





on all of the device ports. For a common-mode stim-
ulus, it attempts to determine the differential-mode
and common-mode responses. A mixed-mode S-
matrix can be organized in a similar way to the sin-
gle-ended S-matrix, in which each column repre-
sents a different stimulus condition, and each row
represents a different response condition (Figure
3). Unlike the single-ended example, the mixed-
mode S-matrix not only considers the port but the
mode of the signal at each port.

The naming convention for the mixed-mode S-
parameters must include mode information as well
as port information. Consequently, the first two

Differential Mode,
Single-Ended Common Mode

Port 1 &> <:J Port 2
(unbalanced) {balanced)

subscripts in the matrix describe the mode of the
response and stimulus respectively, and the next
two subscripts describe the ports of the response

Single- Differential Common
Ended hMode Mode
Stimulus Stimulus Stimulus
Port 1 Port2 Port2
Single Ended
Response o [SSSII Sz Sser —I
Differential >
Mode Resp G2 {Saszi Spp2 SDczzJ
Common Mode
e Roed Scsor | Sepze Scen

and stimulus. The mixed-mode matrix fully
describes the linear performance of a differential A
two-port network.

Differential measurement techniques

The techniques employed to measure a differen-
tial device in the following discussion are based on
measurements made of a three-terminal SAW filter
in an LTCC antenna switch module using an
Agilent PNA Series vector network analyzer. The results
are shown in Figures 5 and 6.

A simple extension of the mixed-mode concept can be
applied to devices having a combination of differential
and single-ended ports, as is the case with the SAW filter.
The four-terminal matrix can be converted to a three-
terminal matrix by removing the port 1 differential mode
stimulus and response, as illustrated by the shaded row
and column in Figure 3. In this scenario, the differential
and common modes on the differential ports and one
mode on the single-ended port must be considered.

The S-matrix (Figure 4) for such a device is arranged

Figure 4. When the four-terminal matrix is converted to a three-
terminal matrix, the differential and common modes on the dif-
ferential ports and one mode on the single-ended port must he
considered. The S-matrix for this configuration is arranged with
the stimulus conditions in the columns and the response condi-
tions in the rows.

with the stimulus conditions in the columns, and the
response conditions in the rows. The mode on the single-
ended port is referenced with an ‘S’ for single-ended
instead of a ‘C’ for common mode because only one mode
is available on this port. Two columns and two rows
describe each differential port, and one column and one
row describe each single-ended port. In this case, the
four parameters in the lower right corner describe the
four types of reflection that are possible on a differential
port. The single parameter in the upper left describes
the reflection on the single-ended port, and the other
four parameters describe the differential and common

S2(single-ndsd)

S3(znge-ended)

‘Sas21(simuated mixed mods)
Sds21 cniculatid misd mode)
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A Figure 5. Offset between the values of S;; and S, repre-
sents the overall balance hetween the two terminals that
make up the differential port. This image also contains
the comparison of the balun and mixed-mode methods.

A Figure 6. The phase difference hetween the two terminals
(S37 and S,q) of the differential port measured single-
ended as with the single-ended method.
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phase difference between the two terminals.
The difference in phase shown in the figure is
not exactly 180 degrees because of the asym-
metries of the device. This method also does
not yield insight into the full mixed-mode S-
parameter matrix.

Physical balun method

%

. S-PARAMETERS .

A balun may be used to convert the single-
ended port of the network analyzer to the dif-

' S Param
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- Start=840 hMHz -

. Slop=1040 MHz
. Step=

ferential port of the device, which transforms
the impedance of the differential device to the
impedance of the network analyzer. In this
case, the differential port impedance is 100
ohms and the single-ended port impedance of

A Figure 7. The single-ended data is imported into Agilent’s Advanced
Design System (ADS) simulation tool, where it can be transformed to

differential data using a halun circuit component.

mode transmission characteristics in the forward and
revere directions.

Single-ended method

Measuring the differential device as a single-ended
multiport device is easy yet time-consuming because
multiple two-port measurements are needed to fully
characterize the device. In addition, it can produce mis-
leading results because the single-ended data may not
give a representative indication of the performance of
the device when it operates in one of its differential
modes. This occurs because the single-ended data does
not provide accurate information of differential perfor-
mance. For example, Sy; is the insertion loss measure-
ment from the antenna terminal (terminal 1) to the rx+
terminal (terminal 2). It is not the same as the insertion
loss measurement from the antenna to the differential
port. In Figure 5, there is offset between the values of
S3; and Sy, which represents the overall balance
between the two terminals that make up the differential
port. This offset may be caused by an asymmetrical
device topology that will result in a decrease in differen-
tial mode performance. Ideally, S3; and Sy should have
the same amplitude characteristics.

Delta method

The delta method measures the single-ended trans-
mission phase characteristics of the device. The topolo-
gy of most differential devices will constrain the electri-
cal length of the two terminals comprising the differen-
tial port to give a 180-degree phase shift between them.
This parameter is directly related to how well the device
performs in differential mode. Figure 6 shows the phase
difference between the two terminals (S3; and Sg;) of
the differential port measured single-ended as with the
single-ended method. There should be 180 degrees of
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the analyzer is 50 ohms. This method will
provide some degree of accuracy about the
differential characteristics of the device but
does not provide information on common-
mode performance. The accuracy of this
method is also highly dependent on the calibration ref-
erence plane and the characteristics of the balun.

Mathematical ‘ideal balun’ method

The single-ended data may also be imported into a
circuit simulator such as Agilent’s Advanced Design
System (ADS). This data can then be transformed to dif-
ferential data using a balun circuit component in the
simulator (Figure 7). As with the physical balun method,
the common-mode performance of the device cannot be
measured. The circuit component is an ideal balun, so
the common-mode impedance is infinite (where the non-
center tapped reflection coefficient equals +1). Any com-
mon-mode signals at the output of the device will reflect
from the balun and possibly back to the output as an
error signal, depending on the mixed-mode performance
of the device. The same will be true when using a phys-
ical balun, but the reflection coefficient will differ
depending on its characteristics. The mixed-mode per-
formance of the device cannot be measured using a
balun, so there is no way to determine what the error
result may be. The same is true for the center-tapped
balun (where the reflection coefficient equals —1).

Simulated mixed-mode method

A circuit simulator may also be used to measure
mixed-mode parameters of the differential device
(Figure 8). A center-tapped balun is used to perform the
differential mode conversion and also provides the
mechanism for the common-mode terms. The common-
mode conversion occurs at the center tap of the balun
where only common-mode signals will appear because of
the characteristics of the balun. These common-mode
signals are then terminated through a balun into a 25-
ohm termination, which is the common-mode imped-
ance of the SAW device. This configuration will allow all
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A Figure 8. A circuit simulator may also be used to measure mixed-mode para-

meters of the differential device.

the mixed-mode characteristics of the device to be mea-
sured. It also provides the appropriate terminations for
differential and common-mode signals so that mode con-
version terms do not cause errors like those produced by
the balun method.

Calculated mixed-mode S-parameters method
Bocklemann and Eisenstadt [1] have analyzed a
method to convert the single-ended data to mixed-mode
using mathematical algorithms. These algorithms show
the relationship between nodal waves generated by a

the calculated mixed-mode method does
not require a circuit simulator to per-
form the conversion. Figure 9 shows a
comparison of the mathematical balun
method versus mixed-mode S-parameters.

The error caused by mode conversion of the device is
clearly seen in this measurement comparison, and is the
reason why the balun method result is not accurate.
Using calculated mixed-mode S-parameters, a differen-
tial device can be quickly and accurately characterized
in all the modes of operation.

The second part of this article will provide a more rig-
orous analysis of the error effects of each measurement
method, including issues such as improper third-port
termination and fixturing. |

-2.75

=-3.,004 s \\
-3.50- r X

—t.004" T -

521 (meth balun)
Scba2 (mixesd mode)

—4.50+

> | References

1. D. E. Bocklemann and W. R. Eisenstadt,
“Combined Differential and Common-Mode
Scattering Parameters: Theory and Simu-
lation,” IEEE Transactions on Microwave
Lo | Theory and Techniques, Vol. MTT-43, July
1995.

FO.04
Fo.03

0.0z

Fo0.00

0.0

Author information

L -a.02 Loren Betts joined Agilent Technologies in
1997 after graduating from the University of
Alberta, Canada, with a bachelor’s degree in
computer engineering. He now works as an

f==0.03

F—0.04

e T T T T
920 s30 a0 550 ELL
freq, MHz

.z | applications specialist with Agilent, focusing
on network analyzer products. He is pursuing

A Figure 9. The error due to the mode conversion of the device can he
calculated by comparing the mathematical balun results to the

mixed-mode results.

74 - APPLIED MICROWAVE & WIRELESS

a master’s degree in electrical engineering at
Stanford University. He may be contacted via
E-mail: loren_betts@agilent.com; or Tel: 707-
577-2828.



LY

[ ( Ji

Theory and Analysis of Differential
Measurement Techniques

By Loren Betts
Agilent Technologies

Editor’s note: This is part two of a
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two-part article. The first part was
published in the November 2001 issue
of Applied Microwave & Wireless
magazine.

he first part of this article

I introduced differential devices
and their measurement and
demonstrated that the mixed-mode
method of characterizing differential

devices provides the most detailed
view of their performance. The |_,.
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duce the inaccuracy that appears
when the balun technique is used,
and it provides information about
both the differential and common
mode performance of the device.
Building on this information, this
device focuses on the sources and effects of
errors in the measurement. It is important to
understand these errors so that they can be
minimized when measuring differential devices.

Balun versus mixed-mode method

Previously we showed that results obtained
from the mathematical balun and mixed-mode
measurement methods can be quite different
(Figure 1). The device under test used in the
example exhibited mode conversion, and in con-
junction with the balun, induced an error in the
measurement. To continue this discussion, the
differential insertion loss (Sds21) of the three-
terminal SAW filter used as an example in Part
1 is measured with a balun at the output to per-
form the differential-to-single-ended conversion
to the network analyzer. The balun is again
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A Figure 1. Measurement results obtained with the mathemati-
cal balun and mixed-mode measurement methods are quite
different.

assumed to be ideal (lossless) in this analysis.
The network analyzer supplies a signal to the
single-ended port of the device, and this signal is
attenuated by the device’s insertion loss and
appears at the output of the device as a differ-
ential signal. The signal is then converted back
to single-ended using the balun so it can be mea-
sured using the network analyzer. This signal is
the desired differential measurement result
using the balun method. A portion of the inci-
dent signal that was applied to the input of the
device is converted to common mode (Scs21) at
the output, which is called mode conversion.
The common-mode signal encounters the com-
mon-mode match (Sccll) of the balun, which
has a common-mode reflection coefficient of +1.
A grounded center-tapped balun would have a
common-mode reflection coefficient of —1.
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Physical, ideal and non-ideal baluns
Even an ideal balun will cause some measurement

A Figure 2. When measuring the differential performance of
the device, errors hecome apparent.

This characteristic causes the entire signal to be
reflected back to the device, where it encounters the
device’s common-to-differential-mode match (Sdc22)
and is converted to a differential signal that passes
through the balun to the analyzer. The infinite loop cre-
ated by Scc11 (balun) and Scc22 (DUT) terms accounts
for second-and-higher-order terms. It can be consolidat-
ed using the power series expansion technique. The goal
is to measure the pure differential performance of the
device, so these signals show up as error in the mea-
surement (Figure 2). The total measured signal (includ-
ing error) is calculated by (see Equation (1)).

The designer’s goal would ideally be to terminate the

error. The effects of using a simulated nonideal balun
measurement can be compared to a measurement that
employs a physical balun. In this example, the compo-
nent values for the balun where chosen from a manu-
facturer’s data sheet. The simulation setup for the non-
ideal balun is shown in Figure 3.

A calibration was performed at the terminals of the
analyzer because there are no standard calibration stan-
dards for the differential mode. In Figure 4, the differ-
ence in measurement results of the Sds21 term of the
DUT for the three different balun measurements are
apparent. The non-ideal and physical balun greatly
degrade the measurement results.

There are two primary causes for these differences.
First, the balun now contains nonideal mixed-mode S-
parameters such as insertion loss and input match.
Since the ideal balun cannot be physically realized, it is

Error Signal = Scs21* Sdc22* Sccll_balun *

Using Power Series expansion:

Scs21* 8de22* Secll_balun
1-Scc22* Sccll_balun

Scs21*Sdce22* Secll_balun
1-Scc22* Secll balun

Error Signal =

Measured = Sds21+

Error Signal = Scs21*Scell_balun * Sdc22 + Scs21* Scell_balun * Sce22* Secll balun * Sdc22+....
1+ (Scc22*Seell_ balun)1 +(Scc22*Seell_ batlun)2 +
(Scc22* Secll_ balun)3 +....

14(Scc22* Secll_ balun)1 +(Scc22* Seell_ balun)2 +

(Scc22* Seel1_balun)’+....)

1
~ 1-Scc22% Secl 1 balun

A Equation 1. The total measured signal (including errors).
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difficult because in-fixture standards must be
designed and characterized with an associated cali-
bration kit definition for the network analyzer.

The three-terminal SAW filter is in a fixture, and
a calibration has been performed at the fixture’s
input terminals and not at the input plane of the
device. The transmission line from the input termi-
nals of the fixture to the input terminals of the
device should have the same electrical characteris-
tics, especially on the differential port of the SAW fil-
ter. Assume for this discussion that one of the trans-
mission lines to the device on the differential side is
longer than the other two transmission lines. This
effect can be analyzed by using a simulator (Figure
5) in which the simulator’s transmission line ele-

A Figure 4. The three different balun-based techniques produce
significant differences in measurement results of the Sds21

term of the DUT.

necessary to consider actual physical balun parameters
to illustrate the effects they will have on the differential
measurement. The calibration plane is at the terminals
of the balun and not at the terminals of the DUT. This
means that the analyzer is measuring the three-termi-
nal SAW filter and balun as one device, so the measure-
ment results will be an aggregate of the two devices.
These results illustrate the importance of the calibra-
tion reference plane and the need for mixed-mode S-
parameters.

Fixturing and asymmetric device effects
While it would be desirable to perform the calibration
at the device terminals, in some instances this is very
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A Figure 5. The effect of having one of the transmission
lines of the device on the differential side longer than the
other two transmission lines can he analyzed by using a
simulator in which the simulator’s transmission line ele-
ment represents the difference in actual electrical trans-
mission line length of the fixture.
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ment represents the difference in actual electrical
transmission line length of the fixture. This differ-
ence in length will affect some of the mixed mode
parameters of the device. For example, Figure 6
shows the resulting common-mode-to-differential-
mode match term (Sdc22) of the device that causes
errors in the measurement when using a balun. The fix-
ture offset has degraded the Sdc22 term, which can fur-
ther increase measurement error when using a balun.
This result can also be realized for a differential device
that is asymmetric because asymmetries in the device
will affect the mode conversion terms. Port extensions
and de-embedding are useful features that can be used
to remove fixturing effects from a measurement if a cal-
ibration cannot be made at the terminals of the device.
Port extensions are a feature available in some network
analyzers that mathematically extend the measurement
plane beyond the calibration plan to the terminals of the
device. It takes into account not only the electrical
length of the fixture but also its loss. De-embedding and
embedding can also be used to remove the effects of a
fixture from the measurement, which moves the mea-
surement plane to the device terminals. In all cases, the
calibrated measurement plane should be at the termi-
nals of the device.

Multiport error-correction

It is very important to consider calibration and error
correction techniques when measuring multiport com-
ponents. Most network analyzers are two-terminal in-
struments that enable accurate two-port calibrations
using methods such as SOLT or TRL. The analyzer’s
correction terms and their effects are extremely impor-
tant in understanding the measurement results. For
example, the analyzer’s load match term becomes an
important factor when measuring a component. After
performing a two-port SOLT or TRL calibration, most
analyzers will show a corrected load match of approxi-
mately 45 dB. This term is important when trying to get
an accurate measurement in the pass band of a device
where the insertion loss is low. If measuring in the stop-
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Figure 7 shows the effect of measuring the three-

_|  Sde2(with no offset)
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terminal SAW filter using two-port error correction
and terminating the third terminal with a physical
load that has 16 dB of return loss. The amount of
error introduced into the measurement depends not
only on the systematic error correction of the ana-
lyzer but on the device characteristics as well.

If the device has high isolation between the cor-
rected terminal and uncorrected terminal, the
effects caused by the 16 dB load match will be less
significant. The SAW filter has relatively low pass-
band insertion loss between the single-ended input
and the two output terminals that make up the dif-
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ferential port, so proper port termination is impor-
tant to achieve accurate measurements. In addition,

A Figure 6. The common-mode-to-differential-mode match term
(Sdec22) of the device causes errors in the measurement when

using a balun.

band, the load match term is not dominant in the mea-
surement because the isolation of the device greatly
attenuates any reflected error signal from the analyzer
terminal with the load match. This effect is very impor-
tant when measuring a multiport device.

An external multiport test set is typically connected
to a two-port analyzer to measure a multiport compo-
nent. Multiport test sets typically have an uncorrected
load match of around 15 to 20 dB on the RF terminals.
If a two-port calibration is used to measure a three-ter-
minal device using the multiport test set, the uncorrect-
ed load match of the test set will be seen at the third ter-
minal of the device, which may cause errors in the mea-
surement (depending on the isolation of the device).

the third terminal must either be connected to a
high quality (>40 dB return loss) load, or have as
three-port error correction applied.

A three-port calibration on this device would be
ideal for reducing all possible systematic errors.
Network analyzers such as Agilent’s ENA Series can
measure a multiterminal device with multiport correc-
tion applied to all terminals.

Conclusion

Measuring a differential device can be challenging
because all the characteristics of the device must be
measured without effects caused by fixturing. These
effects can be removed from the measurement by per-
forming an in-fixture calibration, using port extensions
to lengthen the calibration reference plane or using
deembedding techniques to remove the fixture from the
measurement, which effectively moves the measure-
ment plane to the device terminals. Although several
techniques can be used to measure the performance of a

-2.5

differential device, most have significant drawbacks.

S21(simulated balun with
1608 load match)

521 (simulaled balun)

B!
Sels21(mixed modz)

Single-ended S-parameters do not provide accu-
rate information on the differential performance,
and balun techniques degrade measurement perfor-
mance because of their inherent characteristics and
calibration limitations. However, a multiport net-
work analyzer with mixed-mode S-parameters and
proper calibration techniques can produce fast, accu-
rate characterization of differential devices in all of
their modes of operation. |
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