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Transmission Line Refresher

g=a+jb=\[(R+jwL)* (G+jwC)

Zo:Zr+jZi:\/(R+jWL)/(G+jWC)

Transmission line characteristics describe a particular mode
Number of modes = number of conductors -1

a = attenuation constant (loss in either metal or dielectric)
b = propagation constant (dependent on e, and m))
R, L, C, G = frequency dependent equivalent circuit parameters




Transmission Line Refresher

Zo [W]
Break frequency 1:
log (S21) 5 Z0 approaches asymptote value /
[dB/m] S,, referenced to S0W
a referenced to Zo(f)
Igg /(a)dB
B/m

e a=(R/2Z)

Break frequency 2:

skin effect region starts

log (freq) ]

“log-log” scale reference: National Bureau of Standards Tech Note 1042




Frequency-dependent Loss Mechanisms
In Transmission Lines

Didectric Loss

o function of dielectric loss tangent, tan d

» dielectric loss dominates in PCB environments
on FR4-like substrates

e lossis directly proportional to frequency and tand




Frequency-dependent Loss Mechanisms
In Transmission Lines

Conductor Losses

e Current crowds to surface of transmission line
as frequency increases

» Resistance of line inversaly proportional to current-carrying
cross-section: R=r/A

» Asthe current approaches the “skin depth”, the resistance of
the line begins to increase with the square root of frequency:

d, = J 1
ptsm,

 Conductor loss dominates in high-performance package and

chip environment (low dielectric loss substrates or very thin meta)




Frequency-dependent L oss Mechanisms

IN Transmission Lines

Surface Roughness
 Surface of conductors can be “rough” - sometimes intentionally
to aid in metal adhesion to substrate surface
e increase in total current travel distance will result in an increase
In loss with frequency

| a'_=a, [1+2ptan{1.4Did)2}] *

a’ . = attenuation for rough surface
8 a_ = attenuation for smooth surface
- 7~ d,=skindepth

;'_'si,Jr-f*é'\c'e’roughhess’i',"l"". ~ | D=r.m.s surface roughness height

* Edwards, Terry. Foundations for Microstrip Circuit Design. John Wiley and Sons, 1992.




PCB Microstrip HESS Simulations

Typical PCB dimensions: w=8mils, t=1.6mils, h=4mils, er =4

loss properties: tand=0.04 s =5.8E7
E—

HFESS Simulations: ] FSS vO view
- lossy didlectric only

- lossy metal (solve inside) only _ inspectthe

- lossy metal (surface) only attenuation constant,

- both lossy dielectric and metal (inside) ;’];?;égvigiss

- both lossy dielectric and metal (surface) | g 686dR/m = 1Np/M




SOME OBSERVATIONS:

PCB Microstrip

PCB Simulstions of lozsy mictostrip line

Tektronix-

Conductor loss DOES contribute
Solving on surface only makes

the skin depth approximation
Solving inside the metal has an

across al frequencies, ignoring
upper frequency limitation

dependent on mesh density.
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Package Stripline Simulations and
Measured Data

Cross-section measured dimensions:
w=79um, h1=60um, h2=138um, t=5um

HFSS v9 view

loss properties. tand=0.008 s =5.8E7

hl

g

e=3.4 ho

Measured data taken on atest package using the
‘“TRL’ calibration procedure to deembed the RF
probe pads and extract the line characteristics.




Package Stripline Results

Package Stripline HFSS Simulstions:
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Uncorrected HFSS has two modes with
nearly identical Beta values - at
o approximately 4 GHz, the modal results

crossover and therecorded alpha
effectively “flip-flops’.

EEE R . i1i1| Corrected version usesmode 1 data before
10" 10" 10’ 1> 4GHz, mode 2 data after 4AGHz.

freq (GHZ)

M easur ed data still shows moreloss
than the HFSS simulations...




Package Stripline - Surface Roughness

SEM cross sectional pictures

3.3122Ze+008
. 603 7=+008
L2TR2e+008
6.2548e+007
3.0657=+007
1.50Zee+007
7.3649=+006
3.6098e+000
1.7693e+006
8.6718=+005
4,2504=+005

« Surface roughness on
bottom side of stripline

* In the stripline configuration,
current spreads on BOTH sides of stripline ‘

» Adjust surface roughness calculation by half to account

for current distribution |
e~ _‘-‘:




Package Stripline - Surface Roughness

Package Stripline Meazuremert and HF =S Simulations

e E L EET 0 HFSS Simulation with
HFSS SR 1um

HFS= SR Am,dv2 || | | | VA m:OS no S.R. ISnOtlossy enough

10" b----
R P 1 Ve _ HFSS simulation with 1um
I D ] SR ccuaion stoo sy

A e Al =
. Sttt a [ 1+ (2p tan{ 1.4(Did)3})]

attenuation (Mp/m

HFSS ssimulation with 1um
11| SR.caleulation, assuming
g i daie]l half current distribution on
S rough side, fits measured
N ‘ o | ‘ LJ_ datavel’ywe”

CUorTnnr ) alg =
o e w . ar a [1+0.5(2ptan’{1.4(Didy3)]
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Package Stripline - Surface Roughness

I p_3m_hfssy9 - p_3m_sr - 3D Modeler

+-¢57 Model
4112, Coordinate =

+-4 Planes Gereral Layers | Defaultsl
-3 Points

Layered Impedance Boundary

+-€5 Lists V¥ Intemnal

Layer Thickness / Tupe b aterial
COppEr

Hew Layer | Femove Layer |

Impedance Yalue [will be calculated uzing Solution Fregquency when zolving]

T est Frequency; |1 I GHz j Caclulate |

Feal: IEI Irniag: ID

k. I Cancel

Tektronix-




Package Stripline - Surface Roughness
(from HFSS V9 help)

Surface Roughness Calculation for Layered Impedance
Boundary

The surface roughness is measured as the RMS dewiation of the
conductor surface from a plane, Surface roughness increases
conduction losses, Ansoft HFSS calculates surface roughness by
modifying the conductivity as follows:

_ ()
I:rc — _":u
&
H?
where

« 115 the matenal’s conductieity,

syl
K, =1+ Egp[—ﬁ]

(=)

where
+ his the surface roughness,
+ 5 |5 the skin depth,




On-chip Microstrip Simulations and
Measured Data

Design dimensions:;
w=2.4um, h=3.25um, t=2.07um

tand = 0.001 s = 3.22E7

passivation . ,
removed

Measured data taken directly on
SO, atest wafer using the

e=4.1 ‘TRL’ calibration procedure
to deembed the RF probe
pads and extract the line
characteristics.




On-chip Microstrip SOME OBSERVATIONS:

2 Chig Microstrip Line Simulstions and Measurement Sk| n effect mechanl Im
I B B A T - B A B B A : I R .
o R o ' dominates up to measurement
frequency limit of 40GHz.

measured

o2l inside, tanc=0.001 P m=05

surface

Slope of measured data starts
to increase after 30 GHz,
could be start of dielectric loss
component.

1

alpha (M pim

Solving inside metal is
necessary whenever line
dimensions are close to
skin depth.

Solving inside captures

the “transition region”, which
freq (GHz) IS dependent on the trace
geometry.




Closing Remarks

e Different transmission environments = different dominant loss
mechanisms -> the beauty of log-log plots

» Solving for surface currents only -> know your skin depth
 The surface roughness adjustment - got teeth?

» Be aware of “transition region” to skin effect -> might be
smack dab in the middle of your bandwidth!

» Other possible loss mechanisms include:
e radiation from discontinuities
 proximity effect - current crowding in diff pairs
» dispersion and higher-order mode propagation






