ABSTRACT
Many improvements have occurred in microwave error correction techniques the
past few years. The various error sources which degrade calibration accuracy is
better understood. Standards have been developed with increased accuracy and
utility. New Calibration techniques have been implemented that offer improved
performance with more accurate and easier to manufacture standards. These new
techniques also make in-circuit calibrations more practical and traceable. Methods
have also been developed to determine the post calibration accuracy of a
microwave network analyzer measuring linear networks.
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Over the past few years there has been
significant improvement and understanding of
microwave error correction techniques. This
paper will give an overview of these
advancements.

The paper is divided into four major sections.
The first section covers the basic theory and
present methods used for error correction. The
second section deals with the potential problems
of error correction and improved standards that
will result in better performance. Three new
calibration methods are discussed in the third
section. The last section deals with the question
of how accurate is my system when measuring
my particular device under test.

This is a typical block diagram of a network
analyzer used to measure small signal
s-parameters. The primary microwave errors are
caused by the imperfections in the microwave
hardware. The system directivity error is due
primarily to the directivity error of the reflection
coupler. The system match errors are due to the
port match errors at the test ports. The tracking
errors are primarily the tracking error of the
couplers and the tracking error of the down
converter. There are leakage errors between the
down converters through the local oscillator
path, as well as leakage errors of the switch and
between test ports. The switch also has
repeatability error that will reduce system
performance.

To see the improvements offered by error
correction lets compare the measurement
results before and after error correction when
measuring a beaded airline. The two test cases
will be with a response only calibration, which
will not remove the port match errors, and a
full two port calibration which will remove the
port match errors.

There is a twenty dB improvement in the
reflection measurements when the port match
errors are removed.

The transmission tracking errors are greatly
improved with error correction. It should be
pointed out that the response calibration errors
are only a tenth dB which means the uncorrected
return loss at both test ports must be at least 20
dB.

Error correction is performed by placing known
standards at the test ports which allows the
errors of the system to be characterized. Since
this calibration is at the measurement plane, the
errors caused by cables, adapters and fixturing
can be greatly reduced.

For the one-port case lets assume that the
reflectometer is perfect. All the errors of the
system can then be modeled by a two-port error
adapter between the measurement plane and the
perfect reflectometer. It requires 4 error terms
to describe all the errors of the system if we
wish to make power and s-parameter
measurements.

From the flowgraph we can solve for the
measured reflection coefficient in terms of the
actual device under test. For ratio measurements
we only need to know three error terms. The
resulting equation can be inverted to solve for
the actual reflection coefficient, if we know what
the three error terms are.

To solve for the three error terms, lets change
variables so that the equations are transformed
to the bilinear form. This allows a linear
equation to be written in terms of the actual and
measured reflection coefficient and the three
error terms. If there are three known standards
and the measured results of those three
standards, there then exists three equations and
three unknowns that can be solved for the error
terms.

Three standards are required to calibrate the
system. Any one-port standard can theoretically
be used as long as they are not the same value. It
is important that the reflection coefficient of the
standards be widely separated on the smith chart.
And that they can be easily manufactured and the
reflection coefficient of the standards accurately
modeled or measured. This has typically led to
the use of opens, shorts, and loads as the primary
standards used for calibration.

One interesting standard is the sliding load. The
sliding load consists of a sliding load element
whose reflection coefficient does not change as
the element is slid. This generates a circular
locus of data points centered around the
directivity error. A circle fitting algorithm is
used to determine the center of the circle and
thus solve for the directivity error.

The typical calibration routine is to connect the
three standards consisting of an open, short and
either a fixed load or sliding load. At low
frequencies a sliding load is impractical to
manufacture and fixed loads are the only
realistic choice.

The two-port calibration model follows the
same line of reasoning as the one-port case.
However, in the two-port case the error adapter
is a four port network.

To remove the effect of the different impedances
caused by the switch changing states, the model
can be separated into a forward and reverse form
where the source and termination switch ends.
Twenty four error terms are required to fully
characterize this system.

The model can be simplified if certain leakage
error terms are small enough to be neglected.
Also when making ratio measurements the
frequency error terms combine into two terms.
This results in six error terms in the forward and
six terms in the reverse direction for a total of
twelve error terms.

The resultant flow graph and equations are a
function of the six error terms and the four
measured s-parameters of the device under test.
There is a similar set of equations in the reverse
direction.

If the values of the twelve error terms, and the
measured s-parameters of the device under test
are known, then there is a solution for the actual
s-parameters. These four non-linear equations
can be solved in closed form and are easy to
evaluate on a computer.

The first step in solving for the error terms is to
calibrate port one using the one-port calibration
method described earlier. This will solve for the
three error terms describing the system
directivity, reflection frequency response, and
port 1 match.

The leakage error can be determined by
connecting loads to the two test ports and
measuring the leakage directly.

With the two ports connected together, the
calibrated one-port can be used to measure the
port match of the second port. Also the
transmission frequency response can be
calculated from the thru measurement since all
the other error terms are known. The total
calibration procedure needs to he repeated for
the reverse direction.

The typical calibration sequence is shown for
both the APC-7 sexless connector and also for
the sexed 3.5 mm connector environments.
Notice that for the sexed connectors both male
and female standards are required.

If the standards were perfect, the only errors
would be due to the network analyzer.
Unfortunately there are numerous errors that
potentially can cause difficulties. Many of these
are due to mechanical issues involving tight
tolerances. Others are due to modeling errors.
The basic definition of the connector interface is
also an issue. For example, how do you model
slots and gaps in connectors. If there is not a
clean definition on the connector interface it is
very difficult to cascade devices s-parameters
accurately. Skin loss also affects the
characteristic impedance of the airline. And
connector repeatability determines an absolute
performance floor.

This table illustrates the tight tolerances required
to achieve high performance for airlines. In
addition to the errors listed in the table there are
additional errors caused by concentricity and
eccentricity.

Skin loss in non perfect conductors cause the
characteristic impedance to change. Pure gold 7
mm airlines at 100 Mhz have a theoretical return
loss limit of 55 dB.

The reflection coefficient of the sliding element
of a sliding load should not change as it is slid.
But small instabilities do exist and cause some
error.

Modeling the open circuit capacitance is
difficult. This capacitance directly impacts the
open circuit phase error which in turn directly
determines the effective port match.

Slots in female center conductors are very
difficult to model. There are no set
manufacturing standards and the impedance at
the slot area will change depending on the male
pin size. Mechanically measuring and providing
traceability of slots is very difficult. This plot
shows a comparison between slotless and slotted
contacts. Notice a 6 dB error in measuring the
sliding load element caused by the slots.

Gaps at the connector interface add an inductive
component. A .001 inch gap in 3.5 mm
connectors can cause an error only 40 dB down.

Connector repeatability determines the ultimate
performance limit. Notice that the best
performance for 3.5 mm connectors has a return
loss of 60 dB. The beat pattern is caused by
rotating the connector thus changing the contact
fingers position.

When making calibration standards for
microstrip, monolithic, or other substrate
transmission lines, it is very difficult to realize
some very common standards. Also at high
frequencies the mechanical tolerances push the
limit on practicality.

Some of the calibration problems can be
reduced by designing new standards.

The major improvement is to define standards
that are flush with no gaps or slots. The
resultant simple mechanical structure is easy to
trace to primary national mechanical standards
and the measurement system calibrated with
these standards can be certified.

The slotless contact is an inner contact that
does not change the mechanical outer detail as
connection is made. It is a very high life low
impedance contact.

The slotless female contact, placed in a short, is
compared to an ideal short. The phase shift
between the two is less then .1 degrees across the
frequency band, indicating very low contact
inductance.

The slotless contact has a little better
repeatability due to the female fingers not
moving as the connector is rotated.

The open is a one piece slotless female contact
set flush to the plane of the outer conductor. The
open is much more repeatable and reliable than
before.

The sliding load also incorporates the slotless
and flush contact. Plus the ability to easily
connect the load by pushing the center conductor
forward to make contact. Then the back stop
allows the center conductor to return to the flush
position after connection.

Fixed broad band loads have been developed
that allow quick and easy calibration if the
ultimate in performance is not required.
Return losses in excess of 40 dB can be
achieved.

Fixed loads and sliding loads are the typical
terminations used to solve for the directivity
error of the system. Another technique will be
described in this section using a precision
airline of known physical dimensions and a
repeatable fixed termination.

The first step in the offset-load calibration
method is to connect a good fixed termination to
the test port and measure the resultant reflection
coefficient.

The next step is to connect a precision airline, in
cascade with the termination, to the test port.

Using the above two measurements we can solve
for the directivity. The value of the loads
reflection coefficient is not required in the
solution. The impedance of the airline becomes
the reference impedance of the system.

Graphically the solution can be represented by
knowing two points on a circle and the angle
between them. These three conditions are
sufficient to solve for the center of the circle.
The similarities between the sliding load
method and offset load method can easily be
seen.

Using a more complete analysis shows that there
are second order effects that will potentially
reduce the accuracy. One error is due primarily
to not knowing the precise length of the airline.
The other error is due to the reflection
coefficient of the fixed load. These errors are
typically very small as will be shown in the next
slide. The length of the airline should be one
quarter wavelength at the center of the band and
typically should not be used over more than a 9
to I frequency span.

The errors at 100 GHz are in the order of 80 to
100 dB down (if the length error is less than 100
millionths of an inch and the fixed load
reflection coefficient is greater than 34 dB). This
performance can easily be achieved below 100
Ghz.

The typical calibration sequence consists of using
an open, short, load, and offset load. The
precision airline and a short can be used in place
of the open in coax systems and is required in
waveguide applications.

The offset load cal method provides excellent
results when measuring low reflection devices.
The measurement of the 40 dB return loss load
is calibrated to the reference impedance of the
precision airline.

The same load measured with a high quality
sliding load calibration shows a little more
ripple and is not quite as accurate. It is more
difficult to manufacture a long sliding load
with the same accuracy as the short precision
airline. Also the slide stability and center
conductor droop and other errors in the sliding
load are not present in the offset load
calibration method.

There are many times when you want to measure
a device with female or male connectors on both
ends. The problem is that you can not connect
the two test ports together for the transmission
calibration. The same problem exists if the
device has different connectors at both ends, like
type N and waveguide.

One method that can be used, when there are
connectors of the same family and same sex, is
to swap matched adapters. The process is to first
calibrate the transmission path with an adapter.
Then switch the adapter to the correct sex for the
desired test port configuration, and calibrate for
reflection. The accuracy will be as good as the
adapters are matched.

The typical switched adapter calibration is
illustrated. Again, the best time to switch the
adapters is between the thru and reflection
calibration steps.

In the case when there are different connector
families at each end of the device, the switched
adapter approach will not work. also if higher
accuracy is desired, than provided by the
swapped adapter approach, a different
calibration method is required. The
mathematical method of removing the adapter is
an excellent way to achieve both of the above
objectives. The process is to first do a two-port
calibration at test port I then do a two-port
calibration at test port 2. These two calibrations
can then be combined to remove the adapter and
provide a complete non insertable calibration.
The redundant data gathered by this method is
used to improve the final calibration results.

The typical calibration sequence used to
remove the adapter is simplified by doing the
two thru measurements sequentially.

This calibration sequence was used to compare a
standard APC-7 calibration to the adapter
removal calibration method. An APC-7 to type N
back to back adapter was used for the
experiment. Both calibrations were completed
and then a device was measured and the results
compared.

The device measured was a 10 cm long beaded
airline. The calibration method used a fixed
load. The transmission results compare very
well. Even the errors caused by the fixed load
calibration standard are repeated within .01 dB.

The result for reflection measurements show
agreement between measurements that has a
residual error over 50 dB down.

The TRL calibration method requires three
standards. These are a Thru connection, a high
Reflection connected to each port, and a Line
connected between the test Ports. Less
information is required about the standards using
this calibration method than with the traditional
calibration approaches.

The TRL calibration method offers both
simplicity as well as accuracy. The capability of
making calibrations in unusual transmission
line environments is also practical.

The two-port model is the same as used in the
standard calibration approach. The leakage is
measured the same way by using loads to isolate
the ports. The four port adapter is then reduced
to two cascading two ports with the device under
test in between.

The resultant flow graph is best solved by using
the cascading t-parameters. This results in a
much simpler mathematical treatment.

The calibration steps first consist of the thru
connection. Then connect a line of unknown
propagation constant but known Zo. And the
last step is to connect an unknown high
reflection to each of the test ports. The primary
constraints are that the system impedance is
equal to the characteristic impedance of the
line, and the reflect standard needs to be the
same on both ports.

The data gathered from the thru and line
connections provide enough information to
calculate the lines propagation constant, the
directivity, and the ratio of the reflection
frequency response to port match.

The unknown reflection on port 1 and port 2
along with a reflection measurement of the thru
connection provides the additional data required
to solve for the unknown reflection coefficient
of the high reflection standard, and to separate
the frequency to port match ratio. The
transmission calibration is the same as used in
the standard calibration method.

If the line is an airline with no shunt loss, then
the Zo of the airline can be calculated from the
calculated propagation constant and measured
mechanical dimensions of the airline. This
approach will not work where there is shunt loss
as in the case of a microstrip transmission line.

In order to remove the errors caused by the
switch during the calibration phase, the
s-parameters must be calculated using these
equations. In effect the switch is "ratioed" out by
the additional measurements.

If the thru connection can not be zero length,
the TRL calibration method is still valid. This
is important in environments where probes
cannot be placed at the same reference plane or
other physical constraints exist.

With a non zero length thru the math follows the
same approach as in the original TRL
development. The only change is that the
propagation constant is the difference between
the thru and line connections.

The same error terms can be solved for when
using a non zero length thru, but the system
reference impedance depends on the
characteristic impedance of both lines.

The reference plane is at the center of the thru
line. If a different measurement reference plane
is desired, the length and loss of the lines must be
rotated correctly. This is done by knowing the
physical length of the two lines or the reflection
coefficient of the high reflect termination. When
using airlines the reference plane rotation can
also be accurately modeled if needed.

These formulas give the correct length for coax
calibration lines. They are basically one quarter
wavelength at the band center. They are the same
lines required by the offset-load calibration
method described earlier.

This plot shows the phase shift of a 7mm long
airline used from 2 to 18 Ghz.

This is the phase of the reflection coefficient of
the same line terminated with a short. Note the
phase margin at the start and stop frequencies.

The TRL calibration method can also be used
with sexed connectors as long as the high
reflects have the same reflection coefficient. The
slotless and flush standards make this possible.

TRL can be used to calibrate the
non-insertable case where the thru is used to
connect the two ports. Note that the high
reflects are now the same.

TRL can also be used to calibrate a system for
transitional device measurements. Two
separate TRL calibrations are done, one at
each port, and then combined to remove -the
adapter.

This measurement is the reflection coefficient of
a 10 cm beadless airline terminated by a short.
The calibration method used and open, short,
and sliding load. The data is within specification
by a factor of two.

The same measurement is made with the TRL
calibration method and the errors are reduced
by a -factor of three.

This plot shows the transmission magnitude
of a 30 cm beadless airline in both the forward
and reverse directions. Note the excellent
agreement and low ripple in this
measurement.

The same 30 cm airline is terminated with a
short and the reflection coefficient is measured.
The ripple is caused by the port match and
directivity errors which are both down about 60
dB.

The time domain response shows the directivity
and port match errors compared to the short
circuit response. Again the errors are close to 60
dB down.

The repeatability of two separate TRL
calibrations shows agreement within 3 dB at
50 db down which indicates that the
repeatability is over 60 db down.

TRL was used to calibrate a transistor fixture
and the transistor measurements were compared
to a carefully derived model of the same fixture.
The results are very similar but show slight
differences. The TRL calibration standard was a
single 57 ohm transmission line.

The reflection measurements show a more
dramatic difference. This difference occurred
because the model was set to 50 ohms and the
calibration airline was 57 ohms. Remember that
the impedance after a TRL calibration is equal to
the characteristic impedance of the calibration
line standards. The difference between the two
methods would be removed if a 50 ohm standard
line was used.

The question most often asked, in accuracy
enhancement discussions, is how accurate is the
measurement of my device after I have
calibrated. The question is very fair but the
answer is not easily stated. The next section
outlines a process that provides a straight
forward reply.

The residual errors after error correction can be
represented by this flow graph. It is the same
flow graph used for the raw uncorrected terms,
the only difference is the their values are
reduced.

If the nominal values of the calibration
standards, used in the conventional three known
standards calibration method, are known. And
the deviation of these standards from the
nominal are known, then these equations can be
used to solve for the residual errors of the
system.

The deviations can be caused not only by the
standards themselves but also by the errors of
the network analyzer. The errors in the standards
are usually traced back to fundamental
mechanical measurements which are typically
very stable and accurate. These primary
standards are usually air lines whose electrical
characteristics are calculated from their
mechanical dimensions and material properties.

This simple case assumes that there are no
network analyzer errors. And that the only
standards errors are the return loss of the load
and phase error of the open. The return loss of
the load determines the system directivity and
minimum port match error. The open phase error
contributes additional degradation to the port
match. Errors of the open also cause a phase
error in the reflection tracking.

In the TRL calibration the only error caused by
the standards is due to the characteristic
impedance of the air line (if it is different than
the desired system impedance). This impedance
error causes the measured reflection coefficient
to be normalized to the impedance of the
calibration line.

The resultant residual error is due to the
reflection coefficient between the desired
system impedance and the calibration line
impedance. Notice that the directivity and port
match errors are the same magnitude and that
the tracking error is very small. Of course, we
must not forget that there are other system
errors caused by the network analyzer which
need to be included for a total analysis.

The total system one-port error can be
represented by this equation. The errors due to
the standards occur during the calibration step,
but the errors of the network analyzer occur both
during calibration and measurement. The
systematic errors are added and the random error
variances are combined in an RSS manner.

This chart compares the relative accuracy of
different calibration standards and calibration
methods. The open, short, fixed load calibration
is the most convenient but the least accurate. The
standard sliding load calibration can be improved
by using the offset-load calibration standard. The
TRL calibration method provides the best
accuracy and can be used in other transmission
line environments as well.

The two port error analysis follows the same
procedure as the one port case but will not be
discussed here. There has been a computer
program written that calculates the errors for
both one and two port devices and provides
direct uncertainty calculations for the measured
s-parameters of the device under test.

This graph shows the transmission accuracy
after error correction. The main error at high
levels is due to compression. At low levels it
is primarily due to noise.

The phase error of transmission
closely follows the magnitude error.

This is the APC-7 reflection magnitude accuracy
using the sliding load calibration. The main error
at small reflection coefficients is due to the
sliding load. At high levels the sliding load and
the open circuit phase error are the primary
contributors.

The reflection phase error becomes very large
for small reflections.

Calibration methods have greatly improved the past
few years providing more accurate and easier to use
techniques. It is hoped that this paper has outlined
these improvements and provided insight to their
power and usefulness.
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