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Abstract—A wide-band on-wafer noise parameter measure-
ment system at 50–75 GHz is presented. This measurement system
is based on the cold-source method with a computer-controlled
waveguide tuner. Calibrations and measurement methods are
discussed and measured results for passive and active on-wafer
devices are shown over a 50–75-GHz range. An InP high elec-
tron-mobility transistor device is used as a test item for the
active device. A Monte Carlo analysis to study measurement
uncertainties is also shown. The measurement system is a useful
tool in the development and verification of device noise models, as
well as in device characterization.

Index Terms—Noise-parameter measurements, on-wafer
characterization, wide-band measurements.

I. INTRODUCTION

COMMERCIAL exploitation of millimeter waves is
currently becoming a reality with increasing intent. The

main driving force has been the development in manufacturing
monolithic integrated circuits, which can currently be produced
up to approximately 220 GHz. Examples of commercial mil-
limeter-wave applications are automotive collision-avoidance
radars, radio links, and local area networks. Scientific mil-
limeter-wave research is mainly related to radio astronomy and
cosmology. Millimeter waves are also very attractive to be used
in imaging systems for surveillance and contraband detection.
Funding for this kind of application is coming from military and
law enforcement agencies. Many applications mentioned above
rely on the use of low-noise amplifiers (LNA). It is desirable to
model noise behavior properly as early as possible during the
LNA design process to avoid expensive and time-consuming
iterations. The noise properties of LNAs are usually calculated
during the design process using noise parameters of transistors.

In contrast to the microwave region, noise parameters of tran-
sistors at millimeter waves are usually not given by the man-
ufacturer or they have been extrapolated from measurements
made in the microwave region using device dependent noise
models. These models themselves are commonly developed at
microwave frequencies and applying them in a millimeter-wave
region is risky. Thus, on-wafer noise parameter measurements
at millimeter-wave frequencies are needed to characterize de-
vices and to develop and verify device dependent noise models.

Thus far, wide-band on-wafer noise parameter measurements
have been carried out up to 40 GHz [1]. At 50–75 GHz, measure-
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ments covering part of the band and using a manual input tuner
have been reported [2]–[4]. A partial report about the measure-
ment system described here has been presented in [5]. Above
75 GHz, results on single frequency and for a passive device
have been presented [6]. Wide-band measurements are neces-
sary in order to detect systematic errors that may not be detected
in measurements over a narrow frequency band, even if the mea-
surement system seems to work properly otherwise. Using the
measurement system described here, noise parameters of a chip
device can be measured over the entire 50–75-GHz range in an
automated manner.

II. NOISE PARAMETERS

Noise parameters are not directly measurable quantities,
which are determined indirectly by measuring the noise figure
of a linear two-port with different source impedances connected
to the device-under-test (DUT). The noise figure of a linear
two-port varies as a function of the source reflection coefficient,
as given by the commonly known equation [7]

(1)

where is the minimum noise figure of the two-port, is
the normalized noise resistance, is the optimum reflection
coefficient, with which the minimum noise figure is achieved,
and is a reflection coefficient of a network connected to the
input of the two-port. Parameters , , and are called
noise parameters. Since is a complex quantity, at least four
noise-figure measurements using different source reflection co-
efficients have to be made in order to solve the noise param-
eters of the DUT. To reduce the effect of measurement errors,
more than four measurements are often made and noise param-
eters are solved using mathematical fitting routines.

III. MEASUREMENT SETUP

The schematics and photograph of the automated measure-
ment setup built are presented in Figs. 1 and 2, respectively. The
reference planes used in the calibrations are also shown. The
so-called cold-source method [8], [9] was selected to be used.
In the developed setup, an automated noise-figure meter is used
to perform the noise-figure measurements. Since the frequency
range of the noise-figure meter is 10–1500 MHz, a receiver
chain consisting of an LNA, a mixer, and a millimeter-wave
signal generator is used to downconvert the noise power from
millimeter waves to 30 MHz. The LNA is obtained through
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Fig. 1. Noise-parameter measurement setup.

Fig. 2. Photograph of the measurement system.

Planck Surveyor collaboration [10]. A DUT is placed in a probe
station and its source impedance is varied using the automated
tuner. The tuner is a commercially available waveguide tuner
in which the reflection coefficient at the reference plane is
controlled using a moveable probe. The magnitude of the re-
flection coefficient is controlled by changing probe insertion
into the waveguide and the phase of the reflection coefficient
is controlled moving the probe along the waveguide. The probe
motions are automated by stepper motors. The probe’s place-
ment inside the waveguide can be characterized by two coordi-
nates, which are step counts of the stepper motors. Thus, probe’s
placement will be referred to simply as tuner position below.
Due to losses between the tuner and a DUT, the maximum re-
alizable magnitude of a reflection coefficient at the DUT input
is approximately 0.8. A solid-state noise source is connected to
the tuner input. Bias for active devices is fed through internal
bias tees of the probes. A vector network analyzer and wave-
guide switches are added to the measurement system in order
to perform -parameter measurements without a need of recon-

Fig. 3. Functional blocks, notations, and connection types of the measurement
setup.

figuration of the system. In-house written software is used to
control measurement setup.

IV. CALIBRATION AND MEASUREMENT PROCEDURES

From the operational point-of-view, the measurement setup
can be divided into five functional blocks, which are the noise
source, tuner, input probe, DUT, and noise receiver. These
blocks, notation of their parameters, and connection types of
the reference planes are shown in Fig. 3. The reference planes
between different blocks are selected this way in order to make
calibrations and calculations easier. Required measurements
can be divided into three steps. The first two steps are related
to the characterization of the measurement system and can
be omitted if no change in the measurement system has been
made. These three steps are described individually below.

A. -Parameter and Reflection-Coefficient Measurements

In order to perform noise-parameter measurements, -pa-
rameters of the tuner, the input probe, the DUT, and a thru
calibration standard have to be known. -parameters of one
tuner position are needed in receiver calibration calculations
and they are measured while the tuner probe is retracted from
the waveguide and the tuner is essentially a normal waveguide.
This measurement, as well as the -parameter measurements
for the DUT and the thru calibration standard, are done with
a vector network analyzer in a straightforward manner. The
line-reflect–reflect–match (LRRM) calibration [11] is used
for the on-wafer components and waveguide thru-reflect-line
(TRL) calibration [12] is used for the tuner. The calibration
methods mentioned above were selected because they provided
the best accuracy with existed calibration standards. Since the
input probe is a noninsertable network, its -parameters cannot
be measured directly. Thus, two one-port calibrations are done,
i.e., a waveguide short-offset short-load (SSL) calibration
in reference plane and a coplanar short-open-load (SOL)
on-wafer calibration in reference plane . -parameters of
the noninsertable network – can be calculated from the
network analyzers’ error correction coefficients obtained in
these calibrations [13], [14].

The -parameters of the thru standard, which are used in the
calculations, are determined in the following manner. First, an
LRRM calibration is done with a set of the calibration standards.

-parameters of a thru from a different set of calibration stan-
dards are then measured. These -parameters are then used in
the noise-parameter calculations. Usually, the magnitude of the

is approximately 0.99 over the entire -band.



KANTANEN et al.: WIDE-BAND ON-WAFER NOISE PARAMETER MEASUREMENT SYSTEM AT 50–75 GHz 1491

Fig. 4. Measured source reflection coefficients (� ) at 57 GHz during
tuner characterization.

The reflection coefficient measurements include reflection
coefficients of the cold noise source and the receiver

, as well as source reflection coefficient
measurements with different tuner positions. The latter two
operations cannot be performed directly because the port to
be measured is the coplanar probe tip in both cases. Thus,
the thru calibration standard is used. Instead of measuring the
reflection coefficient of the receiver at reference plane , the
reflection coefficient of a cascade of the thru and the receiver is
measured at reference plane . The reflection coefficient of the
receiver can then be calculated from the measured value when

-parameters of the thru are known. A similar procedure is
used when source reflection coefficients at the DUT input plane
are measured using different tuner positions. During these
measurements, the entire input network (noise source, tuner,
and input probe) is assembled and the reflection coefficient
is measured for a great number of tuner positions to allow
device specific selection during the later measurements. As
an example, measured source reflection coefficient values at
57 GHz are shown in Fig. 4. Measurement of is a simple
waveguide operation.

The accurate characterization of these passive networks is a
very important issue in noise-parameter measurements. The at-
tenuation between the noise source and receiver decreases hot
noise temperature at the receiver input and inaccuracies in the
source reflection-coefficient measurements directly affects the
noise parameter extraction accuracy. Thus, few unidealities and
assumptions in calibration methods that degrade the accuracy
of passive network characterization are outlined here [15], [16].
With waveguides, the two-port TRL and one-port SSL calibra-
tions are considered to be very accurate with manufacturer pro-
vided standard definitions. The on-wafer coplanar SOL calibra-
tion is the most sensible for standard definition errors because
all calibration standards used have to be fully characterized.
With LRRM calibration, only the line standard needs to be fully
known, reflect standards need not to be equal, and a load induc-
tance present in the coplanar load is calculated during the cali-

bration. Standard definitions for SOL standards and the LRRM
line were provided by the calibration substrate manufacturer and
their effects are taken into account in the calibration software
used for the on-wafer calibrations. The differences between the
actual standard used in the calibration and the standard defini-
tions are the main source for inaccuracies in the calibrations.
These differences can occur, for example, from wearing of the
standards and probes, as well as from inaccurate probe place-
ment. Thus, there will always be residual errors in measured

-parameters.

B. Noise Receiver Calibration

To carefully characterize the noise contribution of the re-
ceiver, its -factor and noise parameters have to be known.
The -factor is a constant on each frequency and it includes
the Boltzmann’s constant , the noise bandwidth of the mea-
surement system , and the transducer gain of the receiver
for a 50- source. During these measurements, the thru cali-
bration standard is placed in the probe station. A more detailed
description about the measurement procedure can be found in
[9]. Only the most important formulas are repeated here. The

-factor of the receiver is determined performing one noise
power measurement with a hot and a cold noise source, respec-
tively. The -factor is calculated with the following:

(2)

where and are noise powers measured with a hot and
a cold noise source, respectively, is the noise temperature
of the hot noise source calculated from the excess noise ratio
(ENR) and transformed into receiver input plane, is the
physical temperature of the measurement system, is the
source reflection coefficient of the input network at the receiver
input reference plane (the reference plane ), is the
reflection coefficient of the receiver, and are overall

-parameters of the cascaded tuner, probe, and thru.
The noise parameters of the receiver are determined by mea-

suring noise powers of the cold noise source using at least four
different tuner positions. The noise figure is obtained using

(3)

where is the measured noise power for the th source
reflection coefficient , is the standard temperature
290 K, and is the physical temperature of the measurement
system. Using obtained noise-figure–source reflection-coef-
ficient pairs, noise parameters are calculated using the noise
parameter extraction technique described in [17] with similar
modifications as suggested in [18]. In brief, exact solutions of
four pair subsets are calculated at first. Errors
between values calculated using this solution and measured
values are then derived. After all possible four pair subsets are
investigated, solutions with which the error remained within
predetermined boundaries are averaged to produce the final
noise parameters. In these measurements, 20% of error was
allowed for each value.
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C. Noise-Parameter Measurements of the DUT

After the calibrations, the DUT is placed in the probe station.
During this phase, only the cold noise source is used with dif-
ferent tuner positions. The total noise figure of the cascade of
the DUT and receiver can be calculated using

(4)

where is the measured noise power for the th source re-
flection coefficient and is the reflection co-
efficient of the network connected to the input of the receiver.
With well-known Friis formula [19] for cascaded two-port, the
DUT’s noise figure can be calculated using

(5)

where is the noise factor of the receiver calculated from
the receiver’s noise parameters for each source reflection coef-
ficient and is the available gain of the DUT. Noise pa-
rameters of the DUT are determined using the same extraction
procedure as with the receivers noise parameters.

V. MEASUREMENT RESULTS

The operation of the measurement system was verified by
measuring noise parameters of both passive and active on-wafer
devices. Nine different source reflection-coefficient values
were used during these measurements. The reflection-coeffi-
cient values used were distributed uniformly over the Smith
chart. Minimum noise figure and normalized noise resistance
of the receiver are shown in Figs. 5 and 6. The optimum
source reflection coefficient was close to zero. The minimum
noise figure shows uniform operation of the receiver over the
entire 50–75-GHz band. With normalized noise resistance
curve, there is a step in the curve after 66 GHz. Although
the step remained in the results also after recalibration, this is
suspected to be a fault. For a passive device, noise parameters
can be calculated from measured -parameters [20]–[22].
Comparison between the noise parameters determined using
the developed measurement system and the values calculated
from -parameter measurements for passive device are shown
in Figs. 7 and 8. The passive test item was nominally 40-
resistor connected in series between the probes. The resistor
was measured from an old test wafer, where component
characteristics differed from nominal values significantly. The
resistor was selected because its -parameters indicated a wide
range for minimum noise figure. A good agreement between
the measured and calculated data can be seen. There are only
two significant deviations from calculated values in Fig. 8
at 73 and 74 GHz. Single origin for these errors can not be
pointed out. Typical results obtained for an indium phosphide
(InP) high electron-mobility transistor (HEMT) are shown in
Figs. 9–12. Gate length and gatewidth of the HEMT device are
0.18 m and 2 40 m, respectively, and it was manufactured
by DaimlerChrysler, Ulm, Germany. Drain voltage of 1.0 V and

Fig. 5. Minimum noise figure of the receiver.

Fig. 6. Normalized noise resistance of the receiver.

Fig. 7. Comparison of minimum noise figure between values measured using
a wide-band measurement system and the value calculated from measured
S-parameters for the passive on-wafer device.

drain current of 10 mA were used in the measurements. Values
above 65 GHz have excess errors due to difficulties in the noise
receiver calibration. Clear errors can be seen at the 66–68-GHz
band, where the values of the minimum noise figure and noise
resistance differ noticeably from the trend of preceding values.
Similar behavior was seen on the normalized noise resistance
of the receiver. The effect of the receiver noise resistance is
greater with the HEMT device than with the resistor because
receiver source reflection coefficient is further away from the
center of the Smith chart with the HEMT device. Thus, the
effect of some terms in (1) increases. These kinds of errors
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Fig. 8. Comparison of normalized noise resistance between values measured
using a wide-band measurement system and the value calculated from measured
S-parameters for the passive on-wafer device.

Fig. 9. Minimum noise figure measured for the InP HEMT device.

Fig. 10. Normalized noise resistance measured for the InP HEMT device.

can be clearly seen from the wide-band data, but may remain
undiscovered when single-frequency measurements are done.

VI. ERROR ANALYSIS

Almost 40 measured quantities affect the final values of the
noise parameters. These include -parameters, reflection co-
efficients, power measurements, ENR calibration of the noise
source, and room temperature. To get an estimation of measure-
ment accuracy, a Monte Carlo analysis [23] was carried out. In
the analysis, random errors are added to the initial measured
values and the noise parameters are calculated, e.g., 1000 times.

Fig. 11. Magnitude of optimum source reflection coefficient measured for the
InP HEMT device.

Fig. 12. Phase of optimum source reflection coefficient measured for the InP
HEMT device.

TABLE I
UNCERTAINTIES FOR MEASURED PARAMETERS

Statistical analysis is then performed to the obtained noise-pa-
rameter sets. To get values for random error distributions, uncer-
tainties were divided into A- and B-type uncertainties, as sug-
gested in [24]. A-type uncertainties are determined through sta-
tistical analysis and B-type uncertainties by any other means
(i.e., from literature). Prior work with manual on-wafer mea-
surement system provided most of the information [25]. Uncer-
tainties used in the error analysis are listed in Table I. Rect-
angular distribution was used for -parameter, reflection co-
efficient, and power measurement errors. Triangular distribu-
tion was used for ambient temperature. Deviations of the min-
imum noise figure and the optimum source reflection coeffi-
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Fig. 13. Deviation of the minimum noise figure obtained in the Monte Carlo
analysis with 1000 runs at 57 GHz.

Fig. 14. Scattering of the optimum source reflection coefficient obtained in
the Monte Carlo analysis with 1000 runs at 57 GHz.

TABLE II
MEASURED NOISE PARAMETERS AND CORRESPONDING CONFIDENCE

BOUNDARIES FOR THE HEMT DEVICE AT 57 GHz

cient are presented in Figs. 13 and 14. -parameters of the DUT
and source reflection-coefficient measurement were
found to be the main sources of errors. Confidence boundaries
depend heavily on the test device. For example, the noise pa-
raboloid defined by (1) for an HEMT device has a very flat
bottom due to a low value of . Thus, even a major displace-
ment of the optimum source reflection coefficient has only a

little effect on the shape of the noise paraboloid. This leads to
a wide confidence boundary for the optimum reflection coeffi-
cient. As an example, the measured values for the HEMT device
at 57 GHz with the corresponding confidence boundaries are
given in Table II. Obtained boundaries correspond to observed
ripple well when clearly erroneous values are discarded.

VII. CONCLUSIONS

A unique wide-band automated on-wafer noise parameter
measurement setup has been built and its performance has been
demonstrated by measuring noise parameters for both passive
and active on-wafer devices. Wide-band noise-parameter
measurements at millimeter-wave frequencies are important
for accurate interpretation of the measured results. For ex-
ample, if measurements had been made on a single frequency
at 67 GHz, false results would have been obtained due to
problems with the noise receiver calibration. These kinds of
frequency-dependent systematic errors can be revealed only
when wide-band measurements are performed. The wide-band
on-wafer measurement system will also be an important tool
in development and verification of device models, as well as in
device characterization.
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