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Abstract 
This thesis focuses on development of on-wafer calibration methods for S-parameter 

measurements and Schottky diode characterisation at millimeter wave and terahertz 
frequencies. The radio frequency characteristics of components at the wafer level are obtained 
using on-wafer S-parameter measurements with a vector network analyzer. In general an error 
network including eight error terms is used to calibrate the on-wafer S-parameter 
measurements, but in measurement configurations affected by leakage the use of full 16-term 
error network can be profitable. 

In this thesis a novel 16-term calibration method based on reciprocity conditions of the error 
network is introduced and demonstrated with simulations and practical on-wafer 
measurements. The developed calibration method enables the calibration of the full 16-term 
error network using only four calibration standards. The method is limited to second-tier 
calibration of reciprocal error networks with a pre-calibrated network analyzer, when the 
reciprocity assumption is valid. Also a novel method to determine Line-Reflect-Reflect-Match 
(LRRM) calibration standards for reciprocal 16-term error network is presented. The Line 
standard and the resistance of the Match standard need to be exactly known and the reactances 
of the two unknown lossless reflect standards (typically Short and Open) and the Match 
standard are solved using the raw S-parameter data of the calibration standard measurements. 
The accuracy of the known S-parameters or self-calibration results of the calibration standards 
can be verified as a by-product of the 16-term reciprocal calibration. LRRM is only one possible 
combination of the four calibration standards to solve the reciprocal 16-term error network. In 
this thesis all possible non-singular combinations are solved with a simulation approach. 

Schottky diodes are significant components in the millimeter wave and terahertz frequency 
applications. Traditionally Schottky diodes are characterised by current-voltage, capacitance-
voltage, and S-parameter measurements. The design of the millimeter wave and terahertz 
diode mixers relies heavily on the extracted parameters from the traditional characterisation 
measurements. However, the diode operation in the final application such as a mixer cannot be 
completely predicted by using the extracted parameters. In this thesis a novel mixer-based 
characterisation method of discrete planar Schottky diodes is presented. A fundamental mixer 
test jig for single-anode Schottky diodes and a subharmonic mixer test jig for antiparallel 
Schottky diodes are developed to characterize and compare the mixer operation of different 
diodes at 183 GHz. 
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1. Introduction 

The terahertz region covers the frequency range between 0.3 – 3 THz of the 

electromagnetic spectrum corresponding to the wavelengths from 1 mm to 

100 μm [1], whereas millimeter waves define the frequencies between 30 – 

300  GHz  that  correspond  wavelengths  from  10  mm  to  1  mm  [2].  The  

terahertz region was earlier known as submillimeter waves. In the 

frequency scale below the millimeter waves are the microwaves (1 – 30 

GHz) and above the terahertz region is the infrared region (3 – 430 THz). 
The millimeter wave and terahertz regions are to a great extent 

unoccupied by commercial applications. The available bandwidth is much 

wider than at microwave frequencies enabling considerably higher data 

rates. At higher frequencies circuits with small size and weight can be 

realized, because the dimensions are proportional to the wavelength. 

However, the drawback is that the fabrication becomes more challenging 

and more expensive. Also the interfaces between devices are a challenge at 

high frequencies. The high atmospheric losses limit significantly the 

transmission range of the systems, but then again the strong effect of the 

atmosphere enables the atmospheric research at millimeter wave and 

terahertz frequencies. Many of the strong resonances of different gas 
molecules are located in the millimeter wave and terahertz region, e.g., 

oxygen and water vapor. 

Millimeter wave and terahertz technologies are quickly developing fields 

and the earliest applications are from the 1960’s. Important application 

areas at millimeter wave and terahertz frequencies are: radar [3], 

communications [4], [5], space science [6], Earth observation [7], [8], radio 

astronomy [9], [10], imaging [11], [12], plasma diagnostics [13], [14], and 

biology and medicine [15]. The majority of the applications are scientific, 

but also commercial applications become gradually available. 

1.1 Motivation and scope of the thesis 

The fast development of monolithic microwave integrated circuits (MMICs) 

has contributed also to the development of the on-wafer measurements 
[16]. MMIC is a circuit where the passive and active components are 



Introduction

22

fabricated on a same substrate wafer [17], [18]. The difference between 

MMICs and microwave integrated circuits (MICs) is that in MICs discrete 

active and passive components are integrated on a common substrate, e.g., 

by soldering. The on-wafer S-parameter measurements performed with a 

vector network analyzer (VNA) are used to obtain the radio frequency (RF) 

characteristics of the components and devices at the wafer level. That 

makes the on-wafer measurements significant part of the development 

process of the devices. There are two different directions in the 

development of the on-wafer measurements: to go higher frequencies and 
to reduce the costs at low-frequencies [16]. At low frequencies the main 

target  is  to  lower  the  price  of  the  probes,  which  are  needed  to  make  the  

contact to the wafer. At higher frequencies the development of the probes as 

well as the calibration methods are the primary objectives. Today there are 

probes already up to 900 GHz [19].  

To get accurate S-parameter measurements an accurate calibration is also 

required. The high frequency and on-wafer environment introduce 

challenges for the calibration and the measurements. In the coaxial and 

waveguide environments as well as in the low frequency on-wafer 

measurements (< 110 GHz) traditional calibration methods based on 8 or 

12 error terms are accurate enough. However, in high frequency on-wafer S-
parameter measurements the leakage paths, e.g., probe-to-probe cross-talk, 

may be significant, and thus calibration methods based on 16-term error 

models can be advantageous, although the cross-talk can be reduced 

slightly with a proper probe design, e.g., small contact area [16]. 

Schottky diodes are essential components in applications at millimeter 

wave and terahertz frequencies, e.g., in Earth observation and space science 

[6], [20]. Therefore the development of the Schottky diodes is crucial. The 

characterisation of the Schottky diodes is a significant part of the diode 

development process and thus also the characterisation methods need to be 

improved to model the diodes accurately. Traditionally the Schottky diodes 

are characterized by current-voltage (I-V), capacitance-voltage (C-V), and 
S-parameter measurements. From the characterisation measurement 

results the diode parameters are extracted and an equivalent circuit is 

created to find out the behavior and the quality of the diodes. Accurate on-

wafer S-parameter measurements are an important part of the 

characterisation and modelling as well as designing of the devices. 

However, the diode operation in the actual device, e.g. mixer, cannot be 

seen directly from the traditional Schottky diode characterisation results. 

To obtain comprehensive characterisation of Schottky diodes, e.g., mixer-

based characterisation could be profitable in addition to the traditional 

characterisation.  



Introduction 

23

This thesis discusses the development of on-wafer S-parameter 

calibration methods and mixer-based characterisation of Schottky diodes at 

millimeter wave and terahertz frequencies. A novel calibration method 

based on reciprocity conditions of the error network is presented to 

calibrate the full 16-term error network and a mixer-based characterisation 

method is designed for characterisation of discrete single-anode and 

antiparallel Schottky diodes at 183 GHz. This frequency is significant, 

because one of the resonance frequencies of water vapor is located at that 

frequency. The mixer test jigs are useful tools for diode manufacturers who 
can test or compare their diodes without designing and fabricating a fixed 

tuned mixer for every diode. 

The thesis is organized as follows. In Chapter 2 the vector network 

analyzer, different error models, and different calibration methods are 

introduced. Chapter 3 presents the novel 16-term calibration method based 

on reciprocity conditions of the error network and the novel method to 

determine Line-Reflect-Reflect-Match (LRRM) calibration standards 

reported in publications [I] – [IV]. In Chapter 4 the principles of Schottky 

diodes and millimeter wave Schottky diode mixers are discussed. Chapter 5 

presents the mixer-based Schottky diode characterisation method reported 

in publications [V] – [VII]. Chapter 6 summarizes the publications related 
to the thesis and Chapter 7 concludes the work done in this thesis.  

1.2 Scientific contribution of the thesis 

The scientific contributions in this thesis are: 

1. A novel 16-term calibration method for reciprocal error networks. The 

use of the reciprocity conditions to reduce the number of unknown 

error terms allows the calibration of the full 16-term error network 

using only four calibration standards. [I] 

2. A novel method to determine calibration standards for LRRM 

calibration in measurement configurations affected by leakage. The 

reactances of the Match, Open and Short standards are calculated 
from measured raw S-parameter data of the standards. The line 

standard and the resistance of the Match standard need to be exactly 

known. [II] 

3. A method for testing the accuracy of the actual known S-parameters 

or self-calibration results of the calibration standards. The method is 

based on the reciprocity conditions of the 16-term error network and 
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it is a by-product of the 16-term calibration method presented in [I]. 

[III]

4. A mixer-based characterisation method for discrete single-anode and 

antiparallel Schottky diodes at millimeter wave and terahertz 

frequencies. The fundamental and subharmonic mixer test jigs can be 

used for characterisation and comparison of different diodes in a 

uniform mixer environment. It is a supplementary characterisation 

method in addition to the traditional characterisation methods of 
Schottky diodes. The diode manufacturers can use the mixer test jigs 

to test the mixer operation of their diode without the need to design 

and fabricate a fixed tuned mixer for every diode.  [VI], [VII] 
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2. Calibration of on-wafer S-parameter 
measurements 

On-wafer measurements have a significant role in millimeter wave and 

terahertz device testing. Modelling of devices rely heavily on accurate 

wideband S-parameter measurements performed using a vector network 

analyzer (VNA) [21], [22]. Therefore accurate measurement results are very 

important and to achieve accurate measurement results, good calibration 
accuracy is required especially at higher frequencies. 

In this chapter basics of the vector network analyzer and different error 

models as well as different methods for calibration of the vector network 

analyzer are presented.  

2.1 Two-port (four-receiver) vector network analyzer 

A vector network analyzer is used to measure the scattering parameters, 

i.e., S-parameters of high frequency circuits. The S-parameters represent 

the frequency response of the circuit and describe completely the electrical 

behavior of a linear circuit [23].  At low frequencies circuits are mainly 

represented using impedance and admittance parameters, i.e., Z- and Y-

parameters, respectively. For high frequency circuits the S-parameter 

representation is the most suitable, because a straight measurement of total 
currents and voltages is challenging.  The S-parameters are obtained 

measuring the incident, reflected and transmitted waves separately for 

every frequency point.  The measurement is done using a low level 

sinusoidal signal, so that the device under test (DUT) is working linearly. 

When too high a signal level is used especially active circuits start to work 

nonlinearly, whereas with too a low signal level the noise may disturb the 

signal [24]. Z- and Y-parameters can be derived from S-parameters using 

transformation formulas. 

A  block  diagram  of  a  two-port  VNA  is  presented  in  Figure  2.1.  The  

switches connect the signal source and load in turn to the measurement 

ports 1 and 2. With four single directional couplers part of the signal is 
coupled to the measurement channels a0, b0, a3, and b3 [25].  In  Figure 2.1  
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the switch is in forward position, thus a0 measures the signal coming to 

port 1, b0 measures the signal reflected from port 1, b3 measures the signal 

passing through the DUT, and a3 measures the signal reflected from the 

load. The term ‘four-receiver vector network analyzer’ comes from the 

number of the measurement channels. Only two-port devices can be 

measured, but the VNA has four measurement channels, which allows 

removing of the non-ideality of the switches while simultaneously 

modelling the measurement channel. VNAs with three measurement 

channels are also available. Although the three-receiver VNA has simpler 
structure and it is less expensive, the error correction is more advanced 

with the four-receiver VNA [26]. 

Figure 2.1.Block diagram of a two-port vector network analyzer. 

The S-parameters measured with a VNA are in complex format, thus both 
magnitude and phase can be measured. With a scalar network analyzer only 

the magnitude can be measured. The measurement of both magnitude and 

phase components is required for several reasons: fully characterisation of 

linear circuits, time-domain characterisation, effective error correction, 

accurate circuit simulation models, and designing of matching networks 

[23]. The S-parameters of the DUT are determined using the measured 

complex voltage waves 
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where the prime indicates the reverse position of the switches. Because the 
measurement of the complex voltage is challenging at high frequencies the 

measured signals from couplers are mixed to lower frequencies, where the 

measurements are easier. 

2.1.1 Switching error correction 

The internal switches of the VNA change the network configuration 

between forward and reverse measurement and non-ideality of the switches 

causes errors. Either the forward source impedance (ZS0) is not equal to the 

reverse load impedance (ZL0)  or  the  forward  load  impedance  (ZL3) is not 

equal to the reverse source impedance (ZS3). This is demonstrated in Figure 

2.2 according to [27]. The switching error correction can be used only with 
an analyzer with four measurement channels [27], [28].  The equations for 

switching error correction can be found in [27]. 

In one-tier calibration the calibration is done at once for the whole 

measurement system and the switching errors need to be corrected. In two-

tier calibration the network analyzer is first calibrated at the coaxial or 

waveguide ports and the test-fixture or the probe part is then calibrated 

separately with own calibration standards. The switching error correction is 

not needed when the second-tier calibration is used with a pre-calibrated 

VNA [27]. 

Figure 2.2. Source and load impedances in forward and reverse measurements. 

2.1.2 Measurement configuration 

The idea of the S-parameter measurements can be presented with the block 

diagrams  shown  in  Figure  2.3  according  to  [29].  The  block  diagram  a)  

presents the measurement and calibration situation in practice from the 

user’s point of view, where the DUT (or standard) with S-parameters Sa is 



Calibration of on-wafer S-parameter measurements

28

connected to a non-ideal VNA. The block diagram b) shows the theoretical 

measurement situation, where the ideal network analyzer is connected to 

the DUT through a four-port error network E. The block diagram c) shows 

the actual measurement situation, where the measured raw (not calibrated) 

S-parameters of the DUT (or standard) Sm including the error network E
and the actual S-parameters of the DUT Sa are measured by an ideal 

network analyzer. 

The actual S-parameters of the DUT (or standard) Sa and the measured 

raw S-parameters Sm can be defined using the voltage waves: 

𝑎
𝑎 = 𝑺𝒂

𝑏
𝑏 = 𝑆     𝑆

𝑆     𝑆  𝑏
𝑏 , (2.5) 

𝑏
𝑏 = 𝑺𝒎

𝑎
𝑎 = 𝑆     𝑆

𝑆     𝑆  
𝑎
𝑎 . (2.6) 

Figure 2.3. Block diagrams of the measurement configuration. a) Practical measurement 
situation, b) theoretical measurement situation, c) actual measurement situation. 

2.2 Error correction and calibration standards 

The measured S-parameters Sm include systematic errors, which are 

represented with the error network E. Calibration means removal of these 

systematic errors during or after the measurements. The typical error 
sources causing systematic errors can be, e.g., imperfection of directional 
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couplers, cables, adapters, and on-wafer probes [30]-[32]. The calibration 

does not correct for random errors that are not predictable, e.g., noise, 

dynamic range, and repeatability of the cables [31], [32]. The random errors 

caused by noise can be reduced by increasing source power, narrowing 

intermediate frequency (IF) bandwidth, or using averaging [32]. The 

change in the performance of the VNA after the calibration is called drift 

error, which is caused mainly by temperature variations. The speed of the 

drift defines how often an additional calibration is needed and the errors 

can be minimized by using a controlled temperature [32].  In practice 
calibration means that the parameters of the error network need to be 

determined to get the actual S-parameters of the DUT. This is done by 

measuring known calibration standards.  

Usually the calibration standards are passive, well known components, 

but when the self-calibration is used, some of the S-parameters of the 

calibration standards can be unknown and solved during the calibration. 

The following calibration standards are typically used in the calibration: 

 Thru,  T: transmission line (typically 50 Ω and zero-length). 

For on-wafer measurements a true Thru standard does not 

exist, because the probes cannot be connected directly to each 

other  and  thus  a  short  transmission  line  is  used  as  a  Thru  

standard. 

 Line, L: short transmission line (typically 50 Ω), which 

defines the normalization impedance. 

 Delay, D: the same as Line, typically the length of the Delay is 

20° - 160° different than Thru. 

 Reflect, R: an unknown reflective termination; the reflection 

coefficient does not need to be known, but needs to be the 

same in both measurement ports. Usually used in self-

calibration methods. Typically Short or Open termination. 

 Open,  O: Open circuit; the reflection coefficient needs to be 

known. 

 Short, S: Short circuit; the reflection coefficient needs to be 

known. 

 Match, M: matched load, which defines the normalization 

impedance.

 Load, L: resistive termination (typically 50 Ω). Thus the same 

as Match. 
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2.3 Error models and calibration methods 

The calibration of VNAs is based on error models that include error terms 

determined by complex S-parameters. Different error models and 

calibration methods to define the error network are studied and developed 

a lot, and a short summary of those is presented in this section. 

2.3.1 16-term error model 

In the 16-term error model all linear error terms are included in the 

calibration, which means that in addition to the reflection and transmission 

terms also the leakage paths can be taken into account. Thus with a 16-term 
calibration method the full 16-term error network can be determined. High 

frequency on-wafer measurements are one of the applications where the 16-

term calibration method may be advantageous, because the probe heads are 

very close to each other, which can cause unwanted probe-to-probe or wafer 

level coupling. 

The error terms of the 16-term error model are shown in Figure 2.4. The 

DUT is connected to terminals a1, b1, a2, b2 and  terminals a0, b0, a3, b3 are 

the ports of the non-ideal (real) network analyzer, when two-tier calibration 

is used as in Figure 2.4 (VNA is calibrated first at the waveguide ports). If 

one-tier calibration is used a hypothetical ideal network analyzer is 

connected to ports 0 and 3. 

Figure 2.4. The error terms of the 16-term error model.   

The S-parameters E and the scattering transfer parameters, i.e., T-

parameters T of the 16-term error network are determined using the 

voltage waves in (2.7) and (2.8) [27], [33] 
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where eij are the parameters of the E matrix and tij are the parameters of the 

T matrix. The calibration and the de-embedding are based on (2.9) or 

(2.10) [27], [33]. Either of the equations can be used, but the T-parameter 

equation (2.9) is used throughout this work, because it produces linear 

equations in respect to error terms.  

𝐒𝐦(𝐓𝟑𝐒𝐚 + 𝐓𝟒) = (𝐓𝟏𝐒𝐚 + 𝐓𝟐), (2.9)

(𝐒𝐦 − 𝐄𝟏)𝐄𝟑
𝟏 𝐒𝐚

𝟏 − 𝐄𝟒 = 𝐄𝟐. (2.10)

Each calibration standard forms from (2.9) a set of four linear equations 

in terms of the 16 error parameters. The error parameters can be solved 

using calibration standard measurements. When the error network is 
solved, the actual S-parameters Sa of the DUT can be solved using equation 

(2.9).

Usually five two-port calibration standards are needed for calibration of 

the full 16-term error network. At least one of the standards needs to be 

non-symmetrical (e.g. Match-Short) [27]. With four standards the solution 

is non-unique, because the system of equations is underdetermined. Only 

15 error parameters need to be solved, if one of the error parameters is 

considered as a common scaling factor. Still one of the remaining error 

parameters  needs  to  be  known  to  find  a  unique  solution  with  four  

standards. The possibilities for that are: the use of symmetry or reciprocity 

conditions [34], [35], or neglecting one or more of the weak leakage paths 
[36]. In [37], [38] the reciprocity conditions are not used to reduce the 

number of calibration standards, but the reciprocity is used to solve the 

scaling factor. 

Several papers about the 16-term calibration methods have been 

published  [27],  [28],  [33],  [39]  –  [43],  but  rarely  used  in  commercial  

calibration software or on-wafer measurements. The methods in [27], [39] 

– [42] are based on closed-form equations resulting in a smaller 

computational effort, while methods in [28], [33], [43] are based on 
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numerical iteration. In [I] a novel 16-term calibration method based on 

reciprocity  conditions  of  the  error  network  and  in  [II]  a  novel  method  to  

determine LRRM calibration standards in presence of leakage are 

presented. 

2.3.2 12-term error model 

The 12-term calibration model is one of the most used calibration models. 

In vector network analyzers with three measurement channels, where the 

third channel measures a0 in forward direction and 𝑎  in reverse direction, 
the 12-term error model is the only choice to remove the switching errors. A 

12-term error correction is also used for four channel vector network 

analyzers, and also then additional switching error correction is not needed. 

The error terms of the 12-term error model are shown in Figure 2.5. 

The error terms in forward (F) and reverse (R) directions are: directivity 

(EDF, EDR), source match (ESF, ESR), reflection tracking (ERF, ERR), load 

match (ELF, ELR), transmission tracking (ETF, ETR), and transmission leakage 
(isolation, crosstalk) (EXF, EXR).  The mathematical formulas of the 12-term 

calibration method can be found in [44]. 

Figure 2.5. The error terms of the 12-term error model. a) Forward direction, b) reverse 
direction. 

Short-Open-Load-Thru (SOLT) calibration method is typically used to 

determine the 12-term error model and it is available for every commercial 
vector network analyzer. The disadvantage of the SOLT procedure is that all 

four calibration standards must be known and the self-calibration is not 
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possible. It is also sensitive to the probe location. SOLT is commonly used 

in coaxial calibration, but it is not recommended for an on-wafer calibration 

method. Short-Open-Load-Reciprocal (SOLR) and Thru-Match-Short-Open 

(TMSO)  are  variations  of  SOLT.  In  SOLR  the  Thru  standard  is  replaced  

with an unknown but reciprocal two-port standard [45]. SOLR can be used 

also with orthogonal probe positions, where the Thru standard is hard to 

realize [46]. In TMSO all the standards except the Thru are connected to 

only one port, which reduces the number of connections [47].  

2.3.3 10- and 8-term error models 

The 10-term and 8-term calibration methods are simplifications of the 16- 

and  12-term  calibration  methods.  The  error  terms  of  the  10-  and  8-term  

error  model  are  shown  in  Figure  2.6.  In  10-term  calibration  method  two  

leakage (crosstalk) terms e30, and e03 are taken into account in calibration 

using transmission measurement with matched loads at the measurement 

ports. With the 10-term error model only the inner crosstalk of the analyzer 

can be taken into account, but not the crosstalk over the test-fixture. The S-

parameters E and the T-parameters T of the 10- and 8-term error networks 

are determined in (2.11) and (2.12)  

𝑬𝟏𝟎 𝒕𝒆𝒓𝒎 =

𝑒 𝑒 𝑒
𝑒 𝑒 0
𝑒 0 𝑒
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𝑒
0

0    𝑒        0  𝑒

, 𝑬𝟖 𝒕𝒆𝒓𝒎 =

𝑒 0 𝑒
0 𝑒 0

𝑒 0 𝑒
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0    𝑒        0  𝑒

,   (2.11) 
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Figure 2.6. The error terms of the 10- and 8-term error models. The error terms e30 and e03

(red lines) are included only in the 10-term error model. 



Calibration of on-wafer S-parameter measurements

34

In the 10- and 8-term calibration methods usually three two-port 

calibration measurements are needed. The ports can be measured 

separately and full two-port measurements for reflection type standards are 

not needed. If the test-fixture is symmetrical, two calibration standards are 

enough [48]. The equations of the 16-term calibration method can be 

applied directly for the 10- and 8-term calibration methods assuming the 

leakage terms to be zero. 

An important advantage of the 10- and 8-term calibration methods is the 

possibility to use self-calibration, because of the redundant data. Typically 
used calibration methods for the 10- and 8-term error models using three 

two-port calibration standards are (the methods in parentheses are working 

similarly but with different standards): 

 Thru-Reflect-Line, TRL (Line-Reflect-Line, LRL): Thru 

must be fully known, when the reference plane is moved to the 

probe tips from the center of the Thru. The line length 

difference should not be near multiple of 180° (in practice 

20°-160°  is  suitable).  Reflect  is  a  pair  of  unknown  Shorts  or  

Opens. For wider bandwidths multiple line lengths are 

required to get suitable phase differences over a wide 

bandwidth. The method is not suitable for fixed probe spacing. 

[49] – [56]

 Multi-line TRL: Developed by U.S. National Institute on 

Standards and Technology (NIST). The conventional TRL 

method uses multiple lines for different frequency ranges, but 

does not use them simultaneously. In the NIST multi-line TRL 

calibration method the additional continuously varying 

optimally weighted average data from the redundant 

standards are used to minimize the total random error (e.g. 

connector repeatability). With multi-line TRL, improvements 

in accuracy and bandwidth can be achieved. The propagation 

constants of the standards at every frequency are estimated 

accurately and used for S-parameter correction. It is possibly 
the most accurate calibration method if done correctly. NIST 

multi-line TRL is used as a benchmark when the accuracy of 

the calibration method is verified. The method is not suitable 

for fixed probe spacing. [57] – [62]

 Line-Reflect-Match, LRM (Thru-Reflect-Match, 
TRM): Thru must be fully known and a broadband Match 

with a known resistance value is used to set the system 

impedance level. Reflect is an unknown Short or Open. The 

one-port standards are used as identical pairs or at least each 
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standard connected once to both ports. The method is suitable 

for fixed probe spacing. [31], [56],  [63] – [71]

 Line-Reflect-Reflect-Match, LRRM (Thru-Reflect-
Reflect-Match, TRRM): Thru must be fully known and a 

broadband Match with a known resistance value in one port is 

needed to be measured. Two unknown reflection standard 

pairs are needed (usually Short and Open). The redundant 

information is used to calculate the inductance of the Match. 

The reference plane is in the probe tips. The method provides 

calibration accuracy comparable to the NIST multi-line TRL 
method. The method is suitable for broadband calibrations 

and fixed probe spacing. [31], [72] – [75]

 Thru-Short-Delay, TSD: The first self-calibration method. 

The length of Thru and Delay are unknown and Short 

standard (also Open can be used) needs to be known. The line 

length difference should not be near multiple of 180° (in 

practice 20°-160° is suitable). The method is not suitable for 

fixed probe spacing. [76], [77]

Other possible, but less frequently used calibration methods are: Match-

Short-Open (MSO, suitable only for 1-port calibration), Line-Short-Open 

(LSO), and Line-Short-Match (LSM). Most of the 8-term calibration 

methods can be handled with Thru-Circuit-Unknown (TCX) algorithm [78]. 

The first standard needs to be fully known with a transmission path, the 

second standard is a partly known two- or one-port, and the third standard 

is an unknown symmetrical standard, which can be solved using self-

calibration. The mathematical formulation is presented in [78]. When Line-

offset offset-Open offset-Short (LZZ) method, which uses known 

transmission line and two highly reflecting but unknown offset loads, is 
used, the 8-term error model can be calibrated without the characterisation 

of a match standard [79]. However the transmission line needs to be 

characterised accurately. 

2.4 Selection of a suitable calibration method 

The used calibration method and the error model determine mainly the 

accuracy of the calibration, but also the accuracy of the calibration 

standards and the repeatability of the measurements have an influence on 

the calibration accuracy [25], [80]. The calibration standards need to be of 

high quality and known accurately or self-calibration can be used to achieve 

accurate calibration and measurements [31], [81]. It is also very important 
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in on-wafer calibration and measurement that the probe contacts to the 

standards and DUT are done always as similarly as possible. Offsets in the 

probe positioning will affect the accuracy of the calibration and the 

measurements [82] – [84]. 

Usually in VNAs and in commercial calibration software (e.g. WinCal XE 

4.2  by  Cascade  Microtech)  SOLT,  TRL,  multi-line  TRL,  LRM,  and  LRRM  

calibration methods are implemented [85]. All the methods (except SOLT) 

are based on the 8-term error model, which means that the leakage terms 

cannot be determined. Several factors affect the selection of a suitable 
calibration method and error model for the measurement: accuracy 

requirement, available calibration standards, frequency range, device under 

test, fixed probe spacing or not, leakage and crosstalk included or not, etc. 

Different on-wafer calibration methods are widely compared in [82], [86] – 

[91].

The 8-term calibration methods are very accurate in the situations where 

the leakage and crosstalk terms are almost negligible. It means that in those 

cases the 16-term error model calibration is not expected to be more 

accurate than the 8-term error model calibrations. When the leakage and 

crosstalk terms become significant, calibration with the 16-term error 

model can be more accurate. For high frequency (above 110 GHz) on-wafer 
measurements it is plausible that the leakage and cross talk terms are 

already significant and need to be taken into account in the calibration. In 

this kind of situations a 16-term error model should be chosen for the 

calibration method, and a fixed probe spacing is required to model the 

leakage paths correctly, which means that Delay or Line standards cannot 

be used.  

One challenge in the 16-term calibration methods is that the leakage 

terms are assumed to be constant. Thus the probe distance should be the 

same both in calibration and measurement. In addition the environment 

around the probes may have an effect on the leakage terms. For instance, 

when commercial calibration standards are used, the DUT is fabricated on a 
different substrate than the calibration standards, which causes different 

environments for calibration and measurement of the DUT. The best option 

would be to fabricate the calibration standards on the same wafer with the 

DUT to keep the leakage terms as constant as possible. 
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3. Calibration of the reciprocal 16-term 
error network 

Usually five calibration standards are needed to solve the full 16-term error 

network, but if the reciprocity conditions are used to reduce the number of 

unknown error terms, a unique solution can be found for the calibration 

equation, and the full 16-term error model can be solved using only four 

calibration standards. Also symmetry conditions could be used to reduce 
the number of unknowns, but it is very questionable in practice. Significant 

non-symmetry can be caused easily, e.g., by minor changes in probe 

positioning. As a general rule, reciprocity can be considered as a good 

foundation for accurate calibration, because networks consisting only linear 

passive structures, e.g., resistors, capacitors, and inductors, are always 

reciprocal. 

The DUT may be non-reciprocal, but the error network needs to be 

reciprocal, which is typical in on-wafer S-parameter measurements. This 

means also that the reciprocal calibration method can be used only as a 

second-tier calibration for on-wafer part of measurement system (including 

the possible cables or waveguides) with a pre-calibrated network analyzer. 
If the whole measurement system with the vector network analyzer was 

calibrated, the error network would not be reciprocal because of the 

switching errors and differences in the receivers of the four measurement 

channels. The use of two-tier calibration is a common practice, e.g., in the 

measurements of integrated circuits. The use of commercial calibration 

standards such as Cascade Microtech impedance standard substrate (ISS) is 

allowed, because a non-symmetrical custom-made standard is not needed. 

Besides, the calibration accuracy may be improved by leaving out the fifth, 

possibly less accurate, standard. 

This chapter presents a 16-term calibration method based on reciprocity 

conditions and a method to determine LRRM calibration standards in 
measurement configurations affected by leakage. The complete equations 

for the definition of the calibration standards are presented in [II] and the 

reciprocal calibration procedure is described in [I]. In this chapter only the 

key equations and results are presented. 
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3.1 Definition of the LRRM calibration standards 

The Thru standard needs to be fully known as also the resistance of the 

Match standard. The reactances of the two unknown lossless reflect 

standards (Open and Short) and the Match standard are calculated using 
their measured raw (not calibrated) S-parameters. The standards are 

defined as follows (the two latter standards can be interchanged and offset 

Short and Open standards are applicable, too): 

A: T Thru 

B: M-M Symmetrical double Match with parasitic reactance 

C: S-S Lossless symmetrical double Short 

D: R-R Lossless symmetrical double Open 

𝐀 =  0 T
T 0 ,        (3.1) 

𝐁 =  M 0
0 M ,        (3.2) 

𝐂 =  S 0
0 S ,        (3.3) 

𝐃 =  R 0
0 R .        (3.4) 

The Thru standard can be non-ideal with attenuation α and delay Δt. The 

transmission coefficient for the Thru standard can be calculated from 

equation

T = 𝑒 ∙ 𝑒 ,        (3.5) 

10ln
20

)dB/(Al  ,        (3.6) 

tl   ,        (3.7)

where l is the length of the line, ω is the angular frequency. The reflection 

coefficient M of the Match standard is allowed to include positive or 

negative reactance, which can vary as a function of frequency. The 
reflection coefficient of the Match standards is 

match0M

match0M

LjZR
LjZR







M ,        (3.8) 

where RM is the resistance value of Match standard, Z0 is the characteristic 

impedance of the line that determines the S-parameter reference (typically 

50 Ω), Lmatch is the inductance of the Match standard, and reactance X is 

unknown,  which  can  be  found  from  the  second  order  equation  that  is  

X

X
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derived in [II]. Also equations (3.9) and (3.10) for R and S are derived in 

[II].

T
M
TMR

u1

u






,        (3.9) 

T
R
TRS

w1

w






,      (3.10) 

where  

)(trace
)det(

1
2

1

F
F

 41u 2
,       (3.11) 

𝐅𝟏 =  (𝐌𝐀 − 𝐌𝐃) (𝐌𝐂 − 𝐌𝐃)(𝐌𝐁 − 𝐌𝐂) (𝐌𝐀 − 𝐌𝐁), (3.12) 

)(trace
)det(

2
2

2

F
F

 41w2
, (3.13)

𝐅𝟐 =  (𝐌𝐀 − 𝐌𝐃) (𝐌𝐁 − 𝐌𝐃)(𝐌𝐁 − 𝐌𝐂) (𝐌𝐀 − 𝐌𝐂), (3.14)

where MA...MD are the measured raw S-parameters with standards A…D,

respectively. The equations do not assume anything about the parameter 

values of the standards, but in the LRRM method it is a common practice to 

define Short and Open lossless. After solving X, the reflection coefficients 

M, S, and R can be found from equations (3.8) – (3.10) separately at each 

frequency.  

The feasibility of the method is demonstrated by a simulation approach 
and practical on-wafer S-parameter measurements in [II]. Here only the 

measurement results are presented. Structures of the commercial Cascade 

Microtech ISS are used as calibration standards. Figure 3.1 shows 

micrographs of the used calibration standards. The measurements are 

performed using a measurements system including a Cascade Microtech 

probe station, Agilent E8361C PNA Vector Network Analyzer (10 MHz – 67 

GHz) and Agilent N5260A Millimeter Head Controller with Agilent 

extension units for the frequency band of 67 – 110 GHz. Figure 3.2 shows a 

block diagram and a photograph of the measurement setup. The VNA is 

first calibrated at the coaxial ports before the probe heads using a SOLT and 

the offset Short standards of the Agilent 85059A calibration kit. Figure 3.3 
presents the defined S-parameters of the calibration standards calculated 

from  LRRM  standard  definition  equations  (3.5),  (3.8)  –  (3.10)  using  the  

measured raw S-parameter data of the standards in addition to the 

preliminary  information  about  the  Thru  and  Match  standards.  For  a  

comparison, measured and calculated S-parameters are presented. 
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a) b)           c) 

Figure 3.1. Micrographs of the calibration standards from Cascade Microtech ISS used in 
the measurements. The length of the standards is 200 μm and the material of the substrate 
is alumina. a) Thru, b) Short, c) Match. Open standard is synthesized by lifting the probes in 
air.

a)

b)

Figure 3.2. a) Block diagram of the measurement system. The method is implemented as a 
second-tier  calibration  to  the  on-wafer  part,  shown  inside  the  dashed  rectangle.  b)  
Photograph of the measurement system. 
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a)

b)

c)

d)

Figure 3.3. S-parameters of the calibration standards from the following methods: 8-term 
WinCal  LRRM  (solid  green  line),  16-term  LRRM  (dashed  red  line),  parameter-based  
calculation (dotted black line). a) Magnitude and phase of S21 for  Thru,  b)  magnitude  and  
phase of S11 for Match, c) magnitude and phase of S11 for Short, d) magnitude and phase of 
S11 for Open. 
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 The WinCal 8-term LRRM calibration method is used in the comparison 

measurements and the parameter values given by Cascade Microtech are 

used to find the calculated S-parameters of the standards. With all three 

methods, very similar results are obtained. The calculated values are 

achieved using constant values at all frequencies, while the LRRM standard 

determination method solves the reactances separately at every frequency. 

In addition, in the LRRM standard determination method the true value of 

the inductance of the Match standard is extracted from the redundant data 

from the calibration measurements, but in the calculations the initial value 
for the inductance is used. For the defined inductance of the Match 

standard a constant (an average of the inductance values at different 

frequencies) value is used to reduce the computational error due to the very 

small numerical values used in calculating the inductance, especially at low 

frequencies (< 20 GHz).  

Ideally the measured magnitudes of the reflection coefficients of Short 

and Open standards should be 0 dB. In practice it will never be perfect, 

because LRRM is a self-consistent calibration method and errors will be 

seen in the magnitude of the reflection coefficients. This can be seen in 

Figure 3.3 where the magnitude of S11 of Short standard is greater than o dB 

at some frequencies. The phase of the Open standard (probes in the air) is 
positive because of the negative capacitance caused by the faster 

propagation of waves in the air than in the substrate. 

3.2 16-term calibration based on reciprocity conditions 

The actual calibration procedure of the 16-term calibration method is fully 

based on the reciprocity conditions of the error network [I]. The calibration 

procedure is an accurate closed-form solution; it does not involve any 

approximations or restrictions concerning the DUT. The reciprocity 
conditions of the S-parameters of the error matrix are very simple: 

𝑒 = 𝑒 ,       (3.15) 

𝑒 = 𝑒 ,                    (3.16) 

𝑒 = 𝑒 ,      (3.17) 

𝑒 = 𝑒 ,      (3.18) 

𝑒 = 𝑒 ,      (3.19) 

𝑒 = 𝑒 .      (3.20) 
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The drawback of the S-parameter reciprocity conditions is the non-linear 

equation (2.10). The T-parameters can be calculated from the S-parameters 

and vice versa using the conversion equations shown in [27]. The 

complexity of the conversion equations causes complicated reciprocity 

conditions for T-parameters, but because of the linear calibration equation 

(2.9), T-parameters are used in this method: 

𝑡 𝑡 − 𝑡 𝑡 = 𝑡 𝑡 − 𝑡 𝑡 ,      (3.21) 

𝑡 = (𝑡 𝑡 − 𝑡 𝑡 )𝑡 − (𝑡 𝑡 − 𝑡 𝑡 )𝑡 −  (𝑡 𝑡 − 𝑡 𝑡 )𝑡 ,    (3.22) 

𝑡 = (𝑡 𝑡 − 𝑡 𝑡 )𝑡 + (𝑡 𝑡 − 𝑡 𝑡 )𝑡 −  (𝑡 𝑡 − 𝑡 𝑡 )𝑡 ,     (3.23) 

𝑡 = (𝑡 𝑡 − 𝑡 𝑡 )𝑡 + (𝑡 𝑡 − 𝑡 𝑡 )𝑡 −  (𝑡 𝑡 − 𝑡 𝑡 )𝑡 ,    (3.24) 

𝑡 = (𝑡 𝑡 − 𝑡 𝑡 )𝑡 − (𝑡 𝑡 − 𝑡 𝑡 )𝑡 − (𝑡 𝑡 − 𝑡 𝑡 )𝑡  ,    (3.25) 

𝑡 𝑡 − 𝑡 𝑡 = 𝑡 𝑡 − 𝑡 𝑡 .      (3.26) 

Every two-port calibration standard measurement gives four linear 

equations in terms of the 16 error parameters from (2.9) [28]: 

𝑆𝑎11 𝑆𝑎21
𝑆𝑎12 𝑆𝑎22

0 0
0 0

0 0
0 0

𝑆𝑎11 𝑆𝑎21
𝑆𝑎12 𝑆𝑎22

    

1 0
0 1

0 0,
0 0,

0 0
0 0

1 0,
0 1,

−𝑆 𝑆 −𝑆 𝑆
−𝑆 𝑆 −𝑆 𝑆

−𝑆 𝑆 −𝑆 𝑆 ,
−𝑆 𝑆 −𝑆 𝑆 ,

−𝑆 𝑆 −𝑆 𝑆
−𝑆 𝑆 −𝑆 𝑆

−𝑆 𝑆 −𝑆 𝑆 ,
−𝑆 𝑆 −𝑆 𝑆 ,

−𝑆 0
0 −𝑆

−𝑆 0
0 −𝑆 ⎣

⎢
⎢
⎡

𝑡
𝑡…
𝑡
𝑡 ⎦

⎥
⎥
⎤

 =

𝑆
0

𝑆
0

𝑡 +

0
𝑆

0
𝑆

𝑡 .   (3.27a)-(3.27d)

The 14 unknowns on the left side are first solved as a function of t14 and t15

using  14  equations  that  are  achieved  by  leaving  out  two  equations.  Which  

two equations are left out, depends on the order of the calibration 

standards. All four equations should be used for our two first standards and 

at  least  equations  (3.27a)  and  (3.27d)  should  be  used  for  the  other  two  

standards.  Here  (3.27b)  of  the  third  standard  and  (3.27c)  of  the  fourth  

standard are left out.  Because of the redundant calibration equations, data 

reduction, e.g., least-squares-fit (LSF) algorithm could be used to improve 

accuracy and reduce error sensitivity [38], [78]. The set of 14 equations can 

be written in matrix form: 

yx
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𝐔[𝑡 , … , 𝑡 , 𝑡 , 𝑡 ] = 𝐕𝑡 + 𝐖𝑡 ,      (3.28) 

                                   [𝑡 , … , 𝑡 , 𝑡 , 𝑡 ] = 𝐔 𝐕𝑡 + 𝐔 𝐖𝑡 .      (3.29)

The arbitrary scaling factor is t15 = y, so the equation (3.29) gives the error 

terms as follows 

[𝑡 , … , 𝑡 , 𝑡 , 𝑡 ] = 𝐌𝑥 + 𝐍𝑦,      (3.30) 

where the auxiliary matrices are 

𝐌 = [𝑚 , … , 𝑚 , 𝑚 , 𝑚 ] ,       (3.31) 

𝐍 = [𝑛, … , 𝑛 , 𝑛 , 𝑛 ] .      (3.32)

Usually a fifth calibration standard measurement is needed to determine 

the  value  of  x  =  t14. Now the reciprocity conditions are used to get the 

additional second order equation for unknown x (the  steps  are  shown  in  

[I]), when t15 = y = 1 is defined for a preliminary scaling factor: 

𝑎𝑥 + bx + c = 0,      (3.33) 
where 

𝑎 =  𝑚 𝑚 + 𝑚 𝑚 − 𝑚 ,      (3.34) 

𝑏 = (𝑛 𝑚 + 𝑚 𝑛 + 𝑛 𝑚 + 𝑚 𝑛 − 𝑛 )𝑦 − 𝑚 ,      (3.35) 

𝑐 = (𝑛 𝑛 + 𝑛 𝑛 )𝑦 − 𝑛 𝑦.      (3.36) 

The correct root for parameter x from equation (3.33) needs to be chosen 

and it is sufficient to choose the root that has smaller magnitude, because x
= t14 should be very small in practice. It appears that with the wrong choice 

of the root the values of the error parameters would interchange as follows: 

e01 ↔ e02, e10 ↔ e20,

  e31 ↔ e32, e13 ↔ e23, e11 ↔ e22.

One of the advantages of the reciprocal method is that the correct scaling 

factor can be found simultaneously with the error parameters due to the 

reciprocity conditions. The T-matrix can be scaled using a common scaling 

factor k and each T-parameter can be scaled by dividing it by k [27]. 

Without the re-scaling only the conditions e03 = e30 and e12 = e21 are fulfilled 

(if data is accurate), but the other results are non-reciprocal, because of the 

M N
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wrong scaling. However the correct calibration would still be achieved 

without the re-scaling. The re-scaling of the results can be done by forcing 

1
e
e

e
e

e
e

e
e

32

23

02

20

31

13

01

10  ,      (3.37) 

by adjusting the arbitrary scaling factor k:

𝑒 = 𝑒
 

⇒      (3.38) 
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 .  (3.39) 

The optimum value for scaling factor k, which produces a completely 

reciprocal error network, can be solved from: 

15

'
15

t
t

k  ,     (3.40)

𝑡 = (𝑡 𝑡 − 𝑡 𝑡 )𝑡 − (𝑡 𝑡 − 𝑡 𝑡 )𝑡 −  (𝑡 𝑡 − 𝑡 𝑡 )𝑡  ,    (3.41) 

where t14 = x, t15 = y = 1, and otherwise ti = mix + niy. The selected sign (plus 

or minus) affects the phase of individual error parameters if they are 

studied separately. The correct sign at each frequency can be determined 

based on the phase curves of error parameters that should change as a 

function of frequency between +180° and -180°. However, either of the 

signs gives the correct S-parameters of the DUT. After rescaling the final 

error parameters are: 

 
k

ynxm
t 00

0


 ,      (3.42) 

…

 
k

ynxm
t 1313

13


 ,      (3.43) 

k
xt14  ,      (3.44) 

k
1

k
yt15  .      (3.45) 

The actual S-parameters Sa of the DUT can now be solved from equation 

(2.9).
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The feasibility of the 16-term reciprocal calibration method is 

demonstrated by a simulation approach and practical on-wafer S-

parameter measurements in [I] and [II]. The measurement results from [II] 

are summarized here. The measurement system (see Figure 3.2) and 

determined calibration standards are the same as presented in Section 3.1. 

The VNA is first calibrated at the coaxial ports before the probe heads using 

a SOLT and the offset Short standards of the Agilent 85059A calibration kit. 

The 16-term reciprocal calibration is then used as a second-tier calibration. 

Figure 3.4 shows the flow chart of the calibration procedure including the 
standard determination method presented in Section 3.1. The S-parameters 

of  open  coplanar  waveguide  (CPW)  structure  shown  in  Figure  3.5  are  

measured  at  the  frequency  range  of  0.1  –  110  GHz  and  the  calibration  is  

performed using the reciprocal 16-term calibration equations (3.15) – 

(3.45).

Figure 3.4. Flow chart of the calibration procedure. 
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Figure 3.5. Micrograph of the measured open CPW structure. The material of the substrate 
is quartz. 

Figure 3.6 shows the measured S-parameters of the DUT. The 16-term 

calibration based on reciprocity conditions is compared with the WinCal 8-

term LRRM and TRL calibration methods. The calibrated S-parameters of 

using these three calibration methods are very similar. There are no 

significant leakage paths present as seen in Figure 3.7, but these small 
leakage parameters explain the differences in the S-parameters between the 

8-term methods and the reciprocal 16-term method. To demonstrate this, 

the leakage parameters of the 16-term error network are set to zero, when 

the calibrated S21 of  the  DUT  agrees  well  with  the  calibrated  S21 using 

WinCal 8-term LRRM calibration method as seen in Figure 3.6 b). 

a)

b)

Figure 3.6. Measured S-parameters of an open CPW structure from the following methods: 
8-term WinCal TRL (dotted magenta line), 8-term WinCal LRRM (solid green line), 16-term 
LRRM  (dashed  red  line),  and  16-term  LRRM  with  zero  leakage  (dotted  black  line).  a)  
Magnitude and phase of S11, b) magnitude and phase of S21.
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      a)         b) 

       c)          d)

Figure 3.7.  Measured magnitudes of the leakage parameters of the error network with the 
16-term LRRM method. a) e30 (solid green line) and e03 (dotted black line), b) e31 (solid green 
line)  and  e13 (dotted black line), c) e21 (solid  green  line)  and  e12 (dotted black line), d) e20

(solid green line) and e02 (dotted black line). 

Due to the very small leakage in the measurements the capability of the 

16-term reciprocal calibration method based on reciprocity conditions to 

handle significant leakage is demonstrated using simulation approaches in 
[I]  and  [II].  In  [I]  the  error  matrix  from  the  measurements  is  combined  

with an additional leakage path to increase the leakage over the DUT. The 

measured amplitudes of the leakage parameters are below -20 dB and with 

the additional simulated leakage path the amplitudes of the leakage 

parameters are increased even up to -6 dB. The 16-term reciprocal 

calibration is repeated using the calculated S-parameters of the combined 

error network and it is proved that the 16-term reciprocal calibration 

method is capable of calibrating measurements with these higher leakage 

levels. In [II] the whole 16-term calibration and calibration standard 

definition are performed using purely simulated data with significant 

leakage paths, and it is demonstrated that the 16-term reciprocal calibration 
method can be used to calibrate the full 16-term error network that includes 

high leakage levels. The amplitudes of the leakage parameters are even up 

to -3.5 dB in the simulations.  
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3.3 Accuracy of the calibration standards 

As  it  is  shown  in  calibration  equation  in  (2.9),  the  calibration  is  based  on  

the raw S-parameter measurement data of the standards, but also on some 

preliminary known data of the standards. To get accurate calibration the 
calibration standards need to be well-defined. Especially at millimeter wave 

and terahertz frequencies the determination of the standards is extremely 

critical, but at the same time very challenging. The determination can be 

based on, e.g., self-calibration, direct measurements or electromagnetic or 

circuit simulations.  

The 16-term reciprocal calibration method can be used to test the 

accuracy of the actual known S-parameters or self-calibration results of the 

calibration standards [III]. The reciprocity conditions of the error network 

can be used to check if the calibration standards are well-defined. When an 

inaccurate definition of calibration standards is used the final error 

parameters are not reciprocal even though the 16-term reciprocal 
calibration method assumes that. With well-defined standards the 

reciprocity conditions of the error parameters are exactly fulfilled. No extra 

calculations or measurements are needed, because the accuracy of the 

standards can be verified from the solved error parameters as a by-product 

of the calibration. 

The feasibility of the method to test the accuracy of the calibration 

standards is demonstrated by simulations and practical on-wafer 

measurements in [III]. Here only the measurement results are presented. 

The measurement setup shown in Figure 3.8 consists of a Cascade 

Microtech probe station with Infinity probes, and Agilent N5250C PNA 

Network analyzer with Oleson Microwave frequency extension modules for 
frequency range of 110 – 170 GHz. Structures of the Cascade Microtech ISS 

are used as calibration standards (Thru, Match, Short, and Open). Figure 

3.9 shows the micrographs of the used standards. The vector network 

analyzer needs to be calibrated first at the waveguide ports, because the 

error network needs to be reciprocal, and the 16-term calibration method is 

used as a second-tier calibration. 

Two different methods are used to define the calibration standards: 

1. The method to determine LRRM calibration standards presented 

in Section 3.1 and [II]. 

2. Direct calculation based solely on manufacturer data. 
The calibration method, the calibration standards, and the raw S-

parameter measurements are the same for both standards definition 

methods. The calibration procedure presented in Figure 3.4 is exactly the 
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same for the method 1. For the method 2 the standard definition algorithm 

is different, but otherwise the calibration procedure is the same. 

Figure 3.8. Block diagram of the measurement setup. The VNA is pre-calibrated and the 
16-term calibration method is used as a second-tier calibration for reciprocal error network 
inside the red rectangle. 

 a)   b)        c)  d)

Figure 3.9. Micrographs of the calibration standards from Cascade Microtech ISS used in 
the measurements. The length of the standards is 135 μm and the material of the substrate is 
alumina. a) Thru, b) Short, c) Match, c) Open.  

Figure 3.10 presents the error parameters from the calibration when the 

two methods to define the calibration standards are used. When method 1 is 

used, all reciprocity conditions of the error parameters are fulfilled, but 

using method 2 the error parameters are not reciprocal. The reciprocity 

condition e01 =  e10 is always fulfilled, because it is used to find the correct 

scaling factor in the reciprocal calibration method in (3.38). In method 1 

the inductances of the Match and Short standards, and capacitance of the 

Open standard are defined separately for all frequency points, but in 

method 2 constant values are used for all frequency points. Based on the 
reciprocity conditions fulfillment, method 1 is a better and more accurate 

method to define the calibration standards. 

The accuracy of the calibration standard definition has naturally an effect 

on the calibrated S-parameters of the DUT, which is now a CPW line shown 

in  Figure  3.11.  Figure  3.12  shows  the  final  calibrated  S-parameters  of  the  

DUT. Slightly different results are obtained with the two definition methods 
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of the calibration standards. This demonstrates that it is extremely 

important to define the calibration standards well to achieve accurate 

measurement results. 

a)

b)

Figure 3.10. Error parameters of the calibration. a) Method 1: self-calibration, b) method 
2: calculated from manufacturer data. 
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Figure 3.11. Micrograph of  the DUT used in the measurement.  The length of  the DUT is  
1500  μm,  the  center  conductor  width  at  the  center  is  110  μm  and  66  μm  at  the  ends,  the  
center  conductor  to  ground  gap  is  15  μm  at  the  center  and  10  μm  at  the  ends,  and  the  
material of the substrate is quartz. 

a) b)

Figure 3.12. Measured S-parameters of the DUT with both standard definition methods. a) 
S11, b) S12.

3.4 Combinations of calibration standards 

LRRM is just one of the combinations of the calibration standards that can 

be used in the 16-term calibration method based on reciprocity conditions. 

All the possible different combinations of four two-port calibration 
standards for the 16-term reciprocal calibration method are tested with the 

S-parameters simulated in Agilent Advanced Design System (ADS) circuit 

simulators and the calibration is done in MATLAB [IV]. Figure 3.13 shows 

the ADS circuit schematic for simulation of the actual S-parameters Sa and 

the raw S-parameters Sm of Thru standard. The same circuits can be used 

for the other standards. The simulated error network includes RLC
networks in both ports representing the connection discontinuities and a 

resistor representing the leakage path from port to port. Figure 3.14 shows 

the flow chart illustrating the interaction between ADS and MATLAB. The 

calibration in MATLAB is performed separately for every combination of 

four two-port calibration standards. 
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Figure 3.13. ADS circuit schematic for simulation of Sa and Sm of Thru standard. 

Figure 3.14. Flow chart illustrating the interaction between ADS and MATLAB.  

The used standards are Thru (T), Delay (D) and different combinations of 
Match  (M),  Short  (S),  and  Open  (O).  For  example  M-S  means  Match  

standard in port 1 and Short standard in port 2 simultaneously. S and O can 

be interchanged and M-M can always be replaced with D. 
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A Thru standard is always used as a first standard and when Delay is used 

as a second standard all combinations can be used for the two last 

standards. When one of the other standard pairs is used as a second 

standard it defines the non-singular combinations that allow the solution of 

the calibration equation. All the other combinations can be used, except the 

combinations, where the first port of the third standard is the same as the 

first port of the second standard (e.g. combination T, O-O, O-S, and S-S) or 

the second port of the fourth standard is the same as the second port of the 

second standard (e.g. combination T, O-M, S-S, and S-M). These singular 
combinations do not allow the solution of the calibration equation. In Table 

3.1 the 32 possible non-singular combinations of four two-port calibration 

standard pairs are presented for S-S and M-S as a second standard. Similar 

tables can be done for the rest of the standard pairs. These combinations 

work only for this selection of the 14 linear equations from (3.27a)-(3.27d) 

presented in Section 3.2, but if the equations were selected some other way 

the list of the combinations would be different. However, these different 

combinations can be considered dual cases of the corresponding original 

combinations.  

A similarity index δS is used to compare the accuracy of the different 

possible combinations [48] 
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where δSij is the difference between the actual S-parameter and the 

calibrated S-parameter values and Nfreq is the number of frequency points.  

The similarity index is the mean error of each S-parameter. Evenly 

distributed random noise is added at every frequency for all simulated raw 

S-parameters Sm of the standards to simulate some of the different errors 

occurring in practical measurements. Without the added random noise all 

these possible combinations give equally accurate solution. The similarity 

indexes of different combinations are shown in Table 3.1. Based on the 

similarity indexes there are clear differences between the accuracy of 

different combinations and some of the combinations work better that the 

others. However, with some other selection of the linear equations also the 
less accurate combinations may work better, but in this work only one 

selection of linear equations is used. 
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Table 3.1.Combinations of four two-port calibration standard pairs for the 16-term 
reciprocal calibration method, when S-S and M-S are used as a second standard.  

St.1 St.2 St.3 St.4 δS·103 St.1 St.2 St.3 St.4 δS·103

T S-S O-O M-M 1 T M-S S-S M-M 88
T S-S O-O S-M 290 T M-S S-S O-O 446
T S-S O-O S-O 6 T M-S S-S S-M 19
T S-S O-O M-O 8 T M-S S-S S-O 15
T S-S O-O O-M 7 T M-S S-S M-O 19
T S-S M-M O-O 1 T M-S S-S O-M 423
T S-S M-M S-M 7 T M-S O-O M-M 471
T S-S M-M S-O 33 T M-S O-O S-M 1
T S-S M-M M-O 9 T M-S O-O S-O 6
T S-S M-M O-M 8 T M-S O-O M-O 10
T S-S M-S M-M 9 T M-S O-O O-M 10
T S-S M-S O-O 346 T M-S S-M M-M 11
T S-S M-S S-M 6 T M-S S-M O-O 1
T S-S M-S S-O 4 T M-S S-M S-O 6
T S-S M-S M-O 6 T M-S S-M M-O 84
T S-S M-S O-M 663 T M-S S-M O-M 5
T S-S O-S M-M 71 T M-S S-O M-M 735
T S-S O-S O-O 6 T M-S S-O O-O 8
T S-S O-S S-M 4 T M-S S-O S-M 7
T S-S O-S S-O 3 T M-S S-O M-O 11
T S-S O-S M-O 35 T M-S S-O O-M 1
T S-S O-S O-M 9 T M-S O-S M-M 93
T S-S M-O M-M 7 T M-S O-S O-O 6
T S-S M-O O-O 6 T M-S O-S S-M 221
T S-S M-O S-M 658 T M-S O-S S-O 158
T S-S M-O S-O 9 T M-S O-S M-O 5
T S-S M-O O-M 1 T M-S O-S O-M 10
T S-S O-M M-M 11 T M-S O-M M-M 10
T S-S O-M O-O 7 T M-S O-M O-O 10
T S-S O-M S-M 5 T M-S O-M S-M 5
T S-S O-M S-O 28 T M-S O-M S-O 1
T S-S O-M M-O 1 T M-S O-M M-O 103

3.5 Discussion and future work 

As MMIC devices have become more common, the importance of the on-

wafer S-parameter measurements is significantly increasing in millimeter 

wave and terahertz device modelling and design. To measure the S-

parameters accurately the calibration of the VNA should be performed 
using an error model that takes into account all of the possible error 

sources. At the lower frequencies (< 110 GHz) an accurate calibration can 

be achieved by using 8-term calibration methods, but at millimeter wave 

and terahertz frequencies, where the leakage paths may become more 

significant, the 16-term calibration can be advantageous. 

The 16-term calibration based on reciprocity conditions presented in this 

chapter can calibrate the full 16-term error network. The novel 16-term 

calibration method based on reciprocity conditions of the error network 

enables the calibration of full 16-term error network using only four 

calibration standards. In addition the novel method to determine LRRM 
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calibration standards in measurement configurations affected by leakage is 

presented. 

In  [I]  –  [IV]  the  feasibility  of  the  16-term  reciprocal  calibration  method  

and LRRM calibration standard definition method are demonstrated with 

practical measurements. In the example measurements the leakage paths 

are almost negligible (below -20 dB), thus the difference between 8-term 

and 16-term calibration methods is minor, but even that minor difference 

can be explained with the leakage terms. The capability of the 16-term 

reciprocal calibration method to calibrate the full 16-term error network in 
the presence of significant leakage paths (even up to -3.5 dB) is 

demonstrated with simulations in [I] and [II].  

To get accurate measurement results it is extremely important to define 

the calibration standards accurately. The reciprocal 16-term calibration 

method can be used to test the accuracy of the defined calibration 

standards. If the calibration standards are accurately defined the reciprocity 

conditions of the error network are fulfilled. Whereas, error in the 

definition increases the non-reciprocity in the error network. 

The reciprocal 16-term calibration method is compared with the WinCal 

8-term LRRM and TRL calibrations. Based on the measurement results 

presented in this work it is difficult to quantify the accuracies of the 
different calibration methods. In the future one possibility could be to use 

the verification technique developed by NIST, which determinates the error 

bounds for the calibration method by a comparison with the NIST TRL 

benchmark calibration [86].  

The future work is to perform measurements, where the leakage paths are 

significant, e.g., by using higher frequencies. So far commercial calibration 

standards are used in the calibration, but in the future the calibration 

standards should be fabricated on the same wafer with the DUT to keep the 

leakage terms constant during the calibration and measurement of the 

DUT. One great advantage of the LRRM calibration method compared to 

TRL is that in LRRM the calibration standards are much shorter and thus 
take less space on the wafer. Whereas the fabrication of the Match standard 

becomes challenging for high frequencies, because usually the resistance is 

not  anymore  50  Ω as  it  is  assumed  in  the  LRRM  calibration  method.
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4. Millimeter wave planar Schottky 
diodes and mixers 

The Schottky diode is based on an interface between a semiconductor and a 

metal that is called the Schottky junction. The rectifying effect of a metal-

semiconductor  junction  was  found  out  by  Braun  as  early  as  in  1874  [92],  

but the name for the diode comes after Walter Schottky (1886-1976), who 

was one of the earliest developers of the metal-semiconductor junction 
[93].

This chapter presents briefly the fundamentals of the Schottky diode and 

the traditional measurement and characterisation methods of the Schottky 

diodes. Detailed and comprehensive theory and physics behind the 

Schottky  diode  can  be  found,  e.g.,  in  [94],  [95].  In  this  chapter  also  basic  

theory behind Schottky diode mixers and the most commonly used mixers 

at millimeter wave and terahertz frequencies are presented. 

4.1 Schottky diode structure and characteristics 

Previously in millimeter and submillimeter wave mixers, whisker-contacted 

Schottky diodes have been used as a mixing element. The structure of a 

whisker-contacted diode is very simple and it enables low parasitic 

capacitance values, but the assembly and reliability of the contact bring 
considerable drawbacks. Since late 1980’s whisker-contacted Schottky 

diodes  are  replaced  by  planar  Schottky  diodes  [96]  –  [98].  A  planar  

Schottky diode has a robust structure and the fabrication process enables 

integration of multiple diodes and integration of the diode with the rest of 

the circuit. The drawback of the planar diode is the increase of the parasitic 

capacitance.  

Figure  4.1  shows  the  structure  of  a  planar  Schottky  diode  [96].   On  a  

heavily  doped n+ gallium arsenide (GaAs) substrate there is a thin slightly 

doped n-type GaAs layer (epitaxial layer) and on top of that there is a metal 

contact (anode contact pad and finger) forming the Schottky junction. At 

the other end there is an ohmic contact, which forms the cathode. Under 
the anode finger there is a surface channel that reduces the parasitic 
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capacitances close to the anode. The semi-insulating GaAs substrate makes 

the diode robust and silicon dioxide (SiO2) layer is used to insulate the 

anode.

a) b)

Figure 4.1. A planar Schottky diode. a) Top view, b) cross sectional view [96]. 

In the following the Schottky diode theory is presented according to text 

books,  e.g.  [94],  [95].  Figure  4.2  shows  the  energy  band  diagram  for  a  

metal-semiconductor interface in four different conditions: not in contact, 

in contact, in contact with forward-bias, and in contact with reverse-bias. If 

metal and semiconductor are not in contact (Figure 4.2 a), the Fermi level 

in semiconductor is higher than the Fermi level in metal. When the metal 

and semiconductor are brought together (Figure 4.2 b), electrons flow from 
semiconductor to metal forming a positively charged depletion region to the 

semiconductor side. The electron flow stops when the created potential 

compensates the difference between the Fermi energies before the contact. 

The electrons collected on the metal create a potential barrier for the 

electrons in the semiconductor. The height of this barrier is called the built-

in potential of the junction bi. The potential barrier seen by the electrons 

in the metal is called the Schottky barrier B.

There are two main current transport mechanisms in the Schottky diodes: 

thermionic emission of majority carriers (i.e. electrons) over the barrier and 

the quantum tunneling of electrons through the barrier. The Schottky diode 

is a majority carrier device, which causes its high speed performance, 

because the switching speed is not limited by minority carrier effects. When 
a  positive  forward  voltage  is  applied  over  the  diode  (Figure  4.2  d),  the  

barrier height seen by the electrons in semiconductor is lowered and the 

potential energy of the electrons increased allowing electrons to transfer 

easier from semiconductor to the metal via thermionic emission. The diode 

current I depends exponentially on the voltage over the junction 
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where V is the applied voltage, q is the electron charge, η is the ideality 

factor, kB is Boltzmann’s constant, TJ is the junction temperature, RS is the 

series resistance and Isat is the reverse saturation current, which can be 

described by equation 
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where S is the area of the junction, A** is the modified Richardson constant, 

and B is  the  Schottky  barrier  voltage.  The  tunneling  of  the  electrons  

increases when the barrier thickness is decreasing, thus the tunneling is not 

significant at forward voltage [99]. Also at low temperatures and high 

doping densities tunneling might have significant effect, but in most of the 

cases tunneling current is insignificant. 

Figure 4.2. Energy band diagram of a metal-semiconductor junction. a) Not in contact, b) 
in contact, c) in contact with reverse-bias condition, d) in contact with forward-bias 
condition. 
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Figure 4.3 presents a typical equivalent circuit for a Schottky diode, which 

consists of a series resistance RS, junction resistance rj, and junction 

capacitance Cj. There are two types of operating mode in Schottky diodes: 

resistive (varistor) and capacitive (varactor). The operation of detectors and 

mixers are based on nonlinear junction resistance of resistive diodes, and 

the junction resistance can be calculated from the I-V characteristic, with 

equation (4.3). The operation of frequency multipliers is based mainly on 

nonlinear junction capacitance of varactor diodes, which can be described 

by equation (4.4). Resistive diodes can be used also in multipliers achieving 
wide  frequency  range,  but  the  efficiency  is  not  as  good  as  in  varactor  

multipliers. The diodes used in this thesis and the publications [VI] and 

[VII] are resistive diodes. 

Figure 4.3. Simple equivalent circuit of a Schottky diode. 
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where Cj0 is the zero-bias junction capacitance, bi is the built-in voltage, 

and γ is the doping profile parameter of the epitaxial layer. Typically for an 

abrupt junction γ is 0.5. The total capacitance of the diode can be obtained 

from equation 

p

bi

0j
T C

V1

C
C 















,        (4.5) 

where parasitic pad-to-pad capacitance Cp is  mainly  caused  by  the  diode  
pads and the circuit, where the diode is attached. The cutoff frequency can 
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be  considered  as  a  quality  criterion  of  the  Schottky  diode  and  can  be  

calculated as 

0jS
c CR2

1f


 .        (4.6) 

The cutoff frequency should be at least 10 times higher than the operating 

frequency of the diode [100]. The series resistance RS is  caused mainly  by 

the resistance of the undepleted epitaxial layer, the spreading resistance of 
the highly doped contact layer, and the resistance of the ohmic contact 

[100].

4.2 Traditional Schottky diode measurements  

The characterisation of Schottky diodes is usually done by traditional 

current-voltage (I-V), capacitance-voltage (C-V), and S-parameter 

measurements. Parameter extraction and equivalent circuits are performed 

based on the measurements results to find out the behavior and the quality 

of the diodes.  

Current-voltage measurement is the most general measurement for the 

Schottky diodes. The I-V measurement is performed using, e.g., 

semiconductor parameter analyzer. From the measurement results the I-V 
diode parameters, such as series resistance, ideality factor, and saturation 

current are extracted by fitting the theoretical I-V equation (4.1) to the 

measured  results  [101]  –  [106].  Figure  4.4  shows  an  example  of  I-V  

measurement result with the fitted I-V curve and the ideal I-V curve 

without effect of series resistance for a single-anode Schottky diode. 

Figure 4.4. I-V  extraction  of  a  single-anode  Schottky  diode.  Measured  I-V  points  (blue  
circles), fitted I-V curve (red line), and ideal I-V curve without the effect of series resistance 
(green line). 
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In [107], [108] the series resistance extraction is done using a method that 

takes into account the temperature dependence of the saturation current 

and ideality factor. Because the bias current heats up the junction, the 

saturation current and ideality factor are not constant. This is a significant 

effect for small diodes that are optimized for high millimeter wave and 

terahertz frequencies. If the self-heating effect is not taken into account, the 

extracted series resistance is too small. The self-heating can be minimized 

by using pulsed I-V measurements [109] – [111]. In the pulsed I-V 

measurement the I-V curve is measured using very fast pulses so that the 
diode junction does not have time to heat up. The pulses should be faster 

than the thermal time constant of the diode to avoid self-heating. In [111] it 

is shown that when the I-V measurement is performed using fast pulses, the 

series resistance of the diode is higher than the series resistance obtained 

from the direct current (DC) I-V measurements.  

The total capacitance of the Schottky diode can be measured as a function 

of voltage using, e.g., LCR meter [102], [112] – [114] or the total capacitance 

can be extracted from low-frequency (3-10 GHz) S-parameter 

measurements [109], [114]. The magnitude of the transmission coefficient 

is dependent only on the value of the total capacitance of the diode at low 

microwave frequencies and in bias voltages where the diode is not yet 
conducting. Thus the total capacitance can be extracted by fitting the 

measured transmission coefficient to a calculated value. C-V parameters 

such as zero bias junction capacitance, parasitic capacitance and built-in 

voltage are extracted by fitting the nonlinear capacitance equation (4.5) to 

the measured total capacitances. Figure 4.5 presents an example of C-V 

measurement results with the fitted C-V curve for a single-anode Schottky 

diode using extracted total capacitances from S-parameter measurements. 

The comparison between capacitance measurements using an LCR meter 

and extraction from S-parameter measurements in [114] showed that for 

discrete diodes both methods give similar results, but for monolithically 

integrated diodes the extraction from the S-parameters should be used to 
get more accurate results. In LCR meter measurements the capacitance of 

the test structure cannot be totally separated from the parasitic capacitance 

of the diode, thus the measured total capacitance is too high. Also the 

trapping effects can make the LCR meter measurements challenging or 

even impossible [114]. The capacitance values can be determined also from 

theoretical calculations [115], physical simulations [116], and full-wave 

simulations [22], [117], [118]. The C-V extraction of the antiparallel 

Schottky diodes is not possible, because antiparallel diodes cannot be 

reverse-biased. 
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Figure 4.5. C-V extraction of a single-anode Schottky diode. Measured C-V points (circles) 
and fitted C-V curve (solid line). 

The S-parameter measurements can be used to verify the results from I-V 

and C-V extraction methods, to perform the equivalent circuit of the diode, 

and to extract the anode finger inductance of the diode [22]. Also series 

resistance and total capacitance of a Schottky diode can be extracted from 

the equivalent circuit that is fitted to the measured S-parameters. The 

equivalent circuit procedure is an important part of the diode design and 

optimization.  To  model  higher  order  effects  (e.g.  skin  effect  and  eddy  
currents) at higher frequencies more complicated equivalent circuits are 

needed [119]. 

A simple equivalent circuit of a single-anode Schottky diode on a CPW test 

mount is presented in Figure 4.6. The parameters of the Schottky junction 

are presented inside the rectangle and in addition to those the equivalent 

circuit includes the finger inductance of the diode Lf, parasitic capacitance 

Cp, capacitances from the ends of the CPW pads to the ground Cg1 and Cg2,

and small pieces of CPW line of the test mount. Figure 4.7 shows the 

measured and simulated S-parameters from the equivalent circuit of a 

single-anode  Schottky  diode  up  to  110  GHz.  There  is  a  small  difference  

between measurements and simulations in S11 with 0 V bias voltage at the 
frequencies above 90 GHz, otherwise the simulated S-parameters agree 

well with the measured S-parameters. Table 4.1 presents the extracted 

diode parameters from I-V and C-V measurements and equivalent circuit. 

Different extraction methods give slightly different values for the extracted 

parameters. 
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Figure 4.6. The equivalent circuit for a single-anode Schottky diode on a CPW test mount. 

a) b)

Figure 4.7. Measured and simulated reflection and transmission coefficients for a single-
anode Schottky diode. a) 0 V bias point, b) 5 mA bias point. 

Table 4.1. Extracted diode parameters from traditional Schottky diode characterisation for 
a single-anode Schottky diode. 

I-V extraction C-V extraction from 
LCR meter

C-V extraction 
from S-parameters

Extraction from 
equivalent circuit

RS

(Ω) η Isat

(fA)
Cj0

(fF)
Cp

(fF)
CT

(fF)
Cj0

(fF)
Cp

(fF)
CT

(fF)
RS

(Ω)
CT

(fF)
Lf

(pH)

4.58 1.12 7.9 3.61 10.88 14.49 2.41 11.52 13.93 9.47 13.13 50.6 

4.3 Millimeter wave Schottky diode mixers 

A mixer converts the frequency of a signal so that the information of the 

signal  remains.  The  operation  of  a  mixer  is  based  on  the  properties  of  a  

nonlinear circuit, where the output signal includes signal at the input 

frequency f1, but also at additional frequencies such as DC component, 

harmonic frequencies of the input signal mf1, and when two signals at 
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frequencies f1 and f2 are fed to the circuit also the sum and difference 

frequencies of the input frequencies mf1 ± nf2 (m, n =  0,  1,  2…).  In  

transmitters the mixing is done upwards and in receivers downwards. The 

principle  of  downward  mixing  is  presented  in  Figure  4.8,  where  the  local  

oscillator (LO) power is fed into the LO port at frequency fLO and the radio 

frequency (RF) signal is fed into RF port at frequency fRF. At the output port 

a signal at a low intermediate frequency (IF) is obtained  

LORFIF fff  .        (4.7)

The signal is also mixed to the IF frequency from the image frequency fi =

2fLo –fRF that  is  one  of  the  most  important  sidebands  of  the  mixer.  In  a  

single  sideband  (SSB)  mixer  the  signal  band  is  either  the  upper  sideband  

(fLO + fIF)  or  the  lower  sideband  (fLO - fIF).   In  a  double  sideband  (DSB)  

mixer both sidebands are signal bands. 

Figure 4.8. Principle of downward mixing. 

The high speed switching capability of the Schottky diode makes it the 

most common mixing element at millimeter wave and terahertz 
frequencies. The Schottky diode mixers cover the whole millimeter and 

terahertz frequency range [120]. At millimeter wave and terahertz 

frequencies mixers can also be based on superconductor-insulator-

superconductor (SIS) junctions up to 1.4 THz [121], hot electron bolometers 

(HEBs)  up  to  4.7  THz  [122],  and  high  electron  mobility  transistors  

(HEMTs) up to 100 GHz [123]. SIS and HEB mixers are very sensitive, but 

also very complicated to use and are therefore used only in scientific 

applications. Schottky diode and HEMT mixers are appropriate for 

commercial applications. 

Nowadays low-noise amplifiers (LNAs) are beginning to be available also 

at millimeter wave frequencies up to 670 GHz [124], but usually when LNAs 
are  not  available,  mixer  is  the  first  stage  in  a  receiver.  It  means  that  the  

mixer should be very sensitive as the conversion loss and the noise 

temperature of the mixer determine the sensitivity of the whole receiver. 
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Mixer conversion loss defines the efficiency of the mixing and it is 

determined as 

IF

RF
C P

PL  ,        (4.8) 

where PRF is the available  input power at the signal frequency and PIF is the 

output  power coupled to  the load at  IF.  The noise  temperature  of  a  mixer  

describes how much noise the mixer generates.  

A comprehensive discussion of the noise in Schottky diodes and mixers 
can be found in [125], [126]. The shot noise in the diode junction is the 

main noise contributor in the diode mixers. Also the thermal noise from the 

series resistance and circuit losses causes noise in the diode mixers. The 

series resistance of the diode increases the conversion loss of the mixer, and 

this has a bigger effect to the noise temperature than the thermal noise 

caused by the series resistance. Diodes also produce low-frequency 1/f 

noise, but it is significant only when IF is very low [125].  

The series resistance needs to be minimized in order to achieve high cut-

off frequency and low mixer conversion loss [127]. At high frequencies also 

the junction capacitance should be as low as possible as it can be seen in 

(4.6). The capacitance can be decreased by smaller anode area or by lower 
doping concentration, but both will increase the series resistance [99]. The 

high ideality factor and parasitic capacitance increase also the conversion 

loss. The design and the optimization of the millimeter wave and terahertz 

Schottky diodes is a trade-off between the diode parameters to get the best 

operation. It is also very important to have good RF, IF, and LO matching 

to get low conversion loss for the mixer.  

4.3.1 Single-diode mixers 

In a single-diode mixer the RF and LO signals are fed into the same 

waveguide and a diplexer or a coupler is needed to combine the signals. The 

diplexer is needed to filter the LO noise at the signal and image frequencies. 
In single-diode mixers the signal is mixed with the fundamental frequency 

of the local oscillator thus single-diode mixers are also called as 

fundamental mixers. Single-diode mixers have very simple structure and 

require low LO power, but at higher frequencies the producing of sufficient 

LO power becomes challenging. Conversion loss and LO power requirement 

of  a  fundamental  mixer  can  be  reduced  by  applying  DC  bias  to  the  diode  

[125]. Figure 4.9 shows an example of a single-diode mixer structure for 

millimeter wave frequencies [128]. The design procedure of single-diode 

mixers is presented comprehensively in [126], [127]. 
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Figure 4.9. Structure of a single-diode mixer [128]. 

4.3.2 Subharmonic mixers 

The mixers, where the signal is mixed with the harmonic frequencies of the 

local oscillator nfLO, where n =  2,  3,  4…,  are  called  harmonic  mixers.  A  

harmonic mixer, where n  =  2 is called subharmonic mixer. The LO 

frequency is smaller than in the single-diode mixers, because the second 

harmonic of the LO is used in the mixing. The structure of a subharmonic 

mixer is more complicated than that of the single-diode mixers. LO reject 
filtering is needed and RF and LO signals are fed into different waveguides 

since  the  RF  frequency  is  much  higher  than  the  LO  frequency  and  the  

dimensions of the waveguide are determined by the used frequency. 

Additionally an antiparallel diode is used as a mixing element instead of a 

single-anode diode. When an antiparallel diode with identical diode 

junction characteristics is pumped by a LO signal only even harmonics of 

the LO will be produced whereas fundamental frequency component and 

fundamental frequency mixing products are suppressed [129]. An example 

of a subharmonic mixer structure is shown in Figure 4.10 [130].  

Nowadays Schottky diode mixers operating above 100 GHz are almost 
always realized as subharmonic mixers. The performance at millimeter 

wave and terahertz wavelengths is improved much and the conversion loss 

and the noise temperature are as good as in a case of single-diode mixers 

[120].  The  amplitude  modulation  (AM)  noise  of  the  LO  is  strongly  

attenuated in subharmonic mixers and thus subharmonic mixers might 

have better noise properties [131]. Another great advantage, especially at 

higher millimeter wave and terahertz frequencies, where the LO power is 

scarce, is that the subharmonic mixers are pumped at the LO frequency, 

which is about half of the RF frequency. However, the antiparallel diodes 
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cannot be biased and therefore one optimization possibility is lost and more 

LO power is required. 

Figure 4.10. Structure of a subharmonic mixer [130]. 

4.4 Waveguide-to-planar transmission line transitions 

At millimeter wave frequencies often a transition between a rectangular 
waveguide and a planar transmission line is required; for example in 

mixers, frequency multipliers, and LNAs. There are several ways to realize a 

transition between a waveguide and a planar transmission line. Perhaps the 

simplest and the most used transition is a transition based on a probe [132-

141].  The probe is formed by the end of a transmission line that enters into 

the waveguide through an aperture in the broad wall of the waveguide. 

Figure 4.11 shows a transition based on a probe. The probe is usually placed 

in the maximum of the E-field (λ/4 from the waveguide backshort), so that 

the coupling from the waveguide to the transmission line is at highest. The 

transition transforms the TE10 waveguide mode to the quasi-TEM mode of 
the transmission line. In order to get better match between the waveguide 

and the planar transmission line, a reduced height waveguide may be used. 

The probe shown in Figure 4.11 is placed so that the surface of the substrate 

is along the direction of wave propagation in the waveguide (longitudinally 

mounted case). The other option is to place the surface of the substrate 

perpendicular to the direction of wave propagation in the waveguide 

(broadside mounted case) [132]. The probe may also have a radial shape 

instead of the rectangular shape. With a radial probe a wider bandwidth can 

be achieved [134]. 
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Figure 4.11. Waveguide-to-microstrip transition based on a probe. 

 The transition from a rectangular waveguide to a planar transmission line 

could also  be based on aperture  coupling [142],  [143],  a  ridged waveguide 

[144]  –  [146],  a  quasi-Yagi  or  a  dipole  antenna  [147]  –  [149],  or  an  

antipodal  fin-line  [150],  [151].  In  millimeter  wave  mixers,  the  most  used  

transmission line is the microstrip line, however when using a suspended 

microstrip line, the dielectric losses are smaller than in the microstrip line, 

because a bigger part of the field is in air.  
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5. Mixer-based characterisation of 
Schottky diodes  

The characterisation of Schottky diodes is usually done by the traditional I-

V, C-V, and S-parameter measurements that are presented in Section 4.2. 

Based on the measurement results a parameter extraction is performed and 

an equivalent circuit is created to find out the behavior and the quality of 

the diodes. However, these extracted parameters do not necessarily tell 
about the operation of the diodes in the actual environment of the final 

application, e.g., in mixers and frequency multipliers. It is also possible that 

the traditional I-V and C-V extraction become challenging because of 

thermal or trapping effects. For antiparallel diodes the C-V extraction is not 

even possible because the diodes cannot be reverse-biased. The 

combination of the traditional and mixer-based Schottky diode 

characterisation allows a comprehensive comparison of different Schottky 

diodes. To characterize and compare the mixer operation (conversion loss 

and noise temperature) of different discrete single-anode and antiparallel 

Schottky diodes a fundamental and a subharmonic mixer test jigs have been 

designed and fabricated in [VI] and [VII].  
The mixer test jig is a waveguide block that is the same for all diodes and 

includes a substrate with filtering elements but no impedance matching. 

The impedance matching conditions of the different diodes are realized 

with an integrated adjustable waveguide tuner. This allows testing and 

comparison of different diodes under conditions optimized for each diode, 

but using the same waveguide block and identical substrates. The mixer-

based characterisation is a useful tool for diode manufacturers to test the 

mixer operation of their diodes without designing and fabricating a fixed 

tuned mixer for each diode and to reveal possible problems during the 

development process of the diodes. 

The designs of the mixer test jigs are very simple and the DC/IF 
connections are designed in a way that the substrate with the diode can be 

easily changed and the contacts can be repeated several times. A miniature 

SMA connector is used to realize the DC/IF contact and the DC/IF ground 

contact is made with a copper plate pressed down with a screw through the 

upper waveguide block. An integrated EH-tuner is used for RF impedance 
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matching and in the fundamental mixer test jig also for LO impedance 

matching. The LO matching in the subharmonic mixer test jig can be done 

using external double E-tuner [152]. The IF impedance matching for both 

mixer test jigs can be done with an external coaxial tuner. Easy changing of 

the diodes, flexible embedding impedance matching, and repeatable DC/IF 

connections enable the comparison of different Schottky diodes under 

comparable conditions in their actual operating environment. 

This chapter presents the mixer-based characterisation results of single-

anode and antiparallel Schottky diodes using the mixer test jigs. The 
nominal RF frequency of the mixer test jigs is 183 GHz. In this chapter also 

the waveguide-to-suspended microstrip line transition used in the mixer 

test jigs is presented. 

5.1 Waveguide-to-suspended microstrip line transition 

To couple the RF and LO signals from the waveguide to the suspended 

microstrip line a transition is needed in the mixer test jigs.  The waveguide-

to-suspended microstrip transition is based on a simple probe that extends 

through the full-height WR-5 waveguide in the E-plane. The probe 

transition is here chosen to keep the structure as simple as possible. Figure 

5.1 shows the cross section views of the transition and Table 5.1 presents the 

dimensions of the transition. Between the probe and the DC/IF filter there 

is a narrow line to improve the operation of the transition. The width of the 
center conductor of the suspended microstrip line is determined by the 

average width of the Schottky diodes used in the mixer test jigs. The 

dimensions of the suspended microstrip line channel are designed so that 

only the fundamental mode is propagating and the waveguide modes are at 

cut-off. 

Table 5.1. Dimensions of the waveguide-to-suspended microstrip line transition (see Figure 
5.1).

Parameter Value Parameter Value 

w1 400 μm l3 250 μm 

w2 80 μm wc 460 μm 

w3 50 μm hc 250 μm 

w4 320 μm ws 400 μm 

w5 10 μm hs 100 μm 

d 540 μm wg 300 μm 

b 650 μm g 50 μm 

l1 120 μm s 30 μm 

l2 250 μm t 3 μm 
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a)

b) c)

Figure 5.1. Cross section views of the waveguide-to-suspended microstrip transition. a) 
Top view, b) view from the suspended microstrip channel, c) micrograph of the transition. 

Figure 5.2 presents the simulated and measured transmission and 

reflection coefficients of the back-to-back transition test structure. The 

simulated transition with the designed dimensions has a wider bandwidth 

than the measured transitions because of inaccuracies with the fabricated 

dimensions. The simulated transition with the measured dimensions agrees 

better with the measurements. The measured transmission loss per single 

transition (including 10 mm input waveguide losses) is 0.45 dB at 183 GHz 

based  on  the  measured  0.9  dB  loss  of  the  back-to-back  transition.  The  
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design and the operation of the waveguide-to-suspended microstrip line 

transition are presented in [V]. In fundamental mixer test jig one transition 

can be used to couple RF and LO signals, but in subharmonic mixer test jig 

separate transitions are needed. The transition presented in [V] is used for 

RF and LO signals in fundamental mixer test jig and for RF signal in 

subharmonic mixer test jig. The LO transition in subharmonic mixer test jig 

has similar design, but for lower frequencies. 

a) b)
Figure 5.2. Simulated and measured transmission and reflection coefficients of the back-
to-back waveguide-to-suspended microstrip line transition. a) Transmission coefficient and 
b) reflection coefficient. 

5.2 Fundamental mixer test jig 

Figure  5.3  shows  a  photograph  of  the  fundamental  mixer  test  jig.  A  3D-

illustration of the lower waveguide block and a micrograph of the transition 

part of the fundamental mixer test jig are presented in Figure 5.4. The EH-

tuner, RF/LO input waveguide, substrate channel and IF structures are 

milled in the same split-waveguide block made of brass. The RF/LO input 

waveguide and the EH-tuner arms are WR-5 waveguides. The design and 

test measurements of the EH-tuner and dielectric based backshorts for the 

tuner are presented in [153], [154]. The 100 μm thick quartz substrate (εr = 

3.8) includes a waveguide-to-suspended microstrip transition for the RF 

and LO signals, a gap for the diode, an RF and LO ground filter, and a 

DC/IF low-pass filter.  
The feasibility of the fundamental mixer test jig is first tested with a 

commercial VDI-SC2T6 single-anode Schottky diode [VI] and after that the 

fundamental test jig is used for comparison of different single-anode 

Schottky diodes from various diode manufacturers with an improved 

measurement setup [VII]. The results of the comparison measurement 

[VII] are summarized in this section. 
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Figure 5.3. Photograph of the fundamental mixer test jig on a supporting device. 

a)

b)

Figure 5.4. Lower waveguide block of the fundamental mixer test jig. a) 3D-illustration, b) 
micrograph of the transition part. 
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The instability and the noise of the LO source introduced challenges in the 

feasibility tests in [VI], because the measurement setup was based on a 

backward wave oscillator (BWO) as a LO source. A quasi-optical diplexer 

was used to filter the disturbing noise from the BWO that was mixed to the 

IF frequency. In [VII] the measurement setup is enhanced by replacing the 

noisy  BWO  with  a  Gunn  oscillator  and  180  GHz  frequency  doubler.  The  

stability and the repeatability of the measurement setup are improved by 

using the Gunn oscillator  with the frequency doubler  as  a  LO source.  The 

improved measurement setup allows comparison of different single-anode 
Schottky diodes, because it is possible to get rid of the problems caused by 

the noise that is mixed to the IF frequency from the noisy LO source.  

Figure 5.5 presents the measurement setup used for noise-based 

determination of DSB conversion loss and mixer noise temperature of the 

fundamental mixer test jig. A hot/cold load with a horn antenna and a 

waveguide combination are used as an RF source. Room temperature (295
K) is  used for  the hot  load and liquid nitrogen (77 K)  for  the cold load.  A 

directional coupler is used to combine RF and LO signals. The IF chain 

including an isolator, a variable attenuator and two LNAs, is used to 

amplify the weak IF signal. The IF chain is packaged to avoid mechanical 

and RF interference. 

Figure 5.5. Measurement setup for noise-based measurements of fundamental mixer test 
jig.

The measurement of the conversion loss and noise temperature of the 

mixer is based on the so-called Y-factor method [155] and the method 

presented in [156]. First the noise temperature of the IF chain TIF is 

measured at four attenuation points of the variable IF attenuator. The noise 
power of the whole measurement setup is then measured with the same 

adjustments of the variable IF attenuator as above using the Y-factor 

method 
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where PH  is the noise power with hot load, PC  is the noise power with cold 

load, TH is  the  noise  temperature  of  the  hot  load,  and  TC is the noise 

temperature of the cold load. The noise temperature of the whole setup Te

(mixer and IF chain) can be calculated with equation 
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 ,         (5.2)

where T’H and T’C are the corrected hot and cold noise temperatures. These 

must be used because the loads are not connected directly to the mixer. 
Thus the attenuation of the RF chain including horn antenna and 

waveguide combination and directional coupler needs to be taken into 

account with equation 
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where LRF is the attenuation of the RF chain and Ta is the ambient 

temperature. The DSB mixer noise temperature TM and DSB conversion 

loss LDSB can  be  solved  from  the  equation  (5.4)  by  plotting  the  noise  
temperature of the whole setup against the noise temperature of the IF 

chain at the four attenuation points of the variable IF attenuator. This is 

demonstrated in Figure 5.6, where a straight line is fitted to the 

measurement results. The DSB noise temperature of the mixer is the 

intersection  point  of  the  y-axis  and  the  slope  of  the  line  is  the  DSB  

conversion loss. 

IFDSBMe TLTT  .         (5.4) 

Figure 5.6. Measured noise temperature of the measurement setup as a function of 
measured  noise  temperature  of  the  IF  chain  at  the  attenuation  points  of  the  variable  IF  
attenuator (dots) and the fitted line (solid line). 
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Figure 5.7 shows the measured DSB conversion losses and noise 

temperatures as a function of the IF frequency for three single-anode 

Schottky  diodes,  when  the  nominal  LO  frequency  (182  GHz)  is  used.  The  

available LO power is 1.4 mW and that is used in all fundamental mixer test 

jig  measurements.  The  bias  current  and  EH-tuner  are  optimized  for  the  

minimum conversion loss at the nominal IF frequency (1 GHz). The tuning 

and optimizing is done when Agilent PNA 5250A Vector network analyzer is 

used as a coherent RF source. It is also used to measure the conversion loss 

to verify the conversion loss measurement results using the noise-based 
measurement.  

Figure 5.7.  Measurements  of  the  single-anode  diodes  in  fundamental  mixer  test  jig  as  a  
function of IF frequency. a) DSB conversion loss, b) DSB noise temperature 

An external coaxial Microlab S2-05N stub tuner is used to match the IF 

impedance to improve the conversion loss. Table 5.2 presents the measured 
conversion losses and noise temperatures of the single-anode diodes in 

fundamental mixer test jig with and without the IF tuner. The 

measurements  are  done  at  the  nominal  IF  frequency  (1  GHz)  using  

optimum bias current.  The conversion losses are measured also using the 

coherent RF signal for a comparison and the conversion loss results from 

both  measurements  agree  very  well.   The  DSB  conversion  loss  from  SSB  

conversion loss measurements using coherent RF signal can be calculated 

using equation [155] 
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where LS is SSB conversion loss at the signal frequency and Li is SSB 
conversion loss at the image frequency. 

The uncertainties of the fundamental mixer test jig measurements are 

calculated using Monte Carlo simulation.  The values of the parameters are 

changed with random values within the limits given for the simulation. The 

simulation is repeated 10000 times and the standard deviation of the 

simulated conversion losses or mixer noise temperatures is the uncertainty 

of the measurement. The uncertainties of the IF output power, the RF input 

power, the attenuation of bias-T, and the attenuation of the RF chain are 

included in the uncertainty analysis for SSB conversion loss for which ± 0.2 

dB uncertainty limit is obtained. In the uncertainty analysis for noise-based 

measurements the uncertainties of the noise powers of hot and cold loads, 
noise temperature of the IF chain, and attenuation of the RF chain are 

taken into account. The uncertainty limits are for DSB conversion loss ± 0.9 

dB and for DSB noise temperature ± 180 K. The uncertainties are quite 

large because of the high attenuation of the RF chain (10 dB) that is mainly 

caused  by  the  directional  coupler,  which  leads  to  a  small  Y-factor  that  is  

more sensitive to uncertainties in the measured noise powers of the hot and 

cold loads. 

Table 5.2. Measurement results of the single-anode diodes in fundamental mixer test jig 
with and without the IF tuner. 

diode A diode B diode C 

No IF 
tuner 

IF
tuner 

No IF 
tuner 

IF
tuner 

No IF 
tuner 

IF
tuner 

Ls (1) (dB) 7.0 6.1 7.4 6.5 8.0 7.6 

Li (1) (dB) 7.0 6.1 7.3 6.8 8.2 7.8

LDSB  (1) (dB) 4.0 3.1 4.4 3.6 5.1 4.7

LDSB (2) (dB) 4.2 3.0 4.3 3.5 5.3 4.8

TM (2) (K) 760 540 720 510 690 590 
(1) From coherent RF signal measurements. LDSB is calculated from measured LS and Li

(2) From noise-based measurements 



Mixer-based characterisation of Schottky diodes

80 

5.3 Subharmonic mixer test jig 

Figure  5.8  presents  a  photograph  of  the  subharmonic  mixer  test  jig  and  

Figure 5.9 shows a 3D-illustration of the lower waveguide block of the 

subharmonic mixer test jig. The structure of the subharmonic mixer test jig 
is similar to the structure of the fundamental mixer test jig, but there are 

separate waveguides for RF and LO signals. The RF waveguide is WR-5 

waveguide and the LO waveguide is WR-10 waveguide. Thus also two 

separate waveguide-to-suspended microstrip transitions and reject filters 

for RF and LO signals are needed. The subharmonic mixer test jig is used to 

compare four different millimeter wave antiparallel Schottky diodes in 

[VII]. 

Figure 5.8. Photograph of the subharmonic mixer test jig on a supporting device. 

Figure 5.9. 3D-illustration of the lower waveguide block of the subharmonic mixer test jig.  
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The measurement setup for noise-based determination of DSB conversion 

loss and noise temperature of the subharmonic mixer test jig is presented in 

Figure 5.10. A Gunn oscillator is used as the LO source and the LO power 

can be adjusted with a variable attenuator and monitored with a reference 

power meter and spectrum analyzer. A hot/cold load with a horn antenna 

and  a  waveguide  combination  are  used  as  an  RF  source.  A  packaged  IF  

chain including a variable attenuator and two LNAs is used to amplify the 

IF signal. The measurement procedure is the same as that used in the 

fundamental mixer test jig measurements. 

Figure 5.10. Measurement setup for noise-based measurement of subharmonic mixer test 
jig.

Figure 5.11 presents the measured DSB conversion losses and noise 

temperatures of the subharmonic mixer test jig with four different 

antiparallel Schottky diodes as a function of LO power, when the nominal 

LO frequency (91.5  GHz)  and IF frequency (200 MHz) are  used.  The EH-

tuner is optimized for minimum conversion loss at the optimum LO power 

level.  The IF tuner  is  used to  demonstrate  the improvement  in  conversion 
loss and noise temperature when the IF impedance is matched for diode 2 

and diode 4. A 600 MHz IF frequency is used in the measurement, because 

a coaxial tuner for the nominal IF frequency was not available at the time of 

these measurements. Table 5.3 shows the measured conversion losses and 

noise temperatures of the subharmonic mixer test jig with and without the 

IF tuner. 

The uncertainty limits of the subharmonic mixer test jig measurements 

are calculated using similar Monte Carlo simulation as for fundamental 

mixer test jig measurements. For measured SSB conversion loss the 

uncertainty limit is ± 0.2 dB. For noise-based measurements the 

uncertainty limits are for DSB conversion loss ± 0.6 dB and for DSB noise 
temperature ± 120 K.  
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Figure 5.11.   Measurements  of  the  antiparallel  diodes  in  subharmonic  mixer  test  jig  as  a  
function of LO power. a) DSB conversion loss, b) DSB noise temperature. 

Table 5.3. Measurement results of the antiparallel diodes in subharmonic mixer test jig 
with and without the IF tuner. 

diode 2 diode 4 

No IF tuner IF tuner No IF tuner IF tuner 

Ls (1) (dB) 8.7 7.5 8.7 7.5

Li (1) (dB) 8.8 7.7 8.8 7.7

LDSB (1) (dB) 5.7 4.6 5.7 4.6 

LDSB (2) (dB) 6.0 4.8 5.9 4.9

TM (2) (K) 1170 990 1730 1590 
(1) From coherent RF signal measurements. LDSB is calculated from measured LS and Li

(2) From noise-based measurements 
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5.4 Comparison of traditional Schottky diode characterisation 
and mixer-based characterisation 

The  measured  results  of  the  mixer  test  jigs  can  be  compared  to  a  

simulation-based approach that uses the diode parameters extracted from 

the traditional I-V, C-V, and S-parameter measurements as input 

parameters.  A  full  3D-model  of  the  whole  mixer  and  the  diode  is  built  in  

Ansys High Frequency Structural Simulator (HFSS), where a small coaxial 

port  is  connected  in  place  of  the  diode  junction.  The  HFSS  model  of  the  

subharmonic  mixer  test  jig  is  presented  in  Figure  5.12.  The  simulated  S-

parameters of the mixer are exported to ADS circuit simulator, where the 
physical model for the junction is connected to the coaxial port. The 

measured diode parameter values from traditional Schottky diode 

measurements are given for the diode model in ADS. A harmonic balance 

analysis is then performed to obtain the mixer operation of the circuit to get 

the simulated DSB conversion losses and noise temperatures.  

Figure 5.12. HFSS model of the subharmonic mixer test jig. 

5.4.1 Fundamental mixer test jig 

By using the traditional Schottky diode measurements all diode parameters 
can be extracted for single-anode diodes. The 3D-diode model from the 

manufacturer  of  the  diode  A  is  used  for  all  diodes.  The  parasitic  

capacitances of the diodes are taken into account in the HFSS simulation. 

For diodes B and C, whose parasitic capacitances are higher than the 
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parasitic capacitance of diode A, an additional capacitance is added in the 

ADS diode model.  The S-parameters  are  simulated in  HFSS from 0.1  GHz 

to 400 GHz and the losses of the waveguide structures (material: brass), 

substrate (material: quartz), and metal conductor (material: gold) are 

included in the simulation. 

Figure 5.13 presents the ADS circuit schematic for the fundamental mixer 

test jig and Table 5.4 shows the extracted diode parameters from traditional 

Schottky diode characterisation in addition to the simulated and measured 

DSB conversion losses and noise temperatures of the fundamental mixer 
test jig for different diodes. The simulated DSB conversion losses agree well 

with the measured conversion losses, but to get more realistic results, 

individual 3D-diode models from diode manufacturers for all diodes should 

be used. Unfortunately those are not usually available, e.g., for commercial 

diodes. 

The simulated noise temperatures are much lower than the measured 

noise temperatures, but the simulated values are underestimated, because 

all noise mechanisms are not taken into account in the simulation. If, e.g., 

1/f noise coefficients or leakage conductance of the diodes were known and 

included in the simulation, the simulated noise temperatures would be 

closer to the measured values. Furthermore an additional noise source 
could be added to simulate also the hot electron noise [157]. For diode A the 

1/f noise coefficients are measured by a partner in cooperation, but for the 

other diodes the 1/f noise coefficients are not known and thus cannot be 

included in the simulations. In ADS simulation the values of the 1/f noise 

coefficients can be given for the diode model and the 1/f noise is 

characterized by spectral density 

Ffe

Af

f f
IK)f(S  ,         (5.6) 

where Kf,  Af, and FFe are the 1/f noise coefficients. By including the 

measured 1/f noise coefficients in the simulation for diode A, the simulated 

noise temperature agrees well with the measured noise temperature. The 

1/f noise needs to be studied more, to find out the actual contribution to the 

mixer noise temperature. It means that the 1/f noise coefficients of all 

diodes should be measured and included in the simulations. Unfortunately 

the 1/f noise measurement of the diodes was not possible at the time of this 

work. 
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Figure 5.13. ADS circuit schematic of the fundamental mixer test jig simulation. 

Table 5.4. Extracted diode parameters from traditional Schottky diode characterisation and 
simulated and measured DSB conversion loss and noise temperature of fundamental mixer 
test jig. 

diode A diode B diode C 

Cj0 (fF) 1.18 1.73 2.49 

Cp (fF) 5.57 8.45 11.52

Φbi (V) 0.93 0.78 0.92

η 1.28 1.25 1.21 

Isat (fA) 0.15 0.12 7.9 

RS (Ω) 7.3 4.9 4.9 

LDSB (1) (dB) 3.9 4.0 4.9 

LDSB (2) (dB) 4.2 4.3 5.3

TM (1) (K) 310 320 430 

TM (1)* (K) 755 - -

TM (2) (K) 760 720 690
(1) Simulated mixer DSB conversion loss and noise temperature with extracted diode 
parameters from traditional diode measurements 
(1)* Simulated mixer DSB noise temperature including measured 1/f noise coefficients 
(2) Measured DSB mixer conversion loss and noise temperature 

5.4.2 Subharmonic mixer test jig 

For antiparallel Schottky diodes the traditional I-V characterisation can be 

performed, but the C-V characterisation is not possible, because the diodes 

cannot be reverse-biased. The C-V parameters can be obtained, e.g., by 

measuring similar single-anode diodes or using calculated estimations for 

zero bias capacitance. The 3D-diode model of diode 2 is used for all diodes 
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and additional parasitic capacitances are not included in the simulations, 

which means that only the parasitic capacitance included in the 3D-diode 

model is taken into account. Figure 5.14 shows the ADS circuit schematic 

for the subharmonic mixer test jig and Table 5.5 presents the extracted 

diode parameters from traditional Schottky diode characterisation in 

addition to the simulated and measured DSB conversion losses and noise 

temperatures of the subharmonic mixer test jig for different diodes. The 1/f 

noise coefficients of the antiparallel diodes measured in subharmonic mixer 

test jig are not known and thus not included in the simulations. 
The measured and simulated DSB conversion loss values of the 

subharmonic mixer test jig do not agree as well as the conversion losses of 

the fundamental mixer test jig. The measured and simulated DSB 

conversion loss values differ from 0.4 dB to 1.8 dB. The best measured DSB 

conversion loss value is obtained with the diode 3 and the worst with the 

diode 1, but the simulated DSB conversion loss of diode 3 is the worst and 

diode 1 is the best. The simulated noise temperatures are again much lower 

than measured noise temperatures, but as in the fundamental mixer test jig 

simulations the simulated noise temperatures are too optimistic. Based on 

the comparison between simulated and measured DSB conversion loss, 

mixer-based Schottky characterisation is needed to see the operation of the 
diodes in the actual mixer environment especially for antiparallel Schottky 

diodes that cannot be characterised by using traditional C-V measurements. 

Figure 5.14. ADS circuit schematic of the subharmonic mixer test jig simulation. 
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Table 5.5. Extracted diode parameters from traditional Schottky diode characterisation and 
simulated and measured DSB conversion loss and noises temperature of subharmonic mixer 
test jig. 

diode 1 diode 2 diode 3 diode 4 

Cj0 (fF) 2.29 1.42 2.49 3.49 

η 1.16 1.20 1.28 1.25

Isat (fA) 2.9 4.4 1.4 5.0 

RS (Ω) 9.6 11.5 11.8 9.0 

LDSB (1) (dB) 4.6 4.7 4.9 4.8

LDSB (2) (dB) 6.4 5.9 5.3 5.4 

TM (1) (K) 420 400 470 490 

TM (2) (K) 1400 1040 1930 1550
(1) Simulated mixer DSB conversion loss and noise temperature with extracted diode 
parameters from traditional diode measurements 
(2) Measured DSB mixer conversion loss and noise temperature 

5.5 Discussion and future work 

The extracted parameters from the traditional Schottky diode 

characterisation measurements provide very important data from the 

Schottky diode design and fabrication point of view. The design process of 

the millimeter wave and terahertz diode mixers relies heavily on the 
extracted parameters. However the diode operation in the final application 

such as mixer cannot be completely predicted by using only the extracted 

diode parameters. In addition to the traditional Schottky diode 

characterisation method, the mixer-based Schottky diode characterisation 

offers useful and comprehensive knowledge about the diodes. The mixer-

based characterisation offers an effective method for testing single-anode 

and antiparallel Schottky diodes in their actual environment in the final 

application. The test jig allows reliable comparison between different 

Schottky diodes in identical environment utilizing flexible impedance 

matching for the different diodes. 

The test jig is a helpful tool for diode manufacturers to test the new diodes 
during the development process without designing and fabricating fixed 

tuned mixer for every diode. It can be used to reveal problems with the 

diode. For instance one diode that had some fabrication problems was 

characterised using traditional Schottky diode measurements and mixer 

test jig measurements. In the traditional measurements only problems with 

the capacitance measurements were noticed, but the mixer-based 

characterisation revealed remarkable problems in the measured SSB 
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conversion loss that was  about 20 dB even with the optimized LO power 

level.

Table 5.6 summarizes the results of different millimeter wave 

fundamental and subharmonic mixers using planar Schottky diodes [128], 

[158]  –  [168],  [VII].   Although,  Schottky  diode  mixers  up  to  1.2  THz  are  

published [169], Table 5.6 presents mixers operating close to the frequency 

used in this work. For the fundamental mixers more recent results are not 

found, because nowadays almost always subharmonic mixers are used. 

However, the fundamental mixer test jig results can be compared to the 
subharmonic mixer results. From Table 5.6 it can be seen that the 

measured DSB conversion loss values and noise temperatures of the 

fundamental mixer test jig are close to the state-of-the-art fixed tuned 

mixers. The best measured DSB conversion loss values of the subharmonic 

mixer test jig are as well close to the state-of-the-art, but the noise 

temperatures are about 400 K higher. The possible error sources in noise 

measurements of mixers can be [125]:  

 Test-system stability: If the gain of the test system is not stabile 

between the hot and cold measurements, the error in noise 

temperature measurement is increased. This can be avoided by 

measuring the hot and cold measurements quickly. The stability of 
the test setup in mixer test jig measurements was tested measuring 

the conversion loss of the mixer and the gain of the IF chain for 

several minutes and by repeating the measurements several times. 

 Noise from LO source: The noise from the LO source at the RF 

frequency is mixed to IF frequency increasing the noise 

temperature of the mixer. The mixer test jig measurements were 

done by using two different Gunn oscillators and one frequency 

multiplier chain including phase locking circuit, and the results 

were similar (within 200 K) with all three LO sources, thus the LO 

noise is unlikely the reason for high noise temperatures.

 Reflected noise: The noise from the mixer can be reflected back 

from the IF chain because of imperfect output match and increase 
the measured noise temperature. An isolator was added in the 

input of the IF chain in mixer test jig measurements, but the noise 

temperature was not improved.

 Spurious signals: Spurious signal at the measurement 

frequencies can increase the noise temperature. The spurious 

signal  can  be  coupled  in  the  input  of  the  mixer  or  within  the  IF  

chain. The IF chain in mixer test jig measurements is shielded to 

prevent the spurious signals and spurious signals close to the IF 

frequency were not observed during the measurements.
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 Uncorrected losses: Additional losses caused by cables or 

waveguide in the measurement setup increase the noise 

temperature. In the mixer test jig measurements the losses of the 

cables and waveguides are removed by calculations.  

 Impedance error of the noise source: If the hot and cold 

loads do not have same impedance, the error in noise temperature 

measurements is increased. In the mixer test jig measurement the 

only difference in the hot and cold measurements is the noise 

temperature of the load, thus the impedance of the noise sources 

are similar. 
The measurement setup is very similar to the measurement setup used in 

fundamental mixer test jig measurements and many of the components of 

the measurement setups are the same. However, the noise temperatures of 

the fundamental mixer test jig are lower, thus the subharmonic mixer test 

jig itself might be the reason for the higher noise temperatures. The losses 

in  the  subharmonic  mixer  test  jig  are  slightly  higher  than  in  the  

fundamental mixer test jig that can be seen in higher conversion loss values. 

Thus also the noise temperature should be higher, but 400 K is more than is 

expected. Without the IF impedance matching the noise temperature can be 

expected to be 200 – 250 K higher than the state-of-the-art values as in 

fundamental mixer test jig measurements. One possible reason can be 1/f 
noise, because the nominal IF frequency is 200 MHz that is significantly 

lower than in the fundamental mixer test jig. Unfortunately the measured 

1/f noise coefficient values of only one single-anode diode were available. In 

the future the 1/f noise coefficients of the diodes should be measured and 

included in the simulations to find out the actual contribution of the 1/f 

noise to the noise temperatures of fundamental and subharmonic mixer test 

jigs. In the subharmonic mixer test jig measurements the optimization of 

the EH-tuner is done at the nominal IF frequency even in the 

measurements at higher IF frequencies, but optimizing the EH-tuner at 

every IF frequency lower conversion loss and noise temperatures might be 

achieved. In the future measurements the optimization should be done 
separately at every frequency point to get optimal results. 
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Table 5.6. Performance of millimeter wave fundamental and subharmonic mixers using 
planar Schottky diodes. 

f  (GHz)  LDSB (dB) TM (K) Type diode/manufacturer reference/year 

119 7 * 900* Fundam. disc./UVa [128]/1996 

183 3.0 540 Fundam. disc./this work [VII]/2014 

345 9.5* 1370 Fundam. disc./UVa [158]/1991 

183 6.6 700 Subharm. disc./ACST (inGaAs) [159]/2010 

183 6.0 500 Subharm. disc./ACST (GaAs) [160]/2010 

183 4.9 608 Subharm. int./UMS [160]/2011 

183 6.9 988 Subharm. foundry/UMS [161]/2007 

183 5.1 530 Subharm. disc./VDI [162]/2003 

183 4.7 600 Subharm. disc./RAL [163]/2003 

183 4.8 990 Subharm. disc./this work [VII]/2014 

240 5.4 510 Subharm. int./UVa [164]/1998 

330 6.3 700 Subharm. disc./UVa [165]/2005 

340 6.0 780 Subharm. disc./VDI [166]/2012 

366 6.9 1220 Subharm. int./UMS [160]/2011 

380 8.5 850 Subharm. int./VDI [167]/2000 

380 10.9 3667 Subharm. foundry/UMS [168]/2009 

* SSB value 
disc. = discrete diode 
int. = integrated diode 
ACST = Advanced Compound Semiconductor Technologies GmbH 
RAL = Rutherford Appleton Laboratory  
UMS = United Monolithic Semiconductors 
UVa = University of Virginia 
VDI = Virginia Diodes Inc.
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6. Summary of articles 

Publication I: “16-term error model in reciprocal systems” 
A novel 16-term calibration method based on reciprocity conditions of the 

error network is presented and demonstrated by practical on-wafer 

measurements. The reciprocity conditions of the error network are used to 

reduce the number of unknown error terms. Thus the full 16-term error 

network can be solved using only four calibration standards. The solution is 

based on closed-form equations and no approximations are included. This 
enables also the use of commercial calibration standards, because the non-

symmetrical custom-made standard is not needed anymore. 

Publication II: “A method to determine LRRM calibration 
standards in measurement configurations affected by leakage” 
A novel method to determine LRRM calibration standards in presence of 

leakage is introduced and demonstrated by simulation approach and 

practical on-wafer measurements. The procedure is based on four two-port 

calibration measurements. The line standard and the resistance of the 

Match standard need to be exactly known and the reactances of the Match 

and lossless Short and Open standards are found using their raw S-
parameter measurement data. Simple closed-form equations for calibration 

standard definition are presented. 

Publication III: “A method for testing accuracy of the calibration 
standards based on reciprocity conditions of the error network” 
In this publication a novel method for testing the accuracy of the calibration 

standards based on reciprocity conditions of the error network is presented. 

To get accurate measurement results it is important to define the 

calibration standards accurately. The 16-term calibration method based on 

reciprocity conditions [I] can be used to test the accuracy of the actual 

known S-parameters or self-calibration results of the calibration standards. 
The reciprocity conditions of the error terms are exactly fulfilled, if the 

calibration standards are well-defined, and an error in the definition 

increases the non-reciprocity in the error network. The feasibility of the 



Summary of articles

92

method is demonstrated with a simulation based study and practical on-

wafer measurements. 

Publication IV: “On-wafer characterisation of text-fixtures in the 
presence of cross-talk” 
In this publication different combinations of four two-port calibration 

standards for the 16-term calibration method based on reciprocity 

conditions of the error network [I] are presented. With a simulation based 

approach the non-singular combinations that allow the solution of the 
calibration equation are found out. Practical on-wafer measurements using 

one of the combinations are carried out to demonstrate the usability of one 

combination in practice. 

Publication V: “Simple waveguide-to-suspended microstrip 
transition with low-pass filter” 
This publication presents a simple and low-loss waveguide-to-suspended 

microstrip transition with low-pass filter designed for generic jig for mixer-

based characterisation of Schottky diodes in [VI] and [VII]. The design 

process, simulations, and back-to-back transition measurement results are 

presented. The transition is designed for 165-200 GHz frequency band and 
optimized  for  specific  frequency  of  183  GHz  with  0.45  dB  loss  per  single  

transition. 

Publication VI: “Generic jig for testing mixing performance of 
millimeter wave Schottky diodes” 

In this publication a fundamental mixer test jig for single-anode Schottky 

diode mixer-based characterisation at 183 GHz is designed. The feasibility 

of the test jig is tested with one high quality commercial Schottky diode. 

The tuning of the embedding impedances and the easy changing of the 

diode under test allow the characterisation and comparison of different 

Schottky diodes in their actual operating environment. The measured DSB 
conversion loss is 4.6 dB and DSB noise temperature is 650K. By using the 

mixer-based characterisation in addition to the traditional I-V, C-V and S-

parameter measurements a comprehensive characterisation of Schottky 

diodes can be achieved. 

Publication VII: “Mixer-based characterisation of millimeter 
wave and terahertz single-anode and antiparallel Schottky 
diodes” 

The mixer-based characterisation method using the fundamental mixer test 

jig designed in [VI] is used to compare three different single-anode 
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Schottky diodes with an improved measurement setup. The noisy backward 

wave oscillator used as the LO source in [VI] is replaced with a Gunn 

oscillator and a frequency doubler to get rid of the problems caused by the 

noise that is mixed to the IF frequency from the LO source. In this paper 

also a subharmonic mixer test jig for mixer-based characterisation of 

antiparallel Schottky diodes at 183 GHz is designed and used to compare 

four different diodes. With high quality Schottky diodes state-of-the-art 

conversion loss and noise temperature values can be obtained. The 

traditional characterisation measurements are compared to the mixer-
based measurements using a simulation approach that uses the extracted 

diode parameters from traditional Schottky diode I-V, C-V, and S-

parameter measurements. 
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7. Conclusions and future work 

The research for this doctoral thesis focuses on millimeter wave and 

terahertz range calibration of on-wafer S-parameter measurements and 

Schottky diode characterisation. The results of the research work are 

published  in  publications  [I]  –  [VII].  Chapters  1-6  summarize  the  

background and the theory behind the topics, the research work made by 

the author, and a comparison of the achieved results and the state-of-the-

art results as well as the scientific contribution of the work. 
The first part of the thesis concentrates on the calibration of on-wafer S-

parameter measurements performed with a VNA. In Chapter 2 the basics 

about the VNA and different error models and methods for VNA calibration 

are introduced. Chapter 3 presents the work done in this thesis related to 

the field of on-wafer calibrations. A novel 16-term calibration method based 

on reciprocity conditions of the error network is presented and 

demonstrated with practical on-wafer measurements [I]. This is the first 

time when the reciprocity conditions of the calibration standards are used 

to reduce the number of calibration standards from generally required five 

standards to four standards. In addition a method to determine LRRM 

calibration standards in measurement configurations affected by leakage is 
presented and demonstrated with practical on-wafer measurements [II]. 

The 16-term calibration method based on the reciprocity conditions allows 

also the use of commercial calibration standards, because no non-

symmetrical standard is needed, and this is demonstrated with the practical 

on-wafer measurements in [I] – [IV]. 

Generally 8-term calibration methods are used in calibration of VNA. In 

coaxial and waveguide measurements and in low frequency on-wafer 

measurements the 8-term error model is sufficiently accurate, but in the 

measurement systems in the presence of leakage paths, the 16-term error 

model may be more profitable and more accurate. The millimeter wave and 

terahertz range on-wafer measurements are application areas of the 16-
term calibration methods. The measurement results in [I] – [IV] show that 

with the 16-term reciprocal calibration method at least as good results as 

with the commercial 8-term calibration methods can be achieved. However, 

the capability of the method to truly calibrate the full 16-term error network 
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in the presence of significant leakage paths is demonstrated with simulation 

approaches in [I] and [II], because the leakage in the actual measurement 

setups is almost insignificant at the used frequency range. 

To get accurate calibration the used calibration standards need to be well-

defined, which becomes more difficult at higher frequencies. Also the 

fabrication of the calibration standards becomes harder at higher 

frequencies. The 16-term calibration method based on reciprocity 

conditions can be used to test the accuracy of the definition of the 

calibration standards [III]. The reciprocity conditions of the final solved 
error network will tell, if the standards are well-defined. If the reciprocity 

conditions are exactly fulfilled, the standards are well-defined. If there is 

any non-reciprocity in the error network, there is increased inaccuracy in 

the definition of the calibration standards. This is a useful method to check 

the accuracy of the calibration standard definition after the calibration. 

LRRM is only one possible combination of the calibration standards for the 

16-term calibration method based on reciprocity conditions. In [IV] all 

possible combinations of four calibration standards are presented. The 

presented  list  is  long,  but  it  might  be  possible  to  make  the  list  shorter,  if  

some common factors can be found from the combinations. 

In the calibration the error terms are assumed to be constant during the 
calibration and the measurements. It means that in the 16-term calibration 

method the probe distance and the environment should be the same during 

the calibration and the measurements to model the leakage paths correctly. 

The distance can be kept constant if the calibration standards are equally 

long as the measured DUT, whereas the environment can be kept equal if 

the calibration standards are fabricated on the same wafer with the DUT. 

This means that every DUT needs its own calibration standard. Also the 

length of the standards should be short enough to keep the standards close 

to  ideal,  which  makes  the  calibration  of  the  measurement  for  a  long  DUT  

challenging. However, at higher frequencies the length of the DUT is 

usually short and the probes are close to each other, which can make the 
leakage paths significant. So far the commercial calibration standards are 

used, but the future work will be to design and fabricate the standards on 

the same wafer with the test structures that can be, e.g., integrated diodes, 

transistors, or passive circuits. Also the on-wafer measurements will be 

extended up to 325 GHz. 

The second part of the thesis focuses on the characterisation of millimeter 

wave and terahertz Schottky diodes. Chapter 4 presents the operating 

principles of the Schottky diodes and millimeter wave Schottky diode 

mixers. Chapter 5 shows the work done in this thesis related to the mixer-

based Schottky diode characterisation. The traditional Schottky diode 
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characterisation measurements include I-V, C-V, and S-parameter 

measurements and parameter extraction. These extracted parameters are 

extremely important in the diode development and from the device design 

point of view. However, these parameters do not tell how the diodes are 

operating in the actual application, e.g., in mixers and frequency 

multipliers. A fundamental mixer test jig is designed for characterisation of 

single-anode Schottky diodes and a subharmonic mixer test jig for 

characterisation of antiparallel Schottky diodes in [VI] and [VII]. 

The embedding impedances of the different diodes can be matched with 
impedance tuners to obtain the minimum conversion loss for each diode. 

The substrates with the diodes can be changed easily, which allows the 

comparison of different diodes in the same mixer structure. The structures 

of the mixer test jigs are designed as simple as possible to keep the 

fabrication easy and to avoid considerable error in the fabrication of the 

waveguide blocks and the substrates. The contacts are simple and not 

soldered, and are thus repeatable that allows to keep the environment for 

different diodes as uniform as possible. A comprehensive Schottky diode 

characterisation can be achieved by performing the mixer-based 

characterisation in addition to the traditional characterisation methods. 

The mixer-based characterisation can be utilized in diode development and 
it gives helpful information for the diode manufacturers about the diode 

operation in the mixer applications. It can also be used for a comparison of 

different Schottky diodes in a mixer environment. With a high quality diode 

state-of-the-art conversion loss and noise temperature values can be 

achieved. In the future the mixer test jig will presumably be used to test 

new diodes from European diode manufactures as a part of the 

development process of the diodes.  

The two topics of this thesis are essentially related to each other. As it is 

mentioned, the on-wafer S-parameter measurements are an important part 

of the Schottky diode characterisation and modelling. The 16-term 

calibration method developed in the first part of the thesis can be used to 
get accurate calibration for on-wafer S-parameter measurements of 

Schottky diodes at millimeter wave and terahertz frequencies, where the 

leakage paths might become significant.  
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Errata 

Publication II 

In the second paragraph of section IV A. it should read “The reflection 

coefficients of the match, short, and open standards are calculated from the 

measured raw data, based on the preliminary extra information about the 
thru and match, given by Cascade Microtech.” 

Publication VI 

In Figure 1. terms “H-plane tuner backshort” and “E-plane tuner backshort” 

have switched places. 
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