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Abstract—When a primary factor of common-mode noise
is corresponding to mismatch of balance on the wiring, the
balance degree may be obtained from CMRR (Common Mode
Rejection Ratio) of the printed circuit board in the equipment.
We calculated CDF(Current Division Factors) as balance degree
of micro strip lines. And we showed relational expression of the
balance degree and CMRR. By the CMRR measurement, the
mismatch of balance between cable and substrate wiring can be
evaluated quantitatively.

Keywords—Balance Degree, CDF, CMRR, EMI.

I. INTRODUCTION

When the EMI is emitted from the AC-DC adapter cable
of the small electronic device for communication to be used in
the home, primary factor of EMI is common-mode noise that is
generated by mismatch of balance. We consider the evaluation
method of balance-mismatching between the DC power cable
and substrate wiring of the printed circuit board. In this
report, we analyze character of the balance degree in general
substrate wiring, and calculate the balance-mismatching of
wiring connected to the cable. Also we show the relationship
between the balance-mismatching and CMRR, and measured
the CMRR to confirm.

The CMRR measurement is effective in order to evaluate
of the balance-mismatching. It can be expected application to
prediction of the EMI or common mode generation.

II. THEORY
A. Calculation of balance degree

CDF called balance degree of the transmission line is
determined by the cross-sectional structure of the transmission
line.[1][2][3] The CDF by cross-sectional structure of the two
conductors shown in Fig.1, is calculated by the following
formula.[4]

b cr Ci1 + Cr2
Cl1+C2 Oy +Co+2C1
where C'1 and C?2 are self-capacitances of the conductors #1

and #2, also C11,C12 and Cyo are the elements of the capac-
itance matrix defined relationship between two conductors.

ey

As general wiring of the board, we calculated the capaci-
tance matrix of the cross-section model in Fig.2 for seeing the
relationship between the balance degree i and Line conductor
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Conductor #1 (C1=C,,+C,,)

w
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Fig. 1. Capacitances of

Fig. 2. Cross section model
of micro strip line
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Fig. 3. Balnce degree and capacitances of MSL

width of micro-strip line structure. In the computational model,
the substrate thickness t is 1.0mm, conductor thickness is
50um, the conductor #1 is Line, and #2 is GND. We used
a substrate material such as FR4 (¢r=4.2@1GHz). Also, in
order to avoid the influence of surrounding conductors, the
distance to the boundary of the calculation is vertically Sm.
This analysis using electromagnetic Field-Solver(HSPICE) of
2D boundary element method has confirmed to be consistent
with the calculation result of the model on literature [4].

‘When the GND conductor width is set to 100mm, and Line
width w are from 2.4mm to 100mm, the characteristics of the
self-capacitance C'1,C2 and balance degree h are shown in
Fig.3. In the case of w=2.4mm, it is micro-strip line (MSL)
structure with about 50€2 characteristic impedance. In the case
of w=100mm, it is parallel plate (Plane) structure which the
Line and GND width are same. The calculation results of Plane
and MSL are respectively

e MSL : h = 0 (imbalance),
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Fig. 4. Connection between MSL and cable
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Fig. 5. Mixed-mode S-parameter of splitter

e Plane : h = 0.5 (balance),

This degree represents the symmetry of the GND and Line
shapes.

B. Relationship between CMRR and balance degree

In the state shown in Fig.4, a cable is connected to
the wiring substrate, the relationship between common-mode
voltage generation and balance-mismatching can be expressed
as follows from the literature [1].

AVe=Ah-Vn 2)

where input Vn at the MSL is normal mode voltage, AV¢
is generated common-mode voltage. The Ah for balance-
mismatching is shown by the difference between reference
hres and target h.

Ah = |hyes — h| 3)

In this figure, h is CDF for the substrate wiring, and A,y is for
the cable. V.., and Vg, ;¢ are common-mode and differential-
mode voltages of the transmission. Assuming that input voltage
Vn is divided to Vi, and Vy;r¢ by generated AVc, roughly
as below.

Veom = AVe=Ah-Vn,

Vaisgr = Vn—AVe=Vn—-Ah-Vn @)
25
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Fig. 6. CMRR of MSL
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Proposed measurement system of CMRR

We can consider that substrate wiring is a splitter circuit
such as quadrature hybrid for separation to two modes, the
properties are defined by the 3port mixed-mode S-parameter
of Fig.5. In Fig.5, a is input power, b is output power, s is
single-ended signal, d is differential mode signal, ¢ is common
mode signal. This S-parameter is expressed below.

Sds21 = b—d, Scs21 = b (5)
Gs as

Furthermore, CMRR is represented by the power ratio of
common-mode and differential-mode, it is indicated by

Sds21 bfd
Secs21 be

And the impedances of measurement system are Zg;ry and
Zcom- Therefor, these parameteres are

Vd2iff ~ (Vn—Ah-Vn)?

CMRR =

(6)

b
‘ Zaity Zaitf
V2 Ah - Vn)?
bc — com :( n) (7)
Zcom Zco’m
Then the relationship between CMRR and balance-

mismatching Ah is represented by the following formula.

(Vn—Ah-Vn)Q/Zdiff
M =
CMRR (AL -VN)2/Zcom
Zeom (1 — Ah)?
M B] = 20-1 .
CMRR|dB] 0 og‘Zdiff INE (8)

Impedance of the measuring instrument is usually Zg; ;¢ =
10092 and Z.o, = 25€2. When it is assumed that A, is 0.5
as two wires of parallel cable, the CDF of MSL model (Fig.3)
can be converted to CMRR},[dB] (Fig.6 dotted line).

III. EXPERIMENT

On the other hand, in the measurement of single-end S-
parameter using VNA(Vector Network Analyzer) and Fara-
day Cage (Fig.7), CMRR is expressed by the following
equation.[5][6]

©))

CMRR = ‘SdSZI’

S21 — 531
Scs21

521+ 531
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Fig. 9. Test board

Fig. 8.

Measurement set up

We simulated mixed-mode S-parameters of the test board
by electromagnetic field solver (HFSS) using a model that en-
ables to simulate the measurement method.[7] For verification,
we measured S-parameters of the substrate having a cross-
section of MSL(Fig.8). Fig.9 is photo of the test board with
the MSL. Also, the results of measurements and simulations
are illustrated in Fig.10. In Scs21,Sds21 and CMRR, we
were obtained good correlation between the simulation and
measurement results.

When the line width w of the MSL used in this model is
varied from 2.4mm to 100mm, the simulation results are shown
in Fig.11. Although the characteristic of CMRR increases
with frequency, the CMRR ratio between every Line width
is always constant at each frequency. We regarded this ratio
as Ah and converted it into CMRRy, using simple calibration
formula(10). It showed perfect agreement to the theoretical
value of CMRR}, calculation. (Fig.6 solid line)

CMRR,,[dB] = % - (CMRRypes|dB]
+0ff56ttotal) (10)

The causes of difference between theorical CMRR and original
measurements are considered the following three reasons in
the measurement system. We can obtain the relational expres-
sion(11).

1) Relative attenuation ratio
(Calibration ratio: p)

2)  Error of the absolute value
(Correction amount: of fset)

3) Frequency dependence
(Correction function: f(Fregency))

CMRRmES[dB] =p- CMRRh [dB]
++v/ FreqMHz] — of fset (11)

We suspect that coefficient p and of fset are depend on the
placement conditions of DUT and size of the Faraday Cage to
be used in the measurement. In this measurement system case,
the parameters are below.
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Fig. 10.  Comparison between simulation of measurement method and
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Fig. 11. Simulation results of MSL
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IV. CONCLUSION

We have shown a formulation of the relationship between
CMRR and balance-mismatching Ah. In the CMRR measure-
ment method, it is possible to calculate the Ah from the
measurement CMRR by correcting the following relational
expression(12).

Zeom (1 —Ah)?
Zdiff Ah?
+v/FreqMHz] — of fset (12)

CMRR[dB] = p-20-log

We are required the theoretical examination about the physical
meaning of coefficient p,of fset and frequency function. Also
the relationship of Faraday Cage and these are unknown yet.
However, every factor can be identified by the electromagnetic
field analysis of the measurement setup. Furthermore, in the
design of the circuit board wiring, the measurement of CMRR
can be utilized for the comparative evaluation of the amount
of balance mismatch.
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