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Understanding Mixed Mode S-Parameters

What the $#%6* is a differentid or common mode S-Parameter?

The answer to thisquestion is‘ A linear Transform’. Essentidly, mixed mode S-
parameters have been transformed with a smple matrix transformation. The best way to

describe thisis through an example. Assume a device under test (DUT) isafour port
shown in Figure 1.
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Figure 1. Four Port Device Under test

The device shown in figure 1 can be thought of as two coupled lines. When thisdeviceis

measured with aVector Network Andyzer, the S-parameters are a4 X 4 matrix as shown
in Equation 1.
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Throughout the rest of this example, the Sin the matrix will beimplied, and just the
subscripts will be shown, so Equation 1 (the natural S-parameter matrix) is represented
by Equation 2, just the subscripts.
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A quick review of S-parameters may bein order here. Without deriving them, S
parameters (Scattering Parameters) are fairly easy to comprehend. The S-parameter
matrix relates the normalized power waves from any port of the DUT to any other port of
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the DUT. Essentidly, throw some power into one port, see how much bounces back
(reflection) and how much ends up at the other ports (transmission). That'sit.

In the case of mixed mode S-parameters, the excitation is aways either odd mode
excitation or even mode excitation. Meaning the power going into the device under test
isalinear combination of Equetion 3.

d -1 ,
A q Equation 3
a4 1%

Therefore, it would be useful to create an S-parameter matrix where both the input and
the output are linear combinations of Equation 3. This can be accomplished through the
use admple linear transform.

Thislinear transform is a standard transform and has the following properties.

M*S *M*t=S_ Equation 4
where M = transform matrix

Sy = natural S-parameters
S = mixed mode S-parameters

M*M ™t =1 Equation 5
Thetrick isto choose M. From Figure 1, in makes sense to group ports 1 and 3 as one

odd/even pair, and ports 2 and 4 as the other odd/even pair. Thisgrouping is
accomplished by choosing M as shown in Equation 6.

&€ 0 -1 0y
910 -0
M=i? 1“ Equation 6
2€L 0 1 oOu
O 1 0 1§

Usng the transform matrix in equation 6 creates the mixed mode matrix shown in
equation 7.

édd, dd, dgc, dc,u
é a
S = édZdl dzdz d2C1 dzcz U
" €cd, ¢d, cc cc,U
é a
gC,d; Cd, CC CC,
where d1 = differentid combination of ports 1 and 3
d2 = differentid combination of ports 2 and 4
¢l = common combination of ports 1 and 3
€2 = common combination of ports 2 and 4

Equation 7
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To obtain the entries in Equation 7, subgtitute Equation 6 and Equation 2 into Equetion 4.

6 0 -1 Ol 12 13 140 &1 0 1 Oy
91 0 -1%1 2 23 49,6 1 0 ¥
sm:ig 1£2 u_—_=e U Equation 8
260 0 1 001 32 33 344,261 0 1 00
€ 1 0 141 42 43 443 E0 -1 0 13
Combining the two 1/rt(2) coefficients and multiplying the first matrix.
él1-31 12-32 13-33 14- 341 0 1 O
1$1-41 22-42 23-43 24-244%K0 1 o 1Y ,
n =% e U Equation 9
2611+31 12+32 13+33 14+34061 0 1 0U
©1+41 22+42 23+43 24+4480 -1 0 1§

Daing the findl metrix multiplication.

él1- 31-13+33 12-32-14+34 11-31+13-33 12-32+14- 34y
é a
221- 41- 23+43 2-42-24+44 21-41+23-43 22-42+24- 44- .
¢ UEquation 10
€11+31-13-33 12+32-14-34 11+31+13+33 12+32+14+34U

@1 +41- 23- 43 22+42- 24- 44 21+41+23+43 22442+ 24+ 44y

1
Sm:E

As any good engineer should do, let’ s take a closer look a Equation 10. One of the
essed casssto investigate is a perfectly matched system with no coupling. Inthis case,
the differentid combination and the common combination should be the same, and the
off diagond should equd zero.

In this case:
11=22=33=44
12=21=34=43
14=41=32=23=0

Putting these condraints into Equation 10 and substituting 11 and 12 where gppropriate
yelds

(1) 2(12) 0 0 U
ane 122(12) 2(11) 0 o Y

€ U Equation 11
260 0 211 2012

S0 0 212 211

This gave the expected result for the extreme case, o far then Equation 10 is correct.
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I’m mogt interested in the transmission, what will areceiver see, S0 let’ stake a closer
look at the differentid to differentia transmisson dxd; = (21 — 41 —23 + 43)/2.
Graphicdly, the four paths are shown in Figure 2.
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Figure 2. Peathsof Differentid — Differentid Transmission

In Figure 2, the dashed paths are subtracted. Again this makesintuitive sense. The
differentid transmission is both tranamissons added together, minus both the couplings,
then the whole thing divided by two. Looking at didy, it can be seen it isthe same as
dod;, except the direction of the vectors are opposite. Similarly, the common to common
tranamisson is the same as the differentiad to differentid transmisson, except the

coupling is added instead of subtracted.

Findly, we ll look at the differentia to common transmisson,
Cody = (21 + 41 - 23 - 43)/2. Asbefore, this can be shown graphicaly asin Figure 3.
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Fgure 3: Pahsof Differentid —Common Transmisson

Like Figure 2, the dashed linesin Figure 3 are subtracted. What Figure 3 showsisthat if
there is elther a difference or asymmetry in thetwo paths, 1to2and 3to 4, or a
difference in the coupling,1 to 4 and 3 to 2, then a common mode component will be
generated from a differentid input. The magnitude of this common mode component
must be investigated to determine what type of common mode rejection is necessary on a
differentia recaiver. Smilar to the differentid — differentia transmisson, the cross

mode transmission Ssmply changes sign of the coupling terms, or direction of the vectors
to obtain ¢;d, diCz, and dacC;.

Let'slook at an asymmetric case as shown in Figure 4.
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Figure4: Asymmetric Case

As can be seen in Figure 4, the device under test isatwo line system, with one line alittle
longer than the other going through a coupling area. Therefore, 21 > 43, and 23 > 41.
Just to put some arbitrary numbers to these:

21=12=09V
43=34=08V
23=32=0.09V
41=14=0.08V

Therefore:
Cod; = (21 +41 23 —43)/2 = (0.9 + 0.08 — 0.09 — 0.8)/2 = 0.045 =-26.9 dB
c1dy = (21 +32-14-34)/2=(0.9+ 0.09-0.08 - 0.8)/2 = 0.055=-25.2 dB
dic, =(12-32+ 14 —-34)/2=(0.9- 0.09 + 0.08 —0.8)/2 = 0.045 = -26.9 dB
dacp =(21- 41 +23-43)/2=(09- 0.08 + 0.09-0.8)/2=0.055=-25.2dB

What thistells usis that due to the asymmetry in coupling, there can be alarger cross
mode coupling in one direction than in the other direction. In this case, thereis more
differentia to common mode converson from right to the left ¢;ds, than there isfrom the
|eft to theright c,d;. The direction changes for the common to differential conversion,
d>cy (Ieft to right) is greater than (dicy) right to left.
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