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Abstract
This thesis focuses on design and characterization of low-noise millimeter-wave devices and
circuits, especially for radiometers. In addition, a millimeter-wave imaging system based on a
radiometer is presented. The thesis is based on seven scientific articles and an overview of the
research area including a summary of the main results of the work.
An automated measurement system for wideband on-wafer noise parameter determination of
transistors has been developed for 50-75 GHz. The system can be utilized to develop and verify
noise models of integrated transistors regardless the manufacturing technology. Noise parameters
of a passive and an active circuit are presented. Noise parameters Fmin = 2.65 dB, rn = 0.25, and
opt = 0.57121° have been measured for an indium phosphide high electron mobility transistor.
Active cold loads based on monolithic millimeter-wave integrated circuits have been developed
for millimeter-wave frequencies. The active cold loads have been realized using MHEMT
technology and their suitability for radiometer calibration have been demonstrated. Noise
temperatures of 75 K and 141 K are achieved at 31.4 GHz and 50-54 GHz, respectively.
Monolithic millimeter-wave integrated circuit low-noise amplifiers for millimeter-wave
operation have been designed and characterized. The amplifiers have been manufactured using the
metamorphic high electron mobility transistor technology and they cover specific frequency bands
within 75-200 GHz. Noise figures of 3.0-3.5 dB, 5.2 dB, and 7.5 dB are achieved with the 100 nm
process at 94 GHz, 153 GHz, and 183 GHz, respectively. With the 50 nm process, the noise figure
of 5.2 dB is achieved at 165 GHz. All amplifiers have more than 18 dB of gain.
A millimeter-wave imaging system has been designed and realized. The system is capable to
produce images of noise temperature variation using a single radiometer and a mechanically
scanned antenna. The feasibility of millimeter-wave imaging for security and surveillance
applications is demonstrated by millimeter-wave images taken with the system.
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measurements
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Tiivistelmä
Tämä väitöskirja keskittyy millimetriaaltoalueen radiometreihin soveltuvien vähäkohinaisten
piirien ja komponenttien suunnitteluun ja karakterisointiin. Lisäksi työssä esitetään radiometriin
perustuva millimetriaaltokuvausjärjestelmä. Väitöskirja koostuu seitsemästä tieteellisestä
artikkelista sekä tutkimuksen päätulokset sisältävästä tutkimusaiheen yhteenvedosta.
Työssä on kehitetty automatisoitu laajakaistainen mittausjärjestelmä transistorien
kohinaparametrien määrittämiseen suoraan puolijohdekiekolta tai -sirulta 50-75 GHz
taajuusalueelle. Mittausjärjestelmää voidaan hyödyntää integroitujen transistorien kohinamallien
kehittämiseen ja verifiointiin transistorien valmistusteknologiasta riippumatta. Työssä esitetään
aktiiviselle ja passiiviselle piirille mitatut kohinaparametrit. Indiumfosfidi-pohjaiselle HEMTtransistorille mitattiin kohinaparametrit Fmin = 2.65 dB, rn = 0.25, and opt = 0.57121°.
Työssä
on
kehitetty
MMIC-tekniikalla
valmistettuja
aktiivisia
kylmäkuormia
millimetriaaltotaajuuksille. Kylmäkuormat toteutettiin metamorfisella HEMT-teknologialla ja
työssä osoitettiin niiden sopivuus radiometrin kalibrointiin. Kylmäkuormille mitatut
kohinalämpötilat olivat 75 K 31.4 GHz:n taajuudella ja 141 K 50-54 GHz:n kaistalla.
Työssä suunniteltiin ja karakterisoitiin MMIC-tekniikalla toteutettuja vähäkohinaisia
vahvistimia millimetriaaltoalueelle. Vahvistimet valmistettiin MHEMT-teknologialla ja ne
suunniteltiin toimimaan valituille taajuuskaistoille 75-200 GHz:n taajuusalueella. Saavutetut
kohinaluvut 100 nm:n prosessilla ovat 3.0-3.5 dB 94 GHz:n taajuudella, 5.2 dB 153 GHz:n
taajuudella sekä 7.2 dB 183 GHz:n taajuudella. 50 nm:n prosessilla saavutettiin 5.2 dB:n
kohinaluku 165 GHz:n taajuudella. Kaikkien vahvistimien vahvistus on yli 18 dB.
Työssä suunniteltiin ja toteutettiin millimetriaaltokuvausjärjestelmä. Järjestelmä tuottaa kuvan
kohinalämpötilan vaihtelusta yhtä radiometriä käyttäen mekaanisesti keilaamalla. Järjestelmällä
otetut kuvat osoittavat millimetriaaltokuvauksen soveltuvuuden turvatarkastukseen tai
aluevalvontaan.
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1. Introduction
The frequency range of 30-300 GHz is called the millimeter-wave range due to the
corresponding wavelength range of 10-1 mm. Traditionally the use of millimeterwave frequencies has been limited to scientific purposes, especially astronomy.
Examples of astronomy missions are the Wilkinson microwave anisotropy probe
(WMAP) [1], the Planck-mission [2], [3], and the Atacama large millimeter-wave
array (ALMA) [4]. Millimeter-wave radars are used for collision avoidance in cars
at around 77 GHz and there are missile seeker heads operating at 94 GHz [5], [6].
More recently, an increasing demand for data transfer is pushing the
communications systems towards higher frequencies. The frequency ranges 3944 GHz, 59-66 GHz, 71-76 GHz, 81-86 GHz, 92-95 GHz, 140 GHz, and 220 GHz
are reserved or considered for communication systems [7]-[11]. Millimeter-wave
identification (MMID) systems have been proposed as an extension of radio
frequency identification (RFID) systems [12]. Radiometers operating at specific
ranges between 31 and 243 GHz are used to gather meteorological data for
weather forecasting [13], [14].

1.1

Background

This thesis focuses on millimeter-wave low-noise circuits for sensitive radiometers
and related devices, systems and measurements. In the following, a general
background of radio receivers, millimeter-wave radiometers, and transistor
technologies as well as essential two-port parameter definitions are introduced.
1.1.1

Receiver topologies

Radio receivers can be divided into two main categories, direct detection (or
homodyne) and heterodyne receivers. Simplified schematics with optional
amplification are presented in Figure 1.1. In the direct detection receiver, the
signal captured by an antenna is detected without frequency conversion. Most
receiver systems use low-noise amplifiers (LNAs) to improve the sensitivity of the
receiver. The detection can involve power measurement of the incoming signal or
demodulation of amplitude, frequency or phase. In a heterodyne receiver, the
incoming signal is converted to a different frequency for the detection. In general,
detection electronics are easier to design at lower frequencies, thus the signal is
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usually downconverted. Main figures of merit for the receivers are sensitivity,
linearity, selectivity, and stability. In the millimeter-wave region, the low-noise
receivers are essential for most applications.

a)

b)

Figure 1.1. Simplified schematics of main receiver categories. a) Direct detection,
b) heterodyne receiver.
Noise of a radio receiver can be calculated using noise temperature. The output
noise power of any resistive load
Pn = kTn B

(1.1)

where the noise temperature Tn is defined as a physical temperature where the
resistive load should be in order to produce output noise power Pn, k is
Boltzmann’s constant, and B is the measurement bandwidth. Noise of a two-port
can be modeled using a matched load with effective noise temperature Tn at the
input of a noiseless two-port as shown in Figure 1.2.

Figure 1.2. Presentation of noise in two-port by noise temperature.
When two-ports with available power gains of Gavi and noise temperatures Tni are
cascaded, the resulting total noise temperature at the input
TTOT = Tn1 +

Tn2 1
Gav1

Tn3 1

+G

av1 Gav2

+ ⋯.

(1.2)
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This is commonly known as the Friis formula [15]. A noise figure F describes the
deterioration of signal-to-noise ratio in a circuit
F=

Psi⁄ Pni

(1.3)

Pso ⁄Pno

where Psi/Pni and Pso/Pno are signal-to-noise available power ratios at input and
output, respectively. The noise figure can be calculated from noise temperature
using
F= 1+

Tn

(1.4)

T0

where T0 is standard temperature 290 K [16]. The Friis formula expressed using
noise figures is
F2 1

FTOT = F1 +
1.1.2

Gav1

+G

F3 1

av1 Gav2

+ ⋯.

(1.5)

Millimeter-wave radiometers and atmospheric measurements

Radiation of all objects can be characterized using Planck’s black body radiation
law for surface brightness
Bbb =

2hf

3

c2

1
ehf

kTp

(1.6)

1

where h is Planck’s constant, c is the speed of light, f is the frequency of radiation,
and Tp is the physical temperature of the object [17]. At microwave and millimeterwave frequencies hf<<kTp; therefore the brightness of a black body can be
approximated using the Rayleigh-Jeans law [17]
Bbb =

2

2f kTp
c2

.

(1.7)

According to the Rayleigh-Jeans law, the brightness of an object is proportional to
its physical temperature. Natural objects are not perfect black bodies. The
detected radiation is partly due to the object itself and partly to reflected radiation
from the surroundings. The emissivity  defines the ratio of the radiation emitted by
the object itself
Bbb = 

2

2f kTp
c2

.

(1.8)

Commonly, instead of brightness Bbb, the brightness temperature
Tbr = Tp

(1.9)
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is defined [17]. An object with a physical temperature Tp and an emissivity 
radiates as a black body with a brightness temperature Tbr as long as the
Rayleigh-Jeans law applies. The reflectivity  describes how much an object
reflects radiation from its surroundings. For an object that radiation cannot
penetrate
 +  = 1.

(1.10)

Emissivity and reflectivity depend on the frequency. Power emitted by a black
body, measured on a single polarization and over the bandwidth B is
Pe = kTbr B.

(1.11)

The brightness temperature is an equivalent quantity to the noise temperature.
The noise temperature of the radiation emanating from a natural object is
Tbody = Tbr + Trefl = Tp + Trefl

(1.12)

where Trefl is the noise temperature of the incident radiation reflected by the object.
Radiometers are sensitive receivers that are used to measure the power of the
incident radiation [17]. Simplified schematic of a radiometer is presented in Figure
1.3. Detected power at the radiometer output
Pdet = kBGsys Tsys

(1.13)

where Gsys is the average power gain of the radiometer system and Tsys is the
system noise temperature. The bandwidth can be derived by integrating the gain
over frequency
B=G

sys,max

∫ Gsys (f)df

(1.14)

where Gsys,max is the maximum system gain [18]. Commonly, B is approximated
with the 3 dB bandwidth of system gain. The system noise temperature
Tsys = Tant + Trec

(1.15)

where Tant is the antenna noise temperature and Trec is the total noise temperature
of the receiver. The antenna noise temperature describes the power of the
received noise signal. Minimum detectable noise temperature difference of an
ideal radiometer or radiometric sensitivity is given by
∆T =

Tsys
B

(1.16)

i

4

where i is the integration time; i.e. the time spent observing the target. If nonidealities, such as gain variation, are considered, T will change to

∆T = Tsys

B

i

+

∆Gsys

(1.17)

Gsys

where Gsys is the root mean square value of the detected power gain variation.

Figure 1.3. Simplified schematic of a radiometer.
Radiometers have high gain and wide bandwidth to increase the power level
above the threshold for detection because the input power level is typically very
low. As other radio receivers, the radiometers can be realized as direct detection
or heterodyne radiometers. Heterodyne radiometers are utilized when good
frequency selectivity is needed. Direct detection radiometers typically utilize wide
bandwidth to increase the received noise signal power. Both types of radiometers
can be further divided to total power radiometers, Dicke-radiometers, noise
injection radiometers, continuous comparison radiometers, and other more
complex radiometers [17]. Some radiometers utilize a reference load with known
noise temperature to reduce the effects of gain variation. For example, the Dickeradiometer [19] utilizes a switch to connect either the antenna or the reference
load to the radiometer. Simplified schematic of the Dicke-radiometer is presented
in Figure 1.4. If equal time is spent measuring the target and the reference,

∆T =

2

Tsys

(Tref Trec)2
B

i

+

∆Gsys
Gsys

(Tant − Tref )

(1.18)

where Tref is the noise temperature of the reference load [17]. It is apparent from
(1.17) that if Tref is equal to Tant the effects of gain variation are cancelled and T
is doubled compared to the ideal radiometer.
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Figure 1.4. Simplified schematic of the Dicke-radiometer.
For accurate measurements of the target temperature the radiometers need to
be calibrated. Radiometers are calibrated by measuring at least two loads with
known noise temperature [17], [20]. For the best accuracy, noise temperatures of
the loads should be outside the expected noise temperature of the target, i.e., a
‘hot’ and ‘cold’ load.
One of the main applications of millimeter-wave radiometers is the remote
sensing of the Earth’s atmosphere from space. The attenuation of the atmosphere
at microwave and millimeter-wave frequencies is presented in Figure 1.5. Local
maxima in attenuation are caused by molecular absorption of oxygen and water
molecules. In the microwave and millimeter-wave regions, there are absorption
peaks caused by oxygen around 60 GHz and 118 GHz and peaks caused by
water vapor around 23.8 GHz and 183 GHz. Local minima between the absorption
frequencies are called window frequencies.
The attenuation and the shape of the peaks depend on the temperature,
humidity and pressure. Shapes of the 183 GHz water vapor peak with different
meteorological values are shown in Figure 1.6. Water vapor density water has a
large effect to the peak attenuation value while temperature changes have
moderate effect to the attenuation. By performing measurements at several
frequencies, different parameters for meteorological models and weather
forecasting can be determined. For example, MetOp-SG satellites to be launched
after 2022 by EUMETSAT and ESA will have on-board an instrument called
microwave sounder (MWS) that has multiple radiometers operating at different
channels [13]. The channels and their use are listed in Table 1.1.
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Figure 1.5. Attenuation of the atmosphere at sea level [21]. T = 15 C, p = 1013
mbar, water = 7.5 g/m 3.

Figure 1.6. Shapes of the 183 GHz water vapor absorption peak with different
meteorological values [21]. Water vapor density water has a large effect to the
peak attenuation value.
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Table 1.1. Microwave channels and their utilization in the microwave sounder
instrument for the MetOp-SG satellite [13].
Channel

Frequency (GHz)

Utilisation

MWS-1

23.8

Water-vapour column

MWS-2

31.4

Window, water-vapour column

MWS-3

50.3

Quasi-window,
surface emissivity

MWS-4

52.8

Temperature profile

MWS-5

53.246±0.08

Temperature profile

MWS-6

53.596±0.115

Temperature profile

MWS-7

53.948±0.081

Temperature profile

MWS-8

54.4

Temperature profile

MWS-9

54.94

Temperature profile

MWS-10

55.5

Temperature profile

MWS-11

57.290344

Temperature profile

MWS-12

57.290344±0.217

Temperature profile

MWS-13

57.290344±0.3222±0.048

Temperature profile

MWS-14

57.290344±0.3222±0.022

Temperature profile

MWS-15

57.290344±0.3222±0.010

Temperature profile

MWS-16

57.290344±0.3222±0.0045

Temperature profile

MWS-17

89

MWS-18

165.5±0.725

MWS-19

183.311±7.0

MWS-20

183.311±4.5

Water vapour profile

MWS-21

183.311±3.0

Water vapour profile

MWS-22

183.311±1.8

Water vapour profile

MWS-23

183.311±1.0

Water vapour profile

MWS-24

229

Quasi-window,
water vapour profile

Window
Quasi-window,
water vapour profile
Water vapour profile,
precipitation
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1.1.3

Transistor technologies for millimeter-wave frequencies

Traditionally millimeter-wave low-noise amplifiers have been realized by using III-V
compound semiconductor technologies such as gallium arsenide (GaAs) or indium
phosphide (InP) [22]. During the past few years developments in silicon based
technologies, CMOS and silicon germanium (SiGe), have allowed the use of these
technologies at millimeter-wave frequencies [22]. While gain and noise properties
of III-V compound semiconductor based technologies are superior to their silicon
based counterparts, the possibility to integrate more functions on a single chip
makes silicon based circuits attractive for mass production applications.
The most common III-V compound semiconductor transistor type utilized in the
millimeter-wave region is the high electron mobility transistor (HEMT). HEMT is a
special type of the field effect transistor (FET) where a so called two dimensional
electron gas is formed on a thin layer in the structure. In FETs, the amount of the
available carrier electrons between the source and drain terminals is controlled by
applied voltage at the gate terminal.
Cross sections of a conventional GaAs HEMT structure and metamorphic
HEMT structure are presented in Figure 1.7 [23], [25]. In a conventional GaAs
HEMT, an undoped GaAs buffer layer and an undoped aluminum gallium arsenide
(AlGaAs) spacer layer are grown on a semi-insulating GaAs substrate. Due to a
higher band gap of AlGaAs compared to GaAs, free electrons diffuse into GaAs
and form a thin two-dimensional electron gas (2-DEG) at the interface. Electrons
in the 2-DEG channel exhibit high mobility and velocity due to lack of donor atoms
in the undoped GaAs layer. The amount of charge in 2-DEG is controlled by the
gate to source voltage. The main advantages of the HEMT structure are high
electron mobility, small source resistance, high transit frequency ft due to high
electron velocity, high transconductance, and high output resistance [23].
When comparing different HEMT technologies, InP HEMTs have enhanced
noise and gain properties compared to GaAs HEMTs. However, pure InP is very
fragile and very expensive to manufacture. This has led to the development of
pseudomorphic and metamorphic HEMT technologies. In the pseudomorphic
HEMT (PHEMT) technology, devices with an indium channel are manufactured on
a GaAs wafer. InP and GaAs have different lattice constants which results in
lattice mismatch. The lattice mismatch causes structural strain and dislocations
which reduce electron mobility in the device. In metamorphic HEMT (MHEMT)
technology, a buffer layer is processed between the GaAs wafer and the In
channel. Indium content is adjusted linearly in the buffer layer which allows
matching the lattice constants [23], [24].
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a)

b)

Figure 1.7. Cross-sections of a) conventional GaAs HEMT and b) metamorphic
HEMT devices. Adapted from [23], [25].
The high frequency small signal equivalent circuit of a HEMT device is
presented in Figure 1.8. The equivalent circuit consists of intrinsic and extrinsic
components. The intrinsic components (cgs, rgs, cgd, rgd, gm, , gds, and cds) describe
the behavior inside the device while the extrinsic components (Lg, Rg, Rs, Ls, Rd,
Ld, CPGS, CPGD, and CPDS) describe the effects of connections to circuit
components [23], [26], [27]. The noise of a HEMT device can be modeled by
assigning the temperatures Td and Tg on resistors gds and rgs, respectively [28].
Together with the small signal model the temperatures Td and Tg determine the
complex noise parameters of the device.

Figure 1.8. High frequency small signal equivalent circuit of a HEMT device.
Adapted from [26].
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Transconductance as a function of the gate voltage with different drain voltage
values of a HEMT device is presented in Figure 1.9. For each drain voltage value
there is a gate voltage value maximizing the transconductance. Maximum
transconductance biasing is utilized in circuit design to maximize the gain of the
transistor.

Figure 1.9. Measured transconductance of a HEMT device as a function of gate
voltage.
1.1.4

Parameter definitions for two-ports

During the circuit design work, most of the electrical components are considered
to be one-ports, two-ports or multiports. In the following, definitions of the
parameters used in this thesis are given. A two-port characterized with Sparameters and related reflection coefficients is presented in Figure 1.10.

Figure 1.10. Two-port characterized with S-parameters and reflection coefficients.
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The noise figure F of any two-port varies as a function of the source reflection
coefficient s as [29]
2

F = Fmin + 4rn

s

1 |

s|

opt
2

1

(1.19)

2
opt

where Fmin is the minimum noise figure of the two-port, rn is the normalized noise
resistance, and opt is the optimum source reflection coefficient, with which the
minimum noise figure is achieved. The parameters Fmin, rn, and opt are called
noise parameters. As a three dimensional representation, equation (2.1) defines a
paraboloid over the Smith chart. When the noise figure values are projected on the
Smith chart they form noise circles. These circles aid in optimizing the input
matching of low-noise amplifiers. Both the noise paraboloid and the noise circles
with a Smith chart are presented in Figure 1.11.

Figure 1.11. Noise paraboloid over the Smith chart with projected noise circles.
Colors of the noise circles correspond to the noise figure values at the paraboloid
surface. Optimum source reflection coefficient value is marked with an o.
Stability is a very important consideration in the design of amplifiers.
Conventional requirement [30] for unconditional stability is K > 1 and || > 1 where
1 |S11|2 |S22|2 | |2
2|S12S21 |

(1.20)

Δ = S11 S22 − S12 S21 .

(1.21)

K=
and
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If both requirements are not met amplifier is conditionally stable. Stability can be
examined on the Smith chart by using stability circles as shown in Figure 1.12
[31]. The radii rl,s and center points of the circles Cl,s are
rl =

S12 S21
|S22|2 | |2
*

Cl =
rs =

S22 S11

,

(1.22)

*

|S22 |2 | |2
S12 S21
|S22 |2 | |2

,

(1.23)

,

(1.24)

and
*

*

Cs =

S11 S22
|S11 |2 | |2

,

(1.25)

for load and source, respectively. If |S11|< 1, then the area outside the load stability
circle is the stable area and stability of the two-port is maintained using any
impedance from that area as load impedance. The same applies for |S22| and
source stability [31]. Alternatively to K and ||, two-port is unconditionally stable if
stability circles lie outside of the Smith chart and the stable area is outside the
stability circles. This can be characterized by stability factors μ and μ’ which define
the shortest distance to the edge of stability circle from the center of the Smith
chart for load and source, respectively [32]. These stability factors can be
calculated using
ȝ=

1 |S11 |2
*

S22 S11

(1.26)

|S12S21 |

and
ȝ' =

1 |S22 |2
*

S11 S22

.

(1.27)

|S12S21 |

Conditions for unconditional stability are μ > 1 and μ’ > 1.
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Figure 1.12. Source stability circle on the Smith chart. Similar figure can be drawn
using Cl, rl and μ.
The available power gain of a two-port is defined as the ratio between the
power available from the two-port Pav,N to the power available from the source
Pav,S
Gav =

Pav,N
Pav,S

1 |

= |1

s|

S11

2
s|

2

|S21 |2

1
1 |

out |

2

(1.28)

where s is source reflection coefficient and out is the output source reflection
coefficient. Values of s that produce constant Gav can be shown to form circles
known as constant available power gain circles on a Smith chart [31]. Another
power gain definition is the transducer power gain defined as the ratio between the
power delivered to the load PL to the power available from the source
Gt =

PL
Pav,S

1 |

= |1

s|

S11

2
2
s|

|S21 |2

1 | l |2
|1 out l |2

(1.29)

where l is load reflection coefficient. The transducer power gain is maximized
*
*
when both input and output are conjugate matched (s =  in, l =  out). Under
these conditions also Gav = Gt. If stability factor K > 1, then maximum available or
transducer power gain can be calculated from [31]
|S |

Gav,max = Gt,max = K − K2 − 1 |S21 |.
12
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(1.30)

1.2

Objectives and content of this thesis

The research work done in the frame of this thesis has been motivated by several
R&D projects that VTT and MilliLab have carried out for the space and other
industries. Industries need new measurement techniques and new high
performance solutions for sensing with lower cost circuits and systems at ever
higher frequencies.
The objectives of the work described in this thesis are:
1. To develop a measurement system for transistor noise characterization at
millimeter-wave frequencies.
2. To develop novel calibration sources for radiometers.
3. To develop low-noise amplifiers for sensitive radiometers.
4. To develop a radiometer for imaging purposes.
The first part of the thesis gives an introduction to the research area and
summarizes the results presented in the scientific articles.
The second part of the thesis presents seven scientific articles where
theoretical and experimental results of the work have been reported.
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2. Millimeter-wave on-wafer measurement
techniques
In general, radio frequency (RF), microwave, and millimeter-wave measurements
can be divided into small signal and large signal measurements. Small signal
measurements, such as S-parameter and noise measurements, describe the
linear behavior of the device under test (DUT); i.e., in the cases where the
operation of the DUT is not affected by the test signals. Large signal
measurements, such as compression point and intercept point measurements,
characterize the non-linear operation of the DUT.
On-wafer measurements require on-wafer probes, which are used to connect
measurement system to the DUT. Probes with coaxial cable interface are
available up to 140 GHz and probes with waveguide interface are offered up to
1100 GHz [33]-[35].

2.1

S-parameter and noise figure measurements

Scattering parameters (or S-parameters) are commonly used to describe
operation of linear circuits at microwave and millimeter-wave frequencies. An sparameter presentation of a two-port is shown in Figure 2.1. The S-parameters
describe how incoming (a1, a2) and outgoing (b1, b2) signal waves are reflected
(S11, S22) or travelled through (S21, S12) the two-port. Noise of the two-port can be
modeled with correlated noise waves (c1, c2).

Figure 2.1. S-parameter presentation of a two-port.
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Presently, vector network analyzers for S-parameter measurements are
commercially available up to 140 GHz with coaxial cable interface. Extension units
are available with waveguide interfaces from 50 GHz up to 1100 GHz covering a
single waveguide band at a time [36], [37].
For on-wafer measurements, the vector network analyzer needs to be
calibrated with on-wafer calibration standards. The most commonly used
calibration methods at millimeter-wave frequencies are TRL and LRRM [40]-[42].
A simplified schematic of a noise figure measurement system is presented in
Figure 2.2. The main functional blocks are a noise source and a noise receiver.
The noise source is a component producing noise at controlled power level, for
example a temperature controllable termination or a noise diode. The output
power of the noise source is characterized as noise temperature. The noise
receiver is essentially a radiometer measuring noise power and can be realized as
a direct detection or heterodyne receiver. Commercially available measurement
equipment, noise figure analyzers, can be used as a basis of the noise receiver. If
needed, an additional noise downconverter is utilized to convert high frequency
noise to frequency which is suitable for the noise figure analyzer. By delivering two
different known noise power levels to the noise receiver and using (1.13), the
receiver’s noise temperature can be determined using the commonly known Yfactor method [20]
TRCV =

TH YTC

(2.1)

Y 1

where TH and TC are the hot and cold noise temperatures, respectively,
corresponding to two known noise power levels generated by noise sources.
Factor Y = PH/PC, the ratio between the measured power levels PH and PC for load
noise temperatures TH and TC, respectively. Commonly, noise sources with noise
temperatures TH and TC are referred to as a hot and a cold source, respectively.

Figure 2.2. Simplified noise figure measurement system.
After receiver calibration, the DUT is connected to the measurement system
and total noise temperature of cascaded DUT and receiver (TTOT) is determined
using (2.2). Finally, the noise temperature of the DUT is calculated using (1.2)
TDUT = TTOT −

TRCV −1
GDUT

.

(2.2)
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Noise figure and noise parameter measurement systems and software solutions
are commercially available up to 110 GHz [38]. For higher frequencies, noise
diodes based on avalanche diodes can be purchased up to roughly 200 GHz [39].
Above that, the parasitic capacitance of avalanche diodes reduces their usability.
Terminations, either as waveguide component or black body radiators, are
available at higher frequencies [43], [44]. Fully assembled receivers or their
components can be purchased up to 1100 GHz [36].

2.2

Millimeter-wave on-wafer measurement system for noise
parameter determination

For efficient design work of low-noise amplifiers, it is essential to have accurate
small signal models for the passive and active components utilized in the designs.
While passive components can be modeled with a combination of electromagnetic simulations and measurements, the small signal models of active
components are typically derived from measured data only. S-parameter
measurements provide data that partially describe the operation of an active
component. To completely characterize an active component, additional
measurements, such as noise figure or noise parameters, are needed. Usually,
the models used to describe noise behavior in the millimeter-wave region are
extrapolated from noise parameter determination in the microwave region or are
based only on noise figure measurements [45]-[50]. Determination of noise
parameters at millimeter-wave frequencies are needed to refine the low frequency
models to accurately characterize noise behavior in the millimeter-wave region.
The noise parameters are not directly measurable quantities; instead they are
determined by measuring the noise figure with different source reflection
coefficient values. Because the optimum source reflection coefficient is a complex
quantity, at least four noise figure measurements with different source impedances
are needed to solve the noise parameters in (1.16). To reduce the effect of
measurement uncertainty, more than four measurements are usually made and
noise parameters are solved using mathematical fitting routines. For passive twoports, the noise parameters can be directly calculated from the measured Sparameters, as presented in [51].
In order to measure the noise figure as a function of source impedance an
impedance tuner can be inserted between the noise source and the DUT to the
noise figure measurement system. The schematic of a general noise figure
measurement system with a tuner is presented in Figure 2.3. The tuner losses
change the noise temperature generated by the noise source. The noise
temperature after a lossy passive two-port can be expressed as
Tn' = 1 − 1L Tphys + 1LTn

(2.3)

where Tphys is the physical temperature of the two-port, L is the loss of the twoport, and Tn is the noise temperature delivered to the lossy passive two-port [16].
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When the input reflection coefficient seen by the DUT is changed, the losses
introduced by the tuner will also change and very careful characterization of tuner
losses is needed in order to preserve good accuracy for the noise figure
measurements. It can be seen in (2.3) that if the noise temperature Tn equals the
physical temperature of the two-port, also the noise temperature after the two-port
is equal to the physical temperature. Thus, for any impedance created by a lossy
passive network at an ambient temperature, the noise temperature equals the
ambient temperature. This has led to a development of a so called cold-source
measurement technique [52]. With the cold-source measurement technique, most
of the noise figure measurements are performed with a passive source at ambient
temperature, only one measurement with a noise source with higher noise
temperature is needed. This measurement should be performed in a low-loss state
of the tuner and close to a 50  impedance to reduce measurement uncertainty.

Figure 2.3. Simplified noise parameter measurement system.
Several mathematical approaches to determine noise parameters have been
reported [53]-[58]. Most of the methods rely on least square fitting of (2.1) to the
measurement data minimizing an error between measured and calculated noise
figure for each source impedance [53]-[55]. Possible measurement errors in both
noise figures and source impedances are taken into account in [56] and [57]. In
[58], a direct method to calculate noise parameters as an average of each four
measurement point groups from measurement data is presented.
The on-wafer noise parameter measurement setup used in this work is
presented in Figure 2.4. The measurement setup is based on WR-15 waveguide
components and operates over the frequency range of 50-75 GHz. The
measurements are based on the cold-source method [52]. A solid state noise
diode is used to provide hot (TH  10000 K) and cold (TC = 295 K) noise
temperatures during the noise receiver calibration. During measurements with a
DUT, the noise diode is used only as an ambient temperature load. The noise
receiver consists of a waveguide probe, an isolator, an LNA, a mixer, a signal
generator, and a noise figure meter. A commercially available waveguide tuner
controls the source reflection coefficient seen by the DUT with a moveable needle
or probe inside a straight waveguide. The magnitude of the source reflection
coefficient is controlled by changing the probe’s insertion into the waveguide and
the phase is controlled by moving the probe along the waveguide. The probe
motion is controlled by two stepper motors. Probe’s placement inside the
waveguide can be characterized by step counts of the stepper motors. The DUT is
placed in an on-wafer probing station and is connected to the measurement
system with on-wafer probes with waveguide interfaces. Bias for active devices
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can be fed through the probes or a separate biasing probe may be used. A vector
network analyzer can be used to perform S-parameter measurements by utilizing
two waveguide switches.

Figure 2.4. Automated noise parameter measurement setup [I].
From an operational point of view, the measurement system can be divided into
five functional blocks which are presented in Figure 2.5 with notations for noise
figure calculations. The calibration measurements include two port S-parameter
measurements of the tuner, the input probe, the DUT, and a thru calibration
standard. One port S-parameter measurements of the noise source, the receiver
and the source reflection coefficients are also needed.
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Figure 2.5. Functional blocks of the noise parameter measurement system with
notation for noise figure calculations [I].
The noise receiver is calibrated by placing an on-wafer thru calibration standard
between the probes. In order to subtract the receiver’s noise contribution, its kBGfactor and noise parameters are required. The kBG-factor, normalized to perfectly
matched load (LRCV = 0), is determined by measuring one hot and one cold noise
power measurement and is calculated using
kBG =

PH PC
TH TC

|1 − ΓLRCV ΓSRCV |2

S11,AD
|

NS |

2

2
NS

S21,AD

2

(2.4)

where PH and PC are the noise powers measured with a hot and a cold noise
source, respectively. TH is the noise temperature of the hot noise source
transferred to the receiver input plane, TC is the physical temperature of the
measurement system, SRCV is the source reflection coefficient of the input
network at the receiver input, LRCV is the reflection coefficient of the receiver, and
Sij,AD are the overall S-parameters of the cascaded tuner, probe, and thru. The
derivation of formula (2.4) is presented in Appendix A.
The noise figure of the receiver with different source reflection coefficient values
can be determined from cold noise source measurements using
Fi = T

PCi
0 kBG

|1

2
LRCV SRCVi |
2
SRCVi |

1 |

T

− TC + 1

(2.5)

0

where PCi is the measured noise power with the ith source reflection coefficient
SRCVi, and T0 is the standard temperature 290 K. By measuring the noise power
for at least four source reflection coefficient values, the noise parameters of the
receiver can be calculated. The method in [58] with the modifications suggested in
[59] is used in this work.
After the calibrations, the DUT is placed in the probe station and power
measurements with the cold noise source are performed. For each source
reflection coefficient value SDUTi the total noise figure of the cascade of the DUT
and the noise receiver
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FTOTi =

PCi

1 S11,DUT

T0 kBG

1 |

2
SDUTi

|

SDUTi

|2

LRCV SRCVi |
2
S21,DUT

2

T

− TC + 1
0

(2.6)

where PCi is the measured noise power for the ith source reflection coefficient
SDUTi, and SRCVi is the reflection coefficient of the network connected to the input
of the receiver. The noise figure of the DUT can be calculated by the Friis noise
formula (1.5)
FDUTi = FTOTi −

FRCVi −1

(2.7)

GDUTi

where FRCVi is the noise figure of the receiver and GDUTi the available power gain of
the DUT for the ith source reflection coefficient. Noise parameters of the DUT are
calculated similarly as for the receiver.
Almost 40 measured quantities affect to the final values of the noise
parameters. These include S-parameters, reflection coefficients, power
measurements, ENR calibration of the noise source and room temperature. To get
an estimation of measurement accuracy, a Monte Carlo analysis [60] was carried
out. In the analysis, random errors are added to the initial measured values and
the noise parameters are calculated, for example 1000 times. Statistical analysis
is then performed to the obtained noise parameter sets. To get values for random
error distributions, uncertainties were divided into A- and B-type uncertainties as
suggested in [61]. A-type uncertainties are determined through statistical analysis
and B-type uncertainties by other means (e.g. from literature). Prior work with
manual on-wafer measurement system provided most of the information [62].
Uncertainties used in the error analysis are listed in Table 2.1. Rectangular
distribution was used for S-parameter, reflection coefficient, and power
measurement errors. Triangular distribution was used for ambient temperature.
Deviation of the minimum noise figure of an InP HEMT device is presented in
Figure 2.6. S-parameters of the DUT and the source reflection coefficient
measurement (SDUTi) were found to be the main sources of errors [I]. Confidence
boundaries depend heavily on the test device. As an example the measured
values for the HEMT device at 57 GHz with the corresponding 2ı confidence
boundaries are given in Table 2.2. Obtained boundaries correspond to observed
ripple well when clearly erroneous values are discarded.
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Table 2.1. Uncertainties of the measured parameters. Data from [I].
Parameter
Standard uncertainty
Uncertainty type

S11,TUN, S22,TUN
S12,TUN, S21,TUN
S11,PRB, S22,PRB
S12,PRB, S21,PRB
S11,DUT, S22,DUT
S12,DUT, S21,DUT
LRCV
SDUTi
NS

ENR (dB)
PH, PC (dB)
TC (K)

0.005
0.006
0.036
0.005
0.036
0.05
0.036
0.036
0.005
0.06
0.04
0.82

A, B
A, B
B
B
B
B
B
A, B
B
B
B
B

Figure 2.6. Deviation of Fmin obtained in the Monte Carlo analysis with 1000 runs
at 57 GHz. Data from [I].
Table 2.2. Measured noise parameters and corresponding confidence boundaries
for a HEMT device at 57 GHz. Data from [I].
 (95.5 %) confidence boundary
Parameter
Measured value
2
Fmin
2.65 dB
± 0.6 dB
rn
0.25
± 0.06
|opt|
0.57
± 0.1
121°
± 9°
opt

24

2.3

Experimental results

The noise parameters of a passive and active test device were presented in [I].
For passive devices, the noise parameters can be calculated from S-parameters
[51] and they can be utilized to verify the operation of the test system. For both
devices, the noise parameters were determined by measuring the noise figure with
nine source reflection coefficient values. The noise parameters of an InP HEMT
device are presented in Figure 2.7. The measurements show minimum noise
figures in the range of 2.0-3.0 dB and normalized noise resistances in the range of
0.1-0.2. A similar transistor has also been measured at W-band using a similar
measurement system [63] and comparison between the bands has been
presented in [64].

a)

b)

c)

d)

Figure 2.7. Noise parameters measured for an InP HEMT device. a) Minimum
noise figure, b) normalized noise resistance, c) magnitude of optimum source
reflection coefficient, and d) phase of optimum source reflection coefficient, Data
from [I].
In addition to the data presented in this work, the on-wafer noise parameter
measurement system presented here has been utilized to verify and develop noise
models for HEMT and CMOS devices [65]-[68].
Besides the wideband measurements with a low number of source reflection
coefficient values per frequency, the test system can be used to measure the
noise figures with large number of source reflection coefficient values at a single
frequency. Noise figure values and noise circles calculated using fitted noise
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parameters for a CMOS device with 80 reflection coefficients are presented in
Figure 2.8.

7.227.76
6.416.88
6.08
5.32
5.02
4.52
4.17

8.53
9.04

9.55
5.41
6.93
5.08
7.56
4.63
9.88
3.75
4.35
5.89
3.56
8.00
5.15
6.59
10.07
4.01
4.76
3.83
4.60
3.22
7.05 8.27
5.91
5.39
10.18
3.22
3.75
4.43
6.21
3.77
5.28
4.45
5.31
7.22 8.38
3.25
5.61
5.676.09
10.19
4.02
4.72
3.48
3.83
4.90
7.12 8.30
4.12
3.77
10.08
5.36
6.68
5.60
4.67
4.19
6.06
4.80
8.07
9.88
4.83
5.64
7.66
6.43 7.10
9.55
5.66
9.21
6.60
7.43 8.09 8.66
6.23

Figure 2.8. Noise figure values (in dB) measured using 80 reflection coefficient
values (x) and constant noise circles from 3.5 dB to 7 dB with 0.5 dB step
calculated from fitted noise parameters of a CMOS transistor at 60 GHz.
Only a small number of noise parameter measurement results has been
published in the millimeter-wave region. Researchers from MilliLab have published
results on V- and W-bands with waveguide based systems utilizing manual tuners
[62], [63], [69], [70]. Noise parameter results using a measurement system based
on a coaxial cable environment have been published up to 40 GHz and 60 GHz, in
[71] and [72], respectively. At W-band, noise parameters of a passive device have
been published in [73], [74]. Integrating a tuner as a part of a DUT with noise
parameter results have been reported in [75]-[79].
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3. Millimeter-wave active cold loads
Loads with known noise temperature are utilized as reference or calibration loads
for the radiometers. The radiometer calibration loads can be either external or
internal. External calibration loads are viewed by the entire radiometer system,
including a target-pointed antenna. This way the antenna and the associated feed
network are also calibrated [80]. An external calibration load can be a cold sky, i.e.
measurement of cosmic microwave background noise, or a temperature controlled
microwave absorber. Internal calibration loads are connected between the
antenna and the radiometer front-end. Thus, only the radiometer itself is calibrated
by the internal calibration loads. The antenna and the feed network need to be
calibrated by other means. Examples of internal calibration loads are noise diodes,
matched loads, and active cold loads (ACLs).
An active cold load is a one port circuit with noise temperature below the
physical ambient temperature. It was shown in [81] that a FET based circuit can
have a noise temperature below the ambient by a proper feedback network
design. Low noise temperatures make ACLs attractive calibration loads especially
in Earth-observing radiometers. For Earth-observing radiometers the hot
calibration load has typically noise temperature of 300 K. It is beneficial to have
the cold calibration load with around 100 K noise temperature that an ACL can
provide. Most of the reported ACLs are based on FETs [81]-[89]. It is also possible
to achieve a noise temperature lower than the ambient temperature with a
Schottky diode where shot noise is the dominant noise source [90].

3.1

Design of active cold loads

A noise wave based analysis and general design flow of active cold loads have
been presented by Weatherspoon and Dunleavy [91]. A notation for the two-port
noise analysis is presented in Figure 3.1. The noise temperature incident at the
input plane of the system
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Figure 3.1. Noise wave based notation for active cold load design. Adapted from
[91].
T1 1 − |Γ1 |2 + Ta G21,ti|Γ2 |2 + T2 1 − |Γ2 |2 G21,ti

Ts1 = Tb +

(3.1)

where Ta and Tb are alternate noise parameters [92], [93], which are derived from
the traditional noise parameters (Te,min, Rn, Yopt = Gopt+jBopt) by
Ta = Te,min +

2

Tk

opt

1

opt

2

(3.2)

−Te,min .

(3.3)

and
Tb =

Tk
2

1

opt

Tk is given by
Tk = 4T0 Rn Gopt

(3.4)

and
Γopt =

*
in

opt

opt in

(3.5)

1

where the T0 is the standard temperature of 290 K. The terminal invariant gains
are derived from the circuit S-parameters and are given by
G12,ti = 1

|S12 |2

(3.6)

|S11|2

and
G21,ti =

|S21 |2
1 |S22|2

.

(3.7)
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Ts1 is minimized when in = *opt. Input noise and power matching can be obtained
simultaneously when
Γ2 = S

12 S21

*
opt

S22

S11
*
opt

S11

.

(3.8)

A single transistor can have the magnitude of 2 greater than unity, which would
not be possible to realize by a purely passive network. In this case a feedback
network has to be designed to obtain a realizable value |2| < 1. In principle ACL
design has three steps [91]:
1. The design of a feedback network to obtain a realizable value for the drain
matching circuit reflection coefficient L = 2.
2. The design of a drain matching circuit for L.
3. The design of a gate matching circuit for *opt.
The ACL design process is quite close to the low-noise amplifier design process.
Main differences are that the gain of the resulting circuit when designed for an
ACL operation is typically low and the output and input matching networks can be
designed independently for the ACL due to low reverse gain. In an LNA design
process, design iterations of the input and output matching networks are usually
needed.

3.2

Experimental results

Two ACL circuits were designed for millimeter-wave frequencies using the 100 nm
MHEMT process from Fraunhofer IAF, Freiburg, Germany [II]. The schematic of
the realized ACL designs is presented in Figure 3.2.

Figure 3.2. Schematic of the realized active cold loads [II].
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An inductive source feedback was utilized to obtain |L| < 1 for the drain
matching network. Additional constraints for the length of the inductive source
transmission line arose from stability considerations [II]. The drain matching
network consists of an open ended shunt stub, an RF short circuited shunt stub, a
50 ohm termination, and a DC blocking capacitor. Wideband matching of the RF
port can be improved by using two stubs in the drain matching network.
The gate matching network provides simultaneous noise and conjugate
impedance match for the transistor. The gate matching network is realized using
an RF shorted stub, a series transmission line and a DC blocking capacitor. The
losses of the gate matching network have a large effect on the overall noise
temperature of the ACL as is apparent from (2.3). Micrographs of the two realized
ACL monolithic millimeter-wave integrated circuits (MMICs) for 31.4 GHz and 52
GHz are presented in Figure 3.3.

b)

a)

Figure 3.3. Micrographs of the realized ACLs. a) 31.4 GHz, chip size 2.0 mm x 1.0
mm, b) 50-54 GHz, chip size 1.5 mm x 1.0 mm [II].
Two test setups are used to characterize the noise temperatures of the realized
ACLs. The setups are based on waveguide components at Ka- and V-bands. Both
measurement setups have similar functional blocks and a generic block diagram is
shown in Figure 3.4. At Ka-band, the probe block includes a coaxial on-wafer
probe and a short section of coaxial cable. Stainless steel waveguide is not used
at Ka-band, but it is included in the V-band setup. The noise calibration plane is at
the coaxial port of the coaxial to waveguide transition connected to a waveguide
full-band isolator input. A commercially available waveguide LNA and a
fundamental mixer are used to amplify and downconvert the noise signal to fixed
IF frequency band. The isolator provides constant source impedance to the LNA.
A microwave signal generator provides the LO signal to the mixer. A noise figure
analyzer is utilized for noise power measurements.
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Figure 3.4. An ACL noise temperature measurement system [II].
The Ka-band setup is calibrated by a noise diode with a nominal excess noise
ratio (ENR) of 12 dB. The calibration method is not optimal for the ACL
measurement because the expected noise temperature is lower than the cold
noise temperature used for the calibration. Extrapolation of the calibration line
increases the measurement uncertainty because the setup behavior is assumed to
be linear, which may not always be the case. Also, the hot calibration noise
temperature is very high compared to the expected ACL noise temperature.
In the V-band setup, the waveguide on-wafer probe is followed by a section of
stainless steel waveguide. Again, an isolator is utilized to provide constant source
impedance for the LNA. The LNA has been developed in-house and is housed in a
split-block waveguide package. A fundamental mixer is used and the LO-chain
includes a microwave signal generator and a quadrupler. The noise calibration is
performed using a heatable waveguide load. Noise powers are measured with
load temperatures of 298 K and 373 K. The stainless steel waveguide prevents
heat flow from the load to the rest of the measurement setup. A temperature
controller keeps the load temperature within ±1.5 K during the frequency sweep.
Again, the expected ACL noise temperature is below the calibration points and the
extrapolation of the calibration line is required.
Comparisons of the simulated noise performance and RF port reflection
coefficients are shown in Figure 3.5 and Figure 3.6. The simulations agree quite
well with the measured values, the difference is 10-20 K over the 26-40 GHz band
and 10-30 K over the 50-75 GHz band. The measured noise temperatures are
75 K at 31.4 GHz and 141 K over the 50-54 GHz range. The RF port reflection
coefficients are below a -24 dB level for both designs. Variations of noise
temperatures over bias conditions at 31.4 GHz and 52 GHz are presented in
Figure 3.7. Both circuits are rather insensitive to small bias variations. The noise
temperatures of the realized ACLs are compared to those of the other reported
FET based ACLs in Table 3.1. In order to assess the usefulness of the ACLs in a
real radiometer, careful system level calculations are needed for the specific
radiometer and application. Especially the 1/f performance, which relates to
integration time, is important to take into account.
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a)

b)

Figure 3.5. Comparison between simulated (dashed) and measured performance
(solid) of 31.4 GHz ACL. a) Noise temperature, b) Input reflection coefficient. Data
from [II].

a)

b)

Figure 3.6. Comparison between simulated (dashed) and measured performance
(solid) of 50-54 GHz ACL. a) Noise temperature, b) Input reflection coefficient.
Data from [II].
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a)

b)

Figure 3.7. Noise temperature variation over bias conditions at a single frequency.
a) 31.4 GHz, b) 52 GHz. The lowest noise temperature values are achieved
around Vds = 0.8 V, Id = 18 mA at 31.4 GHz and around Vds = 0.8 V, Id = 8 mA at
52 GHz. Data from [II].
Table 3.1. Comparison of reported FET based ACLs. Data from [II].
Frequency
(GHz)
1.4

Noise temperature
(K)
50

18

105

Technology,
integration level
GaAs MESFET, hybrid
InP HEMT, hybrid

Reference
[81]
[82]

2-10

90

GaAs MHEMT, MMIC

[83]

10-26

125

GaAs MHEMT, MMIC

[83]

4-8

100

GaAs PHEMT, MMIC

[84]

10.69

56

GaAs PHEMT, hybrid

[85]

23.8

72

GaAs MHEMT, hybrid

[86]

1.4

65

GaAs PHEMT, MMIC

[87]

94

155

GaAs MHEMT, MMIC

[88]

94

190

GaAs MHEMT, MMIC

[89]

31.4

75

GaAs MHEMT, MMIC

[II]

50-54

141

GaAs MHEMT, MMIC

[II]
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4. Millimeter-wave low-noise amplifiers
Sensitivity is the key figure of merit for millimeter-wave radiometers and many
other receivers. According to (1.5) the first component of a receiver should have
low noise figure and high gain in order to minimize the total noise figure. Low
noise and high gain are the main design parameters for LNA. A good figure of
merit when comparing amplifiers is the noise measure
M=

F 1
1

(4.1)

1
Gav

where F is the noise figure and Gav is the available power gain of the amplifier
[94]. An amplifier with the lowest noise measure is the best choice as the first
amplifier in a chain of amplifiers. In the millimeter-wave region, MMIC technology
is the most frequently used way to realize low-noise amplifiers. Presently, MMIC
LNAs can be manufactured up to 850 GHz [95], [96]. The first low-gain amplifiers
have even been reported at 1 THz [97].

4.1

Design of monolithic low-noise amplifiers

With sufficient gain, the noise temperature of a receiver is determined entirely by
the first low-noise amplifier in the receiver chain, as seen in (1.5). Typically, lownoise amplifiers have multiple stages in order to obtain sufficient gain. The
designer’s goal is to design input, output, and inter-stage matching networks to
provide low-noise, sufficient gain and specified input and output matching
performance simultaneously.
Figure 4.1 shows constant noise and available power gain circles at a single
frequency calculated using a small signal model for a HEMT device on a Smith
chart. Also, part of the input stability circle is presented. Typically, the optimum
*
source reflection coefficients in terms of noise opt and conjugate matching S 11
are not the same. Feedback networks can be utilized to change values of opt and
S*11. The change is seen more easily in S*11. Inductive feedback can be realized
by adding sections of transmission lines to the source terminals of the transistor in
the common source configuration. For the optimum noise performance, a
matching network should present a source reflection coefficient of opt to a
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transistor, whereas for the best gain performance, conjugate matching S*11 should
be used.

a)

b)

Figure 4.1. Simulated noise circles with minimum noise reflection coefficient (red),
available power gain circles with conjugate matching impedance (blue), and
source stability circle (purple) for an integrated MHEMT device. a) Without
inductive source feedback, b) with inductive source feedback. The stable
impedance region is outside the stability circle.
The gain of a single transistor is moderate (5-10 dB) at millimeter-wave
frequencies. The overall noise performance is mainly set by the first couple of
stages of the amplifier. The gain of different stages play an important role, and the
designer is bound to make trade-offs between noise and gain of individual stages
in order to obtain an optimal performance for the amplifier. Moreover, matching
networks need to be designed with additional care in order to maintain the stability
of the amplifier also outside the desired frequency range.

4.2

Experimental results

A number of MMIC LNAs has been designed and manufactured using GaAs
based MHEMT processes developed by Fraunhofer IAF, Freiburg, Germany [III][VI]. Their two processes differ by the gate length (50 or 100 nm) of the MHEMT
device [98], [99]. The processes are suitable for coplanar waveguide (CPW)
designs and feature nickel chromium (NiCr) thin film resistors, metal-insulatormetal (MIM) capacitors and backside metallization. Unwanted substrate modes
are suppressed using ground via holes through the GaAs substrate [98]. As a
result of extensive modeling work, Fraunhofer IAF provides reliable models for
CPW components and transistors. The characteristics of the two processes are
presented in Table 4.1.
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Table 4.1. Characteristics of 100 nm and 50 nm MHEMT processes of Fraunhofer
IAF [98], [99].
Parameter
Indium content
Id,max (mA/mm)
Vbd (V)
gm,max (mS/mm)
ft (GHz)
fmax (GHz)
MTTF (h)

100 nm MHEMT
65 %
900
4.3
1200
220
300
7
3 x 10

50 nm MHEMT
80 %
1200
2.2
1800
400
420
6
2.7 x 10

The LNAs were designed to demonstrate the suitability of GaAs MHEMT
technology for Earth observation radiometers. Specifications for gain, noise,
center frequency and bandwidth have been given by the European Space Agency.
Radiometric measurements around 89 GHz are utilized for path loss,
precipitation, and snowfall characterization [13]. Two LNAs were designed and
manufactured with the 100 nm MHEMT process [98], [100] for use in spaceborne
W-band radiometers. A micrograph and a simplified schematic of the LNA are
presented in Figure 4.2 and Figure 4.3, respectively. The on-wafer measured Sparameters and noise figure are shown in Figure 4.4. The design was optimized
for a low noise performance and wide bandwidth. The first stage of the four stage
design was biased to low noise bias, while the maximum transconductance bias
was used for the latter stages. Inductive source feedback transmission lines are
added to transistors to improve stability and further improvements are achieved by
not matching to maximum gain. The input and output matching networks have
open stubs as a matching element and quarter wavelength shorted stubs are used
for biasing. The interstage matching networks consist of short-circuited shunt
stubs and a DC decoupling capacitor in series. The RF-short is realized by small
capacitance. Additional resistors and capacitors are used to improve stability at
frequencies well below the operating range [101].
The amplifier MMIC was packaged in an E-plane split-block module and the
performance of the LNA in the module was compared to on-wafer measurement
results. Performance improvement at cryogenic temperatures was also
demonstrated [III]. A comparison of published MMIC LNAs around 94 GHz is
presented in Table 4.2.
The LNAs designed in this work have 5.7-6.0 dB of gain per stage and noise
measures of 1.0-1.3 which are similar or better performance values than those of
the most of the LNAs realized with GaAs PHEMT, GaAs MHEMT or InP HEMT
devices with 100 nm gate length. With the demonstrated 3.0 dB noise figure of the
LNAs, the MHEMT technology was found useful for W-band Earth observing
radiometers.
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Figure 4.2. Micrograph of a low-noise amplifier [III].

Figure 4.3. Simplified schematic of a four stage low-noise amplifier [III].
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Figure 4.4. S-parameters and noise figure of a four stage W-band amplifier
measured on-wafer. Data from [III].

38

Table 4.2. Comparison to other reported HEMT based MMIC low-noise amplifiers
around 94 GHz.
Center
frequency
(GHz)
90

Gain
(dB)
7

92

14.8

4.5

92
92

17.3
4.5

3.3

94
90
94
94

6.4
8
17.3
11

93.4
93
90

Noise
figure
(dB)

Number
of
stages
1

Technology
750 nm PHEMT

Reference
[102]

3

150 nm GaAs PHEMT

[103]

3
1

150 nm InP HEMT
100 nm GaAs PHEMT

[103]
[104]

3.2
4.7

5
2
3
2

100 nm InP HEMT
100 nm InP HEMT
100 nm InP HEMT
100 nm GaAs PHEMT

[105]
[106]
[107]
[108]

16
16.5
8

3
3

2
2

150 nm InP HEMT
150 nm InP HEMT

[109]
[110]

96
94
94
94
94
94
94
90
94
94
94

3.1
13.3
21
12
20
12
20
27
26.4
7
34

4.5
5.5
3.5
3.5
6
4.5

2
1
2
3
3
4
2

100 nm InP HEMT
100 nm GaAs PHEMT
100 nm GaAs PHEMT
100 nm GaAs PHEMT
100 nm InP HEMT
100 nm GaAs PHEMT
100 nm GaAs PHEMT

[111]
[112]
[113]
[114]
[115]
[116]
[117]

5
3.9
6
4

4
4
4
2
7

100 nm GaAs PHEMT
100 nm InP HEMT
100 nm GaAs PHEMT
100 nm GaAs PHEMT
100 nm GaAs PHEMT

[118]
[119]
[120]
[121]
[122]

94
94
94

40
20
5

6.5
3.3
2.3

6
3
1

100 nm GaAs PHEMT
100 nm InP HEMT
100 nm InP HEMT

[123]
[124]
[125]

94

15.5

94
94
94
94
95
94
89
90
90

20
5.9
25
37
20
12
14
16
22

4
4
1
6
8
4
2
3
3

250 nm InP HEMT
150 nm GaAs PHEMT
100 nm InP HEMT
150 nm GaAs PHEMT
150 nm GaAs PHEMT
100 nm InP HEMT
100 nm InP HEMT
100 nm GaAs MHEMT
120 nm GaAs PHEMT

[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]

3

120 nm InP HEMT

[135]

5.5
4.2
6
2.5
3.3
4.8
5.5

39

90

21

93
95

16
20

4

100 nm InP HEMT

[136]

4
4

100 nm InP HEMT
100 nm InP HEMT

[137]
[138]

97
85
90

21
21
17

6
4

150 nm GaAs PHEMT
100 nm InP HEMT
MHEMT

[139]
[140]
[141]

2.9
2.8

105

22

4.5

3

120 nm GaAs MHEMT

[65]

92
94
100

25
12
22

3.3
2.3
3.5

4
2
3

100 nm InP HEMT
70 nm GaAs MHEMT
100 nm InP HEMT

[142]
[143]
[144]

94
94

20

89
94
94
95
94
98
90
90
94
94

18.9
16
12.5
11.1
20.5
13
30
5.6
22
33

2.5
2.2
6.1
5.7
3.8
5.4
3.9

4
3
4
4
2
3
5
2
4
1
3

70 nm GaAs MHEMT
100 nm InP HEMT
150 nm GaAs MHEMT
150 nm GaAs PHEMT
100 nm GaAs PHEMT
100 nm ABCS HEMT
200 nm ABCS HEMT
100 nm GaAs MHEMT
100 nm InP HEMT
200 nm ABCS HEMT
100 nm GaAs MHEMT

[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]
[154]
[101]

130 nm InP HEMT

[155]

94
90
94

35
30
20

4.5
4.2
1.8

7
5
4

130 nm InP HEMT
100 nm InP HEMT
50 nm GaAs MHEMT

[156]
[157]
[158]

93
95
85

19.5
17
24.8

3
2.5
2.8

3
3
4

100 nm InP HEMT
70 nm GaAs MHEMT
100 nm GaAs MHEMT

[159]
[160]
[161]

97
85
98
95
94
94
90
85
85
94
94

10.8
25
21.2
18
15
30
11
25
18
19.5
23.0

2
4
5
2
3
5
2
3
3
3
4

100 nm GaAs MHEMT
70 nm GaAs MHEMT
100 nm InP HEMT
35 nm InP HEMT
50 nm GaAs MHEMT
100 nm InP HEMT
100 nm GaAs PHEMT
50 nm GaAs MHEMT
70 nm GaAs MHEMT
100 nm GaAs MHEMT
100 nm GaAs MHEMT

[162]
[163]
[164]
[165]
[166]
[167]
[168]
[169]
[170]
[III]
[III]

3
3.7

3
2.5
3.1
3.2

2.7
2.1
3
1.75
5
2
3.8
3.0
3.5
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At D-band (110-170 GHz), there is a local maximum in the atmospheric
attenuation curve due to the oxygen molecular resonance line around 118.75
GHz. Measurements around the resonance line together with measurements at
the closest window frequency range 125-170 GHz are used to characterize
precipitation and snowfall as well as height and depth of the melting layer of
clouds [13]. Two LNAs were designed to operate around 155 GHz with the 100 nm
MHEMT technology [IV]. A micrograph of one of the amplifiers is presented in
Figure 4.5. In addition to standard design library elements, one of the amplifiers
includes an interdigital capacitor as an interstage matching element. The
interdigital capacitors have lower capacitance per area than the MIM capacitors.
When connected in series, this small capacitance will reduce the gain at
frequencies below the operating range of the amplifier. The use of the interdigital
capacitor also simplifies the design of the interstage matching network [IV], [171].
The amplifiers were tested both on-wafer and in a split-block module [IV]. The onwafer measurement results are presented in Figure 4.6.
Two LNAs were designed to operate at 165 GHz transmission window
frequency with both 50 nm and 100 nm MHEMT technologies [V], [VI]. Narrow
band operation was targeted for 165 GHz LNAs. The amplifiers were tested both
on-wafer and in a split-block module.
A comparison of published amplifiers in the 130-170 GHz window frequency
range is presented in Table 4.3. The LNA demonstrated with the 50 nm MHEMT
technology can reach noise figure of 5.2 dB, a feasible value in order to use the
amplifier as the first stage of an Earth-observing radiometer.

Figure 4.5. Micrograph of a 155 GHz low-noise amplifier [IV].
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Figure 4.6. S-parameters and noise figure of a 155 GHz amplifier measured onwafer. Data from [IV].
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Table 4.3. Comparison of HEMT based MMIC low noise amplifiers for 130-170
GHz atmospheric window.
Center
frequency
(GHz)
142

Gain
(dB)
9

Noise
figure
(dB)

155

12

3

100 nm InP HEMT

130

14

6

100 nm InP PHEMT

5.1

Number
of
stages
2

Technology
100 nm InP HEMT

Reference
[172]
[173]
[174]

154

10

3

100 nm InP PHEMT

[175]

153

7.5

3

120 nm InP HEMT

[176]

141

30

3

100 nm InP HEMT

[177]

155

8

4

70 nm InP PHEMT

[178]

160

6

4

80 nm InP PHEMT

[178]

160

26

6

6

80 nm InP PHEMT

[179]

140

14

4

100 nm InP HEMT

[180]

148

12

4

150 nm GaAs MHEMT

[181]

155

15

4

100 nm GaAs MHEMT

[182]

163

17

3

70 nm InP HEMT

[183]

4

152

8

2

70 nm InP HEMT

[184]

160

21

3.7

3

35 nm InP HEMT

[185]

150

19

4.5

4

70 nm GaAs MHEMT

[160]

130

27

3.8

4

100 nm GaAs MHEMT

[186]

140

20

4

4

50 nm GaAs MHEMT

[186]

155

24

6

4

70 nm GaAs MHEMT

[187]

135

23

3.5

4

20 nm GaAs MHEMT

[188]

160

15

3

75 nm InP HEMT

[190]

165

23

3

35 nm InP HEMT

[189]

130

23

4

50 nm GaAs MHEMT

[191]

140

25

4

50 nm GaAs MHEMT

[192]

151

30

4

20 nm GaAs MHEMT

[193]

142

19.0

6.0

4

100 nm GaAs MHEMT

[IV]

150

18.5

6.2

4

100 nm GaAs MHEMT

[IV]

165

25.0

5.2

4

50 nm GaAs MHEMT

[V]

153

20.6

5.2

4

100 nm GaAs MHEMT

[VI]

6
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One amplifier was designed to operate around the 183 GHz water vapor line
frequency [VI]. Radiometric measurements around this frequency can be utilized
in characterization of water vapor profile and snowfall [13]. The amplifier was
manufactured with the 100 nm MHEMT technology and wideband operation was
targeted. The amplifier was tested on-wafer. Comparison with published amplifiers
around 183 GHz is presented in Table 4.4. While the reported amplifier has 21.4
dB of gain, the noise figure of 7.5 dB is rather high when compared to the noise
figures of the other reported amplifiers.
Table 4.4. Comparison of published HEMT based MMIC amplifiers for 183 GHz
water vapor absorption peak frequency range.
Center
frequency
(GHz)
190

Gain
(dB)
7.2

Noise
figure
(dB)

Number
of
stages
2

Technology
80 nm InP HEMT

Reference
[194]
[178]

188

9

2

70 nm InP PHEMT

189

9

2

80 nm InP PHEMT

[195]

185

18

6

80 nm InP PHEMT

[179]

180

17

8

100 nm InP HEMT

[180]

175

14

3

70 nm InP HEMT

[196]

186

15

6

100 nm InP HEMT

[197]

185

15

3

80 nm InP PHEMT

200

19

8

70 nm GaAs MHEMT

[198]
[145]

195

15

4

100 nm GaAs MHEMT

[100]

198

24

4

50 nm GaAs MHEMT

[199]

185

21

3

50 nm InP HEMT

[200]

200

17

4.8

4

50 nm GaAs MHEMT

[99]

180

14

4.2

3

35 nm InP HEMT

[185]

195

20

6

35 nm GaAs MHEMT

[202]

183

15.0

5

100 nm GaAs MHEMT

[201]

193

17

3

35 nm InP HEMT

[189]

190

23

4

35 nm InP HEMT

[203]

180

10

3

75 nm InP HEMT

[190]

192

23

4

35 nm GaAs MHEMT

[204]

183

20

5

50 nm GaAs MHEMT

[205]

7

4.8

6.7

180

24.5

3.5

5

50 nm GaAs MHEMT

[206]

183

21.4

7.5

5

100 nm GaAs MHEMT

[VI]
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5. Passive millimeter-wave imaging
In passive millimeter-wave imaging, the noise temperature of the incoming signal
is mapped over the desired area and an image is formed by comparing the
incoming signal levels pixel by pixel. The noise temperature of incident radiation is
measured by a radiometer. Imaging radiometers typically have high gain and
narrow beam antennas to improve angular resolution. When the target fills the
antenna beam completely the detected noise temperature is given by (1.12). Main
sources of the incident radiation reflected from the object are natural objects (Trefl
~300 K) and the sky. At millimeter-wave frequencies, the sky noise is partly due to
cosmic background noise and thermal noise caused by the atmospheric
attenuation [17]. Thus, the brightness temperature of the sky noise depends on
the angle of incidence due to the longer distance through the atmosphere at lover
elevation angles. The brightness temperature of the sky as a function of antenna
elevation angle at window channel between 70-110 GHz is presented in Figure
5.1. The noise temperature of the sky is more uniform versus incident angle at
molecular absorption frequencies due to the increased attenuation of the
atmosphere. Due to this increase in attenuation, passive millimeter-wave imaging
is performed in window frequency ranges.
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Figure 5.1. Brightness temperature of the sky at different elevation angles as a
function of frequency. Adapted from [209]. T = 15°C, p = 1023 mbar, water = 7.5
g/m3.
Different materials appear to be at different noise temperatures due to emissivity
and reflectivity as given by (1.12). Examples of emissivity and reflectivity values of
different materials at 94 GHz are presented in Table 5.1.
Table 5.1. Emissivity and reflectivity of different materials at 94 GHz [207], [208].
Material
Metal
Metal under canvas
Dry gravel
Dry asphalt
Brick
Grass
Water, smooth surface
Human skin

Emissivity
0.04
0.24
0.92
0.91
0.90
0.95
0.59
0.90
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Reflectivity
0.96
0.76
0.08
0.09
0.10
0.05
0.41
0.10

5.1

Passive millimeter-wave imager

A passive millimeter-wave imager was built as a part of this work [VII], [210]. The
focus of the system design was on the quality of images in terms of radiometric
resolution T by increasing the integration time. This results in a slow imaging
speed. The targeted operational center frequency was around 94 GHz located in
the atmospheric window frequency range. Other restrictions to the system were
given by the movability and availability of the components.
The imaging system has a 300 mm diameter lens horn antenna with less than
1° beamwidth specified by the manufacturer. The far-field of the antenna, where
radiation can be approximated as a plane wave and the antenna radiation pattern
is well defined, is reached after 56 m. In order to use the antenna also for
observing targets that are at a distance less than 56 m from the antenna, an
additional focusing lens was manufactured from high density polyethylene
(HDPE). The hyperboloid shaped focusing lens moves the focal point of the
antenna from infinity to the distance of 2 m [210], [211].
The Dicke-radiometer used in the imaging system is presented in Figure 5.2.
The first component of the radiometer is a PIN diode based single-pole-doublethrow (SPDT) switch which connects either the antenna or reference load to the
low-noise amplifier input. A waveguide termination is used as the reference load to
reduce effects of gain variation. Complete noise temperature calibration would
require two loads with different noise temperatures. The amplification chain
consists of two low-noise amplifiers and the signal is detected by a wideband
diode detector. Isolators have been utilized to reduce reflections due to
mismatches between the amplifiers and the detector. The signal from the detector
is amplified by a gain controlled video amplifier. The signal from the video amplifier
is digitized by an AD-converter. The noise temperature and insertion gain of the
radiometer chain from the switch input to the output of the second isolator
measured with a noise figure measurement system are presented in Figure 5.3.
The 3 dB bandwidth of the radiometer defined by the LNAs is roughly 90-96 GHz
where a noise temperature of 900 K or better is achieved. Theoretical radiometric
sensitivity T calculated with (1.16) is 0.2 K with 20 ms integration time. In
practice, additional noise coupling with the signal after the detector increase T to
1 K [210].
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Figure 5.2. Realized Dicke-radiometer for the passive imaging system.

Figure 5.3. Gain and noise temperature of radiometer chain from the switch input
to the output of the second isolator in the realized passive millimeter-wave imager.
The antenna and the radiometer are mounted on a structure where the antenna
azimuth and elevation are controlled by stepper motors. The antenna elevation
movement is continuous providing a so called line scan, while the azimuth
movement is performed with discrete steps. The in-house written software controls
the motors and produces the final millimeter-wave image. The millimeter-wave
image is produced by sampling the line scan signal to discrete pixels. The
scanning speed is set by integration time, 20 ms was selected as a trade-off
between T and imaging speed. A photograph of the imaging system is presented
in Figure 5.4.
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Figure 5.4. A photograph of the realized millimeter-wave imaging system.

5.2

Experimental results

Two main applications of passive millimeter-wave imaging, contraband detection
and area surveillance, were studied with the realized imaging system. A
photograph and an indoor taken millimeter-wave image of a contraband detection
is presented in Figure 5.5. Higher noise temperatures are mapped with darker
color and lower noise temperatures are mapped with lighter color in the grayscale
image. The mapping is scaled within a single image, the lowest temperature is
white and the highest temperature is black. Similar mapping is used in all
millimeter-wave images presented in this thesis. The person in the photo is
holding a metallic handgun silhouette under his shirt. The silhouette is seen as a
lighter area in the millimeter-wave, while the person appears darker. A sharper
image would require an even narrower antenna beam. The noise reflected by the
metal silhouette is emitted by the walls, thus the silhouette is seen as grayscale
color similar to the surroundings. Also, “a millimeter-wave shadow”, noise of the
person reflected by the background wall is visible in the millimeter-wave image.
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b)

a)

c)

Figure 5.5. a) A photograph b) an indoor taken millimeter-wave image of a person
with c) a metal gun silhouette under his shirt. Data from [210].
Figure 5.6 shows a similar passive millimeter-wave image of contraband
detection taken outdoors. The person on the right is hiding the metallic handgun
silhouette under his jacket. Outdoors a significant part of the incident radiation to
the target comes from the cold sky and the contrast is improved. The body parts
that reflect the sky radiation towards the radiometer, such as the forehead,
shoulders and arms appear lighter than the rest of the body. Also, keys and
cellphone that are in the trouser pockets of the person on the left appear bright.

Figure 5.6. A photograph (left) and a millimeter-wave image (right) of two persons
taken outdoors. The person on the right has a metal gun silhouette under his
jacket. Data from [VII]
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Millimeter waves penetrate dust, smoke, and fog much better than visible light
or infrared light. Thus, millimeter-wave imaging can be used as an alternative for
wide area surveillance under poor visibility conditions. A photograph and a
millimeter-wave image over a wide area are presented in Figure 5.7. Different soil
types, a walk path, trees, buildings and metallic objects can be distinguished from
the image. The strongest reflections come from a car, roofs, a trash container, and
street lamps. A cooling effect of the shadow on the grass can also be seen on the
lower left part of the image. A similar image could be produced under the
presence of fog.

Figure 5.7. A photograph (left) and a millimeter-wave image (right) of a scenery.
Data from [VII].
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6. Summary of the appended publications
[I] “A wide-band on-wafer noise parameter measurement system at 50-75 GHz”
The design and performance verification of an automated on-wafer noise
parameter system are presented in this publication. The motivation for the work
was the ability to accurately characterize the noise performance of transistors over
50-75 GHz range for either modelling or verification purposes. The measurements
are performed according to so called cold-source method and the operation of the
test system is verified using both a passive and an active test device. The results
and uncertainty analysis presented in the paper show that the measurement
system can be used for transistor noise characterization with reasonable
accuracy.
[II] “Active cold load MMICs for Ka-, V-, and W-bands”
The design and characterization of integrated active cold loads is presented in
this publication. Motivation for the work is to use internal calibration loads to
calibrate most parts of a radiometer without the need to use external loads, which
usually require complex maneuvers of the radiometer or its platform. Additionally,
the hybrid circuit realization of the ACLs that has successfully been used at lower
frequencies becomes infeasible at millimeter-wave frequency range. Thus, the
MMIC realization of ACLs was studied by designing three ACLs for selected
frequencies within the 30-100 GHz range. The measured noise temperatures of
the realized loads were 75, 141, and 170 K at 31.4, 52.0, and 89.0 GHz,
respectively. While the achieved noise temperatures are useful for radiometer
calibration in general, a careful case-by-case analysis for their use in an actual
system is needed.
[III] “W-band low noise amplifiers”
The motivation for the work presented in this publication was to study the
feasibility of 100 nm MHEMT process for realization of W-band low-noise
amplifiers for radiometers. W-band radiometers are useful for instruments of
weather forecasting satellites as well as for millimeter-imaging. Additionally, the
W-band low-noise amplifiers are used in collision avoidance radars in cars as well
as in high-speed data transfer communication systems. Multiple designs of Wband amplifiers are presented in the publication with 18-23 dB gain and 3.0-3.5 dB
noise figure measured on-wafer. Also, the measurement results of amplifier
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modules, both at room temperature and at cryogenic temperatures, are presented.
The presented results demonstrated the feasibility of the 100 nm MHEMT
technology for W-band low-noise amplifiers.
[IV] “Low noise amplifiers for D-band“
The motivation for the work presented in this publication was to study the
feasibility of the 100 nm MHEMT process for realization of D-band low-noise
amplifiers for radiometers. D-band radiometers are useful for instruments of
weather forecasting satellites. Multiple designs of D-band amplifiers are presented
in the publication with 17.6-22.7 dB gain and 5.5-7.0 dB noise figure measured onwafer. Targeted gain values were achieved with the presented designs, but lower
noise figures would be preferred for better sensitivity for D-band radiometers.
Some amplifiers were packaged in split-block packages and the measurement
results show only a slight decrease in performance.
[V] “MHEMT G-band low-noise amplifiers”
The motivation for the work presented in this publication was to study the
feasibility of the 50 nm MHEMT process for realization of G-band low-noise
amplifiers for radiometers, namely for 165 and 183 GHz. Combination of these
frequencies is utilized for water vapor profiling for weather forecasting.
Additionally, one of the aims was to compare performance of the LNAs
manufactured with the 50 nm process against similar circuits manufactured with
the 100 nm process. Multiple amplifier designs are presented for both frequencies
in the publication. On-wafer measured performance show 25 dB of gain with
5.2 dB noise figure at 165 GHz and 20 dB of gain with 6.7 dB noise figure at
183 GHz.
[VI] “Low noise amplifiers for G-band radiometers”
The motivation for the work presented in this publication was to study the
feasibility of the 100 nm MHEMT process for realization of G-band low-noise
amplifiers for radiometers, namely for 165 and 183 GHz. Combination of these
frequencies is utilized for water vapor profiling for weather forecasting. Multiple
amplifier designs are presented for both frequencies in the publication. On-wafer
measured performance show 19.2-27.4 dB peak gain and 4-8 dB noise figure.
There is a frequency shift in the measured responses of the amplifiers compared
to simulated ones.
[VII] “Passive millimeter-wave imager”
The motivation of this work was to demonstrate millimeter-wave imaging around
94 GHz by setting up a radiometer based imaging system and create images for
different application scenarios. The design of the imaging system based on the
Dicke-radiometer is presented in the publication. The operation of the imaging
system is demonstrated by millimeter-wave images. The capabilities of the
imaging system were demonstrated by the millimeter-wave images for security
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screening both indoors and outdoors as well as for area surveillance are
presented.
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7. Conclusions
The research work presented in this thesis focused on design and
characterization of low-noise circuits for radiometers. A measurement system for
transistor noise parameter characterization was developed for 50-75 GHz range.
The system can be used to provide data for device modeling or to verify existing
models generated with data from lower frequency measurements. While the initial
target was the modeling of III-V compound semiconductor devices, the recent
developments with CMOS and SiGe technologies have increased the demand for
transistor noise modeling at millimeter-wave range. The developed measurement
system has been utilized in transistor measurements, both for in-house projects as
well as a commercial service.
In some radiometric applications the internal calibration of the radiometer is
required or the number of calibrations with measurements of external calibration
loads could be reduced with internal calibration. The ACLs developed in this work
demonstrate the capabilities of MMIC technology for ACL realization up to 100
GHz. Especially at the lower end of the millimeter-wave region, the realized cold
load noise temperature is close to the boiling temperature of nitrogen which is a
commonly used to cool absorber materials to provide a calibrated noise
temperature.
A number of low-noise amplifiers for selected bands between 75-200 GHz
range has been designed. The European Space Agency ordered a series of
research projects to study the feasibility of MHEMT technology for radiometer
applications. In the first projects the design work focused on the 100 nm MHEMT
process. While these first design projects progressed, Fraunhofer IAF matured
their 50 nm MHEMT process to the point that it could be used in the designs of the
final projects. The work presented in this thesis partially demonstrated the maturity
of the MHEMT technology for millimeter-wave low-noise amplifiers for space. Due
to better noise performance, the 50 nm MHEMT process from Fraunhofer IAF, is
the prime candidate to be used in the MetOp-SG, the next generation weather
satellites, most likely up to 229 GHz.
In order to demonstrate terrestrial use of millimeter-wave radiometers a
millimeter-wave imager was built. The quality of millimeter-wave images was
emphasized in the imager design in expense of imaging time. The taken images
demonstrate qualitatively the possibilities of millimeter-wave imaging in security
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and surveillance applications. Quantitative assessment of the images as well as
re-design of the entire system would be necessary for more practical use of
millimeter-wave imaging.
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Appendix A: Derivation of kBG-factor
Functional blocks of the noise parameter measurement system are presented in
Figure A.1. When the noise source noise temperature is TH, the noise power PH
measured over the load inside the receiver is given by
PH = kBGt,TOT (TH + TSYS ) = kBGav,AD Gt,RCV (TH + TSYS )

(A.1)

where Gt,TOT is the total transducer power gain and TSYS is the noise temperature
of the system consisting of the network AD and the receiver, Gav,AD is the available
power gain of the network AD, and Gt,RCV is the transducer power gain of the
receiver. Respectively, for noise temperature TC
PC = kBGt,TOT (TC + TSYS ) = kBGav,AD Gt,RCV (TC + TSYS ).

(A.2)

Figure A.1. Functional blocks of the noise parameter measurement system.
According to (1.27) and (1.28)
Gt,RCV = |1

1 |

LRCV |

LRCV

2

2
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2
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(A.3)

L2

where S21,RCV and S22,RCV are S-parameters of the receiver, and L2 is reflection
coefficient inside the receiver and
Gav,AD =

1 |

NS |

1 S11,AD

2
2
NS

S21,

2

1
1 |

LRCV |

.

2

(A.4)

If the source impedance of the receiver is 50  leading to LRCV = 0 we can write
Gt,RCV,50 = S21,RCV

2

1 |

L2|

1 S22,RCV

2
2
L2

and
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(A.5)

Gt,RCV = |1

1 |

LRCV |

2

2
LRCV SRCV |

Gt,RCV,50.

(A.6)

Using (A.4) and (A.6) in (A.1) and (A.2) we obtain
PH = kBGt,RCV,50

1

1−|ΓNS |2 S21,𝐴𝐷

|1−ΓLRCV ΓSRCV |2

1−S11,AD ΓNS

1

1−|ΓNS |2 S21,𝐴𝐷

2

2

(TH + TSYS )

(A.7)

(TC + TSYS ).

(A.8)

and
PC = kBGt,RCV,50

|1−ΓLRCV ΓSRCV |2

1−S11,AD ΓNS

2

2

kBGt,RCV,50 can then be solved
kBGt,RCV,50 =

PH PC
TH TC

|1 − ΓLRCV ΓSRCV |2

which is abbreviated as kBG-factor in (2.4).
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S11,AD
|

2
NS |

2
NS

S21,AD

2

(A.9)

Errata
In [IV], Fig. 5 and Fig. 13 are incorrect. The correct figures are shown below.

Fig. 5.

Fig. 13.
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