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Comparison of Adapter Characterization Methods
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Abstract—We review and compare three different methods for |
characterization of precision adapters. Two of the methods are |

one-port techniques using two different reflective terminations in ! Reflecti
the one case and a matched load and multiple lines with reflective VNA 4‘ | Teeme,icnzieon
|
[

2

terminations in the other. The third technique is a conventional

two-port adapter-removal technique. The intrinsic efficiencies of

several different adapters are measured with each technique,

and the results are compared. The results usually agree within Fig. 1. Measurement configuration for the RT method.

about 0.005 for efficiencies near one. In all cases, the differences

are consistent with the estimated uncertainties of the techniques,

which range from about 0.002 to about 0.012, depending on the measurements, the quantity that we choose for our comparison

method, connectors, and frequency. is the intrinsic efficiency of the adapter from plane 1 to plane
Index Terms—Adapter characterization, microwave adapters, 2 defined by

microwave measurements, microwave transitions. |S |2
21
My = T 1o 73" 1)
11— |S1)?
I. INTRODUCTION . -
In noise measurements through adapters, the adapter efficiency

AVAlLABlU_T_Y of precision adapters greatly increasesjs g crucial parameter. For a typical high-temperature noise
the versatility of measurement systems, permitting meggyrce, a difference of 0.01 in adapter efficiency results in a
surement of a device whose connector does not match thal@ference of (approximately) 1% in the noise temperature.

the system. The use of adapters, however, generally requireg, the following section, we review each of the three meth-
that they be characterized to enable the user to correct for t%, estimate the measurement uncertainties, and discuss the
effect. Accurate characterization of adapters remains a difficit-ation of the reference planes in each. Section Ill presents
task. As coaxial lines are pushed to ever higher frequenciggy compares the results of the measurements on several

(and higher waveguide bands), and the use of adapters dampters using each of the three characterization methods.
creases, it becomes increasingly important to have relialignciusions are presented in Section IV.

automated broad-band methods for adapter characterization.
Methods using a vector network analyzer (VNA) meet these
needs.

In this paper, we consider three different VNA-based tech-
niques for characterizing adapters and compare their reStﬁtsRT Method
for four representative adapters. An abbreviated summary ofin the RT method [2], [3], one port of the adapter is
the work was presented in [1]. The present paper expands @eanected to a calibrated port of the VNA, and the other
discussion of the three methods, addresses the issue of rgfert is terminated in a reflective load, as shown in Fig. 1.
ence plane location, provides analyses of the uncertainties, dilig reflection coefficient of the adapter and load is measured
presents additional results. The three methods treated compéitgeference plane 2, and the process is repeated with the
a one-port reflective-termination (RT) technique developedflective load replaced by a second reflective load, whose
by Daywitt [2], [3], a multiline one-port (ML1P) method reflection coefficient differs in phase from that of the first by
developed by Wiatr [4], [5], and the two-port adapter removal. In practice, the reflective terminations are typically an offset
(AR) technique described in the documentation [6] for thghort and an offset open for a coaxial port and a flush short and
VNA that was used in the measurements. Each method will BB offset short for a waveguide port. The relation between the
described, and their results compared. Since the RT technigelection coefficient measured at reference plane 2 in Fig. 1
does not determine the full scattering matrix and because @und the intrinsic efficiency of the adapter was derived in [3].
principal interest is in the use of adapters in noise and pow&ssuming a reciprocal, low-loss adapter
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Fig. 2. Efficiency (solid line) as determined in the RT method.

of a rapidly varying piecd|x|cos ¢), due to reflection from also provides a check. The solid curve in Fig. 2 is the average
the transition in the adapter, superimposed on a more slovaiythe two corrected curves. In actual applications a smooth fit
varying term (121, |I'w¢|), due to transmission through theto the average is used fas,,, but in the present comparison,
adapter and reflection from the termination. The idea is there use the unsmoothed average since smoothing is not applied
to measurdl’;| and take an envelope average to remove tle the other methods. In noise-measurement applications [3],
oscillations in frequency. That should yielg,,|T';;|, which [7], further approximations are made to obtain the available
can be divided by|I',;| to yield the desired quantity. For apower ratio «z;, defined as the available power at plane 2
good flush short|T';;| can be taken to be one; but for ardivided by the available power at plane 1. For the current
offset short or offset open, a correction is required to accourtmparison, however, we are interested onlyin,.
for the loss in the small length of line constituting the offset. A detail that should be addressed is the location of the
The process of eliminating the oscillations in frequencieference plane and the connector joint loss [3], [8], [9] in
is facilitated by measuringl"z| with two different reflective this method. The VNA is calibrated in a conventional manner,
terminations, whose reflection coefficients differ in phase tand consequently reference plane 2 is at the junction of the two
7. Typical choices would be a flush short and an offset sharbnnectors. The standards used in the calibration are modeled
for a waveguide port, or an offset open and an offset shavith no joint loss in the connection. Consequently, if there
for a coaxial port. As an example, we consider evaluation & a significant repeatable loss in the connector joint, it is
an adapter from a 2.4-mm coaxial line to GPC-7 coaxial linencluded in the VNA; it is not included in the properties
Referring to Fig. 1, we identify port 1 with the 2.4-mm porof the adapter. Variations in the connection for different
and port 2 with the GPC-7 port. We measufEd|, the reflec- connectors of the same type or for repeated connections of
tion coefficient from port 2, when port 1 was terminated witthe same pair of connectors are included in the uncertainties
two different reflective loads, in this case, an offset open auiscussed below. The reflective termination attached to the
offset short. Each measured curve was then divided'hyto other port of the adapter is modeled with no connector loss.
correct for the loss in the offset. The results are shown in ti@nsequently, any loss in the connector joint at plane 1 is
two dashed curves of Fig. 2. Each curve is approximately whatluded in the adapter. Thus, the reference planes in Fig. 1
would be expected from (2), regular oscillatiofi| cos¢) are shown slightly to the side of each connector junction,
on a smooth overall frequency dependefigg;,|l';|). The indicating where the effect of the joint loss is included. This
oscillations are out of phase becausés different in the two inclusion of one joint loss, but not the other, in the adapter
cases. efficiency is actually well suited to the manner in which
To determinens;,, we average the two corrected curvethe adapters are used by the National Institute of Standards
and fit a smooth curve to the average. In principle, it wouland Technology (NIST) Noise Project, as indicated in Fig. 3.
be sufficient to take the envelope average of just one of tfibe joint loss at plane 2 is included in the radiometer by
curves [2], but using both curves facilitates the averaging atite calibration process, whereas the joint loss at plane 1
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Fig. 3. Measurement configuration for noise-temperature measurement
through an adapter.

is included in the adapter, so that the noise temperature of | VNA —‘ < m

the source is measured immediately before the junction. This E
means that in the characterization of the adapter, care must i
be taken to measure it in the same orientation in which it (b)
will be used, with the side that will be connected to thﬁig. 4. (a) Configuration for first calibration in ML1P method. (b) Configu-
radiometer connected to the VNA in the characterizatioation for second calibration in ML1P method.
measurements.

The feature of inclusion of one joint loss, but not the otheg  pML1P Method

in the adapter characteristics is a natural feature of one-port

characterization methods. If the standards at planes 1 and iéﬁgsgj?r?ste\;\l/izt?\u(;nc(;fIig?aggﬁp;?rtﬁzm\?l\mea,\tﬂli)llgn(ranezthl?sdin[;r]’
Fig. 1 are modeled in the same manner, the joint loss will . e >

- ; matched load and several lines of differing lengths with
on the same side (left- or right-hand) for each reference pla:?gflective terminations [see Fig. 4(a)]. This ig follgwed by
and therefore one joint loss will be part of the adapter and ™~ L N
one will not. To do it differently in a one-port characterizatior? SI\rT/]ll\ll"X callbrr]atlon.atFpIallebl \'/:wth thﬁ adapter alt_tg Ch.Gd o
would require either different modeling of the standards at tﬁ@e MLll,DaS shO\évr:jm 9. ( )'h r]?rlr|1 these FWO cal .rat|]9nhs,
two reference planes or a measurement (or estimation) of Eﬁ?a tor if Tvit ;ssugt:r;mp:g troecallj asdc;at:::mﬁ; g}gg');r% tloes
joint loss and correction for its effect. P P pter. ploy

The uncertainties in this method were treated most recenﬁa/mathemat'cal tr_ansform of the reflection-coefficient mea-
in [7], which identified three contributions to the uncertaint)?_ reme_nts to provide a conyenlent framework for processing,
in 721,: the determination of the smoothed curve, the VNQ'SCUSS'ng' and .understan.dlng the data. .
measurement, and the connector variability (from connectorThroughOUt th'.s subsection, we shall use the SUbsm.m
to connector and from connection to connection with tHdeate a quantity measured at a reference plane within the

same pair of connectors). The smoothed curve can generM éé\,hso“that,’;heTa/ N%As error kb?x w:ervelr_wgs l_JetweEpl
be determined to 0.001 or less (for the standard, or orfe- the “true”l’. The framework for the calibration rests on

sigma, uncertainty). The uncertainty in the VNA measureme?\tb"mear transformation of a measure_d reflect.ion coefficient
is taken from the manufacturer’s specifications. It depenggl referenced to the measured reflection coefficiént of a

on the calibration technique, frequency, and connector gptched load Iy = 0)

plane 2, typically falling in the range 0.002 (GPC-7) to w(l')) = 1-Tn17, 3)
0.012 (precision TypeN at 18 GHz). It would be larger " T — Dt

for 3.5- and 2.4-mm connectors, but they usually occur ghe actual reflection coefficierit is then related tou(I',,)
plane 1 rather than plane 2. Connector variability refers ER/ [4]
the connector at plane 1; variability of the connector at

g

plane 2 is included in the VNA uncertainty. Conservative w(l'y,) =we + %

estimates inferred from the results of [10] are 0.001 for w

waveguide and most precision coaxial connectors, 0.002 for = ﬁ 4)
w m) — We

precision TypeXN. Reference [7] ignored any uncertainty
arising from imperfections in the reflective terminations usestherew. andw, are parameters determined in the calibration.
in the measurements. The determinationef, is sensi- In the complexw plane,w, is interpreted as the position of
tive to the magnitude, but not the phase Bf, and the the center of circle$l’| = const, andw, is interpreted as the
uncertainty due to imperfect reflecting terminations is typadius of the circlgl'| = 1.

ically negligible (~5 x 10~%) if calibration quality ter- The calibration procedure determines the three complex
minations are used. Combining the individual componentenstantsI’,,;, w., and w,. [',,; can be determined either
results in a combined standafdc) uncertainty [11], [12] directly from a measurement on a single standard matched
of about 0.003-0.005 in typical cases. In determining thead or from a series of measurements on a sliding load.
in situ efficiency 721 [3], [7], which depends on the reflec-The procedure for determining the constants and w,. is

tion coefficient of the load, there is an additional uncebest understood by referring to Fig. 5. It uses a set of lines
tainty due to the difference between; and.;,. Since our of different length terminated in highly reflective loads. The
present comparison is fop1,, we can ignore that complica- simplest way to achieve this is to use a sliding short, and in our
tion. discussion we assume a sliding short is used. The reflection
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by performing a “precalibration” of the VNA before per-
forming the first ML1P calibration, that is, perform a normal
calibration at plane 2, followed by the ML1P calibration
at plane 2, followed by the ML1P calibration at plane 1.
Such a precalibration simplifies the uncertainty analysis, but
it increases the measurement effort. In our comparison mea-
surements, a precalibration was performed in some cases and
not in others. For cases when the VNA is not precalibrated,
the uncertainty could be somewhat larger than our current
estimates, but we do not expect a very great increase. If
the effect of the VNA box is small, then in the ML1P
measurements),. andw.. will be near one in magnitude, and
We, Dinp, T, @andly, will all be small. These approximations
Fig. 5. Representation af plane for ML1P calibration. are not used in the actual evaluation of the efficiency, but they
do simplify the uncertainty analysis.

coefficient of the sliding short is measured for a serigs ( 1he uncertainty in the intrinsic efficiency is given by
= 1,2,---,N) of positions of the short. The sliding short w1, ) = Vulw,)? + u(w )2 + u(F)? (9)
is modeled by

. where F' represents the second fraction in (8) and where we
Ly =Ihem 7 (5) neglect correlations between uncertaintiesfirand those in
/
wherel’, is the reflection coefficient in the reference position,” andw,. If vyehgxpangF a}nd ke(TIp term;lonly through the
~ is the propagation constant of the line along which t gwest nonvanishing order in small quantities, we get
short slides, and; is the length of line from the reference 1—1|T,I?
position to the short when it is in th&h position. From (4), 1 — w2 — w2
the correspondingy;’s are given by ~ 1| U214 Jwe]? = w,]?)

ml

F =

w; = w(l';) = we + wpe” " (6) +2Re [wc(r;nl - le)} . (10)

wherew, = w,/I'.. The measurea; lie (approximately) on The uncertainty inF can be written as
a spiral in thew plane, as indicated by the points in Fig. 5. A

2 2/, 2 2 2 2
fit of the measureas(I',,,;) to (6) then determines the complex ()" & 2fwe|*(ui +u7) + 2l — D “u(we)™ (1)

parameterss, andwy, as well as the parameters of the slidingyhere we have neglected higher orders in small terms, and
short (. and ;). The fitting routine is deta"ed in [4]. A wherew; andw; are the standard uncertainties in the matched
measurement of a standard flush short is used to providgoggs. They are assumed to be uncorrelated because they corre-
point on thefl'| = 1 circle. This pointis labeled; = w(I'ms).  spond to two different matched loads, for different connector
The radiusw, is given by types.u(w,) is the uncertainty inw,. It is evaluated in the
fitting process, and it is not correlated with the uncertainty
(€0 Mty ) .
in IV, — I'vui. In the examples below, the terms involving
To use this method to characterize an adapter, we fifgt , —I',,,;|> prove to be negligible, and we are left with
calibrate the VNA at plane 2 in Fig. 4(a), yielding the pa-
rametersl,;, w., andw,. The adapter is then connected to w(F) V2w Jud + . (12)
the VNA port, and a calibration is performed at the adapter . . :
output [plane 1 in Fig. 4(b)]. Quantities associated with this The uncertainty imw, receives both typet and types

Lo : : . _.contributions
second calibration are labeled with primes, and the calibration

Wy = We — Ws.

constants are thus/, ;, w,, andw!’.. The full scattering matrix w(w,) = Vus(w)? +up(w,)?
of the adapter can be determined by this process if we assume = Vua(w)? +up(w,)? +up(w.)?  (13)
a reciprocal adapter. The intrinsic efficiency is given by
L2 where typeA uncertainties are those evaluated by statistical
Mo, = Wr (1= %[%) means, and typé#s uncertainties are those evaluated by other
wy |1 — wel'n[? — wpL'p[? means. The typet uncertainty is evaluated in the course of the
r = U= Do ®) fits. The typeB uncertainty inw. was estimated by performing
] el A R supplementary measurements on an offset open and offset

shorts and quantifying the ripples observed in their corrected

We write the equation fof. 5, rather than fo.,, because itis [eflection coefficients as a function of frequency. The values

much simpler, and the two are numerically |nd|st|ngwshabéaoserved range fromys (w.) = 0.0005]w, | t0 0.0015|w,|. For

in all our measurements. . N . .
. . . . - the typed uncertainty imv,, we first refer to (3) and write
To estimate the uncertainty in the intrinsic efficiency, we yp y inw roT (3)
1- ms .

make the simplifying assumption that the effect of the VNA ws = w(Tps) = mi (14)
box in Fig. 4 is small. In practice, this can always be achieved Lo — Lo
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Fig. 6. Comparison of results of three different methods for characterization of a 2.4-mm coaxial to GPC-7 adapter.

Uncertainties inw, arise due to uncertainties if,,, and mm. The connector variability was considered in the preceding
[, A small variationél',,,; in I',,,; induces a variation in subsection, where we adopted = 0.001, which we use

w,. of order(éI',,,;)? and can, therefore, be neglected. Only here as well. The uncertainty in the matched load varies with
variation inT",,,, contributes to the first-order variation in,  connector type and frequency. Representative values are 0.001

1 for GPC-7 and 0.005 for 2.4 mm above 20 GHz. Combining
dws & — =560 s (15)  all these contributions typically leads to a typetncertainty
me of about 0.002-0.003. In the examples below, the type-

where we have used the facts thif,| is small andI',,;| is uncertainties are usually less than 0.001, leading to a typical
near one. Uncertainties in,,, arise from three sources: VNA combined standard uncertainty of 0.002—0.003.

noise and drift, connector nonrepeatability, and imperfections

in the standard short. The corresponding contributions to the AR Technique

standard uncertainty ifr,,,, are denoted byy, e., andeg.

The resulting standard uncertainty in, is The AR technique is described in [6]. It uses a full two-

port calibration on each side of the adapter, followed by a
— |2 5 2 measurement through a reference adapter of known electrical
upws) = yf ey + et 45 (16) length, which is useg to establish a phaze relation between the
two VNA ports. The full.S-matrix of the adapter is measured
with this method, and the intrinsic efficiency is computed from
(2). The uncertainties in this method have not been explicitly
evaluated. For good adapters, the uncertainty in the intrinsic

h ainty ing’ is treated in th ioldi efficiency will be dominated by the uncertainty fifix; |*. We
Ne uncertainty inv, Is treated in the same manner, yIelding e the manufacturer's uncertainties 65, |2, using the larger

where we have useld’,,,s| ~1. Inserting (16) into (13) yields

w(w,) = \/uA(w,,)2 +et +e2+ ek +up(w.)?  (17)

below, the standar@llo) uncertainties range from about 0.003

We must still estimate the different components contributi
. i . r the GPC-7/WR-62 adapter to 0.012 for the 2.4-mm/WR-28
in (12) and (16). Provided that the VNA has first been allowe apter. The inclusion or exclusion of joint loss in this method

to warm up, we have found that it is stable within abou_to.ooq a complicated issue, which we do not address here.
over a half dayey = €}, = 0.0002. The uncertainty in the
short was neglected in the preceding subsection, but since the
ML1P uncertainties are somewhat smaller, we retain it here.
We estimate@ s from calculations of the loss in coaxial shorts. A number of different adapters have been characterized us-
The values range from 0.0004 for GPC-7 to 0.0007 for 2idg the three methods discussed above. Both coax/waveguide

I1l. RESULTS
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Fig. 7. Comparison of results for intrinsic efficiency of a 3.5-mm coaxial to WR-62 waveguide adapter.
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Fig. 8. Comparison of results for a 2.4-mm coaxial to WR-28 waveguide adapter.

and coax/coax adapters have been characterized, and inttlee maximum frequency for GPC-7. The agreement among
case of coax/waveguide two different basic adapter desighe results for the three different methods is excellent. The
(tuning stubs and steps) were used. Results for four represdifferences among the three methods are of the order of
tative cases are presented here. 0.001 or 0.002, considerably less than the estimated un-

The first is an adapter between 2.4-mm coax and GPCertainties, which are about 0.003 for RT, about 0.002 for
7 coax. Fig. 6 shows the intrinsic efficiency of the adaptédL1P, and about 0.003-0.005 for AR, depending on the
obtained with each of the three methods up to 18 GHizequency.
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Fig. 9. Worst disagreement among results of three methods encountered thus far.

The second example is an adapter between 3.5-mm cdh& uncertainties, and this is the worst disagreement we have
and WR-62 waveguide. Results obtained with each of the threlecountered thus far.
methods are shown in Fig. 7 for the WR-62 frequency range
of 12.4-18 GHz. The agreement among the three methods I\V. DISCUSSION
is quite good, although the AR results are rather noisy, and
the agreement deteriorates near the upper frequency limit.
uncertainties are about 0.005 for RT, about 0.002 for ML1
and about 0.006 for AR. Again, the results of all three metho
agree within the estimated uncertainties.

Fig. 8 shows the results for each of the three metho

Results of all three adapter characterization methods agree
ithin their estimated uncertainties for all the adapters mea-
ured thus far. Although the methods differ in their inclusion
¥ exclusion of joint loss, effects of this difference were not
vident in the measurements and are probably smaller than the
PRcertainties. We detected no pattern to the discrepancies that
for an adapter betweer_1 2.4-mm coax and WR-28 waveguidg, o present. The worst disagreement occurred for a coaxial-
The frequency range is the WR-28 band of 26.5-40 GHg, \ayeqguide adapter in the 18-26.5-GHz frequency range.
Again, the results of the three methods are all in very goghyy qood results were obtained for similar adapters at both
agreement. The maximum discrepancy occurs at the low eﬁiﬂher and lower frequencies.

of the frequency range and is a little less than 0.004. Thegach of the methods has its own advantages and dis-
uncertainties in this case are 0.005 for RT, 0.003 for M'—l%dvantages. The RT method is the quickest and easiest to
and 0.012 for AR. use, requiring the fewest measurements and relatively little

The final example we present is the worst case that Walysis. It does not measure the scattering parameters of the
have encountered thus far. It is an adapter between 2.4-rgfhpter, however, and it assumes the adapter is reciprocal
coax and WR-42 waveguide, and the results are showngAd has low loss. The ML1P method appears to achieve the
Fig. 9. The ML1P method and the AR method agree wedmallest uncertainties and measures the full scattering matrix.
up to about 24 GHz and differ by less than about 0.003ince it is a one-port method, it assumes tliat = Sa;.
throughout the band. The RT method, however, is about 0.0Q7%s measurement intensive, especially if a precalibration is
above the other two methods at the bottom of the frequenggrformed, and it requires more data analysis than the other
band and about 0.007 below the AR method at the top efethods. Also, its uncertainty analysis could be improved. The
the band. This difference is large enough to be worrisomadapter-removal method measures the full scattering matrix
and further investigation might identify and remedy the causgithout having to assume reciprocity, and the analysis is
The standard uncertainties in this case are 0.005 for RT, abptgpackaged. Its drawbacks are that it is measurement inten-
0.003 for ML1P, and about 0.005 (up to 20 GHz) or 0.01&ive, and its uncertainties are somewhat larger than the other
(above 20 GHz) for AR. Although Fig. 6 does not look goodnethods. It also is susceptible to additional errors due to cable
the discrepancies among the three methods are consistent withvement and multiple connect—disconnects.



2620

The authors thank J. Juroshek and W. Daywitt for helpfi
discussions and comments.

(1]

(2]

(3]

(4]

(5]

(6]
(7]
(8]

(9]

[20]

[11]

[12]

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 12, DECEMBER 1999

ACKNOWLEDGMENT

REFERENCES

J. Randa, W. Wiatr, and R. L. Billinger, “Comparison of methods fo
adapter characterization,” iEEE MTT-S Int. Microwave Symp. Djg.
Anaheim, CA, June 1999, pp. 1881-1884.

W. C. Daywitt, “Determining adapter efficiency by envelope averaging; Technolog
swept frequency reflection datd EEE Trans. Microwave Theory Tech.
vol. 38, pp. 1748-1752, Nov. 1990.

S. Pucic and W. C. Daywitt, “ Single-port technique for adapte
efficiency evaluation,” id5th ARFTG Conf. Dig.Orlando, FL, May
1995, pp. 113-118.

W. Wiatr, “A method for embedding network characterization with
application to low-loss measurementf£EE Trans. Instrum. Measvol.
IM-36, pp. 487-490, June 1987.

, “A broadband technique for one-port VNA calibration and
characterization of low-loss two-ports,” Precision Electromag. Meas.
Conf. Dig, Washington, DC, July 1998, pp. 432-433.

“Measuring noninsertable devices,” Hewlett-Packard Company, Sal
Rosa, CA, Product Note 8510-13, Aug. 1988.

J. Randa, “Uncertainties in NIST noise-temperature measurement
NIST, Boulder, CO, NIST Tech. Note 1502, Mar. 1998.
W. C. Daywitt, “A simple technique for investigating defects in coaxia
connectors,”lEEE Trans. Microwave Theory Techzol. MTT-35, pp.
460-464, Apr. 1987.

J. R. Juroshek, “A study of measurements of connector repeatabil
using highly reflecting loads,IEEE Trans. Microwave Theory Tech. J
vol. MTT-35, pp. 457-460, Apr. 1987. [N~
J. Juroshek, C. M. Wang, and G. P. McCabe, “Statistical analysis of
network analyzer measurement§alLab, May/June 1998, pp. 26-33.

ISO Guide to the Expression of Uncertainty in Measuremefeneva,
Switzerland: Int. Org. Standard., 1993.

B. N. Taylor and C. E. Kuyatt, “Guidelines for evaluating and expressing

the uncertainty of NIST measurement results,” NIST, Gaithersburg, MD,
NIST Tech. Note 1297, Sept. 1994.

J. Randa (M'84-SM’91) received the Ph.D. degree
in physics from the University of lllinois at Urbana-
Champaign, in 1974.

He then successively held post-doctoral or faculty
positions at Texas A&M University, University of
Manchester (U.K.), and the University of Colorado
at Boulder. During this time, he performed research
on the phenomenology of elementary particles and
on theories of fundamental interactions. Since 1983,
he has been with the Radio-Frequency Technol-
ogy Division, National Institute of Standards and

Technology (NIST), Boulder, CO. From 1983 to early 1994, he was in

the Fields and Interference Metrology Group, where he was involved in

the characterization of electromagnetic environments, probe development,
and other topics in EMI metrology. He is currently in the Radio-Frequency

Electronics Group, NIST, where he works in the area of thermal noise.

Woijciech Wiatr (M'97) received the M.Sc. and
Ph.D. degrees in electronics engineering from the
Warsaw University of Technology, Warsaw, Poland,
in 1970 and 1980, respectively.

His professional career has been spent in mi-
crowave metrology. In 1971, he joined the Institute
of Electron Technology, Warsaw, Poland, where
he was involved in the characterization of semi-
conductor devices. Since 1972, he has been with
the Institute of Electronics Fundamentals (now the
Institute of Electronic Systems), Warsaw University

y, where he is currently an Assistant Professor. His main
scientific work is focused on scattering and noise parameter measurements
of active devices, transistors, and monolithic microwave integrated circuits
fMMIC’s). He has developed the ML1P VNA calibration technique and in-
troduced the multistate radiometry, a novel noise method for the simultaneous
determination of small-signal and noise parameters of active devices. He has
published one book and approximately 60 papers, and holds two patents.

Robert L. Billinger received the Associates degree
in electronics technology from Wichita Technical
Institute, Wichita, KS, in 1979.

From 1979 to 1984, he was with PureCycle Cor-
poration, where he became Manager of Electronic
Production and Test. Since 1985, he has been with
the Radio-Frequency Technology Division, Radio-
Frequency Electronics Group, National Institute of
Standards and Technology (NIST), Boulder, CO,
where he is involved in the area of thermal noise.



