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Abstract—A set of wafer-probeable diode noise source transfer or on a substrate (in this paper, the term “on-wafer” refers
standards are characterized using on-wafer noise-temperature to ejther case) [3], [4]. An example of a one-port noise
methods developed at the National Institute of Standards and temperature measurement would be that used to calibrate the

Technology (NIST), Boulder, CO. We review the methods for . . . . .
accurate measurement and prediction of on-wafer noise tempera- ENR of a coaxial diode noise source. We applied this one-port

ture of off-wafer and on-wafer noise source standards. In analogy On-wafer noise measurement capability to characterize a pre-
with the excess noise ratio (ENR) for hot noise temperatures, liminary set of on-wafer diode sources as presented at a recent

we introduce a representation for cold noise temperatures called conference [5]. This paper expands on this work, detailing the
the cold noise ratio (CNR), which is expressed in decibels. The gystam characterization, as well as the relevant formulations

ENR and CNR noise source representations share the property for prediction of on-wafer noise properties associated with
that the difference between off-wafer and on-wafer values may P prop

be approximated by the probe loss. We present measurements known off-wafer sources. o _
of the on-wafer ENR and reflection-coefficient information for a There are many possible applications for on-wafer noise

preliminary set of on-wafer diode transfer standards at frequen-  djode transfer standards. Such standards can be used as the ba-
cies from 8 to 12 GHz. Such transfer standards could be used in s for interlaboratory comparisons of one-port noise measure-
interlaboratory comparisons, as a noise calibration verification L . o
tool, as direct calibration artifacts, or as the basis for a new ment capabilities. A one-port noise measurement verification
“noise-source probe” conceptualized here. would represent a partial check for two-port on-wafer noise
. . o . measurement calibrations. This type of check would supple-
Index Terms—Noise, noise characterization, noise measure- . .

ment, noise source, noise temperature, on-wafer noise measure-men,t other jcechmques tha’? have been suggested to |mprqve
ment. confidence in on-wafer noise-parameter measurements with
passive verification devices [6], [7]. They may also be useful
as calibration artifacts, replacing off-wafer coaxial sources for
some one-port, as well as two-port, test configurations. Since

HEN A microwave noise measurement requires am on-wafer noise diode cannot be easily connected to the input

on-wafer measurement reference plane, the currefta two-port on-wafer device-under-test (DUT), a new noise-
practice involves translating the excess noise ratio (ENRYurce probe is suggested that would facilitate their use in di-
from an off-wafer reference plane. This is accomplished usimgct calibration of scalar on-wafer noise-figure measurements.
knowledge of theS-parameters, or often just an estimate of
the insertion loss, for the wafer probe adapter network. It I
is important to validate that the equations describing ENR
translations are accurate—even when multiple transmission
media are involved. Such ENR translation is used as part of tRe
calibration for either a two-port scalar on-wafer noise-figure’
measurement [1] or a two-port on-wafer noise-parameter meaFig. 1 contains a block diagram of our experimental setup
surement [2]. There is currently no good way to independenf§r the measurement of on-wafer noise temperatures, with
verify the accuracy of the ENR translation to an on-wafdglevant reference planes numbered. The radiometer used in
reference plane. the measurements also contained an isolator, thus, there are

To address this, the National Institute of Standards affplators immediately to the left and right of plane 0. The

Technology (NIST), Boulder, CO, has developed the capabilitgdiometer is similar in design to that used in previous tests

to accurately measure one-port noise temperature on a wafgr [4], but is a developmental unit that has not been fully
qualified for calibrations. The configuration of Fig. 2 is used to
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Switch Head switch path two-portS-parametersS(2-0), S(5-0), S(6-0).
3 Commn The ambient standard aqd the assocjated switgh path do not
;g; _______________ . / need to be measured since the SW|tch_ path is. held at the
15 | Cryogenic -O-ts foﬁ | Radiometer same ambient temperatu§, and the available noise power
=y T I =] produced at plane 0 is knowkT, B, wherek is Boltzmann’s
Nd LE:EC—I(—(—({'?E’?—)JOWA/ ° constant andB is the receiver bandwidth). Finally, a “sec-
"_;E/D"%,P@bmﬁifl‘ ond tier” calibration is performed by connecting the VNA
9 o 7 cables to planes 10 and 5 and then measuring a set of on-
[ng*;z oo wafer coplanar waveguide (CPW) TRL standards connected
VNA between the probes. Using the measured data from the coaxial

(first-tier) and on-wafer (second-tier) TRL standards, MultiCal
Fig. 1. Configuration used for VNA characterization of the test system agtetermines the&-parametersS P1 and .S P2, of the two probe

for measurement of off-wafer cryogenic and diode “check” standards thro“ﬁ'étworks. The orientation of these results is as follofg1
probe networks. For on-wafer measurement of off-wafer standards, the probes

are connected either to an on-wafer i) o thru () CPW standard. For 'ePresents the two-porf-parameters from plane 5 to plane

the case of the thru, planes 7 and 8 are coincident. 7 (located in the middle of the on-wafer thru standard) in
Fig. 1. SP2 represents the two-pof-parameters from plane
Switch Head 8 (coincident with 7 when the probes contact a CPW thru) to
1 Common plane 10. .
w_. c A few additional measurement sets are needed to fa-
_ 2 /7% cilitate the on-wafer noise-temperature measurements. The
ﬂ_' . Rad S-parameters from 7 to O are determined by cascadify
Wﬁg”‘ 0 (with i_nput and_ putput ports interchanged), afi(b-0). The
Diode DG = reflection coefficients for all of the on-wafer one-port DUT’s
(Jas  -Of Probe 2] Probe 1.2 (e.g., the on-wafer diode noise sources to be described
@/ below) are measured at reference plane 7 using two-tier

7 deembedding within MultiCal. For determination of on-

Fig. 2. Configuration for characterization of on-wafer diode noise sourcegafer noise-temperature due to an off-wafer standard, the
Bias is applied through Probe 2. combination of the off-wafer standard, cable, Probe 2, and
line (or thru) standard connected between planes 10 and 7 is
source, or check standard, is connected at plane 6. Its najg&ted as a one-port device. The on-wafer diode reflection
temperature is also measured to confirm the proper operatigefficients are measured at plane 7 in Fig. 2. For reasons that
of the radiometer. will be explained later, this reference plane differs from plane
Fig. 1 also depicts the configuration used to verify the or-in Fig. 1 in that it has been transformed from the middle of
wafer noise-temperature measurements using known off-wafigé thru calibration standard to the probe tip using MultiCal.
standards. This verification is accompliShed by ConnectingC)ne of the steps involved in the measurement is the de-
either a diode check standard or cryogenic standard to rgfrmination of the complex characteristic impedarie of
erence plane 10 and measuring the noise temperaturethat line standards [10] used in each TRL calibration set and
reference plane 7 with both probes connected to an on-wafgfing transformations facilitated in MultiCal to reference all
transmission line. The noise temperature at plane 7 can alsa8fection coefficients and-parameters to a 50-real refer-
predicted from the known off-wafer noise temperature and til3d\ce impedance. Thus, the system is completely characterized

measured properties of the cable and Probe 2. Measurem@ifdugh the use ofS-parameters and reflection coefficients
and prediction are compared to partially verify the methodgefined in terms of pseudo-waves [11].

When the cryogenic standard is measured in this way, the
check standard is used as the nonambient standard in the

libration of the radiometer.
calibration of the radiomete I1l. FORMULATION FOR ON-WAFER

L . NOISETEMPERATURE MEASUREMENT
B. System Characterization Using Vector

Network Analyzer (VNA) Measurements

Reflection coefficients and-parameters of various parts™ Detérmination of On-Wafer Noise Temperature

of the system needed for computing the desired on-waferWe first define our notation. Available powers will be
noise temperatures are measured using a VNA in conjunctidenoted by a capitaP and delivered powers by lowercase
with NIST’s MultiCal thru-reflect-line (TRL) calibration and p. The subscript on an available power generally indicates the
deembedding software [8], [9]. A “first-tier” calibration isdevice, except in the case 8f, where it indicates the ambient.
established by measuring coaxial TRL standards at the efide dual subscripts on the powers and mismatch factors will
of the VNA test cables, providing reference planes at VN#dicate the reference plane and the switch setting. The DUT
Port 1 and VNA Port 2 of Fig. 1. The reflection coefficientsvill be labeled byz, and the cryogenic standard is denoted
of the cryogenic and check standards are measured udiygthe subscrips. Thus,p; ,, refers to the delivered power at
one of these test ports. Next, measurements are made ofglame 5 when the radiometer is switched to the DUT.
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For a linear total-power radiometer, with perfect isolatorside of the probe to that on the off-wafer side, which can be
assumed, the noise temperatdig of the unknown one-port calculated rigorously according to
device at on-wafer reference plane 7 of Fig. 2 is described by . s
. - . |S(00)|2(1 _ |F(00) |2)
the following radiometer equation [3], [4]: 21 5,0ll-waler

(4)

@probe = (50 (50) |2 (50 2
M075a02 (Ya; — 1) |1 - Fs,oﬂ-wafersll | [1 - |Fs,on'wafer| ]

Lo = To+(Ts = L) =0 s @)

whereS$?” and &% are pseudo-wavé-parameters associ-

whereY, = p,/pa, andYs = ps/pa. p. is the delivered noise ated with the probe and any interconnectipog cables required,
power measured by the radiometer with the switch connectd- between planes 10 and 7 in Fig.I{>0) .. is the

to plane 7. Similarly,p, is the delivered power measuredeflection coefficient of the off-wafer noise standard, e.g.,
with the switch connected to plane 2, apgdis that measured looking toward the standard from plane Id; 0) i I8 the

with the switch connected to plane I is the known noise reflection coefficient looking toward the standard from the on-
temperature of the cryogenic standard, dndis the ambient wafer reference plane, e.g., looking to the left at plane 7 in
standard temperaturéd, , is the mismatch factor at planeFig. 1.

0 when the radiometer is switched to plane 5 in Fig. 1, and Equation (3) shows that the effect of translating an off-
M, s is the mismatch factor at plane 0 when the radiometer\W¢afer hot noise temperature to an on-wafer reference plane
switched to plane 2. Finallyy;; denotes the available-powerwill reduce the hot temperature, while translating an off-wafer
ratio from plane;j to plane:. These are defined formally by cold noise source to an on-wafer reference plane will increase

. . . the cold temperature. In either case, the limiting value for
_ po. _ Delivered power ab with switch to5

My, = = i _ _ a very lossy probe or high valued attenuator is the ambient
’ Py,  Available power ab with switch to5 temperature,,.
Moo= P05 _ Delivered power ab with switch to2
%5~ Pys  Available power ab with switch to2 C. ENR and Associated Temperatures
vj = Fi _ Available power at Commercial diode noise sources and gas-discharge tubes are

P; — Available power ayj usually specified in terms of an ENR at a coaxial or waveguide

Equation (1) is the usual form of the radiometer equati(fr?ference plane. The ENR is defined by
for an isolated total-power radiometer [12]. The measurement (T, — To) )
complications associated with the on-wafer environment show ~ ENE =10 logyg <T> (decibels  (5)
up in generalized expressions for the mismatch factors and
available-power ratios [3], [4]. This is due to the more comf¥hereZ, = 290 K. In general, the hot temperatuf, can
plicated form of the power equation for transmission ling&'ther be the available noise temperatifj¥ or the effective
with significant loss [11], [13]. In terms of traveling-waveNCIS€ temperaturé;’ assomat_ed with the power delivered to
amplitudes, complex characteristic impedance, and reflectidinatched load. The two noise temperatures are related by
coefficients, the expressions are rather involved [3], [4], but TE = T(1 — |, ) 6)
they can be transformed into simpler forms by the use of
pseudo-waves [11]. In the radiometer equation, the ratio wherel'; is the reflection coefficient of the source. We use
mismatch factors and available-power ratios becomes the notation ENR™ or ENR® according to which noise
5 iy . temperature is used in the ENR calculation. Calibration of
Mo sao2 |S§§O)(2 -0 - Fé°°>F§ff)l2(1 - IFéf?IQ) diode noise sources usually is specified in term<EdiRS;
= = * - = - . .
Mo o007 |5§i0)(7 —0))2 |1- FSO)FéfE)IQ(l _ IF;OO)IQ) however, for \C{yell-matchgv(j _commermal sources, the difference
2) betweenENR® and ENR* is on the order of 0.01 dB.

To calculate the on-wafdtNR* due to a known off-wafer
where the superscript “(50)” indicates that the reflection c&NR*, a modified version of (3) is required, which may be
efficient or S-parameter is referenced to a S0impedance. expressed as [1]

The variousl”s denote the reflection coefficients looking both

DIO eTe -
ways from reference planes 2 and 7. TS vafor = Cprobe ofl-waler _ (1 — aprobe]Ta
(1= [P waterl )
s,off-wafer
B. Prediction of On-Wafer Temperature (1- |F§5331_Vvafer|2). (7)

Due to Off-Wafer Standards . .
The relationship _Once the c_>n-wafer effectlye temperature is calculated accord-
ing to (7), it can be used in (5) to obtain the on-wafé¥R*
Ton-water = probeTofi-waser + [1 — Qprobe]Ta (3) in a rigorous way. The difference between on-wal&¥R*
and ENR* will typically be larger than off-wafer due to

relates the noise temperature associated with the availatble degradation in source match introduced by the probe.
power at the output of a passive wafer probe netifgkwarer  Which ENR is more useful depends on the application. The
to a known off-wafer noise temperatuf@g-are: [3], [4]. IN  more important distinction is whether available or effective
(3), aprone is the ratio of the available power on the on-wafetemperature is known at a given reference plane.
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One useful feature of the ENR representation is that if we 2 ¢ ‘
assume that the arnbient temperatilife—= 7o = 290 K, then ) 0 S 290 K
the simple approximation A

o 4
ENRon'Wafer ~ EN off-wafer +10 IOg (aprobe) (dB) 3 ?‘a :g i: CNR\ ENR
( ) 3 _10 é

relates the on-wafer and off-wafer ENR’s with negligible error g -12 3
for noise temperatures above 1000 K. Since the available :14 L (“‘

0 100200300400 500600700
Effective Noise Temperature (K)

power ratio is less than 1 for a passive network, the effect
of the probe will always be to reduce the ENR value. If we

further assume thalff’ggf water 1S Negligible, then the power
ratio reduces to the familiar form Fig. 3. Functional behavior of CNR and ENR in the neighborhood of 290 K.

50

probe [1 _ |S(50)|2] 10000 E . ° ® o
2 9000 | ® Legend
. = — F -vvater
which further reduces t¢S§jO)|2 for a well-matched probe. ¥ 8000 | < Measw Thru
Like (3), (7)-(9) apply to any passive two-port network x| o pred.wi Th
connected to a noise source. R +  Pred. wiLine
s000 | 4
D. The Cold Noise Ratio (CNR)—A New Decibel 5000 betoniot i W
Representation for Cold Temperatures 7.5 85 9.5 105 11.5 125
Frequency (GHz)

The usefulness of (8) is that it provides an intuitively

simple approximation for how ENR is changed in transforminaq 4-7 Cfor'?_parliion of megsglred and _plr%dic;ed on-wafer temperatured(at

. H ane (o) 1g. presente Yy a coaxXlal dioae noise source connected to

Fhroth a I_Ossy passive network. Itis clear from (5) that_EN obe 2. Measurements were made with both a short (thru) and long (line)
is only defined for hot temperatures above 290 K. A simplerw line connected between the probes.

extension of the ENR concept allows us to define an analogous

noise ratio for cold noise temperatures. Its utility is that it alseasurements made using the configuration of Fig. 2. The
can be used to develop a similar intuitive approximation fQpsyts agreed with past measurements within 1% in almost
transforming through lossy networks. We define the CNR ag)| cases (worst case was 1.25%). Although better agreement
B (To — T.) is desired for calibration service measurements, this was

CNR = 10logio <T> (dB) (10)  considered sufficient for this exploratory research.

whereT. is either the effective or available cold noise tempels  on-\wafer Measurement of Off-Wafer Hot Diode Standard
ature. To keep the analogy with our ENR definitions complete,

we will use the term&NR® and CNR® according to which As another verification, known off-wafer standards were
temperature is used. connected to the probe station (see Fig. 1). By measuring

Since the noise temperature equations, (3) and (7), applyﬂﬂd correcting for the&S-parameters of Probe 2 and the cable

any off-wafer temperature, hot or cold, in analogy with (Sfonnec_ted betw_een reference planes 10 and 9, we used (3)
the T;, = T, approximation yields the relationship to predict the noise temperature at on-wafer reference plane 7.

This predicted temperature was then compared to the measured
CNRY -water = CNROG - ater + 10 log(cvprobe) (11) on-wafer noise temperature at this reference plane determined
. . ing (1) and (2), and noise m remen rv hrough
between on- and off-wafer CNR. Like (8), (11) provides &9 (1) and (2), and noise measurements observed throug

Probe 1.
simple estimate of the effect of translating through a Iossyrghz results of Figs. 4 and 5 show the available off- and

network. The on-wafer CNR or ENR is approximately equ?)'n-wafer noise temperature aeNR™ for a diode check

to the off-wafer value reduced by the probe loss in decibels, : : .
The symmetrical form of the CNR and ENR functions in thgttag (g:dz -lv—v?:iacr? f{:g\:?éi:);:ésseﬁ;;gfveftﬂegﬁls dgb%uésiﬁgo K

vicinity of 290 K is shown in Fig. 3. are shown with the probes contacting both a thru (short CPW
line) and a line (longer CPW line) on the substrate. At 8 GHz,
the 6500-K on-wafer temperature, BNR* = 13.3 dB, at
plane 7 of Fig. 1 for the thru line case is consistent with the
1.5-dB available power ratio (loss) determined for Probe 2
The first check of the system was a direct off-wafer (coaxia#lf 8 GHz, based on the measurgeparametersSF2 in the
measurement of a commercial diode noise source whose n@pproximationapene ~ 10 10g10(|S§§0)|2). There is more
temperature is well known from past measurements. The noless between planes 10 and 7 when the line is used, which is
temperature was measured at 8—-12 GHz. This off-wafer checknsistent with the lower on-wafer temperatures observed for
standard test was repeated several times during the diddis case. In fact, from the ENR differences, we can conclude

IV. SYSTEM VERIFICATION USING OFFWAFER STANDARDS

A. System Checks at Coaxial Reference Plane
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T 15 ® Off-wafer ENR a 2 : Legend
=~ 14 F & Meas w/ Thru T 25F ® Off-wafer CNR
> F X Pred. w/ Thru > 3k & Meas. w/ Thru
g 135 » ¥ Meas. wi Line ) CEE oy X Pred. wi Thru
2 13 | + Pred.wilLine -3.5 % % A Meas. w/ Line
uj ips b ¥ . 5 als L N ~+  Pred. w/ Line
12 b 4.5 | v 4 £
7.5 85 95 105 11.5 125 3 N SR ISR AR S
Frequency (GHz) 7.5 85 95 105 11,5 125

Fig. 5. Comparison of measured and predicted on-wafer (available) ENR

(at plane 7 of Fig. 1) presented by a coaxial diode noise source connecte
Probe 2. Measurements were made with both a short (thru) and long (Iir;llg

CPW line connected between the probes.

Frequency (GHz)

¢ 7. Comparison of on-wafer CNR’s associated with available on-wafer
peratures due to an off-wafer cryogenic standard.

200
g 4
180 |
FoA
160 *- 9 Legend
< : ® Oft-wafer Gold Ground Plane
= 140 © 2 § Il\:lle%s. v;/_lj;]hru
X 8 red. w/ Thru
F o420 L A Meas. w/ Line _/—
I + Pred. w/ Line Bias o RF
100 | Port ‘Q’\@r Port
soi_gw"\hﬂw\!.l...;. X g?(;(sjz
75 85 95 105 115 125 Ic)gpgclggl: RF Pad
Frequency (GHz)

Fig. 6. Comparison of measured and predicted on-wafer temperature (at
reference plane 7 of Fig. 1) presented by a cryogenic primary standard
connected to Probe 2. Measurements were made with both a short (thru)
and long (line) CPW line connected between the probes.

Measurement Reference Plane

Fig. 8. Layout for wafer probeable diode noise source used in this paper.
Diodes with three different attenuator (pad) values were used, labeled Diode

that the line adds about 0.8 dB of insertion loss, which agaih P'°d¢ B and Diodec".

is consistent with the approximate difference in the MultiCal

determined Probe loss for the two cases (thru and line). general technique and in the current set of measurements.
One measurement aspect not specifically included in this

measurement set was whether or not the unshielded on-wafer

noise measurements could be affected by external spurious

@gqnals. This was tested for in previous work [3], [4] by mea-

we al_so m_easured_ a cryogenic of-wafer standard us ring off-wafer ambient noise sources (matched terminations)
the configuration of Fig. 1. The noise temperature and C

. S I addition to cryogenic and diode off-wafer noise sources
results for this set of measurements are shown in Figs. 6 anqn7 Yoy

. . through on-wafer transmission lines of varying lengths in a
The off-wafer temperature at 8 GHz is 84.3 K, Cc’rreSpondm(,%nfiguration similar to Fig. 1. Since the measured result did

to CNR* = —1.49 dB, compared to an on-wafer tempera- : - : .
. : . not deviate significantly from ambient room temperature, it
ture (thru line case) of 146 K, corresponding @NR*" = Vi 'gnif y ! perature, 1

] is unlikely that spurious external noise is a problem for our
p— = - - -
3.05 dB. The 1.5-dB difference between on- and off-wafef - "\ cice measurements.

CNR values at 8 GHz (see Fig. 7) is in agreement wit
expectations from the 1.5-dB approximate probe loss and (11).
For the cold off-wafer source, Fig. 6 shows that the increased
loss for the line case produces a higher on-wafer temperature ) o ) )
at plane 7. The corresponding CNR difference between tAe Design of Preliminary Set of On-Wafer Diode Noise Sources
thru and line case values at 8 GHz (see Fig. 7) is 0.8 dB, theThe on-wafer noise source is depicted in Fig. 8. It consists
same as the ENR differences from Fig. 5. of a noise diode bonded to a section of coplanar waveguide
The agreement between measured and predicted valweith an integrated attenuator between the diode and output.
based on rigorous theory, for the on-wafer noise temperattriee noise diode is a GaAs Schottky diode that is either reverse-
for both the diode and cryogenic off-wafer standards is withiniased or unbiased. Three different on-wafer sources (labeled
2% in all cases, which is consistent with expand@d) A, B, and C) were built and tested, with three different
uncertainty estimates of about 2% determined previously [Zitenuations of nominally 10 dB4{), 15 dB (B) and 20 dB
[4]. Although these tests do not check all aspects of t{€). The bias current for the diode is supplied from an off-
measurements, they nevertheless provide confidence in wefer constant-current biasing circuit (see Fig. 2) through a

C. On-Wafer Results for Off-Wafer
Cryogenic Primary Standard

V. ON-WAFER DIODE NOISE SOURCES
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probe contacting the pads at the left of Fig. 8. For the present 20

measurements, no special attention was paid to the termination

of the bias port. We are, therefore, dependent on the biasa 15| v v v v

circuit and probe presenting some “reasonable” impedance atT, Legend

the plane of the diode. Since no major problems arose, weinfer® 10| © © o © y ploDE A

that this was indeed the case. The (off-wafer) bias circuit is % B DIODEC

identical to that used in a commercially available coaxial diode W 5| = [ | n u

noise source and provides a 10-mA constant dc current with an

estimated reverse voltage of 8.5 V across the diode. A blocking 0

capacitor isolates the attenuator and the RF section of the on- 75 85 95 105 11.5 125
Frequency (GHz)

wafer diode source from the dc bias. The reference plane for

2625

the noise-temperature measurements, plane 7 of Fig. 2, isigte. ENR corresponding to measured temperature of the three on-wafer

the RF port on the right-hand side in Fig. 8.
The output section leading to the RF port does not include

diode noise sources.

a section of coplanar waveguide identical to half the thru 0.14

line used in the on-wafer calibration kit; this introduces a 0.12

complication not present in our earlier measurements [3], [4]. 01 v

In the on-wafer TRL calibration [8], [9], the probe is defined __ 0'8 Viooy tegend COEA

to extend to the middle of the calibration thru line. It thus & 0'06 5 5 ¥ O DIODEB

includes a short (0.25 mm) section of coplanar waveguide, . o ¢ DIoDEC
o X 0.04

which is not present when the probe is set down on the pads 0.02

on the right of Fig. 8. We must, therefore, translate the probe )

calibration to the pr.obe tip to redyce the errors incurred by the 75 85 95 105 115 12.5

lack of an appropriate access line. Frequency (GHz)

This procedure neglects the effect of evanescent modes, or
transition fields, in the vicinity of the probe tip. These effec
could introduce errors into noise measurements; however,
these concerns are ignored for the present set of exploratory

measurements. Designs of future on-wafer noise sources will 0.06

include a section of coplanar waveguide identical to thatused __ 005 | v v

in the set of on-wafer TRL calibration standards. Ideally, the % o.04 v —

TRL calibration set and noise sources will reside on the same = 4 ¥ DIODE A
b O DIODEB

wafer or substrate. S 0.02 B DIODE C
= o) 0 o

B. Measurement Results 0.01

. , . . . LI
Using the configuration of Fig. 2 and calculations enabled
75 85 95 105 11.5 125

by (1) and (2), we characterized the noise temperatures for the
three on-wafer diode sources across the 8-12-GHz frequency

Frequency (GHz)

tgig. 10. Reflection-coefficient magnitudes for the three on-wafer diode noise
sources with dc bias on.

range. The noise temperature for each of the three sour@sil. Magnitude of vector difference between reflection coefficients of
(shown plotted in [5]) is approximately constant across tHs-on and bias-off diodes.

frequency range measured with values of about 1200, 3400,
and 10000 K. The corresponding equivalent valueBNR™",

with the highest attenuation (sourdg) exhibits the least

shown in Fig. 9, are approximately constant at about 5, lfhriation with frequency, remaining almost constant at 0.06,
and 15 dB for the three sources. The 5-dB drop in ENEnd the source with the least attenuation (soutdeexhibits

observed in moving from noise sourckto B and fromB  the most frequency dependence in its reflection coefficient. The
to C (see Fig. 9) is consistent with that expected from thgifference between the coefficients in the bias-on state and the
5-dB successive increase in pad attenuation values for sounggs-off state is shown in Fig. 11. Again, the results are as
A (10 dB), B (15 dB), andC (20 dB), in accordance with expected, with the highest attenuation resulting in the smallest
(8). We may also infer that the ENR of the bare noise diodgference between the reflection coefficient in the two states,
used in the noise sources studied here is approximately 25 @&s than 0.005 for sourd@.
On-wafer noise-temperature measurements of the unbiased on-
wafer diodes as well as that of an on-wafer load resistor were
all confirmed to lie within£0.25 K of 297.5 K across the
8-12-GHz measurement frequency range, in correspondence
with the ambient room temperature. o

The magnitudes of the reflection coefficients of the thre& APPlications of Theory
dc-biased diode noise sources are plotted in Fig. 10. TheThe specific measurement configurations of Figs. 1 and 2
values range from about 0.04 to 0.12. As expected, the souate related to the radiometric approach to on-wafer noise-

VI. APPLICATIONS AND EXTENSIONS
OF ON-WAFER DIODE NOISE SOURCES
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temperature measurement used by NIST. With appropriate-wafer test systems, so calibrated, could be used as part
modifications, MultiCal enabled system characterization, (bf interlaboratory noise comparisons, or they may have direct
and (2) could be used to produce fully corrected on-wafapplications to device modeling. For example, with knowledge
one-port noise-temperature measurements with a conventioofad small-signal model and suitable approximations [14], the
noise-figure meter and a coaxial diode noise source. Thougleasured one-port output noise temperature could be used
beyond this paper’s scope, such application may be usefultéo specify the noise parameters for a two-port field-effect
future interlaboratory comparisons of on-wafer noise sourcesansistor (FET).

The applications of (3)—(9) are more obvious. Today’s prac- On-wafer diode noise sources could be used directly in
tice for on-wafer two-port noise-figure measurements followsise-parameter measurements that use a single measurement
one of two approaches. The first is to perform “scalar’¢b0-of hot diode power and multiple measurements under varying
noise-figure measurements using a conventional noise-figarabient temperature source reflection coefficients [15]. In
meter and an off-wafer diode noise source, more or lessthis case, it would be possible to use the on-wafer noise
the arrangement discussed in [1]. Equations (3) and (7) candiede only as part of the receiver noise-parameter calibration
used along with MultiCal or alternative prob&-parameter sequence. By measuring the two-port DI9Iparameters with
determinations to obtain the effective on-wafer noise teran VNA, the DUT noise parameters could be determined
peratures and corresponding ENR’s using (5). The resultifgm subsequent output noise power measurements made with
on-wafer ENR can be used directly for on-wafer scalar noisearious ambient temperature loads connected on the source
figure calibration. The second approach to on-wafer two-paide of the device, e.g., by connecting the input probe to a
measurements is on-wafer noise-parameter measurementsy&ijiable impedance tuner.

Properly performed, the noise-parameter approach is the mosthe use of on-wafer diode transfer standards could simplify
accurate commercially available way to measure on-wafeser calibrations of such noise-parameter measurements by
two-port devices (e.g., monolithic amplifiers). eliminating the steps required to characterize the input probe

A common trait of commercial noise-parameter and scalaetwork S-parameters. On-wafer diode noise sources should
noise-figure measurement systems is that an off-wafer dicgleo reduce errors associated with user determination of the
noise source is generally used as part of the calibratiqggrobe S-parameters and place the burden for minimizing
Equations (3), (4), and (7) rigorously address this part tfiese errors instead on the laboratory responsible for ENR
on-wafer noise-parameter or on-wafer scalar noise-figure teatibration of the on-wafer diodes.
systems calibration.

B. Interlaboratory Comparisons Using D. Proposed Noise-Source Water Probe

On-Wafer Diode Noise Sources There are still a large number of users who want to avoid
]1(}31'9 complications and expense of on-wafer noise-parameter
Jpeasurements and prefer to make scalar noise-figure measure-

wafer diode sources, currently under development at leplq,ents in a nominally 58} environment. _These users may be
are to be embedded in CPW and fabricated along with CP‘(X?II served by the development Of. anoise-source wafer prpbe
TRL standards on a substrate we will call a noise-verificatic;?wased on the goncept shown n Fig. 12.' The illustrated noise-
substrate. The layout of the noise diode sources and the T urce _prot_)e mt_:orporates a diode noise source of the type
standards on the noise-verification substrate would facilitatg®W" in Fig. 8 into a wafer probe. This probe would be an

measurement of on-wafer ENR for on-wafer diode sourcesea{itens'On of current RF wafer probes, which generally affix

a reference plane in a uniform CPW transmission line. Tif@Planar probe tips (ground-signal or ground-signal-ground)

on-wafer noise sources under development will likely contalff (e ends of a miniature coaxial transmission line or to the
nds of a CPW transmission line on a substrate attached to

a bias filter network that will set the microwave-frequenc h be. As illustrated in Fig. 12 dati Id b
reflection coefficient looking to the left of the diode in Fig. 8. edpr(: e.” S 'f UStLa edinFg. 1z, acct())mtmob a |0ndczf)u b teh
The diode sources on the noise-verification substrate wolJif:c€ ‘0 &llow for th€ NoISe-Source probe 1o be used 1or bo

parameter and noise figure. The on-wafer ENR of the noise-

be first characterized by NIST and then circulated to oth&r b Id be ch terized al th a ch TRL
laboratories for characterization on their test systems angurce probe could be characterized along with a chosen

comparison to NIST results. Since most industrial Iaboratori% I|bra'?|.(t))n ?ubsttrate USTg the mgtg‘;f,'s desclr(ljbg din th'.?. pglpt))er.
generally measure two-port devices, detailed procedures e calibration temperatures (or s) would be specified by

artial verification of their two-port measurement s stemtge calib_rating laboratory at gn °'_“'Wafer reference plane, e.g.,
b P Y the middle of the thru calibration standard.

and calibrations against the one-port on-wafer noise trans [I'here are several advantages to the proposed noise-source

standards would need to be established. : oo
wafer probe. It could be used directly for scalar noise-figure
measurements as the diode noise source contained in the probe
could be connected to the input of a two-port on-wafer device.
The use of a calibrated noise-source probe would remove the
The calibrated on-wafer diode transfer standards coulelquirement for the user to characterize prabearameters.

be used to calibrate directly a radiometer or a noise-figufdso, as shown in Figs. 10 and 11, the presence of the noise
meter for one-port on-wafer noise measurements. One-psource attenuator close to the DUT interface provides low

One possible use of on-wafer diode noise sources is
interlaboratory comparisons. The second generation of

C. Direct Use of On-Wafer Diode Noise
Sources as Calibration Artifacts
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NOISE Diode Noise Source ENR Ref. Plane
DIODE With Pad
BIAS
+28v Thru Standard
DC
Reflect (short) Standard
COAXIAL Line Standard
RF INPUT
PORT 2-Port DUT
(FET, MMIC Amplifier, etc. )
Probe
Coax or CPW Through  Tips ENR Ref. Plane
Path For S-Parameter
Measurement TRL Calibration Substrate

Noise-source Wafer Probe

Fig. 12. Conceptual design for “noise probe,” which would incorporate a noise diode and integrated attenuator into a wafer probe. The noise probe
would be calibrated along with a chosen TRL calibration substrate as a transfer standard with calibrated temperatures or ENR’s specified at the middle
of the calibration thru.
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FET [16].

The noise-source probe could also simplify calibrations
made for one-port noise temperature measurement and two-
port noise-parameter measurements analogously to that digr L. punleavy, “A Ka-band on-wafers-parameter and noise figure
cussed above for on-wafer diode noise sources. Incorporation measurement system,” 84th ARFTG Conf. Dig.Ft. Lauderdale, FL,

i ; ol Dec. 1989, 127-137.
of a tuner into theS-parameter path of the noise SOUTCe y ="E ‘Woodin D. L. Wandrei, and V. Adamian, “Accuracy improve-

probe would allow the input hardware for a noise-parameter ments to on-wafer amplifier noise figure measurements3gih ARFTG
measurement to be contained entirely in the probe. Conf. Dig, Dec. 1991.
[3] J. Randa, “Noise temperature measurements on wafer,” Nat. Inst. Stand.
Technol. Tech. Note 1390, Mar. 1997.
[4] J. Randa, R. L. Billinger, and J. L. Rice, “On-wafer measurements
VIl. SUMMARY of noise temperature,1IEEE Trans. Instrum. Meas.submitted for
! publication. N _
We have reviewed the theory and methods related to NIST'§! J- Randa, D. Walker, L. Dunleavy, R. Billinger, and J. Rice, “Char-

. . acterization of on-wafer diode noise sources,”5ihst ARFTG Conf.
on-wafer noise-temperature measurements and have outlined g i0re MD, June 1998.

applications of the theory to the prediction and measuremeid] A. Boudiaf, C. Dubon-Chevallier, and D. Pasquet, “Verification of on-

of the on-wafer temperature due to an off-wafer noise source. Wafer noise parameter measuremenSEE Trans. Instrum. Measvol.
e CNR p decibel on f . 44, p. 332-335, Apr. 1995.
e is suggested as a decibel representation for colghy | Escotte, R. Plana, J. Rayssac, O. Liopis, and J. Graffeuil, “Using

temperature noise sources, analogous to the ENR for hot cold FET to check accuracy of microwave noise parameter test set,”

_ Electron. Lett. May 1991, pp. 832-835.
sources. It shares the property that the on-wafer value can R. Marks and D. WilliamsNIST/Industrial MMIC Consortium Software

estimated by subtracting the probe loss in decibels from the' manuals Feb. 1992.
off-wafer value. A set of three on-wafer diode noise sourcd9] R. Marks, “A multiline method of network analyzer calibrationEEE

; ; :Trans. Microwave Theory Techeol. 39, pp. 1205-1215, July 1991.
transfer standards was described. We detailed the charac R. Marks and D. Williams, “Characteristic impedance determination

zation from 8 to 12 GHz of on-wafer noise temperature, ENR, ~ using propagation constant measuremehEEE Microwave Guided
and reflection coefficients for these sources. The sources have Wave Lett.vol. 1, pp. 141-143, June 1991.

. . , “A general waveguide circuit theory,J. Res. Nat. Inst. Stand.
noise temperatures ranging from about 1000 to about 10 OOO[kl,] Technol., V§’|_ 97, pp. 533?_562’ Sept./Oct. {’;92_

corresponding to ENR'’s from about 5 to 15 dB, that are onljt2] W. C. Daywitt, “Radiometer equation and analysis of systematic errors

i ; i for the NIST automated radiometers,” Nat. Inst. Stand. Technol. Tech.
weakly dependent on frequency. Their reflection coefficients Note 1327, Mar. 1989,

in the biased state range from about 0.04 to 0.11. [13] N. Marcuvitz, Waveguide Handbook New York: McGraw-Hill, NY,
Applications of on-wafer diode transfer standards were 1951.

; ; ; ATy : 4] M. S. Gupta, O. Pitzalis, S. E. Rosenbaum, and P. T. Greiling,
discussed in some detail. One possibility is to develop an Inté} “Microwave noise characterization of GaAs MESFET's: Evaluation by

laboratory comparison program involving a second generation on-wafer low-frequency output of noise current measuremeEEE
of such devices. On-wafer diode noise sources have appli- Trans. Microwave Theory Techvol. MTT-35, pp. 1208-1218, Dec.

; . o : : 1987.
cations to on-wafer noise calibrations, potentially replacmlgs] V. Adamian and A. Uhlir, Jr. “A novel procedure for receiver noise

coaxial diode standards in some circumstances. A concept for a characterization,JEEE IEEE Trans. Instrum. Measp. 181-182, June
noise-source probe was also presented as a practical extenfi0n1973-

f fer diod . h d ide f 16] L. Dunleavy, S. Lardizabal, and R. Webster, “A new millimeter-wave
of on-water diode noise sources that could provide for more noise modeling method for field effect transistors,” presented at the Int.

efficient and accurate noise calibrations. Device Res. Symp., Charlottesville, VA, 1991.
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