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Waveguides used at 0.1-1 THz
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• Metal waveguides

rectangular and circular

• Dielectric waveguides

rectangular and circular 

• Microstrip line  



Waveguides used at 0.1-1 THz
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(a) coaxial line

(b) stripline, 

(c) parallel plate waveguide, 

(d) microstrip line, 

(e) suspended stripline, 

(f) slotline, 

(g) coplanar waveguide, 

(h) coplanar stripline, 

(i) fin line, 

(j) rectangular hollow metal waveguide, 

(k) circular hollow metal waveguide, 

(l) groove guide, 

(m) rectangular dielectric rod waveguide, 

(n) circular dielectric rod waveguide, 

(o) image guide, 

(p) H-guide, 

(q) quasioptical waveguide



Metal waveguides
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Losses in waveguides
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• Conductor loss       , in which

and (surface resistance)

• Conductor loss for TE10 mode
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Types of rectangular DRW
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a) b)

c) d)

r1

r1
r1

r2<r1 r2<r1

r1

Ground plane

r1

r2<r1

r1

r2<r1

e) f)

Main types of dielectric waveguide

a) open waveguide,

b) image waveguide, 

c) isolated image waveguide,

d) layered ribbon dielectric waveguide, 

e) and f)   other types.

b-e) – mm-wave integrated circuits based on 

DRW



Open DRWs
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Tapering section

Nonsymmetric type DRW

Pyramidal type DRW

Symmetric type DRWX
Z

Y
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Fabrication of DRW
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First DRWs were made of low dielectric constant materials. 

High permittivity dielectrics or semiconductors will have smaller cross 

sections.

The rectangular cross-section to prevent it is to design the waveguide so that 

different polarizations have different propagation constants.

The field in vertical direction in the metal 

waveguide is concentrated stronger than in the 

horizontal direction. To get good matching we 

have to have the field distribution in the 

dielectric waveguide as close as possible to that 

in the metal waveguide. 



Dielectric properties of materials 
(at 140 GHz)
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Materials Si Diamond GaAs BN Quartz Teflon
Ceramic

(Al2O3)
AlN Ferrite Sapphire

 11.6-

11.8

5.6644 10.9-

13.03

3.179 4.44-

4.64

1.96-2 10.5 7.7-

9.5

13.32(NiZn)

15.6 (Li)

15.05 (FeY)

9.39, 

11.56

tanx10-4 0.01 0.08 3 8-15 0.9-1.8 3-4 2.7-3.2 4.5 1.24-7.5 1.1 – 2.1



Dimensions of DRW
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In the case of very small dimensions we have very small losses but 

bad wave guiding properties and difficulties with matching. Another 

way to decrease the propagation losses is to increase the 

dimensions. In that case we are limited by the possibility to get 

multimode regime.

E

a

b

Ratio of a / b = 0.5 and k0b = 1.7 – 1.9, where                       – propagation constant in vacuum;0
0

2k 


=

0 – central wavelength of the operation frequency range in vacuum



Propagation constant calculation
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Circular dielectric waveguides can be solved in terms of the Bessel functions. 

In case of the rectangular cross section no closed-form solution exists. 

However, in the case of the open rectangular dielectric waveguide, it occurred to be 

impossible, and the propagating modes are referred as  hybrid modes. 

Lets call the propagating mode Ey
mn, if its electric field is polarized mainly along the  

y-direction, and Ex
mn, if the strongest electrical field component points along the  x-

direction according.



Marcatili’s method
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➢ Developed for low ratios between the core 

permittivity and that of the cladding region (slightly 

more than 1).

➢ The complete cross section area is divided into 

five regions.

➢ The fields in the shadowed regions are not 

considered.

➢ In all the other regions, the fields are assumed to 

be approximately (co)sinusoidally distributed 

inside the waveguide and decaying exponentially 

outside.



Goell’s method
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Instead of expanding the field distribution in sinusoidal functions, Goell

proposed to use the following approach: the electric and magnetic fields

inside the core of the dielectric waveguide as
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1= zt kk −

2

0

2= kkq z −

the transverse propagation constants inside 

and outside of the dielectric rod



Modes in the DRW
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calculation of uniaxial anisotropic rectangular dielectric waveguides”. Microwave and Optical 
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Fields in DRW
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H-plane (xy), E-field magnitude at 93 MHz.

Inside – cos

Outside – exp
H-plane (xy), E-field magnitude at 75 MHz.
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Field distribution in dielectric rod 
waveguide
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HFSS simulations of different DRW 
cross-sections
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Sapphire DRW
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Non-radiating dielectric waveguide
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It is similar to a metal waveguide filled with dielectric 

with wider walls removed and narrower walls 

enlarged.

Thus the ohmic losses in metal are significantly 

reduced.

E

The radiation can be almost completely suppressed and the 

design of directional couplers, power dividers, circulators, etc. 

can be considerable simplified. 

Operational mode – a combination of two TM modes of 

dielectric slab waveguide reflecting from metal plates.

Operation frequency region increases if to increase the 

Difficult to integrate three-terminal devices (transistors)



Directional coupler
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(Aperture coupling configuration)

Two DRW separated by a metal hole



Directional coupler based on DRW
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Mutual coupling between the 
sapphire rods with different 
vertical separation
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E field , 80 GHz, d=0.5 mm

E field, 90 GHz, d=0.5 mm

The S41 results are interesting and show that the coupling is very low when the distance is over 2.3 mm. With shorter distances the 

coupling is stronger and it seems that at some frequencies all the power is coupled to the upper rod. For example when the distance 

is 0.5 mm, S41 is -0.19 dB at 80 GHz. Simulated E field distributions are presented at 90 GHz and 80 GHz when the distance is 0.5 

mm. It seems that the coupling is strongest at a rod length of 37-41λg. Phenomenon is similar to the crosstalk that can occur in 

optical fibers, where this complete power transfer is used e.g. in directional couplers. This phenomenon will be studied in more detail 

in the next section.

J. P. Pousi, S. N. Dudorov, D.V. Lioubtchenko, A. V. Räisänen, “Frequency selective coupler for W 
band based on power transfer in dielectric rod waveguides”, Proc. of the 4th European 
Conference of Antennas and Propagation (EuCAP10), Barcelona, Spain, 11-16 April, 2010



A mechanically controlled phase 
shifter
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By introducing perturbation near the open 

DRW

Changing d results in the changing of the 

propagation constant, thus control the 

phase



MEMS based phase shifter
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MEMS
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Suspended carbon nanotubes 
MEMS
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-higher tenability

-lower actuation voltage-

-require less fabrication steps 

-100% tunability

A.A. Generalov, I.V. Anoshkin, M. Erdmanis, D.V. Lioubtchenko, V. Ovchinnikov, A.G. Nasibulin, 
and A V Räisänen, “Carbon nanotube network varactor” Nanotechnology vol. 26, no. 4, 2015 
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Optically controlled silicon 
waveguide 
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e.g. 30 ps pulses, a 0.53 m wavelength with 50 J energy results in a 0.5 m conducting layer appearance 

Attenuation can be achieved by applying a longer wave of 1.03 m (increasing the bulk conductivity)

Advantage – very fast response

Optical control is realized by external light illumination of the broad side of the DRW using the plasma injection 

phenomenon. It is somewhat equivalent to placing metal to the surface of the DRW.



CV measurements of CNTs
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CNT-based optically-controlled phase 
shifter
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Power sensor based on Si DRW
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Gunn oscillator

BWO

magnetron power source at 94 GHz

A.A. Generalov, D.V. Lioubtchenko, J.A. Mallat, V. Ovchinnikov, A.V. Räisänen, “Mm-wave Power 
Sensor Based on Silicon Rod Waveguide”, IEEE Trans. Terahertz Sci. Tech. v2, 2012, pp.623-628



Ultra wide-band DRW antenna
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Optically-controlled beam steering
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Antenna array with different CNT geometry
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Sample 1 2 3 4 5

L (µm) 40 30 20 14 10

R (nm)

0.578

0.705

0.822

I.I. Nefedova, D.V. Lioubtchenko, I.S. Nefedov, and A.V. Räisänen “Carbon Nanotube 

Layers at Low Terahertz Frequencies” IEEE Transactions on Terahertz Science and 

Technology, vol. 6, is. 6, Nov. 2016, pp. 840-845



4 x 4 antenna array
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@ 100 GHz. Cuts ϕ=0º (red), ϕ=45º (black)  

and ϕ=90º (blue).

ITSS2016

A. Rivera-Lavado, S. Preu, L.E. García-Muñoz, A. Generalov, J. Montero-de-Paz, G. Döhler, D. 

Lioubtchenko, M. Méndez-Aller, S. Malzer, D. Segovia-Vargas, A.V. Räisänen “Array of Dielectric 

Rod Waveguide Antennas for Millimeter-Wave Power Generation”, EuMC 2015



Active DRW at puls regime
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The condition for the first harmonic is given by
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Active DRW
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DRW combined with photomixer
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4 x 4 antenna array
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@ 100 GHz. Cuts ϕ=0º (red), ϕ=45º (black)  

and ϕ=90º (blue).
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Rod Waveguide Antennas for Millimeter-Wave Power Generation”, EuMC 2015



Photomixers combined with phase shifter 

and travelling wave amplifier on DRW
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DRW for dielectric constant measurements

,
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HFSS simulations
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Simulations of AgNws
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HFSS simulations
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Conclusions

• DRW is a prospective novel platform for future ultra-wide band 

THz telecommunication systems.

• Compatibility with standard Si and GaAs/InP technologies as well 

as with novel nanomaterials offers new opportunities for the 

passive and active devices and integrated circuits.

• Up-to-date some devices based on DRWs are already developed 

and used.
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