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On-Wafer Noise-Parameter M easurements
a W -Band

Tauno Vaha-Heikkila, Sudent Member, |EEE, Manu Lahdes, Mikko Kantanen, and Jussi Tuovinen, Member, |EEE

Abstract—A wide-band on-wafer noise-parameter measure-
ment setup has been developed for W-band. The system is based
on a cold-source method and uses a simple manual impedance
tuner. In addition to noise parameters, S-parameters can be
measured with the same setup. Using the developed system, noise
parameters of an InP high electron-mobility transistor have been
measured and results are shown in the 79-94-GHz frequency
band. This is the first comprehensive report of noise-parameter
measurements made on active devices at W-band.

Index Terms—High electron-mobility transistor (HEMT), noise
measurement, noise parameter, on-wafer characterization.

|I. INTRODUCTION

EVERAL current and planned space missions for earth
bservation and astronomy applications require very
low-noise receivers at W-band (75-110 GHz). A key compo-
nent in this kind of low-noise receiver is a low-noise amplifier
(LNA). The design of LNAs is greatly dependent on the
availability of good noise models for devices used in the LNAS.
Therefore, to design an optimum amplifier both noise and
scattering (S)-parameters are needed. The noise parameters
cannot be measured directly. The determination of the noise
parameters involves scattering parameter and noise-figure
measurements and data processing. The S-parameters of
a two-port can be measured using a standard commercial
vector network analyzer (VNA). However, the noise-parameter
measurements are very challenging. Commercial measurement
systems are available only up to 40 GHz. A good description
of measurements below 40 GHz is given in [1]. Measured
W -band noise parameters have been presented earlier only for
passive devices and at a single frequency [5], [6]. We have
recently been working with noise-parameter measurements at
V- and W-bands. Our V-band (50-75 GHZz) noise-parameter
measurement setup and results were reported in [2]—-{4] and the
first results with an active device at W-band were published
in [7]. This paper presents a full report on the measurement
system that allows simultaneous on-wafer noise and scattering
parameter measurements at W -band.
To determine the noise parameters, the noise figure of a de-
vice-under-test (DUT) is measured with different values of the

Manuscript received January 4, 2002; revised November 19, 2002. Thiswork
was supported by the European Space Agency/European Space Research and
Technology Centre under Contract 1655/95/NL/MV and by the Graduate School
in Electronics, Telecommunications, and Automation.

The authors are with Millimeter Wave Laboratory of Finland-Millilab, VTT
TECHNICAL RESEARCH CENTRE OF FINLAND, Espoo, FIN-02044 VTT,
Finland (e-mail: tauno.vaha-heikkila@vtt.fi; mikko.kantanen@vtt.fi).

Digital Object Identifier 10.1109/TMTT.2003.812554

input reflection coefficients. The noise figure of atwo-port asa
function of source reflection coefficient I'; is given by [8]

2
4r,,

1|0y

Fi - Fopt

= -Fmin +
1 + Fopt

D

where Fi,,in 1S the minimum noise figure of the two-port, r,, is
the normalized noiseresistance, and I, isthe optimum reflec-
tion coefficient. Variables Fiiy, 7, and I'yp,;, are called noise
parameters. The noise parameters are obtained by fitting the
above equation with the measured data.

Il. MEASUREMENT SETUP

The measurement system is shown schematically in Fig. 1,
and the photograph of the measurement setup isshowninFig. 2,
respectively. The measurement setup isbased on the col d-source
method [9], [10]. The improved technique, described in [2], is
used. Thistechnique correctsthe effects of reflection-coefficient
changes between the cold and hot states of the noise source and
takesinto account the losses of the passive network between the
DUT and noise receiver.

The DUT is connected to the measurement system using
waveguide probes. By including two waveguide switches, both
noise and S-parameter measurements can be done without
breaking any connections. These are commercial switcheswith
less than 1-dB loss, more than 60-dB isolation between ports,
and repeatability better than 0.05 at W-band. Only a simple
uncalibrated one-port impedance tuner is needed in the input
side of the DUT. Thisis possible due to switch 1. The one-port
tuner consists of an adjustable waveguide short and attenuator.
System characterization and the S-parameter measurements
of the DUT are done using the HP8510C VNA. The VNA is
al so needed during noise measurements of the DUT to measure
the reflection coefficient of the impedance tuner. The noise
source is used here only during the calibration of the noise
receiver. The noise-receiver calibration can also be done during
long measurement sessions without breaking any connections
due to switch 2. An LNA is used to increase the sensitivity of
the noise receiver. The LNA was obtained through the Planck
surveyor collaboration [11]. The mixer is used to downconvert
the noise power from W-band to the measurement region of
the HP8970A noise-figure meter. The loca oscillator (LO)
chain consists of the HP83650A synthesized sweeper, HP
8349B microwave amplifier, and HP83558A millimeter-wave
source module. All measurement instruments are controlled
using a personal computer (PC) via genera -purpose interface
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Fig. 1. Setup for noise-parameter measurements at 79-94 GHz.

Fig. 2. Photograph of the measurement setup. All waveguide components are on top of a probe station.

bus (GPIB) line. The PC and in-house-made software make I11. MEASUREMENTS

automatic data acquisition and complex calculations possible. M easurements can be divided into the following three parts:
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1) system characterization;
2) noise-receiver calibration;
3) noise measurements of the DUT.

A. System Characterization

The system characterization is done using the VNA. It
consists of the S-parameter measurements of the passive
networks A-B, C-E, and D-E and the reflection-coefficient
measurements of the noise receiver I, and the noise source
I'¢, I'y (both cold and hot states). The meanings of these
reference planes and reflection coefficients are shown in Fig. 3.

The passive networks A—B and C—E cannot be measured di-
rectly with the VNA because they are noninsertable. To charac-
terizethese networks, the VNA isfirst calibrated to thereference
planes A and E using aone-port waveguide calibration. The con-
figurationisshownin Fig. 4. An on-wafer two-port LRRM cali-
bration [12] isthen doneto reference planesB and C. The S-pa-
rameters of these networks are calculated from the two sets of

Fig. 5. Measurement setup for the noise-receiver calibration.

error coefficients. The passive network D—E and reflection coef-
ficients are al so measured with the VNA. Measured attenuation
of the passive network A—B was from 1.6 to 1.8 dB and attenu-
ation of the passive network C—E was between 0.8-1.4 dB. At-
tenuation of passive network A-B limitsimpedance range of the
impedance tuner. The maximum amplitude of achievable source
reflection coefficient I'; is approximately 0.72 at 90 GHz at ref-
erence plane B.

B. Noise-Receiver Calibration

The noise-receiver calibration includes adetermination of the
kB factor and the noise figure of the noise receiver. The noise
source is connected to the noise receiver by switch 2. The noise
power of the noise sourceis measured in the cold and hot states.
Thisis done at al frequencies with the setup shown in Fig. 5.
This figure also shows the notations of the reference planes D
and E and reflection coefficients.
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Fig. 6. Measured noise figure of the noise receiver.

The noise powers delivered to the noise receiver in the cold
and hot states are calculated from

Pc =kBGTcen (2

Py =kBGTyes 3

where T and Ty are the effective noise temperatures of

the cold and hot states. Effective noise temperatures can be ex-

pressed in the form

Teer =[TcGac + (1 — Gao) To] - Mc 4

Thett = [TnGan + (1 — Gan) 7] - Mu (5

where T, is the ambient temperature, 7 and 1Ty are the cold

and hot noisetemperatures of thenoise source, G, and G,z are

the available gains of the passive network between the reference

planes D and E in the cold and hot states, and M and My are
the mismatch factors of the cold and hot states [13]

(1 - [FSC,SHIQ) (1 - [Frcv[2)
MC,H (FSC,SH) = [1 T T [2 . (6)
— 1sC,sHL rev

The kBG factor is

PHIn - PCIn
 — (7)
THesr — Tcen

where Py, and Pcy, are the measured noise powers in the hot
and cold states.

When anoise diode is used as a noise source, then T = 7,
and (4) reduces to

kBG =

Toegr = TaMc. (8)

The noisefactor of the noisereceiver ..., whichisindependent
of the source reflection coefficient I';, can be expressed in the
form

Then — Y - Tcen

FI‘CV =
To(Y - 1)

+1 ©)

where 7} isthe standard temperature, and the Y coefficient is
_ PHm
PCm ’

The measured noise figure of the noise receiver is presented
as a function of frequency in Fig. 6.

(10)
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C. Noise Measurements of the DUT

After system characterization and noise-receiver calibration,
the noise measurements of the DUT are carried out. The VNA
is calibrated to the reference planes B and C using the line—re-
flect—reflect—match (LRRM) on-wafer calibration. The DUT is
then placed between the probes and set to the operating point
of interest. The S-parameters of the DUT are measured. Noise-
figure measurements are done in two steps. The first step is to
measure the reflection coefficient of theimpedancetuner I'y .
using the VNA, and the second step is to measure the corre-
sponding noise power of the entire system. The VNA port 1
is switched to the tuner. The tuner is set and its reflection co-
efficient [';,mer 1S Mmeasured. The tuner is then switched to the
DUT and the corresponding noise power P; is measured with
the noise receiver. These steps are done for every selected value
of the tuner and as a function of the frequency. Since the S-pa-
rameters of the passive network A-B are known, the source re-
flection coefficient I'; can be calculated. It is then possible to
calculate the noise figure of the entire system as a function of
the source reflection coefficient I'; [2]

P11 = Sypurlil* |1 = Toleey)? 11 = Siicrlaf

TokBG |Saipur|’ (1 — [Fi[2> |Sa1cn|?

T
——+1 (11
D+l

Ftot,i =

where S1ipuTr and Seipyr are the S-parameters of the DUT
and S;1cg and S>;1cg are the S-parameters of the passive net-
work between reference planes C and E, respectively.

Thenoisefigure of the DUT asafunction of the sourcereflec-
tion coefficient Fpyr(I';) is calculated using the Friis formula
[14]

Frcv (Fz) -
GaDUTGaCE

Gack

Fpur () = Flot — (12)
where G,puT and G, ¢k arethe available gain of the DUT and
network between reference planesCand E, F,..(1';) isthenoise
figure of the noisereceiver that is dependent of source reflection
coefficient T';

[1 - ]-_‘rcv]-_‘s[2

Frcv Fz :Frcv
() ITE

(13)
where I’ isthe reflection coefficient seen by the noise receiver.
After solving Fpyr and I'; data pairs, noise parameters can be
extracted with mathematical fitting methods.

IV. RESULTS

As an example of W -band noise-parameter measurements, a
DaimlerChrysler InP high electron-mobility transistor (HEMT)
was measured. It has 0.18-um gate length and 2 x 40 um
gatewidth. During the measurements, the HEMT was set to the
operating point with a drain voltage V3 = 1.0 V and adrain
current 7, = 10 mA. The noise parameters of the HEMT are
shown in Figs. 7-10. To show repeatability, three different mea-
surements are presented (M 1-M3 in Figs. 7-10). The noise
parameters are extracted from measurement data using Lane’'s
method [15]. Five different source impedances were used. One
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Fig. 7. Measured minimum noise figure as a function of frequency.
Measurements were carried out three times.

08 ¢+

0.6 1

n

04 +

02 T

R T —
75 80 85 90 95

Freq {GHz)

M1 M2 M3

Fig. 8. Normalized noiseresistance as afunction of frequency. M easurements
were carried out three times.

Magnitude
o <
(=2 [es]
. ;
T L3

o
o
)

+

<

1]
.
1

T S S —
75 80 85 90 95

Freq (GHz)
=M1 -~ M2 ~-M3
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was set close to the center of the Smith chart and the others
were set symmetrically around the center of the Smith chart.
These are presented in Fig. 11 at 90 GHz. Noise parameters of
similar HEMTs were presented in [4] at the V-band. V' -band
measurements were made on a different device from the same
wafer. Peaks are seen in the normalized noise resistance and
the phase of ', around 89-92 GHz. These are likely due to
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Fig. 11. Sourcereflection coefficientsI'; at 90 GHz in measurement 2.

the difficulties in the on-wafer calibrations and the sensitivity
of the noise receiver at these frequencies.

V. DISCUSSION AND ERROR ANALYSIS

Sensitivity and linearity of the noise receiver areimportant in
noi se-parameter measurements. The noise power P; as a func-
tion of frequency is shown in Fig. 12. The source reflection co-
efficient T"; is the nearest value of the center of the Smith chart
(seeFig. 11). The noise power isunder 400 K below 88 GHz and
increases rapidly toward higher frequencies reaching 13600 K
at 93 GHz. Thisis one possible explanation for the peaksin the
normalized noise resistance and the phase of [',,;. The mea-
surement system will beimproved by obtaining a W -band LNA
for the noise receiver with lower noise figure, higher gain, and
wider bandwidth.

As can be seen from the measurement results, single-fre-
quency measurements are not reliable at the W-band.
Wide-band measurements are important for obtaining reliable
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Fig. 12. Noisepower P; asafunction of frequency. The corresponding source
reflection coefficient I'; isthe point closest to the center of the Smith chart.

results. All steps are critical in the noise-parameter measure-
ments with characterization of the passive networks A-B and
C—E needing careful attention. These include both waveguide
and on-wafer calibrations. If system characterizationisnot done
carefully, large systematic errors may remain undiscovered.
These errors are usually caused by reflections in the setup,
which are difficult to calibrate out.

Sincethere are no active on-wafer noise-parameter standards,
which could be used directly to determine the uncertainty of the
measurement system, the uncertainties have to be determined
indirectly. The task is quite complex since the noise-param-
eter measurements involve alarge number of variables and nu-
merous different measurement steps and calibrations. Approxi-
mately 40 measured variables are used to calcul ate the noise pa-
rameters. M easurements consist of S-parameters and reflection
coefficients (both magnitudes and phases), noise power mea-
surements, and the excess noise ratio (ENR) calibration of the
noise source.

A partial derivative method is usually used in uncertainty
analysis, but when the number of variablesislarge or variables
have complicated functional relations, it becomes impractical
[16]. Instead, a statistical Monte Carlo method is applied in the
analysis of the uncertainties of noise parameters [17]. In the
Monte Carlo method, alarge set of noise parameters are created
by adding random fluctuations to the measured data. When the
number of conducted runs is large (thousands), results can be
studied statistically. Graphical presentation of the Monte Carlo
method is shown in Fig. 13. Uncertainties with random distri-
bution are added to measured values, and noise parameters are
calculated. Thisis repeated many times and the new calculated
noise parameters are stored after every run. Having many sets
of noise parameters, results can be analyzed statistically.

Monte Carlo simulationswere done at asinglefrequency. Un-
certainties, presented in Table I, were used for each measured
variable, and noise parameters were calculated. Uncertainties
are divided in classes A and B [18]. The evaluation of type-A
uncertainty was done by statistical method and type B was eval-
uated by other means, e.g., using approximation or manufac-
turer’s specifications. Evaluation of uncertainty values of mea-
sured values is based mostly on [17], where similar work was
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Fig. 13. Graphical presentation of Monte Carlo anaysis used to analyze
uncertainties of the noise parameters.

TABLE |
UNCERTAINTIES FOR MEASURED PARAMETERS
Measured parameter Uncertainty  Type
rtuncr/ T, reve rHr r(: 0.005 B
Sii_am Siic 0.036 A,B
Sy a8 S23_cr 0.036 A B
S12_as, S21_am S12_cs¥Sa1_ce 0.0013 AB
S pes S22 pE 0.005 B
S12 pe Sar_oe 0.006 B
S1_pur 0.036 A
S12_pun Sai_pur 0.05 A
82 pur 0.024 A
ENR [dB] 0.1 B
Py, P Pi[K] 1.01 A
T, [X] 1 A
TABLE I
RESULTS OF MONTE CARLO SIMULATIONS AT 90 GHz

Parameter Mean 26

F oin [dB] 2.8 +0.7

rn 0.3 +0.09

| T | 0.46 +0.09

O opt -139 +10

carried out for V-band cold-source noise-parameter setup. For
the uncertainties of S-parameters, the magnitude is determined
using arectangular distribution and corresponding angle using
a uniform distribution from —180° to 180°. Calculated Monte
Carlo smulation results for measurement 2 at 90 GHz are pre-
sented in Table I1. The mean of each noise parameter and 2o
(95.5% confidence level) of 10000 simulation runs are shown
in this table.
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V1. CONCLUSION

A W-band on-wafer noise-parameter measurement system
has been designed and built. For the first time, to the author’s
knowledge, wide-band results for the W-band on-wafer noise
parameters of an active device have been reported. The noise
parametersof an INPHEMT (DaimlerChrysler 2 x 40 sm) were
measured using the cold-source method. Measurement results
were presented between the 79-94-GHz frequency band.
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