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= Skin effect in stripline environment

= Matching measurement of skin effect to simulation
— EXxperiment setup
— Measurement
— Simulation

= Summary
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Z =R(f)+ joL(f)

Redistributing current to
minimize impedance at a
given frequency.
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1 MHz
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= |t comes down to matching R ,(f) and L . (f)
= What are the trace parameters that affect R ., (f)

and L, ..(f) ?
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Sigma, t T —
W
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Expect to affect R, (f) to first order

H1 « Width of trace

* Thickness of trace
« Conductivity of copper

H2 Expect to affect L ,(f) to first order
« Width of trace
« Substrate height
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Both curves are sensitive to width change.
Need to extract the fabricated trace width.
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To first order, R .,(f) is not sensitive to H changes, and L ,(f) most influenced by H1.

Len
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R, .n(f) is sensitive to sigma and t change, but L, ,(f) is insensitive to sigma.

Len
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6 6E1 Nominal :'C: g:gf -20 % Thickness = Nominal
E SET | 20 % Sigma = g.(z]j
- 7
= 4E1 o Sa- o .
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Variables: W, Sigma, T and H1.
Is there a way to reduce the number of variable?

1 len 1 len len
s »l R=——"-= =R -—=R_-n
_w ? -1 ¢ ow-t ot w W
/ : Rule of thumb:
le——  Jen 7 Rsheet = 0.5 mOhm/sq for 1 oz copper

Rsheet = 1 mOhm/sq for ¥2 oz copper

s Measure R ... and delta w, but how?

s |
| R=R

W+ AW
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New technique to extract delta width and sheet resistance

Assume rectangular
Cross-section

len
W+ Aw

R=R -

O

<« W+AW —>

R_ = sheet resistance, Aw = etchback/overplate

4

G (S)

Over-pl:

I

A

Etch back

te I

y=mw-+Db

w5

5 different trace widths to extract Rsheet and delta W

i:G: 1 (W+AW) =mw+b

R R -len

G:m(w+£);RD: L ;AW:B
m m-len m

lll
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DC measurement with precision uOhm-meter

/ \ 1 uohm/div = 1.6 % Repeatabi“ty

)
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E r--—-e ~—~"9-~- o---r--- - - -®---g---7--------
g 64 [ ) ® ( ]
§ 63
Accuracy 2010 uOhm 2 max <0.8% difference
62

0.25% /div
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2 T
mohm,o 0 I
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] | d é e’ -':'-"""’
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YL .. N 200 uOhm/div
e 400 600 800 1000




Extraction of R, with DC measurement

50.00
y =1.6924x - 2.0804
40.00
G=m (W+ B) y =1.5978x
m 30.00
1 b %)
RD _ : AW — o 20.00
m-len m
10.00
= {n.Ohm 12 18 24 30
In _ *710.00
125.61 Ru - 0591 mQ /D Width (mils)
gggg AW — _1 23 ml IS | Q DC  seeeens Assume etch back Assume no etch back |
25.81 20 -
20.55 B With etch back term

error of the fit
H
(0]
1

B With no etch back term

o
™
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o
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Rule of thumb:
Rsheet = 0.5 mOhm/sq for 1 oz copper
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o
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Variables: Sigma, T and H1. e a
R =— yd |

ot :*— len —

1E2 9.4

43 YE +20 % H1
= 7E -20 % Thickness N 8.8 ; _—
S O Nominal = g:gz +20 % H2
E 5E1 | 509 Sigma c g.g_ sl
k= 5 8-~
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a — 7.6+
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+20 % Sigma ;-%} 20 % H1
2E1 | 6.8+ \ ! i
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Road to R(f) & L(f)

Structures: ?E'I:(Z[?IIE
= Shorted transmission line ootprin
= 2X-thru

Measurement:

= S-parameter with 2 port technique
= What do we expect?

Data Process:
1. De-embedding and converting S-parameter to Zin
2. Extracting R(f)and L(f) from Zin
3. Takeingthe difference between two lengths
4. Fitting, sigma, T and H1 to the curves

m
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At low frequencies, the input 1 port measurement with estimated DC sheet resistance:
impedance of a transmission ~ Roc=15 mOhm

ine is: Ryc —50

line is: s _Roc=50_ 1 oocam

= : "R, +50
Z =R, (f)+]joL, (f) ¢

Sensitive to Contact resistance > 15 mOhm

2 port technique for ultra low impedance measurement:

~ ~

ax 7,251 5 — Zn_
Port 2 1- 821 25+ Zin
Probe ‘821‘ — _64 dB

Not sensitive to
contact resistance!
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RLen(f)
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Rien (1) ¢

skin depth

=

\

Transmission line Effect
+

Probe length
>

WHERE THE CHIP MEETS THE BOARD

b
v@y JAN 31-FEB 2, 2017



Limiting factor: DUT is 1.3 inch.
At what frequency is measured data Tline effect free?
3% Resistance difference at 150 MHz

I 1E4

1.3 inch line

/1L~ -1E3

0.001 inch line

R % Difference
(e)

N

AN
\
(Youywyow) yibus| Jod Y

R per length (mOhm/inch)
r_l"l
*
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- . B . . .
‘zin el? o 25.|521|316’21 8 o Idea simulation with no probe
7 | aie : & 907
 [Zale? =Ra(D+elia(f) S o
_— \Agp ri 30— With probe
™ 3 % 011 | | | | |
< 1E4 1E5 1E6 1E7 1E8 1E9 OE9

L 1E5

! E 1E4-

o o

i : é 1E3

‘i L v 1E2-

AR _ 1E1T | | | | —
AR = —|Z, |sin(p)Ag 1E4 1E5 1E6 1E7 1E8 1E9 OE9

|Z,,|cos(p) =R

freq, Hz
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P ; - - - Model of fixture built
Vrllon In nominally identical thrus /& 4 aps

Nominal six same thrus
| SIEPC C.0 O ¢

Estimated probe delay:
2 inches @ 8 inch/nsec
~250 psec

280-
270-
260-
250-

time delay (psec)
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. AR o
e’ =R () + ol (1) R =~ EN()Ag Ap=ATD - 2x'

™D : 7 =
‘Zin
A AR _ob \1D.2xf
, Ap  R=|Z,|cos(ep) R R
\ Estimated DC sheet resistance: 15 mOhm

Estimated Inductance strip line : 5 nH/in * 0.3 inch -> 1.5nH
Delta time delay (total) =1 psec Freq = 100MHz
R %change =4%

-\\“\ AR =—|Z, |sin(p)Ag

5% R change from 1 psec total TD

At 80 MHz &
v —— I
par g g 5 /
Z,|cos(p) =R AR S ] /:
0 | | |
1

y E4 1E5  1E6  1E7 _ 1E8
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0 1
Virtual prototype -10-] 0
Tl iy ey Al i o 207 ~1 g
. “Unknown” ! Tline T 40l o>
= . o
'i_“_'_i_’_‘_,_' @ 407 —3 =
. 1 _ L
' Tline : -Length 507 4
S I o e e R o e —we—{ -5
_ o 1 2 3 4 5 6 7 8 9 10
52 Ohm, 1.5 inch, FR4 freq, GHz
__ 180
m -
> o] \
. N 1
S No ripples @ 07
S Flat g 0]
a < i
21 Q'180““N““““N““N““N““N““N““N“"N““
Phase S,, 0 degree ¢ 1+ 2 3 4 5 6 7 8 9 1
freq, GHz
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SZl

5 1 sin(6,,)

Z. p=/Z_ =tan =
c0s(6,,) —|S,.|

in = 3 =23 2
1-S,, \/1_ 2 ‘S~21‘ COS(6y) + ‘S~21‘

n

Mathematically, -90 < phi < 90 because -90< arctan <90, but we are

% dealing with numerical simulations when de-embedding.
We need to make sure de-embedded result is physical.
120
| -~ 105__ Too much length deembeded‘
|Z,.|sin(e) N 90—
— ol o 75—
& 607 Not enough deembeded 3
> o 45—_
30 | f
|Zi,|cos(p) =R 1E8 1E9 9E9
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iE
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phase(Zin) (Degrees)

87

91
~ I ﬂ 90 —_ ~1 psec
Sl 89_—/\/\/v Numerical
] gs_ Change length of deembed noise
4
d How much % difference is in R(f)?
3% at 80 MHz
6 \\) H 2E3
] Q
. [0} | 3
| a &/\/\/ 9
. 32 0 é
| De-embed to the =
N in? PP 1E2
m |maxormings - mges 1E6 1E7 1E8 1E9
freq, Hz freq, Hz
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Review of Measurement procedure

= 2 port measurement R ()= real)
Len -
— Long structure ima:;r(]z) 1
— Short structure b (F) = " len

= Process
— Convert to Zin to R(f) and L(f).

— De-embed both structures with
negative length transmission.

— Take the difference between the
R(f), L(f) results from long structure

and short.
l[l
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Keysight E5071C Resistance per inch (MOhm) % >0
9 kHz-8.5GHz : | W (i) DC RF g 10— ] —
= i| 6 125.6 125.5 5 10 ] 1
T H12 53.8 54.7 t 20
=i I | 18 35.8 35.0 3.0
et B 24 25.8 26.0 6 12 18 24 30
s\ 30 20.6 20.5 Width (mils)
ra— p
e 4E2
R sheet | delta W
- DC| 0.591 -1.23
S 2 / RE| 0589 | -1.26
£
O -
S J Difference from DC:
RSheet: 0.3%,
Delta W: 2.7%
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HA1

Vendor Input to : |
ematy

Dk 4.3 4.3 i
H2
Df 0.0165 0.0165
H1(mil) 141 12.9
H2 (mil) 421 40.9 seo
W (mil) 6 4.77 seo  Nominal 6-mil line
T (mil) 1.2 1.2 =
£
o (S/m) 5.8e7 5.6e7 é 2E2
ot M red -
s il 10~ Simulated
=0.591mQ /o 1 : 5-
R, o=— Simulated
. t 1E2 I I I 01 I I \
Aw =-1.23 mils . 1E4 1E5 1E6 1E7  8E7  1E4 1E5 1E6 1E7  8E7
freq, Hz freq, Hz
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8 GHz

= Demonstrated skin depth and current
distribution in a trace.

= Used 5x line technique to extract etch- 6 milo12 mil @18 inil 824 i
back and sheet resistance. |

=  Built a low cost precision micro-Ohm &
meter for low level measurement.

» Used SET2DIL test pattern in designing
test patterns.

» Performed 2-port technique for ultra-low
resistance RF measurement.

= Achieved DC and RF resistance
correlation within 3%.

= |llustrated the impact of probe length
uncertainty.

= Introduced a new flexible negative length
de-embedding technique.

lll
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