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ABSTRACT

A major problem cncountcred when making nctwork measurcments in microstrip or othct
non-coaxial mcdia. ts the need to separate the cffects of the transmission media from the
device characteristics. Whilce vector crror-correction is usclful for removing svstematic
crrors in microwave nctwork measurcments, the resultant accuracy i1s dependent on the
quality ol the calibration standards. Unfortunatcly the impedance standards uscd in
coaxial mcasurcments arc difficult to produce 'or non-coaxial transmission media.

A ncw calibration mcthod, "Thru-Rellect-Line,” has been added to the HP 8510B nctwork
analyzcr, which rclics only on the characteristic impedance of a transmission line. In
addition to the simplicity ol thc calibration standards. this mcthod 1s uscful lor
calibration in both lincar and dispersive (non-lincar phasc) transmission mcdia. This
papcer describes the benelits of dircet, lully crror-corrccted mcasurcment of non-coaxial
devices. Measurement cxamples of a microstrip transmission linc. lNilter and microcircuit

amphlicr will be shown.
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NON-COAXIAL MEASUREMENT
PROBLEMS / SOLUTIONS

1. Non-coaxial Connection Interface
- Adapters, Fixtures, Probes

2. System Calibration
- Network Analyzer, Cables, Adapters, Fixture

PATE133

There arc many devices, ranging rom transistors
and passive clements (resistors, inductors and
capacitors) to complex microcircuits. with the
common characteristic that they often do not have
coaxial conncctors. As a rcsult these devices arc
dil'ficult to measurc with instruments that
tvpically have coaxial test ports. This docs not.
howcver, diminish the nced to accuratchy
characterize the behavior of such devices. Qut of
nccessity, an "adapter” or mounting fixturc must
bc usced to provide the interlace between the test
ports and the dcvice.

This paper will addiess the probliem of acquiring
accurate S-paramecter data lfor non-coaxial devices
with a vector network analvzer. The limitations
of somc currently used techniquces will be
described. A new nctwork analyzer calibration
mcthod will be introduced that is not constrained
by these samce limitations as somc of the other
mcthods. The benelits and mcasurement results of
the new "Thru-Refllect-Line” calibration wil}l also
be shown.

The tirst problem encountercd when trying to
characterize a non-coaxial device 1s the conncectian
tnterface to the nctwork analvzer. Duc to wideh
ranging dimcnsions and package stvics. u varicty
of "adapters” (or fixturcs) arc uscd to make this
conncction. Rcegardless of the "adapter” used. the
ncxt challenge becomces how to separatc the
frcquency response of the device from the
mcasurcd data. This mcasured data will includce
the uncorrccted responsc of the instrumentation.
any test cables. the "adapter” and the device

HP supplics precision standards which can be uscd
to calibrate the system rcesponsc up to the coaxial
ports of thce "adapter™. Since standards ot the
non-coaxial ports of the "adapter™ arc gencrally
not available, the samc mcthods wili not
completely solve this problem.
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NON-COAXIAL CONNECTION
INTERFACE

Device Type(s) Packaging Adapter Type

Transistors, diodes| Stripline pkgs | Test fixture
TO cans

Microcircuits Substrates Test fixture

MMICs Wafers Probing

PAT6134

NON-COAXIAL CONNECTION
INTERFACE

Test Fixture Characteristics
1. Repeatable, convenient interconnection

2. Easily, accurately characterized

PRTEIE

NQN-COAXIAL CONNECTION
INTERFACE

Test Fixture Characteristics

3. Provides suitable impedance

PATEN36

Some typreal "adapters” arc histed here  est
Fivtures (some commercially avarlablel arce us
connect to pachaged devices Jike transistors o
diodes. The samce approach is also oflten used o
mcasurc microcircuits. The development ol
monolithic tcchnology for high density microwarsce
circuits requires a difficrent technigue duc to then
size. Dircct probing of circuits at the walcer level
has provided a good solution lfor such dcvices

Dcpending on the application, there arc many
diffcrent requirecments (or the test fixture Thrce
ol the primary characteristics will be described
First. the lixture must provide a repeatable
connection to the device - to cnsurc consistency ol
results as well as assurance that the response of
the Fixturc docs not vary between calibration and
mcasurcment.

Convenient reconnection and good repeatabrlity
scem to be counter to cach other. Pressurce
contacts arc non-destructive (to device and
Mixturc) but arc gencrally not as rcpeatable
mcthods like bonding. The thermal cncrgy re
bonding. however, can damage scnsitive
microwave devices.

Sccond. somc way to connect or inscrt relerence
standards should be provided. For the new
calibration mcthod that will be described. this
mcans that halves of the fixture must be separable
to allow l'or standards and dcvices ol diflfcrent
length to be inscrted.

It 1s important that the lixture present an
impcdance which is as much likc that ol the final
application as possible. That is. 1 a device 15 10
be uscd in a microstrip package or cascaded wath
anothcer microstrip circuit, the Mixture should he ol
that same impedance. The impedance reference is
sct by mcasurement of a known calibration
standard. Howcver. when a discontinuity 1s prescnt
at the reference planc, higher order modes may be
generated (and dcetected) that arc not present
during mcasurcment or the actual application
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SYSTEM CALIBRATION
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Fixture DUT Fixture
IRCED
i s, :
Calibrate in Model fixture
Fixture and de-embed
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SYSTEM CALIBRATION

Direct Calibration Techniques
~ Open/Short/lLoad#
~ TSD ( Thru-Short-Delay )
~ Thru-Delay ( symmetric fixture cal )
~ TRL ( HP 8510B )

These 3 impedance standards
are difficult to realize

# Note:

PAT6129

The signal low graph representation of a typical
Iiatured measurement is shown here. By
calibrating to the coaxial ports of the finturce, the
responsc of the nctwork analyzer and test cables is
included in the cocllicients of the nctwork
analvzer’s crror modcl. The problem described
carlicr was to now cxtract the S-paramctcrs of the
device from the responsc of the fixturc.,

The Tixture will cxhibit somce inscrtion loss and
clcctrical length. The coaxial launch causcs an
impcdance discontinuity which further distorts thc
mcasured data. If the launch discontinuity is
small, simplc frcquency responsec normalization
may provide a good rcsult, Howcver, in most cascs
(or when precise characterization i1s rcquired) the
launch must be removed.

There arc two fundamcntal approaches to
characterizing test fixtures -
modcling/de-cmbedding and direct calibration.
Dc-ecmbedding the modcied responsc of a
well-behaved fixture can provide rcliablc results.
This assumcs that the frcquency responsc of the
fixturc is known. The most difficult aspcct of
this approach is accuratcly estimating the parasitic
effccts of the non-ideal launch. These parasitic
effects include lead inductance, stray capacitancc
as well as conductive and dielectric losscs.
Through carcful analysis and optimization (using
microwave CAD softwarce) good fixturc modcls
can be gencrated. De-cmbedding refers to the
mathematical process of combining the simulated
responsc of a model into the nctwork analyvzer’s
existing crror modcl.

Dircct calibration tnvolves inscrting a complcte sct
of device-like calibration standards at the desired
reference planc.

Prior to thc introduction of thc HP 8510B nctwork
analyzcer, the only direct calibration mcthod in
widespread use was the standard (open/short/load)
mcthod. For fixtured mcasurements, the standard
{(opcn/short/load) calibration is limited by thc
ability to actually rcalizc thesc standards in a
non-coaxial transmission media (rectangular
waveguide cxcepted). A scrics of technigucs such
as TSDI, Thru-DcIayz, and TRL3 have also been
developed. All of these techniques rely on the usc
of transmission lincs as calibration standards.
Whilc cach mcthod had certain advantages, TRL
was the most gencral implcmentation.
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OVERVIEW

Non-coaxial Measurement Problems/Techniques

TRL Calibration Method
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TRL CALIBRATION METHOD
Calibration steps
? Step 1
e (}) Step 2
: { ! Step 3
Thru I PR S
Reflect
Unknown Ngh retiection LIRS
same on both porls Line
Unknown length, Unknown 7|
“Known 27
PATEIAWA
- TRL CALIBRATION
—
|
- __ ~
“Thru"
Can be non-zero length
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The TRL calibration technique was initially
developed by the National Burcau of Standan

a precision calibration method lor the dual
six-port. Sincc that time, HP has adapted this
mcthod lfor a conventional nctwork analyzer.
Although TRL was originally uscd or precision
coaxial mcasurcments, it also has dircct
application to non-coaxial mcasurcments.”
Spccilically, sincc the only prccision impedance
rclcrence is a transmission linc (rather than 3
distinct known tmpcdance standards). obtaining
the required sct of reference standards is a much
simpler task.

There arc 3 steps to the TRL calibration process.
During the lirst step. the test ports arc connccted
togcther (dircctly or with a short picce of
transmission line). Once connccted, all four
S-paramctcrs arc mcasurcd. Ncxt, a short picce ol
transmission linc (but dilferent in length
comparcd to the thru) is inscrted between the test
ports. Again. all four S-paramcters arc mcasurced.
Finally, a devicc with a high rcflection cocilicicn
(short or open ¢ircuit) is connected to cach port
The samc device must be connected to port | and
port 2.

During this proccss, additional measurecments | v
taken to remove any reflections duc to the RF
switch inside the test sct. Optionally. the crosstall
can bc characterized during calibration also.
Orcrall. 16 mcasurements arc taken viclding 16
indcpendent cquations which can be uscd to solve
for the cocllicients of the 12-term modci. the
propagation constant of the Linc and the
rellcction cocflicient of the Refllect

Let's illustrate this process for a tvpical Nnixturc
For this cxamplc. each hall of the lNixture is a
simplc coax-to-microstrip launch onto a | ¢m long
50 ohm microstrip substratc. For the Thru step.
the input and output lixturc halves arc connccted
togcther. Since the desired reference plane will be
at the open cnds of the microstrip substrate when
a dircct conncction is madc, there 1s no clectrical
icngth between the reference plancs. This Thru s
dclined to have a transmission coclficient of |
with zcro degrecs of phase.

Once connccted. all Mour S-paramcters arc
mcasurcd as wcll as two measurcments for swi-
correction,
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TRL CALIBRATION

"Reflect”

I need not be known

PaTrBSE

TRL CALIBRATION

{ER)

T

I

"Line"
Determines Z, of measurement.

PATS?85C

“Ratiect”
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Foar the next step . a high relicction coctiicient
device must be connceted to port I and then to
port 2. Both SIt and S22 arc mcasurcd. These

terminations must be the samce on both ports.

For the last step. a short picce of transmission linc
is inscrted between the fixture halves. Again. afl
four S-paramecters arc mecasurcd as well as the
switch. The characteristic impedance (Zq) of thiy
Linc bececomes the absolute impedance relerence.
That is, Sy and S45 of thc Linc arc delined cqual
to zcro. Therelore, any mecasurcd reflcction must
be duc to directivity or test port mismatch I an
impcdance reierence 1s desired that is difficient
than the Zg of the Linc, this can also be
accomplished.

The basic TRL calibration process 1s now complete
although l'orward and rcverse crosstalk correction
can be included.

In reviewing this process. we note the mmpedance
refcrence comes from the Zg of the Linc and the
rcference planc was sct by specifying the Thiu a~
zero-length (Ofsct Delav = 0 picoscconds). Duc 1o
thc gencral implcmentation of this calibration. the
rcfcrence planc may also be sct by specitving the
clectrical length of the Reflicct standard. The
reference impedance can also be sct to an
impcdance other than that of the Line. (lFor
example, if the linc was known to have a Ly =3l
ohms. 1t could still be uscd to calibrate for a 30
ohm svstem impcdance). This is simply donc by
specilving both the desired reference impedance
(SET Zy) and the actual Zg of the Linc (OfTsct
Zg).
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TRL CALIBRATION METHOD

Choice of line length

Q2 g, - = m

f,+1,°
£4 = length of delay line
2; = length of thru line (conveniently short)

1, & 1,in GHz

180

T+ 11, 9¢9

Cey = 180 o pp =

ey = 120t deg

Keep phase at {,>20°
Keep phase at {,<16°

TRL CALIBRATION

S21 of Calibration Line

W,
L W)
200

e
R
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OVERVIEW

. Non-coaxial Measurement Problems/Techniques
. TRL Calibration Method

11K Benefits of TRL Calibration
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Onc requirement that may require some additiana
cxplanation is the "required” clectrical length of
the Thru and Linc. To cnsurc that the cquat

that arisc F'rom the Thru and Linc steps aic
indcpendent, S21 and Si2 of the Thru and Linew
must alwayvs be distinct. Il the phase of the line
rcachcs 180 degrees (or any other integer multiple
ol pi), then there would not be cnough
independent cquations to compute the crior modcel
A 20 dcgrce phasc margin 1s rccommendcd

There arc somc cascs (most notably on-walcer)
where it 1s impossible to achicve a zero-length
Thru. In such cascs, these requirecments apply to
the difference in length between the Thiuo and
Linc.

The mecasurced responsc of the Linc, shown here.
has inscrtion phase equal to 16 degrees at 1.0 GH»?
and 157 dcgrees at 9 GHz. A single Linc can be
uscd lor up to an 8 bandwidth (that i1s. BW Start
Frcq.). When the desired mcasurecment bandwidth
1s larger than 8:1. an additional line is rcquired

www. HPARCHIVE.com



BENEFITS OF TRL CALIBRATION

o Simple, Realizable Standards
o Correcting Fixture Dispersion

o Normalized or Absolute Impedance Measurements

PATEW9

SIMPLE, REALIZABLE STANDARDS

o REFLECT Impedance is Unspecified
- stray C,L difficult to determine

o Propagation Characteristics of LINE
Not Precisely Specified
- ad , §I may be non-linear

o Impedance Determined by Actual Z¢ of the
Transmission Line Used = Known or Otherwise

- Z, may not be constant

PATEIS0

CORRECTING FIXTURE DISPERSION

o 7| of Planar Transmission Line is Nonlinear
- TRL calibration accurately characterizes the

fixture's actual response using standards
that may be dispersive

PatbIs

We have focused on the TRL calibration process
and somc ol the requircments. Let's now conside:
some of the beneflits,

The TRL calibration mcthod providces a means to
dircct calibration in non-coaxial transmission
mecdia. Primary among thc beneflits of this
mcthod 1s that it 1s much morc simple to realize o
complete set of standards. The Refllect standard
must be highiy rellective, but docs not have to be
a known impedance. It is not nccessary 1o
charactcrize the parasitics ke strav capacitance
and Icad inductance. The benelit 1s that the
accuracy of the TRL method 1s not dependent on
how wcll this standard is known (provided that 1t
1s highlv rcflective). This is onc of the ke
diffcrenees between TRL and the TSD calibration

Thc inscrtion loss and phasc of the Linc do not
have to be preciscly specilied. Since these
characteristics arc diflicult to predict in planar
transmission media lihe microstrip. this henefit s
obvious. (Notc when a non-zcro length Thyu s
uscd. precise dellinition of the electrical fength of
the short Thru transmission line is required.)

In-Tixturc TRL calibration allows (or complcte
characterization of the svstem’s {rcqucney
responsc. Since the connection interface 15 focate:!
insidc the lNixture, a part of the mcasurcment
svstem will itsclf be dispersive. The transmission
linc standards arc also dispersive. This. howcever .
1s o no conscqucnce to the TRL calibration

(Again. the problem is somewhat morce complex
when a non-zero fength Thru is uscd since the
clectrical Iength of the Thru must be speciliied.)

www HPARCHIVE.com



CORRECTING FIXTURE DISPERSION

1 cm Transmission Line
Linear Port Extension and in-fixture TRL
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NORMALIZED OR ABSOLUTE
IMPEDANCE

o The LINE is Assumed Retlectionless

Z, = SET Z,

o LUINE Z,; may be Difficult to Precisely Define
- If LINE Z, is the same as final application,
normalizes to "matched” conditions
- Specified Otfset Z,, provides reference to
absolute impedance (i.e., true 50 ohms )

PATEED

OVERVIEW

I. Non~coaxial Measurement Problems/Techniques
1. TRL Calibration Method
. Benefits of TRL Calibration

V. Measurement Examples

T30

To illustrate. this is the mcasurcment ol 2
microstrip transmission hinc 1o a microstiip
Fixturc. Svstem calibration was performed (I

the coaxial Finture ports and then clectrical d

of” 321 picoscconds applicd to move the relcrencw
planc to the center (2) in-fixturc using 1R The
lower trace ts the mcasured group deiay of the
linc using TRL. Thc dclay is about 85 ps with a
variation ol" 5 ps over frequency. The othes
mcasurcment shows a group dclay variation ol 9
ps. This mecasured variation 1s greater because
only the lincar phasc componcnt is rcmosced  The
[ixturc adds anothcr 4 ps ol phasc distortion
which can only be rcmoved using a dircct
calibration mcthod.

In dcsign. it mav only bc nceessary to measurc
rclative to the impedance of a transmission linc.
That is. to know when the device is matched  Thi
is sitmilar to error-correction in wavcguide. where
"normalized"” impedance is gencrally mcasured. In
cascs where absolute impedance information is
rcquircd. the Zg of the Line must be specilicd.

Now. lct’s look at some typical mcasurcment
results.
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MEASUREMENT EXAMPLES

o
- Microstrip Transmission Line
- Low Pass Filter
- Microcircuit Amplitier
TEYSS
MEASUREMENT EXAMPLES
Comparison of Linear Fixture Mode! { 1)
vs. In-fixture TRL (2 )
Microstrip Transmission Line
et Bifg T
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MEASUREMENT EXAMPLES
Low Pass Filter
Bifg
LT |
LT 1
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Passband Loss
Patgis?
T

These measurement examples range from simple
microwasve clements to more compley
Mmictocircuits,

This is the mcasured responsce of a | cm 50 ohm
microstrip linc - return and inscrtion loss. Notc:
To cvaluatc reflection measurements, a
transmission linc diflcrent than the onc uscd to
calibratc must be used. Re-measuring the
reflection cocflicient of the calibration linc is
mcrcly an indication of rcepecatability,

For comparison. the lNixturc was calibrated at the
fixturc's coaxial ports as wcell as inside the [ixturc
using TRL. Thec mcasurcd rcturn loss 15 smooth.
comparcd to the out-of-Mixturc calibration  The
peaks and nuils in the {irst mecasurcment arce
created by the rellections of the launches  When
TRL 1s applicd. these faunches are remoncd  The
transmission responsc shows that the inscrtion lo-
ol the test Mixture has also been remoscd

The mcasured passband loss of a 4 GHz law pase
filter is shown here. When calibrated using TRL
the Fixturce's loss is completely removed. allowinyg
for morc preccise characterization ol the passband
loss and variation.
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MEASUREMENT EXAMPLES

Microcircuit Amplifier

I
-
H

- ey wan
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=T T I
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OVERVIEW

Non-coaxial Measurement Problems/Techniques
TRL Calibration Method
Benefits of TRL Calibration

Measurement Examples

PATEIRA

The measurced gain ol this microcircuit amplilfic:
is about 0.5 dB highci when the Tixtuic’s respe o
is removed. All of the mecasurcments shown
the TRL calibration applicd appcar to be smo
and resonance-lrec.

This paper has described some of the problems
associated with making accuratec measurcments ol
non-coaxial devices. To tllustrate, the TRL
calibration process was described and applicd to
an cxample microstrip lixturce.

The benefits of TRL calibration were di<cussed
and mcasurcment results were shown,
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