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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

RO3000° series, RO3200™ series, RO4000° series
High Frequency Laminates
Dielectric Constant, Thermal® Volume Surface | Moisture
er @10 GHz Dissipation™ Factor |  Coefficient of =y Resistivity Resistivity Absorption
Product (Typioal) TAN & @ 10 GHz -50°C to 150°C D48/50
ypi . Mohm * cm Mohm
(Typical) ppm/°C (Typioal)  (Typieal) *
. (Typical) (Typical)
Gru% ( Dﬁlgn@
o - ~—_— ) —
7 7 7
PTFEmCemmlc 3.00 +0.04 3.00 0.0013 13 1X10 1%X10 0.04
RO3035™ 3,50+ 0.05 3.60 0.0017 SPLIPC 3%y 1%X107 0.04
PTFE Ceramic 10°C to 150°C | -11
RO3006™ B <
PTRE Coromic 615+0.15 65 0.0020 262 1X10 1%X10 0.02
RO3010™ s B
PTRE Coramic 10.20 + 0.30 1.2 0.0022 -280 1X10 1X10 0.05
 Terminology: RO3205™
BTEE Faramic " an2+004 302 00015 213 1% 107 1% 107 0.03

* Design Dk — The Dk value that is suggested for circuit design and modeling. The
number given here is the intrinsic DK (€,) value of the substrate and there is some
frequency and thickness dependencies which will be discussed

* Process Dk— The Dk value for raw material testing to a specific industry standard
test method (IPC-TM-250 2.5.5.5¢)
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

* A higher Dk material will slow an electromagnetic wave

Free space
Dk=1
Speed = speed of light

OOOOOOOOOOO




Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

» There are other things that can slow the wave besides a substrate with higher Dk

A rough copper surface can slow the wave propagation

» Again, a slower wave translates into higher Dk even if the substrate is unchanged

copper

—_
wave speed

substrate

copper

s 2 0000000000000

NANAN

wave speed
substrate

e N
N 71

Excerpt at the far right is from:
“Conductor Profile Effects on the Propagation Constant of Microstrip Transmission Lines”, Allen

F. Horn, lll, * John W. Reynolds* and James Rautio*
*Rogers Corporation, Lurie R&D Center, Rogers, CT 06259-0157 USA
*Sonnet Software, North Syracuse, NY 13212 USA
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Fig. 7. Magnetic field encircled by the surface current flowing on a rough
conductor and excited by the mcident electric field results in substantial
surface inductance, above and beyond that generated by the smooth surface
skin effect.




Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

4mil LCP laminate Effective Dielectric Constant vs. Frequency for various copper foil
types on 50 ohm microstrip transmission line

2.8
o 27
3 e
G ¢ ED - 3.0um RMS
S 26
9 e ®ED -1.5um RMS
% 25 ART - 0.7,m RMS
(]
= e S % RT - 0.5,m RMS
3]
> 24
5 E———— . T R S S
(0]
=
W 23

2.2 T T T T T

0 10 20 30 40 50 60

Frequency (GHz)
* Shown are circuits with the same substrate, but using different copper types with different

surface roughness

e Circuits with rougher copper surface (higher RMS) have higher effective Dk

e Again, the material is unchanged and it is only the copper roughness differences which are
impacting the effective Dk of the circuits ROCERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

This data shows results
from circuit testing,
using the same
substrate (RO3003
laminate) and same
copper type, however
the circuits use
different thicknesses of
the substrate

All circuits were 50 ohm
microstrip transmission
lines

The Dk values shown
here are the calculated
Dk values from circuit
testing

35

3.4

3.3

29

Dk vs. Frequency, Differential phase length method
using RO3003™ laminate with 1/2 oz. ED copper

———————— ===5mil RO3003

MW —4—10mil RO3003
m\“..\ e 20mmil R03003

T 1
1 10 20 3n 40 a0 o0

Frequency (GHz)
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

This data shows results from
circuit testing, using the same
substrate and same thickness
(5mil RO3003 laminate), however

using different copper types 43
which have very different copper
surface roughness 34

This type of ED copper has a
roughness of 1.8 microns RMS
and the rolled copperis 0.3
microns RMS

The smooth copper (rolled) does
not impact the phase velocity
much so the circuit performance
is showing Dk values near the
intrinsic Dk value of the material,
whichis 3.0 -
All circuits were 50 ohm 8
microstrip transmission lines

Microstrip differential phase length method, Dk vs. Frequency

using 5mil RO3003™ laminate with different copper types

10 100
Frequency (GHz)

—a— 1/20z ED copper

—ae— 1/20z rolled copper
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

Dispersion is the term regarding a change in Dk, with a change in frequency
All circuit materials have dispersion
The Dk vs. Frequency curve for most dielectrics should have a slight negative slope
A curve with anincreased slope is a material with more dispersion (not desired)
Our high frequency materials have minimal dispersion
Dispersion varies from one material to another based on:

material polarization

loss characteristics

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

When an electric field is applied to dielectric material, dipole moments are established
* The dipole moments augment the electric flux, which has a relationship to Dk
» Dipole moments are created / relax as electric fields turn on / off or vary as sine wave

e Fromabout 100 MHz to 300 GHz most interaction between electric fields and the substrate
material is due to displacement and rotation of the dipoles

* Thedipole displacement contributes to the Dk (g,)

* Molecular friction due to dipole rotation contributestotan(o) or Df

ROGERS
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Design Right the First Time:

Dk vs. Frequency curve for a genericdielectric material is shown below

Low loss materials have much less Dk-Frequency slope

1GHz 10GHz 100GHz

0

Dipolar and |related
elaxation phenomena
Dk
Atomic .
Electronic
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J’f \
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| | | | kel B e P I
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

Comparison of the same sheet of copper clad laminate with different test methods, Dk vs. Frequency
using 20mil thick RO4003C™ |laminate

37

FSR1,0is at
~175MHz Using 3 different test methods

' with the same sheet of material, The reference to
FSR2,0is at . verifies the Dk-frequency trend, “ring” are
~ 350 MHz having a slight negative slope microstrip ring

resonators

Thick blue curve |
is microstrip . :Zsr:llo
transmission line o o
testing using : . =5 GH2 fing

differential phase
length method

R
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

* The free downloadable version of MWI-2017 hasthe Design Dk built into it

* Inthefuture, other versions of MWI apps and on-line calculators will have Design Dk

F Y
= Rogers Corporation, MWI-2017 =
Program  Design Type  Information
All material names are licensed. registered trademarks of Rogers Cormporation R O G E R S
F_WH Material Mame Bulk Dk Df TCDk  Them Coni O R RGEATIS N
RT/durcid 5870 233 0.omz2 -115 022 |-
RT/durcid 5880 22 0.0009 -125 02
LU ¥ RT/durcid 53802 1% 00018 ® 02 [ogelscop.com
RT/duroid 6002 294 Q0012 2 06 @ Engish  © Metrc
RT./durcid 6010LM 0.7 0.0023 -425 078 T e
Microstrip RT/durcid 6035HTC 36 0.0013 £6 144
RT/duroid 6202 294 00015 13 063 Conductor Width (W)
TMM3 345 0.002 a7 07 0041 .
Transmission Line Information TMM4 47 0.002 -15.3 07 n-
Conventional Microstrip - Tume 63 00023 -1 072 Space () Length
Using 0.020 inch RO43508 circuit materials. o 88 Doz 0% |- 008 Jin 1 i,
Conductorwidth = 0.043 in. < m | s
Impedance =50.19 chms L Material Properties Euilcagaane 2=
Effective dk =2.8417 3 Thickness (T)
Material Thickness {H) )
0.0006 ¥ in. Roughness loss model
Dielectric Loss is = 0.0385 dBjin RO43508 0020~ i, /202 ED Surface T
Conductor loss is =0.0521 dBfin pe=sidec
Total loss is = 0.0907 dBjin Dke of Themal Cond. Conductivity 38
Cilctic & Factor s 3030 366 00037 062wk BEIZ XIOTSim 0 e Copper oughmess values
Total Q Factor for transmission ling is 153.7 () Dk values for a specific frequency Roughness (RMS) 0.23 ) el
() Dk values for characteristic Impedance 28 microns
Wavelength on transmission line:
1wavelength=2333in. . ) Generate Tables and Files
1/2 wavelength = 1.166 in. ® Anahyica Frequen None -
= () Synthesis Width Impedance Lt
R 50 3 GHz Freq.
Display results of only one calculation Y LmE Rr:,?ge 1 to 20 GHz
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

* Select the desired material, thickness and frequency, then the Design Dk will be shown

= Rogers Corparation, MWI-2017 \ \ \ =
Program  Design Type  Information
All matenial names ale licensed, registered trademarks of ers Corporation R O G E R S
FWH Material Name Bulk Dk Df TC Therm Corn * CORPORATION
RT/durcid 5870 233 ooz -1 022 |-
RT./durcid 5880 22 0.0009 -125 0.2 R
T H RT/durcid 5880L7 1.96 0.0019 22 02
RT/durcid 6002 254 0.0012 12 06 @ English ©) Metric
] - RT/durcid G010LM 107 00023 425 078 Circwit Parameters
Microstrip RT./duroid 6035HTC 36 0.0013 56 1.44
RT/durcid 6202 259 0.0015 13 068 Conductor Width (W)
TMM3 345 0.002 7 o7 043 .
Transmission Line Information TMM4 47 0.002 -15.3 07 n-
L \TMME 6.3 0.0023 -1 072 Space (S) Length
MM10 98 0.0022 38 076 0oms |, FI
SITEL oo nnne A nTe : ik in.
4 | W | 3
rh ial Properties x Conductor Pargneters
MWI-2017 Rev3 Thickness (T}
Material Thickness (H) 00006 -
Last updated September 10. 2016 R043508 0020 v ' S e
A i T
astupda eplember I, 1/202 ED rea Index Hall-Huray -
Dk Df Themal Cond. Conductivity 38
3739 0.0037 062 wm 5813 ¥ 1077 54 Avg Nodule (Eoppe.- roughness values
T Use z-axs Bulk Dk values S Size (microns) '?E' Cptimum for accuracy
@ { Dk values for a specific frequency Roughness (RMS) 028 ) Actual measursmert
() Dk values for characteristic IMpedance 28 e

Design Dk

Display results of only one calculation

@ Analytical
T ) Synthesis Width  Impedance

50 | Ohms

Calculate

Generate Tables and Files

This is an example of
Design Dk for a
frequency dependent
application at 3 GHz

Use RF Design
Dk values
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

* Select the desired material and thickness, then the Design Dk will be shown

\

\

= Rogers Corporation, MWI-2017 \ \ ==
Program  Design Type  Information
All material names e licensed, registered trademarks of Rogers Corporation R O G E R S
FWH Material Name Bulk Dk Df TCDk  Them Comi * CORPORATION
RT./durcid 5870 233 00012 -115 022 |-
RT./durcid 5880 22 00008 125 02
RT/duroid 583012 1% 0001y 2 02 HnL.rogerseorp.com
RT./durcid 6002 294 0.0012 12 06 @ English ) Metric
) - RT./durcid 6010LM 07 00023 425 078 Circuit Parameters
Microstrip RT./durcid §035HTC 36 0.0013 66 144
RT./durcid 6202 294 0.0015 13 068 Conductor Width (W)
TMM3 345 0.002 37 0.7 0043
Transmission Line Information TMM4 47 0.002 -15.3 07 : n
TMME 63 ooz -1 072 Space (5) Length
TMM10 98 0.0022 -38 0.76 0.009 |, e
- ! in. 1 in
TRMAMANE oo in NNy A7 noc -
/\f 1 3
yaterial Properties Conductor Parameters
MWI-2017 Rew.3 Thickness (T)
Material Thickness (H) 00006 v
RO43508 0.020 mf . in. Surface Roughness loss model
Lastupdated September 10, 2016 : in. 1/202 ED R TR AT —
Dk Of Themal Cond. Conductivity 38
inz 0037 062 wikm 5.813 X107 S/m Avg Nodule Copper roughness values
() Use z-ads Bulk Dk values Surface Sizeﬂns) '?E' Optimum for accuracy
() Dk values for a specific frequency Roughness (RMS) 028 (0 Actual measurement
@ { Dk values for characteristic impedance 28 microns
L
D . D k @ Analytical G:nercl’te Tables and Files
- Fr one -
es Ig n T () Synthesis Width  mpedance L]
50 3 GHz Freq.
Display resutts of only one calculation 5 Space LRE Hr:ﬁge 1 to 30 GHz

This is an example of
Design Dk for
determining
characteristic
impedance or for a
digital or wideband
application

Use Digital Dk values

ROGERS

CORPORATION 15

Advanced Connectivity Solutions



Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

* Design Dk is not a material property
* Design Dk is a circuit property

* There is no tolerancefor Design Dk because it is dependent on thickness, copper type or
surface roughness, frequency and some PCB fabrication tolerances

* Design Dk variables:
* Substrate Dk tolerance
* Copper surfaceroughness tolerance
e Accuracyof test method, microstrip differential phase length method
e Accuracyof circuit dimension measurements
e Conductor width variation on a single conductor from PCB fabrication

e Plated finish and circuit design type

ROGERS
OOOOOOOOOOO 16
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Microstrip differential phase length method, Dk vs. Frequency
using 14 lots of 10mil RO4350B™ laminate
4.2
0.118
. . 4.1 y 4
Copper roughness variation S/
* All copper foil has normal variation|  , ———1 I(
for surface roughness — e T—— ¥
-—-..‘.___‘-__ —
%39 — — —
* There is within-sheet variation and — [
lot-to-lot variation of roughness >
Microstrip differential phase length method, Dk vs. Frequency
using 8 lots of 10.7mil RO4350B™ LoPro™ laminate
3.9
0.068
10
3.8 [’l Frequency (GHz)
iy  RO4350B laminate uses a high profile
copper with an average RMS

< roughness of 2.8 microns

* RO4350B LoPro laminate uses low
profile copper with an average RMS
roughness of 0.8 microns

3.5

3.4

* Ingeneral,smoothercopperhasless
1 10 roughnessvariation and less Design Dk
Frequency (GHz) 5 0
variation ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

Plated finishes have
impactin frequency
region where skin depth
of the composite metalis
changing quickly with a
change in frequency

At low microwave
frequencies the impact
of plated finishisin order
of plated finish
composite conductivity

When this same studyis
done on thicker substrate
the Dk differences are
reduced

Microstrip differential phase length method, Dk vs. Frequency
using Smil RT/duroid® 6002 laminate with 1/2 oz. rolled copper

34
—e—soldermask
4
o 31
.
\‘\
3 — 1
e —o—ENIG
. —e—ENIPIG
—e—Immersion tin
2.9 —e—bare copper
—e—silver
2.8
2 | 10 100
Frequency (GHz)
ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

A core construction will be different than a foil lam construction

Core construction
Laminate
Core constructioncanhave 3 of 4 = (bonding material)
copper-substratethe same

4 copper-substrateinterfaces

Laminate

Foil lam construction
- 0]

' ‘ i bonding material
The foil lam construction will only Prepreg ( g )

have 2 of the 4 copper-substrate Brovrore e

interfacesthe same Laminate
e B R e o e e e T T ey

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Optimum Design Dk values and the potential variation

* Bonding material, prepreg, can be very difficult to estimate Design Dk

copper effects; a smooth copper

Femmretecoeateorostete ot
and rough copper surface

AR A ARV VAV VAV A AN VA e e i)
This prepre ﬂtwo\A
PreEpres v (bonding material)
Laminate
(bonding material)
Laminate

e e

This prepreg layer has no copper effect

The same prepreg, will need

Design Dk
to have 2 different Design Dk  |How RO4450F prepreg is used: 4mil 8mil 12mil 20mil
. . Betw blank 3.70 3.70 3.70 3.70
values for this construction Ebae ey B a8 sores o copper) :
Blank core 1 side of prepreg, copper other side 3.95 3.80 3.77 3.75
copper on both sides of prepreg 4.20 3.90 3.83 3.80

Assuming ED copper with relative high profile, or
surface roughness of about 2.2 microns RMS (Rq)

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

« Common types of copper clad laminates used in Microwave
PCB (Printed Circuit Board) applications: A

Woven-GIés; 7
e PTFE based f ceramicfilled PTFE
* Woven-glass A ;
* Non-Woven-glass

* Filled PTFE woven or non-woven-glass

 Hydrocarbon based S i

* Ceramic filled — eernm—
Woven-Glass ceramic
* Woven-glass filled hydrocarbon

e

Pictures are magnified cross-sectional views of different laminate

OOOOOOOOOOO 21
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

RO3000® series, RO3200™ series, RO4000° series
High Frequency Laminates
Dieleotric Constant, \ Thermal™ Volume Surface | Moisture®
er @10 GHz Dissipation™ Factor\ Coefficient of er Resistivity Resistivity Absorption
Product (Typical) TAN & @ 10 GHz -B0°C to 160°C D48/60
yp . Mohm = cm Mohm
(Typical) ppm/°C (Typioal) | (Typical) .
g " Design™ (Typioal) (Typical)
RO3003™ . 7 7
PTFE Ceramic 3.00 = 0.04 3.00 0.0013 13 1X10 1% 10 0.04
- -50°to 10°C | -
RO3035 3.50+ 0.05 3.60 0.0017 o 10°c |-34 1¥10° 1%10 0.04
PTFE Ceramic 10°C to 150°C | -11
RO3006™ s 5
PTFE Ceramic 6.15+0.15 65 0.0020 262 1% 10 1% 10 0.02
RO3010™ s 5
PTFE Ceramic 10.20 £ 0.30 112 0.0022 -280 1X%10 1% 10 0.05
RO3203™
DTLCE raramic P a 074004 3107 L0016 213 1% 107 1x 107 0.03

» Key electrical parameters: Dielectric constant (Dk), Dissipation factor (Df, loss)
e Other critical electrical parametersinclude: Thermal Coefficient of Dk, moisture absorption

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

e Dielectric constant (also called: Dk or €, or E, or K., or relative permittivity)

* Most materials used in the PCB industry are anisotropic (Dk is not the same on all
three axes of the material) Dky# Dky# Dk,

* Anisotropy is due to:
* Unbalanced woven glass
* Filler particles that naturally orient more along one axis
* Normal directional characteristic of some manufactured material

ooooooooooo 23
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

* Anisotropy is related to electric displacement flux:

D, En €5 Eo |l Es
Dy =&, &, &, Ey
D. £, €, €. )\E.

D £ . 0 0 E .
Dy =1 0 € 0 E},
D 0 0 & E

* Additionally, the g,, and g, typically have little difference and for modeling (and for
material measurement) purposes it is the g, of the x-y plane which is used in conjunction
with the g, of the z-axis

ROGERS
OOOOOOOOOOO 24

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn



Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

* Forcircuitdesign and modeling, anisotropy is typically not considered in transmission
lines, stubs and other non-edge-coupled components

* Anisotropy should be considered for edge-coupled features

* Asgeneralrules:

* Material with woven-glass reinforcement has more anisotropy

e Material with high Dk (>5) has more anisotropy

* A few examples of some materials regarding anisotropy:

Z-axis SPDR (X-Y Plane)
Material Design Dk Average Dk
RO3003 3.00 3.07
RO3006 6.40 7.18
RO3010 11.20 12.40
RO3203 299 314
RO3206 6.61 8.17
RO43508 3.66 3.75

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

* Moistureabsorptionis a variable sometimes not considered for circuit performance
variationin the field

All PCB materials absorb some amount of moisture; some less than others
* The absorbed moisture is typically from humidity in the environment

* Moisture (water vapor) absorbed in the material will increase the Dk and increase
the Df

* Rule of thumb, a good high frequency material will have < 0.3% moisture absorption

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

 TCDk (Thermal Coefficient of Dielectric Constant) is another issue which is often
overlooked in the design phase, for applicationsin a varying environment

e TCDkis a property that all PCB materials have
e TCDk is how much the Dk will change with a change in temperature
* TCDk can be positive or negative and has units of ppm/°C

* Rule of thumb, a good TCDk is less than |50| ppm/°Cand ideal is 0 ppm/°C

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

Normal variations of high frequency circuit materials

1.00

Normalized Dk change from 25°C

0.97 0.98 0.99

-50 -25 0 25 50 75 100 125 150
Temperature (°C)

a—=Ceramic filled PTFE ~=_Ceramic filled hydrocarbon non-FR Ceramic filled Hydrocarbon FR
- PTFE / Woven Glass (WG) ~== PTFE / ceramic / WG w— FR-4

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

 Most metal finishes used in the PCB industry are
less conductive than copper

 Alower conductivity will cause higher conductor
losses, which increases insertion loss

e Silver is the exception and does not increase
conductor loss or insertion loss

Copper
Silver
Gold
Nickel
Aluminum

Brass
Solder

Tin

5.817 x 10" S/m
6.301x 10’ S/m
4.52x 10" S/m
1.5x 10" S/m
3.5x10"S/m
2.56 x 10’ S/m
0.70x 107 S/m

0.87 x 10’ S/m

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

using same substrate at different thickness, comparing bare copper circuits to ENIG circuits

Loss (dB/in.)

o
o
vl

0.05 -

0.25 -

0.45

0.85

1.05

1.25

Microstrip insertion loss, differential length method

Measured differences of

N

insertion loss using bare
copper vs. ENIG for thin and

thick circuits

—o— 20mil bare copper

_ Difference of insertion loss
0.21 dB/in.

difference

for thick circuit

~@— 20mil ENIG

~— 8mil bare copper

Difference of insertion loss
\0.38dB/in.

for thin circuit

difference

= 8mil ENIG

5 10 15 20

Frequency (GHz)

25

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

H magnetic fields

E Electric fields

\ =1 ?_Z;
/ = \7'\‘ N\
2al
Microstrip, final plated finish Grounded coplanarwaveguide (GCPW) has fields
impacts the conductor loss due to and current densities using 4 edges of the
high current density at the edge of ground-signal-ground configuration

the conductor

Typically insertion loss for GCPW is more
affected by final plated finish than microstrip

ROGERS
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

ertion loss comparison of bare copper and ENIG
using 8mil thick low loss laminate

0.0

0.5 4

o
=}

Bare Copper
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

* A study was done to evaluate the effect of several different finishes on insertion
loss

* The test vehicle:
* isaset of 50 ohm microstrip transmission line circuits

* insertion loss measurement uses differential length method

e circuit material:
* thin substrate (5mil) to exaggerate the conductor effects
* very smooth copper (rolled copper) to minimize copper surface roughness
effects and variations
e very low loss (Df=0.0012) to minimize dielectric losses and again, allow
conductor losses to dominate
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

Microstrip insertion loss, differential length method
using 5mil extremely low loss laminate with rolled copper

Wideband insertion
loss results

-0.5
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S
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Due to poor return loss,
25 the data beyond 40 GHz
IS approximate
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Design Right the First Time: Understanding how Dielectric

Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

Loss(dB/in)

-1.5

Microstrip insertion loss, differential length method
using 5mil extremely low loss laminate with rolled copper
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

Plated finishes have Microstrip differential phase length method, Dk vs. Frequency
impactin frequency using 5mil RT/duroid® 6002 laminate with 1/2 oz. rolled copper

region where skin 3.4
depth of the
composite metalis
changing quickly with
a changein
frequency

—e—soldermask

At low microwave
frequencies the
impact of plated
finishisin order of
plated finish
composite
conductivity

—o—ENIG
—e—ENIPIG
—e—Immersion tin
—e—bare copper
—e—silver

When this same
Stl:IdyIS doneon 1 P .

thicker substrate the Frequency (GHz)

Dk differences are
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

* Copper platingis a standard process to make a PCB

e Drilled through holes are plated with copper to make via connections between
the various copper layers

* The additional copper of the signal conductor caninfluence RF performance
* The copper plating does have variation

* thereis copper thickness variation within a panel of circuits

e and variationfrom batch-to-batch of circuits

* This copper thickness variation can have more impact on RF performancefor
certain designs
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

* The copper plating variation has a larger impact on coupled features
* Grounded Coplanar Waveguide (GCPW) or differential pair

e A study was done which had a very controlled plating thickness and used the same
material

 Same sheet of material was used; it was cut in half and one half was used to make
circuits with thin copper plating and the other half had circuits with thick plating

- Grounded coplanar

waveguide (GCPW)

microstrip




Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

* In this study 2 different 50 ohm GCPW transmission line circuit designs were used

* Tightly coupled GCPW; small space between coplanar Ground-Signal-Ground
* Loosely coupled GCPW; wide space

e Additionally circuits were purposely made to have significantly different copper thickness

* Thin copper plated, overall conductor was 1mil thick
* Thick copper plated, overall conductor was 3mils thick

Tightly coupled GCPW with thin coper Tightly coupIdGCW with thick copper
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

. Usir?g same she(?t of 2.25
laminate, thereis a
significant difference in
loss based on copper 2.30
plating thickness variation )
and /or design ‘E‘ 2.35
S
* The circuit with the widest w240
conductor and thickest _3
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2.50

u

[1]]

T~
\

/

66.0 66.4 66.8 67.2 67.6 68.0

Frequency (GHz)

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\



Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

* Continuing....

t 3.10 -

* There was a significant ,E 3.05 w21512 Thin Cu
difference in phase response = & i 21s12 Thick C
based on copper thickness 6 3.00 we's ek =y
variation and / or design '_E 2.95

* The circuit with the lowest 9 2.90 -
effective Dk had the tightest | @ 2.85 _____==W1 856 Thin Cu

. . n o | p——
coupling and thickest copper
i 2.80
(wi8s6thick cu) 2 w1856 Thick Cu
8 2.75
E 2.70

66.0 66.4 66.8 67.2 67.6 68.0
Frequency (GHz)

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\



Loss (dB/in)

Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

* The addition of soldermaskincreases dielectric loss, which increase insertion loss

* The loss difference between circuits using bare copper and covered with soldermaskis:
* frequencydependent
e substrate thickness dependent
e circuitdesign configurationdependent

Microstrip insertion loss comparison, using 20mil RO4350B™ laminate N gM 5.000dB/ 0. 4 gqM S. 0.
0 0.00 TR1 soldermask"raz bare copper ¥ 1 >MKr 4: 2.949928 GHz ;20693 dB
FaEa BW: 335.25 MHz
-5.00 /z = A 3 C T 2499 GHzZ
. e . /2| [2 3\ 3 Q: 57993
Transmissionline 10.00 // / \ \\ Lass(__-p 0769 j
0.1 =IRH : )
. . . & 3 Mkrd: | 3.014363 gu?ﬁq-.eoaeﬂs
\ circuit comparisons - / (e | SRR Ly
gl 7 \ \, - Center: 310144 GHz
/ Soldermask Q;_——5-9622
0.2 -20.00 va // —\ Luo<‘L8930dB:b
/] \ \ _~
-25.00 // \\ N =
03 / / Bare\quper
-30.00 £ X
// :
£
0.4 —— Bare copper -35.00 / / .
-40.00 d —
/ L 5
/ Edge coupled bandpass 4
-45.00
0.5 R ‘ / . T
5000 /4 filter comparisons
~ Soldermask >Ch2: Start 2.00000 GHz — Stop 4.00000 GHz
1 Ch1: Start 2.00000 GHz — Stop 4.00000 GHz
0.6 ; : ;
0 2 4 6 8 10 12 14 16 18 20 . . ”
Total length of filer is ~ 4
Frequency (GHz)
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

PCB fabrication influences which impact RF performance

The impact of
soldermask on the
Design Dk (circuit-
perceived-Dk) will be
different for circuits
of different thickness

Dk

Microstrip differential phase length method, Dk vs. Frequency
using RO3003™ laminate with 1/2 oz. rolled copper

3.5
34
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31 015

A—- o e pere oo
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

End-use environmental conditions and potential impact on PCB RF performance

Thel ais a competitive
thermoset material,
which has a moisture
absorption of
approximately 0.3 %

Loss (dBfin.)

Microstrip insertion loss, differential length method
Room temperature vs. conditioned at 85C / 85% RH for 24 hours

1

Difference in insertion
loss for Smil RO3003 is
0.1 dB/in. at 79 GHz

15

Smil R03003 ™ laminate

, room temperature conditions

—*\. 5mil R0O3003 ™ laminate
72 hrs @ 85/85 conditions

25 <

5mil |_a laminate at
room temperature conditions
35 Difference in insertion

\ loss for 5mil |_a laminate
is 0.8 dB/in. at 79 GHz
4 &%
qé’, . 5mil|_a laminate after
. 72 hrs @ 85/85 conditions

45
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

End-use environmental conditions and potential impact on PCB RF performance

Microstrip differential phase length method, Dk vs. Frequency

Circuits conditioned at room temperature and 24 hours @ 85C/ 85% RH
34

Thel ais a competitive
thermoset material, e
which has a moisture
absorption of
approximately 0.3 %

33

Difference in Dk for
Smil RO3003 at
79 GHz is 0.005

N Smil RO3003 ™ laminate
s 32 ——"" 72 hrs @ 85/85 conditions
Smil R0O3003 ™ laminate
room temperature conditions
3.15
5mil I_a laminate after
o 72 hours at 85/85 conditions
o 5mil |_a laminate at
3.05

room temperature conditions

Difference in Dk for
5mil I_a laminate at
3 79 GHz is 0.040
1 10 100
Frequency (GH2)
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Design Right the First Time: Understanding how Dielectric
Constant (Dk) Test Methods Affect Time to Market

End-use environmental conditions and potential impact on PCB RF performance

Example of TCDk Microstrip edge coupled bandpass filters, Normalized center frequency vs. Temperature
influence on filter
performance

1.0014

Data Sheet |Measurad == Ceramic filled PTFE, Dk = 6.15
TCDk TCDk /
10012 +— |RT/duroid® 6002 12 17
RO4350B™ 50 51
Ceramicfilled PTFE, Dk =6.15 262 -256
1.001 /
1.0008 /
1.0006 /
1.0004 //

There can be another
influence, which is
typically more
significant on wideband
edge coupled circuits
and thatis related to
CTE

Loo0z

1

If a laminate is used
with a high CTE, the

physical dimensions of \‘\.\

0.999% \.
=R O43508

0.9554

Center Frequency Normalized at 25 °C

the circuit can change
with a changein
temperature

T T T T T T T T T 1
0 10 20 30 40 50 31 70 a0 an 100
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