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OUTLINE

= Introduction, motivation

* The coupling mechanism
—The cable shield
—Transfer impedance

» Measurements
—Rdc measurements
— Current measurements
—Cable braid impedance test setup and results
—High-frequency transfer impedance setup and results

= Simulations and correlations

» Summary and conclusions
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OUTLINE

= Introduction, motivation
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Introduction e |

» Measuring low impedances based on reflection does not work ) 14T
= Measuring low PDN impedances requires two-port shunt-through scheme

» Two-port S| and Pl measurements may create cable-braid error I

Impedance magnitude [ohm]

1.E-1 T T T T
VMNA
A A chnr-u:tlun chnne:lmn
AN 1] 0
Port 1: o Vi
o Coaxial DUT = 2y
Transmitter - Connector shells connected
Vi cable
- 1E-2 1
Receiver
Port 2: A AN
K )I ;.,_ ,n'l Connector shells not conneded
Coaxial
cable
1E-3
1.E+2 1E+3 1.E+4 1.E+5 1.E+G 1.E+7
Freguency [Hz]
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Introduction

= Cable-braid error drops above shield cutoff frequency
= Error drops monotonically for cables with good shield

» Error saturates and folds back above noise floor for cables with poor shield

Cable with poor shield: Cable with good shield:

S21 magnitude [-
g [-] Impedance magnitude [ohm]

1.E+00 1.E+00
) : Shield cut-off frequenc
LEoL Shield cut-off frequency 1.E-01 ¢ a Y
1.E-02 10D ﬂ without ferrite
1.E-03 ¢
1.E-03
1.E-04 . : with ferrite
With ferrite Without ferrite 1.E-04
1.E-05
1.E-05 f
1.E-06
1.E-06
1.E-07
08 1.E-07
3.E+02 3.E+03 3.E+04 3.E+05 3.E+06 3.E407 3.E+02 3.E+03 3.E+04 3.E+05 3.E+06 3.E+07
Frequency [Hz] Frequency [Hz]
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Introduction

= |llustration of cable braid error in S| measurements
= All crosstalk measurements are prone to this error
» DUT: coupled microstrip traces

S21 [dB] NEXT

-40 Without cable-braid
50 error mitigation

4

Correct

-100
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09

Frequency [Hz]
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OUTLINE

* The coupling mechanism
—The cable shield
—Transfer impedance
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The Coupling Mechanism
The cable shield

= Cable braids have small openings
* Photo of RG174 cable braid

* Diameter D of the braid

* Number of carriers C in the braid

* Number of wires N in a carrier

* Diameter d of a single wire

* Conductivity ¢ of the wires (S/m)

* Pitch angle (or weave angle) o of the braid

“Uncertainties in Cable Transfer Impedance”, JL Rotgerink, et.al, 2018 IEEE EMC Magazine, Volume 7, Quarter 3

I
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The Coupling Mechanism

Transfer impedance

= Sketches for the definition of cable shield transfer impedance
» Solid shield on the left, braided shield on the right

%};}.j‘“ xfﬁf p ,f, ;fﬁ;fﬁ T ﬁﬁ fd e ;}; T ,,;;-:; T ﬁ- z ,’2&;’% G
f:d:r.-" R f S ;;f;y / e .v:-_-r _,n' ;}.-f‘ _,:,r S ,/ﬁ A f’/{/ / e rf.-_-"
..-"H:-.-’ _-' ..-"f:-_-".f .J:-_u-'.f..-".f.f‘_-’ R A A A o) J:-_-C- _-" .-'.f'_-‘..-'ﬁ _-'.-C-.-’ Lol .-_-’ _-'.d:-..-'.i' H:-_-H'.{-’.i'.f‘..-' e e A A A R .- _-" .-'H:-.-’.f'_-‘..-'ﬁ
I n e J'.J.“: s c‘J“:'-‘ fn“n‘f e e e e T e D D T M e T D e T T e T D e D e e T e .-"1‘.-" ﬁ'fb‘.-" Cata] ZnZnZn e J'i‘.r e 4‘-“;‘-‘ -F.J“n‘f i e .-J'x‘.-" ]
Center conductor Center conductor

Current on one side of cahle shield (1) Current on one side of cahle shield (1)
' ‘....-' .'.."'f.r."" .".."'.." ." 1I__J'.}: ;fﬁf‘r:'{ A ""'..-"'“' .-""' ) T ':-'.T-' ‘.:"f.-" .."'.r
a-"’" {‘Jﬁf‘f;‘{r’fﬁﬁ #’;‘%ﬁ" r:, fﬁf ﬁ,?: W{f
s S, _-"..-':-_-" i ot _,,- +'_- _-":'.-‘:'5 TeEaaT .-"A‘ A Ll _,,-
s i J'j‘ e 1{#{:::' {J‘J‘J‘d‘ J fﬁ;-’ L J"/ ;F:'{f:; fi{}f“ 'ﬂ ‘. fd' ;ﬂﬂ;‘? -J‘i'n‘.-'J' J"‘ J' .J'n'.l' n‘ ﬁf an"i'ﬂ .-'1'{ .I'J'-J' ‘%J‘J'.-‘ " _-':.-_‘}f‘f
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side of cable shield (V) side of cable shield (V)
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Relative impedance [-]

T T TTTTT] ! r‘ruuﬁ%

—

The Coupling Mechanism

Transfer impedance

Aperture

1T T TTTTT]

regions Skin ,

leakage
Cable shield transfer impedance has several distinct 10 E i
E effect

!
!

= DC resistance region

= Skin-loss and inductive region

1
= Aperture leakage region
\ ]
0.1 L1 4111l L Lyt
10° 106 107
Source: “Shielding Effectiveness of Braided Wire Shields”, Instruction Note 172, E. F. Vance, 1974 Frequency [Hz]
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OUTLINE

» Measurements
—Rdc measurements
— Current measurements
—Cable braid impedance test setup and results
—High-frequency transfer impedance setup and results
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ring fixture

Measurements

Rdc measurements

Home-made setup for cable
braid DC resistance
measurements

= Adjustable voltage source
= Current-limiting resistors

= Current-measuring resistors

= \oltmeter
) Length [m] Rdc [mOhm)
Note: probe contact resistance, w, w/o connector | w/o connector
termination and/or connector(s) Red Gore 0.51/0.43 5.7 @
add to DC resistance —— - .
(1)
Storm 0.91/0.85 10.6 \_/
Sucoflex 1/0.92 12.7

I I )
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Some cables exhibit time-varying DC
resistance during and after flexing

= Some double-braided shields

= Some shields with braid and foil

ConErry 3 =amles i
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Measurements

Current measurements
Current sensors and probe locations on two-port shunt-through impedance measurement cabling

* (1): measures source current
» (2): return current on cable 1 braid
» (3): current into cable 2 braid

» (4): through (7): net cable current

Q Ferrite clamp O

1
6 | J Ferrite clamp 4 O 5 J | 7
c1 N\ 3 — N c2 N
VNA — 5 A \ . VNA
port 1 /A ¥ port 2
\v \v Vpy —
lpa Cablel Ira' Shielded short Cable2 I,
} l I
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Measurements

Current measurements

irl 511 Log mag .I.l:l.ni} de/ pef 0. 000 du. () trz =il saith (Lin/Phase) =cale 1.000 u [Fi}
. o soor 3 IR o T
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= 30, 00
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. 10008
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. =70, 00
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= Minimal |mpact below 10 MHz ;;Jﬂi;r-. L Refl)  10.00 0/ Ref 0.000 & [F1]  Trd Ls(Port 1 Ref1) 10,00 ray/ Ref 0.000  [F1)
1000~ Tes. oheta e o, B35 1 | 109.0n R e I L
90, 00 B | 10, 000000 kee 'S-'I:-IE-.-: 1 G, N 2| 10, kHE | B5. 5T mH
» Used for calibration s0.00 | 4| 100.00000 s | 5aada | | U s oon |4 100, b0boa mie | 85255 re
TO.00 T ODn
0, 0 ] 1 43, Odn |
R e L1 SRR R ANEE - R
40, B0 ! 1 :'I.. ! 1 1. &0, O0n | i1 1 1
30,00 300 30 M[»‘t
20, 00 1 20, in
10, 00 U ] 1 LAl 1L 1" 1. B 1] (A 11 H".—-—.____.___IF
. . 000 x 4 0.000 = = £
https://www.sv1afn.com/rf-experimenter-s-pcb-panel.html & Stan 100 s - - pp—
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Measurements

Current measurements

Termination and current sensor elements for two-port shunt-through current measurements
= |eft: terminates cable 2 and solidly connects cable braids

= Right: three-point current sensor

S50-ohm termination

&

j,f’ To VNA port 1
/ Center pin jf'
removed

Receive cable
Source cable

. /i
COTIR i
o o

Shorted

T To cable 1

I I )
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Measurements

Current measurements
Calibration setup Measurement setup

Current measuring setup
= Keysight E5061B VNA

= Tektronix P6021
current probe with
termination block

» Agilent 41802A
preamplifier

= Toroid on current-
probe cable to
suppress resonances

() V ZI757 / 4
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Measurements

Current measurements

port1

Currents at various test points [dB]
10

1
0 2 |
Relative current after calibration
-10
-20
-30
o 24” RG316 cables
with no ferrite clamp
50
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
Frequency [Hz]
1 2 3 4 R
| l I
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O Ferrite clamp O

1
| J Ferrite clamp 4 O 5 l | 7
cl N 3 Fay 2 rat
= 2 ja) A N T~ VNA
0O Y | ] | port2
lo, Cablel l b Shielded short Cable2 I,

Currents at various test points [dB]
10

Relative current after calibration

-10
-20
-30

24” RG316 cables
4  with ferrite clamp

50
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
Frequency [Hz]
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Measurements

Cable braid impedance measurement

24” RG316 cables with no ferrite clamp: 24” RG316 cables with ferrite clamp:

DUT cable
with ferrite

DES’GNCON h’ ] : | . January 29 - 31, 2019 21 mtez




Measurements

Cable braid impedance measurement

Trl [Z|{Port 1-2 shunt) Top 1.000 M0 / Bottom 10.00 Tr2 Bz{Port 1-2 shunt) 50.00 °/ mef 0.000 " [RT D&M
1. 000 EETHTIOOIUOOTRRE TSR 290+ TETo00000 eE SRR T
200. Ok ' i S5 10 A b A1 200.0 3 | 206, 00000 ks | leaaas B | LS
| ! 61 1 f =3 | 10/ 00000 mHz | |51L4
%0, 00 /’//}:' .f‘..,..-r:‘.f". '—_;' L .TT‘!#ER ! ll:
Impedance of the braid of 0.oo0p=r T \a ‘
”»
a 24” RG316 cable T e
] ] -150.0
= Light trace: no ferrite 200.0
clamp e B 5 =
r SLPOrtT ILINT op L. ol [/ BOTTOm 1. ! LS{FOrtT Mt nH L3 = H
Tr3 Rs(pP 1-2 shunt) Top 1.000 ka / B 1.000 8 LsiP 1-2 shunt)  500.0 nH/ Ref 0.000 H [RT D&
. : a0 | 3 100.00000 kny SLa et i i 3| 1!:9 00060 E" i iﬁ.; e
- = - 1 HZ I
o Heavy trace: with ferrite 10,0 [P | RO100D000 ez | i35 kil 4500 >3 101000000 iz ||2-4470 ].m
- = 4,000y LU A RN
40.00 |—
clamp 90-9 FEiEE Sz Ssi il
9,000 | ot A3 g'
g : ; EEEEAT 3, 000p i 11
2. 500y
2. 000p
IIIII 1. 500p t
500, 0n R
0. 000 "I‘/
) L Fa Faa
. _Stop 100 MHz | !
I Q20d8 R 1M E M

I I .
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Measurements

High-frequency transfer impedance measurement

By exciting the inner transmission line with a constant voltage, the
cable shield current can be extracted if we know the impedance of
the inner transmission line. Voltage measured on the outer
transmission line is due to the AC impedance of the cable shield.

Outer Transmission Line
(triaxial cavity)

Inner Transmission Line
(coax cable)
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Measurements

High-frequency transfer impedance measurement

_OUTER CYLINDER
Standard procedures are SR
the line injection T Z: T
method (IEC 6253-4-6) o s ' b
and the triaxial method f—— e —+ |
(IEC 62353-4-15)]. :
The quadriaxial test By s 2
method was developed g _ INSTRUMENTATION

by Boeing.
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Measurements

High-frequency transfer impedance measurement

Quter cavity —

Photo of quadraxial test Deiven cadfyi

fixture by Electronics Voltage measurement port

Consulting Laboratory.

. Current probe

]
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Measurements

High-frequency transfer impedance measurement

Transfer impedance of two coaxial cable samples, measured with the quadraxial test fixture.

Transfer Impedance

—RG58 —RG223

S
=)
Z1 dBQ

0.1 ] 10 100
Frequency (MHz)
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OUTLINE

= Simulations and correlations
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Simulations and Correlations

LTSPICE simulation model
» RLGC cascaded model
= Ten segments per cable
L e bt » Data is for 24” RG316 cables

e = Setup mimics low-impedance PDN

e ot 20BN

feen Apprpyei e 88 L17 L1T feateg

e S e b measurement
J"""'E'“"'" 1 L8 LG feseplagl EDA3 L33 L3S IS uaping)

T Loupinges I ¥ L7 L Aospling] 3T LIT LM iCoaping

gt T 52  J-TE TR PR Sl L LD gy

parwrn Linage Lo e " Coalbin
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Simulations and Correlations

Simulated impedance reading with different braid resistances.

25*V(vload)/(1-V(vload))

0.1

Rbraid = 3E-3, 1E-2, 3E-2

0.001 \

II'iIIII ||||r|| | IIIIIIII L] 1 IIIIIII’ | I IIII'iII 1 LI LA
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz
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Simulations and Correlations

Simulated impedance reading with different cable-braid
inductances.

29*V(vload)/(1-V(vload))

Coupling=0.95

Lbraid=1E-7

T IIIIIIII T IIIIIII| T IIIIIII[ T IIIIIIII T r||||||[ T T T TTTTT
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz
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Simulations and Correlations

Simulated impedance reading with different center-wire
inductances.

25*V(vload)/(1-V(vload))

10000~
1000 |
100

10

0.1
0.01
D.Du1 T L) IIIlIII T ] IlIIIFl T T IIIIIII ] T IIIIFII T L] IIIIIII T T rTrYTTT
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz
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Simulations and Correlations

Simulated impedance reading with different cable
impedances by sweeping cable capacitance.

25*V(vload)/(1-V(vload))

Ccable=10pF, 50pF, 100pF

0.1-:

Coupling=0.95, Lbraid=5.67E-7

0.01

0.001-

'D.'Duu1 T IIIIIIII L) !II!IIlI T I IIIIIII T IIIIIIII T 1!IllFI| I T rrTTT
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz
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Simulations and Correlations

Simulated impedance reading with different coupling
coefficients of cable braid and cable center-wire inductances.

25*V(vload)/{1-V{vlioad])

1
.-"j.-'.#
0.1 T
. i o
0.01 Coupling=0.95 A
- é
- _x’f—f /
-~ Coupling=0.99 -
0.001 RREHEI. 5 i
0.0001 Coupling=0.999
1e-00
Coupling=1.0
1e-00
1E'ﬂﬂ?| 1 L] IIIIIII T 1 TIITITI L] T ITIITII T T IITIII'I L] L TII:I'TII L] T T T TTTT
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz

IJ-
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OUTLINE

» Summary and conclusions
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» Finite transfer impedance of cables creates errors in Sl and Pl measurements.

» Error shows up when shields of two measurement cables form a loop and the measured quantity is low at
low frequencies.

* In S| measurements this happens when we measure crosstalk on printed circuit boards or bundled cables.
It can lead to incorrect low-frequency extrapolations when frequency-domain response is transformed into
time-domain.

» In Pl measurements this happens when we measure low impedances with two-port shunt-through scheme.

» For cables with good shield, the low-frequency error monotonically drops above the cable braid cutoff
frequency.

» For cables with weaker shields the error reaches a minimum, followed by an upslope.

= The error at medium frequencies is not the result of the interaction between the two cables through the air,
rather it is a lumped phenomenon confined to within the cable and it is driven by the loosening coupling
between the inductances of the center wire and the braid.

= With ideal tight coupling the coupled inductance gradually ‘translates’ the common-mode error created by
the cable braid loop to differential signal and this common-mode to differential-mode conversion gets
weaker with non-ideal coupling between the inductances.

b]lll
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THANK YOU!

Any Questions?
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