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1 - Noise spectral density 

Quantum noise (Planck):
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Thermal noise (Boltzmann):

N 0≈k B⋅T
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2 - Atmospheric attenuation

100nm   1μm      10μm    100μm   1mm      1cm      1dm        1m     10m
                                                                       wavelength λ
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3 - Extended Interaction Klystron / Oscillator (EIK / EIO)

Slow-wave vacuum tube

Narrowband electronically
tunable (voltage U)

Typical data:
f
0 
= 300 GHz

Δf = +/-0.2 GHz
P

OUT 
= 50...500 mW

I = 80 mA
U = 10.7...11.2 kV

air / contact cooling

mm EIO

1 el. gun
2 magnet
3 cavities
4 collector
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4 - Bacward-Wave Oscillator (BWO or Carcinotron)

Microwave BWO

mm BWO

1 heater
2 cathode
3 el. beam
4 collector
5 magnet
6 SWS
7 EM wave
8 waveguide
9 water
   cooling

B
0

Slow-wave vacuum tube

Wideband electronically
tunable (voltage U)

Typical data:
f = 258...375 GHz
P

OUT 
= 1...10 mW

I = 25...40 mA
U = 1...4 kV

B
0 
= 0.7T

water cooling

[3]

[4]



5 - Gyrotron

B0≈
1Tesla
28GHz

⋅f

f =
∣Qe∣B0
2πme

Fast-wave vacuum tube
High power P

OUT
 ≈ 1 MW

Wideband tunable (U & B
0
)

Generation of mm waves requires:
1) superconducting magnets

2) harmonic operation

[5]



6 - Free-Electron Laser (FEL) or Maser (FEM) 

λ r≈
λw

2γ2

γ=
1

√1−v2/c2

Fast-wave
vacuum device

High power
P

OUT
 ≈ 1 MW

Widely tunable (U)

Amplification of mm
waves requires
U  ≈ 2...6 MV

SF
6

Wiggler (undulator)

FEM

Lorentz

[7]
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7 - Electrical properties of semiconductors (1) 



8 - Electrical properties of semiconductors (2) 



9 - GaAs flip-chip and beam-lead Schottky diodes

U
F
≈0.7V
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      ...10V

C
J
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R
S
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η≈10% (2f)
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10 - Millimeter frequency doublers and triplers

Tripler

Balanced
doubler

Input
f

Output
2f

Bias
DC
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11 - InP / GaN High Electron Mobility Transistor (HEMT)

l
G
=30nm

f=670GHz

P
OUT

≈1mW

[11] [12]
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12 - InP / SiGe Heterostructure Bipolar Transistor (HBT)

[14]

[16]

InP HBT

SiGe
HBT
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13 - Push-push oscillator / doubler

         0.25μm
InP HBT VCO
310...340GHz
0.2mW  [19]

65nm
CMOS VCO
206...220GHz
     1mW  [18]
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