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Abstract — Combined differential-mode and
common-mode (mixed-mode) scattering pa-
rameters (s-parameters) are well adapted for
accurate measurements of linear networks at
RF and microwave frequencies. The relation-
ships between standard s-parameters with two-
port vector network analyser (VNA) and mixed-
mode s-parameters with four-port VNA are de-
rived in this paper. A fabricated differential struc-
ture was measured with standard two-port VNA
and mixed-mode four-port VNA. The correlation
between standard s-parameters and mixed-
mode s-parameters is presented as well.
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1 BACKGROUND

The differential structures are widely used in RF,
microwave and high-speed broadband applica-
tions. The evaluation of differential structures is
necessary to ensure optimal circuit and system
performance. Combined differential-mode and
common-mode (mixed-mode) scattering pa-
rameters (s-parameters) are well adapted to
accurate measurements of linear networks at
RF frequencies. However, differential structure
measurements with a traditional two-port vector-
network analyser (VNA) present many chal-
lenges [1-2]. The major obstacle in RF applica-
tion of differential structures is that most test
equipment is intended for single-ended devices.
The related infrastructure is also unbalanced,
such as calibration standards, transmission lines
and connectors, and even industry standard ref-
erence impedance [3-4]. This paper presents
the transformation between standard s-
parameters and mixed-mode s-parameters. A
fabricated differential structure is measured with
two-port VNA and four-port mixed-mode VNA,
respectively, and the correlation data is pre-
sented as well. Although the standard transfor-
mation technique could ideally be used to allow
a traditional two-port VNA to carry out meas-
urements of mixed-mode s-parameters, a mix-
mode measurement system is essential to accu-
rately characterize the effect of mode-

66

conversion in the real differential test structures
accurately [1].

2 OBJECTIVE

The main objective of this work was to build up
the in-house capability in SIMTech on develop-
ment of techniques and methodologies for multi-
port characterization up to 20 GHz.

3 METHODOLOGY
3.1

Standard-mode and mixed-mode S-
parameter of differential structure

For single-ended devices, RF voltages and cur-
rents relative to a common ground can be de-
fined at each terminal of the device. From the
voltage, current and impedance definitions,
normalized power waves can be defined as
stimulus and response. Stimulus power waves
propagate into the device-under-test (DUT), and
response power waves propagate away from it.
A block diagram of a four-port device is shown in
Fig. 1.
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Fig. 1. Diagram of single-ended 4-port DUT.
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The relationship between the power waves is
shown in Eq. (1) where By = Ssig Astg. Bsta, and
Asg represents response and stimulus waves’
matrix respectively; whereas Sy is the standard
four-port s-parameters matrix. The matrix repre-
sentation is shown in (2) and (3) respectively.
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For balanced devices, differential- and common-
mode voltages and currents can be defined on
each balanced port. Similarly differential- and
common-mode impedances can also be de-
fined. A block diagram of a two-port differential
DUT is shown in Fig. 2.

Port 1 DUT Port 2

Fig. 2. Diagram of differential 2-port DUT.

A mixed-mode s-matrix in (4) can be organized
such that it is similar to the single-ended s-
matrix, where each column (row) represents a
different stimulus (response) condition. The
mode information as well as port information
must be included in the mixed-mode s-matrix
[3].

bar | [Saia1 Saa2 ‘Sdlcl Sqie2 | aan
ba2 |_|Sda2d1 Sd2d2 | Sd2cl  Sd2c2 | 4d2 (4)
by Scidl Scld2 | Selel  Sele2 || %l
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Saigi and Seigj (i, j=1, 2) are the differential-mode
and common-mode s-parameters respectively.
Saic; and Sgy (i, j=1, 2) are the mode-conversion
or cross-mode s-parameters. Differential re-
sponse is represented by the parameters Sy (/,
j=1, 2) in the upper left corner of the mixed-
mode s-matrix (4) due to a differential stimulus.
Conversion of common-mode (differential-
mode) waves into differential-mode (common-
mode) waves is characterized by Sy (Scig) (I,
J=1, 2) parameters.

3.2 Transformation between Standard-
mode and mixed-mode S-parameter

The mixed-mode s-parameters in (4) can be
directly related to standard four port s-
parameters (3) if nodes 1 and 2 in Fig. 1 are
approximated as a single differential port. Simi-
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larly nodes 3 and 4 are also grouped as another
differential port [5]. The relationship between the
response and stimulus of standard-mode and
mixed-mode are shown in (5) and (6) respec-
tively. a; and b; (i=1 to 4) are the waves meas-
ured at ports 1-4 in Fig. 1.
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The transformation matrix in (12) between stan-
dard s-parameters and mixed-mode s-
parameters can be derived from the following
equations: mixed-mode incident waves Apn, in
(7); mixed-mode response waves B, in (8);
mixed-mode s-parameters matrix Sy, in (11);
standard four port s-parameters matrix Sgy in
(3); and the conversion matrix Min (9) and M7 in
(10).

Amm = MAgq
aqi I 0 -1 0|qg
laga| 1|0 1 0 —1fap (7)
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o |21 0 1 ofn
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o L]0 10— ()
211 0 1 0
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|m| J2|-1 0 1 0
0 -1 0 1
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4 RESULTS & DISCUSSION

The test vehicle is a 4-layer FR4 substrate with a
coupled differential structure design. The cross
section and fabricated test board are shown in
Fig. 3 and 4 respectively. The cross section illus-
trates a microstrip topology and the test vehicle
parameters are shown in Table 1. The test
structure was designed as a tightly-coupled mi-
crostrip differential structure and its differential
impedance is 100 Ohm. The SMA connectors
were used for the VNA connection.

Cu Trace

Ground Plane

Fig. 3. Cross-section of test board.

DIFFERENTIAL LINE -~ B.F

Fig. 4. Fabricated test board.

Table 1. Test board parameters.

S12 = S14 =532+ 534 [

S12 = S14 + 532 =534 {

Thickness (um) 42.5
C("gﬁfr Line Width (um) 290
Spacing (um) 510
Thickness (um) 190
Prepreg Dielectric Constant, er 4.0
Loss Tangent & 0.02

Sp1+ 813531533
S21+ 523 =541 =543
Sp1+S13+531+533
Sp1+ 823+ 541 +543
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S12 +S14 =532 =534 }
S22 +824 =542 = S44
S1p +S14 + 532 + 534}
S22 + 824+ 840 + 544

The set up of single-ended two-port VNA meas-
urement is shown in Fig. 5(a). During the two-
port VNA measurement, any two ports on the
DUT is connected to two-port VNA respectively,
and the two remaining ports were terminated
with 50 Ohm. All combinations of four individual
ports are measured to get standard s-
parameters matrix, i.e. P1&P2, P1&P3, P1&P4,
P2&P3, P2&P4 and P3&P4. These two-port
measurement results can be used to form stan-
dard four-port s-parameters matrix Sgy in (3).
Standard s-parameters matrix Sgy will be con-
verted into mixed-mode s-parameters matrix
Smm in (12). The setup of differential-ended four-
port VNA measurement is shown in Fig. 5(b). All
four ports on the DUT are connected to mixed-
mode four-port VNA. The calibration method of
short-open-load-through (SOLT) is used for both
two-port and four-port VNA.

2-Port __ _. 2-Port
UNA [P1] Differential = UNA
DUT
50 Q <= [P3 =>50 Q
(a) For single-ended 2-port VNA.
4-Port<_l E Differential I_>4-Port
VNA 1 IP3 DUT Fa)l VNA

(b) For differential-ended 4-port VNA.
Fig. 5. Setup of s-parameters measurement .

In Figs. 6 to 14, the curves denoted as “Stan-
dard” represent the mixed-mode s-parameters
converted from two-port VNA measurements,
and the curves denoted as “Mixed” represent the
mixed-mode s-parameters measured with
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mixed-mode four-port VNA. In Fig. 6, the inser-
tion loss Sd1d2 of differential response and dif-
ferential stimulus has a very good agreement
between “Standard” and “Mixed”. The curve de-
noted as “Single-Ended S12” is shown as a ref-
erence for the insertion loss between single-
ended port 1 and single-ended port 2.

The insertion (return) loss of response and
stimulus with same mode has a very good corre-
lation between “Standard” and “Mixed” mode s-
parameters in Fig. 7 to 10. For the response and
stimulus with different mode, there is a slight
variation between “Standard” and “Mixed” mode
s-parameters for both insertion and return loss
shown in Fig. 11 to 14. It can be seen that the
mode conversion method between standard and
mixed-mode s-parameters can be used to char-
acterize the differential structures for the users
who only have traditional two-port VNA.

Comparison of Standard and Mixed-Mode S-Parameters
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Fig. 6. Insertion loss in single-ended and differential-
ended structure.
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Fig. 7. Return loss in differential-mode of response
and stimulus.
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Comparison of Standard and Mixed-Mode S-Parameters
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Fig. 8. Return loss in common-mode of response and
stimulus.
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Fig. 9. Insertion loss in differential-mode of response
and stimulus.
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Fig. 10. Insertion loss in common-mode of response
and stimulus.
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Fig. 11. Differential-mode response and common-
mode stimulus.
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Comparison of Standard and Mixed-Mode S-Parameters
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Fig. 12. Common-mode response and differential-
mode stimulus.
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Fig. 13. Differential-mode response and common-
mode stimulus.
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Fig. 14. Common-mode response and differential-
mode stimulus.
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5 CONCLUSION

Mode transformation between standard s-
parameters and mixed-mode s-parameters has
been presented in this paper. Characterization of
fabricated differential structure has demon-
strated that there is a close correlation between
the mixed-mode s-parameters converted from
two-port VNA and mixed-mode four-port VNA
measurements. The mixed-mode s-parameters
derived from the two methods have good
agreement for the stimulus and response with
the same mode (common or differential), and a
small variation for the stimulus and response
with different modes (common/differential, dif-
ferential/common). In order to predict the behav-
iour of the mixed-mode s-parameters using a
traditional two-port VNA, the mode transforma-
tion technique can be applied, however, a
mixed-mode four-port VNA system is still re-
quired to accurately measure the impact of
mode conversion in real integrated differential
test structures.

6 INDUSTRIAL SIGNIFICANCE

PCB manufacturers, test service providers and
communication transceiver manufacturers will
benefit from the techniques and methodologies
for multi-port characterization developed in this
work.
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