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Abstract, This paper* summarizes the principles, historical background and present status of three primary
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areas of rf and microwave measurements and standards: circnit parameter measurement, power measurement,
‘and noise generation and measurement. Both the reference standards and the techniques of measurement and
of transfer to secondary standards are addressed. An extensive bibliography is provided to enable the interested
‘reader to pursue areas to greater depth, and brief discussions to indicate likely directions of current and future

work are included.

1. Microwave Circuit Measurements
(J. R. Juroshek and R. B. Marks)

1.1 Imtroduction

The automatic network analyzer (ANA) has become
an indispensable tool for the modern microwave engi-
neer. Measurements that were inconceivable twenty
years ago can now be performed in seconds. The
combination of the network analyzer and the compu-
ter has been particularly valuable in providing new
tools for modeling, measuring, and analyzing systems
and components. The purpose of this section is to
review some of these developments.

1.2 Network analyzer technology

The most significant advancement in microwave mea-
surement technology during recent years has been
the development of the wide bandwidth automatic
network analyzer (ANA) that measures both the
magnitudes and phases of network parameters. These
vector quantities are measured rapidly at many fre-
quencies over wide handwidths, automatically corree-
ted for instrument errors, stored, and presented in a
variety of different formats. Vector ANAs that can
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make measurements from 40 MHz to 60 GHz in
coaxial waveguide, with a single test set, are now |
available, Optional waveguide test sets that extend

the operating range to frequencies above 100 GHz |

are available.

Significant advancements have been made in the !

computers and software that are used with these ana-
lyzers. Software for calibration (sometimes called

“accuracy enhancement™) has been particularly suc- |
cessful at increasing the overall measurement accuracy |
of the network analyzers. The combination of the
‘wide bandwidth ANAs and time domain software is
powerful and has greatly expanded the capabilities -

for microwave measurements.

Most commercial network analyzers are
constructed using 2-stage heterodyne principles [1]. A

smphfied block diagram of a heterodyne network
analyzer is shown in Figure 1. The first stage of the

analyzer typically down-converts the signal to an IF |
frequency near 20 MHz, while the second stage down- |

converts to an IF frequency usually betwéen 100 kHz
and 300 kHz. The magnitudes and phase relationships
of the input 1f signals are maintained throughout the
frequency conversion. After frequency conversion, the
input 1f signals are detected in quadrature synchro-

nous detectors, and the voltage outputs from the

quadrature detectors are digitized for subsequent
computer processing.

Another type of network analyzer is the six-port |

[2-6]. This is the type of network analyzer that has

been used at the NIST for most of its calibration .
activities. In contrast to a heterodyne analyzer, the
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Figure 1. Block diagram of a heterodyne ANA.

six-port uses homodyne detection and intrinsically
corrects for imperfect directivities, mismatches, and
50 on, in its-components. While there are a number
of different designs for six-ports, most are similar to
‘that shown in Figure 2. The input signal in Figure 2
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Figure 2. Block diagram of a basic six-port.

is first sent to a 90° or 180° hybrid. That hybrid (2
dual directional coupler can also be used) splits the
signal, sending half to the test port and the other half
to the power detectors. Similarly, any reflected signal
from the test port returns to the hybrid where it also
splits, with one part going to the power detectors and
the other back to the input source. The combination
of the incident and reflected signals is measured in
power detectors Po, Py, P,, and P,. Power detector
P, measures only incident signal, while the other three
detectors measure 2 combination of both incident and
reflected signals. A .

A major componcnt of the six-port is the correla-
tor, a device commonly used to obtain phase informa-
tion from power measurements [7]. The function .of
the correlator is to take the two complex signals o'
and 5" which are ideally proportional to the incident
and reflected waves at the test port, @ and 5, and
combine them in such a way to give four outputs
which are proportional, respectively, to (a'+5),
(@ ~b), (@ +]jb) and (&' —j&"). The reflection coeffi-
cient at the test port reference plane is given by

= Z (c,-i-_'j_s,) P,t

’ 1)

where the c;, s, and @, are constants that are functions
of the six-port hardware [7]. These constants are
determined during the six-port calibration or error
«correction, The calibration phase will be further dis-
cussed below,

Most of the six-port network apalyzers that have
been developed at the NIST are dual six-ports [2].
These systems use two six-ports, as shown in Figure 3.
A dual six-port network analyzer has a number of
advantages over a single six-port. One advantage is
its ability to measure the S-parameters of two-port
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Figure 3. Block diagram of a dual six-port ANA.

devices such as atienuators. As shown in Figure 3,
the two six-ports measure I'; and I', at each end of
the two ports. The reflection .coefficients, as in
Figure 3, and the S-parameters S;; of the device under
test (DUT) are related by

[y8,+T 88y, Sy2+81,551= I, @
i

Four equations like §2) are generated by changing the
phase shifter to each &f its four positions, nominally
0°, 90°, 180° and 270°. The S-parameters for the DUT
are then determined by solving a set of simultaneous
equations.

The procedure outlined above could be duplica-
ted with a single six-port and four offset shorts whose
phases differ by 90°, We measure the rellection coeffi-
cient of, first, the four offset shorts, and, second, the
DUT terminated ‘with the four offset shorts. These
measurements also yield the set of four simultaneons
equations, given by (2). However, the accuracy of the
measurements using the two different methods is not
necessarily the same, due to the limited dynamic range
of the six-ports. Measurements of high-valued atten-
uators (40 dB to 60 dB) should be made with a dual
six-port, since the accuracy of the measurement would
be severely limited by the dynamic range of a single
six-port.



. Current six~port technology

Most of the six-pott developmments have been applied
fo-usage in calibration laboratories {2-6]. This is pro-
Yably so because the hardware is simpfe and can be
ily realized. In addition to the simplicity of the
¥dware, another advantage of the six-port is its
Sbility to maintain calibration. Six-ports at the NIST
housed in a wmperamm—comrolled box whose
perature is typically (31£0,05)°C. Tt is possible to
5 measurements with those six-ports with calibra-
ons that are more than 2 month old and still main-
in the requ:red uncertainty for the measurements.
“““Tyie primary disadvantage of the six-port is its
ively low epeed. Tn principle, the measurement
ofa slx-port shouid be faster than a heterodyne
A since the six-port coptains orly wide band com-
¢ats, as opposed to the narrower band IF filters
terodyne ANAs. For maximeum accuracy, how-
. the six-ports at the NIST afl use thermistor
pQWer detectors which typm\uy tequire 100 ras or
more to stabilize. Thus the time reguired to measure
the reflection coefficient on one of the NIST six-ports
is of the order of four seconds per frequency point,
In contrast, measurement speeds on heterodyne
ANAS are as fast as 200 ps without accuracy enhance-
ment, and 80 ms with accuracy enhancement.

The ﬁx‘wﬁs that bave been construcied at e

NIST range in frequency from 10 MHz to 100 GHz.
Conunema))y available 90° and 180° caaxial hybrids
are used for the six-port correlators below 18 GHz.
Above 18 GHz, the correlators are.built with specially
fabricated wavegnide components. Wavegnide-to-
toaxial adaptors are used on the waveguide six-port
tieads for coaxial measurements above 18 (WHz. Six-
parts have ntat been developed, to date, ‘with the
wide-band frequency coverage typical in a heterodyne
analyzer. Measntements from 10 MHz to 40 GHz at
the NIST are typically done on four different six-
port systems (¢ MHz to | GHz, | GHz to 18 GHz,
18 GHz to 26 GHz, 26 GHz to 40 GHz). The fre-
quency coverage of those systems is dictated largely
by the availability of commercial coaxial and wave-
guide components and thermisior power detectors,
. Diode detectors have been used on sis-poris with
some success [6, 8, 9, 10). Probably the biggest advan-
tage of diode detectors is their lJower power require-
‘ment, Diodes typically operate at input powers of
100 pW as vppused tu 10 mW for thermistors, Ampli-
flers in excess of one watt output are used on the
dual thermistor six-ports to achigve the desired dyna-~
mic range. The dynamic range of the dual six-ports
below 18 GHz with thermistor detectors is typically
30 dB. At millireeter-wave frequencies the dyparic
range is reduced by 20 dB to 30 dB due to the lack
of adequate bhigh power amplifiers. The dypamic
range for a heterodyne ANA can be in excess of
100 dB.

One of the problems with using diode detectors

on six-ports is their non-square law behavior as the

operuting power ingeases, A divde dstestor osly |

operates as 3 square law power detector at fow power.
At higher powers, the diode eventually becomes a
finear voltage detector. This deviation from square
1aw is significant, and some type of software correc-
tion must be applied to measure power accurately 45
required by the six-ports {11, 12, 13]. Thus 2 calibra-

tion of the diode is also requited for each detector, |
in addition to the normal network analyzer calibra- |

ion for accuracy enhancement, Calibration of a diode

for deviation from square law is usually done by |

comparing the diode to a thermistor power detector.

Some success has also been achieved in self-calibrating
diodes, where one diode is compared with another
diode at different power levels to determine the devia-

tion from sguare law {12}, Diode detectors are also |

more Sensitive fo harmonics than thermistor

detectors {13]. Harmonics from the 1f source as well -

as harmonics that are generated by the diodes
themselves are a sigpificant problem for diode six-
ports.

Wt Al ot Bare fomecs Loaile fioo
Ividiy Us ne diode siz-ports have boem built for

pulsed measurements of active devices, The six-port
is particulasly atéractive for pulsed measurements

because of its wide band pature, Six-ports with pulse |

durations as small ar 3 py have heen descrihed in the
Hterature [9].

1.4 Network analyzer calibration techniques

Al petwork anpalyzers have hardware imperfections.
Bxamples of these imperfections are finite directivity
in the couplers, imperfoct sonrce matches, and rofloc-
tions due to test ports and cables. Normally these
hardware iperfections would severely limit the mea-
surement accuracy of a network analyzer. However,
with calibration (accuracy enbancement), the imper-
fections can be at least partially corrected mathemati-
cally by the ANA software, gnd the measurement
accuracy significantly tmproved.

The software-corrected reflection coefficient I,
and the raw or uncorrected reflection coefficient I
in a network apalyzer are velated by

al b
=L
el ¥1°

u

where ¢, b, and ¢ are three complex constants. These
thyee constants are the calibration constants and are
evaluated when the network analyzer is calibrated.
This process requires teasuring devices with three or
more known values of I',, These devices with known
valugs are the calibration standards. In generai, six
complex constants are rvequired to characterize a
petwork analyzer with two test ports, three for each

@
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test port. Those six complex constants and the asso-
ciated software are often called a “12-term error cor-
rection model”, as they contain six real and six imagi-
nary constants. Once the network analyzer is calibra-
ted, these constants are stored, and the software
transformation is applied to each measurement. These
constants are frequency-dependent and therefore must

‘be-evaluated at each frequency of interest.

A common misconception is that calibration
removes all the hardware errors, and therefore the
raw uncorrected performance of the ANA is not
impertant. Unfortunately this is not true. It is gene-
rally less critical to correct for small hardware imper-
fections. Serious imperfections usually make the cali-
bration correction larger and therefore more sensitive
to time drifts and changes in ambient temperature,
as well as to the intrinsic uncertainties. Wideband
ANASs usually have .larger hardware imperfections
than theit narrow band counterparts, since extended
bandwidth is usually obtained at the expense of
performance.

Three measurements of known standards are
required in general to perform a calibration of an
automatic network apnalyzer. These can be generated
with various combinations of short and open circuit
terminations, matched circuit terminations, mismatch
terminations, mjsmatched two-ports, and different

lengths of low-loss precision transmission line. The

operating software of the network analyzer is
designed io make a measurement of -cach of these
devices. The software will then generate correction
terms or factors which account for the imperfections
in the network analyzer. Thus the bias or errors—re-
sulting from imperfect measuring hardware = can lar-

gely be removed.

Several methods have been proposed for calibra-
ting network analyzers [14-17]. Most of the methods
are applicable to both heterodyne and homodyne
analyzers. These methods are designated by the nature
of the standards used in the calibration. Some of
these are:

(@) TRL - Thru, Reflect, Line. The TRL calibration
technique is normally used when high accuracy
calibrations are desired. The impedance standard
is the line, which in the coaxial case is a beadless
air line.

(b) LRL - Line, Reflect, Line. The LRL calibration
technique is a generalization of TRL where a
chort length line standard is used in place of the
thru. LRL can have wider bandwidth frequency
coverage than TRL, as.described in the following
material. LRL avoids the thru connect whose

accuracy may be questionable. However, LRL -

requires a reference plane translation from the
center of the short line standard back to the
physical test ports. That translation can intro-
duce additional uncertainties into the calibration.

(©) TSD - Thru, Short, Delay (Line). TSD is similar
to TRL except that the reflection coefficient of
the short circuit termination is assumed to be
known.

(d) TRM - Thru, Reflect, Match. The TRM calibra-
tion ‘technique is similar to TRL except that it
-uses a matched load in lieu of the line standard.
Its advantage is that it avoids the bandwidth
limitations of TRL. However, since the reflection
cosfficient of the match is assumed to be known,
TRM introduces inaccuracy unless the maich is
measured by some other means.

() LRM - Line, Reflect, Match. The LRM tech-
nique is a generalization of TRM in which the
thru is replaced by a short length line standard.
Using a short line standard instead of a thru
introduces advantages and disadvantages as dis-
cussed in LRL. LRM and TRM calibration
techniques are popular calibration technigues for
MMIC measurements.

(f) TRA - Thru, Reflect, Attenuator. The TRA tech-
nique is similar to TRL except the line standard
is replaced with an attenuator of known S-
parameters. The major reason for wusing an
attenuator is the avoidance of the bandwidth
limitations of a line standard. This technique is
not widely used.

(@) LRA - Line, Reflect, Attenuator. LRA is simply
a variation of TRA where the thru is replaced
by a line standard. This technique is also not
widely used. '

(b) SSS - Three Different Offset Shorts. The 888
technique uses three offset shorts to calibrate an
ANA. The advantage of using offset shorts for
coaxial calibrations is that they are more stable
than beadless air lines. Presumably these shorts
would be built with a mechanical accuracy com-
parable to a beadless line standard. This tech-
nique has not been widely used.

(i) OSL - Open, Short, Logd. With the OSL tech-
nique, the impedance standard is the load which
can be either a fixed load or a sliding load, The
reflection coefficient of the short and open are
assumed to be known. This techoique has re-
ceived wide acceptance for calibrations that are
fast although not always as accurate.

() SSL - Short, Offset Short, Load. The SSL techni-
que is similar to OSL except the open termina-
tion is replaced by.an offset short. Offset shorts
are preferred for waveguide calibrations since
opens are unstable due to their radiation prob-
lems. However, the bandwidth of SSL may be
limited since the short and offset short may have
nearly identical reflection coefficients at some
frequencies.



‘Ctie last three methods are primarily used for one-
ot calibrations. However, they can be adapted to
"'o—port calibrations by the usc of a thru measure-

- Which method to use is dictated by considera-
ons such as the availability of standards, the accu-
v desired, and the operating frequency range. How
v a calibration is to use is also an important
isideration. The sex of the test-port connectors
-also dictate the choice of calibration techniques
h coaxial systems. In some cases, a thru connection
not be possible. Some calibrations require that
same reflect standard be connected to both test
ports. Connecting the same reflect o both fost ports
has an advantage in that the vatue of its reflection
fficient need not be known before the calibration,
can be determined during the calibration process.

pysible with sexed mating test ports.

Some general comments about the various cali-
on techmques are:

Historically the thru connection has been used
" ‘whenever possible. The assumption is that
_'Su-Szz—O and S;,= 83, =1. The validity of
' this assumption is questionable, particularly with
imperfect test ports.

(ii) The reflects used are generally an open and a
short circuit. Normally the value of I' of the
reflections need not be known before the calibra-
tion. The only requirement is that I" is the same
when connected to test ports 1 and 2. The values
for I' of the reflections are usually determined in
the calibration,

(m) The reflection coefficient of a coaxial open circuit
termination, which depends on its fringing capa-
citance, can be accurately computed, and there-
fore its value is sometimes entered into the cali-
bration as a known parameter. Open circuits
noirmally are not used in waveguide calibrations
since they are efficient antennas and radiate into
free space, causing serious and unpredictable
€rT07S.

‘lv) Fixed air-line standards (beadless air dielectric
lines and precise wave guide sections) are gene-
rally used for the most accurate calibrations.
The assumption made for these standards is that
Sy;=8,,=0. The values of S;, and §,, are
usually determined by the calibration. One of
the problems with coaxial air lines is that the
center conductor is free to move about within
the tolerance of the test port gaps. Sizeable cali-
bration ecrrors can occur if the test ports have
large gaps.

(v) LRL calibrations were generally developed for
wide hand frequency coverage. The effective
length of the calibration standard is A=L,~L,,

ecting the same reflect to both test ports is not

where L, is the length of the shorter line and L,

the length of the longer line. The value of 4 |

can be made as small as desired to extend the

frequency coverage to higher frequencies. With |
TRL, the effective length is simply L,, because

L,=0. The minimum value of L, is determiined .
by the minimum electrical length of the coaxial ;

connpectors or the waveguide flanges. LRL also

avoids the thru validity question described in (i) |

above.
(vi) The accuracy of a calibration using sliding termi-

nations is genetally less than with fixed air-line
standards since fixed air-line standards can be |
manufactored to tighter dimensional tolerances. |

Sliding terminations have an advantage over

fixed air-line standards in that they are easy to

use and are particnlarly suited for single-port
calibrations. The accuracy of a sliding termina-
tion is determined by the dimensions of the barrel
in which the termination slides. '

1.5 Impedance standards

Fixed ajr line standards are nsed almost exclusively

at the NIST for calibration of the six-port network :
analyzers. Current state-of-the-art manufacturing -
tolerances for coaxial and waveguide standards are |
of ‘the order of£0,64 pm (25 pin) for the immer |
conductor diameter and+1,27 pm (50 pin) for the
outer conductor diameter. Table 1 gives the electrical
characteristics of a coaxial air line for the worst |

case conditions where the inner diameter of the outer
conductor is oversized and the outer diameter of the
inner conductor is undersized by these amounts. The

characteristic impedance of the air line with nonstan-
dard dimensions is denoted by Z, while the line with
standard dimensions is Z,. Table 1 was prepared |
assuming infinite conductivity for the standards, so |
that the characteristic impedances are real. The value |

for Sy, of an air line is given [18] as

(Z — Z,)

S ~
Yz +2Zy)

(1—e™ 2, @
where y=wa+jf is the complex propagation constant
and 4 is the effective length as defined in (v} above.
The limit on the maggitude of S, is readily obtained
from (4) as

zZ—-Z,

S, 1<2
81 )< Z+2z,

which is the value entered in Table 1. The return loss
is calculated as

Ry=—=20log;o (] Sy} 10}

In many instances, errors introduced by the connec- -

tors equal or exceed the values shown in the table.
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Calibration laboratories generally like to have impe-
dance standards with the magnitude of S,, less than
0,001. As Table 1 shows, impedance standards with
that accuracy are feasible only in the larger lines.

Table 1. Characteristics of a-coaxial air line standard with
outér conductor diameter 1,27 pm (50 pin) above

nominal and inner conductor diameter 0,64 pm (25 pin)
less than nominal,

Return

Lme (Z - ZD)/Q 18111 ,
slze/mm loss/dB
14,29 0,0115 0,00023 72,8
7,00 0,0234 0,00047 66,6
3,50 0,0468 0,00094 60,6
2,92 0,0561 0,00112 59,0
2,40 0,0682 0,00136 513
1,85 0,0885 0,00177 55.0
1,00 0,1638 ,00328 49,7

With coaxial air lines, the center conductor is
supported solely by the test port connectors and is
frée to move to and fro within the machining toler-
ances. With typical test ports that movement can be
0,005 cm (0,002 in) or greater. Normally the center
conductor should be positioned at the test port re-
ference planes, causing a gap at both ends of the air
line center condustor. If the proper gap is not present,
then a calibration error occurs. In actual practice, the
placement of the center conductor cannot be control-
led and the center conductor is free to move toward
one end or the other. Thus one test port is calibrated
with too little or no gap, while the other side is
calibrated with too much £ap. This type of ealibration
error can be averagcd out in a dual s1x-port, to some
degree, by mea.sunng the DUT on both six-ports and

then averaging the results.

The opt1mum calibration frequency for an air
line standard is the frequency at which the phase of
8y, is 90° or some odd mult1p1e thereof (90°, 270°,
450°, and so on), In practice, air line standards are
used at frequencies substantially removed from the
optimum. When an air live is used to calibrate a
network analyzcr at a non-optimum frequency, an
increase in the systemhatic error can be expected
ITowever, in many instauces {hal increase is accepi-
able. The systematic error AI' in the measurement of
reflection coefficient I' is given by

S .
ZSln(pu

Al= ~j .(¢1z'—90), (7)

where @, , is the phase of Sy, of the calibrating air-
line, and 8y, =87, is the reflection from connector
discontinuities on either side of the line [19, 20].
The calibration is ill-conditioned at half- wavelength
multiples of line length. This formula is an approxi.
mation that is applicable for calibrating with low-loss

air lines and measurements of devices with I'~0. As
an example, the systematic error due to calibrating
with an air line with S},=0,0005 and ¢, =20° is
| AT }=0,0007. Thus a systematic error of 0,0007 can
be expected in the measurement of the reflection
coefficient of a matched termination. At low frequen—
cies, large valucs of ¢y, arc difficult to obtain singe
it is not generally feasible to manufacture precision
air lines longer than 30 cm. At the NJIST, 2 20 cm
beadless air line standard has been used for calibra-
tions to frequencles as low as 10 MHz W1th satisfac-

1.6 On-wafer MMIC measarements

Recent growth in the production and use of mono-
lithic microwave integrated circuits (MMICs) has led
fo new measurement requirements by producers. In
order to assess circuit designs and fabrication tech-
niques, improve yields, and promote interchangeabi-

lity, MMIC devclopors now require on~walvi measu-

rement of S-parameters. This means that the calibra-
tion reference planes must lie in the wafer on which
the circuit is constructed. With appropriate test condi-
tions, the analogy to measurements in conventional
‘TEM lines is quite strong, and a number of important
techniques carty over with little revision. On the other
hand, certain prohlems as well as opportunities pre-
sent themselves.

Before the development of on-wafer testing, the
conventional method of characterizing an MMIC
involved diving the wafer and mounting the resulting
chip in a package. Conpections from the chip to
external signal ports, typically using coaxial connec~
tors, were made by wire-bonding or similar methods.
The resulting packaged device was tested at its exter-
nal ports using the techniques discussed above. In

other words, the MMIC was completely encased in
its final packaged form before testing. The cost of

packaging, however, is quite high, far exceeding the
cost of producing, in large volume, the basic circuit
on a wafer. Furthermore, MMIC fabrication typically
requires the use of movel and immature technology,
50 the yield of successful devices is frequently small.
As a result, processes which could test at the wafer
level, that is, hefore packaging, were needed o as to
avoid the effort and cost of packaging substandard
devices.

Although fixtures for testing a diced chip provide
a partial solution, dwmg is still required and therefore
in-process testing is still not feasible. Furthermore,
repeatability is suspect. A preferred solution is ‘the
use of the coplanar wafer probe. This tool, illustrated
in Figure 4, is essentially a coax-to»coplanar wave-
guide transition. The coplanar end terminates in two
or three metallic contacts. In use, these make contact
with a coplanar waveguide structuré on the wafer,
thereby injecting a signal into the waveguide and



coaxial connactor

microwave
absorber

Figure 4. Typical construction of 2 microwave coplanar
‘wafér probe.

obing the respense. Connection to a microstrip line,
e other major planar transmission line structure,
.somewhat more complicated since the microstrip
ound plane lies on the opposite side of the wafer.
he conventional approach is to make a metallic
nnection from the ground plane up to the top
surface through a small hole in the wafer, known as
‘a “via”.

Assuming that the wafer probes provide 2 repeat-
able contact with on-wafer transmission lines (which
they typically do), the calibration required for on-
afer S-parameter measurements is similar to that
vsed for coaxial media. The most accurate technique
the TRL method, using two lengths of transmission
e (one designated the “thru”, the other the “line™)
-well as an arbitrary symmetuc reflective termina-
on known as the “reflect”. In the on-wafer case, of
urse, a direct connection of the test ports is not
ssible, so the thru standard has finite length, The
cation of the resulting reference planes corresponds
the center of the thru. The S-parameters of the
DUT are measured at these reference planes, as
sshown in Figure 3.

Although on-wafer S-parameter measurements
are in principle similar to those in coaxial cable,
:several practical differences set the two problems

Figure 5, Schematic of on-wafer TRL calibration
procedure illustrating reference plane location.

apart. For instance, one minor difference is that,
dug to the openness of the structure, direct radiative
coupling between the probes may affect measurement
accuracy. This is not normally a major problem and
in any case can be dealt with through shielding. Far
more significant is the fact that the planar lines
themselves are unique to the fabrication process. Since
there are few industry-standard configurations, and
since even nominally identical processes can result in
significantly different transmission lines, the lines on
any two wafers are likely to be quite different. This
contrasts to the moré conventional transmission line
media, in which a small number of well standardized
configurations are in common use. The question then
arises as to the best source of calibration standards,
In contrast to the conventional situation in which the

ultimate standards are held by national standards :

laboratories, the most appropriate on-wafer standards
are those built by the device manufacturer to most
closely duplicate the transmission lines in use .of the
DUT. User-produced standards are not only accurate
but practical as well, for, unlike the coaxial case, on-
wafer standards can be manufactured inexpensively
on the same wafer as the devices to be tested.

In addition to being inexpensive to produce, on- |

wafer standards are easily and rapidly measured using

a probe station. This opens the opportunity to intro- .
_duce adchtlonal redundant standards for improved
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calibration. Such a method was recently developed at
the NIST[20]. In this method, the additional
transmission line standards not only reduce the effect
of random connector error but also avoid the
bandwidth limitation imposed by the TRL method.
The NIST currently uses five transmission lines (inclu-
ding the thru) for calibrations from 0,045 GHz to
40 GHz. Such broad bandwidths are required in
many MMIC applications.

Another significant feature of typical planar
transmission lines is their great attenuation, Due to
the small size (metal thickness of order 1 um), the
loss in the dominant mode may be on the order of
1 dB/cm. The primary consequence of the large loss
is through its effect on the characteristic impedance
Z,. The loss not only forces Z, to be complex, but
also requires it to vary greatly with frequéncy at
wavelengths long enough that the skin depth is com-
parable to the metal thickness, an important regime
for planar lines. Thus, the calculation of Z,, which
is inherently difficult to begin with for a hybrid mode
in an open guide of inhomogeneous dielectric, is made
even more challenging by the need to fully account
for the field penetration into the metal.

Many applications, including those in conven-
tional transmission lines, require a knowledge of the
phase of Z, which affects the relationship between
scattering parameters and power. However, a
knowledge of the magnitude of Z, is particularly
important in on-wafer measurements due to the
nature of the test devices. For instance, a frequent
requirement is the measurement of small, essentially
lumped devices.connected to the end of a planar line.
In order to obtain a measured load impedance that
corresponds to the expected low-frequency impedance
of such a device, the characteristic impedance of the
transmission-line standard needs to be known for it
is Z, that determines the TRL calibration reference
impedance, In contrast, direct measurements of
lumped impedances are seldom required in the case
of coaxial lines.

In order to deal with the fact that Z, is required
but is not easily calculated for on-wafer lines, the
NIST has developed a method of measuring it [21].
A measurement of the propagation constant is requi-
red, but such a measurement is a by-product of the
TRL calibration. The technique makes us¢ of the
relationship between the characteristic impedance and
the propagation constant and assumes that the line’s
capagcitance per unit length is a known constant. This
approximation is accurate for the quasi-TEM
transmission lines which typify interest in this field.

An cxamplc of the method is illustrated in Fig-
ures 6 and 7. Figure 6 shows the measured Z, of a
coplanar transmission line. The plotted points were
computed by Heinrich [22] using 2 model of the same
line. Although the characteristic impedance is close
to its nominal value of 50 Q at the high end of.
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Figure 6. Measured characteristic impedance of a coplanar
waveguide line of 0,7 pm gold on 500 pm GaAs. The center
conductor is 73 pm wide and the gap width is 49 pm.
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Figure 7. Measured reflection coefficient of a small
resistor attached to the transmission line of Figure 6. The
curve marked “line ref. impedance” uses Z, as the
reference impedance; the other uses a reference
impedance of 50 Q.

the band, at the low end the magnitude increases
dramatically, and the magnitudes of the real and
imaginary parts are nearly equal. As a result, the
measured reflection coefficient of a small resistor is
complex and frequency dependent when measured by
a TRL calibration (Figure 7). On the other hand,
having measured Z,, we are able to transform to a
50 Q reference impedance, thereby transforming the

reflection coefficient to the nearly real, constant value

expected of a small resistor. This is indicated in

Figure 7.



The measurement described in[21] requires
wledge of the capacitance per unit length of the
nsmission line. Several procedures for the measure-
snent of this capacitance have been developed [23].

‘Microwave Power
R. Clague and A. J. Estin)

X1 Microwave power measurement

%11 Methods of power measurement

¢ microwave point-contact diode has been used for
y years for power measurement. Schottky-barrier
jes, however, have better reproducibility and sta-
E'and a lower noise figure. The development of
rication techniques has led to the widespread use
hottky-barrier diodes in commercial applications
5]. Improvements in detector mounts and in
iated instrumentation have resulted in lower
atch efrors, wider bandwidths covering many
ides of frequency up to 50 GHz or more, and
i sensitivities, down to nanowatts. Although cor-
tions can be incorporated into microprocessor-
tro’ll'ed power meters, the sensitivity of the

-barrier diode to ambient temperature and its
Ty hneanty ptccludc its use as a transfer standard.
reover, the maximum power-handling capacity is
tiite limited.

Thermoelectric elements, which develop a current
nsequence of the absorptxon of heat from inci-
t rf power, have a high dynamic range (up to
dB), can handle relatively high power levels, and
‘nearly as wide band as diodcs. The scnsing clo-
nts are made in different configurations, such as
iconductor (hot carrier) diodes, thin film devices,
“wite elements. However, ‘those that have good
ide band characteristics also have poor linearity, and
n g‘eneral are not recommended as transfer standards

iliose change in remstance resultmg from the absorp-
ion of 1f power is determined in some form of resist-
ince-measuring device. These instruments are very
a¢arly linear when used with dc substitution tech-
diques and thus make good transfer standards. Three
forms of bolometer are used: barretters, thermistors
and thin-film bolometers. Barretters are -thin-metal
wires which have excellent stability and good sensiti-
ty. They are, however, quite fragile and therefore
€'not used much ontside standards laboratories, A
ermistor is a small bead of semiconductor material
is the most widely used bolometer. Film bolome-
are physically larger than the others and therefore
usually more useful at lower frequencies and in
axial systems. The usual form of instrumentation
.18"a bolometer [26] used in conjunction with a self-
#balancing instrument which .automatically controls

the dc resistance of the bolometer as the rf power

changes [27]. A variety of other forms of f power |

measurement such as electron beam interactions, elec-
tronic emission phenomena, Hall effect devices and
magnetic devices have been developed [28]. These are
highly specialized and are not normally used in com-
mercial and laboratory applications.

2.1.2 Correction factors for sensors

Two major ertor sources must be taken into account
when calibrating bolometric measurements. The egui-
valence érror tesults from a distribution of current
that is different for the dc power than for the rf
power. Mount efficiency is the ratio of the rf power
absorbed by the bolometer element to the rf power
absorbed at the input to the mount, Effective effi-
ciency includes both of these etrors and is defined as

the ratio of dc substituted power to rf power absorbed
at the mount input. The magnitude of the equivalence

error is usually smaller than that resulting from
imperfect mount efficiency, but unlike the latter may
be positive or negative. Often a calibration factor,
which combines effective efficiency with a partial cor-
rection for the error caused by power reflection result-
ing from impedance mismatch, is also determined.

2.2 Puwer standards
Calorimeters form the basis of primary standards

of microwave power measurements and provide the
highest guality calibration of other power-measuring

devices [29, 30]. They have the advantages that mea-

surements may be referred to fundamental physical

quantities, and that the mcasurement technique can
be subjected to a thorough analysis and definitive

error evaluation. On the other hand, they are bulky,
-expensive to construct, require highly trained person-
nel, slow and difficult to use, have limited dynamic
range, and are therefore unsuitable for field use
outside the standards laboratory.

Two main types of calorimeter are in primary
use at this time, dry load calorimeters and microcalori-
meters, although flow calorimeters are also used, parti-

cularly for higher power measurements [31]. In the .

flow calorimeter, in contrast to the dry load calorime-
ters, heat is removed from the load by circulating a
fluid such as distilled water over the load and measu-
ring its temperature rise.

2.2.1 Dry load calorimeters

Dry load calorimeters use 2 dual input to identical

loads in which dc power fed to one load is‘used to
balance rf power absorbed in the other. A sensitive

thermopile is used as a thermal null detector between |
the two loads. The critical past.of the measurement |

system is the design of the loads, which are optimized
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to have minimum frequency semsitivity and a very
small equivalence error, and to be ‘well matched to
one another. Input connectors of the highest quality,
that is, having low mismatch and loss, and high
repeatability on successive disconnect and connect
operations, are necessary. Peltier heating is a source
of error in the dc power absorption, but can be
cancelled to a first approximation by reversing the
direction of current flow in successive measurements.
Thomson heating errors cannot be eliminated in this

errors has been described [33] which reduces residual
errors to less than 0,01% at 8 GHz. The effects of
power absorption and mismatches in the transmission
line must be determined and removed from the
results.

Dry load calorimeters are useful in both coaxial
and waveguide systems, although coaxial systems pre-
sent a more difficult design problem for the absorbing
load, This is so bccausc the abscnce of an inner
conductor in the waveguide simplifies both the config-
uration of the low reflection load and the heat flow
equivalent circuit. In addition, the line losses are
lower and the connectors can more closely approach
ideal transparency.

Dry load calorimeters have been developed for
use in the millimeter wavelength region [34-37].

2.2.2 Microcalorimeters

Although the literal meaning of the designation
“microcalorimeter” is measurement of low (milliwatt)
power, the implication is actually toward a specific
instrumentation configuration. It is used to measure
effective efficiency, rather than power as such. A
bolometric element and its mount are placed in the
microcalorimeter. De power is applied to bias the
bolometer to its proper operating resistance. The dc
power and corresponding temperature rise as deter-
mined from the thermopile output are recorded. The
f power is turned on and after equilibrium is again
achieved, the new dc power and thermopile outputs
are recorded. From these measurements, combined
with various corrections, the effective efficiency can
be calculated. A typical run from a coaxial microcalo-
rimeter is shown in Figure 8. The first and last steps
at 109,1 pV are the equilibrium position with only dc
power applied, as seen before and after the measure-
ment sequence. The seven intervening steps corres-
pond to the equilibrium conditions at frequencies of
0,1, 1,5, 10, 15, 17, and 18 GHz, respectively.

A major advantage of this method is that the
effects of reflected power due to mismatch and power
dissipated in the feed line are eliminated to first
order [38]. Thus, the compromises required in
thermally isolating lines for dry load calorimeters

are largely avoided. In an automated system, with
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Figure 8, Typical calibration run of a microcalorimeter.

programmable 1f sources, digital voltmeters and so
on, it is possible to calibrate a bolometer mount in

-an unattended microcalorimeter. Measurements may

be required at a number of frequencies and, since the
calorimeter is intrinsically slow in coming to equili-
brium, such automation is almost a necessity.

Several sources of .error in the microcalorimeter
can be either estimated or corrected. The sensitivity
of the calorimeter, that is, the ratio of output voltage
from the thermopile to the power dissipated in the
calorimeter, is different for power which is dissipated
in the ‘walls of the mount than for power dissipated
in the bolometer element itself. For an effective effi-
ciency of 99%, this changes the effective efficiency
by a few parts in 10*. Experimental techniques for
evaluating, and hence for correcting, this error have
been developed [39).

Other limiting errors can include [40}: (i) system
instabilities over the extended periods of time needed
1o reach thermal equilibrium; (ii) microwave signal
leakage through joints, connectors, or along the dc

‘bias circuit; and (iii) connector nonrepeatabilities,

although, at the present state of accuracy determina-
tion, this is generally insignificant.

2.3 Calibration transfer considerations
2.3.1 Detector mismatch

As mentioned in the section on correction factors,
the effect of mismatch of a power detector must be
removed if its measurements are to be compared with
those of a different detector [41]. Consequently, a
determination of the power reflected by the detector
must be made, usually in terms of its reflection coeffi-
cient or input impedance. Early techniques required
the use of such tools as the tuned reflectometer [42,
43], which was slow and exacting, and were limited
to single-frequency measurements. Adaptations to



antuned reflectometers, which use spacers of precise
pths of waveguide, have simplified the procedures
; 45], but they arc still cssentially narrow-band.

. More recent developments in automated network
asurements have put the entire problem of determi-
the reflected power into a simpler perspective.
mated network analyzers [46] and six-port
cedures [47] enable the user to remove the effects
noise and imperfections in the measuring system
the results, and thereby extend the scope, speed
| frequency range of the measurement by many
ers of magnitude, Thus, the determination of the
tion coefficient of a power detector and its elimi-
n as a source oOf error is reduced to a routine

2 Connectors

aetor which will eventually limit the accuracy with
jhich power meters can be compared is the quality
il repeatability of the connector pairs by which the
jér meter is connected into a system. If a2 power
fieter with one configuration of connector is to be
gd in a system having a different type of connector,
the adaptor(s) must be similarly evaluated. Although
tonsiderable work has been done in designing preci-
4l6n connectors having low loss, low reflection and
hlgh repeatability, and in defining standards for such
gonnectors [48, 49], the experimental determination
of- the absolute properties of the connector is an
‘éxtremely difficult task which is not usually attemp-
ted. Differential measurements of a connector pair
reélative to another pair, or relative to itself following
disconnection and reconnection, are not useful for
gorrecting measurements of power, and are not consi-
dered here.

A direct frequency domain approach [50] to mea-
suring the reflection and losses of a connector pair
1ot only requires high accuracy techniques, but also
normally requires another set of connectors which is
either of comparable quality and already been evalua-
‘ted or is so much better that its imperfections can be
neglected. Having the evaluated set enables the pair
under test to be introduced into the calibrated measu-
rement system. Beaity [50] avoided this difficulty,
while measuring a hollow waveguide joint with a
precision reflectometer, by sliding the reference stan-
dlards through the connection under test. His proce-
dure, however, is not usable in a coaxial transmission
Jing. In a power measurement of the highest accuracy,
it:is presumed that the most nearly ideal available
connectors will be used, but the requirement of
‘measuring that “best” connector still remains to be
resolved.

Frequency-domain approaches that have been
reported by Harris [51] and Estin [52) measure the
mismatch and loss of a coaxial connector pair in an
indirect way, Although both methods are somewhat

limited by their own assumptions and approxima-

tions, each yields values for the reflection and inser-

tion loss of the connector pair referred to the charac-
teristic impedance of the line, rather than differen-
tially with respect to another connector pair. Both

methods use the fact that the scattering parameters |

of two discontinuities which are separated in a
transmission line by an integral number of guide
half-wavelengths superimpose. Neither method can
provide continuous measurement over a broad band,
for measurements can be made only af those discrete
frequencies corresponding to half-wavelength multi-
ples of the line length on which the units under test
have been moumnied.

Harris [51] has proposed a method for measuring
precise.coaxial connectors; he assumes that all connec-

tors of a type are identical and describes each connec- -
tor pair as three cascaded two-ports. He also requires .

that artifact reference standards (short circpits and
matched Ioads) be known to g high enough accuracy

to encompass the imperfections of the connector pair.

Estin [52] has reported measurements on impre- .

cise SMA connectors, but used a method which is

applicable to any other connector type provided that :

all discontinuities within the pair are not displaced

from each other along the transmission line by a
31gn1ﬁcant phase shift, hence, applies to connector |
pairs that can be described as single two-ports. This |

approach does not require the assumption that all
connectors of the type are identical, but measures a
hypothetical composite pair that comprises the two

connectors under test which are mountsd at cach end
of the test line. These connectors must either be |
sexless, or of opposite sex. In this method effects of -

the system connectors are eliminated to first order,
The imperfections of the artifact reference standards
are also eliminated to first order, so it is not necessary
that the short-circuit and matched-load standards be
of standards laboratory quality or be calibrated.

Time-domain measurement is a potentially valu-
able tool for determining connector properties. Pre-
sent technigues include both direct time-domain ana-
lyzers, which use generators and detectors having
response times as low as a few picoseconds, and
broadband frequency-domain analyzers with FFT
software. Both approaches are well -able to separate
the physical effects of a connector pair from the
adjacent circuitry, but the resolution of fine quantita-
tive detail in the scattering parameters (in the fre-
quency range above 10 GHz) is limited, as is the
accurate determination of losses in the pair of connec-
tors under test.

2.4 New work: present and future

Efforts to improve microwave power standards gene-
rally consist of microcalorimeter refinements that

reduce the uncertainty and speed up the measurement, -
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or extend the measurement to higher frequencies in
new types of transmission line configurations such as
3,5 mm and 2,4 mm coax.

The evaluation of a coaxial microcalorimeter for
coaxial power standards has been difficult and limited
because the center conductor is isolated from the
thermopile. A new technique has improved the ability
to correct the measurement for heat loss throngh the
center conductor. Automation and other refinements
have rcduced the measurement time so that direct
measurement of the effective efficiency of a customer’s
mount in the microcalotimeter is a practical possibi-
lity. This can let the customer have a transfer standard
with an uncertainty as good as the internal working
standard used by the standards laboratory itself.

Microwave systems that operate above 18 GHz
using new smaller coaxidl lines and connectors are in
common use. Hence, the need for power standards
with these connectors has arrived, but without the
degradation in aceuracy resulting from measuring
through adaptors. Development on new de-substitu-
tion detectors, mounts, and microcalorimeters in
3,5 mm and 2,4 mm coax that can meet that need
is starting., New techniques for direct temperature
measurement in microcalorimeters are under devel-
opment. These techniques may eliminate the need for
nanovolt dc measurements and their attendant
sources of noise and instability. ‘

3. Thermal Noise Measnrement Technology
(J. Wayde Allen)

3.1 Introduction

The development of new, very-low-noise amplifiers
and the increasing complexity of today’s microwave
systoms have increased demands on high-frequency
engineering measurement capabilities. However, the
thermal noise of the devices themselves remains a
fundamental limitation to the performance of these
new systems. Consequently, there is a growing need
for accurate noise ‘measurement methods, systems,
and standards. The purpose of this section is to pro-
vide a brief overview of the current state of the art in
thermal noise measurement technology as represented
principally by that at the NIST.

3.2 Noise measurement systems

Thermal noise is the result of random fluctuations in
the quantum cnergy of matter and is better known
as black-body radiation. This means that all objects
at temperatures above absolute zero radiate energy
in the form of electromagnetic waves [53-56]. Many
different tyes of radiometer systems have been built

to detect this energy [57], although not all of these.

receivers lend themselves well to precise noise metro-
logy. The basic requirement behind the design of a
radiometer used to provide thermal noise calibration
services is for a system that has three characteristics:
(i) sufficient sensitivity to detect the noise power from
the sources to be measured; (ii) adequate stability
over the course of the measurement; and (i) a means
of comparing the noise output fiom some unknown
source to that of at least one known source. Since
the components making up the radiometer themselves
generate noise, these requirements are not trivial.

Further, the impedance match between the radio-
meter and the noise source being measured affects
the power transfer from the source to the radiometer.
Thus the impedance mismaich between the unknown
source and the radiometer and that between the cali-
bration standard and the Tadiometer must be taken
into account. At the NIST, three different techniques
have been used to satisfy this impedance condition.
The first of these is to tune the radiometer input in
such a way thal the noise power from the source is
delivered to a reflectionless 1oad. The second tech-
nique is to fune the impedance of the calibration
standard to match the impedance of the unknown
source [58]. This forces the impedance mismatches
that the calibration standard and the unknown device
present individually to the radiometer to be equal.
Since the measurement depends on a comparison
between these sources, the mismatch drops out. The
third technique is to measure the impedance mismatch
‘between the radiometer and each of the sources and
to correct for it analytically.

In order to meet these radiometer requirements,
the NIST .currently employs two radiometer designs.
The first of these is 2 modified Dicke (switching)
radiometer system, -which has served as the most
commonly used radiometer since the 1960s. Basically
the Dicke radiometer is a comparison radiometer
whose input is switched at an aundio frequency

‘between two different noise sources. The output enve-

lope from the radiometer power detector is conse-

quently modulated at the switching speed and has a

magnitude related to the difference between the
powers of the two input noise signals.

In the NIST switching radiometer, an uncalibra-
ted but stable power noise source is used as a compa-
rison reference at port 1 of the switch. Port 2 is the
actual measurement port to which both the standard
noise source and the DUT are successively attached.
Port 2 is manually tuned to act as a reflectionless
load. The measurement is accomplished by first pla-
cing a standard noise souree cascaded with a calibra-
ted attenuator at port 2. The calibrated attenuator is
adjusted until the averaged powers at the two ports
are equal. Once this has been done, the unknown
noise source may be attached in place of the standard
noise source and the attenwator readjusted to again
minimize the amplitude of the switching envelope.



rgise power that the unknown device will deliver to
a ireflectionless load to be calculated with reference
5 the noise power of the known standard. The main
jsadvantages of this kind .of radiometer are: (i) the
#itch must be repeatable to the desired measurement
cenracy; (i) the manually tuned input port restricts
lié system to measurements at only a single frequency
t7a time; and (iii) this system does not lend itself well
omputerized data collection. For these reasons,
rent plans at the NIST call for the retirement of
e Dicke radiometer systems within the next two
#ars. For a more-complete description of design and
iror analysis of the Dicke radiometer system, see the
wisting literature [59-62].
_ The second design is an automated total power
adiometer. These now systems were specifically de-
igned to automate the measurement by climinating
he 'need to manually tune the input impedance of
hé radiometer. This was accomplished by designing
he system to include a six-port network analyzer [63]
is'an integral part of the radiometer’s front end. This
sives the system the capability of directly measuring
he reflection coefficients of the noise sources being
fieasured and hence permits analytic calculation and
sxact compensation of the resulting mismatch. Also,
since the six-port can be calibrated at many frequen-
¢ies, this correction makes it-possible for the radiome-
tér to measure the noise source over a broad fre-
quency band. Automation of the power measurement
was accomplished by eliminating null-type power
detection and relying on a mathematical model of the
glectrical properties of the detector in order to relate
the incident tf power to the dc voltage of the detector
[64, 65]. Referring to the block diagram in Figure 9,
the radiometer contains a front-end switch which
allows the operator to select between an ambient
(300 K) noise source, a cryogenic (78 K) noise source,
and the source being measured. This switch is fol-
lowed by a directional coupler which, when switch 1
is set to make six-port measurements, couples some
of the rf power from the local oscillator (G) to the
front of the radiometer. This makes it possible for
the six-port to measure the reflection of the input
ports of the radiometer and at the same time assures
_that the noise and reflected six-port probe powers
are directed through the directional coupler and rf
amplifier to switch 2. Setting switch 1 to supply the
local oscillator power to the six-port and switch 2 to
direct the reflected probing wave to the six-port junc-
tion makes the system function as a six-port network
analyzer. On the other hand, if switches 1.and 2 are
" set to connect the local oscillator and 1f paths to
the mixer, the system is configured as a high gain
superheterodyne radio receiver whose output power
is a function of carefully stabilized system temperature
and the noise power at the selected radiometer test
port. This makes a comparison between the noise

‘NIST Automated radiometer

o0

-port

fol O
< \

Ambient P
Standard ‘ ‘ Switch #1
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- R Swntch #2

Cryogenic Standard

Figure 9. Block diagram of the NIST automated

radiometer.

powers seen at the system’s input test ports possible,
but of course assumes that the insertion losses of the
input paths are identical.

Making a measurement with this system involves |
three basic steps. The first is to calibrate the built-in |
six-port network analyzer at the input test ports. The -

second is to determine any differences in the rf path

insertion loss between the input ports (asymmetry
evalvation). The third step measures the output |
powers of the radiometer corresponding to inputs of

the two known standards and the DUT.

The six-port calibration is the basic single six-
port calibration that was developed by Engen [66]
and uses a short circuit whose complex reflection
coefficient is known, a sliding short circuit, and a
sliding load. This calibration, which is outlined in
Section 1 of ‘this paper, is followed for all of the
radiometer input ports except the ambient: standard
port at each of the frequencies needed. (No six-port
measurements are needed for the ambient standard
port as the radiometer “is maintained at the same
ambient temperature. An impedance mismatch has
no effect in this special case because the power spec-
tral density on both sides of the reference plane are
the same. Thus, the ambient standard need never be
disconnected from the radiometer system.)

The port asymmetry measurement is the next
part of the system calibration. It is usually determined
by connecting two different noise sources to the radio-

meter’s input ports, measuring the resulting radiome-
ter output power, interchanging the two sources, |
remeasuring the radiometer’s output power, and com-

paring the results. This method [67] does not provide

enough information to calculate the exact path effi-

ciencies but it .does allow us to calculate the path

efficiency ratio n,/n, betwen the paths tested. The -
- subscripts s and x refer 1o the cryogenic standard and
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DUT input ports, respectively. It is sufficient to cor-
rect the measured radiometer powers for the insertion
loss differences between the input ports.

After the first two steps have been completed, the
radiometer system itself is calibrated. and comparison
measurements between the three input noise sources
may be made. The cryogenic standard and the DUT
are then in turn connected to the remaining radiome-
ter input ports, and the six-port is nsed to measure
their complex reflection coefficients. These data are
combined with the complex reflection coefficients
obtained by the six-port calibration for the input
ports of the radiometer to obtain valyes for the asso-
ciated mismatches between the radiometer 3, and
the noise sources M. (Again, the subscripts s and x
refer to the crvogenic and DUT port mismatches,
respectively.) At this point, all that remains is to
measure the radiometer’s output powers P,, P, and
P, associated with the ambient standard temperature
(7)), the cryogenic standard temperature (7,), and

the upknown standard temperature (T7), respectively. |

These powers are then used to form the Y-factors
Y =P/P, and Y,=P/P, from which the unknown
temperature 7, is calculated using [67),

T.= T,+(M)(£i)-(rs— 7). @®)

) : Mx”x Ys_-l v

For a measurement of a different device at the same
frequencies, it is necessary only to connect it to the
DUT port and repeat the last six-port and power
measurement sequence in order {o obtain a value
for T,.

3.3 Noise standards

All of the noise measurement systems discussed would
be essentially useless without some noise source whose
temperature is accurately known. Possibilities for
such sources include black-body radiators, gas
discharge tubes and avalanche noise diodes. However,
the noise output from sources such as gas discharge
tubes and diodes cannot generally be computed to a
high aceuracy and is best determined experimentally.
Since this means that their moise outpuis must be
compared -againsf some other known noise source,
such devices do not make good primary standards
{59, 60]. They are, however, robust noise sources with
high output of good stability. Moreover, they are
physically small and easily maintained. Althougk the
noise ountput powers are somewhat sensitive to
ambient temperature, they are extensively used in the
field as transfer stahdards. The main usefulness for a
noise calibration capability in a primary standards
laboratory is the calibration of the noise output from
such devices. v
The black-body radiator lends itself well as a
primary standard since the calculation of its radiated
power spectral density is by the well-known Planck

radiation law [54, 55, 56]. An effective microwave
black-body radiator can be constructed .of a variety
of stable materials in different configurations. Its
“blackness” can be evaluated with a network analyzer
by nsing the equivalence of emissivity and absorpti-
vity as stated in Kirchhoff’s law. The major difficulty
with such a standard lies in its temperature control.
heating element and a temperature sensor connected
through a feedback control network, or rely on some
physical phase transition such as the melting point of
water or the boiling point of nitrogen to maintain the
black body at a well-known temperature [58], The
attainable accuracy of any one of these temperature
control schemes is, however, heavily dependent on
the physical design and construction of the standard.
Both the mounting structure for the load and the
trapsmission line used to connect the standard to the
radiometer have finite thermal conductivities which
must be understood if the true temperature of the
standard is to be known, and any inhomogeneities in
theload configuration may preclude the establishment
of a uniform temperature profile. The materials
making up the standard must also be stable at the
temperatures used. This is an especially significant
problem for the high-temperature loads where the
solid solubility of the dissimilar materials comprising
the standard may become important. The diffusion
of one material into another can significantly alter
the overall glectromagnetic properties of the device,
The NIST currently uses a liquid-nitrogen-cooled
cryogenic load which is designed in such a way as to
be a self-regulating system {68, 69]. Figure 10 is a
schematic drawing of this kind of -wayeguide
standard [69]. A series of silicon carbide wedges forms
the black-body source at the bottom of a cavity de-
signed to shield the standard from external sonrces
of radiated noise power. A waveguide horn antenna
is mounted at the top of this cavity and is used to
comple the radiated power from the silicon carbide
load into the waveguide output from the standard,
Temperature regulation of this standard is achieved
through the natural heat pipe action of the liquid
nitrogen in concert with the porous silicon carbide
ceramic. This occurs when the Dewar in ‘which the
standard black-body cavity is located is filled with
liquid- nitrogen so that only the bottom part of the
silicon carbide load is immersed. The silicon .carbide
then acts like a sponge, with the liquid nitrogen being
wicked up onto the surface of the vanes where it boils
off, This continuous wicking action maintains the
surface temperature of the load material at the boiling
puint of liguid niirogen. Determination of the
working temperature of the standard is then achieved
by measuring the barometric pressure, calculating the
boiling point of liquid nitrogen from the vapor pres-
sure equation and correcting this temperature for
the noise contribution of the shielding cavity and
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Figiire 10, The NIST WR-10 noise standard.

‘ 'veguxde horn [67, 68]. Not only has this proved to
/b6 4 highly cffective approach to the design of a
stable cryogenic black-body standard, but it has also
gliminated the errors as well as the added complexity
and maintenance problems associated with the
feedback and control circuitry inherent in many of
the other black-body standard designs.

;{.‘4 The future of noise measurerments

The development of the NIST’s new automated radio-
mieter system and the self-contained cryogenic stan-
dard has brought new flexibility to noise measure-
gients. For exaniple, the means are available to make
tieastirements of a noise source at several frequencies
simultancously. We anncnpate that this automated
cdpability will make noise calibration services more
econotnical and faster in the near future. This capabi-
llty combined with plans to offer noise calibration
sérvices spannmg a frequency range from 10 MHz to
110 GHz in the next five years is expected to make
true broadband noise standard calibrations possible,

. The drive towards broadband frequency coverage
has dlso meant that the measureinent systems must
be compatible with a greater number of connector
types. This has led to the development and application
of techniques allowing for the precise measurement
of tioise sources through various types of adaptors

[70, 71]. Basically, the problem with making a
comparison between hoise sources having different
connector types has to do with the ahility to characte-
tize the adaptor connecting the device to the system.
Since the NIST’s new radiometer is built with multiple
input ports it is not a problem to connect the primary
standard in tlic usual fashion 4and to attach the DUT
through an adaptor. Hence, if the necessary standards
are available to calibrate thie six-port on the DUT
side of the adaptor, it is still possible to determine
the reflection coefficient betwéen the DUT and the
adapted radiometer input port. However, the ptoblem
Lies in determining the difference between the inisertion
logs of the path connectiig thé primary standard to
the system and the signal path thirough the DUT input
port. As stated above, the miost common miethod of
determining this path asymmetry is to connect two

sources to the twe different input ports and measure
the associated powers, then to reverse the devices

relative to the ports and messure the powers -again.
This procedure gives a rafin of path efficiencies, which
is enough information to correct for the fractional

power difference between the two paths. Since the
connector type is different on the two ports, such |
méthods can no longer be used for the through- |
adaptor case. However, a separate six-poit calibration
is performed on each of the input ports, If the two
paths are identical the calibration constants obtained
for each of the six-port calibrations should in fact be
equal. If, however, the patlis are different, then the

six-port calibration constants for each of the input

ports will reflect this difference. Consequently, cali-
brating the six-port at each of'the input ports provides
the information needed and ‘makes the characteriza- -

tion of the adaptor used for the measurement essen-

tially transparent to the operator. This is a powerful
technique in that it makes it possible to compare any
noise source, regardless of its connector type, directly |

to primary noise standards.

Amplifiers with extremely low values of noise |

figure have approached the limits of the existirig mea-
surement techniques, and have prompted the NIST
to begin work towards developing new uvise figure
calibration services {72]. This work, along with an
effort to lower the uncertainty of the existing calibra-
tion services, should make it possible to determine
the noise figure of these low-noise amplifiers with

even greafer accuracy.
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