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On-Wafer Measurements of Noise Temperature

J. Randa, Robert L. Billinger, and John L. Rice

Abstract—The NIST Noise Project has developed the theoretical temperature sources were used, but these do not provide a
formalism and experimental methods for performing accurate very demanding test. To produce a known (nonambient) noise
noise-temperature measurements on a wafer. This report sum- temperature on a Wafer, we connected a known coaxial noise

marizes the theoretical formulation and describes the design, ¢ b f be stati d tacted th
methods, and results of tests performed to verify our ability source o one probe of a probe stalion and contacte e

to measure on-wafer noise temperature. Several different con- Probe to a transmission line on the wafer. By measuring and
figurations with known off-wafer noise sources were used to correcting for the probe properties, we can compute the noise
obtain different, known, on-wafer noise temperatures. These were temperature at a reference plane in the on-wafer transmission
then measured, and the results were compared to predictions. |ine e then used the second probe to measure the noise
Good agreement was found, with a worst-case disagreement of -
2.6%. An uncertainty analysis of the measurements resulted temperature at this reference plane and ComPared computed
in an estimated standard uncertainty (15) of 1.1% or less for and measured results. Both hot and cold coaxial sources were
most values of noise temperature. The tests also confirm our used, enabling us to produce and measure on-wafer noise
ability to produce known noise temperatures on a wafer, with temperatures ranging from about 160 K to about 7600 K. The
an uncertainty of about 1%. measurements were performed at frequencies from 7.8 GHz
Index Terms—Noise, noise measurement, noise temperature,to 8.2 GHz.
on-wafer noise, thermal noise. In the next section we present the theoretical background
and a summary of the equations used. Section Ill describes the
experiment and presents the results. Section IV contains the
|. INTRODUCTION uncertainty analysis, and in Section V we discuss the results

GOOD deal of work has been done over the past seve’?larﬂd summarize the work.

years to develop and improve techniques for measure-
ment of noise figure on wafer [1]-[11]. There are methods [l. THEORETICAL BACKGROUND
and even commercial systems for such measurements. There is
always room for improvement and extension of such methods, General Equations

of course, but the more pressing nee(_j.appears to be in th?‘he on-wafer environment introduces several complications
areas of accuracy assessment, traceability, and general qugljty,ise_temperature measurements not present in coaxial

assurance. To address these needs, the National 'nStitUt%rO(Naveguide systems. For the theoretical framework, the
Standards and Technology (NIST) is developing the capabilitycinal complication is the fact that on-wafer transmission

to accurately measure thermal noise on wafer and 10 assg$ss wically have significant losses, due mostly to dielectric
the uncertainties n such mggsgremgnts [12]. This work builfzses™'in the substrate but also to resistive losses in the
on our long-established ability in noise-temperature measufgy, conductor strips. The presence of these losses changes
ments in Wavegwdke and coa?u?l structures [13], [%4'] as Welle form of the various power equations (and consequently
as on recent work on coaxial measurements of low-nOigg ihe mismatch factors and available-power ratios) used in
amplifiers [15]. A necessary first step in the development of @3, ting the noise temperature of a device under test from
on-wafer noise capability is to establish the ability to measufg. measured powers. Therefore, the detailed form of the
noise temperature on wafer and to determine the accuracy, Qfiometer equation must be reexamined and rederived. This
thoshg measurements. h Its of ) ¢ was done in [12], and we shall just summarize the results here.
This paper reports the results of a series of measurementgye gerivation of the radiometer equation and its general
designed to test our ability to measure noise temperature OR8N in terms of noise temperatures, powers, and ratios of
wafer and to estimate the uncertainty in such measuremerbté\wers are much the same as in the lossless case. The basic
The experiment consists of p_roducmg and then measurnng,@asurement configuration for a noise temperature measure-
number of known on-wafer noise temperatures and comparig.,y on wafer is outiined in Fig. 1, with relevant reference

the measured and known values. Several different ambiegiz e |abeled. The radiometer itself also contained an isolator,

so that there were isolators immediately to the left and right
Manuscript received October 22, 1997; revised September 21, 1999. Tﬂ?(splane 0. Available powers will be denoted by a Capﬁhl
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Rad

Fig. 2. Two-port between generator and load. Subscripts refer to reference
plane.

Fig. 1. Basic setup for measurement of on-wafer noise source. be defined in terms of the modal fields [12], [17]. A method
for measuring{ in on-wafer applications has been developed
by Marks and Williams [18], and we shall use that method

indicate the reference plane and the configuration. The deviBethis work.
under test (DUT) will be labeled by. Thusp, .. refers to the ~ The presence in the power equation of the extra term,
delivered power at plane 2 when the DUT is connected. TREoportional totan ¢,, induces corresponding changes in the
power delivered to the radiometer, at plane 0, when the swittaniliar expressions for mismatch factors and ratios of avail-
is connected to the DUT at plane 7, is given by able powers, which enter into the radiometer equation. The
mismatch factor at a reference plane between a saibraad
a loadL takes the form shown in (4) at the bottom of the page,
po,z = Mo zor Py + Mo o[l — ao7]Pa +pe; (1) where the subscript denoting the mode has been dropped since
we assume a single mode at all reference planes considered in

. o L . this work. Referring to Fig. 2 for notation, we can write the
wherep,, is the intrinsic effective input noise power of the g 9

; . : : . . available power ratio between planeand j as
radiometer for this configurationy is the available power P P J
ratio, cor = Po/Pr, and M is the mismatch factor}l, , =

po/Po(x). Similar equations can be written for the cases when b

the switch is connected to the cryogenic standard at plane 3 and* — P,

to the ambient standard at plane 1. Assuming perfect isolators, 1S21]%[1 — |P'g|? — 2Im ¢ tan ¢ cos? ¢;

the th_ree equations can be combined to yield the radiometer — 1 —TaS1P[1 — [Cas|? — 2ImCgs tan (] cos? (;
equation, (5)

Mo so03 Yy — 1

Tx:Ta—i—(TS—Ta)mY ]

(2) where¢; and(; are the phases of the modal impedances at
planesi and j, andI'¢s is the reflection coefficient at plane
4 from the source and two-port to the left of that plane,
whereY, = p./p, andY; = p;/pa.
Equation (2) is a usual form for the radiometer equation S 050 T
. . . 120211 G
for an isolated total-power radiometer. The on-wafer compli- Pgs = Sa2+ T-T.5.
cations arise in the expressions for the mismatch factors and GoH
available power ratios, due to the form of the power equation
for transmission lines with loss. For a transmission line witRy using (4) and (5) and a some algebra [12], we can obtain
appreciable loss, assuming the presence of a single mode affigeeXpression for the ratio gf/’s and «’s appearing in the
power passing a reference plane can be written as [16], [17diometer equation

(6)

Pa = [|aa|2 _ |ba|2 + ZtanCa Im(aab:)] (3) MO,sa03 _ |521(3 - 0)|2 |1 - FJ:F7,7‘|2
M07xa07 |521(7 - 0)|2 |1 - ]._‘5]._‘377w|2
(1—%%)

where ¢, and b, are the travelling-wave amplitudes in the
positive and negative directions at the plane of interest, and
a particular normalization has been chosen. The pljase

a property of the mode:. If the mode has a well-definedwhere we have used the fact thgt ~ 0, since plane 3 is
impedance(, is the phase of thatimpedance. In general, it can a coaxial line with real impedance, and thab(7 — 0) =

7
X o GA P = 2tncyimry]

p 1 — T )?-2tan¢ImIz][1 — [Tl — 2tan ¢ ImIg] cos? ¢ 4
Pavail - |1_FLFG|2

M
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|1 waves also hold for pseudo-waves [12], provided that(tke
Amb o are taken to be the phases of the reference impedances, and
provided that all reflection coefficients arfdiparameters are
Rad those appropriate to the reference impedance(s) chosen.

The price that one pays for the simplifications engendered
by pseudo-waves is that the reflection coefficients and
S-parameters must also be transformed to the reference
impedance chosen. We used the NIST-developed package
MultiCal [19], with a multiline TRL calibration [20] to
' ' ' characterize the probes. One of the features of MultiCal is
T o e e e 5 1T TPSIRARAL it allows one (0 measure pseudo-wave quanties, and
on-wafer line or through. consequently we choose a reference impedance of250

and use the simplified¢ = 0) version of the equations.
(MultiCal also provides for measurement ¢f the phase of
Se2(3 — 0), due to the isolators. Equation (7) differs fromfhe characteris_tic impedance [18].) The form of_the rad_iometer
the traditional (lossless) form by the presence of ¢the? ¢ €duation, (2), is unchanged, but (7) for the ratio of mismatch
andtan ¢ terms. For the (known) sources in our testa ¢ ~ actors and available power ratios becomes
—0.08, and|Im T, | ranges up to about 0.15.. Use of the Iossles}i/[0 o |5§i0)(3 _ 0)|2 - 1“?2)1“??) 2 (1- |ngg) 2)
form of (7) would thus lead to errors ranging up to about SOM ’ = 050) 5 30) 0] 2 G0y 2
in our measurements. 02007 |Gy (7= 0)|" [1 -3, Ty, |7 (1= |07, ])

Equations (2) and (7) can be used to determine the measured (20)
noise temperature on wafer, at plane 7. In our on-wafer tests, e .
we also need to compute the noise temperature at plane 7 frofiFTe the superscript “(50)" indicates that the reflection co-

a known noise temperature at plane 9 for the configuration% icient orS-paramete_r Is with respect to. a Spreference
Fig. 3. This is easily done by using impedance. In computing the on-wafer noise temperature due

to an off-wafer source, (8) remains the same, but (9), for the

Known
Source

| LorTl

8 7

Tr = apgTy + [1 — a1, (8) available power ratio, takes the form
. 50 2 50) |2
0 N 4l i e 4 N
7o 1 -T8P550 (90— 1) [1 = [PED )

1S21(9 = D)P(1 = |Ts[*)

= . If our on-wafer methods and software had measured only
c0s? 7|1 = I851(9 = DL — [T, [* — 2tan (7 Im I'7,] travelling-wave quantities, then it could be more convenient
©) to use (7) as derived, with the measured travelling-wave
In this equation, the subscriptrepresents whatever source igeflection coefficients and-parameters and the measurgd
connected at plane 9.
Ill. EXPERIMENTAL SETUP AND RESULTS
B. Use of Pseudo-Waves

The significant losses in typical on-wafer transmission linds EXperimental Setup
mean that in general it isot a good approximation to take Fig. 1 contains a simple block diagram of the general
the characteristic impedance to be real. Therefore, the ghasexperimental setup for a one-port device on a wafer, with rele-
is nonzero, and we should use the full, cumbersome, genearaht reference planes numbered. The radiometer was switched
forms for the mismatch factors, available power ratios, etbetween the ambient standard noise source (plane 1), the
as derived in the preceding subsection. Simplification is pasenambient standard noise source (plane 3), and the on-wafer
sible, however. Marks and Williams [17] have suggested amUT (plane 7), measuring and recording the delivered power
developed the use of what they call “pseudo-waves,” whidtom each. The nonambient standard was usually the NIST
are linear combinations of the travelling waves, where tleyogenic coaxial (GPC-7) primary standard [21], which was
linear combination depends on the characteristic impedarmmnected at plane 3. For some of the measurements, a previ-
and on a reference impedance of the user's choice. Thissly calibrated, high-temperature check standard was used as
transformation then induces a corresponding transformatitire nonambient standard. This was done when the cryogenic
of reflection coefficients and-parameters at the referencestandard was being used elsewhere in the measurement or
plane(s) affected. The advantage of pseudo-waves is thatven we measured an on-wafer noise diode of very high noise
we choose a real reference impedance (typicallyt§puse temperature.
of pseudo-waves and their associated reflection coefficientdetail of the detection system is shown in Fig. 4. The rf
and S-parameters results in the familiar, lossless-line form fdrequencies that contribute to the output power are in the range
power, |a?|(1 — |I'|?). Consequently, ratios of powers, such ag = f(LO) &5 MHz. The detection unit was designed and
mismatch factors and available power ratios, also revert to theonstructed to bevery stable. Tests indicate that its output
lossless-line forms. The equations derived above for travellingy stable within+0.001 dB/12 h. The other critical feature
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Fig. 4. Detail of radiometer.

of the detection unit is its linearity. The IF subsystem is thetio of mismatch factors and available-power ratios, requiring
potential problem since it must handle the greatest power. Tifie measurement of the various reflection coefficients and
IF subsystem was tested and found to be linear within005 S-parameters. TheS-parameters and reflection coefficients
dB for every 3 dB of detected power up to 17 mW. Our typicab be measured includefly; (3 — 0), S21(7 — 0), I'z, 'z,
measurements were done at IF powers less than 2 mW, and and['s .. The two subscripts on some of the reflection
all measurements were kept well within the linear range. coefficients refer to the reference plane and the direction,
The detection unit was held at a fixed temperature by moumtith » referring to the radiometer directiort-parameters
ing it on a brass plate, through which ambient-temperatuf;;(2—0), S;;(3—0)] from the switch ports through the switch
water was circulated. Water was also circulated through ttee plane 0, between the two isolators, were measured with a
switch assembly, the IF system, and the ambient standardctor network analyzer (VNA). When the reference plane
The temperature of the ambient standard was measured aoecurred at a connector (planes 2, 3, 9, 10), it was taken at the
tinuously with a calibrated thermistor. “Ambient” temperatureenter of the connector, which was GPC-7 in all such cases.
is used to mean the temperature of the ambient standartie radiometer has a port which allows access to plane 0. The
typically about 296.0 K. Room temperature could differ fromeflection coefficient§l's) of the cryogenic standard and the
the “ambient” by as much as 2 K. The temperature of thagh-temperature check standard were also measured with the
circulating water was within 0.1 K of ambient. VNA. For I's .. we usedl's . = S11(3 — 0). The accuracy of
The probe station was modified so that probe 1 remain#ds approximation can be inferred from a compariso'gf,
fixed during the entire experiment. This was done to minimizaghich was measured, i, (7 — 0), which can be constructed
the risk of changes in reflection coefficients asigparameters from the measured (7 — 2) and S(2 — 0). This comparison
to the right of plane 7. The wafer was positioned by movinidicated that the approximation was accurate within 0.07 in
the chuck, which was controlled by a jig built for that purposehe real and imaginary parts &%, (0.1 in the magnitude).
For most of the noise sources we measured, there was littl@On-wafer quantities were measured using MultiCal [19].
worry about on-wafer heating. The one case in which it wan on-wafer multiline TRL calibration [20] was performed.
a concern was for the on-wafer noise diode. In that case, Whe calibration kit consisted of a through, a reflect, and
divided the (multiple-measurement) run into halves and intbree transmission lines of different lengths, all of gold on
thirds and checked for noise temperature change as a funcéoGaAs wafer. It was fabricated by the NIST High-Speed
of time. No significant difference was found, indicating thalicroelectronics Project. In the calibration, the probes were
if the physical temperature of the diode was rising, it was ndefined to extend to the center of the through in the TRL
affecting the noise temperature. calibration standards. The through is 0.50 mm long, and thus
To obtain known on-wafer noise temperatures, the configplane 7 is 0.25 mm from the probe-1 end of the through. Each
ration of Fig. 3 was used, with known off-wafer noise sourcggobe thus includes a short (0.25 mm) section of coplanar
attached at plane 9. In some cases the known source waveguide (CPW), of which about 0.225 mm is between
connected directly to the probe at plane 9. In other casesha probe tip and the reference plane, and 0.025 mm is
flexible cable was used; the cable-probe connection was thehind the probe tip. In principle this length is chosen long
plane 9, and the source-cable connection was called plamugh to assure a single mode at planes 7 and 8. The on-
10. When a cable was used, it was held securely in plasafer calibration provides a measurement%f(7 — 2) and
throughout the measurements, to minimize changes in thg(9—8). It also extends the VNA calibration to the reference
measuredS-parameters. planes 7 and 8 on wafer. The VNA and MultiCal can then be
We used the radiometer equation, (2), to compute tlsed to measure reflection coefficients at plane 7, both of the
noise temperaturé,, of the DUT from the delivered powersradiometerI'; ) and of the DUT(I',,). A number of different
measured by the radiometer. Equation (10) was used for thewafer DUT's were measured (discussed below), and for
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each the reflection coefficient was measured at plane 7. Tystem. It also provides a test of whether outside radiation
S-parametersS;; (7 — 0) between planes 0 and 7 were nowas entering the system. If the resistor and transmission line
measured directly but were obtained by cascading7? — 2) were absorbing (honambient) radiation from the surrounding
and S;;(2 — 0). environment, then the measured noise temperature would
In the course of the VNA and MultiCal measurementgliffer from the room or ambient temperature. Preliminary
a good deal of redundant information was obtained. Waxperiments indicated that a nearby incandescent lamp could
used this information to perform checks on our methods aaffect the measured noise temperature. Such obvious local
measurements. For examplg; .., I's ., and S(7 — 2) were sources were removed, but there were still the fluorescent room
all measured separately, biit; ., must equal the result of lights, emissions from equipment in the room, and various
cascadingS(7 — 2) and I's,.. A number of such checks external sources—the room is shielded, but not very well.
were performed, and agreement was typically within a few In order to properly test our ability to measure noise
percent. The probes were calibrated before and after teenperature on a wafer, we needed nonambient, on-wafer
on-wafer measurements, and the largest differenceSsin noise sources with known noise temperatures. Such sources
for either probe was 0.17%. The averages of several VNRere not available, and so we produced known noise tem-
measurements for the reflection coefficients of the primaperatures on wafer by using known off-wafer noise sources.
standard and check standard were compared to resultsThe configuration is shown in Fig. 3. A check standard with
independent measurements by personnel of the NIST Six-Pknibwn noise temperature was connected to probe 2 at plane 9,
Project at 8.0 GHz. The two agreed with#0.001. A number and probe 2 was then connected to an on-wafer transmission
of other repeatability checks were performed, with simildine at plane 8. The transmission line was one of those in the
results. These checks give us confidence that we are correctljibration kit mentioned in Section IlI-A; both the through
measuring the reflection coefficients afiebarameters. and the longest line (6.565 mm between planes 7 and 8) of the
kit were used. Since the properties of probe 2 were determined
by the on-wafer calibration, and since the properties of the
B. Noise Sources Measured through and the line were known, we were able to use (8)
The purpose of the experiment was to test our ability @nd (11) to calculate the noise temperature at plane 7 on
measure noise temperature on a wafer and to estimate \wafer in terms of the known noise temperature at plane 9. The
uncertainties in such measurements. In addition, we wantelculated value could then be compared to the measurement
to resolve two specific questions which had arisen in pregsult. We also connected an ambient source at plane 9, with
liminary measurements. One was whether any (nonambieboth the line and the through on wafer, and measured the
radiation was entering the system through the open, on-wafesulting noise temperatures at plane 7. The cryogenic primary
transmission line, thereby adding additional power to the linetandard must remain vertical, and therefore it could not be
and corrupting the noise measurements. The other issue wasnected directly to plane 9. It was connected by a flexible
whether flexible cables could be used to connect off-wafeable, with the connection between the cable and standard
sources to one of the probes and thus to a transmissleheled as plane 10. The check standard was also attached at
line on the wafer. Earlier tests had suggested that the caldane 10. For both cases both the through and the line were
could introduce variations as large as about 12% in the noisised on the wafer, and the noise temperature at plane 7 was
temperature measurement, which was considerably larger tisafculated and measured in each case. In measurements with
we were willing to tolerate. the cable, great care was taken to minimize any movement
To address these questions, we measured a number of difflexing of the cable between the time its properties were
ferent noise sources. We began with an off-wafer measuremsrgasured on the VNA and the time of the measurement of
of a high-temperature check standard with a known noifige noise temperatures.
temperature. This provided a check that the new radiometerThe final source was a noise diode bonded to a short section
and the associated computations were functioning propemyf.CPW line on a GaAs wafer, with no attenuating circuit to
The first on-wafer noise source was just a resistor on a Gagantrol the reflection coefficient. The on-wafer configuration
wafer. The leads from the resistor were the same as the CBAshown in Fig. 5. Bias for the diode was supplied through
line used in the on-wafer calibration kit. Reference plane probe 1 from a monitored current source. The section of CPW
at which we measured the noise temperature, was thereftoréhe left of plane 7 is the same as that used in the calibration
a distance 0.25 mm from the end of the CPW (about 0.2&8, and therefore the on-wafer calibration and characterization
mm from the tip of the probe), as discussed near the entiprobe 1 was still applicable. Two problems rendered this
of Section IllI-A. Since the resistor was at the same (roondjode source less than ideal. The lack of an attenuator meant
temperature as the line, the exact location of the refereribat its reflection coefficient was not very well matched to
plane was not especially important in this measurement, ibe line or probe and that it could exhibit rather erratic
in other measurements it is critical. The resistor was Ipehavior as a function of frequency. In addition, there was
equilibrium with its surroundings, at room temperature. Aso independent method of determining the noise temperature
discussed above, room temperature may not have been exaatlyhe diode. We therefore have no way of checking that
“ambient” temperature, but it was close (within about 2 K}he answer we obtained is correct. Nevertheless, the exercise
Measurement of the resistor's noise temperature constitutegravided experience in measuring an unknown source with
(not very demanding) test of the measurement methods aredty high noise temperature. Because the diode is not a linear
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Fig. 5. On-wafer noise diode (shaded circle) bonded to coplanar waveguide. ]
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device, its reflection coefficient may depend on the incident 75 50 5

power. In measuring its noise temperature, we are interested f(GHz)

in its reflection coefficient(I',) for very low power. We _ . N .
. L Fig. 6. On-wafer noise temperature for configuration using on-wafer
measuredl’p for three different values of incident power,oom.temperature resistor (7R).

including the lowest allowed by our VNA. The power levels
from the synthesizer of the VNA were9 dB, —10 dB, and

—11 dB, all relative to 1 mW. The corresponding powersrhe remaining six noise-temperature measurements were a
incident on the diode were roughly 11 dB lower. We found that 9 b

I'p varied little over the range measured, and was unchan %Od test of our entire system and methods. The two using
b 9 ' € cryogenic primary standaf@7'10Cr, 7L10Cr) tested our

within measurement accuracy between the two lowest powers: . .
Consequently, the value at the lowest power should be vaﬁgmty to measure low noise temperatures (about 160 K and
' 0 K) on wafer, and the four using the check standard

for the incident powers encountered in the noise temperatLil'?g-*T9Ck 7L9CK, 7T'10Ck, 7L10CK) tested our ability to mea-

measure_ment. . . . sure high temperatures (about 5000 K to 7600 K). The fact that

To facilitate discussion of the different measurement con- .
. ) . . . we measured the check standard both when it was connected
figurations, we introduce some additional notation. Each co

: . . . ; leectly to probe 2 at plane 9 and when it was connected to the
figuration will be labeled by the plane at which the noise : . .

able at plane 10 enabled us to identify problems introduced
temperature was measured and what was connected at ya

plane. We will use Cr to denote the cryogenic primary stan-? he flexible cable.
dard, Ck for the check standard, for an ambient loadR
for the on-wafer resistorD for the on-wafer noise diode, ©- Results
L for the on-wafer calibration-kit liney” for the on-wafer ~ Measurements were made from 7.8 GHz to 8.2 GHz in
calibration-kit through, and the respective number for eadhicrements of 0.1 GHz. The frequencies were chosen in
reference plane. Thus the measurements of the on-wafer diodger to compare to earlier, preliminary measurements. The
and resistor argD and 7R respectively; the ambient loadfrequency range will be expanded in future tests. The first test
connected at plane 9 with the line on wafer7&9A4; the performed was the direct (off-wafer) measurement of the noise
cryogenic primary standard connected through the cable wtdmperature of the check standard. The results were compared
the through on wafer i§710Cr; etc. to results of previous measurements of the same device using
To summarize, we measured a variety of noise sourcélse present system and to an earlier measurement using the
providing a range of significant tests of our ability to mearaditional NIST radiometer. The agreement was excellent.
sure noise temperature on wafer. The direct measurem&he present result at 8.0 GHz differs from the result on the
of the check standard tested the off-wafer aspects of tbkler system by 4 K, out of 9238 K (0.04%). The two sets
system, including the radiometer, the switch assembly, aofl measurements on the present system differed by at most
a portion of the data-analysis software. The on-wafer noifel5%. We concluded that the radiometer was functioning
diode measuremeii¥ D) allowed us to measure an unknowrproperly for off-wafer measurements and that its repeatability
noise source with very high noise temperature (neafly is very good.
K). It tested whether we could gein answer for such a Rather than present all the on-wafer results in detail, we
device, but we do not know what the correct answer is. Tlsball show some representative results and summarize the
three measurements of ambient loa@d&,(779A4, and7.94) agreement between measured and predicted values. Full results
provided a test of our ability to measure a known noisare contained in [12]. Three room-temperature loads were
temperature, albeit a rather easy one since measuremenmefsured: the on-wafer resistgii?), and the off-wafer room-
an ambient load is insensitive to some common errors. Sirteenperature load measured through both an on-wafer through
the ambient measurements involved three different on-wafgtl’'94) and a line(7L9A). In all three cases, the agreement
configurations, they did provide a very good test of whethéetween the measured noise temperature and the ambient
any (nonambient) outside radiation was getting into the systetemperature was very good. The on-wafer resistor results are
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Fig. 8. On-wafer noise temperature for configuration using cryogenic source, f(GHz)

cable, on-wafer througf77'10Cr).
ok ) Fig. 10. Fractional differences between measured and predicted on-wafer

noise temperatures for nonambient sources.

typical; they are shown in Fig. 6. The fractional difference

between measured and ambient temperatures Fig. 8 shows the results for the cryogenic standard con-
nected through a cable to the probe, with the through on

A — o F(measuredl — T(predicted (12) Wafer (77'10Cx), and Fig. 9 presents the results for the check

T (measure@l+ T(predicted standard connected directly to the probe, with the line on wafer

(7LICk). The predicted results are the noise temperatures at
is plotted in Fig. 7, where the predicted noise temperatupdane 7 calculated from the known noise temperatures of the
is the ambient temperature in this case. The measured naisgogenic or check standard and the measured properties of
temperature is consistently about 0.5% (1.5 K) above tipeobe 2 with the cable or line, as appropriate. Agreement
ambient temperature. As discussed in Section llI-A, evdretween measured and predicted noise temperatures in the
this small discrepancy can be attributed to the fact that tfigures is good, and it is representative of the other nonambient
sources being measured were at “room” rather than “ambiewtinfigurations as well. The comparison of measurement and
temperature, and the two can differ by as much as 2 K. \jgeediction for nonambient, on-wafer noise temperatures is
therefore conclude that our system and methods correctly meammarized in Fig. 10, which plots th® of (12) for each of
sure on-wafer noise temperatures near ambient. Becausethigesix known nonambient temperatures we measured. Most
three ambient loads measured corresponded to three differeinthe points lie in thg A| < 2% range, with a few between
configurations on wafer (resistor, through, line), the fact that0% and 2.6%.
none of the three exhibited signs of external radiation effects isFinally, in Fig. 11, we show the noise temperature measured
a strong indication that such effects are absent in our on-wafer the on-wafer noise diode. As we discussed above, we do
noise measurements. not know the diode’s noise temperature from other informa-
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12 = standard uncertainty in the parameterfor example £,y =
— U'TCry/TCry-
10— .. . The uncertainty in the noise temperature of the cryogenic
_ * * standard contributes to the uncertaintyZin as
08 — ur, (Cry) T, Ts
— = =1 — —||=——— | cry- 13
Q I Tac Tac Ta - TS oy ( )
mg 061 The fractional uncertainty in the GPC-7 cryogenic standard
i - which was used in all the measurements (except of the on-
04 — wafer diode) is about 1% at 8 GHz. This results in an
— uncertainty of roughly 0.35% iff, for 7, much larger than
0.2 — Ty
— The contribution of the uncertainty in the ambient standard
0.0 — T temperature to the uncertainty in the DUT noise temperature
75 8.0 85 is given by
f(GH
otz wr, (Amb) T, — T, | T,
Fig. 11. Measured noise temperature of on-wafer digd®). T = T _T ?gTa' (14)

The uncertainty in the ambient temperaturewis, = 0.1 K,

tion. The measurement indicates that the noise temperaturé){)nga = 0.034%. The type-A uncertalnty_ln the ambient
the diode is very high, approaching® K. In order not to temperature measurement was evaluated in one of the tests.
saturate the radiometer, an attenuator was introduced in frdnyv@s found to be 0.015 K, or 0.005%, and was therefore
of it, between plane 2 and the first isolator. This in turn loweregPSumed negligible in all the measurements. The ambient-
the power from the cryogenic standard unacceptably, and §gPerature contribution tar. is negligible for most values

the previously measured high-temperature check standard Whe=: €xcept nearl;, = T;, where the other uncertainties

used as the nonambient standard in this measurement. ~ Vanish- . )
The uncertainty in the power ratio measurements énd

Y,) was evaluated in [24], where it was found to be negligible.

A similar analysis in the present case result£in< 0.05%,

To assess the significance of the differences between Mggich can be safely neglected. The linearity of the detection
surement and prediction in the preceding section, we negit of the radiometer was discussed in Section Ill-A. The
to estimate the uncertainties in both the measured and Hivers involved in the present measurements are less than
predicted values. We must also consider the correlation beg m. Any error due to radiometer nonlinearity for these
tween possible errors in measurement and prediction. Th&yers is negligible. The uncertainty due to finite (40 dB)
comparison we performed magnifies some potential errors 3ggjation can be evaluated following the calculation in [14],
is insensitive to others. We will flrst_ present an uncertaintyitn appropriate changes for 40 dB isolation rather than the
analysis for our measurements of noise temperature on watg. g assumed there. This leads to an uncertainty’irof
We will then consider uncertainties in the predictions and oyt 0.19% for small values of, and much less for large

the A def_ined by (12). _ values of7},. We neglect this contribution ta;.
The noise temperature of the DUT is calculated from the The final contribution tour, is due to uncertainties

radiometer equation, (2). This form assumes a perfect isolajQr the measurement of the variou§-parameters and
as well as a linear radiometer. Uncertainties fp arise reflection coefficients which appear in the expression for
due to uncertainties in the determination of the quantitieg ...)/(Mo ,aqr), (10). If we useR to denote this ratio of
appearing on the right side of (2) and due to departures frofi.'s. and compute the variation iR due to small variations

perfect isolation and linearity. For the present analysis, W the S-parameters and reflection coefficients, we obtain
will be concerned with the uncertainties arising in a single
g I€ sp_(81SnB-0) | 8Sn(7-0)
+Dr.  (15)

measurement of .. In keeping with the notation of the ISO  “— — 2< +

[22], [23], we will useur, to denote the standard uncertainty R [521(3 — 0)] [521(7 = 0)]
in the measurement d&f,.. The combined standard uncertaintyDr is a rather lengthy expression containing variations in the
is composed of type-A and type-B uncertainties. Type-£eflection coefficients. The largest termiihy- is 2|1",|5|1";|. In
uncertainties are those that are measured and determinedheypresent comparisoffis, | is typically less than 0.1, and this
statistical methods, typically the standard deviation of therm can be neglected){ < 0.2%). For less well matched
mean of several independent measurements of the quantityiditions (such as the bare diode, whitg| ~ 0.5) D can

of interest. Type-B uncertainties are those determined bg significant, and the uncertainty will be somewhat larger
other means, such as estimates of systematic uncertaintiean the present estimate. Neglectibg, we obtain

We shall deal primarily with type-B uncertainties; type-A 5 5
uncertainties arise in measurement of the powers, but enough¥z. (R) ~ 2‘1 1 Y1551 (3-0)] + Us21 (7-0)
samples were taken that these uncertainties are negligible in  # T |V |S21(3—=0)]2 * [Sn(7—-0)]2
the present experiment. We uge to denote the fractional (16)

IV. UNCERTAINTY ANALYSIS
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Fig. 12. Fractional uncertainty (1-sigma) in on-wafer noise-temperature measurements.

The magnitude ofS;1(3 — 0) is determined by a coaxial with the individual components given by (13), (14), and
VNA measurement. From the manufacturer’'s specificationd,7). This result is plotted as a function of the DUT noise
the fractional uncertainty in this measurement is 0.19%. Themperature in Fig. 12. For DUT noise temperatures down
uncertainty in.S(7 — 0) is more complicated since it isto about 150 K, the uncertainty is below about 1.1%. For
formed by cascading (7 — 2) and S(2 — 0). The fractional lower temperatures, the fractional uncertainty increases, but
uncertainty in the magnitude of;(2 — 0) is the same as the standard uncertainty remains below 3.5 K. For comparison,
that for S»1(3 — 0), 0.19%. The uncertainty in the magnitudes typical standard uncertainty for our calibrations of coaxial
of S2(7 — 2) is more problematic. Repeatability of suchoise sources is about 0.6% or 0.7% at this frequency. The
measurements was checked both with the Verify feature @minant component of the uncertaintyzig,.(®), which by

the MultiCal program and by comparing results of repeakelf accounts for an uncertainty of about 1% in the DUT noise
measurements. This led to a type-A uncertainty of 0.2% tBmperature (for largé?,). It is unfortunate that this dominant
the magnitude ofS»1(7 — 2). The type-B uncertainty has component is also the one which is most approximate, due to
two components, one due to the VNA measurements and §i& ignorance of the uncertainty in the on-wafer calibration.
other due to the on-wafer calibration. Using the manufacturegsyy uncertainty estimate is therefore tentative at this time,
specifications for the VNA uncertainty and typical values foéilthough we do have evidence that it is not grossly wrong, as
S»1(7 — 2) and S»1(9 — 8), we obtain a fractional uncertainty §iscussed below.

in S5, (7 — 2) due to the VNA measurements of 0.15%, |5 comparing measured to predicted on-wafer noise temper-
The uncertainty due to the on-wafer calibration (imperfect res we also must take into account the uncertainty in the
calibration standards, etc.) is difficult to assess. We estimajeygictions. The predicted noise temperature is calculated from
that it is double the uncertainty in the VNA measuremen g)' where plane 9 is replaced by plane 10 when the cable is

and useu(o_-vx_/ ca) ~ 0.003, _“(O'W cal/|521(7 = 2)| ~ sed. The two principal sources of uncertainty aréinthe
0.4%. Combining the various (independent) components of tlﬂ‘(a)ise temperature of the known source which is connected at

uncertainty, we obtain 0.47% for the a fractional uncertainB(Iane 9 (or 10), and i, the available power ratio between

in |5, (7 o 2)|. The fractional uncertainty if%:(7 — 0)| IS 136577 and 9 (or 10). A treatment similar to that above [12]
g;errr‘]i(s).riitfﬁ 6;228?;?&}2%235%%?' uncertainty in the rat Rads to a fractional uncertainty in the calculated valugof
of about 0.8% for the low values df; and about 1.1% for
ur, (R) large T+.
T, These numbers are not directly applicable to the difference
] ) ) between measurement and prediction, however, because the
Our estimate for the standard uncertainty in the measu{gycertainties in measured and predicted noise temperatures are
ment of 7, is then highly correlated. The correlations were treated in [12], where
2 - 2 2 it was estimated that the uncertainty &a can be as large as
ur, _ \/UTI(CIY) + Uz, (Amb) + uTw(éR), (18) about 1.7% for low noise temperature and about 2% for high
T3 £k T3 noise temperature. All these uncertainties correspond approx-

1
~ 0.011 x |1 — —|. 17
x|1- 7 (17)

T
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imately tolo. For a 95% level of confidend@os), we would  [2] A. C. Davidson, B. W. Leake, and E. Strid, “Accuracy improvements

double all the values. We return then to the discrepancies in microwave noise parameter measuremernSEE Trans. Microwave
h | . . Theory Tech.vol. 37, pp. 1973-1978, Dec. 1989.
between measurement and theory,hplotted in Fig. 10. For 3} v. adamian, “2-26.5 GHz on-wafer noise arfi-parameter measure-

the high noise temperature37(9Ck, 7L9Ck, 7710Ck, and ments using a solid state tuner,” iB4th ARFTG Conf. Dig. Ft.

7L10Ck), |A| < 2.5%. This is consistent with the estimated  Lauderdale, FL, 1989, pp. 33-40. o
[4] L. Dunleavy, “A Ka-band on-wafer s-parameter and noise figure mea-

uncertainties. For the low temperaturgs| < 2.1% except for surement system,” iB4th ARFTG Conf. DigFt. Lauderdale, FL, 1989,
one point, whergdA| = 2.56%. This also is consistent with pp. 127-137.

. . . s B. Hughes and P. Tasker, “Improvements to on-wafer noise parameter
the estimated uncertainties, provided that the uncertainties Y Vo 0 Bsim ARFTG Con. DigesMonterey, CA, 1990, pp.

measurement and prediction are correlated. We conclude that 16-25.
our measurement results agree with the predictions as wdfl C. Woodin, D. Wandrei, and V. Adamian, “Accuracy improvements to

on-wafer amplifier noise figure measurements,”38th ARFTG Conf.
as should be expected. We also regard the agreement as aNpjg. san Diego, CA, 1991, pp. 129-138.

indication that our estimate of the uncertainty is not grossly7] G. Dambrine, H. Happy, F. Danneville, and A. Cappy, “A new method
wrong. for on wafer noise measurementZEE Trans. Microwave Theory Tech.
vol. 41, pp. 375-381, Mar. 1993.
[8] A. Caddemi and M. Sannino, “Comparison between complete and
V. DISCUSSION AND SUMMARY simplified methods for determining the microwave noise parameters
. . of HEMT's,” in 43th ARFTG Conf. Dig.San Diego, CA, 1994, pp.
The tests confirm both that we can measure noise temper- 121-126.
ature on a wafer and that we can produce known on-wafdp] J. R. Fenton, “Noise parameter data comparison while varying the on-

. . wafer S-parameter calibration technique,” #th ARFTG Conf. Dig.
noise temperatures using off-wafer sources. Measurements ggger, cO, 1994, pp. 89-97.

of ambient loads agreed with room temperature to withid0] A. Boudiaf, C. Dubon-Chevallier, and D. Pasquet, “Verification of on-

0, : ; ; R wafer noise parameter measurementSEE Trans. Instrum. Measvol.
about 0.5%, which is less than the uncertainty in the room 44, pp. 332-335, Apr. 1995,

temperature. Any effect of outside radiation entering thgi] A. Boudiaf and A. Scavennec, “Experimental investigation of on-wafer
system was negligible. Results for nonambient noise temper- noise parameter measurement accuracy,”1896 [EEE MTT-S Int.

atures agreed with predictions within the estimated expand@ Microwave Symp. DigSan Francisco, CA, 1996, vol. 3, pp. 1277-1280.

. . . J. Randa, “Noise temperature measurements on wafer,” Nat. Inst. Stand.
(k = 2) uncertainty. The estimate of the standard uncertainty = Technol. Tech. Note 1390, Mar. 1997.

was 1.1% or less for noise temperatures above about &8 C. K. S. Miller, W. C. Daywitt, and M. G. Arthur, “Noise standards,

. . . measurements, and receiver noise definitiofsgc. IEEE vol. 55, pp.
K. For lower noise temperatures, thiectional uncertainty 865-877. June 1967. o . PP

increased, but the standard uncertainty remained below 8.8 W. C. Daywitt, “Radiometer equation and analysis of systematic errors

K. performing measurements through a flexible cable did not for the NIST automated radiometers,” Nat. Inst. Stand. Technol. Tech.
. . Note 1327, Mar. 1989.

degrade the accuracy noticeably, provided that great care Wa$ p. F. wait and J. Randa, “Amplifier noise measurements at NISEEE

taken to minimize movement of the cable during the course of Trans. Instrum. Measvol. 46, pp. 482-485, Apr. 1997.

; N. Marcuvitz, Waveguide Handbook New York: McGraw-Hill, 1951.
th? experiment. .A" measu,remems on wafer were perform } R. Marks and D. Vg\]/illiams, “A general waveguide circuit theory,”
using probes with appreciable loss (about 1.5 dB). Future Res. Nat. Inst. Stand. Technalol. 97, pp. 533-562, Sept./Oct. 1992.
measurements will use less |Ossy probesy resumng in a S||¢:l:ﬁ] R. Marks and D. Williams, “Characteristic impedance determination

using propagation constant measuremehEEE Microwave Guided

decrease in the uncertainty. S Wave Lett. vol. 1, pp. 141143, June 1991.
While successful, the tests did have limitations. Only H9] R.Marks and D. Williams, NIST/Industrial MMIC Consortium Software
narrow band of frequencies was measured (7.8 GHz to Manuals, Feb. 1992.

.. . . ] R. Marks, “A multiline method of network analyzer calibratiohZEE
GHz). In addition, our comparison of measured and predict Trans. Microwave Theory Teghuol. 39, pp. 1205-1215, July 1991.

results was insensitive to certain errors in the measuremenf2f W. C. Daywitt, “A coaxial noise standard for the 1 GHz to 12.4 GHz

_ e frequency range,” Nat. Bur. Stands. (U.S.) Tech. Note 1074, Mar. 1984.
the S parameters of the probes. The tests were sensitive to Egﬁ ISO, Guide to the Expression of Uncertainty in Measurement. Interna-

product of the available-power ratios of the two probes, but not " tional Organization for StandardizatiorGeneva, Switzerland, 1993.
to the available-power ratio of either probe individually. Thes3] B. N. Taylor and C. E. Kuyatt, “Guidelines for evaluating and expressing

. . L . the uncertainty of NIST measurement results,” Nat. Inst. Stand. Technol.
points constitute significant shortcomings of the set of tests reo, "Note 1297, Sept. 1994.

described in this paper, shortcomings which will be remedigeh] S. P. Pucic, “The uncertainty il -factor measurements,” idRSI Nat.
in future experiments. Radio Sci. Meeting Dig.Boulder, CO, 1995, p. 39.
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