
  

  
Abstract— We present results of transfer matrix simulations of 

the reflectivity of dielectric mirrors in the THz range. The 
potential of dielectric mirrors as key elements in future non-line-
of-sight indoor communication systems is demonstrated with ray-
tracing simulations. The channel properties are derived for the 
case when dielectric mirrors are used as wall paper and for the 
case without them. Our simulations show that the indirect 
transmission paths between a transmitter and a receiver will 
provide a significantly enhanced signal coverage when mirrors 
are present. 
 

Index Terms — submillimeter wave communication, terahertz 
systems, dielectric mirrors, ray tracing, channel characterization 
 

I. INTRODUCTION 

hort range wireless communication systems are expanding 
at a rapid rate, finding applications in offices, congested 

urban areas and homes. The development of wireless local 
area networks is accompanied by an increasing demand for 
higher data rates. This in turn entails the necessity to develop 
communication systems which operate at higher frequencies. 
Currently WLAN work at a few GHz, while systems operating 
at several ten GHz appear already feasible. It can be expected 
that wireless short-range communication networks will soon 
push towards the THz frequency range and that systems which 
support very large bandwidth communications with gigabit 
data rates will be developed in a few years time.  

Since THz radiation is strongly absorbed by the atmosphere 
and free-space path losses are high, working distances may be 
short and individual THz pico-cells may cover only single 
rooms or one building at the most. Furthermore, these systems 
will require high directivity antennas and hence will depend 
on an unobstructed line-of-sight between a transmitter and a 
receiver. However, a practical indoor THz communication 
system must be robust against shadowing, as moving people 
or other objects may block the direct line of sight link. Thus, 
for reliable operation, such a system should also allow non-
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line-of-sight (NLOS) transmissions, realized with directed 
reflections from the walls or other objects. Considering the 
small wavelengths in the THz range and the roughness of 
indoor walls, it can be expected that such reflections have 
significant diffuse contributions. Hence, the power will be 
inefficiently scattered, the directivity of antennas will be lost 
and it will be rather difficult to obtain gigabit data rates. 
Recently, flexible all-plastic mirrors, supporting specular 
reflections in the THz range have been demonstrated [1]. They 
are cheap and easy to produce and can be used as frequency 
selective wall-paper to enhance the reflectivity of walls and 
hence facilitate NLOS communication in a THz cell.  

This paper is organized as follows. In Section II we discuss 
the fundamentals of dielectric mirrors and the transfer matrix 
approach to calculate their reflectivity. In Section III the 
results of transfer matrix simulations of the mirror reflectivity 
for different angles of incidence, polarization and frequencies 
are shown. Furthermore, the influence of the variation of the 
mirror parameters on its reflectivity is investigated. In Section 
IV the potential of dielectric mirrors is shown with ray-tracing 
simulations of indoor terahertz channel parameters for the 
cases with and without them. Section V concludes the paper.   

II. DIELECTRIC MIRRORS 

Dielectric mirrors are well known from optical frequencies. 
They consist of a stack of pairs of different dielectric 
materials.  In Fig. 1 a structure consisting of 3.5 pairs is 
displayed [2]. 

 

 
Fig. 1. Schematic of a dielectric mirror consisting of 3.5 pairs [2]. 
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The layer designated by n2 and h2 occurs four times whereas 
the layer designated by n3 and h3 appears three times resulting 
in 3.5 alternating layers. The two materials involved have 
refractive indexes of n2 and n3 (n2 > n3) and thickness of h2 
and h3. In Fig. 1 n1 is a refractive index of an ambient medium 
and n4 that of a substrate medium.  

In the following we consider a plane wave incident at an 
angle θ as depicted in Fig. 1. At each transition from one 
refractive index to another the wave is partially transmitted 
and partially reflected. If the condition  
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holds, the optical thickness of the two materials matches. It 

means that all reflected components including those 
originating from internal reflections interfere constructively at 
the given free-space wavelength of λ0 and odd order multiples 
(1,3,5, …) of λ0. This condition potentially results in a very 
high reflectivity of a mirror. 

The reflectivity and transmission of a mirror can be 
calculated by determining the propagation of a plane wave 
through the stratified medium with the help of a transfer 
matrix, the so called characteristic matrix. 
The characteristic matrix of a single layer is given by  
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2= is the optical thickness of each 

layer, λj denotes wavelength in the given medium and θj is the 
angle of refraction in the jth layer [3]. Depending on the layer 
referred to, j takes on the values of 2 or 3, whereas i is the 
square root of –1. In (1) pj is given by 
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for TE polarized waves and by 
 

j

j
j n

p
θcos

=  (4) 

for TM polarized waves. The characteristic matrix M23 of one 
double layer with n2, n3, h2, h3 can be expressed by 
M23=M2M3. Thus, the characteristic matrix of the dielectric 
mirror consisting of a stack of N double layers has the 
following form 
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The reflection coefficient of a mirror can be obtained from (5) 
and is given by 
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where p0, p4 are the values for ambient and substrate media 

corresponding to (3) and (4) for TE and TM polarization 
respectively. The elements of M in (6) refer to the 
characteristic matrix of the multilayer structure in total. 

A transmission measurement for a structure which contains 
4.5 pairs of materials with the following parameters: n2=2.6, 
h2=200µm, n3=1.33, h3=130µm [2] is shown in Fig. 2.  

 
Fig. 2. Results of transmission measurement and simulation of a dielectric 
mirror with n2=2.6, h2=200µm, n3=1.33, h3=130µm [2].  

 
The solid line in Fig.2 shows results of mirror 

measurements. The transmission of the measured mirror 
decreases with the increase in frequency which can be 
attributed to the scattering. However, the foils were arbitrarily 
taken from commercially available ones. No emphasis was put 
on the quality of the material. The dashed line in Fig. 2 shows 
the simulation of the mirror transmission. The discrepancy 
between the measurement and the simulation of the mirror can 
be attributed to the measurement error of the mirror 
parameters on one hand and to the fact that constant values of 
the refractive indexes were taken for the foils and no account 
was made for their frequency dependence. 

III. RESULTS OF MIRROR REFLECTIVITY SIMULATIONS  

For applications in directed NLOS communication 
scenarios a dielectric mirror should have good reflective 
properties in a broad range of angles of incidence. Such a 
mirror is called omni-directional and can be obtained by a 
proper choice of its parameters, i.e. refractive indexes and 
thickness of layers [4].  

In the following, a mirror designed for a center frequency 
of 300 GHz is investigated for its reflective properties. The 
chosen frequency corresponds to a relatively low atmospheric 
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attenuation and hence would be a good candidate for a carrier 
frequency for the potential THz communication system. The 
mirror is composed of 8.5 pairs of foils with refractive indexes 
of n2=2.5, n3=1.5 and thickness h2=107µm, h3=178µm.  

A. Frequency and angular dependence of the mirror 
reflectivity 
The results of simulations of the mirror reflectivity are 

presented in Fig. 3 and 4 for TE and TM polarization 
respectively. The reflectivity is shown as a function of 
frequency for different angles of incidence. 
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Fig. 3. Mirror reflectivity for TE polarization as a function of frequency for 
angles of incidence of 10, 50 and 70 degrees. 

 
As can be seen from Fig. 3 and 4 the mirror has an excellent 

reflectivity over a wide frequency band for all angles. In the 
case of TE polarization the reflectivity band is centered 
around 300 GHz with a width exceeding 60 GHz. In the case 
of TM polarized waves the bandwidth, for which the mirror 
has very good reflective properties is smaller and amounts to 
40 GHz.  
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Fig. 4. Mirror reflectivity for TM polarization as a function of frequency for 
the angle of incidence of 10, 50 and 70 degrees. 

 
The simulation results of the mirror reflectivity as a 

function of angle of incidence are shown in Fig. 5 and 6 for 
different frequencies and for TE and TM polarization, 
respectively. 

Fig. 5 and 6 show the omni-directional character of the 
presented mirror. In the case of TE polarized waves the mirror 
shows excellent reflective properties in the whole range of 

angles of incidence and over bandwidth of 60 GHz. In the 
case of TM polarization the mirror is highly reflecting for the 
angles of incidence up to 50 degrees if the same bandwidth is 
considered. Yet, for a smaller bandwidth the mirror is a good 
reflector up to angles of 90 degrees. 
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Fig. 5. Mirror reflectivity for TE polarization as a function of angle of 
incidence for the frequencies of 270, 300 and 330 GHz. 
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Fig. 6. Mirror reflectivity for TM polarization as a function of angle of 
incidence for the frequencies of 270, 300 and 330 GHz. 

B. Thickness variation of the dielectric layers 
The thickness of the dielectric layers can deviate from the 

nominal values. In the following we investigate the influence 
of a variation of h2 and h3. Fig. 7 and 8 show the reflectivity of 
the mirror at 300 GHz as a function of  the angle of incidence 
and the variation of the thickness of h2 for TE and TM 
polarization, respectively. The thickness variations are in the 
range of ±25% around the nominal value of 107µm.  

 
 

Fig. 7. Mirror reflectivity for TE polarization as a function of the angle of 
incidence and the variation of the thickness of layer 2.  

16th International Symposium on Space Terahertz Technology

345



  

 
Fig. 8. Mirror reflectivity for TM polarization as a function of the angle of 
incidence and the variation of the thickness of layer 2. 

 
In the case of TE polarization the mirror reflectivity is less 

than one only for large positive thickness variations of layer 2 
and small angles of incidence. In the case of TM polarization 
considerable negative thickness variations of layer 2 result in 
a reflectivity reduction for large incidence angles.  

In Fig. 9 and 10 the reflectivity of the mirror at 300 GHz is 
shown as a function of the angle of incidence and a variation 
of the thickness h3 for TE and TM polarization, respectively. 
The thickness variations are again in the range of ±25% 
around the nominal value. A comparison with Fig. 7 and 8 
shows that thickness variations of layer 3 have similar effect 
as variation of layer 2. 

C. Variation of the refractive index of the mirror layers 
In analogy to the thickness variations also the refractive 

index of mirror layers can deviate from the nominal values. In 
the following, we investigate the influence of a variation of n2 
and n3 on the mirror performance. Fig. 11 and 12 show the 
reflectivity of the mirror at 300 GHz as a function of the angle 
of incidence and the variation of n2 for TE and TM 
polarization, respectively. The n2 variations are in the range of 
±25% around the nominal value of 2.5. In the case of TM 
polarization negative variations of n2 greater than 5 % result in 
a reflectivity reduction. Large angles are more heavily 
affected. In contrast, reflections under TE polarization are 
much more immune to variations of the refractive index of 
layer 2. 

 
Fig. 9. Mirror reflectivity for TE polarization as a function of the angle of 
incidence and the variation of the thickness of layer 3. 

 
Fig. 10. Mirror reflectivity for TM polarization as a function of the angle of 
incidence and the variation of the thickness of layer 3. 

 
Fig. 11. Mirror reflectivity for TE polarization as a function of angle of 
incidence and variation of refractive index of layer 2. 

 
In Fig. 13 and 14 the reflectivity of the mirror at 300 GHz 

is shown as a function of the angle of incidence and the 
variation of n3 for TE and TM polarization, respectively. The 
n3 variations are in the range of ±25% around the nominal 
value of 1.5. Here, in the case of TE polarization positive 
variations of n3 greater than 15 % result in reflectivity 
reduction, especially at small angles. In the case of TM 
polarization both negative and positive variations of n3 lead to 
a reduced reflectivity. Large angles are more affected for 
negative variations, whereas small angles are more for 
positive ones. 

 
Fig. 12. Mirror reflectivity for TM polarization as a function of the angle of 
incidence and the variation of refractive index of layer 2. 
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Fig.13 Mirror reflectivity for TE polarization as a function of the angle of 
incidence and the variation of the refractive index of layer 3. 

 
Fig. 14. Mirror reflectivity for TM polarization as a function of the angle of 
incidence and the variation of the refractive index of layer 3. 

IV. RAY-TRACING SIMULATIONS 

In the following we present ray-tracing simulations which 
are preformed to demonstrate the potential of dielectric 
mirrors as key elements in future non-line-of-sight indoor 
communication systems at terahertz frequencies. A possible 
THz communication scenario is shown in Fig. 15. The 
simulated room is without furniture and there are windows on 
one of the walls. The walls are covered with plaster. The 
transmitter, with an output power 0 dBm is centered on the 
ceiling in the middle of the room with dimensions 6m x 5m x 
2.5m. The receiver is about one meter above the ground in the 
plane z=0.95m. Ray-tracing simulations are performed for the 
frequency of 300 GHz to derive the properties of the THz 
propagation channel [5]. The channel characteristics are 
simulated for the case when dielectric mirrors are used as wall 
paper and for the case that the walls are made of plaster.    

           
Fig. 15. Three dimensional view of the simulated THz cell scenario. 

Fig. 16 and 17 show the power distribution in the plane of 

the receiver which arise from electromagnetic waves with TM 
polarization that are reflected once. Fig 16 shows the power 
level for the case that that walls are covered with dielectric 
mirrors and Fig. 17 shows the same for the case that no 
mirrors are present and the walls are covered with plaster. The 
reflectivity of plaster was measured in a THz-TDS (terahertz 
time-domain spectrometry) reflection set-up in the 70 – 400 
GHz frequency range for different angles of incidence. The 
measurement results were incorporated as interpolated 
reflectivity functions into the ray-tracing simulations.  

  

 
Fig. 16. Power distribution in dBm in the plane z=0.95m of the receiver 
arising from once-reflected paths. It is assumed that the electromagnetic waves 
have TM polarization and that the walls are covered by mirrors.  

 
Fig. 17. Power distribution in dBm in the plane z=0.95m of the receiver 
arising from once-reflected paths. It is assumed that the electromagnetic waves 
have TM polarization and that the walls are made from plaster.  
 

When the walls are covered with mirrors the received once-
reflected power varies between –87 and  –94 dBm. If the walls 
are covered with plaster the received power is considerably 
lower and varies between –95 and –108 dBm. 

If mirrors are present we obtain essentially the same results 
for TE polarization. Yet, if the walls are covered by plaster the 
results are different. Fig. 18 shows that case.  Note, that the 
signal level varies between –96 and  –98 dBm and is much 
higher than that displayed in Fig. 17. This difference results 
from the fact that the reflectivity of TE waves is always higher 
than that of TM waves. Also the variation of the received 
power is not as pronounced as for the case of TM polarization. 
This can be attributed to the non existence of a Brewster angle 
for TE waves. Nonetheless, the received power level for once-
reflected TE waves is considerably smaller if the walls are 
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covered with plaster than if they are covered with mirrors.  
 

 
Fig. 18. Power distribution in dBm in the plane z=0.95m of the receiver 
arising from once-reflected paths. It is assumed that the electromagnetic waves 
have TE polarization and that the walls are made from plaster.  

V. CONCLUSION 

We have presented the results of transfer matrix simulations 
of the reflectivity of dielectric mirrors in the THz range. A 
proper choice of the layer thickness and the index of 
refraction allows us to construct a quasi omni-directional 
mirror that shows excellent reflective properties for a broad 
range of incidence angles for both TE and TM polarization. 
The presented mirror was simulated for a center frequency of 
300 GHz. The bandwidth, over which it shows good reflective 
properties is around 40 GHz. Such mirrors are cheap, easy to 
produce and could be used as wall paper to enhance the 
reflectivity of walls in order to facilitate non-line-of-sight 
propagation in future gigabit data rate THz communication 
cells. 

Furthermore, ray-tracing simulations were performed to 
derive propagation channel characteristics for the case when 
walls are covered with dielectric mirrors and for the case 
without them. Our simulations show that indirect transmission 
paths between a transmitter and receiver, supported by 
dielectric mirrors will provide better signal coverage in future 
THz cells and will make the THz communication channel 
much more robust against shadowing. 

 ACKNOWLEDGMENT 

We acknowledge discussions with Thomas Kleine-Ostmann 
and Frank Rutz. 

 
 
 
 
 
 
 
 
 
 

REFERENCES 
[1] D.Turchinovich, A.Kammoun, P.Knobloch, T.Dobbertin, M.Koch, 

“Flexible all-plastic mirrors for the THz range,” Applied Physics Letters  
A, vol. 74,  2002, pp. 291-293. 

[2] H. Vahle, “New materials for dielectric mirrors in the THz frequency 
range,” B.S. thesis, Inst. für Hochfrequenztechnik., Braunschweig Univ., 
Braunschweig, Germany, 2004. 

[3] M. Born, Principles of Optics, Cambridge, Cambridge University Press, 
1998, pp.  58-64 

[4] M.Mansuripur, “Omni-directional Dielectric Mirrors,” Optics & 
Photonics News, September 2001, pp. 46-50 

[5] R.Piesiewicz, J.Jemai, M.Koch, T.Kürner, “THz channel 
characterization for future wireless gigabit indoor communication 
systems,”  Intl. Symp. on Integrated Optoelectronic Devices, Terahertz 
and Gigahertz Electronics and Photonics IV, January 2005, San Jose, 
USA 

16th International Symposium on Space Terahertz Technology

348


	S02.pdf
	S02-02_Hübers.pdf
	A. Tredicucci, R. Köhler, L. Mahler


	S03.pdf
	Introduction:  Time Domain Quantum Mixer Theory
	Accounting for the Source Impedance
	Voltage Update Method (VUM)
	Variation: Time Domain Voltage Update Method (TDVUM)

	Implementation of TDVUM into 3D EM Field Solver (MEFiSTo)
	Conclusion and Future Work

	S05.pdf
	P01.pdf
	P01-09_Mahieu.pdf
	INTRODUCTION
	4 K Optics and Support Assembly
	Requirements
	Optical train.
	Cold optics mechanical design
	Tolerance analysis

	Wiring
	Requirements
	Choice of wiring material and diameter
	ESD protection and routing board
	Harnesses and connectors

	LO path inside the cartridge
	Design choices.
	Overmoded waveguide: resonant absorption caused by bends.

	IF Subsystem description
	Requirements
	Signal chain implementation
	Thermal Stress Relief (IF and LO paths):

	Results
	Receiver noise.
	Image rejection.
	Cartridge Gain Stability

	Conclusions

	P01-11_Volkov.pdf
	Leonid V. Volkov, Alexander I. Voronko, Natalie L. Volkova
	Secomtech Ltd., 24/2, 125, Prospect Mira, Fryazino,
	Moscow region, 141196, Russia, (E-mail: leon_volkov@mail.ru)


	P02.pdf
	P02-03_Vystavkin.pdf
	INTRODUCTION
	SPECTRAL CHARACTERISTICS MEASUREMENTS.
	NEP MEASUREMENTS

	P02-07_Tarasov.pdf
	INTRODUCTION
	Coherent and incoherent detection at mm and submm waves
	Conventional heterodyne mixers
	Power mixers
	P=E2/2R+E2/2R=E2/R
	Cold electron bolometer as mixer
	Design and studies of CEB


	P03.pdf
	P03-06_Shan.pdf
	INTRODUCTION
	SIS Mixer DESIGN
	Design of Waveguide-microstrip Probe
	Design of SIS Junction and Tuning Structure
	Mixer Block Design
	RF Hybrid Design

	SIS JUNCTION FABRICATION
	MEASUREMENT SETUP
	MEASUREMENT RESULTS AND DISCUSSION
	DSB Receiver Noise
	Sideband Separation Receiver Noise and Image Rejection Ratio (...
	Determining the Embedding Impedance of SIS Mixers

	Conclusion

	P03-07_Schicke.pdf
	Introduction
	Mems fabrication procedure
	Meander-suspended Microbridges
	Band Pass Filters
	Outlook
	Acknowledgements
	References

	P03-11_Boussaha.pdf
	INTRODUCTION
	Receivers
	Mixer Block
	Detectors and fabrication

	Results
	Conclusion


	P04.pdf
	INTRODUCTION
	Measurement Setup
	Measurement results
	Conclusion
	Acknowledgement
	P04-07_Cherednichenko.pdf
	I. INTRODUCTION 
	II. Direct detection effect 
	A. The noise temperature error 
	B. RF power coupling to the mixer 
	III. Experiment-I 
	IV. Experiment-II 
	V. Conclusion. 


	P04-12_Baubert.pdf
	INTRODUCTION
	SIMULATIONS
	MEASUREMENTS
	Absorption
	Setup
	Measurements
	Discussion

	MEMBRANE PROCESS
	4.1 Membrane Process

	CONCLUSION

	P04-13_Scherer.pdf
	INTRODUCTION
	Film preparation and Parameter Space
	Spectral Ellipsometry and Raman Spectroscopy
	Superconducting Properties
	Conclusion


	P05.pdf
	P05-02_Koshelets.pdf
	INTRODUCTION
	SIR Design and Results of the First RF Tests
	DC Tests of the TELIS SIR of the New Design
	Dependence of the FFO Linewidth on its Parameters
	Remote Optimization of the PL SIR Operation
	Retrieval: Influence of FFO Spectrum Imperfection
	Conclusion

	P05-05_Adam.pdf
	INTRODUCTION
	EXPERIMENTAL SET-UP
	RESULTS

	P05-15_Volkov.pdf
	Leonid V. Volkov, Alexander I. Voronko, Natalie L. Volkova
	Secomtech Ltd., 24/2, 125, Prospect Mira, Fryazino,
	Moscow region, 141196, Russia, (E-mail: leon_volkov@mail.ru)


	P06.pdf
	P06-02_Semenov.pdf
	INTRODUCTION
	Simulation Procedure
	Feed antennas
	Current Distribution
	Antenna Impedance
	Bolometer Impedance
	Ray-Tracing

	Experiment
	Experimental Data versus Simulation
	Comparison with FTS spectra

	Conclusion

	P06-03_Vystavkin.pdf
	INTRODUCTION
	COMBINATION OF PROJECTIONS AND FREQUENCY DOMAIN BIASING METH

	P06-06_Puetz.pdf
	INTRODUCTION
	Future KOSMA THz waveguide mixers
	More mature designs
	Improved feedhorn performance

	Fabrication
	Metal micromilling
	Silicon micromachining of planar structures
	Silicon micromachining of tapered and stepped structures
	Additional considerations

	Silicon Micromachining of THz structures
	Design of waveguide structures
	Prototyping at 490 GHz
	Conclusion

	P06-13_Volkov.pdf
	Leonid V. Volkov, Alexander I. Voronko, Natalie L. Volkova
	Secomtech Ltd., 24/2, 125, Prospect Mira, Fryazino,
	Moscow region, 141196, Russia, (E-mail: leon_volkov@mail.ru)



	S08.pdf
	S08-04_Yagoubov.pdf
	INTRODUCTION
	TELIS Configuration
	SIR Design
	FFO Phase Locking
	SIR Channel Cold Optics
	Verification of the Optical Design
	Alignment and Tolerance Analysis
	Geometrical optics analysis
	Physical Optics analysis

	IF Chain
	Experimental Results

	S08-05_Delorme.pdf
	Key words: heterodyne, SIS, submillimeter, space qualificati
	INTRODUCTION
	mixer's developement
	II.1 Specifications
	II.2 Mixer's design
	II.3  Mixer's fabrication

	mixer's performance
	III.1  Space qualifications
	III.2  Measured performance
	FTS measurement
	Josephson effect suppression
	Heterodyne measurement


	conclusion
	Acknowledgment


	S09.pdf
	INTRODUCTION
	The Transmitter
	Measurement Setup
	Results of Measurements
	Extraction of Beam Parameters
	Reliability of Phase Measurement
	Conclusion

	S10.pdf
	S10-04_Cojocari.pdf
	INTRODUCTION
	Design considerations
	Results and Discussions
	First Design-Version.
	Second Design-Version.
	Third Design-Version.
	Monolithically-Integrated Structure.

	Conclusions and Outlook


	S11.pdf
	S11-07_Schuster.pdf
	INTRODUCTION
	Silicon and possible Applications
	The  problem of Isotropy
	Modelling
	First Results and technical Challenges
	Conclusion


	S12.pdf
	S12-02_Vystavkin.pdf
	INTRODUCTION
	SUPERCONDUCTING TRANSITION IN MO/CU THIN FILM





