receivers for frequencies from 300 GHz up to 1.2 THz
[11], these receivers are seen in yellow triangles. The grey curve correspond to 50
times the minimum quantum noise limit, hf=k B , (h is Planck's constant,f is the
frequency andkB is Boltzmann's constant) which represent the absolute minimum
achievable noise. It can be seen that the mixers and receivers follow the grey curve
and it is therefore expected that a mixer at 183 GHz should be able to give a noise
temperature of 400 K which has not been shown [6], [12].

The increase in noise can be explained by many factors. The parasitic capacitance
in the diode becomes more prominent at higher frequencies which decrease the in-
trinsic cut-o� frequency. To compensate for this the diode must be made smaller
but this increases the series resistance which then contribute with a higher thermal
noise [13]. The resistance of the diode is frequency dependent as well [14].

Figure 1.1: A summary of Schottky diode (SD) mixers and receivers at room
temperature (RT) as illustrated in [11]. The results are based on [6], [9], [12], [15]�
[24].
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1.3 Aim

The thesis aims to investigate how a subharmonic Schottky diode mixer at room
temperature should be designed to

ˆ exhibit a low double-sideband noise temperature (TDSB < 1000 K) at a radio
frequency of 183 GHz,

ˆ exhibit high repeatability and high reliability,
ˆ provide visual inspection of the diode and the circuit.

1.4 Limitations

The manufacturing and the mechanical computer-aided design of waveguide blocks
is outside the scope of this thesis. The Schottky diode used in the mixer will be
based on existing planar antiparallel diodes fabricated at Chalmers University of
Technology. Measurements to characterise the mixer performance will not be per-
formed.

1.5 Outline of the thesis

The thesis starts with a theory chapter where the planar Schottky diode is introduced
and the fundamental mixer theory is presented. A literature study of Schottky
diode mixers is also included. Chapter 3 presents the proposed circuit topology and
continues with a description of the mixer design. In chapter 4 are the results of
simulations and fabrication presented. Future work is presented in chapter 5 where
the thesis also is discussed. The conclusion is �nally presented in Chapter 6.
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2
Theory

This chapter introduces the Schottky diode, used in the designed mixer. This is
followed by the fundamental mixer theory. Finally this chapter is summarised with
a literature study of Schottky diode mixers.

2.1 The Schottky diode

A Schottky diode is a diode with a semiconductor-metal junction. The name has
been awarded to Walter Schottky who worked with metal-semiconductor interfaces
back in the 1930's and 40's [25]. The basic structure of the Schottky diode is
seen in Figure 2.1 where the junction is seen and the depletion region which is
formed when the two materials are connected to each other. When building Schottky
diodes di�erent semiconductors can be used. Gallium arsenide (GaAs), silicon (Si),
gallium nitride (GaN) and indium phosphide (InP) are examples of commonly used
semiconductors. The metal can be titanium (Ti), platinum (Pt), chromium (Cr)
and various alloys [14]. The diode used in this thesis uses a GaAs semiconductor
together with a Titanium-Platinum-Gold metal interface.

Figure 2.1: The basic structure of a Schottky diode and the symbol.

5



2. Theory

The energy-band diagram of the ideal Schottky junction is shown in Figure 2.2
where the width of the depletion region,wd, is seen. When the metal is in contact
with the semiconductor a potential barrier is created labelled as	 bi. The barrier
prevents the electrons to �ow from the semiconductor to the metal.� b is the barrier
height which is around 0.8 V for a metal-GaAs junction [26].EC is the bottom
energy level of the conduction band andEV is the top energy level of the valence
band. The bandgap of the semiconductor is labelled asEg and the Fermi energy is
EF . If a forward voltage is applied to the junction,Vj , the potential barrier, 	 bi,
is reduced and electrons start to �ow from the semiconductor to the metal. The
resistance of the junction is then a function of the junction voltage, a higher voltage
gives a lower resistance. If a reverse voltage is applied the potential barrier and the
depletion width are increased. In this case the junction act as a voltage dependent
capacitor [27].

Figure 2.2: The energy-band diagram of the ideal Schottky contact where the
depletion regionwd is seen.� b is the barrier height, 	 bi is the built in potential, EF

is the Fermi energy,EC is the bottom energy of the conduction band,EV is the top
energy level of the valence band andEg it the bandgap energy.q is the elementary
charge.

A fabricated Schottky diode will have parasitic elements such as resistances and
capacitances. The junction itself is a resistance often denoted asRepi(Vj ) and due
to the depletion region the junction also has an associated capacitance,Cj (Vj ), [13],
[14]. The equivalent circuit of a Schottky diode is shown in Figure 2.3 where the
junction capacitance and the series resistanceRs(Vj ; f ) is included. The epilayer re-
sistance,Repi is included in the series resistance which depends on both the junction
voltage Vj and on the frequencyf due to the skin e�ect [13]. The current voltage
relationship for a Schottky diode is given by [27]
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I j (Vj ) = I S

�

e
qVj

�k B T � 1
�

(2.1)

where
I S = AA �� T2e

� q� b
k B T ; (2.2)

I j = junction current,
I S = reverse saturation current,
q = elementary charge (1.6 x10� 19 C),
� = ideality factor,
A = Schottky anode junction area,
A �� = e�ective Richardson's constant,
� b = barrier height ( � 0:8 V for a metal-GaAs junction [26]),
T = absolute temperature,
kB = Boltzmanns's constant (1.37 x10� 23 J/K).

The ideality factor is ideally unity but due to tunnelling electrons this factor
increase to 1.3 - 1.4 [14]. The series resistance in the equivalent circuit will dissipate
power and thereby stop power from reaching the junction. The intrinsic cut-o�
frequency of the diode is given by [13]

f c =
1

2�R sCj
(2.3)

showing that a high series resistance and junction capacitance degrade the high
frequency performance of the mixer [13] and it is therefore necessary to keep the
resistance and capacitance low. The mixer designed in this thesis is a resistive
mixer which means that the diode is used in the forward direction where it act as a
non-linear resistance.

Figure 2.3: Equivalent circuit of the Schottky diode where the junction capacitance
and the series resistance is included.
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2.1.1 The planar Schottky diode

For high frequency applications whisker contacted diodes were used for many years
but these diodes had reliability problems [15], [28]. Planar Schottky diodes, which is
used in this thesis, is more reliable and easier to mount [14]. Among planar Schottky
diodes the surface-channel type o�ers the lowest possible parasitic capacitance [29].
These diodes has an air channel and a bridge (often called a �nger) which makes it
possible to connect the outer circuitry to the anode of the diode. Figure 2.4 shows
the planar Schottky diode with the parasitic resistances and capacitances [14]. The
ohmic contact at the cathode and the resistance in the bu�er layer forms the series
resistance together with the epilayer resistanceRepi. The �nger creates a series
inductance and a �nger resistance and between the �nger and the semiconductor is
a parallel capacitance introduced. The capacitances together with the inductance
limits the power coupling to the diode junction thereby reducing the bandwidth of
the mixer [14].

Figure 2.4: A planar Schottky diode with a surface channel and a �nger as illus-
trated in [14].
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2.2 Mixer theory

A mixer is a device that converts a signal to a higher frequency (upconverting mixer)
or to a lower frequency (downconverting mixer). The �rst one is used in transmitters
in various applications and the latter one is applied in di�erent kind of receivers.
The frequency conversion is possible due to the fact that the mixer is a non-linear
device meaning that an input signal with a certain frequency can be transformed to
other frequencies, to achieve this a non-linear element is required such as a diode or
transistor.

To understand the principle of a mixer consider a device with two input signals,
the local oscillator (LO) and the radio frequency (RF) signal. These signals have a
frequency of! LO = 2�f LO and ! RF = 2�f RF respectively. The non-linear behaviour
of a mixer can be described by a simple multiplication,

vo = vLO vRF =
h
VLO cos! LO t

ih
VRF cos! RF t

i
(2.4)

whereVLO and VRF is the amplitude of the LO and the RF signal respectively. By
using the well known trigonometric identity,

cosx cosy =
1
2

(cos (x � y) + cos (x + y)) (2.5)

the output voltage, vo, becomes

vo =
VLO VRF

2

�
cos(! LO � ! RF )t + cos(! LO + ! RF )t

�
: (2.6)

It is here seen that the mixer produces two frequency components in the output
signal ! IF = ! RF � ! LO , where IF stands for the intermediate frequency and! sum =
! LO + ! RF . The IF signal is used in receivers and! sum is �ltered. It can now be
concluded that the mixer is a three-port device with two inputs and one output
which explains its symbol seen in Figure 2.5.

Figure 2.5: The symbol of a mixer in a receiver con�guration and the spectral
content of the output signalvo.

It can be seen from (2.6) that iff RF equalsf LO � f IF or f LO + f IF both these
cases downconverts to the same IF. These frequencies are called the lower sideband
f LSB = f LO � f IF and the upper sidebandf USB = f LO + f IF respectively. In

9



2. Theory

a double-sideband (DSB) mixer both these bands are used and the RF-band is
symmetric around the LO signal as seen in Figure 2.5. In a single-sideband (SSB)
mixer either the upper sideband or the lower sideband is used, the unused sideband
is then called the image frequency. The mixer in this thesis is a double-sideband
mixer.

One of the most important �gure of merits of a mixer is the conversion loss, it is
de�ned as [30]

L c = 10 log
available RF input power
available IF output power

[dB] (2.7)

and thereby quanti�es the power conversion from the RF signal to the IF signal.
Other important parameters for a double-sideband mixer is the mixer noise, the
conversion loss �atness, sideband balance, LO power and spurious generation. The
LO power becomes most critical for high frequency applications since it is harder
to generate power. The sideband balance (SBB) describes the conversion symmetry
around the LO frequency. It is de�ned as,

SBB = 10 log
�
�
�
L c;LSB

L c;USB

�
�
� [dB]. (2.8)

2.2.1 Mixer noise

The noise produced by a mixer is, together with the conversion loss, the most im-
portant �gure of merit. The non-linear element (e.g a diode) produces noise as well
as the thermal sources due to resistive losses which adds up and become an added
noise,Nadded. Depending on if the mixer is a single-sideband or a double-sideband
mixer the noise �gure changes by a factor of 2 [30]. This can be shown by investigat-
ing the input signals and the output signals of the two cases and using the de�nition
of noise �gure [30]. An expression for the noise �gure is given by Pozar [30],

FDSB =
2

K 2L c

�
1 +

Nadded

kB T0B

�
=

1
2

FSSB (2.9)

whereK accounts for the conversion loss at each sideband,T0 = 290 K and B is the
bandwidth.

In a diode mixer exists two main noise contributions, shot-noise and thermal noise.
The shot-noise is due to the discrete nature and random variations of electrons
passing through the Schottky contact. For a DC-biased diode the shot-noise is
Gaussian with a mean-square current amplitude given by [31]

i 2
s = 2qIj B: (2.10)

The noise source producing the shot-noise current can be seen as a current source
in parallel with junction current I j in Figure 2.3. The thermal noise is associated
with the series resistanceRS and can be modelled as a voltage source in series with
RS. The mean square voltage amplitude of the thermal noise is given by [32], [33]

v2
n = 4kB BTR (2.11)
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whereR is a resistance. Since the thermal noise and shot-noise are uncorrelated their
contributions can be added together, however when calculating their respectively
contributions the correlation between the noise currents at the di�erent frequencies
must be accounted for [34]. For the shot-noise this is due to the fact that the diode
is pumped by the LO meaning that the junction current, I j , becomes a function
of time which implies that the shot noise is not Gaussian distributed. Instead the
shot-noise becomes a periodically amplitude modulated Gaussian noise [35].

2.2.1.1 Noise temperature of an ideal mixer

In [36], Saleh presents a noise �gure calculation which applies for a mixer with
an ideal exponential diode where all the undesired (out-of-band) frequencies are
terminated reactively and Rs is neglected. Then the shot-noise is the only noise
contribution and the noise �gure is given by

FDSB =
1
2

L c + 1: (2.12)

This is an interesting result since it shows that

Tmix = ( F � 1)T0 =
1
2

L cT0: (2.13)

By translating this temperature to the output of the mixer it is seen that

Tmix;IF =
Tmix

L c
=

1
2

T0: (2.14)

This result shows that the total noise (shot-noise) of an ideal mixer with an ideal
diode is equal to the noise from a resistance with half the temperature. The minimum
mixer noise temperature is therefore 145 K in room temperature. In a practical mixer
this temperature will not be reached due to the series resistance which adds thermal
noise. In a subharmonic mixer which use two diodes this result still applies [37].

2.2.2 Resistive mixers

Mixers using a non-linear resistance are categorised as resistive mixers, however re-
active elements are present as well but these are referred to as the parasitic elements
of the mixer [36]. In practise the diodes operate in a mix of varistor and varactor
mode since for example a Schottky diode, depending on the operating point, is both
a varistor and a varactor [14]. The general theory of resistive mixers is presented by
Saleh in [36] where four types of mixers are given labelled as Z-, Y-, G-and H-mixers.
The di�erence between these mixers is the termination of the out-of-band frequency
components at the input and the output of the mixer. Ideally all the out-of-band
components should be terminated with a short or open circuit, obviously this will
not be the case in a practical mixer and this will degrade the mixer performance
[36].

The Z-mixer is a mixer where the out-of-band components are open-circuited
[36], it can be illustrated with the circuit in Figure 2.6 where the �lters on the input
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and output provides the open circuits for every frequency except for! RF and ! IF .
For the Y-mixer, all the out-of-band frequencies are terminated with a short-circuit
illustrated by the circuit in Figure 2.7 where the time dependent resistor has been
replaced with a time dependent conductance,g(t). In order to analyse the mixer it
is considered to be a linear time-invariant network with an in�nite number of ports
where each port represent a frequency component. Considering only the IF and RF
frequencies the equation for the Z-mixer becomes [36],

"
VRF

VIF

#

= Z

"
I RF

I IF

#

=

"
r0 r1

r �
1 r0

# "
I RF

I IF

#

(2.15)

where r0 is the resistance relating the RF voltage to the RF current andr1 is
the resistance relating the IF voltage to the RF current. If the image frequency
is considered to be in-band then (2.15) expands and the Z-matrix becomes a 3x3
matrix relating the voltages at RF, image and IF to the currents. For the Y-mixer
the equation becomes [36],

"
I RF

I IF

#

= Y

"
VRF

VIF

#

=

"
g0 g1

g�
1 g0

# "
VRF

VIF

#

: (2.16)

Figure 2.6: The Z-mixer as described by Saleh in [36]. The out-of-band frequencies
are open-circuited and the RF and IF signals are not a�ected by the bandpass �lters.

Depending on which type of mixer being used di�erent performances are obtained.
However all the mixer types have a minimum conversion loss of unity (0 dB) if the
series resistance is neglected and all the out-of-band frequencies are terminated
reactively [36]. In this thesis the Z-mixer and the Y-mixer will be considered as
they represent the most basic mixers. It will also be presented later that these
mixers represents the best and worst case when analysing a mixer with a diode as
non-linear element. The theory presented follows the work of Saleh in [36]

Given a mixer type, such as the Y-mixer or the Z-matrix, one can �nd the optimum
conductance (resistance) waveform that gives the minimum conversion loss [36]. The
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Figure 2.7: The Y-mixer as described by Saleh in [36]. The out-of-band frequencies
are short-circuited and the RF and IF signals are open circuited at the bandstop
�lters.

optimum conversion loss, obtained when the input and output are matched with
their conjugates, can be expressed as

Lopt =
1 +

p
1 � �

1 �
p

1 � �
(2.17)

where
� = (

g1

g0
)2: (2.18)

The variablesg0 andg1 is the �rst and second term in the in�nite series that describes
the time dependent conductance,

g(t) = g0 + 2g1 cos (! LO t) + ... (2.19)

It is clear that in order to minimise the conversion loss the ratio betweeng1 and g0

must be maximised. The solution to this problem is given by,

g(t) =
�

Gmax , jt j � � =2! LO

Gmin , jt j � �=! LO
(2.20)

where� is the solution to the transcendental equation,

tan (� =2) =
�
2

+
�G min

Gmax � Gmin
: (2.21)

Rewriting the expression for the conversion loss gives,

Lopt =
1 + sin (� =2)
1 � sin (� =2)

: (2.22)

Equation (2.20) gives the optimum conductance waveform for the Y-mixer, it is a
square wave with a maximum value ofGmax and a minimum value ofGmin . The
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waveform is seen in Figure 2.8, it is periodic with a period of2�=! LO . The optimum
conversion loss obtained with this waveform is plotted versus the ratioGmin =Gmax

in Figure 2.9 where it is seen thatLopt ! 0 when Gmin =Gmax ! �1 . The duty
cycle is also plotted and is expressed as

D =
� =! LO

2�=! LO
=

�
2�

(2.23)

which is deduced from the conductance waveform in Figure 2.8. An approximate
expression for the conversion loss is given by [36]

Lopt � 18:3
� Gmin

Gmax

� 1=3

[dB]: (2.24)

From the above it can be concluded that the Y-mixer should have a non-linear
element giving a smallGmin =Gmax ratio and that the mixer should be pumped such
that the conductance varies as a square wave with a low duty cycle. The same
conclusion applies for the Z-mixer since it is the dual case. Saleh [36] gives the
proof of the Z-mixer and the resulting waveform is a square wave as the one seen in
Figure 2.8 but with a maximum value ofRmax = 1=Gmin and a minimum value of
Rmin = 1=Gmax .

The simulated resistance waveform of the diode used in this thesis is seen in Figure
2.10, it is quite similar to a square wave with low duty cycle. Using the maximum
and minimum resistance values of this curve gives

Lopt � 18:3
� Rmin

Rmax

� 1=3

= 1:6 dB (2.25)

indicating a mixer with low conversion loss. Due to practical limitations together
with non-terminated frequency components and a non-zero series resistance the
conversion loss will become higher.
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Figure 2.8: Optimum conductance waveform for the Y-mixer.

Figure 2.9: Optimum conversion loss for the Y-mixer. The corresponding duty
cycle is also plotted.
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Figure 2.10: The simulated resistance waveform of the used diode. The bottom
plot is a zoomed-in version of the upper plot.
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2.2.2.1 Optimum mixer for a sinusoidal waveform

By using a more general form of the Z- and Y-mixer it is possible to obtain optimum
mixers for speci�c waveforms [36]. If the waveform of the resistance in a Z-mixer is
set to have a sinusoidal waveform described by,

r (t) = r0 + 2r1 cos (! LO t),
�

r0 > 0
jr1j � r0=2

(2.26)

then the Z-mixer equation in (2.15) becomes [36]
"
VRF

VIF

#

= r1

2

4
sinh (( l+2) � )
(sinh ( l+1) � ) 1

1 sinh (( k+2) � )
(sinh ( k+1) � )

3

5

"
I RF

I IF

#

(2.27)

where
cosh� =

r0

2r1
(2.28)

and l and k are the number of short circuited frequency components at the input and
at the output respectively. The optimum conversion loss is given by (2.17) where�
now becomes

� =
sinh ((l + 1) � ) sinh ((k + 1) � )
sinh ((l + 2) � ) sinh ((k + 2) � )

: (2.29)

It can now be seen that the conversion loss decrease whenl and k increase since
� ! 1 with l and k. This proves that for a sinusoidal resistance the optimum mixer
is actually a Y-mixer, since the conversion loss goes to unity when the number of
short circuited out-of-band frequencies goes to1 . Saleh [36] provides the asymptotic
optimum conversion loss withRmax = r0 +2r1 and Rmin = r0 � 2r1 for the sinusoidal
resistance,

Lopt;r � � 17:4
� Rmin

Rmax

� 1=4

[dB] (2.30)

which can be compared to (2.24). If the conductance in the Y-mixer is set to be

g(t) = g0 + 2g1 cos (! LO t),
�

g0 > 0
jg1j � g0=2

(2.31)

then the same optimum conversion loss is obtained butl and k becomes the number
of open circuited out-of-band frequency components at the input and at the output
respectively. This implies that the optimum mixer for a sinusoidalg is a Z-mixer.
The conversion loss for the Y-mixer with a sinusoidal conductance is

Lopt;g� � 17:4
� Gmin

Gmax

� 1=4

[dB] (2.32)

where Gmin = g0 � 2g1 and Gmax = g0 + 2g1. Figure 2.11 shows the conversion
loss for the Y-mixer and Z-mixer with a sinusoidal waveform together with the
conversion loss for a Y- and Z-mixer with a square wave waveform. The curves
reveals that the sinusoidal resistance or conductance will not be as good as when
having a square wave waveform. Using (2.30) and the simulated values in Figure
2.10 givesLopt � 2:8 dB which is a degradation by 1.2 dB compared to the 1.6 dB
in (2.25).

17



2. Theory

Figure 2.11: The optimum conversion loss for the sinusoidal waveform whenl
and k go to in�nity and the conversion loss for the basic mixer with a square wave
waveform.
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2.2.2.2 The Y-mixer and Z-mixer with a diode

In this thesis the non-linear element is a Schottky diode. This particular device has
speci�c voltage to current relation which is an exponential function as described in
section 2.1. The equation for the Schottky diode is repeated here as it will be used
in the following analysis,

i (v) = I S(e
qv

�kT � 1) = I S(e�v � 1): (2.33)

where
� =

q
�kT

: (2.34)

By using (2.33) one can analyse the Y-mixer and Z-mixer with a diode. This is
of interest since then the optimum mixer for the diode can be determined. The
following analysis follows the work in [36] where Saleh presents a rigorous analysis
of the Z-, Y-, H, and G-mixer with an exponential diode.

The two circuits that will be analysed is shown in Figure 2.12 where a diode has
been placed in the Z-mixer and the Y-mixer. The input �lter in the Z-mixer has a
passband for the RF-signal and the LO-signal indicated by the frequencies! RF and
! LO . All the out-of-band frequencies are terminated by an open-circuit provided
by the �lters as described before. The out-of-band frequencies in the Y-mixer are
short-circuited by the �lters which have stopbands at! RF , ! LO and ! IF . Saleh [36]
includes DC bias in the analysis, this has been omitted in Figure 2.12 but will be
included in the analysis. The LO power is assumed to be much larger than the RF
signal and the IF signal, the currents and voltages can thereby be described by the
LO frequency and its harmonics.

Figure 2.12: The Z-mixer (left) and Y-mixer (right) with a diode. DC biases are
not shown in the circuits.

Starting with the Y-mixer, the diode current is given by

iD = I S(e� (VDC + VLO cos (wLO t )) � 1) (2.35)

from which the small signal conductance can be found to be [36],

g(t) =
diD
dvD

= �I Se(VDC + VLO cos! LO t ) =

y0 + 2y1 cos (! LO t) + 2 y2 cos (2! LO ) + ...
(2.36)

where
yn = �I Se(�V DC ) I n (�V LO ) , n 2 [0; 1 ): (2.37)
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I n is the modi�ed Bessel function of the �rst kind of order n. If the LO power
is increased which implies that�V LO is increased then, according to (2.36),g(t)
approaches a square wave which has been shown to be the optimum conductance
waveform for a Y-mixer. Increasing the LO power will therefore improve the con-
version loss such that it approaches the loss in Figure 2.9. One can also conclude
that the ideality factor a�ects the mixer performance. Since� � 1=� an increase of
� decrease�V LO which in turn degrades the waveform ofg.

For the Z-mixer in Figure 2.12, the small signal conductance becomes [36]

g(t) =
diD
dvD

= � (iD + I S) � �i D = �I DC (1 + acos (! LO t)) (2.38)

where

a =
I LO

I DC + I S
: (2.39)

Equation (2.38) shows that the conductance is a sinusoidal. The Z-mixer is the
optimum mixer for a sinusoidal conductance waveform as shown before, it is therefore
expected that the Z-mixer is the optimum mixer when using a single diode. Another
interesting property of the Z-mixer is that it seems to be less sensitive to variations
in the ideality factor. Equation (2.38) shows that the conductance waveform will
keep the same shape independent of� .

Saleh, [36], presents a comparison between the Y-, Z-, G- and H-mixer using a
diode. In this investigation, which analyse the mixer conversion losses for the same
bias and LO power, it was concluded that the Z-mixer is superior to the other
mixers. This is expected since the conductance waveform turned out to be the
optimum one in this case. Also, the Y-mixer was shown to be the worst mixer,
which might be explained by the fact that it needs in�nite power to obtain the
square wave conductance waveform. These mixers therefore represent the best and
worst mixer when using a single diode which is a result that can be used when
designing mixers. Saleh discuss a disadvantage of the Z-mixer related to a restricted
LO-power. However, according to Saleh, this does not apply for a mixer with low
RF power which usually is the case in a receiver.

2.2.3 Subharmonically pumped antiparallel diodes

In high frequency applications the LO power requirement becomes harder to meet
due to the fact that the available LO power decrease with higher LO frequency. A
solution to this problem is to use subharmonically pumped mixers where half of
the harmonic LO frequency is used. To do this one needs to implement a pair of
antiparallel diodes, the circuit of such a pair of diodes is seen in Figure 2.13. If the
ideal Schottky diode (2.33) is used for the purpose of the analysis the conductance
of each diode is

g1 =
di1
dv

= �I Se�v (2.40)

and

g2 =
di2
dv

= �I Se� �v (2.41)
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where � = q=(�kT ). Since the diodes are in parallel the total conductance is the
sum ofg1 and g2 given by

g = �I S(e�v + e� �v ) = 2 �I S cosh�v: (2.42)

If the RF signal is neglected such that the LO signal drives the diodes the conduc-
tance becomes

g = 2�I S cosh (�V LO cos! LO t): (2.43)

A comparison between the conductance of the antiparallel diodes and a single diode
is shown in Figure 2.14. As seen, the waveform of the antiparallel diodes has a period
half of the one produced by the single diode. This implies that the antiparallel diodes
will act as a single diode but with twice as high switching frequency and thereby
only half of the LO frequency is needed. If the RF signal is included the current
becomes [38]

i = A cos! LO t + B cos! RF t + C cos 3! LO t + D cos 5! LO t + E cos (2! LO + ! RF )t+

F cos (2! LO � ! RF )t + G cos (4! LO + ! RF )t + H cos (4! LO � ! s)t + : : :
(2.44)

where A; B; C : : : are constants. It is concluded that the antiparallel diodes give
only odd harmonics and intermodulation products which is illustrated in Figure 2.15
wherem and n represents multiplies of the LO frequency and the RF respectively.
The red case is the one used in subharmonic mixers and represent2! LO � ! RF .

Figure 2.13: A pair of antiparallel diodes.
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Figure 2.14: Conductance waveforms for a pair of antiparallel diodes and for a
single diode.

Figure 2.15: Frequency terms (in blue) of the total current of the antiparallel
diodes. The red case is used in subharmonic mixers.
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2.3 Microwave �lters

In this section two types of �lters are presented, the stepped impedance �lter and
the hammerhead �lter. These �lters are implemented in the mixer design as will be
seen in chapter 3.

2.3.1 Stepped impedance �lters

The stepped impedance �lter is a simple �lter which utilise a repeating structure
with high and low impedance sections. These sections can easily be implemented in
a microstrip circuit by alternating the width of the microstrip. The impedance of a
microstrip is given by [30]

Z0 =

8
>>>><

>>>>:

60p
� e

ln
�

8d
W + W

4d

�
, W

d � 1

120�
p

� e

�
W=d+1 :393+0 :667 ln (W=d+1 :444)

� , W
d � 1

(2.45)

where d is the height of the substrate andW is the width of the conductor. � e is
the e�ective dielectric constant given by

� e =
� r + 1

2
+

� r � 1
2

1
q

1 + 12d=W
(2.46)

with � r being the relative permittivity of the substrate. By plotting the impedance
of the microstrip versus the conductor width for the two cases in (2.45) it can be
seen how the impedance depend on the width, this has been done in Figure 2.16 for
� r = 3:78.

Figure 2.16: Theoretical microstrip impedance for a relative permittivity of 3.78.
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The repeating low and high impedance sections act as an n-th order low-pass �lter,
where n is the number of sections. This is due to the fact that the high impedance
sections are series inductances and the low impedance sections are capacitances in
parallel [30]. The structure of a stepped impedance �lter is seen in Figure 2.17
together with its equivalent circuit which is the circuit of a low pass �lter. The �lter
in Figure 2.17 is of ordern = 5 since it has 5 elements whereX=2 is the reactance
of the inductor and B is the reactance of the capacitor.

Figure 2.17: A low pass �lter circuit and the corresponding stepped impedance
structure.

If �l < �= 2, where� is the propagation factor andl is the physical length, it can
be shown that [30]

X
2

= Z0 tan (
�l
2

) (2.47)

B =
1

Z0
sin (�l ) (2.48)

which implies that a high impedance (narrow) section givesX � Z0�l; B � 0 and
a low impedance (wide) section givesX � 0; B � 1=Z0�l which correspond to a
series inductor and a parallel capacitor respectively as stated earlier. To get the
best possible �lter suppression the ratio between the highest and lowest impedance
should be as high as possible. The length of the di�erent sections does not necessarily
need to be equal, it depends on the type of low-pass �lter (maximally �at or equal
ripple) and the �lter order [30].

2.3.2 Hammerhead �lters

To achieve high �lter suppression the �lter order needs to be increased. Since the
order of a stepped impedance �lter is equal to the number of sections a higher
suppression implies a longer �lter and thereby more losses in the passband. In order
to increase the suppression of a �lter and at the same time keeping the �lter short a
hammerhead �lter can be applied [10]. The name �Hammerhead� origins from the
structure which is seen in Figure 2.18. The heads on the sides of the transmission line
provides additional inductancesL f and coupling capacitancesCf . The transmission
line itself provides series inductancesL s and the main body of the �lter provides a
parallel capacitanceCs to ground. The �ngers of the head creates capacitances,Cw ,
to the sidewalls which surrounds the circuit. From the circuit two resonances can
be found [10], these are indicated by red boxes labelled as R1 and R2. By tuning
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these subcircuits individually the �lter suppression can become high for a narrow
frequency band if the resonance frequencies are placed close to each other. If placed
further apart, the bandwidth will increase but the �atness of �lter will be degraded.
The coupling capacitances,Cw , are connected in parallel withCs thereby increasing
the total capacitance to ground which gives a better suppression.

Figure 2.18: The structure (blue) and the equivalent circuit of a hammerhead
�lter. The red boxes indicates the two resonances, R1 and R2.
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2.4 Literature study of Schottky diode mixers

Schottky diode mixers have been used for more than 30 years and have shown to give
low conversion loss and low noise contribution in the terahertz region compared to
mixers using transistors [9], [15], [22], [24], [39]. Before the 1990's whisker-contacted
diodes were used as the nonlinear element in mixers [28], however these diodes were
less reliable [15] and had problems with maintaining the same properties between
di�erent semiconductor wafers [28]. Due to the structure of the whisker-contacted
diodes they were also nearly impossible to integrate with other circuits [22]. The
planar Schottky diode [22] is a more reliable and rugged component [15] and is the
commonly used diode today for submillimeter wavelength mixers.

Lehikoinen et al. [15] presented in 1996 a 119 GHz single ended harmonic mixer
using a planar Schottky diode. It was used in the Odin satellite and showed a 7
dB SSB conversion loss and a noise temperature of 900 K (SSB) at room tempera-
ture. The mixer circuit was based on a microstrip layout, the substrate was made
of quartz and the diode was mounted on top of the quartz substrate. Siegel, Den-
gler, Mehdi, Bishop and Crowe presented in 1992 a subharmonic mixer at 200 GHz
using an antiparallel pair of planar Schottky diodes in a split-block structure. The
IF bandwidth was low (� 1 GHz) and the minimum noise temperature was 1590
K (SSB) and the best conversion loss was 8.7 dB (SSB) with a LO power of 5.7
mW. In 1993, Ali-Ahmad, Bishop, Crowe and Rebeiz [17] presented a mixer design
with a quasi-integrated horn antenna using a planar Schottky diode. It achieved a
conversion loss of 7.2 dB (DSB) and a mixer noise temperature of 1310 K (DSB) at
250 GHz.

Today, at frequencies below 400 GHz, the designs use discrete antiparallel planar
Schottky diodes mounted on quartz substrates, similar to the previous mentioned
designs [39]. At frequencies above 400 GHz membrane Monolithic Integrated Cir-
cuits (MIC) is used due to a limited substrate thickness when using discrete Schottky
diodes [40]. The most commonly used circuit topology when having discrete Schot-
tky diodes is the suspended microstrip where the diode is �ip-chip mounted at a
position close to the RF waveguide to minimise the loss. Thomas, Maestrini and
Beaudin [9] presented a subharmonic mixer design at 300 - 360 GHz with very good
performance using this technology. The DSB mixer noise temperature was at mini-
mum 700 K and the conversion loss was 6.3 dB at 330 GHz with 4 mW of LO power.
Sobis [13] presented in 2011 a mixer design with a large IF bandwidth, it used a
�ip-chip mounted diode and a suspended microstrip. The simulated conversion loss
was below 7 dB from 320 GHz to 370 GHz with an integrated LNA. The DSB re-
ceiver noise temperature varied from about 900 K to 1500 K for a IF from 3 GHz
to 16 GHz.

Wang et al. [10] presented in the end of 2017 a mixer design where the problem
with mechanically stressed substrates were addressed. They pointed out that the
length to width ratio of previous designs is large (>20) and thereby the expanding
aluminium becomes a problem when heating the circuit. This causes the substrates
to bend and eventually break. To solve this problem Wanget. al replaced the
more traditional stepped impedance �lters with hammer-head �lters, this reduced
the length of the substrate. The mixer used a suspended microstrip with a silver
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epoxy glue at one end of the substrate to obtain a DC-ground. The measurements
showed a very good performance, a minimum conversion loss of 5.5 dB (DSB) at 339
GHz, a minimum mixer noise temperature of 757 K and a 50 GHz 3 dB bandwidth
were measured.
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Mixer design

In this chapter the proposed circuit topology is presented. The mixer topology is
described and the optimum diode circuit embedding impedance is determined. This
is followed by a presentation of the mixer design.

3.1 Design methodology

The 183 GHz mixer was designed using a divide and conquer approach where the
circuit was divided into subcircuits which were solved separately. When solved, the
subcircuits are put together and tuned to give the correct response. Before beginning
with the circuit design the optimum diode circuit embedding impedance must be
found which will be the design goal for the whole circuit. An iterative process is
adapted by performing the initial design in a circuit simulator (ADS [41]) with ideal
transmission lines and then verifying it in a Finite Element Method (FEM) simulator
(HFSS [42]).

To keep the design work simple, the stepped impedance technique described in
section 2.3.1 was adopted. This will make it easier to get good correspondence
between the circuit simulator and the FEM simulator than using hammer-head
�lters. The trade-o� is a longer substrate but this can be tolerated since the proposed
circuit topology, presented in section 3.5, is far less sensitive to mechanical stress.

3.2 Design requirement

The 183 GHz front-end, where the mixer is the �rst detection stage, should give a
noise temperature below 1000 K which is the upper limit for the mixer noise. To
minimise the noise contribution from the low noise ampli�er connected to the mixer
the conversion loss should be less than7 dB. Other parameters are bandwidth and
sideband balance which are presented in Table 3.1. The RF port interface should
be a WR-5 (1.3 mm x 0.648 mm) rectangular waveguide and the LO port interface
should be a WR-10 (2.54 mm x 1.27 mm) rectangular waveguide.

Table 3.1: Subharmonic mixer requirement

L c (DSB) Tmixer (DSB)
RF BW

(f c = 183 GHz)
LO BW

(f c = 91:5 GHz)
SBB

� 7 dB � 1000 K 9 % 3 % � 1 dB
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The fabrication tolerances are speci�ed in Table 3.2. It can be concluded that the
substrate cavity and the quartz have the most critical tolerances.

Table 3.2: Fabrication tolerances for the mixer

Substrate cavity Quartz substrate Gold plating Substrate position
� 20µm � 25µm � 5µm � 10µm

3.3 Circuit technology

The circuit technology can be of di�erent types. The hybrid circuit technology uses
low loss substrates with gold plating which reduces the cost [13]. Discrete planar
Schottky diodes are soldered onto the gold conductor, these diodes have a low noise
and an enhanced robustness compared to whisker contacted Schottky diodes [22],
[24], [39], [43]. The more advanced circuits are membrane Monolithic Integrated
Circuits (MIC) which use components such as on-chip resistors, on-chip capacitors
and integrated active components [13]. Microwave Monolithic Integrated Circuits
(MMIC) or Terahertz Monolithic Integrated Circuits (TMIC) is a technology with
an even higher level of integration, complete receivers can be designed on a single
chip at frequencies above 100 GHz [44], [45]. These receivers have higher noise
�gures then those using planar Schottky diodes [9], [13], [44]�[46] at frequencies
below 400 GHz.

The 183 GHz mixer in this thesis will use a commercially available technology
[47] using quartz as a substrate with a thickness of 4 mil. It is a hybrid technology
where the conductor (gold) can be plated on both sides of the quartz substrate and
the conductor thickness is5� m which is much larger than the skin-depth at 183
GHz (� 0:2µm). An antiparallel Schottky diode, fabricated at Chalmers University
of Technology, will be mounted onto the plated gold. The circuit technology o�ers
a cost-e�ective production and a high accessibility which are two important aspects
from a industrial perspective.

The RF and LO inputs of the mixer are rectangular waveguides which guide
the incoming waves. E-�eld probes are used to couple the signals to the circuit
consisting of the gold plated substrate and the diode. A cavity will provide the
necessary space for the substrate which is glued to the mechanics. The mixer has
a split-block con�guration where the mechanical block is divided into a lower and
upper block. This makes it possible to mill the waveguides and the substrate cavity.
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3.4 Subharmonic mixer topologies

A subharmonic mixer can be con�gured in di�erent ways. The antiparallel Schottky
diodes can be connected in series or in parallel with the signal sources as described
by [13]. The series and shunt connected topology can be seen in Figure 3.1. The
series connected diodes requires a LO and IF short at the RF side and a RF short
at the LO side. In the shunt connected case these conditions change to open circuits
and the antiparallel diodes needs to be connected to a DC-ground [13]. The success
of these topologies are dependent on the RF and LO short/open circuits that needs
to be realised by the surrounding circuitry. Independent of topology the circuitry
will not be able to achieve a perfect open or short circuit for the whole frequency
band of interest and the performance will therefore be degraded.

The proposed topology for the 183 GHz mixer, seen in Figure 3.2, is based on the
topology presented in [48]. It is a modi�cation of the shunt connected diodes but
here the antiparallel diodes are connected directly to ground and the RF and LO
sources are placed at the same side of the diode. The DC-ground is obtained by
suspending the diode between the mechanics and the end of the substrate as seen
in Figure 3.3 where the beamlead antiparallel Schottky diode is seen. The parallel
�ngers and the beamleads are supported by the GaAs membrane. The diode is
mounted on top of the substrate making it possible to do a visual inspection of the
bonding surfaces and the diode itself. This is a great improvement from the �ip-chip
mounted diodes and the inverted substrates as in the suspended microstrip topology.
By combining the RF and LO matching network the LO open circuit can be removed.
To prevent the RF from leaking to the LO waveguide a RF �lter is needed. This
topology simpli�es the shunt schematic by removing not only the LO open circuit
but also the IF open circuit. Another feature is that the RF, LO and IF short
circuits always will be well de�ned by the DC-ground, this is an improvement from
the series schematic which is dependent on virtual grounds provided by �lters and
quarter wavelength transmission lines which have limited bandwidths. A combined
LO and RF matching network with large bandwidth is the most challenging part in
the proposed schematic and is likely to be the limiting factor.
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Figure 3.1: Schematic of a series (top) and shunt (bottom) connected antiparallel
diode as described by [13]. The matching conditions are described as well.
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Figure 3.2: Schematic of the proposed topology which is a modi�cation of the
shunt connected topology.

Figure 3.3: Illustration of the mounted diode. It is suspended between the me-
chanics and the end of the substrate. The proposed circuit topology allows for a
visual inspection of the diode and bonding surfaces and the DC-ground is provided
directly at the diode interface.
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3.5 Circuit topologies

The position of the substrate and the shape of substrate cavity de�nes the circuit
topology. A suspended microstrip topology where the substrate is surrounded com-
pletely by air is �ip-chip mounted inside the cavity, such a topology is illustrated
in the left picture of Figure 3.4. By placing a conducting glue between a mechan-
ical platform and the plated gold at the end of the substrate a DC-ground can be
obtained. In the other end of the substrate glue or ribbons can be used to keep
the substrate �xed. The glue interface introduce mechanical stress to the structure
when heating is applied during curing [10], [49]. Due to the di�erence in thermal
expansion coe�cients between aluminium and quartz the aluminium puts pressure
on the quartz which is forced to either bend or break.

The microstrip topology has a substrate which is in contact with the cavity �oor
as seen in the right picture of Figure 3.4. The topology is not commonly used but
has shown to give good mixer performance [15]. The circuit can be mounted by
placing glue between the �oor and the substrate at a few places along the substrate,
this will however introduce an air gap since the glue has a certain thickness. The
air gap is hard to control which will reduce the repeatability of the design. In order
to obtain a DC-ground a bondwire to the mechanics is necessary.

Figure 3.4: An illustration of two circuit topologies, the grey areas indicate the
position of the glue. The left picture shows a suspended microstrip implementing
the �ipchip technique and the right picture shows a microstrip which is glued to the
�oor. A bondwire to the mechanics provides a DC-ground for the microstrip and a
conducting glue provides a DC-ground for the suspended microstrip.

The proposed topology is a modi�cation of the microstrip topology. By placing
platforms along the cavity the substrate is raised from the �oor, the glue can then
be placed in the air gaps between the platforms as illustrated in Figure 3.5 which
also shows the T-shaped cavity. When mounting the circuit the substrate is pushed
down such that it is in contact with the platforms which will assure a correct and
repeatable glue thickness, hence the uncertainty related to glue thickness is reduced.
The mechanical stress can be considerably reduced by placing glue at one or possible
two positions close to each other.

The proposed circuit topology is far less sensitive to mechanical stress which has
been a major problem when assembling suspended microstrip mixers [10], however
when placing the glue beneath the substrate a new uncertainty is introduced. If
the glue expands and pushes the substrate upwards the impedance of the circuit
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will change thereby a�ecting the mixer performance. A simple experiment was
conducted to investigate the thickness of the glue before an after curing. Quartz
substrates were glued with a conducting glue, H20E [50], and a non-conducting glue,
2216 [51]. None of these glues expanded more than10µm.

Figure 3.5: Proposed circuit topology where platforms are milled to raise the
substrate from the �oor. As indicated by the black bodies, glue can be placed
between the platforms. The substrate cavity surrounds the substrate which is seen
in grey.
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3.6 Excited modes in the substrate cavity

As described in [30] a microstrip can excite a transverse resonance if the transmission
line is wide enough, this can become troublesome if the substrate is too thick.
Another issue is the possible excitation of a TE wave in the microstrip cavity which
can be seen as a partially loaded rectangular waveguide [30]. If the width of the
cavity becomes larger the cut-o� frequency of this mode decreases. In this section
the investigation of the higher order modes is presented. Based on this analysis the
cavity dimensions and substrate width were set.

The geometry of the cavity is seen in Figure 3.6 where the split-plane is indicated
in red. Since the substrate thickness and gold thickness is set (100µm and 5µm
respectively) the height of the lower split-block channel (where the substrate is
placed) is already de�ned. This is because the split-plane must be in the same
plane as the conductor when bonding the diode beamlead to the mechanics. The
upper part of the cavity was made wider than the lower part to make the design less
sensitive to misalignment between the two blocks. Figure 3.7 shows a cross section
of the cavity with the substrate placed in the lower channel.

Figure 3.6: Split-block cavity with a substrate platform seen in blue. The split-
plane is indicated in red which is the interface where the cavity is divided into top
and bottom channel. The top and bottom part form a T-shaped cavity.

To increase the ratio between the maximum and minimum impedance the sub-
strate was made as wide as possible. To �nd the cut-o� frequencies of the higher
order modes the width of the cavity was swept. The substrate followed the width of
the lower cavity channel but was set to be40µm narrower. Two cases were investi-
gated; a wide transmission line (40µm narrower than the substrate) and a narrow
transmission line (20µm wide). Simulations showed that the transverse mode was
the most critical one and this mode was excited for the case with a wide transmission
line. The propagation factors for the di�erent modes are shown in Figure 3.8 and
the electric �eld distributions are found in Figure 3.9. The width of the upper cav-
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Figure 3.7: Cross section of the split-block cavity where the substrate also is seen.

ity channel starts at 400µm and increases to600µm by steps of20µm. As seen in
Figure 3.8, the fundamental propagation factor increases linearly with frequency as
expected but depending on the cavity width the propagation at a certain frequency
varies. Considering a manufacturing tolerance of� 20µm an upper cavity width of
440µm was considered to give a high enough second order cut-o� frequency (220
GHz). The substrate width was set to300µm which is 40µm narrower than the
lower split-block channel. As seen in the bottom picture of Figure 3.8 the third
order mode is excited at220 GHzfor a cavity width of 600µm implying that this
mode will not be critical. The cavity dimensions and the obtained upper and lower
impedance limit are speci�ed in Table 3.3.

As described before, the substrate will be placed on platforms that are distributed
across the cavity. The platforms are positioned below the wide sections in order to
reduce the impedance as much as possible. The height of the substrate platforms
were set to10µm. This was considered to give enough space for the glue to ex-
pand during the curing process without raising the substrate. An additional airgap
of 5µm was added between the substrate and the platform to include mechanical
manufacturing errors and an imperfect substrate placement.

Table 3.3: The dimensions and impedance limits at 183 GHz of the T-shaped
cavity as a result of the mode excitation analysis. The platforms have a height of
10µm above the �oor.

Lower width Upper width Lower height Upper height Z low Zhigh

340µm 440µm 120µm 240µm 53 
 140 
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Figure 3.8: Propagation factor for the fundamental, second order (transverse) and
third order (TE) mode. The parameter is the width of the upper cavity channel.
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Figure 3.9: Electric �eld distribution of the fundamental (top), transverse/second
order (middle) and TE/third order (bottom) mode.
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3.7 Optimum diode circuit embedding impedance

A pumped diode has a diode impedance,Zdiode, which is the impedance seen into the
diode. The conjugate ofZdiode is the optimum diode circuit embedding impedance,
Zopt;circuit , since it is the mixer circuit impedance seen by the diode giving the lowest
conversion loss. The optimum diode circuit embedding impedance is frequency
dependent and power dependent. In order to �ndZopt;circuit two setups of a load
pull simulation were used. The �rst setup swept the RF impedance seen by the
diode and the LO impedance was set to a �x value. The second setup swept the
LO impedance seen by the diode with a �x RF impedance. These simulations were
performed in an iterative manner to �nd the optimum impedance for the RF and the
LO frequency. The load pull simulations resulted in contours for di�erent conversion
losses in the Smith chart and the optimum impedance was found in the centre of
the contours. The mixer was optimised for a diode anode area of1:6µm2 having
an ideality factor of � = 1:3, a junction capacitance ofCj = 4:8 fF and a series
resistance ofRs = 7 
 .

The ideal load-pull schematic is seen in Figure 3.10 where the antiparallel diodes
are connected in series with the diode circuit embedding impedance,Zcircuit , which
is seen by the diodes. By sweeping the resistance and the reactance ofZcircuit the
optimum impedance can be found. This was done for two frequencies, 91 GHz and
183 GHz. The multi-tone signal source provided the LO and the RF signal and the
current, i , contained the fundamental frequency components but also the mixing
products. Figure 3.11 shows the conversion loss contours for 183 GHz (blue) and 91
GHz (red). At a LO power of -3 dBm the obtained minimum conversion loss was
5.5 dB at 91 GHz and 4.9 dB at 183 GHz indicated by the triangles. When the LO
power was increased to -1 dBm the position ofZopt;circuit shifted to the position of
the stars.

Figure 3.10: A load pull schematic with a pair of ideal antiparallel diodes. The
diode circuit embedding impedance,Zcircuit , is swept in order to �nd the optimum
diode circuit embedding impedance which gives the lowest conversion loss.
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Figure 3.11: The conversion loss contours from the ideal load pull simulations. The
blue contours correspond to a frequency of 183 GHz and the red contours correspond
to a frequency of 91 GHz. A RF step of 0.1 dB has been used and the LO step is 0.3
dB. The triangles show the optimum diode circuit embedding impedances at a LO
power of -3 dBm. At -1 dBm the optimum impedances drift towards the position of
the stars.

3.7.1 S-parameter simulation setup

When performing S-parameter simulations to investigate the diode circuit embed-
ding impedance, the Schottky junctions are replaced with lumped ports, this is
described by Figure 3.12. One of the lumped ports is terminated with an open
circuit (o.c.), this represents the diode which is non-conducting (the diodes do not
conduct at the same time) and the other port is terminated with50 
 . To investi-
gate the return loss at the RF port (WR-5 waveguide interface) and the LO port
(WR-10 waveguide interface) the lumped ports are terminated with an open circuit
and the diode impedance,Zdiode, as illustrated in Figure 3.13. This is also the case
when investigating insertion losses between di�erent ports. This simulation setup
makes it possible to verify the harmonic balance simulations which result in return
losses at the RF and LO port.
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Figure 3.12: Illustration of the termination of the diode lumped ports when in-
vestigating the diode circuit embedding impedance. The ports replace the Schottky
junctions (dashed) and are connected to the mixer circuit which include the diode
structure. The used lumped port (blue arrow) is terminated with50 
 and the
opposite lumped port is terminated with an open circuit.

Figure 3.13: Illustration of the termination of the diode lumped ports when in-
vestigating return losses at the RF and LO port as well as when investigating inser-
tion losses between di�erent ports. One lumped port is terminated with the diode
impedanceZdiode and the opposite lumped port is terminated with an open circuit.
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