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Design and modeling of terahertz Schottky diode harmonic mixers
DIVYA JAYASANKAR

Department of Microtechnology and Nanoscience - MC2
Chalmers University of Technology

Abstract

Compact, e [cieht and reliable frequency converters, preferably operating at room
temperature are necessary for frequency stabilising far infra-red optical sources in-
order to achieve high spectral resolution. Future air and space-borne instrumenta-
tion requirements are driven by the need to accommodate compact LO sources for
detection of atomic oxygen (Ol) and hydroxyl radical (OH) lines at 3.5 THz, and
4.7 THz as they provide valuable information in atmospheric and planetary sciences.
The main objective of this work is to design and model Schottky diode-based har-
monic mixers for phase locking of quantum cascade laser operating at 3.5 THz. De-
tailed large-signal analysis of the four basic single-ended Z-, H-, G-, and Y-mixers
was carried out using a standard Schottky-diode model to determine the optimum
diode embedding impedances and mixer performances. Conversion nulls were ob-
served in Y-mixers due to destructive interference among the mixing products. It is
noticed that for low local oscillator pump power, Y-mixer has low conversion loss.
However, as the local oscillator pump power increases, Z-mixer provides reduced
conversion loss due to the associated power dissipation in the idler circuits. Based
on the ideal simulation study, a 3D electromagnetic model of planar single-ended
Schottky diode with sub-micron anode size, integrated with suspended strip-lines
on an ultra-thin GaAs membrane was designed. The estimated conversion loss for
X6 harmonic mixer operating at 3.5 THz is around 35 dB for —4 dBm local oscillator
pump power including the waveguide losses.

The designed x6 harmonic mixer is intended to be a part of the quantum cascade
laser frequency stabilization scheme operating at 3.5 THz in the proposed European
Space Agency’s mission LOCUS (Linking Observations of Climate, the Upper at-
mosphere, and Space weather) targeting the mesosphere and lower thermosphere
region (MLT). This thesis also provides initial guidelines for a x8 harmonic mixer
design operating at 4.7 THz.

Keywords: Conversion e [ciehcy, far-infrared, frequency converters, frequency sta-
bilization, harmonic mixers, phase-locking, Schottky diodes, diode mixers.
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Introduction

The terahertz frequency range in the electromagnetic spectrum is located between
300GHzto 10THz. Due to technical advancement in the past decade, terahertz
technology is nding use in a very wide range of applications: plasma diagnostics,
medical imaging, remote sensing, climate monitoring [1]-[2]. Measurements of molec-
ular spectral lines at sub-millimetre wavelength provides valuable information about
stellar evolution, cosmic chemistry, planetary and atmospheric sciences [3]. Despite
it's interesting scienti ¢ potential, terahertz spectrum is least explored due to un-
availability of sources, components at high frequencies. However, due to the recent
development in device fabrication techniques [4]-[5], precision waveguide milling, ad-
vancements in commercial electromagnetic simulation softwares and availability of
terahertz sources: frequency multipliers [6], quantum cascade lasers [7] has paved
way for the development of high spectral resolution heterodyne spectrometers [8]-[9].
Scientists have become increasingly interested in detection of molecular lines at ter-
ahertz frequencies. Future air/space-borne instruments requires compact solutions
for atmospheric measurements of atomic oxygen (OIl) and hydroxyl radical (OH)
at 3:5THz and 4:7 THz respectively [10]. Much research has examined ultra-low
noise terahertz technology like superconductor-insulator-superconductor (SIS) [11]
and hot electron bolometer mixers (HEB) [12] as they o er high receiver sensitivity.
However, there is a strong need for compact terahertz heterodyne receivers with
high spectral resolution that are able to operate without any cryogenic cooling.
Schottky diode technology is robust and can operate over a wide temperature range,
intermediate frequencies and is hence attractive for space instrumentation. Since
passive cooling is su cient, Schottky diode technology is better suited for long life-
time missions compared to cryogenic technology. Schottky barrier is formed due
to the metal-semiconductor junction, Braun [13] was the rst to study recti cation
property in metal-semiconductors in 1874. Later in 1904, a physicist from India
named Bose developed semiconductor diode detectors operating@iGHz [14]. In
the year 1937, Walter H. Schottky, a German physicist proposed that the current
recti cation in the metal-semiconductor junctions is caused by the potential barrier
that exists in the semiconductor-metal interface. This potential barrier was later
named as Schottky-barrier. Planar Schottky diodes with integrated circuit tech-
nology has led to the development of reliable and advanced terahertz mixers and
multipliers with better performance [15] compared to the whisker-contacted devices
[16]. In 1999, Siegel et al.[17] demonstrated membrane based technology that allows
for low electrical parasitics and operation at terahertz frequencies. Based on this
monolithic membrane diode technology, the rst planar 2.5 THz Schottky diode het-
erodyne receiver was developed for a NASA space ight mission using a Jtmped

1



1. Introduction

methanol far-infrared laser [18]. However, the lack of e cient and compact power
sources [19] abov@ THz, is one of the limiting factors that restrict the realization

of un-cooled heterodyne receivers at higher frequencies [20].

Over the past decade, Quantum Cascade Lasers (QCLs) has shown steady improve-
ment in performance [7], thereby making it an ideal candidate as a compact local
oscillator source for room temperature Schottky diode receivers. However, due to the
frequency drift in terahertz laser sources caused by temperature and driving current
variation, it is critical to frequency stabilize the quantum cascade lasers [21]. Fre-
guency stabilization can be achieved by locking the QCL frequency to the molecular
transition [22], using a precise frequency comb [23]. However, for long-time space
mission, the most reliable method is to lock the QCL frequency to a stable microwave
reference signal. Phase locking of QCL using a super-lattice mixer was demonstrated
by [24] at 4.7 THz with a SNR 0of20dB for 30 kHz resolution bandwidth. Phase
locking using a Schottky diode-based harmonic mixers was demonstrated by [25],
with the Schottky diode technology developed at the Chalmers University of Tech-
nology. Conversion loss 027 dB and 30 dB was measured foB8™ and 4" harmonic
mixing respectively. Fabrication process involves electron-beam lithography with
a beam spot less tharb nm thereby allowing precise anode contact and air-bridge
formation.

The main objective of this project is to design a Schottky diode based x6 harmonic
mixer which has low conversion loss and high signal to noise ratio in-order to achieve
phase locking of QCL at terahertz frequencies. Moving up in frequency, circuit
losses increases therefore it is crucial to accurately model the e ects of parasitics,
and reduce the substrate loss. Also, progressing high in frequency, the performance
of the diode mixer is signi cantly limited by noise temperature, power-coupling
bandwidth and high frequency losses. The design is based on Schottky diodes with
sub-micron anode area, de ned using nano lithography techniques, and integrated
with suspended striplines on an ultra-thin GaAs-membrane.

In this work, frequency stabilization of QCL will be achieved by locking the fre-
guency to a stable microwave reference source. By utilizing the higher harmonic
(x6) of the LO signal (585 GHz), RF signal can be down-converted to a low in-
termediate frequency. A digital phase detector will then compare the IF signal to
the stable microwave reference signal and produce a dc voltage as feedback thereby
stabilizing the frequency of the QCL. Figure 1.1 shows the proposed front-end of the
receiver operating at3:5 THz and 4:7 THz for the LOCUS mission. LOCUS (Linking
Observations of Climate, the Upper atmosphere and Space weather) is a proposal for
future European Space Agency (ESA) satellite mission to target the mesosphere and
lower thermosphere region [26]-[27]. LOCUS mission will have receiver front-ends
operating at four terahertz bands:0:8 THz, 1.1 THz, 3:5THz, 4.7 THz.

1.1 Thesis outline

Chapter 1 brie y presents the di erent methods for achieving frequency stabilizing
of the terahertz laser sources.

Chapter 2 provides a general description of Schottky diodes and presents results from
the theoretical study for estimating the series resistance, junction capacitance and

2



1. Introduction

Figure 1.1: Schematic of the front-end receiver operating at 3.5 THz/4.7
THz.

cut-o frequency for di erent anode contact area and epi-layer doping concentration.
Chapter 2, also provides the relevant diode speci cations which will be used in the
large-signal diode modelling. Finally, a brief introduction to the theory of resistive
mixers are provided.

Chapter 3 explains the harmonic balance simulation setup in the circuit simulation
setup and gives an overview of the design approach to estimate the optimum diode
embedding impedance at RF, LO and intermediate frequencies. Conversion loss
for single ended: Z-, H-, G-, Y-mixer circuits from ideal simulation is presented.
The later part is about the 3D-electromagnetic modeling of the mixer circuit and
conversion loss versus local oscillator power and radio frequency is presented.
Chapter 4 discusses the results obtained from di erent mixer circuit in the circuit
simulation and the results from the EM-modeling. Chapter 5 concludes the thesis
work and the planned future work is presented.
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Theory

The current recti cation in metal-semiconductor contact was rst observed by Braun

in 1874 [13]. The majority carriers in Schottky-diode enables operation at high
frequency. Later, Walter H. Schottky postulated that the current recti cation in
Schottky diode is caused due to the electrostatic potential which arises from the
space-region in the semiconductor which is compensated by equal and opposite
charge in the metal surface [28]. Figure 2.1a shows the metal and n-type GaAs
semiconductor junction. The commonly used Schottky-diode symbol is illustrated
in gure 2.1b. Typical metal used for Schottky anode contact is titanium (Ti),
platinum (Pt), gold (Au) and chromium (Cr) and for terahertz applications, n-type
GaAs is preferred due to its high mobility. For ideal contact, the barrier height is
equalto p= s Where , is the metal-work function and s is the electron

a nity in the semiconductor [29]. Usually, the metal-GaAs barrier height is close
to 0:8V.

(a) (b)

Figure 2.1: a) Metal-semiconductor interface b) Schottky diode symbol

Under thermal equilibrium condition, electrons will ow from the semiconductor to
the metal, thereby creating a depletion layer in the semiconductor. Further electron
transport from semiconductor is prevented because of the energy barrier created
which is also known as built-in potential ( ;) as shown in gure 2.2a. Depending
upon the voltage applied across the diode terminals, i.e, forward bias and reverse
bias, the depletion width Wg) and the built-in potential ( ;) can be altered. When
the diode is forward biased, the built-in potential will be lowered by the voltage
that is applied across the junction (V&) and the depletion width is narrowed as
shown in gure 2.2b. In this condition, the diode operates like a voltage-controlled

5



2. Theory

resistor mode also called as Varistor (variable resistor). When reverse bias is applied,
the energy batrrier is increased (, Vgr) and the depletion width gets widened as
shown in gure 2.2c, thereby operating as a voltage-controlled capacitor also known
as Varactor (variable reactance) [30].

@) (b)

(©)

Figure 2.2: Energy band-diagram of n-type GaAs and metal contact for di erent
biasing conditions a) Thermal equilibrium, b) forward bias, c) reverse bias where
bi IS the built-in potential, V; is the applied forward bias voltage andv; is the
reverse bias voltageE. is the conduction band,E, is the valence band ancE; is

the fermi-level energy band.

Figure 2.3 shows the cross-sectional view of GaAs Schottky diode, anode-pad is
formed by metals and epi-layer has n-type GaAs with doping concentration in the
range of3 10Ycm 3to 5 10cm 3, bu er layer facilitates current ow between

the epi-layer and the ohmic contact and it is usually doped high (n++ GaAs) with
concentration of about5 10 cm 3. Ohmic contact allows current ow from the
semiconductor to the external circuit.

Figure 2.3: Cross-sectional view of GaAs Schottky diode
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2.1 Diode equivalent circuit

The lumped equivalent circuit model for a Schottky diode is as shown below in gure
2.4. It consists of a series resistandg{), a non-linear junction capacitance C;) and
non-linear junction conductance G;).

Figure 2.4: Lumped equivalent circuit of GaAs Schottky diode

2.1.1 |-V characteristics

The current-voltage (I-V) characteristics of metal and n-type GaAs Schottky contact
is given by

avj

11(V) = 1s(exp s 1) (2.1)
where,
l.= AA T2exg*a™); 2.2)

l; diode junction current,
s reverse saturation current,
Vi junction voltage,
- ideality factor,
A - Anode contact area,
A - e ective Richardson's constant [31],
T - absolute temperature,
b - barrier height,

Numerical constants and material properties of GaAs that were used during the
calculations are summarized in table 2.1.
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Variable name Description Value
bi Built-in potential 0.85V
Ideality factor 1.2
= Bandgap energy 1.42 eV
r Relative dielectric constant 12.9
me E ective mass (electrons) 0.063
Vsat Saturation velocity 7 10°cm=s
N dpysrer Doping concentration in Bu er-layer | 5 10%cm *
c Speci ¢ contact resistance 10 ® :cm ?

Table 2.1: Numerical constants and material properties of GaAs

2.1.2 Junction capacitance

The junction capacitance C;) can be modelled using parallel plate capacitor ap-
proximation. At millimetre and sub-millimetre wavelength, anode radii is small
compared to the depletion width and thickness of the epi-layer and the potential in
epi-layer is curved near the periphery of the anode. This e ect is known as fringing
or edge e ect and it is important to include these e ects in the junction capacitance
model [32] as shown below:

I

A wW

W 1+b Ry (2.3)
where, Ranode 1S radius of the anode contact and b is the numerical constant 1.5.
Hence for smaller anodes, a geometry dependent CO”St%E‘n’Ld% has to be included
in the junction capacitance model.

When voltage applied across the diode is varied, then the depletion width will also
vary as a function of the junction voltage. The zero-bias capacitance and depletion
width can be calculated using the following equations,

Cjoz

Ng...
Cio = Area q;:e” (2.4)
|
v
2
W =t e (2.5)
epi

2.1.3 Series resistance

The diode series resistance is one of the important parasitic element that deter-
mines the cut-o frequency. The series resistance of a diode comprises of epi-layer
resistance, bu er resistance and contact resistance as shown in gure 2.5.

Rs = Repilayer + Rbuffer + Rcontact (2-6)

Epi-layer resistance is caused due to the un-depleted epi-layer and spreading resis-
tance arises due to the current spreading in the bu er layer and contact resistance
IS between the semiconductor and ohmic contact.

8
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Figure 2.5: Cross-section of GaAs Schottky diode showing the epi,
bu er and spreading resistance along with the parasitic capacitances

2.1.3.1 Epi-layer resistance

Epi-layer resistance is calculated using,

ton:
R(—:Apilayer = Aepl ] (27)
epi

where, tep is the thickness of epi-layer and ¢pi = g Ngepi epi IS the electrical
conductivity of epi-layer, Ng.epi and ¢pi are doping concentration and mobility of
the epi-layer respectively. Electrical conductivity of epi-layer is low compared to
the highly-doped bu er region hence the current is assumed to be con ned under
the anode contact. The thickness of the epi-laydg,; is assumed to be equal to the
depletion width when zero-bias voltage is applied [33] refer equation 2.5.

2.1.3.2 Bu er contact resistance

Due to higher electrical conductivity of bu er-layer and larger cathode area, current
spreads in the bu er layer and it is usually geometry-dependent. For planar diodes
as shown in gure 2.6, the lateral current ow from the anode contact is constricted
to the skin-depth in the bu er-layer at 3.5 THz which is about 0:7um. This also
causes current crowding in the ohmic contact and moving away from the edge,
current distribution reduces exponentially and it is called as transfer length, [34].

1 b

Rbuffer = —In

- 2.8
buffer s a ( )

where, s is the skin depth at3:5THz, a and b are the anode and ohmic contact
radius respectively. pufer = 0 Na:buffer butfer 1S the electrical conductivity of
bu er layer.

S

= 2L (2.9)
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Figure 2.6: Current ow in highly conductive bu er layer for planar
diode geometry (side view) and top-view showing the transfer length
and e ective anode contact area.

2.1.3.3 Ohmic contact resistance

Ohmic contact resistance can be calculated using the formula,

Reontact = A € (2-10)
ohmic

where, . is the speci ¢ contact resistance of n-type GaAs is about0 * cm? and
Anmic 1S the e ective ohmic contact area calculated by taking transfer length into
account.

2.1.3.4 Low- eld mobility model

Doping concentration in epi-layer was varied fromd  10**cm 3to1 10®¥cm 3and
the anode area was varied betwedhl um? to 0:5 um?. And,empirical low- eld mo-
bility model for GaAs was used to calculate the mobility refer [35] for corresponding
doping concentration refer 2.11. Doping concentration and corresponding electron
mobility of GaAs at room temperature is shown in gure 2.7.

Figure 2.7: Doping concentration vs. electron mobility of GaAs

10
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max (300()(300sz) ! min
N
" (Nrer (300K)(T =300K) 2)

where, 1, , and are tting constants

(N;T) = min + (2.11)

1

2.2 Diode cut-o frequency

Cut-o frequency is one of the gure of merit of high-frequency two terminal devices
and it can be calculated using the formula as shown below,

fos o (2.12)

where R is the series resistance an@; is the junction capacitance [36]. Figure
2.8 shows cut-o frequency contours while anode diameter and epi-layer doping
concentration are varied. It is evident that high doping concentration and smaller
anode contact is required, in-order to achieve high cut-o frequency.

Figure 2.8: Cut-o frequency contours for di erent epi-layer doping
concentration and diameter of anode contact.

2.3 High frequency diode model

Moving higher in frequency, the resistance model is expanded to complex impedance
model by including the e ects of displacement current, carrier inertia and skin e ect
[37]. The parallel resonance caused due to the dc-spreading resistance, inertial in-
ductance () and the displacement capacitanceds) as shown in gure corresponds

to the plasma resonance [36]. Plasma frequency can be calculated using,

=Py (2.13)

11
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Figure 2.9: High-frequency impedance model in bu er region

where, ! ,, !5, 1 4 are the plasma frequency, scattering frequency and dielectric
relaxation frequency respectively.
- 4
' m

(2.14)
e N
where @ is the elementary chargen, is the e ective electron mass and , is the
electron mobility in GaAs.

lg= — (2.15)

S
where, is the electrical conductivity and s is the dielectric permittivity of GaAs.
These frequencies are calculated for di erent doping concentration and are sum-
marized in the table 2.2. Figure 2.10 shows plasma frequency for varying doping
concentrations.

Figure 2.10: Plasma frequency vs. doping concentration

Na (cm 3) [ 5= (THz) | 3¢ (THZ) | 32 (THZ)
5 x10 0.9 5.7 2.2
3x107 1.2 23.8 5.5
4x107 1.3 29.8 6.3
5x107 1.4 35.6 7.0
6 x107 15 40.9 7.7

Table 2.2: Scattering, dielectric relaxation frequency and plasma
frequency for di erent doping concentration

12
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2.4 Mixer theory

Mixers also called as frequency converters are used to convert high frequency signals
to low intermediate frequency signals (down-conversion) using a local oscillator sig-
nal which are commonly used in receivers as shown in gure 2.11. In transmitters,
they are used to convert a low frequency signal to high radio frequency signal (up-
conversion). The frequency conversion is possible due to the non-linear behaviour of
the diode [38]. In this work, we use thé&™ and 8" harmonic of the local oscillator
signal to mix with the radio frequency signal hence they are called as harmonic
mixers. It can be seen that from gure 2.11 that iffge = f o frorf o + i,
both the signals will be down-converted to the same intermediate frequency. In a
double-sideband (DSB) mixer, both these side-bands are used and are symmetric
to the LO signal. In a single-sideband mixer, only one side-band is used and the
other side-band is called image frequency. The x6 harmonic mixer described in this
thesis, is a single-sideband (SSB) mixer.

fir =flo fgre (2.16)

Figure 2.11: Ideal mixer symbol and output spectrum

2.4.1 Single-ended diode mixer

A basic circuit of single-ended diode mixer is shown in gure 2.12. A diplexer is
used to combine both high frequency RF signal and LO signal, the diode may be
biased with a dc voltage hence a dc blocking capacitor is added that prevents dc
leaking into RF path. Similarly, RF choke is added that prevents the RF signal
from leaking into the dc path. The output voltage from the mixer is passed through
a low-pass lIter to provide desired intermediate frequency (IF) as shown in gure
2.12.
Detailed mathematical analysis is presented as follows: Let the input RF voltage be
a cosine wave of frequency,

VRrr (t) = VrecOd [ (2.17)

and let the LO input voltage be a cosine wave of frequency,
VRE (t) = Vv pocod t; (218)

The total diode current can be expressed as shown below, using the small-signal
approximation [39],

13
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Figure 2.12: Single-ended diode mixer schematic

0
(0= 1o+ Gy (e (0+ o (0)+ (v (0+ Vo (0)?  (2.19)

The rst-term, dc bias current will be blocked by the dc block capacitors and the
second term will be Itered in a low-pass IF Iter and the third term can be re-
written as follows.

. G »
(1) = = [Vre (1) + Vio (1)] (2.20)

) G?
i(t) = 7"[v§{F cog! get + V35 COF! o t]? + 2VRre Vio €O ge tcod | ot] (2.21)

) GO
i(t) = TO'[VEeF + V2o + VA Coq2! ret) + V2, coq2! ot) (2.22)

+2Vgrr Vo (CO! 1ot + ! get) + cOL! 1ot ! Ret))]

The dc terms will be blocked by the capacitor and sum frequency ¢ + ! o),
2're, and 2 o will be Itered by a low-pass Iter. Thus, leaving the output
intermediate frequency current [ ) will be,

. _GY
Tout(t) = 7(2VRF Vio (cog! ir)) (2.23)

where,f | = f|_o fre

2.4.2 Conversion loss

The e ciency of the resistive mixers can be characterized by conversion loss. The
single-sideband conversion loss is given by:

Lm = Prrin =Pirout (2-24)

where,Pgein and Pig.oy are input RF frequency and output intermediate frequency
[40]. When no energy is dissipated in the out-of-band frequencies (idlers), the the-
oretical limit on conversion loss i3 dB. However, it is shown in [41] that when the
idlers are reactively terminated, the conversion loss is about 3.92 dBQ( logs). In
reality the conversion loss is degraded due to various factors such as: series resis-
tance, self-heating, parasitic capacitance [42].

14
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2.4.3 Mixer noise

In-order to design the Schottky diode harmonic mixers in an e ective way, it is im-
portant to analyse the noise performances. Major contributors of noise in Schottky
diodes are

Thermal noise also called as Johnson or Nyquist noise is caused by random

uctuations of electrons [43]-[44].

Shot noise generated by current ow across the junction
Strutt was the rst to investigate about shot noise in mixers [45]. From the lumped
equivalent circuit as shown in gure 2.4, each element generates noise. The shot
noise current can be modelled as a current source parallel® and thermal noise
associated with the series resistand®s can be modelled as a voltage source series
to Rs [40]-[46].

H2i = 2qiq f (2.25)

where, i4 is the instantaneous current ow across the junction and the equivalent
noise temperature of the junction is given by,

\
Tshot = gk; (2.26)
The mean square voltage amplitude of thermal noise is given by,
2 = 4kg Tert Rs T (2.27)

where, Tes IS the equivalent noise temperature

2.5 Theory of resistive mixers

In a non-linear device, frequency mixing process is achieved by a variable resistance
or reactance or combination of both. If the mixing process is achieved by non-linear
resistance and some parasitic capacitance, the corresponding mixer is called as the
resistive mixer. On the contrary, if the mixing process is accomplished by non-linear
reactance and some parasitic reactance, the corresponding mixer is known as para-
metric mixer. Although, parametric up-converters can produce a power gain, they
are unconditionally stable therefore not well-suited for frequency down-conversion
applications. Henceforth, resistive mixers are usually preferred for such applications
[47]. Schottky barrier diodes are well known for exhibiting purely resistive behaviour
[30]. In-order to analyze the resistive mixer performance, the following study was
carried out:
1. Classi cation of the resistive mixers based on the terminations o ered to the
out-of-band frequencies;
2. Optimum embedding diode impedance at RF, LO and intermediate frequencies
that o ers least conversion loss;
3. Optimum resistance waveform and pulse duty ratio for corresponding optimum
diode embedding network

15
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2.5.1 Classication of mixer circuits

The undesired out-of-band frequencies (idlers) of the resistive mixers can be grouped
as one and can be reactively terminated either as a short or as an open circuit
also called as unitary division scheme. Saleh [47] has done a detailed analysis on
these mixer topologies based on these reactive terminations and classi ed into two
mixers: Z- and Y-mixers in which the out-of-band frequencies are either terminated
by a open and a short circuit respectively as shown in gure 2.13-2.14. There are
two types of idlers: current and voltage idlers. Current idlers allow current to pass
through r(t) in a Z-mixer other than the RF and intermediate frequencies. Voltage
idlers allow voltage to exist across g(t) in a Y-mixer for frequencies other than RF
and intermediate frequencies. Therefore, Y-mixer with in nite voltage idlers at all
out-of-band frequencies can be considered as Z-mixer and vice-versa In the binary
division scheme, the frequencies were divided into two groups: even and odd out-of-
band frequencies, this resulted in the four basic types of mixers as summarized in
table 2.3. The names of these resistive mixers originated from the types of network
matrices used to nd the mixer performances.

Out-of-band frequencies!(,) | ! 2n+1 | Assigned name
Short Short Y-mixer
Open Open Z-mixer
Open Short G-mixer
Short Open H-mixer

Table 2.3: Mixer classi cation based on out-of-band frequency
terminations: Binary division scheme

The mixer circuit in which all the out-of-band frequencies are terminated with open
circuit is known as Z-mixer as shown in 2.13. The lIters on each side of r(t) presents
open circuit to all frequencies except the RF and intermediate frequency. For Y-
mixer, all the out-of-band frequencies are terminated with a short circuit as illus-
trated in gure 2.14 and the Iters will provide short circuit to all frequencies except
the RF and intermediate frequency.

Figure 2.13: Z-mixer - Out of band frequencies are open circuited

16



2. Theory

The Z-matrix is given by,
S #'#
VRF _ M T | RF (2.28)

ViF ror raz e

In order to evaluate the performance of a Z-mixer, impedance (Z)-matrix is required

hence the name[47]. If the image frequency is treated di erently from the rest of

the out-of-band frequencies, then a three port equation must be applied as shown
below:

2 3 2 32 3
12

VsE g r s I re
2 Vie g = ﬁrm o r23gg e g (229)
Vlmage 31 32 I33 IImage

Figure 2.14: Y-mixer - Out of band frequencies are short circuited

Similarly for Y-mixers,

" | 4 4 y 4
RF _ O Oi2 RF
= 2.30
7= B1 G2 ViF ( )

2.5.2 Optimum resistance waveform

For a given optimum embedding diode impedance network and reactive termination
of out-of-band frequencies, it is important to analyse the optimum resistance wave-
form that varies from Rjoy, and Rygn that provides the least mixer conversion loss.
For Z-mixer, consider the non-linear resistance varies betweén r(t) 1 . where,

r())=ro+2 rqy cog! pt)+ : (2.312)
The optimum conversion loss is given by,

1+ P 1
Lopt = rpl: (2.32)
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where, = ”2 andry, > 0. In order to have minimum conversion loss, should be

maximized. The optimum resistance waveform can be found by solving the equation

stated below: R
rg_ r(t)cogwiot) dwpt

o r(t)dwet (2.33)
Riow r(t)  Rnign
r(t) = Rnign ity 5 (2.34)
'o
I’(t) = RIow J tj T (2-35)

2 o

And, can be found by solving the transcendental equation shown below,

* LO

tan(z) = —+ (2.36)

2  Rhgh Riow

By solving the above equation, the optimum resistance waveform for Z-mixer and
Y-mixer is as shown in gure 2.15-2.16.

Figure 2.15: Optimum resistance waveform for Z-mixer

Figure 2.16: Optimum conductance waveform for Y-mixer

The optimum conversion loss equation can be re-written as,

1+sin( =2)

Lopt = 1 sin( =2) (2.37)
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2.6 Literature study on Schottky diode mixers

Schottky diode technology is the workhorse behind broadband sub-mm hetrodyne
radiometers, operating at ambient temperatures. They operate in wide intermedi-
ate frequency range, robust and better suited for long lifetime missions compared
to other technologies that requires cryogenic cooling [11]. Whisker contact Schottky
diode based mixers were widely used in heterodyne receivers, they o er very low
parasitic capacitances. Peatmaet al. demonstrated a0:5um GaAs Schottky bar-
rier diodes for low-noise terahertz receiver applications with zero biased capacitance
of about 0:5fF [48]. However, whisker contact diodes are not reliable and unable
to withstand vibrations and hence not suitable for space missions, In 1987 Bishop
et al. proposed a new whisker contact-less Schottky diode technology, paving the
way for the development of robust, reliable and mechanically stable Schottky-diode
structures [49].

Ali-Ahmad et al. in 1993 demonstrated a planar, low-noise Schottky receiver with
guasi-integrated horn antenna operating a50 GHz and exhibited a conversion
loss of 7.2 dB and noise temperature of about 1310 Kelvin at 258 GHz operating at
room temperature [50]. In 1996 Petret al. designed a planar single-ended Schot-
tky diode-based mixer for ODIN satellite, operating atl19 GHz using micro-strip
technology and achieved a conversion loss of abontiB and SSB noise tempera-
ture 900 Kelvin at room temperature [51]. In 1994, Raisanneet al. developed a
sub-harmonic anti-parallel Schottky barrier diode operating at 220 GHz, placed in
a novel split-waveguide block technology which had conversion loss of 10 dB and
single side-band noise temperature of 2000 Kelvin frog10 GHzto 235 GHz

Though the planar Schottky diode technology has led to a tremendous develop-
ment in building compact, integrated receiver systems, higher shunt capacitances
can severely a ect the performance of the diode at terahertz frequencies. A lot of
research has been carried out to improve the performance of Schottky-diodes from
late 1990's, by accurately modeling the parasitic e ects [52], to reduce the substrate
loss by using MOMED (Monolithic membrane diode) [17] and substrate-less tech-
nology [53].

In 2012, Zhaoet al. from Chalmers University of Technology has demonstrated a
GaAs monolithic membrane-diode mixer operating at 557 GHz, with state of the
art performance with 9 dB conversion and DSB noise temperature of 1100 Kelvin
[54]. This design employs an anti-parallel sub-harmonic membrane Schottky barrier
diode fabricated using electron beam lithography process [5]. In 2018, Anedl al.
presented the development of 874 GHz receiver for the (ISMAR) International Sub-
millimetre Airborne Radiometer. It has integrated horn antenna, a dielectric lens,
Schottky diode-based mixer circuit, and an integrated low-noise integrated ampli er
circuit [55] in a metal split-waveguide block with a DSB noise temperature of about
3300 Kelvin.
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Method

This chapter describes the Schottky diode technology, diode modeling and harmonic
balance simulation setup in the circuit simulator to nd the optimum embedding
impedances at RF, LO and intermediate frequencies. Based on this, a full 3D-
electromagnetic model was designed in nite element method simulator. This chap-
ter also presents the geometry optimization and parametric sweep that were carried
out in the design process in-order to achieve desirable mixer performances.

3.1 Design requirements

The Schottky diode-based x6 harmonic mixer is intended to meet the following
requirements as summarised in the table below,

Conversion DSB noise RF, LO, and Intermediate Instantaneous
loss temperature frequencies bandwidth
40dB | < 35,000 Kelvin | 3.5 THz, 585 GHz, and 10 GHz 1 GHz

Table 3.1: Design requirements for x6 Schottky-based harmonic mixer

3.2 Design methodology

The following design approach was carried out to design the x6 harmonic mixer oper-
ating at 3:5 THz. Harmonic balance simulations were performed to study four basic
mixer con gurations: Z-, H-, G-, and Y-mixer. The diode embedding impedances at
LO, RF, and intermediate frequencies were optimized in-order to achieve the least
conversion loss. The transmission loss in waveguides, including horn antennas, are
very high at terahertz frequencies and it is therefore essential to nd a compact cir-
cuit solution with short access waveguides. Moreover, the short wavelengti86(im)

set narrow fabrication tolerances. Therefore, a single ended mixer topology was cho-
sen. The mixer has E-plane split block con guration, since it is easier to mill the
waveguide and waveguide channels. Planar diode geometry optimization [56] and
tuning of back-short length was carried out, in-order to present the optimum em-
bedding impedance to the diode at RF frequency. Planar stepped impedance lter
was chosen, as it is easier to design and fabricate which acts as a band-stop lIter
preventing the leakage of the RF and LO signal. LO matching was achieved with a
quarter-wave waveguide transformer and reduced height LO waveguide section. A
horn antenna will be integrated as a part of the waveguide housing [57] as well as
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a low noise ampli er MMIC for the IF signal [58] but it is beyond the scope of this
thesis. The design approach is divided into three sub-sections as follows:

Diode selection

Estimate the diode area (A), epi-layer doping concentratiomNy, thickness of
the epi-layer te, such that it o ers low parasitic capacitances and maximize
the cut-o frequency;

Calculate the diode series resistand®s and junction capacitanceC; from the
analytical model;

N

Mixer topology

" Find the optimum out-of-band frequency terminations for single-ended diode
mixer;

Optimize the diode embedding impedance at LO, RF and IF frequencies in-
order to get minimum conversion loss;

3D electromagnetic modeling

Design of RF and LO waveguides operating &:5 THz and 585 GHzrespec-
tively;

Electromagnetic modeling of planar Schottky diode structure;

Present the desired RF optimum embedding impedance to the diode by tuning
the length of the back-short and geometry optimization of the diode structure;
Design of stepped impedance planar lIter structure to prevent the leakage of
RF and LO signal;

Design of quarter-wave waveguide transformer to present the optimum diode
impedance at LO frequency.

3.3 Diode technology

Realization of circuits at high frequencies are often limited due to the existence
of higher order propagating modes in the supporting GaAs substrate. In-order
to reduce the circuit losses and parasitics, the integrated diode technology will be
realized using suspended stripline technology Bum thick GaAs membrane [5]. The
Chalmers Schottky diode process has shown state-of-the-art performance in various
receivers between 183 GHz and 3 THz [55], [59], [25]. Figure 3.1 shows the scanned
electron microscope picture of sub-micron anode size Schottky diode fabricated at
Chalmers University of Technology.

3.4 Schottky diode model

From the theoretical study, following important conclusions were made,
Anode contact area should be preferably less thah2pm?, Epi-layer doping
concentration should be higher tharb  10'” cm 2 to reduce the parasitics and
to operate below the cut-o frequency
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Figure 3.1: Scanned Electron Microscope picture of single-anode Schottky diode
fabricated at Chalmers University of Technology

Higher epi-layer doping concentration will eliminate plasma resonance prob-

lems [36]-[15]

Highly doped bu er layer 5 10®¥cm 2 on a thin GaAs membrane [5].
Based on these conclusions the harmonic mixer design was implemented in a circuit
simulator using the in-built diode model. Series resistance and junction capacitance
was calculated for diode contact are@:15um? and epi-layer doping concentration
5 10Ycm 3. Ideality factor and saturation current was set to 1.2 andL fA respec-
tively. From the analytical model, series resistance was calculated by taking into of
contribution from epi-layer, bu er layer, and ohmic contacts. Junction capacitance
was modeled as a parallel plate capacitor and rst-order fringing e ects were taken
into account as summarised in table 3.2.

?cr)]r?tgit Ideality | Saturation | Series Junction
area factor | current resistance| capacitance
0:15um? | 12 | 1fA | 23 | 047fF

Table 3.2: Schottky-diode model implemented in the circuit simulator

3.5 Harmonic balance simulation

Harmonic balance is a hybrid time-frequency domain approach. The name 'Har-
monic balance' stems from the idea of balancing the currents from the nonlinear
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sub-circuits (via time-domain) and the currents from the linear sub-circuit in fre-
quency domain as illustrated in gure 3.2.

Figure 3.2: A circuit showing the linear and non-linear sub-circuits

Figure 3.3 shows the basic harmonic balance setup, Freq[bB5 GHzis the local
oscillator frequency and Freq[2]8500 GHzis the radio frequency. Order[1] and
order[2] speci es the number of harmonic frequencies that has to be calculated at
the LO and RF frequencies. The optimum order for the LO frequency was found
by setting a small order initially and was gradually increased until the solution had
stopped changing signi cantly.

@) (b)

Figure 3.3: a) Harmonic balance setup in the circuit simulator b) Double side-band
inter-modulation products at LO frequency

3.6 Load pull simulation

Zgioge 1S the impedance across the Schottky diode and the complex conjugate of this
impedance Zgiodge) IS the optimum embedding impedance presented to the diode
by the power source. The diode embedding impedances varies with frequency and
local oscillator pump power. Therefore, it is important to nd the optimum diode
embedding impedances at RF, LO and IF frequencies that o ers low conversion
loss. Harmonic balance simulation was set up in the circuit simulator as illustrated
in gure 3.4. In-order to nd the optimum diode embedding impedances, load pull
simulation was carried out by sweeping the RF impedance and with a xed LO
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impedance. Figure 3.5 shows the conversion loss contours from the ideal load pull
simulations, with the in-built diode model with following speci cations 0:15um?
anode area, ideality factor of 1.2, diode series resistance equal to 2and junction
capacitance of0:47 fF. The optimum embedding RF impedance can be found at
the centre of the conversion loss contours. The same procedure is followed to nd
the LO optimum impedance by keeping the RF impedance as constant, gure 3.6
shows the conversion loss contours in the Smith chart and the optimum LO diode
embedding impedance can be found at the centre of the contours.

Figure 3.4: lllustration of an ideal single-ended diode mixer
simulation setup.

Figure 3.5: The smith chart shows the conversion loss contours from
an ideal single-ended mixer simulation for 5dBm local oscillator
pump power andl dB step in contour. The optimum diode embedding
impedance at radio frequency that yields low conversion loss is in the
center of the contour.
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Figure 3.6: The smith chart shows the conversion loss contours from
an ideal single-ended mixer simulation for 5dBm local oscillator
pump power and3dB step in contour. The optimum diode embedding
impedance at LO frequency that yields low conversion loss is in the
center of the contour.

3.7 RF and LO waveguides

Rectangular waveguides are the best option to couple energy from the fundamental
TE10 mode to the suspended stripline mode in the channel. Almost 100% coupling
can be achieved by extending the stripline into the waveguide and tuning the back-
short length. The extended stripline will then act as an E-probe to couple the
energy from the waveguide mode to the stripline mode. The dimensions for the RF
waveguide is calculated such that the cut-o frequency is at 3 THz and also, to
prevent the propagation of5"" harmonic of the LO signal (2.925 THz). The aspect
ratio of the waveguide was kept as 2:1 to ease the milling process. Figure 3.7a
shows the 3D-EM model ob0um x 25um RF waveguide with E-plane split block
(cut along H-plane symmetry line). E-plane split block o ers lower loss compared
to the H-plane split blocks as currents from the waveguide mode are not broken.
Figure 3.7b shows the E- eld distribution of the fundamentalT E;; mode in the
RF waveguide. Figure 3.7c shows the microscope picture of the RF waveguide
split-block test structure milled using a30um end-mill, with measured width and
depth of about28um. Similar to the RF waveguide, LO waveguide was designed to
operate at585 GHz and dimension of the LO waveguide i881um x 191um, and it
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is the standard WR-1.5/WM-380 waveguide [60] and the cut-o frequency is around
400 GHz

(@) (b)

(©)

Figure 3.7: a) Picture of 3D-EM model of the RF waveguide with dotted lines
showing the E-plane split block b) Electric eld distribution of fundamental mode
(T Eqp) in the RF waveguide c) Picture of fabricated RF waveguide split blocR8um
X 28um

3.8 Planar Schottky-diode structure model

From the theoretical study described in chapter 2, the planar Schottky-diode struc-
ture was modeled in a2um GaAs substrate. On top of the supporting gallium
arsenide substrate,0:5um thick mesa layer was de ned and a thin-layer of metal
and SiG, with 100 nmthickness was modeled as shown in gure 3.8. The Schottky
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contact in the FEM simulator is modeled as a 50 lumped port which is indi-
cated by a red arrow in the gure shown below. More careful modeling of the diode
structure will be carried out as a part of the future work.

Figure 3.8: Planar Schottky diode 3D-EM model, the red arrow
indicates the lumped element port de ned in the FEM simulator

3.9 RF matching

In-order to have a compact, electrically small design, the RF matching was done by
optimizing the diode geometry and tuning the back-short length, gure 3.9 shows
the 3D electromagnetic model of the input RF waveguide and the planar Schottky
diode and stepped impedance Iter section which as an RF band-stop lter. Figure
3.10 shows the frequency sweep in the Smith chart and the marker indicates the
impedance presented to the diode at radio frequenc®:6 THz). Figure 3.11 shows
the Smith chart plot for di erent back-short length and the corresponding impedance
presented to the diode at the radio frequency.

Figure 3.9: 3D electromagnetic model showing the input RF
waveguide, planar Schottky diode and RF choke lter.
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Figure 3.10: Smith chart plot with marker indicating the diode
impedance at3:5THz

Figure 3.11: Smith chart plot showing the back-short length sweep
and marker indicating the diode impedance aB:5 THz for 80um
back-short length
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3.10 RF and LO channel

Geometry optimization of the RF channel was carried out in-order to have funda-
mental mode propagation up to radio frequency and prevent the existence of higher
order modes. The channel is T-shaped, to reduce the uncertainity in the misalign-
ment in the split blocks when mounted together. Figure 3.12 shows the RF-channel
and the red-line indicated shows the split-block where the channel is divided into
two-halves, 1 um thick metal strip-line on 2um gallium arsenide substrate. Figure
3.13 shows the electric eld distribution of the fundamental TEM mode2" or-
der transverse mode an@®“ order TE;, waveguide mode.The width and height of
the lower and upper channel were optimized simultaneously such that only single
mode propagation exists up to radio frequency. Figure 3.14 shows the electric eld
distribution inside the RF-channel at radio frequency.

Figure 3.12: RF channel with black-line indicating the E-plane split
block and suspended stripline on an ultra-thin GaAs substrate

The height of the bottom channel was kept constant (b =L3um) and the top channel
height was swept from12um to 15um as shown in gure 3.15. Similarly, the width
of the top LO channel was swept fron250um to 300um, it is observed that for width
al = 250um, single mode propagation exists up t645 GHzas shown in gure 3.16.

Figure 3.15: Propagation factor of the transverse 2'%) mode versus
frequency for di erent RF top channel height (b1)
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@) (b)

()

Figure 3.13: Electric eld distribution in 'T-shaped' RF channel a) Fundamental
mode (TEM) b) Transverse mode and c)l E;o mode

Figure 3.16: Propagation factor of the transverse 2'%) mode versus
frequency for di erent LO top channel width (al)

Figure 3.17 shows the propagation factor plotted versus frequency for the fundamen-
tal, 2" and 3" order mode, it can be seen that there is only single-mode propagation
up to 3:9THz and the channel dimensions ar@5um x 26um. The top and bot-
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Figure 3.14: Electric eld distribution in the RF-channel at 3.5 THz

tom channel dimensions were kept identical3um. The same design approach was
carried out, for designing the LO channel. The width, height of the bottom and
top channels were optimized in-order to have fundamental mode propagation at LO
frequency and also to achieve good rejection of LO signal.

Figure 3.17: Propagation factor vs. frequency for fundamentaf2"
and 39 order mode in the RF channel

Figure 3.18 shows the propagation constant versus frequency plot, it can be seen
that fundamental-mode propagation exists up t®45 GHz .
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Figure 3.18: Propagation factor vs. frequency for fundamentaf2"
and 3“ order mode in the LO channel

3.11 Planar stepped impedance lIter

3.11.1 RF choke lter

This section describes the design of a planar stepped impedance lter, that will
present a short circuit ( = 1\ 0) to the RF signal and prevents it from leaking
into the LO port. Initial designs were carried out in the circuit simulation software
where ideal transmission lines of quarter-wave electrical length at RF frequency was
implemented [39]. Figure 3.19 shows the 3D-electromagnetic model of the lter
designed on a2um GaAs substrate and1pum thick gold metal strip-line. A 5
order Iter design resulted in three low-impedance lines and two high-impedance
lines. Thickness of the strip-line metal was varied fron@:5um to 1.5um and the
corresponding lter response is as illustrated in gure 3.20. It can be observed for
0:5pum gold thickness, the RF rejection is about 19dB. However, it might be
di cult to realise the circuit during the fabrication process.

Figure 3.19: 3D-model of a5" order planar stepped impedance (RF
choke lIter) implemented on a2um GaAs substrate

33



3. Method

Figure 3.20: S,; response of the stepped impedance RF lIter for
di erent strip-line metal thickness

The electrical length of the high-low impedance lines, along with the channel di-
mensions were optimized to give good rejection at RF frequency, gure 3.21 shows
the Iter response for di erent electrical length of high-low impedance sections. It
can be observed that the Iter response is centered &5 THz, when the electrical
length is 16pum. Figure gure 3.22 shows the Iter response of the RF band stop
Iter with 18 dB rejection at radio frequency3:5 THz.

Figure 3.21: S,; response of the stepped impedance RF lIter for
di erent electrical length
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Figure 3.22: S;; and S,; response of the planar stepped impedance
RF lter with -18 dB rejection at RF frequency

3.11.2 LO choke lter

To achieve good rejection at LO frequency (585 GHz) and to prevent the LO signal
from leaking into the IF port, LO choke Iter is designed, that will present total

re ection ( =1 ) to the LO signal. Filter was implemented with ideal transmission
lines in the circuit simulator as explained in the previous section and 3D- electromag-
netic model was designed in FEM software. Figure 3.23 shows the lIter response of
the LO choke lIter for di erent electrical lengths. It can be observed that when the
electrical length of high-low impedance lines were set 810um, the Iter response
was centered att85 GHzand a rejection of about 12 dB was achieved.

The height and width of top and bottom channel were also swept simultaneously
in order to achieve good rejection of the local oscillator signal in to the IF chain,
gure 3.24 shows the bottom channel width swept fron150um to 200um, the top
channel was kept constant a250um. Figure 3.25 shows the lIter response from
the EM simulation, at 585 GHz rejection of about -12 dB is achieved. Beam-leads
for mechanical support will be added to the LO choke Iter as a part of the future
work, also impedance transformer at intermediate frequencies will be included in
the design.
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Figure 3.23: S,; response of the stepped impedance LO lter for
di erent electrical length of the high-low impedance sections.

Figure 3.24: S,; response of the stepped impedance Iter for di erent
bottom channel width.
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Figure 3.25: S;; and S,; response of the stepped impedance lter
with -12 dB rejection at LO frequency
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3.12 LO matching

The LO waveguide was designed with reduced waveguide heigBBQum x 95um)

as shown in gure 3.26. The de-embedding distance of the waveguide as indicated
by blue arrow in the gure shown below was varied. The LO back-short length,
LO probe width was varied in-order to present the desired impedance at LO fre-
quency. The full port impedance of the lumped port that models the Schottky
contact is the complex conjugate of the optimum embedding diode impedance at
LO frequency 585 GHz which is approximately equal to 150-j*300 . Figure 3.27
shows the Smith chart with a marker indicating the impedance presented to the
diode at LO frequency.

Figure 3.26: 3D electromagnetic model of x6 harmonic mixer with
reduced LO waveguide height and blue arrow shows the de-embedding
distance into the LO waveguide.

Figure 3.27: Smith chart showing the impedance at LO frequency
585 GHz
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A quarter wave waveguide transformer as shown in gure 3.28 was designed in-order
to present the optimum diode embedding impedance at LO frequency. Geometry
of the quarter-wave waveguide transformer wave optimized in-order to match LO
waveguide impedance to the optimum diode embedding impedance at LO frequency.
Figure 3.29 shows the impedance presented to the diode at LO frequency, fractional
bandwidth of about 7% was achieved.

Figure 3.28: Model showing the quarter-wave waveguide impedance
transformer

Figure 3.29: Smith chart with frequency sweep and maker indicates
the impedance presented to the diode at LO frequency.

39



3. Method

40



4

Results

This chapter presents the results from ideal mixer simulation. The mixer perfor-

mance and optimum embedding impedances at LO, RF, and intermediate frequen-
cies are presented for Z-, and Y-mixer con gurations. A full 3D electromagnetic

model of the x6 harmonic mixer is presented, S-parameters from the EM model
were then exported to the circuit simulator to evaluate the overall performance of

the circuit in terms of conversion loss. This process was carried out in an iterative
manner until good performance was achieved.

4.1 Diode model parameter extraction

Based on the series resistanc&¢{) and the junction capacitance value C;) obtained
from the analytical model for a given anode area, DC simulation was setup in the
circuit simulator [61]. Figure 4.1 shows the I-V plot of the diode model withRs =
23, =1:2,Cj = 0:47fF, lsx = 1fA and Ngep =5 107 cm 3 for 0:15um?
anode area and measurement performed with Kelvin probes at room temperature
in dark condition.

Figure 4.1: In-built diode model from the circuit simulator and
measurement data of in-house Schottky diode witB:15um? anode area
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4.2 Comparison of analytical diode series resis-
tance model with FEM simulation

In-order to verify this analytical model, single anode diode structure was designed
in nite element method simulation software. Thickness of the epi-layer region
was calculated from the zero-bias depletion width which was approximately equal
to 50 nm and the electrical conductivity of the epi-layer region was calculated for
5 10"%cm 2 doping concentration. Area of the anode contact was varied and the
corresponding resistance was calculated and compared to the analytical model as
shown in gure 4.2. Self heating and high-frequency e ects are excluded in this
analytical model [62], [63].

Figure 4.2: Comparison of dc-series resistance of analytical model
with FEM simulation for di erent anode contact area

4.3 Optimum mixer con guration

Four basic topologies: Z-,Y-,H-,G- mixers were implemented in the circuit simulation
software, embedding impedances at RF, LO and IF frequencies were optimised such
that minimum conversion loss is achieved. The out-of-band frequencies were divided
in two groups: odd and even-order frequencies and they were terminated reactively
either by a short or open circuit. At high frequencies, junction capacitance will
present a short circuit therefore it is not a pure Z-mixer [64]. The local oscillator
pump power was varied from 20dBmto 3dBm. It is also crucial to note that
the voltage swing does not exceed abovdeV. The ideal-mixer simulations of Z-
,Y- mixer topologies were carried out, where the out-of-band frequencies are either
open or short circuited respectively. Conversion loss versus LO pump power was
plotted for three di erent harmonic mixers: x4, x6, and x8 operating at2:3 THz,
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