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The motivation for this thesis is in the ever 
increasing frequencies of radio engineering 
applications. Traditionally, the radio signals 
in the millimeter wave region (frequencies 
between 30-300 GHz) have found 
applications mainly in the realm of 
atmospheric or space science and in military 
applications. Today, these high frequencies 
are becoming a part of our everyday life. 
They are used in wireless local area 
networks, automotive radar, point-to-point 
communication, and in security 
applications. Development and testing of 
devices for such applications depend on the 
availability of high performance test 
instrumentation for generating, 
manipulating, and detecting the high 
frequency signals as well as on the accurate 
and reliable models for the components that 
are used in the devices. 
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This work contributes to two fields of research at millimeter wavelengths: waveguide 
impedance tuners and Schottky diodes. Three novel impedance tuning devices for frequencies 
between 75-220 GHz are presented and new modeling and characterization methods 
applicable to millimeter-wave and THz Schottky diodes are introduced. In addition, the use of 
waveguide impedance tuners and Schottky diodes is demonstrated in three different 
applications. Waveguide tuners are used for dielectric material characterization at 75-110 
GHz and in a fundamental frequency mixer diode test platform at 183 GHz. Schottky diodes 
characterized in this work are used in a novel MMIC frequency tripler for 75-140 GHz and in 
the aforementioned 183 GHz mixer diode test platform. 

Waveguide impedance tuners are widely used in a variety of applications at millimeter 
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which is 10 times more accurate than with a traditional backshort. 

The Schottky diode is the workhorse in almost all room temperature mixer and frequency 
multiplier applications at 100-3000 GHz. Design of Schottky-based circuits at these 
frequencies relies on accurate models for the Schottky diode. In this work, a novel method is 
presented for simultaneous extraction of Schottky diode series resistance and thermal 
resistance. The method avoids the inaccuracies inherent in the traditional I-V extraction 
methods caused by the self-heating of the diode, which can result in too small a value for the 
extracted series resistance. In addition, a quantitative comparison of low-frequency (1 MHz) 
and microwave frequency (3-10 GHz) capacitance determination techniques is performed for 
millimeter-wave and THz Schottky diodes. 
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Tiivistelmä 
Tämä työ käsittelee kahta millimetriaaltoalueen tutkimusalaa: aaltoputki-
impedanssisäätimiä ja Schottky-diodeja. Työssä esitellään kolme uudentyyppistä 
impedanssinsäätölaitetta taajuusalueelle 75-220 GHz sekä uusia mallinnus- ja 
karakterisointimenetelmiä millimetriaalto- ja terahertsialueen Schottky-diodeille. Lisäksi 
kolme työssä suunniteltua laitetta havainnollistaa aaltoputki-impedanssisäädinten ja 
Schottky-diodien käyttöä eri sovellusalueilla. Aaltoputki-impedanssisäätimiä käytetään 
työssä dielektrisen materiaalin mittaamiseen 75-110 GHz:n taajuusalueella sekä 
sekoitindiodien testialustassa 183 GHz:n taajuudella. Työssä karakterisoituja Schottky-
diodeja käytetään uudenlaisessa monoliittisessa taajuuskolmentajassa 75-140 GHz:n 
taajuusalueella sekä edellä mainitussa testialustassa. 

Aaltoputki-impedanssisäätimiä käytetään millimetriaaltoalueella useissa sovelluksissa 
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1 Introduction 

The millimeter wave region (i.e., millimeter waves) is defined as that part of the 

electromagnetic spectrum with a wavelength ranging between 10 mm and 1 mm. On the 

frequency scale, this corresponds to frequencies between 30 GHz and 300 GHz. The 

International Telecommunications Union (ITU) designates this frequency range as the 

extremely high frequency (EHF) band. Depending on the source of information, the 

terahertz (THz) frequency range is often defined as starting from 0.1 THz (100 GHz) 

and thereby partly overlaps with the millimeter wave region.  

From the application point of view, millimeter waves have several advantages over 

longer electromagnetic waves. These include the possibility of miniaturizing key 

components, such as antennas, as well as higher data rates in communication. 

Furthermore, the strong resonances of certain gaseous elements such as oxygen, ozone, 

and water vapor, are located at millimeter wavelengths, thus enabling the study of 

atmospheric phenomena using millimeter wave technologies. However, one drawback 

is the higher atmospheric loss compared to that at lower frequencies, which makes it 

difficult to utilize millimeter wavelengths in long-range systems inside the atmosphere. 

Pioneering research was conducted on the generation and detection of millimeter 

waves as early as the 1890s. However, it were the military applications during and after 

World War II that spurred the rapid development of the technology needed for future 

exploitation of the millimeter wave region. These early applications, of course, worked 

at microwave frequencies [1]. Military interest in millimeter waves remained strong 

and was accompanied by applications of space science, radio astronomy, and earth 

observation in the late 1960s. Subsequently, in the following decades, space 

applications have become the main driving force for civilian millimeter-wave 

applications and remain an area of considerable scientific interest. A notable, recent 

example is the Planck satellite, which uses several extremely sensitive millimeter wave 

receivers to map the anisotropies in the cosmic microwave background. 

Commercial research and development of millimeter wave devices and systems started 

in the 1970s with the emphasis on the communication technology [2], which benefited 

vastly from the large bandwidths and available frequencies at millimeter wavelengths. 
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Today, a number of millimeter wave applications have become commercially available, 

including, wireless wideband data transmission systems operating at license-free 

frequencies around 60 GHz, automotive radar systems between 76-81 GHz 

(applications do not cover the whole band but only certain frequencies inside the band), 

E-band point-to-point links at 71-76 GHz and at 81-86 GHz, as well as millimeter wave 

imaging systems at 94 GHz. Above 100 GHz, imaging systems are available at 140 GHz 

and at 220 GHz and radiometric receivers cover the whole millimeter wave region. 

Other niche applications exists as well, though the frequencies from 100 GHz to 

300 GHz still remain relatively unused commercially. 

In the near future, wireless data transmission systems, such as 60 GHz wireless local 

area networks (WLAN), E-band point-to-point links, as well as automotive radar 

applications, are expected to penetrate mass markets and bring millimeter wave 

technology into everyday use. At the same time, the research focus in the commercial 

sector will shift to ever higher frequencies in order to benefit from the inherent 

advantages of smaller wavelengths and higher frequencies.  

1.1 Motivation and Scope of the Thesis 

The development and large-scale implementation of millimeter wave components and 

systems still faces many challenges. Perhaps the most difficult component of a 

millimeter wave system is the solid-state source, which should be reliable, high-power, 

widely tunable, and preferably inexpensive [3]. Due to a lack of such sources (or due to 

their great expense), the available power at millimeter waves is usually scarce, thus 

emphasizing the careful design and impedance matching of components. In the design, 

a particular problem, especially above 100 GHz, is the reduced accuracy of circuit 

models for passive components and active devices, such as transistors and diodes. 

Inadequate models may lead to an increase in the number of fabrication runs, thereby 

raising overall costs. 

In this thesis, work has been done to alleviate some of these challenges. Novel 

impedance matching devices are developed for the waveguide environment and for 

several waveguide frequency bands. Characterization and modeling methods are 
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developed, which enable better circuit models for millimeter wave Schottky diodes. In 

addition, applications are presented that utilize the developed impedance matching 

devices, Schottky devices, and novel modeling methods.  

The thesis is organized as follows. After the Introduction, Chapter 2 discusses general 

design aspects at millimeter wavelengths. In Chapter 3, three different impedance 

transforming devices for waveguide environment are presented [I]-[III]. Chapter 4 

discusses the Schottky diode and its modeling and characterization aspects [V], [VI]. 

Chapter 5 presents three applications based on Schottky diodes and/or impedance 

tuners [IV], [VII], [VIII]. Finally, Conclusions chapter summarizes the performed work. 

It also concludes the first part of the thesis. The second part of the thesis consists of 

articles [I]-[VIII] and contains a detailed discussion of the main scientific results of the 

thesis. 

1.2 Scientific Contributions of the Thesis 

The scientific merit of the thesis lies in the following novel devices, new methods and 

improvements in the current state-of-the-art. List items 1 and 2 relate to impedance 

tuners, 3 to the modeling and characterization of the Schottky devices and 4-6 to 

applications based on impedance tuners and/or Schottky devices. 

1. The first tunable waveguide backshort compatible with several different 

waveguide sizes 

2. Novel waveguide impedance tuners with advantages over traditional waveguide 

impedance tuners using traditional backshorts, such as high-resolution tuning, 

no resonance behavior from the backshort structure and relaxed machining 

tolerances 

3. A novel method for the simultaneous determination of Schottky diode thermal 

resistance and series resistance taking into account the thermal effects from 

self-biasing 
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4. The first millimeter wave fully monolithic frequency multiplier to cover two 

overlapping waveguide frequency bands  

5. A millimeter-wave mixer test platform for single anode Schottky diodes with the 

possibility of changing the diode under test and flexible tuning of RF, LO, and 

IF impedances 

6. A novel method for broadband determination of the dielectric constant of solid 

materials at millimeter wavelengths using a waveguide backshort 
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2 Design Aspects at Millimeter Wavelengths 

Several aspects should be taken into account when designing components and systems 

operating at millimeter wavelengths. Important aspects include attenuation of the 

atmosphere, operation frequency, size limits, available models for active and passive 

devices, all of which can influence the choices that must be made by the designer in 

order to achieve the best possible result. This chapter discusses the important physical 

and technological constraints at millimeter wavelengths, the concept of impedance 

matching, as well as the modeling and characterization methods and simulation tools 

used for the work presented in this thesis.  

 

Figure 1. Atmospheric attenuation at millimeter wavelengths [4]. 

2.1 Effect of the Atmosphere 

Atmospheric attenuation increases with increasing frequency and is especially high at 

the resonance frequencies of oxygen (~60 GHz and ~118 GHz) and water vapor 

(~183 GHz). Figure 1 shows atmospheric attenuation at sea level and at 9150 m altitude 

as a function of frequency [4]. The larger attenuation at millimeter wave frequencies 

compared to that at microwave frequencies is the main reason for the lack of long-

range applications in communication and radar systems inside the atmosphere. 
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However, certain medium-range applications, such as the E-band point-to-point links, 

can be realized at atmospheric window frequencies, while some short-range 

applications (e.g., 60 GHz WLAN) actually benefit from greater attenuation, as it 

enables similar systems to operate at close proximity without interference from each 

other. In medium-range applications, higher atmospheric loss can be somewhat 

compensated by the increased gain of millimeter wave antennas compared to that of 

antennas of the same size at lower frequencies. 

2.2 Impedance Matching 

Impedance matching or tuning is one of the key topics in radio engineering. Basically 

all devices and systems working at radio, microwave, or millimeter wave frequencies 

employ some kind of matching networks. Figure 2 illustrates the impedance matching 

of a load impedance, ZL, to a characteristic impedance of the transmission line, Z0. The 

load impedance is transformed to the characteristic impedance of the transmission line 

by the matching circuit and the reflections are cancelled.  

 

Figure 2. Illustration of impedance matching. 

The cancellation of the reflection and providing maximum power to the load is usually 

the most common reason for impedance matching. However, devices such as amplifiers 

or mixers are sometimes matched for optimum noise performance and not for 

optimum gain or conversion loss. In such cases, some reflection from the load is 

deliberately allowed. In practice, several methods exist for impedance matching in 

different operating environments [5], [6]. An in-depth discussion of these methods is 

outside the scope of this work and only stub matching is considered as it is related to 
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the scientific results of the thesis. A fixed load impedance can be matched using a fixed 

matching circuit. If the load impedance changes, the matching circuit must change as 

well. This type of variable matching circuit is referred to as an impedance tuner.  

2.3 Nonlinear Device Modeling and Characterization 

Nonlinear device modeling is a vast area of research. This section briefly explains the 

two main philosophies in nonlinear device modeling and positions the modeling work 

presented in the thesis into this context. These modeling approaches can be roughly 

divided into physical (i.e., compact) models or measurement-based (i.e., black box) 

models [7]. Combinations of these models are also possible and very often, as is the 

case in this work, a complete model for a component or a device consists of both, 

measurement-based linear and physical nonlinear parts. 

The physical models are defined as a set of equations, relating to specific physical 

properties of the device. The advantages of the physical models are that they can be 

used to optimize the device in the fabrication phase and that they can account for any 

combination of input parameters, such as temperature and voltage, or even material 

parameters like doping density or dielectric constant. The drawback is that finding the 

correct equations (if they exist) might prove to be extremely difficult. Moreover, 

extraction of the parameters for the equations may not be straightforward, e.g., if the 

equivalent circuit is complex or the extraction is done at high frequencies at which the 

measurement accuracy is limited. 

The construction method of a measurement-based model is straightforward. 

Essentially, the model consists of data tables, in which the output quantity is given for 

all wanted combinations of the input quantities and/or external conditions. Circuit 

simulations with data tables are fast and an advantage to manufacturers is that they 

need not disclose any physical information about the device as it is “hidden” inside the 

model. However, the measurement effort needed for a well-descriptive model might be 

excessive, making the size of the data table impractically large. An additional challenge 

at millimeter wavelengths is the measurement of harmonic frequencies produced in a 

nonlinear device. For example, building a reliable model of a mixer with a 
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measurement-based Schottky diode model would require accurate determination of 

several harmonics. For a millimeter wave mixer this would be extremely difficult and in 

many cases impossible. 

In this thesis, the characterization of Schottky diodes in [V] and [VI] is carried out in an 

on-wafer environment, and the model for the device includes a measurement-based 

linear part for the transmission lines as well as a physical model for the nonlinear 

Schottky junction.  

2.4 Simulation Tools 

Electromagnetic and circuit simulation tools are necessary for accurate and efficient 

design of millimeter wave devices. In electromagnetic simulation, the interaction 

between the electromagnetic field and a physical object and environment is determined 

by solving Maxwell’s equations under specified boundary conditions. Circuit simulation 

uses mathematical models for passive and active parts of the circuit and calculates the 

output for a given input stimulus. For the design work done in this thesis, one 

electromagnetic and one circuit simulator are used extensively, namely, ANSYS 

HFSSTM [8] and Agilent Advanced Design System (ADS) [9]. 

HFSSTM is a 3D full-wave electromagnetic simulator software package that uses the 

finite-element method (FEM) for finding the solution for a given problem. Once the 

geometry and material parameters are specified, HFSSTM generates a mesh of elements 

across the structure and solves Maxwell’s equations at the mesh nodes. ADS is an 

electronic design software package offering various features. In this thesis, ADS is used 

for frequency domain and harmonic balance (HB) circuit simulations of linear and 

nonlinear circuit elements. 

In addition to these electromagnetic and circuit simulators, the MATLAB computing 

language [10] is used for numerical calculations and parameter extraction as well as in 

the post processing and presentation of the results.  
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3 Impedance Tuners 

An impedance tuner is a device that changes or “tunes” the impedance seen by a device 

connected to it. This definition is rather loose, since even a person touching an FM 

radio antenna for better reception could be considered an impedance tuner. Here, the 

term is reserved for those devices that are specifically designed for impedance tuning in 

a controllable manner. Common figures of merit for impedance tuners are the 

maximum attainable reflection coefficient ρ and the corresponding voltage standing 

wave ratio VSWR. If the voltage standing wave ratio is known, the voltage reflection 

coefficient can be calculated as follows:  

1
1

�
�

�
VSWR
VSWR�  .      (3.1) 

Reflection coefficient is often expressed in decibel units. The reflection coefficient in 

decibels (the absolute value of which is also known as return loss) can be calculated 

from the voltage reflection coefficient using 

�� log20�dB .       (3.2) 

Other important characteristics of an impedance tuner include smooth phase response, 

repeatability and resistive loss, which should be as low as possible.  

Impedance tuners are used in a variety of applications, including but not limited to 

device evaluation [11], mixers and multipliers [VIII], [12], [13], waveguide-to-

microstrip line transitions [14], noise parameter measurements [15], [16], load-pull 

measurements [17], [18], and in optimization of high power waveguide systems [19]. In 

the future, MEMS-based impedance tuners [20]-[22] might find widespread 

applications, as they can be conveniently fabricated on the same chip with other passive 

and active circuit elements. 

In this chapter, three impedance tuning devices are presented, namely, a 

multiwaveguide-band backshort and two stub-based waveguide impedance tuners: an 

EH-tuner and a double-stub E-plane tuner.  
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3.1 Waveguide Backshorts 

A waveguide backshort (also known as moving short, movable backshort, variable short 

circuit, waveguide short circuit, or sliding short) is a waveguide circuit element, which 

provides an adjustable reactive load for the waveguide. Thus the magnitude of the 

reflection coefficient is ideally one, and the phase is adjusted by moving the position of 

the backshort. Waveguide backshorts can be roughly divided into contacting and 

noncontacting backshorts [23].  

In contacting backshorts, the metal of the backshort makes a galvanic contact with the 

metal walls of the waveguide. This can be achieved, for example, by snugly fitting a 

piece of metal into the waveguide or by using a “springy” metal structure. Metal-to-

metal contact causes wear to both the backshort and to the waveguide, making these 

structures unreliable in repeatable use. The tight machining tolerances for the snug fit 

cause additional problems at higher millimeter wave frequencies. In [24], a cam-based 

design is presented, which provides excellent performance at X-band (8-12 GHz) 

frequencies. The shorting plunger moves in the waveguide without wear and when the 

contact is made, the cam is forced open, jamming it to the waveguide walls and 

providing a reliable short circuit. Due to the mechanical tolerances of the moving parts, 

this design is not scalable to high millimeter wave frequencies.  

 

Figure 3. Illustration of the noncontacting backshort concept. The backshort consists of high 
and low impedance sections. Waveguide height is b.  
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The problems associated with contacting backshorts at millimeter wavelengths have led 

to the development of noncontacting backshort designs. The idea is simple: a filter 

structure inserted into a waveguide reflects the incident signal. Practically all 

noncontacting backshorts employ a low-pass filter consisting of low impedance/high 

impedance sections, as illustrated in Figure 3. The sections can be rectangular [25]-[28] 

or dumbbell-style [29]-[31] plungers, or they can be cut into a metal bar to increase the 

rigidity of the backshort [32]-[34]. In such structures, “noncontacting” means that 

there is no galvanic contact between the metal walls of the waveguide and the 

conducting backshort structure. However, there can be (and usually is) an insulator 

material between the backshort and waveguide walls. The insulator can be, for 

example, a thin mylar tape or evaporated silicon dioxide (SiO2) film.  

 

Figure 4. Operating principle of the dielectric-based backshort [39]. 

A fair comparison of the designs presented above is difficult, as most measurements are 

performed using scale models, or the performance of the backshort is demonstrated by 

using it in a working device, such as a mixer. However, in [27], a design covering the 

W-band (75-110 GHz) with less than 0.3 dB of return loss was reported, and 

approximately the same performance was achieved in [33] across the 76-90 GHz band. 

In [28], noncontacting backshorts are fabricated using a new approach, in which a 

micromachined periodic plunger was found at 220-325 GHz to have a return loss of 

less than 1.0 dB across the band, with the exception of some point frequencies at which 

a resonance occurred. 
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It is also possible to fabricate the filter into a planar metal plate [35] or on a dielectric 

substrate [36] using photolithographic processes. In [36], a return loss of less than 

0.2 dB was measured between 50-63 GHz. Common challenges for the filter-based 

backshorts include the suppression of resonances inside the operation band, stringent 

machining tolerances of the waveguide and the filter structure, fragility of the high 

impedance section and the positioning (distance from waveguide walls and tilt) of the 

backshort. 

A novel dielectric-based backshort for the W-band is presented in [37]-[39]. The 

backshort is based on a fixed metal short circuit and in a dielectric slab. The dielectric 

slab is inserted into the waveguide through a rectangular hole in the E-plane direction 

in a fixed metal backshort of the waveguide. The rectangular hole is dimensioned to 

have its cut-off frequency above the operation frequency of the waveguide TE10 mode. 

The operating principle is illustrated in Figure 4. Return loss of less than 0.21 dB was 

achieved over the entire W-band [38].  

 

Figure 5. Photograph of the multiwaveguide-band backshort. The upper split-waveguide block is 
shown on the left hand side. 

3.1.1 Multiwaveguide-Band Backshort 

Paper [II] presents a waveguide backshort that is compatible with several different-

sized waveguides with the same standard flange interface. The operation principle of 

the backshort is the same as presented in [38] and [39]: the moving dielectric slab 
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changes the propagation constant and thus the reflection phase of the waveguide it is 

attached to.  

 

Figure 6. Positioning of the rectangular hole and the dielectric slab with respect to the 
waveguide. 

A photograph of the multiwaveguide-band backshort structure is shown in Figure 5. It 

consists of upper and lower split-waveguide blocks. A micrometer head is attached to 

the lower block, and a super magnet is in turn attached to the spindle of the 

micrometer. The super magnet makes a strong contact with a steel slide, on which a 

thin dielectric slab is attached with wax. When the micrometer is adjusted, the slab 

moves in and out of the rectangular hole in the metal wall, which is the fixed short 

circuit of the waveguide that the backshort is attached to. A cross-sectional view of the 

rectangular hole and the dielectric slab in the waveguide is shown in Figure 6. The 

waveguide width is a and height b, rectangular hole height is hh and width wh, and the 

height of the dielectric slab is hs and width ws. 

The multiwaveguide-band backshort differs in two respects from the design in [38]. 

First, the waveguide part of the backshort is removed leaving only a smooth metal 

surface with a rectangular hole and standard flange interface. This enables the 

backshort to be utilized with all waveguide sizes having the same flange interface and a 

height larger than that of the dielectric slab. Second, the dielectric slab height in the 

multiwaveguide-band backshort is less than that of the waveguide. This makes it 
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possible to dimension the rectangular hole and the dielectric slab in a way that also the 

waveguide TE01 mode is in the cut-off within the rectangular hole. This feature becomes 

more important when the backshort is scaled to ever higher frequencies, and a possible 

misalignment of the backshort unit or the dielectric slab would enable the coupling of 

power from the TE10 mode to the TE01 mode which could then propagate in the 

dielectric-filled rectangular hole.  

An approximation for the reflection coefficient phase as a function of the dielectric slab 

length in the waveguide can be calculated using 

l
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where λg is the wavelength in the empty waveguide, λg, diel is the wavelength in the 

waveguide with dielectric, and l is the length of the dielectric slab inserted into the 

waveguide. Equation (3.3) indicates linear phase change as a function of the slab 

length. However, this is not strictly the case, as some interference is caused by two 

reflected waves, one from the fixed metal backshort and the other from the 

discontinuity at the interface between the empty waveguide and the waveguide with the 

dielectric. The result of the interference is a smooth ripple in the reflection phase. 

 

Figure 7. Reflection coefficient phase at 180 GHz as a function of the quartz slab length inserted 
into the WR-5 waveguide. 
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The reflection phase changes smoothly, but not linearly as a function of the quartz slab 

length in the waveguide. For example, the phase change at 180 GHz is shown in Figure 

7. The measured phase change for dielectric slab length of 5.0 mm is 332o. In 

comparison, using (3.3) with a simulated wavelength in the waveguide, λg, diel = 

1.81 mm, the calculated phase change is 330o. 1Concerning the sensitivity of the 

multiwaveguide-band backshort to the dimensions or positioning of the dielectric slab: 

full-wave simulations show that at the center frequency of the W-band, 92.5 GHz, and 

with the maximum 8 mm insertion of the slab into the waveguide, a 2 % fabrication 

error in the thickness or in the width of the quartz slab or the placing of the slab 

anywhere in the guide channel (rectangular hole in Figure 6) changes the absolute 

phase less than 2 degrees.  

The losses of the multiwaveguide-band backshort are caused by the metal wall (brass) 

and the dielectric slab (quartz). As the reflection from the metal wall is very low loss 

and the loss tangent of quartz is around tan θ = 0.0001-0.0004, the overall losses from 

the structure are small, estimated to be less than 0.05 dB at the W-band and less than 

0.25 dB at the D- and G-bands. A maximum reflection coefficient larger than 0.972 

(VSWR > 70) is measured at the center frequencies of the D- and G-band (140 GHz and 

180 GHz), and larger than 0.988 (VSWR > 165) at the center frequency of the W-band 

(92 GHz) for any length of the quartz slab between 0 - 8 mm. The main contributor to 

the overall loss comes from the waveguide section which is used with the backshort and 

hence depends on the waveguide size and quality used.  

In addition to the low losses and the compatibility with several waveguide sizes, the 

backshort unit provides resonance-free operation and high-resolution tuning. As an 

example of the latter, the backshort phase response at the W-band is examined more 

closely. The total phase change for the insertion of quartz from zero to 8 mm is 66o at 

92 GHz, corresponding to an average phase change of 0.0825o/10 μm. Compared with a 

traditional backshort, this phase change would be 0.847o/10 μm. However, one 

drawback in the dielectric-based backshort concept is the phase response, which is 

slightly nonlinear and experiences rapid change as a function of frequency. Due to this 

rapid phase change, the backshort is best suited for narrow-band applications. 

                                                        
1 A more in-depth sensitivity analysis for the glass-like material in Paper [IV] was presented in 
GSMM2010 but not published. 
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An important feature of the multiwaveguide-band backshort is its straightforward 

scalability to higher frequencies. Basically, the backshort works as long as the cut-off 

frequency of the rectangular hole with the dielectric material is above the operating 

frequency of the waveguide that it is attached to. As an example, a square shaped quartz 

slab with a side length of 50 μm and a square hole with a side length of 80 μm is within 

the capabilities of current milling and laser cutting equipment. This structure has a cut-

off frequency of ~1.34 THz and could therefore be used with a WR-1 waveguide 

(a = 254 μm, b = 127 μm) in the frequency band of 750-1100 GHz. 

3.2 Sliding Screw- and Stub-Based Waveguide Impedance 
Tuners 

Millimeter wave waveguide impedance tuners are based on the “sliding-screw” or stub 

approaches [11]-[16], [23], [40]-[42], although a more descriptive alternative name for 

the “sliding-screw” would be a “sliding-probe” approach at millimeter wavelengths. 

Sliding-screw tuners are commercially available at least to 110 GHz [43], and stub-

based waveguide tuners cover the entire millimeter wave range [44]. In [40] a return 

loss of 0.3 dB was measured at 60 GHz using an automated EH-tuner, while [42] was 

able to measure a voltage reflection coefficient greater than 0.9 (VSWR > 19) at 

75-100 GHz with a sliding-screw tuner. A commercial automated tuner from Maury 

Microwave Corporation [43] provides insertion loss less than 0.65 dB across the 

W-band with the tuning probes fully retracted from the waveguide.  

Sliding-screw tuners are often bulky, electrically large, and are difficult to scale to 

higher frequencies as the dimensions of the probe and the opening in the middle of the 

broad wall of the waveguide should be only a small fraction of the waveguide 

dimensions. The stub-based tuners, on the other hand suffer from the drawbacks of the 

waveguide backshorts discussed in Section 3.1. In addition, neither design is readily 

compatible for integrating components, such as waveguide-to-microstrip line 

transitions, close to the tuner structure for decreased losses. 

In this section, two waveguide impedance tuners are presented, that are designed to 

address these disadvantages. Both impedance tuners are fabricated using the split-
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waveguide block technique, which enables the integration of other millimeter wave 

components in close proximity of the tuner thus decreasing the resistive losses caused 

by the extra waveguide sections. Furthermore, both tuners utilize the concept of the 

dielectric-based backshort presented in [II] and in [37]-[39], which provides a 

resonance-free, high-resolution and low-loss tuning mechanism. 

 

Figure 8. Schematic of the double E-plane junction. Tuner arm separation is d and waveguide 
height is b. 

3.2.1 E-plane Double-Stub Tuner for the W-Band 

A novel waveguide stub-tuner using two closely-spaced E-plane tuning arms for 

impedance control is presented in [I]. The tuner is optimized to cover the entire 

W-band with low losses and wide impedance coverage. An illustration of the double 

E-plane junction is shown in Figure 8. E-plane junctions have equivalent circuits [45], 

which could be used with a circuit simulator for design of the tuner. However, as the 

optimum separation of the tuning arms, d = 0.5 mm (λg/13- 2λg/13, 75-110 GHz), is less 

than the height of the W-band waveguide, b = 1.27 mm, the behavior of the double 

junction differs somewhat from the behavior of the two well-separated junctions. To 

obtain the best possible accuracy, the double junction is simulated with a full-wave 

electromagnetic simulator, ANSYS HFSSTM, and the resulting S-parameter file is then 

embedded into the ADS circuit simulator. The simulations use variable length 

transmission lines as tunable backshorts.  
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Because double-stub tuners cannot completely cover the Smith diagram, but always 

leave an unmatched area [5], the lengths of the main waveguide sections on both sides 

of the tuner are designed to be different, in order to shift the unmatched area when the 

tuner is turned around and to achieve maximum combined coverage. The perimeter of 

the Smith diagram (the resistive part of the load impedance equals zero) can never be 

covered with any tuner, as some losses are always present. 

The performance of the impedance tuner is state-of-the-art in the W-band. For 

example, the maximum attainable reflection coefficient at the center frequency of the 

band, 92.5 GHz, is 0.96 (VSWR = 49) and the maximum coverage on the Smith 

diagram (turning around the tuner is needed for full coverage) is 94 %. The simulated 

and measured coverage without turning the tuner around are shown in Figure 9. The 

measured coverage is 76 %. As the impedance tuner is fabricated using a traditional 

machining method, other waveguide components can easily be integrated in close 

proximity of the tuner for optimal performance and reduced losses. 

 

Figure 9. Input impedances of the waveguide impedance tuner at 92.5 GHz for different 
positions of the dielectric-based backshorts. In a) simulated and in b) measured results are 

shown. In b) circles show the obtainable impedances.  

One drawback of the tuner is the fast, nonlinear phase response as a function of the 

frequency. In addition, the double E-plane approach (stubs are in series) always results 

in an unmatched area on the Smith diagram. This latter drawback is addressed in the 

next section, which presents the dielectric backshort-based EH-tuner.  

In order to demonstrate the low losses of the tuner, the resistive loss is calculated using 



 

36 

 

 

� �22log10 2111res SSL ��� ,      (3.4) 

where S11 is the reflection coefficient and S21 the transmission coefficient. With an ideal 

lossless tuner, the Lres = 0 dB. The resistive loss of the tuner with three different tuner 

settings is shown in Figure 10. The resistive loss caused by the tuner structure is small, 

with the median value for the loss for any of the three combinations being between 0.24 

– 0.28 dB. 

 

Figure 10. Resistive losses of the E-plane tuner with three different positions of the dielectric 
backshort. Resistive losses are calculated from the measured data using (3.4). 

3.2.2 EH-Tuner for the G-band 

The EH-tuner is a classic stub-based waveguide impedance tuner based on the magic-T 

four-port junction, in which one tuner arm is in series (E-plane) and the other lies 

parallel (H-plane) to the main waveguide [5], [46]. A major advantage of the EH-tuner 

is its ability to cover the entire Smith diagram (again, except purely reactive 

impedances) with just two matching elements. A double-stub tuner, where the tuning 

elements are both in series or in parallel cannot achieve this. A drawback of the EH-

tuner is that it has a more complex structure than that of either the E- or H-plane 
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double-stub tuner, since a directly machined EH-tuner must be fabricated in three 

parts. 

Paper [III] presents an EH-tuner using dielectric-based backshorts [II], [37]-[39]. 

Mechanically, the tuner consists of three blocks, which are separately fabricated and 

then assembled. As an example, a 3D illustration of one of the blocks is shown in Figure 

11. The E-plane backshort is machined in the same block with the magic-T junction, 

and the H-plane backshort [II] is connected to the H-plane arm using a standard flange 

interface. The tuner is designed to form part of a waveguide mixer test jig which can 

test Schottky diodes in their usual operating environment [VIII]. A directly machined 

EH-tuner with dielectric-based backshorts is selected to enable high-resolution tuning, 

low losses, a maximum range of input impedances, and the possibility to integrate the 

quartz chip with the diode as close to the tuner as possible. In order to test the 

performance of this tuner, a stand-alone version presented in [III] is fabricated.  

 

Figure 11. 3D illustration of one of the three parts of the EH-tuner. Hollows are machined to 
ensure high-quality contact at the waveguide intersections. 

An estimate for the resistive loss is calculated using (3.4) for three combinations of the 

dielectric backshort position. The results are shown in Figure 13. The median loss for 

any of the three combinations is between 0.84 – 0.92 dB. It should be noted here that 

this loss includes the losses of the input (8 mm) and output (18 mm) waveguides. The 

length difference is not as necessary in the EH-tuner as it is in the double-stub E-plane 

tuner because there is no unmatched area (except for the small resistive parts) on the 
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Smith diagram. Nevertheless, the length difference is useful for research purposes as it 

enables the evaluation of the waveguide propagation constant and loss factor.  

 

Figure 12. Input impedances of the EH-tuner at 183 GHz for different positions of the dielectric-
based backshorts. In a) 64 measured and in b) 225 simulated input impedances are shown. 

One limitation of this design is its structure, which has a waveguide interface in the 

middle of one of the narrow walls of the E-plane arm. Splitting a waveguide in this 

plane as opposed to the usual cut in the middle of the broad wall, results in a larger 

loss. ANSYS HFSSTM simulations and studies in [47] demonstrate that the reflection 

from the tuning arms and the direct coupling between the input and output port 

increases with increasing frequency. Thus, in order to match impedances at the higher 

frequency of the operation band, stronger resonances (larger VSWR) are needed from 

the tuning arms. Larger resonances increase the current flow and thus increase the 

resistive loss of the structure. Future EH-tuner designs should therefore aim to 

improve the operation of the magic-T junction, e.g., by matching the junction as in [47] 

or by decreasing the size of the waveguides from the standard size (the cut-off 

frequency must obviously be below the lowest operating frequency of the band). 
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Figure 13. Resistive losses of the EH-tuner with three different positions of the dielectric 
backshorts. Resistive losses are calculated from the measured data using (3.4). 

3.3 Short Summary and Discussion on Waveguide Impedance 
Tuners 

This chapter examines the literature on waveguide backshorts and waveguide 

impedance tuners. In addition, three impedance transforming devices developed in the 

work are presented, namely, a backshort unit, compatible with several different 

waveguide sizes [II] and two stub-impedance tuners for the waveguide environment: an 

E-plane double-stub tuner for the W-band [I] and, an EH-tuner for the G-band [III]. 

Both impedance tuners utilize the same dielectric backshort concept that forms the 

base for the operation of the multiwaveguide-band backshort. 

All three devices are fabricated using the split-waveguide block technique and provide 

several advantages over current state-of-the-art waveguide tuners, including low losses, 

no resonance behavior from the backshort unit, high-resolution tuning, and the ability 

to integrate other waveguide components, such as microstrip line transitions, in close 

proximity to the tuner. In addition, the operation of the dielectric-based backshort is 

not compromised by an error in the positioning of the dielectric slab nor by the 
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fabrication tolerances in the dimensions of the slab or the waveguide with which it is 

used. This means that the absolute phase response will obviously be different with a 

different sized dielectric slab or waveguide, but the operation of the backshort unit as a 

high-reflection load is not compromised as is the case for traditional noncontacting 

backshorts, where small manufacturing errors might cause significant resonances at 

the operation band.  

Scaling of the multiwaveguide-band backshort and the impedance tuners is much 

easier than that of the traditional backshorts, as snug fit or micrometer precision in the 

dimensions of the backshort parts is not necessary for the correct operation of the 

dielectric-based backshort. 

For the multiwaveguide-band backshort, the measured maximum reflection coefficient 

is larger than 0.972 (VSWR > 70) at the center frequencies of D- and G-band (140 GHz 

and 180 GHz), and larger than 0.988 (VSWR > 165) at the center frequency of W-band 

(92 GHz) for any length of the quartz slab between 0 - 8 mm. For the double-stub E-

plane tuner, the maximum attainable reflection coefficient at the center frequency of 

the band, 92.5 GHz, is 0.96 (VSWR = 49) and the maximum coverage on the Smith 

diagram (turning around the tuner is needed for full coverage) is 94 %. The median 

resistive loss ranges between 0.24-0.28 dB, depending on which of the three measured 

combination of the backshorts position is used.  

The maximum obtained reflection coefficient for the EH-tuner is 0.92 (VSWR = 24) 

and 0.875 (VSWR = 15) at 148 GHz and at the nominal design frequency of the mixer 

test jig [VIII], 183 GHz, respectively. The median resistive loss for the EH-tuner ranges 

between 0.84-0.92 dB, depending on which of the three measured combination of the 

backshorts positions is used. 

The drawbacks of these designs are related to the backshort. Since the phase change as 

a function of the dielectric slab length in the waveguide is slower than that of the 

movement of traditional backshort, the waveguide length needed is larger. For the 

same reason, the phase response of the dielectric-based backshort is fast and not linear. 

As a result, the multiwaveguide-band backshort and the impedance tuners are best 

suited for narrow-band applications. 



 

41 

 

 

4 Schottky Diode 

The rectifying phenomenon of a metal-semiconductor junction was discovered already 

in 1874 by F. Braun [48]. This was almost 60 years before the transport theory of 

semiconductors was created by A. H. Wilson [49]. Today, the component based on the 

metal-semiconductor junction is called a Schottky diode after W. Schottky, an early 

developer of the physical model for the device [50]. Other early developers include 

N. F. Mott [51] and H. F. Bethe. Following this pioneering work, the theory has been 

enhanced and expanded by various scientists. Notable names include A. M. Cowley, 

S. M. Sze, A. Padovani, R. Stratton, C. R. Crowell, and V. L. Rideout, [52]-[55]. 

This chapter briefly describes the basic operating principles of the Schottky diode and 

explains the modeling and characterization methods relevant to this work. This work 

focuses on RF applications. The pertinent semiconductor physics and theory are briefly 

discussed and references are given for a comprehensive overview.  

4.1 Fundamentals of the Schottky Diode 

Schottky diodes can be divided into resistive (varistor) and varactor diodes. In a 

resistive device, the frequency conversion is based on resistance modulation. A varactor 

is a variable capacitance device in which the frequency conversion is based on 

capacitance modulation. Resistive diodes are used as mixers, detectors and frequency 

multipliers, and varactor diodes as frequency multipliers. A frequency multiplier based 

on a resistive Schottky diode has a lower maximum efficiency than its varactor 

counterpart, but can cover a wider range of frequencies. On the other hand, varactor 

multipliers can produce high efficiencies and output powers, and have higher 

breakdown voltages than resistive multipliers, indicating that they can be driven with 

larger input power levels. Although the work presented in this thesis and the appended 

papers [V]-[VIII] focuses only on resistive diodes, most of the discussion in this chapter 

related to physics, modeling and the characterization of Schottky diodes is applicable to 

both resistive and varactor diodes. 
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Figure 14. Energy band diagram of metal-semiconductor (n-type) contact. In a) metal and 
semiconductor are not in contact, in b) metal and semiconductor are connected and form a 

single system, in c) metal-semiconductor junction is reverse biased, and in d) metal-
semiconductor junction is forward biased. According to [60]. 

4.1.1 Barrier Formation 

The potential barrier that is formed between a metal and semiconductor once they are 

in contact is responsible for the Schottky diode current-voltage (I-V) and capacitance-

voltage (C-V) characteristics. This section briefly discusses the physics behind the 

barrier formation and operation under bias voltage. Only the case of an ideal junction is 

considered, and several effects are ignored, such as those caused by the interfacial layer 

and image-force lowering. An in-depth discussion on the physics and operation of the 

Schottky diode is given, e.g., in [56]-[59].  
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The energy band diagram for a metal-semiconductor (n-type) interface according to 

[60] is shown in Figure 14. Four different cases are shown, illustrating the situations 

where the materials are separated, in contact, in contact with reverse bias, and in 

contact with forward bias.  

In the case where the metal and n-type semiconductor are not in contact, the Fermi 

level in the semiconductor, EF,s, is higher than that of the metal, EF,m. The work function 

is the energy difference between the Fermi level and the vacuum energy. This is 

denoted as qΦM for the metal and qΦS for the semiconductor. The energy level between 

the conduction band of the semiconductor and the vacuum energy is qχ, where χ is the 

electron affinity. 

Once the contact is made, electrons flow from the semiconductor to the metal until the 

created electrostatic potential compensates for the difference in the original Fermi 

energies. As a result, the Fermi level in the semiconductor is lowered to the same level 

as the Fermi level in the metal, EF, and the flow of electrons stops. The accumulated 

electrons on the metal surface of the interface have created (or built) a potential barrier 

for the electrons in the semiconductor. This barrier is called the built-in voltage (also 

called the diffusion voltage) and can be calculated simply with 

)Φq(ΦqΦ SMbi �� .      (4.1) 

Similarly, the electrons in the metal also experience a potential barrier with the height 

of 

χ)q(ΦqΦ MB �� ,      (4.2) 

which is known as the Schottky barrier. The flow of electrons from the semiconductor 

to the metal causes part of the semiconductor to gain a positive net charge. This 

positively charged area is called the depletion region. The width of the region, the 

depletion width wd, is an important parameter for the operation of the junction. 

The Schottky junction can be biased in two ways. In reverse biasing (Figure 14 c), the 

semiconductor side of the junction is connected to a positive voltage and the side of the 

metal to a negative voltage. For forward biasing, the polarity of the voltage is changed 



 

44 

 

 

(Figure 14 d). In the former case, the energy of the electrons in the semiconductor is 

decreased by q|Vb|, where Vb is the applied voltage or the bias voltage. In forward 

biasing, the energy is increased by the same quantity. Electrons with less energy are 

less likely to move across the potential barrier than are the electrons with more energy. 

Consequently, the current through the junction increases with an increasing bias 

voltage. The width of the depletion region under different bias voltages can be 

calculated with 

D

Jbbis
d qN

qkTVΦw )/(2 ��
�

�
,    (4.3) 

where k is the Boltzmann’s constant, TJ is the temperature of the junction, ND is the 

donor doping density, and εs is the permittivity of the semiconductor material that can 

be expressed as ε0εr, where ε0 is the permittivity of vacuum and εr is the dielectric 

constant of the semiconductor. 

4.1.2 Current-Voltage Characteristics 

The dominant current transport mechanisms in state-of-the-art GaAs Schottky mixer 

diodes are the emission of electrons over the barrier and the quantum mechanical 

tunneling of electrons through the barrier. A widely recognized model which takes into 

account both of these effects is the thermionic-field emission model [53], [56]-[59]. 

Generalized I-V characteristics can be written in the form 
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Here IS is the saturation current, η is the ideality factor, and RS is the series resistance 

of the diode. Temperature dependence of the saturation current and ideality factor can 

be expressed as 
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where S is the junction area, A** is the modified Richardson constant (8.2 Acm-2K-2 for 

GaAs), and E00 is a constant with a constant doping density. For now, the series 

resistance is assumed to have a constant value.  

The thermal dependence of the saturation current and ideality factor is important, as 

all Schottky diodes experience self-heating effect caused by the bias current. According 

to [58], [59] and [61], the temperature of the junction can be estimated using 

 �RPTT TJ �� 0  ,      (4.7) 

where T0 is the ambient temperature, PT is the power dissipated in the junction, and Rθ 

is the thermal (spreading) resistance of the diode. Assuming that most of the power is 

dissipated in the junction, PT can be evaluated with 

IVP bT � .       (4.8) 

For round anodes, an estimate for the thermal resistance can be calculated with 

ar
R

4
�

�
�

� ,       (4.9) 

where ρθ is the thermal resistivity and ra is the anode radius. At 300 K, the thermal 

resistivity for GaAs is ~22∙10-3 Km/W [62]. It should be noted that (4.9) is an 

approximation for the situation in which the semiconductor continues indefinitely far 

from the junction. For a Schottky diode, the thermal resistance is also determined by 

other materials close to the junction and the geometrical structure of the diode. 

Consequently, the thermal resistance is heavily affected, for example, by the removal of 

the semiconductor material around the anode or the metallization of the anode finger. 

Removing material around the anode increases the thermal resistance, while depositing 

metal on the anode decreases it as metal is a good thermal conductor. 
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4.1.3 Capacitance-Voltage Characteristics 

In addition to its current-voltage characteristics, the Schottky junction also exhibits a 

voltage dependent capacitance behavior. The capacitance is caused by the accumulated 

charge on both sides of the depletion region. The size of the capacitor depends on the 

junction size, doping density, and applied voltage and can be calculated with 

� �
2
1

/2 �
�

	


�

�
��

�
qkTVΦ

NqSC
Jbbi

Ds
j

�
.    (4.10) 

After some algebraic manipulation and neglecting the term kTJ/q, this can be expressed 

as the well-known Schottky diode C-V equation 
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where Cj0 is the zero-bias junction capacitance. The exponent 0.5 is only valid for 

uniform doping of the junction. This is a reasonable assumption for GaAs Schottky 

mixer diodes, such as those used in this work. Although not strictly valid, (4.11) is a 

good approximation for the C-V behavior of the junction and is widely used in the 

parameter extraction and in the circuit analysis of Schottky devices [63], [64]. 

4.1.4 Frequency Conversion 

Essentially all millimeter wave applications of Schottky diodes are based on its 

nonlinear I-V characteristics (or C-V characteristics in the case of varactor diodes) and 

the consequent ability to perform frequency conversion of signals. To illustrate this, a 

simplified version of (4.4) is used to calculate the time-dependent junction conductance 

waveform under the sinusoidal signal V = V0 cos(ωt). 

� � � �VI
kT
IRVqII S
J

Sb
S �

�
expexp ��

�

	


�

� �
� .   (4.12) 



 

47 

 

 

Here RS is assumed to be zero and α = q/(ηkTJ). With this notation the time dependent 

(small signal) junction conductance is 
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0 ,   (4.13) 

where rj is the (small signal) junction resistance. Using the series expansion, this can be 

expressed as 
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The first term inside the parenthesis is the direct current (DC) term, which forms the 

basis for using the Schottky diode as a direct detector. The second and subsequent 

terms relate to the harmonics of the fundamental signal which enable frequency 

multiplier applications. Similarly, if two signals with different frequencies are applied, 

all the sum and difference frequencies are generated (fn,m =±nf1±m f2, n, m = [0, 1, …]) 

and the Schottky diode can be used as a down- or up-conversion device, also known as 

a mixer. 

4.2 Schottky Diode Modeling 

A fundamental requirement for reliable device design in electrical engineering is having 

accurate models for both active and passive devices. Generally, a model is a 

mathematical description of the component which can be attached to other 

components to create a network of components, i.e., circuits. Models can be roughly 

divided into linear and nonlinear models, as explained in Section 2.3. Active devices, 

such as Schottky diodes, consist of both linear and nonlinear parts. In a Schottky diode, 

the nonlinear part is the metal semiconductor junction, and the linear part contains 

everything else. This section discusses the modeling approaches commonly used in the 

design of Schottky diode applications for millimeter wavelengths. These include the 

physical modeling of the junction, equivalent circuit approach, full-wave modeling and 

the combination of physical modeling and full-wave modeling. 
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4.2.1 Physical Modeling of the Schottky Junction 

The core of a Schottky diode is the metal-semiconductor junction with its nonlinear I-V 

and C-V characteristics introduced in Section 4.1. By far the most common way of 

modeling the junction is a parallel combination of a nonlinear resistor (or conductance) 

and a nonlinear capacitor. A standard convention is to include a series resistor in this 

model, even though it is usually considered to be a constant parameter. The reason for 

this is that a major part of the series resistance is caused by the undepleted epilayer 

which is part of the junction. A lumped component circuit model for the junction is 

shown in Figure 15. The I-V and C-V characteristics of the junction models used in the 

circuit simulators typically follow closely those given by (4.4) and (4.11), although the 

circuit simulator models may consist of tens of parameters. A myriad of publications 

have concentrated on theoretical research concerning the Schottky junction, such as 

[50]-[55] and [65], [66]. Recently, physics-based modeling of the junction, taking into 

account various physical effects, has produced valuable and experimentally verified 

results [67], [68]. 

 

Figure 15. Simple lumped element circuit model for the Schottky junction. 

4.2.2 Equivalent Circuit Approach 

The junction model alone is not sufficient for designing Schottky-based devices, such as 

mixers or frequency multipliers, even though the quality of the junction sets the 

fundamental limits for the performance of such devices. In order to take into account 

the effect of the linear part of the diode, an equivalent circuit model can be constructed.  
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The equivalent circuit depends on the type of the diode and on the surrounding circuit. 

Figure 16 shows an example of an equivalent circuit for a discrete planar Schottky diode 

mounted on a coplanar waveguide (CPW) environment in the ADS circuit simulator. In 

addition to the diode junction model (shown as a blue rectangle) the equivalent circuit 

contains parasitic pad-to-pad capacitance Cp, anode finger inductance Lind, capacitances 

from the pad edges to ground, Cg1 and Cg2, and small pieces of CPW line to take into 

account the soldering pads. The equivalent circuit approach is possibly the most 

common way of designing microwave integrated circuits (MIC) and monolithic 

microwave integrated circuits (MMIC). 

 

Figure 16. Equivalent circuit for a Schottky diode connected to a coplanar waveguide 
transmission line. 

4.2.3 Full-Wave Modeling 

One drawback in the equivalent circuit approach is that it requires the use of circuit 

elements with well-known mathematical description. If a designer wishes to use custom 

building blocks to save die area or to improve the performance of a device, it is 

necessary to create a model for the new block. Furthermore, equivalent circuits rarely 

take into account the cross-coupling effects between different parts of the circuit, which 

might be significant, especially in densely packed MMIC applications. 
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An alternative to the equivalent circuit approach is to use a 3D electromagnetic full-

wave simulator, such as ANSYS HFSSTM. The circuit or circuit element is built to 

resemble its real-world counterpart as accurately as possible. After defining the 

geometry, various material parameters can be associated with the desired parts of the 

circuit, including dielectric constant, loss tangent, surface impedance, and conductivity. 

Input and output ports, i.e., the regions where the signal enters and exits of the device, 

are defined and a steady-state solution is calculated using Maxwell’s equations. Full-

wave modeling is also an efficient method for investigating the parasitic effects in 

Schottky devices [69]. However, the full-wave approach can only be used to model 

linear circuits and not nonlinear physical parts, such as the Schottky junction.  

4.2.4 Combined Circuit Simulation and Full-Wave Approach  

When building millimeter wave Schottky devices, such as mixers and multipliers, full-

wave simulators are frequently used together with circuit simulators in order to achieve 

the best possible accuracy and first-pass success. This approach has, in many cases, 

replaced the long-standing trial-and-error and large-scale model experiments [70], 

[71], making the circuit design cheaper and more efficient. 

 

Figure 17. Schottky port definition for connecting the physical junction model correctly. In a) an 
actual GaAs epilayer and in b) the coaxial port where the junction model will be connected in the 

circuit simulator. 

A nontrivial challenge is to determine a way to couple the full-wave simulator to the 

circuit simulator. A widely used method in the millimeter- and submillimeter wave 

Schottky community is described in detail in [72] and used, for example, in [73]-[75] 
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and in [VII], [VIII]. In short, the linear part of the circuit is simulated in a full-wave 

simulator, where a small coaxial port is connected in place of the diode junction. The 

S-parameters calculated from the linear circuit are then exported to the circuit 

simulator, where the physical model for the junction is connected to the coaxial port. 

Harmonic balance simulations are then performed to predict the operation of the 

circuit.  

Figure 17 shows an illustration defining the coaxial port. Only a heavily doped buffer 

layer (n+), anode finger, and epitaxial layer (n-) are shown for clarity. A perfect electric 

conductor (PEC) is used in defining the port to isolate the effect of the port itself and 

the surrounding circuit. However, in actual device simulations more realistic results are 

achieved by assigning the materials a loss tangent, surface impedance, or conductivity. 

4.3 Schottky Diode Measurements 

Several discrete and monolithically integrated Schottky diodes are tested, 

characterized, and modeled during the research work for this thesis. The main results 

are discussed in detail in [V]-[VIII]. 

 

Figure 18. Micrographs of the a) VDI-SC2T6 and b) ACST-1MSQ08 single anode Schottky 
diodes.  

Discrete diode types used in this work are a single anode Schottky diode 1MSQ08 from 

Advanced Compound Semiconductor Technologies (ACST), Darmstadt, Germany [76] 

and a single anode Schottky diode SC2T6 from Virginia Diodes Inc. (VDI), Virginia, 

USA [77]. The anode radii are approximately 0.4 μm for the IMSQ08 diode and 0.7 μm 

for the SC2T6 diode indicating that the diodes are optimized for operation at high 
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millimeter wave and THz frequencies. Micrographs of the diodes are shown in Figure 

18. The monolithic diodes are fabricated using the United Monolithic Semiconductors 

(UMS) Buried Epitaxial Schottky (BES) process. The monolithic diodes used in the 

work range in size between 1x3 - 1x20 μm, although different-sized diodes are also 

tested for comparison purposes.  

For the tests, the discrete diodes are soldered on CPW test mounts. In the case of the 

monolithic diodes, the test mounts are fabricated in the same process with the diodes. 

An empty discrete diode test mount, a soldered discrete diode, and a monolithically 

integrated test structure with the diode are shown in Figure 19. The CPW environment 

is used in the tests, as it enables easy and reliable testing with ground-signal-ground 

(GSG) on-wafer probes. The test setup for I-V and the S-parameter measurements is 

shown in Figure 20. In C-V measurements, the contact to the CPW center conductors is 

done using thin phosphor-bronze whiskers.  

 

Figure 19. CPW test structures. In a) a test mount for discrete Schottky diodes, in b) a VDI-
SC2T6 diode attached to the test mount, and in c) a monolithic UMS Schottky diode with anode 

width of 5 μm in a CPW test mount. 
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Most of the measurements are done using the same set of equipment. The 

S-parameters are measured using an Agilent N5250 PNA between 0.1-110 GHz, I-V 

parameters and biasing of the diodes for S-parameter measurements are performed 

with an Agilent 4156C Precision Semiconductor Parameter Analyzer, and C-V 

measurements using an Agilent 4284A Precision LCR Meter. Temperature controlled 

I-V and S-parameter measurements are done on a Temptronic Corporation Thermal 

Platform. 

 

Figure 20. Test setup for I-V and S-parameter measurements.  

4.4 Schottky Diode Characterization and Parameter 
Extraction 

This section introduces the conventional I-V, C-V, and S-parameter characterization 

methods and briefly discusses some general methods for thermal characterization.  

4.4.1 I-V Parameter Extraction 

The most common characterization and testing method for Schottky diodes is the I-V 

parameter extraction. This method first performs current-voltage measurements and 

then extracts the I-V parameters, ideality factor, saturation current, and series 

resistance, by fitting (4.4) or some auxiliary function derived from (4.4) to the 

measured results. Occasionally, instead of the saturation current, the Schottky barrier 

height is extracted by substituting (4.5) to (4.4). However, this requires a priori 
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knowledge of the junction area or the introduction of another unknown parameter, the 

junction area multiplied by the modified Richardson constant SA**.  

 

Figure 21. I-V extraction using least-squares fitting algorithm. Measured I-V points and fitted 
I-V curve with and without the effect of the series resistance. The data is for an SC2T6 diode.  

The available literature describing I-V parameter extraction is vast. A widely-used 

approach is the DC measurement using, for example, a semiconductor (parameter) 

analyzer or a swept voltage/current source [79]-[89]. As an example, measured I-V 

characteristics, (least-squares) fitted I-V curve (4.4), and so-called “ideal” I-V curve 

without the effect of the series resistance are shown in Figure 21.  

Although the measured I-V points and the fitted model are visually in excellent 

agreement, this approach has an inherent limitation that has severe consequences 

when applied to diodes optimized for high millimeter wave and THz frequencies and 

have anode diameter less than ~1.0 μm. The limitation is that the algorithm assumes 

constant temperature during the extraction process and that the ideality factor and 

saturation current will both have constant values across the used current-voltage range. 

This, however, is not the case. In fact, the bias current heats up the junction according 

to (4.7), resulting in different saturation current and ideality factor values at different 

I-V points according to (4.5) and (4.6).  

For small diodes, the heating-effect is substantial, and if it is not taken into account, the 

extracted value for the series resistance will be too small [61], [63], [90], [91]. This is 
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illustrated in Figure 22, where ΔVerror is the voltage difference of the junction calculated 

with constant saturation current and ideality factor as well as a temperature dependent 

saturation current (4.5) and ideality factor (4.6), and ΔRS,error is the corresponding error 

in the extracted value for series resistance. 

 

Figure 22. Extraction of the series resistance and the error in the series resistance caused by the 
temperature dependent saturation current and ideality factor. 

The problem described above can be avoided by measuring the I-V characteristics with 

such a fast signal that the rise time of the signal is less than the thermal time constant 

of the diode, τ, which can be less than 100 ns for submicron anode Schottky diodes 

[92]. Such measurements can be conducted, e.g., by using an alternating signal (AC) or 

pulsed measurements [92]-[96]. The measurement using an AC signal provides a value 

for the total dynamic resistance of the diode. The junction temperature and value for 

the ideality factor must still be known to calculate the dynamic resistance of the 

junction and extract an accurate estimate for the series resistance. In [91], the series 

resistance is extracted using a combination of AC signal measurements and separately 

calculated value for the thermal resistance.  

In principle, pulsed measurements can be used to extract the I-V parameters so rapidly 

that the diode under test has no time to react thermally. However, if the device under 

test (DUT) is a Schottky diode with a thermal time constant less than 100 ns, the pulsed 

system should provide synchronized source-and-measure capability for pulse lengths in 
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the order of a few tens of nanoseconds. This requires a complicated test setup with 

dedicated equipment, careful probe selection, and accurate calibration of the cables and 

interconnects. To the author’s knowledge, successful pulsed determination of the series 

resistance has not been reported for submicron anode Schottky diodes.  

The thermal resistance can be determined from simulations [97] or from 

measurements. The general idea in the measurement-based determination of the 

thermal resistance of a Schottky diode (also applicable to other diodes and transistors) 

is to determine the junction temperature and then, with the knowledge of the ambient 

temperature and power dissipated in the junction, the thermal resistance can be 

calculated using (4.7). The measurement-based methods include pulsed excitation of 

the diodes [92], [98], [99], methods based on electrical junction temperature 

measurements [100], and imaging methods [101]. To the author’s knowledge, such 

successful measurement have not been reported for submicron anode Schottky diodes. 

Paper [V] and Section 4.4.4 present a method for simultaneous extraction of the series 

resistance and thermal resistance of a Schottky diode. 

4.4.2 C-V Parameter Extraction 

The total capacitance of a Schottky diode can be roughly divided into junction 

capacitance and parasitic capacitance. Using the junction capacitance definition in 

(4.11), the total capacitance can be expressed as 
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In the case of non-uniform doping of the epilayer, the exponent is not exactly 0.5. 

However, for the resistive mixer diodes, such as those used in this work, this is a 

reasonable assumption.  

Several methods have been proposed for determining junction and parasitic 

capacitances (and built-in voltage) of a Schottky diode. These include the use of 

theoretical calculations [102], physical simulations [103], full-wave electromagnetic 
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modeling [69], [104]-[106], low-frequency measurements with an impedance analyzer 

[107] or with an LCR meter [93], [108], [109], and extraction from microwave 

measurements [95], [110].  

Measurement-based determination of the C-V parameters starts with the measurement 

or extraction (e.g., from S-parameters) of the total capacitance of the diode as a 

function of the applied voltage. The C-V parameters are then extracted by fitting (4.15) 

to these values in the least-squares sense. This is illustrated in Figure 23, where CT 

values of an SC2T6 diode are obtained by extracting them from low-frequency S-

parameters as explained in [VI]. Paper [VI] and Section 4.4.5 present a quantitative 

comparison and assessment of the capacitance determination techniques using low-

frequency LCR meter measurements and microwave frequency S-parameter 

measurements.  

 

Figure 23. C-V extraction. Equation (4.15) is fitted to total capacitance values extracted from 
S-parameter measurements. The data is for an SC2T6 diode. 

4.4.3 S-parameter Measurement and Characterization 

Scattering parameter measurements can be used to verify the results obtained using the 

I-V and C-V extraction methods described above. In addition, it is also possible to 

extract the finger inductance of the diode. The S-parameter measurement also reveals 

whether the circuit environment in which the diode is mounted exhibits unusual 

behavior. For example, too thick a substrate enables the coupling of surface wave 
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modes to the wanted propagation mode and ungrounded CPW ground planes might act 

as a microstrip antennas, destroying the performance of the circuit [111]-[113].  

As an example, the measured S-parameters and simulated S-parameters of the 

equivalent circuit in Figure 16 are shown in Figure 24. It can be seen from the figure, 

that the equivalent circuit model describes the behavior of the diode well, except for the 

small amplitude deviation above 95 GHz (at 110 GHz ΔS21 = 0.8 dB). The extracted 

parameters and the calculated cutoff frequencies of the discrete diodes are given in 

Table 1. 

 

Figure 24. S-parameter measurement and simulation result for an SC2T6 diode using equivalent 
circuit in Figure 16 at 1 – 110 GHz. Diode is not biased (0 V). S(1,1) and S(2,1) are the reflection 

and transmission coefficients from the equivalent circuit simulation. S(3,3) and S(4,3) are 
measured reflection and transmission coefficients. 
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 Table 1. Extracted I-V and C-V parameters, finger inductance and calculated cutoff frequency of 
an SC2T6 and a 1MSQ08 diode. The series resistance is extracted at 5 mA bias point. 

Parameter SC2T6 1MSQ08 

IS (fA) 0.10 0.15 

η 

RS (Ω) 

Cj0 (fF) 

Cp (fF) 

Φbi (V) 

Lind (pH) 

fc (THz) 

1.24 

4.5 

1.81 

8.55 

0.77 

42 

19.5 

1.27 

5.9 

1.29 

5.58 

0.97 

42 

20.9 

4.4.4 Schottky Diode Series and Thermal Resistance Extraction  

This section presents a novel method for the simultaneous extraction of the series 

resistance and thermal resistance of a Schottky diode. The method, necessary 

measurements, and the obtained results are discussed in detail in [V]. The full 

description of the method is laborious and is therefore only summarized here. 

The new method combines two different approaches for the extraction of the series 

resistance of a Schottky diode. As a result, a system of two independent equations is 

formed, containing two unknowns, the thermal resistance and the series resistance, 

both of which can then be solved numerically. The approaches are described here as 

a) Series resistance extraction from temperature controlled I-V measurements 

b) Series resistance extraction from S-parameter measurements 

a) The assumption of a constant saturation current and ideality factor leads to too small 

a value for the extracted series resistance as illustrated in Figure 22. The temperature 

dependence of the junction can be taken into account by substituting (4.5) and (4.6) 

into (4.4) and then substituting (4.7) for the junction temperature. The series resistance 

could now be calculated at all I-V points, if the junction temperature (or thermal 

resistance) is known. The formula for the series resistance is 
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The temperature dependent models for the saturation current and ideality factor are 

extracted from temperature-controlled I-V measurements and in the current range, 

where the self-heating has negligible effect. The extracted values and the fitted model 

for an SC2T6 diode are shown in Figure 25. It can be seen that the temperature 

dependence can be well modeled using (4.5) and (4.6). 

b) On the other hand, the dynamic resistance of a Schottky diode can be extracted using 

an AC signal. The dynamic resistance contains the resistance of the junction and the 

series resistance. 
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)(
.  (4.17) 

In order to obtain reliable, accurate results, the AC signal power and frequency must be 

carefully selected, as explained in [V].  

 

Figure 25. Temperature dependent saturation current and ideality factor of an SC2T6 diode. 

The two independent approaches, a) and b), both result in an equation for the series 

resistance, where the only unknown is the junction temperature (or thermal resistance, 

depending on whether (4.7) is substituted before solving the system of equations). By 

eliminating RS, the junction temperature (thermal resistance) can be solved 

numerically from 
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After solving the thermal resistance, the series resistance is calculated by substituting 

the solved thermal resistance back to (4.17). Also (4.16) could be used, but it is more 

sensitive to a possible error in the extracted value of the thermal resistance, as shown in 

[V].  

When the temperature dependence is taken into account, the extracted values for the 

series resistance are significantly larger than those obtained using traditional extraction 

methods. This is illustrated in Figure 26, where results from the traditional extraction 

are shown together with the results from the new method. The calculated Rθ,ave is the 

average of the thermal resistance calculated at 1 mA and 5 mA bias points. Results from 

the new extraction method for an SC2T6 and a 1MSQ08 diode are summarized in  

Table 2. It can be seen that the series resistance extracted using the new method is 

significantly larger than that extracted using traditional method. For example, at the 

5 mA bias point the difference is 51 % for an SC2T6 diode and 88 % for a 1MSQ08 

diode. 

 

Figure 26. Series resistances extracted using traditional extraction method and the developed 
new method. Data is for an SC2T6 diode. 

The extracted values for the thermal resistance increase with increasing temperature as 

predicted by [62]. However, the values are somewhat smaller than predicted by (4.9). 
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This is to be expected, as (4.9) is an approximation for the situation, in which there is 

no metallization on the diode. In a real diode, the anode finger (good thermal 

conductor) dissipates part of the heat generated in the junction thus decreasing the 

thermal resistance. In addition to providing an accurate estimate for the Schottky diode 

series resistance, the new method is, to the author’s knowledge, the only published 

measurement-based method capable of determining the thermal resistance of Schottky 

diodes with a submicron anode diameter. 

 

 Table 2. Extracted values for the junction temperature, thermal resistance and series resistance 
of an SC2T6 and a 1MSQ08 diode. 

I (mA) Parameter 
 

SC2T6 1MSQ08 

1.0 TJ (K) 

Rθ (K/W) (1) 

 298 

4800 

302 

9170 

 

 

 

5.0 

Rθ (K/W) (2) 

RS (Ω) (1) 

RS (Ω) (3) 

TJ (K) 

Rθ (K/W) (1) 

Rθ (K/W) (2) 

RS (Ω) (1) 

RS (Ω) (3) 

 7890 

9.8 

7.4 

321 

5620 

8690 

6.8 

4.5 

14050 

14.1 

8.4 

348 

10570 

16900 

11.1 

5.9 

 
(1) Result using the new method 
(2) Theoretical value for the thermal resistance 
(3) Traditional I-V extraction method 

4.4.5 Comparison of Low-Frequency and Microwave Frequency Capacitance 
Determination Techniques 

This section quantitatively compares two capacitance determination techniques, 

suitable for extracting the C-V parameters of Schottky diodes. The literature review, 

description of measurement setups, and the different calibration procedures are 

discussed in Section 4.4.2 and in [VI]. The extraction results and other main findings 

are summarized here. 
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The first method is based on the widely-used low-frequency (LCR meter) measurement 

for determining diode total capacitance. In the second method, the extraction of the 

total capacitance is done using voltage-controlled S-parameter measurement results.  

The diodes are measured as part of a CPW test structure. Test structures are used 

because the environment, in which the diodes are flip-chip soldered or embedded into 

the circuit, resembles the situation in which the diodes are used in the usual 

applications. This is especially true for the discrete diodes, which are usually measured 

by contacting the pads (open space above the diode). However, when connected to a 

practical circuit they are usually flip-chip soldered (substrate material below and diode 

substrate above, Figure 19). The parasitic capacitance of these situations is clearly 

different.  

 

Figure 27. Measured (1 MHz) and extracted (3-10 GHz) total capacitances of an SC2T6 diode. 
Calibration is performed by measuring an empty test structure. 

The measurement results show, that the measured (1 MHz) and extracted (3-10 GHz) 

total capacitances for discrete SC2T6 diodes match very closely. This is shown in Figure 

27. Further, the extracted C-V parameters are in good agreement. The open-ended 

calibration is performed by measuring an empty test structure and subtracting that 

capacitance from the measured capacitance of the test structure with a diode. For the 

1MSQ08 diode, the comparison could not be performed, as the low-frequency results 

remained unstable across the frequency and signal amplitude range of the LCR meter. 

According to the diode manufacturer, this is most likely caused by interface trap states 

in the AlGaAs membrane substrate.  
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In the case of MMIC diodes, the low-frequency measurement and extraction from 

S-parameter results did not yield similar total capacitances. The open-ended calibration 

by lifting one or both of the whiskers, or by measuring a fabricated test structure 

without the diode and then subtracting that from the measurement of the test structure 

with the diode did not result in the same values as those obtained from S-parameter 

results, as shown in Figure 28. From the extracted C-V parameters Cj0 and Φbi are in 

close agreement, while the parasitic capacitance Cp differs significantly. When the 

calibration is done by lifting one or both of the whiskers, the extracted parasitic 

capacitances become much larger than those obtained using S-parameter results. The 

reason for this is that when the contact is made, a large extra capacitance is introduced 

by the CPW line center conductors.  

 

Figure 28. Measured (1 MHz) and extracted (3-10 GHz) total capacitances of a UMS diode with 
the anode width of 5 μm.  

In those cases when the calibration is performed by measuring an empty MMIC test 

structure, the obtained parasitic capacitance is smaller. The cause of this smaller value 

in the extracted parasitic capacitance is the significant pad edge-to-pad edge 

capacitance in MMIC diodes, which is not taken into account when empty test structure 

is used as a calibration reference. In the case of discrete diodes, this effect is negligible, 

since the gap between the pad edges is wide and the substrate (fused quartz, εr = 3.8) is 

of much lower permittivity than that of the MMIC diodes (GaAs, εr = 12.8). The 

extracted C-V parameters of an SC2T6 diode and a UMS 5 μm diode are given in Table 

3. 
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To summarize, capacitance extraction from microwave frequency S-parameter 

measurement results is considered to be a more accurate method for extracting the C-V 

parameters of discrete and monolithically integrated Schottky diodes for the following 

reasons 

1. In the case of a large pad edge-to-pad edge capacitance the extraction of the 

Cp (as seen by the RF signal) is difficult from LCR measurements.  

2. In the presence of interface trap states, measurement at low frequencies is 

not reliable. 

3. Although not studied in this work, it is well-known that low-frequency 

signals (basically an alternating electric field) extend far from the actual 

device being tested and is easily disturbed by the surroundings. In the 

S-parameter measurement the RF signal is concentrated between the CPW 

center and the ground plane and is oblivious of its surroundings. This is 

illustrated in Figure 29. 

4. For low-frequency LCR measurements, a larger measurement signal (in this 

work at least 50 mV) is needed than that for S-parameter measurements 

with a network analyzer. The reason for this is the very high dynamic range 

of the network analyzer, which enables accurate measurements using low 

power levels (in this work always less than -25 dBm). Consequently, using 

the S-parameters allows capacitances with larger forward voltages to be 

measured before the diode starts to conduct. 

A disadvantage of network analyzer measurement is that it needs test structures with 

RF probing pads. If large-scale testing is required, as in production testing, low-

frequency measurement using needle probe contacts is a feasible option. 
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 Table 3. Extracted C-V parameters of an SC2T6 diode and UMS 5 μm diode. Extraction is 
performed for the LCR measurement results and for the S-parameter results. 

Parameter Cj0(1) (fF) Cp(1) (fF) Φbi(1) (V) Cj0(2) (fF) Cp(2) (fF) Φbi(2) (V) 

SC2T6 1.5 8.5 0.68 1.6 8.3 0.78 

 

UMS 5 μm 

 

2.2 

 

28.2 

 

0.52 

 

2.2 

 

15.8 

 

0.55 

(1) Extracted from LCR meter measurement results, calibration is done by lifting one of the 
whiskers for UMS diode and by measuring an empty test structure for an SC2T6 diode. 
(2) Extracted from S-parameter measurement results. 

 

Figure 29. Electric field distribution in a) LCR meter measurement and in b) on-wafer 
measurement using GSG probes. Note: in a) the field lines do not extend to ground planes, but 

travel under and above them. Figure only illustrates the electric field distribution.  

4.5 Short Summary on Schottky Diode Modeling and 
Characterization Results 

This chapter has briefly introduced the physics behind the operation of the Schottky 

junction and the consequent I-V and C-V characteristics. Different modeling and 

characterization methods are discussed and references are given for a comprehensive 

overview. A novel modeling and characterization method developed in this work is 

explained, namely, the simultaneous extraction of Schottky diode series resistance and 

thermal resistance [V]. In addition, this work quantitatively compares low-frequency 

and microwave frequency capacitance determination techniques [VI]. 
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The new extraction method enables an accurate extraction of the series resistance of the 

diode, avoiding the inaccuracies in traditional extraction techniques caused by self-

heating of the diode. For the two different types of THz Schottky mixer diodes 

measured in this work, the difference in the values from the traditional extraction and 

from the new method are 51 % for the diode with an anode radius of 0.7 μm and 88 % 

for the diode with an anode radius of 0.4 μm. This is a significant difference and has 

consequences for circuit design. For smaller anodes, this effect is even more 

pronounced and might be a significant cause for error in the design of a submillimeter-

wave mixer or multiplier circuits using Schottky diodes. 

This work quantitatively compares capacitance determination techniques at low-

frequencies (1 MHz, LCR meter) and at microwave frequencies (3-10 GHz, network 

analyzer). It is shown that the extraction from S-parameter measurement results offers 

a more accurate estimate for the parasitic capacitance of a monolithically integrated 

diode and avoids potential problems in low-frequency measurement caused by 

interface trap states. In addition, S-parameter measurement can be done at higher bias 

voltages than is possible with an LCR meter without switching the diode to a 

conducting state. 
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5 Applications 

Chapters 3 and 4 introduced millimeter wave waveguide impedance tuning devices as 

well as the Schottky diode measurement and characterization methods used and 

developed in this work. In this chapter, three applications are presented for utilizing 

these devices and methods. The applications are relevant to the fields of millimeter 

wave material characterization, monolithic Schottky diode frequency multipliers, and 

Schottky mixer diodes used in the waveguide environment. 

The intent is not to go through the entire research field in question, but to demonstrate 

and validate the performance of the waveguide impedance tuning devices and Schottky 

diode modeling and characterization methods. Nevertheless, each application also 

contributes to the current state-of-the-art of the related research field. These 

contributions are highlighted in the discussion and references to the prior art are given.  

5.1 Material Measurement at the W-Band Using 
Multiwaveguide-Band Backshort 

Material characterization is a massive field of research. RF signals have been used for 

decades to evaluate solid materials, liquids, and gases. An excellent description of the 

different characterization methods used at RF and microwave frequencies is given in 

[114]. At millimeter wavelengths, the conventional characterization methods are based 

on measurements in an open resonator, filled waveguides, coated transmission lines 

[115], or in the free space [116]. To avoid numerical or sample-size related problems, 

methods are sometimes used that are based on dielectric waveguides [117] or partially 

filled waveguides [118]. 

In this section, a method is presented for determining the dielectric constant of solid 

materials at the W-band [IV]. The method also allows estimation of the loss tangent of 

the material, though this is not considered to be accurate enough to compete with 

resonator-based characterization methods. The new method utilizes the 

multiwaveguide-band backshort presented in [II] and Section 3.1.1. The 
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characterization is straightforward. The multiwaveguide-band backshort is connected 

to a waveguide and the dielectric material is inserted into the waveguide at the desired 

step size (here 0.5 mm and 1.0 mm). This characterization method is illustrated in 

Figure 30. The reflection coefficient across the W-band is measured at every step and 

the measured values are matched to the values calculated using the finite-element 

method (ANSYS HFSSTM) when varying the value for the dielectric constant. The 

dielectric constant giving the best fit with the measurement results is the estimate for 

the dielectric constant of the material. Precise knowledge of the material slab thickness 

and width is needed for accurate characterization.  

 

Figure 30. Illustration of the use of the multiwaveguide-band backshort in material 
characterization. 

The method is validated by measuring a well-known material, fused quartz, which has a 

dielectric constant εr ≈ 3.8 from RF up to THz frequencies. Results from validation 

measurements and simulations are shown in Figure 31 a). The agreement in measured 

and simulated reflection coefficient phase is excellent. After the validation, a slab of 

unknown glass-like material is attached to the multiwaveguide-band backshort, and the 

measurement and simulation procedure is repeated. Based on the matching of 

measured and simulated reflection coefficient phase at different lengths of the 

dielectric slab inserted into the waveguide, the dielectric constant εr ≈ 7.0 is determined 

for a glass-like material. An estimate for the loss tangent of the glass-material is also 

determined based on the magnitude of the measured and simulated reflection 
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coefficient. An average loss tangent tan θ = 0.03 ± 0.005 is obtained and a slight 

increase in the loss tangent is also observed as shown in Figure 32.  

 

Figure 31. Phase change in the reflection coefficient at 92.5 GHz. In a) dielectric slab is fused 
quartz and in b) it is glass material. 

 

Figure 32. Measured reflection coefficient over the W-band with 7 mm of glass-like material 
inserted into the waveguide. 

The combination of multiwaveguide-band backshort measurement and full-wave 

simulation is a fast, reliable method for determining the dielectric constant and an 

estimate of the loss tangent for dielectric materials. Compared to existing material 

parameter extraction methods, it provides several advantages. First, despite the 

criticism by the scientific community concerning the simulation approach, finite-

element based full-wave simulation provides an accurate tool for determining the 

S-parameters of well-defined passive structures and is more flexible in terms of 

geometry and material parameters than most in-house codes. Second, the material 
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geometry and/or the waveguide need not be fabricated with micrometer precision, as 

the dielectric material thickness and width are much less than those of the waveguide. 

Furthermore, the guide channel in the multiwaveguide-band backshort ensures the 

correct positioning of the slab. The third and most important advantage is that the 

amount (slab length) of the material in the waveguide can be controlled with 

micrometer precision. This enables the least-squares fitting of the results at different 

slab lengths and hence a more accurate estimate for the material parameters. The least-

squares fitting also averages out the possible defects or cuts in the material, which 

could not be detected by measuring only one block of material with known dimensions. 

The estimated accuracy for determining the material parameters is ±0.1 for the 

dielectric constant and ±0.005 for the loss tangent. The limiting factor for the accuracy 

of the method is the measurement accuracy of the thickness and width of the dielectric 

material, as well as the stability of the measurement system.  

5.2 MMIC Frequency Tripler for 75-140 GHz 

Frequency multipliers are needed as signal sources for frequencies above 100 GHz, 

where fundamental, electrically swept sources are difficult to realize. Some application 

areas, such as in communication or as an input signal source for higher frequency 

multiplier, require high output power levels. In order to reach high power levels, 

multipliers are used that are based on reactive components, like Schottky varactors 

[119], [120] or heterostructure barrier varactors (HBV) [121].  

In applications such as test instrumentation or as the signal source for wideband mm-

wave or THz imaging systems, a broad frequency band and output power flatness are 

often favored at the expense of output power level. High output power and broadband 

operation are challenging to realize simultaneously, as the reactive components, 

capable of delivering high power, are difficult to match over broad bandwidth. For this 

type of applications, it is more suitable to use multipliers based on transistor 

technology [122], [123] or resistive Schottky diodes [124], [125]. Transistor multipliers 

can provide good conversion efficiencies and ease of integration with other active 
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components, such as amplifiers, but cannot handle as large input power and are not as 

stable as the diode multipliers.  

This section presents a compact, broadband MMIC Schottky frequency tripler covering 

two overlapping frequency bands (W-band, 75-110 GHz and F-band, 90-140 GHz) 

[VII]. The tripler is optimized to work at low input power levels and offer flat output 

power across the frequency range. The tripler is fabricated with a UMS BES process 

and uses monolithic Schottky diodes with anode size of 1x3 μm2. The diodes are similar 

to those characterized in [VI]. 

 

Figure 33. Micrograph of the tripler circuit and the explanation for different parts. 

The circuit consists of an input and output matching/filtering circuits and a shunt 

antiparallel diode pair. A micrograph of the tripler circuit is shown in Figure 33. The 

tripler is designed by combining full-wave simulator and circuit simulator approaches, 

as explained in Sections 4.2.3 and 4.2.4. The passive part of the circuit is modeled using 

ANSYS HFSSTM and the nonlinear part, i.e., the diode junction,  is modeled with circuit 

simulator ADS (circuit model for the junction is shown in the blue rectangle in Figure 

16). The input and output matching/filtering circuits are custom designed using a full-

wave simulator. This approach makes it possible to develop small circuit components 

with high performance. The antiparallel diode pair is well-suited for frequency tripler 

applications, as the even harmonics are trapped in a virtual short circuit created by the 

diodes and suppressed [58], [126].  
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The results of the tripler circuit with 2 mW of input power are shown in Figure 34. The 

maximum output power of -14.7 dBm and efficiency of 1.68 % is measured at 108 GHz. 

The average efficiency across the output frequency band is 1.1 %. The largest difference 

in the in-band output power level is 4.7 dB.  

 
Figure 34. Tripler a) output power and b) efficiency at 75 – 140 GHz with 2 mW of input power. 

Bias current is kept at a constant value of 2.5 mA during the frequency sweep. 

To the author’s knowledge, the tripler reported in [VII] is the first solid-state millimeter 

wave multiplier to cover two overlapping frequency bands offering 60 % operational 

bandwidth with a flat output power level. In addition, the die area of the tripler 

(0.47 mm2) is only one-third that of the designs with comparable performance at the 

W-band [124], [125]. 

5.3 Waveguide Mixer Test Jig for 183 GHz 

The conventional characterization methods for Schottky diodes include the well-known 

I-V, C-V, and S-parameter approaches described in Chapter 4. In this section, a 

complimentary method is introduced for verifying the results obtained from 

conventional characterization methods and for demonstrating the mixer performance 

of the diode under test. In short, this method involves measuring the diode in a 

waveguide mixer, including a flexible RF, LO, and IF impedance tuning and the ability 

to change the tested diode by changing the substrate on which the diode is soldered 

[VIII]. The measured mixer results are summarized here. The design guidelines for 

single anode diode mixers and the mixer theory is discussed in-depth in [63].  
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The mixer test jig connects the two main fields of research discussed in this thesis: 

waveguide impedance tuners and Schottky diodes. The test jig itself consists of an EH-

tuner [III], which in turn includes the multiwaveguide-band backshort [II], for flexible 

tuning of RF and LO impedances, and of a previously published waveguide-to-

suspended microstrip line transition [127]. The diode tested in the jig is an SC2T6 

single anode Schottky diode, i.e., the same diode type characterized in [V] and [VI]. A 

3D model showing the different parts of the mixer test jig is shown in Figure 35.  

 

Figure 35. 3D model of the lower split-waveguide block of the test jig. 

The setup for mixer double-sideband (DSB) measurements is shown in Figure 36. 

Conversion loss and noise temperature are extracted using the Y-factor method [128] 

and the method described in [129]. Single-sideband (SSB) measurements are also 

performed by using a network analyzer with Oleson V05VNA2-T/R-A extension units 

for the G-band (140-220 GHz) as the RF source. The results from both measurements 

are given in Table 4. The effective DSB conversion loss from SSB measurements is 

calculated using 

iS

iS
DSB LL

LLL
�

� ,      (4.17) 

where LS is the conversion loss at the signal frequency, and Li the conversion loss at the 

image frequency. It should be noted that the accuracy of the double-sideband 

measurements is decreased because of the frequency stability and noise of the 
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backward wave oscillator (BWO) used as the LO source. A solid-state source with 

sufficient output power was not available at the time of the measurements.  

 

Figure 36. Test setup for DSB conversion loss and noise temperature measurement. 

Table 4. Mixer measurement results.  

LS(1) (dB) Li(1) (dB) LDSB(1) (dB) LDSB(2) (dB) TM(2) (K) 

Without IF 
tuning 7.5 8.5 5.0 4.9 780 

 

With IF 
tuning 

 

6.5 

 

7.7 

 

4.1 

 

4.6 

 

650 

(1)  Measured SSB conversion losses using PNA as RF source. LDSB(1) is calculated value from SSB 
measurements at signal and image bands. 
(2) Results are obtained by using the Y-factor method. 

In order to compare the performance of the mixer test jig against the predicted mixer 

performance using the diode parameters extracted in [V] and [VI], a full 3D model of 

the mixer and diode is constructed in a full-wave simulator, ANSYS HFSSTM. The model 

is shown in Figure 37, and the simulated and measured SSB conversion loss as a 

function of the LO power in Figure 38. The simulations are carried out using the series 

resistance values at 5 mA bias point from traditional extraction and from the new 



 

76 

 

 

method developed in this work. The diode parameter values are given in [V] and in  

Table 2. It can be seen from the results that the predicted conversion loss differs within 

1.0 dB from the measured one, and that by taking into account the temperature 

dependent inaccuracy in the series resistance extraction, the difference can be further 

reduced to less than 0.7 dB. As the difference in the extracted values for the series 

resistance increases with decreasing diode size, this effect will be more pronounced at 

higher frequencies, where submicron anode diameters are commonly used in mixer 

diodes. 

The mixer test jig offers an efficient method for testing single anode mixer diodes in 

their conventional operating environment. Fixed-tuned matching and filtering circuits, 

which are usually custom-designed to include the effect of the diode geometry, are not 

needed, as the EH-tuner provides flexible matching for RF and LO impedances and 

coaxial stub-tuner for IF impedance. In addition to diode testing, the test jig can 

obviously be used as a sensitive stand-alone mixer. As such, it offers conversion loss 

comparable to the state-of-the-art (LDSB ≈ 4-5 dB) and mixer noise temperature slightly 

higher than that of the best fixed tuner mixers (TM ≈ 400-500 K) [130], [131].  

Filter providing
RF and LO short

Diode under test

EH-tuner arms

Low-pass filter
for DC and IF

RF and LO input

IF output

IF and DC ground
contact

Waveguide-to-microstrip transition

 
Figure 37. HFSS model of the mixer test jig.  
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Figure 38. Measured and simulated single-sideband conversion loss of the mixer test jig with an 

SC2T6 diode. 
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6 Conclusions and Future Work 

The research for this doctoral thesis is related to the fields of millimeter wave 

waveguide impedance tuners, millimeter wave and THz Schottky diodes, as well as 

their applications. The results are published in [I]-[VIII]. In this compendium, an effort 

has been made to introduce the physical operating principles of the studied devices and 

components and to place the work in an appropriate scientific context. 

The work done in this thesis focuses on the design and testing of three millimeter wave 

waveguide impedance tuners, namely, a double-stub E-plane tuner for the W-band [I], 

multiwaveguide-band backshort [II], and an EH-tuner for the G-band [III]. The 

impedance tuning devices are based on the dielectric backshort concept, and offer 

advantages over traditional waveguide impedance tuners. These include low losses, no 

resonance behavior from the backshort unit, high-resolution tuning and the ability to 

integrate other waveguide components, such as microstrip line transitions, in close 

proximity of the tuner.  

For example, the measured maximum reflection coefficient for the multiwaveguide-

band backshort, is larger than 0.972 (VSWR > 70) at the center frequencies of the D- 

and G-band (140 GHz and 180 GHz), and larger than 0.988 (VSWR > 165) at the center 

frequency of the W-band (92 GHz) for any length of the quartz slab between 0 - 8 mm. 

In addition, the designs presented in [I]-[III] can be straightforwardly scaled to higher 

frequencies because a “snug” fit or micrometer precision in dimensions of the 

backshort parts is not necessary for correct operation of the dielectric-based backshort, 

as it is for traditional waveguide backshorts. 

The presented modeling and characterization methods for Schottky diodes include a 

novel method for simultaneously extracting the series resistance and thermal resistance 

of a Schottky diode [V], as well as for quantitatively comparing low-frequency and 

microwave frequency capacitance determination techniques [VI]. The novel extraction 

method avoids the inaccuracies caused by self-heating of the diode, which are a major 

concern in traditional I-V extraction methods when the tested diode has a submicron 

anode diameter. For the two different types of THz Schottky mixer diodes measured in 

this work, the difference in the values obtained from the traditional extraction 
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techniques and from the new method are 51 % for the diode with an anode radius of 0.7 

μm and 88 % for the diode with an anode radius of 0.4 μm. In addition, this method is, 

to the author’s knowledge, the only published measurement-based method for 

extracting the thermal resistance of submicron anode Schottky diodes.  

Comparison of the capacitance determination techniques demonstrates the advantages 

and drawbacks of both, low-frequency and microwave frequency determination 

techniques. It is shown that in many cases, for example, in the determination of the 

parasitic capacitance of a monolithic diode or in the presence of interface trap states, 

the extraction of C-V parameters using microwave frequency S-parameter results 

provides a more reliable method than measurement at low-frequencies. 

Three applications are presented, demonstrating the usability of the developed 

waveguide impedance tuners and/or Schottky diode modeling and characterization 

methods. The applications relate to millimeter wave material characterization [IV], 

monolithic Schottky frequency multipliers [VII], and mixer diodes used in the 

waveguide environment [VIII].  

In [IV], the multiwaveguide-band backshort previously presented in [II] is used to 

extract the permittivity and loss tangent of solid materials at the W-band. The Schottky 

frequency tripler in [VII] uses monolithically integrated diodes characterized in [VI] 

and offers 60 % operational bandwidth at 75-140 GHz. The waveguide mixer test jig for 

single-anode Schottky diodes pulls together the research topics of this work. The test jig 

uses the EH-tuner [III] with the multiwaveguide-band backshort [II] for RF and LO 

impedance tuning, and the diode type measured and evaluated using the test jig is the 

same as that characterized and modeled in [V] and [VI]. The test jig offers a double-

sideband conversion loss of 4.6 dB and a mixer noise temperature of 650 K.  

Future research on the topics discussed in this thesis could involve the scaling of the 

multiwaveguide-band backshort and possibly the EH-tuner for submillimeter wave- 

and THz frequencies, as well as material parameter extraction in the frequency range of 

75-750 GHz using the developed technique and some older techniques, utilized for the 

first time at THz frequencies. Another direction for future research is to further develop 

the thermal resistance extraction method to include the image-force lowering effect and 
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comparing the developed method against thermal simulation results. A new design for 

the waveguide mixer test jig is already under development. This new test jig will differ 

from the test jig presented in [VIII] in that it will have the ability to test antiparallel 

diode pairs. In addition, the LO signal frequency is approximately half of the RF 

frequency and, consequently, the LO power can be generated with a low-noise source, 

such as a Gunn oscillator. 
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Errata 

" In [VI] Table 1 subtext states: “(1) Extracted from LCR meter measurement 

results, calibration is done by lifting one of the whiskers”. This is not correct for 

the discrete SC2T6 diode. In this case the calibration is done by measuring an 

empty test structure and subtracting its capacitance from the capacitance of the 

test structure with a diode. In the text this is explained correctly. 
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