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Function of Ethernet Magnetics

* Electrical isolation per IEEE 802.3
 Transfer of Ethernet signals without distortion

* EMI suppression

EMI properties are directly related to CM properties

Relevant information never found in data sheets

Significantly affected by parasitic elements in the construction
Hand-wound — affects CM performance and consistency
Physical layout in the package extremely important

Limited package size and HV requirement limit available options
Extremely price sensitive business

Ingredients

* Pulse (Isolation) Transformers

« Common Mode Chokes

* Autotransformers

» Capacitors

* Resistors

» Package/Mechanical (+ connector pins and leads in ICMs)

Typical Ethernet Port

PHY Termiration Trarsformer
1
5:?5: il'_.-l - b
5
} . L
&%{a ot I e B
=]
|
t -
R?E == B Ll.I“h\.- EI
— =§¥= 1 =5
E

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

[ CEETUS ENTERPRISE CORPORATION
O e £ 1 i 25 7

First part deals with:
Transformer Differential Mode (DM) Properties
(Functional Characteristics)

* This section treats the subject in a way not yet found in transformer data sheets or related
Application Notes and literature.

» The material covers basic considerations essential for understanding EMI suppression
function of Ethernet magnetics.

Second part deals with:
Transformer Common Mode (CM) Properties
(EMI Suppression Characteristics)

Introduction to Functional Properties

* DM parameters are main factors to » Some idealistic assumptions about
consider for functional properties. The |transformer properties must be made to
frequency range to consider is from 1 |simplify initial analysis

MHz up to 100 MHz (CAT5e) and
250 MHz (CAT®)

Assumptions

* 1) Permeability is high enough to be  |» 4) Negligibly small winding resistance
considered infinite (u ! <°) * 5) All magnetics flux is contained

« 2) Core magnetization is small enough [within the windings (no leakage,

to be considered zero (R ! 0) perfect coupling, k=1) N

« 3) Negligible core losses * 6) Winding capacitances are negligible
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Faraday's Law

Induced electromative force in a closed
loop is proportional to the rate of change

of magnetics flux with time.
Iagnetc i, Wh

I 4D
e=-2" _ _N&
dt dt

Self Inductance on a Toroidal Core
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Relation between Voltage, Current,
and Turn Ratio in |deal Transformer
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In non-ideal transformers:
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Transformation of Impedance
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Core Permeability and Saturation

B - Magnetic flux density
H - Magneliz ield

Saturaticn point, B = a

Initial magnelzslion curae

Hysleresis I0sses ars proporional
o the arza within the B-H curee

B=pll=u pH

u,o=4xx 10T i
Bl

Core losses

Hysteresis and addy current i

losses can be approximated by
aresistance R, in parallel to
the winding. Core lossss can be
reduced by using high-
resistivity materials [g.g.
ferrites ) and core construdtion
thatimpedes the flow of eddy
currents (&.9. laminated cores).

Flux leakage

A portion of the magnetic flux is not linksd betwesn the two windings,
descibed by the coupling cosficient k, 0=k = 1.

Iceal transformer
k=1

Leakage is determined by the winding technique and core geometry.

Mon-ldeal Parameters

. J':E
—_— 1:n
L, =0OCL (Open Circuit Inductance)

Minimum L, for Ethernet transfonmmers = 350 gH
(e 100 kHz with EmA DC bias

Finite permeability

Winding (wire) resistances

I

Distributed capacitance

n

Yoo
u
.

Primarily determined by:
=Cioupling between the winding and the transformer cors
=Coupling between the adjacent turns, distributed in nature,
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Inter-winding capacitance
Transformer Equivalent Circuit
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Cue tothe proximity coupling between the primary and secondary windings. ’
Small enouch to have no effeds on the intenticnal signals through the trarsformer. Bandpass filler
High enough to provide low-impadance path for the unintentionad common-mode Good transformer design oplimizes the bandpass frequencies and the
signals that significantly affect the EMIrelated charadterstics. 1 losess in the transformer for maximum effidency of the signal transfer.
Frequency-Domain Response Time Domain Response to Pulse
Low frecuency oll-off Insertion Loss (48] = Ifll-\y% RISI I"IQ Edge .
due ba magnelizing !
10kog 1 Lan - ndudance COpe=rating band The parallel magnetizing
B4 L e ol - inductance Ly is sffectively pla ;
" T >  lange impadance for the rising
/' /' eckge, and can be omitted.

]
Fe=rlian High fraquency rollofl due
ks o leakage inductancs ard Camped {gxponentisly
distrbuled capacikance decreasing) osaillations. -
v The magnitude of the
osacillation and damping factor
d d , Cp.and R,
Lowening magnetizing and leskage inductancas and distribubed |':52-?J:1i|$ |IJ'.|"E sc?u:::le ¢
capadtance increases frequency range. im pedance Rz is nedigbis)
Lowerning core losses and wire resistance reduces irserion boss.

14, o

Falling edge
Pulse peak/plateau gedg L=<l

Leakage inductance can be ignored
because it is much smaller than the

The responss is prmarily detarmined magnetizing inductance.

by magnetizing inductance and
{transfiormed ) load im pedance. I

Leakags inductancs is much smaller

T

than the magnetizing inductanze so it -
can be neglectsd. Camped (exponentidly 1
Distributed capacitance can be 4 decreasing) oscillations.

omitted because current doesn't flow The magnitude of the

through it 1 oscillations and darmping factor

depend on magnetizing
inductance, distributed

The koad [se-:a:nr-:lar'_.'_:l '.-'alba_ge ] capacitance and (trarsformed)
decreases exponentially with ime. load impedance.

i =

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

q CEETUS ENTERPRISE CORPORATION
C e

Combined Response to a Pulse

Exponzrtial decreasa dus 1o
magnetzing nductanoe

Ringing of the Talling adge due
Io magnalizing inductarce and
distrbulad capaditance

Ringing af the fising dgz
dua o Eﬂﬂﬂm Inductanca
and disiributed capacilance

Ringing and exponential decreass exaggerated for clarity

 The following section discusses magnetics properties that are instrumental in EMI
suppression.
These properties mostly affect CM attenuation and CM-DM conversion by the magnetics.

Transformer with |deal Center Tap

Al CM cumant fiows through center tap back to the source.

Canter taps proside:

aj

el

Attenuation of CM currents and voltages on cables, by providing
low-impadancs return path to the sourze for CM cumsnts on
differantid pairs.

k |
—
I

| Each haif winding camias Rar by,
Hiwing i oppasing dractions
s d ||I1|] I""lbaﬂﬁlll'. M i e
Branalommar cone 5 pan

v "

Non-ldeal Center-Tapped Transformer

Lo, AL, ©,, decrease CM attenuation  Equivalent CW model

AL creates DM-CM convarslon
CM current flows on

the connectad cabla

e o
DC bias for differential pairs or power source for Tx output in L., - L *
some fransceivers. .
T - KT

=
] e -’:::-:‘;;:‘l;;;“l T{? 't"

CM voltage exlsts on the center tap, because AL+l #0
CT voltage drives CM current on the cable, which causes emlsslon. 2

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

q CEETUS ENTERPRISE CORPORATION
(92 e v fr e s 70

CM Choke — DM Transmission CM Choke — CM Suppression

» Transmission of intentional (DM) signal + Buppression of unintentional (M) “noise’

Wires carry all signal zurents, induding the “rsturn’ currents Wires carry CM currents i, and ;.

Met cumrent = O (current canceallation) = netflux =0 Met flux in the core is produced by [+,

it i
L =% .%: 0 =L=i

[ f .
: 2o @ D
CM choke presents no impedance (attenuation) to the signal Considerable impedance (attenuation) tothe CH "noise”
that is contained within the wires wound on the ferrite core that flows on the cable iwires) wound on the ferrite core.

CM Choke — Symbol and Model Summary of Transformer Elements

Main Functional (DM) paramaters: || Parasitics influences DM parameters:

=L C
Zowe™ owe* Fowc!l Coue « Turm ratio - Leakage inductancs

| I = Magnalizing inductancs (2CL) = Distributad and interwinding C
._rVVﬂ]_‘ m : : ; = Inserfion loss

= Return loes (refledion cosff. in dB)

{ralated to all funct./OM parameters)

Distributed capacitance Coys reduces CM choke impsdance at high frequencies. CM noise suppression affected by:

Liossy ferrites ("soft ferrites™) are advantageous because the dissipate enamy. - Cantertap balanes

Significant part of Zpyc is resistive rather than reactive. » Series impedanca in the connection batwaen the center tap

Tradeoff betwssn: and references (imbalance + CT inductance + center tap C)
high imp=dance provided by Lgy: and Ry = Interwinding capacitance
low distibuted capacitance Coys = CM choke impedance w

Ethernet Magnetics CM Properties

EMI suppression result of each component AND parasitics properties AS WELL AS THEIR INTERACTION
Performance cannot be judged based on the schematic-level configuration as given in data sheets. Currenth
available data sheets are more-less USELESS regarding EMI suppression characteristics

Measuring performance is not simple

- Intended environment Jigs may not model all system aspects properly,

- Test jig especially “GND” and cable impedance

As with any filters, the source and load impedance (CM in this case) and the impedance to the reference
(“GND” are critical to the magnetics CM rejection
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Understanding propagation modes on
(Ethernet) cable is essential for

understanding magnetics function as
EMI suppression devices

Modes of Propagation on UTP

Typical UTP and the conductive environment (e.g. conductive ground) is a multi(9)-conductor T-line
Intentional and unintentional modes propagate at the same time

* Intentional propagation: DM propagation between two wires of each pair

* Unintentional propagation: Mixed CM/DM propagation between pairs

CM propagation between pairs and environment

Description of Propagation Modes

InDM
DM IMTENTIONAL currents.

100 Ohm (or split 50 Ohm) & usual
termination for OM propagation.

I
Far 1

[rm GO

Wixed CAM/DM unintentional curents
are differential (have return path)
between the pairs.

Par 2 I:

The intent of socalled "CM
Termination” is to provide 150 Ohm

1
Fair 3 |

C -

2 zZ | | | impedance match for this mode.
Para |5 —s@:}al:k el -

. . . | True common-mode unintentional
Intentional Unintentional = ;I :-I | cumrents have return in the system
DM CM/DM e E —"‘|-'I environment through EN-field

Unintentional | l I coupling and radiation.

"true" CM - l I e MAIN SOURCE of radiated and
conducted emission from cables.

|
S Reference provided by the environment, e.g. canductive ground plane ke

A

Propagation Modes and EMI

* Intentional DM propagation on each pair
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Opposing currents mostly cancel EM field & low EMI

 Unintentional mixed CM/DM propagation

It is different from pure CM propagation because CM/DM propagation is contained within the cable
Thus, it doesn’t have major impact on EMI

* Pure CM propagation — main source of EMI

Highest potential to cause EMI, because propagation is between the cable AND the environment
The main EMI-related function of magnetics is to suppress this mode of propagation

Differential-Mode

 Not a direct contributor to EMI.

* However, it is a SOURCE of emission, by the mechanism of mode conversion, which
converts a part of DM propagation into CM propagation.

 Important to keep balance, symmetry, constant impedance and proper termination. E.g. a
fraction of pF of imbalance can cause significant level of DM-CM

conversion. Conversion increases crosstalk and EMI.

Mixed CM/DM

View to the end of cable and "CM termination” resistors
WITHOUT (OR WITH IDEAL) MAGNETICS

Fi'l  coooooooos oo e e e e

Y y The HV capacitor is
Fail 7 spmpmpeoeoece . #  supposed io fie the

F end of cable to *GND"
for EMI reduction

75 Ohm resistors provide 150 ohm
terminafion beiween any two pairs

150 Ohm ONLY FOR MIXED
CMIOM PROPAGATION

e
T

Fiil ] e r s 0, p- Vo

Faird e

Because of the resistors, connection inductance and other constrains,

THIS IS NOT A LOW-IMPEDANCE CONNECTION TO “GND”
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True CM

* Most significant contributor to EMI, because radiation and coupling from external EM fields is
dominantly CM

» Caused by effects such as:

— Imbalance (impedance, amplitude, timing, dv/dt)

— Crosstalk

— Non-ideal reference (“ground bounce”, RF voltage shift across planes and in relation to
“chassis”)

Common Magnetics Configurations

, , 2-line CMC on the PHY side
75 Ohm resistors terminate true CM PHY SICE A

with this impedance: TGt Tt

This configuration is good | }E * -
to start discussion. [
. = a2 . , . B -
V4 =-J (757/4)" + j(@l =1/ aCy ) However, ILis not —1
' : H recommended with i -
“cument drive’ I -
F 00K = ] . ) - r i , inwhich th -
1|.1Fu.d_a1 OOMHz = 1.6 02 Is this really ‘good”impedance T:T:.T'ffriﬁ?s": 8 —
10 NH@100MHz = 6.3 Q2 to terminate CM propagation? Pu P T |
supplied from the center —]
) Is it batter to “terminate” or i tap connected to Ve, T -
Zm100MHz = 19 (2 suppress CM7 High-valtage ca paciice
+ EEE
. . ; e Iruu--i-nlrlwinpd.llzf‘ HESY
+ For EMI reduction, it may be better to connect the “GND” 0V awae H-— P
Ch-end of a cable through low impedance imeaning ' 0 "
"6 o

LOW INDUCTANCE) to chassis.

CM Model of One Channel (Pair) Elements of the CM Model

MG
i ) ] Impedance of the M choke reduces EMI by impeding flow of CM current.
CM coupling betweean channels and CM-0OK conversion not included The design goal for the CM choks is to maximize he Loy and Repge.

CEME

Feur= (Lewst Replll Cous Distibuted capacitance of the CM choke, reduces efficiency of the T

oo Primary choke at high frequency. Decrease in Cpyye can be achieved by
-_Ij,_r% sile minimizing overlapping of the windings on the femrite core, especially at
;"‘11 the two ends of the entire winding. Proximity to conductive structures can
L-:M: HIII-III J i i
¥ Winding strongly affect this capacditanca.
ALt T inbalances .
L]
- Cnilar
Conneclions
Loy 4=-throuch
capadilors —
"
Ay
C_:_r:|: - E
'ﬂ? = O 48
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Typical CM Choke Impedance in Ethernet Magnetics L Center tap imbalance {PHY-side)

Imbalance betwaan the two halves of the winding. An ideal transformer with

Ly 18 afunction of the core material, size, number of turns, and Cyye. the center tap exactly at the midpaint in the winding would have AL, = 0.

In order to maximize the CM impedance in a paticular frequency range, it

is usually necessary to trade-off the impedance at other frequencies. Two effects of the center tap imbalance:

= Impedance of AL, increases with frequency, limiting the CM rejection by

12 2 reducing the efficiency of the center tap to bypass/shunt the CM current.

00
7. decrogscs with saturation. 1200 =AL, presents an imbalance to the differential signal, which causes DM-CM
Tﬁ?scis especially important in two 152 and CM-DM conversion. This increases emission and susceptibility.
CASas: A —]

. 1200 7ﬁ o,

- POE, where DC cument may bias |,
and saturate the core - f L
- Exposure of UTP to relatively 810 e -
strong voltages and cuments, e.g., o o
exposure to high-intensity EMI. 0 e

o

a3 1000 =
Fraguancy, WHr 45 = ey ]
Inductance in center tap connection Center tap capacitor

Ly Cer
Adds significant impedance in centertap connection. Impedance through center-tap connaction resonates:
Hiahly dependant on physical layout of the wires. Typical resonance with 0.1uF capacitor and 10 nH series inductanca is at 5 MHz.

Does not create conversion at the center tap, but significantly decreases  Above the resonance, the impedance of the center tap connection is inductive.
CM-CM rejection above ~ 100 MHz.

Typically about 10 nH.

m | .

Fres can be changed by using different Cp value, but it is best to keep L low.

m——

W'y I |
W fres = —
L anty (AL + L) Cpr Y
L Yy
£ - Typically 5-50 MHz =+
‘ e
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Interwinding capacitance and imbalance in cable-side center tap
Inductance in center tap connection on the cable-side
c
Inlzerwi nding capacitance of the transformer. To attenuate ChM transfar
across the transformer, this capacitance should be low. Unfortunately, Ley

itis hard to keep this capacitance low enough to provide any sidnificant  |nductance in the center tap through Re,, and high-voltage capacitor Cyy,. Similar
CM rejection at the frequencies of interest far EMC. considerations as for Lz, apply, but itis mone difficult to keep the L low.

AL,
Similar considerations regarding the CM-DM conversion and effect of

the increased impedance apply as to AL, . m

i
e
—r
L =
= T v e

High-voltage capacitor and CM/DM termination resistors
Chy
High voltage capacitor, shared by four resistors Ry, The high-voltage

requirement limits the available capacitance range in the accaptable SMD
sizes. Typical capacitor is 1 nF/ 2000 caramic type.

REM

One of four 750 resistors used to terminate mixed CRW/DM propagation.
It also increases the impadancs in the center-tap connection on the cableside.

m I

v
v
4
- Lz

Summary of the Model with 2-Line CMC on the
PHY-Side

*The configuration can be excellent for suppressing low-frequency CM noise originating in the

PHY

*The CM choke and the center-tap together provide efficient low-pass filter

At the frequencies where impedances of parasitic CCMC, L1, and LC1 are significant, EMI suppression by
the magnetics is significantly reduced
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