PUBLICATION P1

On-Wafer Noise-Parameter
Measurements at W-band

In: 1IEEE Transactions on Microwave Theory and Techniques

2003. Vol. 51, No. 6, pp. 1621-1628.
© 2003 IEEE. Reprinted with permission from the publisher.



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 6, JUNE 2003 1621

On-Wafer Noise-Parameter Measurements
at W-Band

Tauno Vaha-HeikkilaStudent Member, IEEBManu Lahdes, Mikko Kantanen, and Jussi Tuovirndember, IEEE

Abstract—A wide-band on-wafer noise-parameter measure- input reflection coefficients. The noise figure of a two-port as a
ment setup has been developed folW-band. The system is based function of source reflection coefficiem; is given by [8]
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 4r T:—T 2

parameters of an InP high electron-mobility transistor have been F=Fon+ n = (1)

measured and results are shown in the 79-94-GHz frequency L= |1y L4 Topt

band. This is the first comprehensive report of noise-parameter

measurements made on active devices & -band. whereFy,;, is the minimum noise figure of the two-po#t, is
Index Terms—High electron-mobility transistor (HEMT), noise t_he norme_ll'_zed n0|s§ resistance, mgt is the optimum reﬂ(?c—

measurement, noise parameter, on-wafer characterization. tion coefficient. Variabled' i, 7, andl'yp,; are called noise

parameters. The noise parameters are obtained by fitting the
above equation with the measured data.
|. INTRODUCTION
EVERAL current and planned space missions for earth
bservation and astronomy applications require very
low-noise receivers &’ -band (75-110 GHz). A key compo- The measurement system is shown schematically in Fig. 1,
nent in this kind of low-noise receiver is a low-noise amplifieand the photograph of the measurement setup is shown in Fig. 2,
(LNA). The design of LNAs is greatly dependent on theespectively. The measurement setup is based on the cold-source
availability of good noise models for devices used in the LNAsnethod [9], [10]. The improved technique, described in [2], is
Therefore, to design an optimum amplifier both noise angsed. Thistechnique corrects the effects of reflection-coefficient
scattering §)-parameters are needed. The noise parametetgnges between the cold and hot states of the noise source and
cannot be measured directly. The determination of the noiskes into account the losses of the passive network between the
parameters involves scattering parameter and noise-figi¥dT and noise receiver.
measurements and data processing. T™earameters of The DUT is connected to the measurement system using
a two-port can be measured using a standard commergiaveguide probes. By including two waveguide switches, both
vector network analyzer (VNA). However, the noise-parametapise andS-parameter measurements can be done without
measurements are very challenging. Commercial measurentaeiaking any connections. These are commercial switches with
systems are available only up to 40 GHz. A good descriptidess than 1-dB loss, more than 60-dB isolation between ports,
of measurements below 40 GHz is given in [1]. Measureghd repeatability better than 0.05 &f-band. Only a simple
W-band noise parameters have been presented earlier onlyuiocalibrated one-port impedance tuner is needed in the input
passive devices and at a single frequency [5], [6]. We hasile of the DUT. This is possible due to switch 1. The one-port
recently been working with noise-parameter measurementduater consists of an adjustable waveguide short and attenuator.
V- and W-bands. Oui/-band (50-75 GHz) noise-parameteSystem characterization and tlfeparameter measurements
measurement setup and results were reported in [2]-[4] and tighe DUT are done using the HP8510C VNA. The VNA is
first results with an active device &-band were published also needed during noise measurements of the DUT to measure
in [7]. This paper presents a full report on the measuremehge reflection coefficient of the impedance tuner. The noise
system that allows simultaneous on-wafer noise and scattergayirce is used here only during the calibration of the noise
parameter measurementsidtband. receiver. The noise-receiver calibration can also be done during
To determine the noise parameters, the noise figure of a dizrg measurement sessions without breaking any connections
vice-under-test (DUT) is measured with different values of thdue 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

Manuscript received January 4, 2002; revised November 19, 2002. This WgHe noise power fronW-band to the measurement region of
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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 Ill. M EASUREMENTS

automatic data acquisition and complex calculations possible. Measurements can be divided into the following three parts:
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Fig. 4. Measurement setup for the characterization of the passive netwo
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VNA
PORT 2
1) system characterization; Fig. 5. Measurement setup for the noise-receiver calibration.

2) noise-receiver calibration;

3) noise measurements of the DUT. error coefficients. The passive network D—E and reflection coef-

ficients are also measured with the VNA. Measured attenuation
of the passive network A—B was from 1.6 to 1.8 dB and attenu-
A. System Characterization ation of the passive network C—E was between 0.8-1.4 dB. At-
The system characterization is done using the VNA. {enuation of passive network A-B limits impedance range of the
Consists Of thes’_parameter measurements of the passi\.y@pedance tuner. The maximum amplitude Of aChieVabIe source
networks A—B, C—E, and D—E and the reflection-coefficierféflection coefficient’; is approximately 0.72 at 90 GHz at ref-
measurements of the noise receiVer, and the noise source erence plane B.
I'c, T'y (both cold and hot states). The meanings of these ) ) ) )
reference planes and reflection coefficients are shown in Fig.B3. Noise-Receiver Calibration
The passive networks A—B and C—E cannot be measured diThe noise-receiver calibration includes a determination of the
rectly with the VNA because they are noninsertable. To chardeBG factor and the noise figure of the noise receiver. The noise
terize these networks, the VNA is first calibrated to the referenseurce is connected to the noise receiver by switch 2. The noise
planes A and E using a one-port waveguide calibration. The cguewer of the noise source is measured in the cold and hot states.
figuration is shown in Fig. 4. An on-wafer two-port LRRM cali-This is done at all frequencies with the setup shown in Fig. 5.
bration [12] is then done to reference planes B and C.94pa- This figure also shows the notations of the reference planes D
rameters of these networks are calculated from the two setsaofl E and reflection coefficients.
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127 C. Noise Measurements of the DUT
1 ] After system characterization and noise-receiver calibration,
] the noise measurements of the DUT are carried out. The VNA
10l is calibrated to the reference planes B and C using the line—re-
. ] flect—reflect—match (LRRM) on-wafer calibration. The DUT is
% 9ot then placed between the probes and set to the operating point
£ ] of interest. TheS-parameters of the DUT are measured. Noise-
8t figure measurements are done in two steps. The first step is to
] measure the reflection coefficient of the impedance tlpgr..
T using the VNA, and the second step is to measure the corre-
] sponding noise power of the entire system. The VNA port 1
675 o 8‘0 T 8’5 o 9‘0 T is switched to the tuner. The tuner is set and its reflection co-

efficient 't uner IS measured. The tuner is then switched to the
DUT and the corresponding noise poweris measured with
the noise receiver. These steps are done for every selected value
The noise powers delivered to the noise receiver in the cq 5the tuner and as a_funct|on of the frequency. Sincest-
rameters of the passive network A—B are known, the source re-
and hot states are calculated from ; - : .
flection coefficientI’; can be calculated. It is then possible to
Pc =kBGTceg (2) calculate the noise figure of the entire system as a function of

Py =kBGTieg ©) the source reflection coefficiemt; [2]

Freq (GHz)
Fig. 6. Measured noise figure of the noise receiver.

Pi|1 = Siipurli* |1 = Taleer|* [1 = S11celaf

wherelc. and Ty are the effective noise temperatures oj;t =
ot =

the cold and hot states. Effective noise temperatures can be ex-" TykBG |Saipur|” (1 - |Ti|2> |So1cml?
pressed in the form T
241 (11
Tcet =[TcGac + (1 — Gac) Ta] - Mc (4) To
Ther = [TuGan + (1 — Gan) To] - Mu (5)  whereSiipur and Se1pyr are theS-parameters of the DUT

whereT, is the ambient temperaturéc and Ty are the cold @ndSi1ce andSzicr are theS-parameters of the passive net-

and hot noise temperatures of the noise sodige,andG,; are  WOTk between reference planes C and E, respectively.

the available gains of the passive network between the referencé € noise figure of the DUT as a function of the source reflec-
planes D and E in the cold and hot states, afd and My are tion coefficientFpyr(T';) is calculated using the Friis formula
the mismatch factors of the cold and hot states [13] [14]

(1 - |FsC,sH|2> (1 - |Frcv|2) FDUT (rz) = Ftot - FTCV (FZ) GaCE (12)
Mcu (Lscsn) = 5 . (6) GapurGack
1= Ticanlley| whereG,pyr andG ¢k are the available gain of the DUT and
The kBG factor is network between reference planes C anflg, (T';) is the noise
Pam — Pcm figure of the noise receiver that is dependent of source reflection
kBG = ————— @) - ‘
Theft — Tcoft coefficientT’;
where Py, and Py, are the measured noise powers in the hot 11— Fmrs|2
and cold states. Frey(T'i) = Frev - W (13)
When a noise diode is used as a noise source,faea T, ®
and (4) reduces to wherel’; is the reflection coefficient seen by the noise receiver.
After solving Fpyt andT’; data pairs, noise parameters can be
Tcet = TaMc. (8) extracted with mathematical fitting methods.
The noise factor of the noise receivér.,, which is independent IV. RESULTS
of the source reflection coefficiett;, can be expressed in the
form As an example of¥/-band noise-parameter measurements, a
DaimlerChrysler InP high electron-mobility transistor (HEMT)
Fiev = Tert = ¥ - Teett +1 (9) was measured. It has 0.18n gate length and 2 40 ym
To(Y - 1) gatewidth. During the measurements, the HEMT was set to the

operating point with a drain voltagé;; = 1.0 V and a drain

whereTy is the standard temperature, and ¥heoefficient is )
current/ys = 10 mA. The noise parameters of the HEMT are

Y = PHm_ (10) shownin Figs. 7-10. To show repeatability, three different mea-
Pom surements are presentetl/ {—-M3 in Figs. 7-10). The noise
The measured noise figure of the noise receiver is presenpadameters are extracted from measurement data using Lane’s
as a function of frequency in Fig. 6. method [15]. Five different source impedances were used. One
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Fig. 11. Source reflection coefficienfs 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 ANDERRORANALYSIS

Sensitivity and linearity of the noise receiver are important in
noise-parameter measurements. The noise p&vas a func-
tion of frequency is shown in Fig. 12. The source reflection co-
efficientT’; is the nearest value of the center of the Smith chart

Fig.9. Magnitude of the optimum reflection coefficients. Measurements we(gee Fig. 11). The noise power is under 400 K below 88 GHz and

carried out three times.

increases rapidly toward higher frequencies reaching 13600 K
at 93 GHz. This is one possible explanation for the peaks in the

was set close to the center of the Smith chart and the othemmalized noise resistance and the phasg.gf. The mea-
were set symmetrically around the center of the Smith chastirement system will be improved by obtainingaband LNA
These are presented in Fig. 11 at 90 GHz. Noise parameter$asfthe noise receiver with lower noise figure, higher gain, and
similar HEMTs were presented in [4] at thé-band.V-band wider bandwidth.

measurements were made on a different device from the samés can be seen from the measurement results, single-fre-
wafer. Peaks are seen in the normalized noise resistance quency measurements are not reliable at théband.

the phase of',; around 89-92 GHz. These are likely due tdVide-band measurements are important for obtaining reliable
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Fig. 12. Noise poweP; as a function of frequency. The corresponding source l
reflection coefficient”; is the point closest to the center of the Smith chart.
STORING OF THE NOISE
PARAMETERS
results. All steps are critical in the noise-parameter measure-
ments with characterization of the passive networks A-B and l
C-E needing careful attention. These include both waveguide
and on-wafer calibrations. If system characterization is not done
STATISTICAL

carefully, large systematic errors may remain undiscovered. ANALYSIS

These errors are usually caused by reflections in the setup,

Whl(_:h are difficult to call_brate out. . Fig. 13. Graphical presentation of Monte Carlo analysis used to analyze
Since there are no active on-wafer noise-parameter standamggenaimies of the noise parameters.

which could be used directly to determine the uncertainty of the

measurement system, the uncertainties have to be determined TABLE |

indirectly. The task is quite complex since the noise-param- UNCERTAINTIES FORMEASURED PARAMETERS

eter measurements involve a large number of variables and nu-

Measured parameter Uncertainty  Type

merous different measurement steps and calibrations. Approxi- T, T, [w e 0.005 B
mately 40 measured variables are used to calculate the noise pa- Sii_am Sii_ce 0.036 A,B
rameters. Measurements consisbgbarameters and reflection S22.am: S22_cr 0.036 AB
coefficients (both magnitudes and phases), noise power mea-  S12-av. Saam S12ceXS21_ce 0.0013 AB
surements, and the excess noise ratio (ENR) calibration of the 21;2? :z‘;’; gggz g
noise source. S”:D“J’T e 0.036 A

A partial derivative method is usually used in uncertainty S12_pum Sar_put 0.05 A
analysis, but when the number of variables is large or variables Sy pur 0.024 A
have complicated functional relations, it becomes impractical =~ ENR [dB] 0.1 B
[16]. Instead, a statistical Monte Carlo method is applied in the g“’[lzf’ PilK] i‘m 2
analysis of the uncertainties of noise parameters [17]. In the .
Monte Carlo method, a large set of noise parameters are created TABLE I

by adding random fluctuations to the measured data. When the
number of conducted runs is large (thousands), results can be

RESULTS OFMONTE CARLO SIMULATIONS AT 90 GHz

studied statistically. Graphical presentation of the Monte Carlo Parameter Mean 20
method is shown in Fig. 13. Uncertainties with random distri- F in [dB] 2.8 £0.7
bution are added to measured values, and noise parameters are n 03 $0.09
calculated. This is repeated many times and the new calculated | Ton | 0.46 +0.09
noise parameters are stored after every run. Having many sets Qom 139 10

of noise parameters, results can be analyzed statistically.

Monte Carlo simulations were done at a single frequency. Ucarried out forV -band cold-source noise-parameter setup. For
certainties, presented in Table I, were used for each measuttegluncertainties of -parameters, the magnitude is determined
variable, and noise parameters were calculated. Uncertaintisgng a rectangular distribution and corresponding angle using
are divided in classes A and B [18]. The evaluation of type-A uniform distribution from-180 to 180. Calculated Monte
uncertainty was done by statistical method and type B was ev@harlo simulation results for measurement 2 at 90 GHz are pre-
uated by other means, e.g., using approximation or manufaented in Table Il. The mean of each noise parameterzand
turer’s specifications. Evaluation of uncertainty values of me&5.5% confidence level) of 10 000 simulation runs are shown
sured values is based mostly on [17], where similar work wasthis table.
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VI. CONCLUSION [13]
. #]4]
A W-band on-wafer noise-parameter measurement syste
has been designed and built. For the first time, to the author'g5]
knowledge, wide-band results for th&-band on-wafer noise (16]
parameters of an active device have been reported. The noise
parameters of an InP HEMT (DaimlerChryslex 20 ,m) were
measured using the cold-source method. Measurement resufté]
were presented between the 79-94-GHz frequency band.
(18]
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