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Introduction

o Communication data links on PCBs are running at bitrates of 10-30 Gbps and beyond

= Design of interconnects for such links is a challenging problem that requires electromagnetic analysis with
causal material models from DC to 20-50 GHz

O Woven fabric composites are typically used as insulators to manufacture PCBs

O Both fabric fiber and resin are composite materials with typically different dielectric
constant (DK) and loss tangent (LT) properties:

Differential

Glass Weave ' Microstrip ».
’ ~; vi k %

Glass Weave 44-6.1 0.002 - 0.007

Resin 3.2 0.003 - 0.027

* -
-
Impregnated Resin

O Dielectric inhomogeneity in t-line cross-section causes mode conversion or skew
O Inhomogeneity along the line causes resonances in insertion and reflection losses

O Both effects may contribute to deterministic jitter and have to be modelled and
mitigated if necessary

O A practical fiber-weave effect model is proposed in this paper

See overview of publications on the subject in the paper...
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Presenter
Presentation Notes
Designers rotate fiber weave or circuitry to mitigate skew, this can contribute to resonances…


Model for non-uniform dielectric across traces

Imbalance Factor = 1+0.5*Imbalance
We uses the Imbalance Factor to

characterize dielectric properties
variation (specified with Imbalance as
shown on the right); xly

Flane1

1 e Imbalance

Unit Imbalance Factor corresponds — — Signall
to volume average resin percentage
defined for the given PCB material
globally;

Flanez

Trace over resin Trace over glass

Variation upwards corresponds to 1
higher volumetric content of glass
(higher dielectric constant and smaller

- - V[V]
polarization losses);

AMD.Coupledimbalanced_Tin Simulation(1};
4{— Trace

rre ,l/
(IF<1) /

03t

02t A/

: ~ Irace over
a1l glass (IF>
| Y

QuaSI_StatIC fleld Solver |S used tO 0175 02 0226 025 027% 03 0326 03% 037

17 Jan 2013, 15:25:36, Simberian Inc. Time, [ns]

<
®
5

Variation downward corresponds to
higher volumetric content of the resin
(smaller dielectric constant and larger
polarization losses);

/

N/

build such model AL AV AL
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Model for non-uniform dielectric along traces

We use the Modulation Factor to v(d) Modulation Factor = 1+V(d)

characterize dielectric properties

variation (specified either with step —_ _— d (along trace)
values as shown on the right or with 0 - —_—

periodic functions of length); Period

to volume average resin percentage
defined for the given PCB material
globally;

Unit Modulation Factor corresponds Lx

Ly

Variation upwards corresponds to _
higher Volumetric Content Of gIaSS PerIOd - ) - AMD.Single_tinSimulation(1); B\WD.Single_Sin. Simulation(1);
(higher dielectric constant and smaller

“i\“‘s'—jxi.‘ﬁ_yi_
polarization losses); ] \M
\ -20 /!\/ V\?\\K\m&\
Variation downward corresponds to / \ U%ﬁ%a%
trace RN, {

i

: . . i
higher volumetric content of the resin
(smaller dielectric constant and larger . .
. . colllaliCe u Lo
polarization losses); D=ri01dic'tv

20 25 30 35 4 45 5
17 Jan 2013, 125801, Simberian Inc, Frequency, [GHz]
—* AS[AL —* ASM.2T —e BSM11 —o BS[1.21

Concatenation of t-line segments with adjusted
dielectric properties is used to model this effect
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Presentation Notes
Question: number of segments – sinusoidal modulation of 20 to 30 unit segments


Causal model for dielectric with changing

properties — Option 1

O Apply product of Imbalance and Modulation Factors to
dielectric constant at infinity (causal adjustment):

Multi-pole Debye model:

N

e(f)=p-e(w)+ > 2
n=11+ifr

n

Wideband Debye model
(aka Djordjevic-Sarkar ):

& (1) =¢-&(0) + 6,4 -Fy (1)

F ()= 1 In 10™2 + if
‘ (m,—m,)-In(10) | 10™ +if

Other causal models can be
adjusted similarly

= - 8/6/2014
< Simberian
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¢ = ImbalanceFactor- ModulationFactor

¢ =1 corresponds to the original
“homogenized” model;

¢ >1 Increases the dielectric constant at
infinity and automatically decreases
the loss tangent;

¢ <1 decreases the dielectric constant at
infinity and automatically increases
the loss tangent;
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Application only to causal dielectric models


Causal model for dielectric with changing
properties — Option 2

O Apply product of Imbalance and Modulation Factors to
volume fraction in mixing formulas (also causal):

Wiener upper boundary

model (layered dielectric):

Eeff max :¢' f "92+(1_¢' f)'gl

Wiener lower boundary
model (comb-like
dielectric):

81 .82

p-f e +(1-¢-1)-5

geff ,min =

Hashin-Shtrikman and Maxwell-
Garnett models can be adjusted
similarly

= - 8/6/2014
< Simberian
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¢ = ImbalanceFactor- ModulationFactor

¢ =1 corresponds to the original
“homogenized” model;

¢>1 increases the dielectric constant and
automatically decreases the loss
tangent;

¢ <1 decreases the dielectric constant and
automatically increases the loss
tangent;

Assuming dielectric 2 is glass with higher DK and lower
LT, dielectric 1 is resin with lower DK and higher LT and
both simulated with causal models

© 2014 Isola 7
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Presentation Notes
Layered dielectric (resin/glass/resin/glass) – average of both numbers typically gives you dielectric properties of typical PCB materials


Test board for numerical experiments and
experimental validation

Test Board Stackup to investigate 2 materials from Isola

Material : GigaSync/I-SPEED

Structure (Stack up) )
T Type Cu(u;ggm Construction Th|‘|::rr:]e(5;”a}ﬂer DK/DF
imAg Finish | I i - Wi

- mAgtis 5 Gigasync: Wideband Debye

prepreg _I Gigasync 2116 - RC 60% 413/ 0067 model because of g|ass and
2 GMND 0.5 .

core _I Gigasync 2116 4.13/.0066 resin have close DK
3 53 0.5

prepreg | I Gigasync 2116 - RC 60% 4.13/.0067
4 GMND 0.5

core I-SPEED 3X1652 3.72/.007
5 GMND 0.5

prepreg I-SPEED 3313 - RC 61.5% 4.4 3.50/.007
B S6 05 0.6 . H

core I-SPEED 3313 4.0 3.65/.007 I_SPEED' Wiener ave_rage
7 GND 05 mixture of S-glass with Dk=5 and
T B R SERERS SR nen A e LT=0.001 and 61.5% resin with

ImAg Finish _ Dk=2.8 and LT=0.011 @ 1 GHz
Pressed thickness 3.9 (produces Dk=3.5, LT=0.007 as in
specifications)
T Zi’.:
T 6-inch microstrip differential links with probe launches on top
P o ———" ~ (Gigasync 2116) and bottom (I-SPEED 3313) of the board;
8/6/2014 © 2014 Isola 8
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Presentation Notes
Weiner average is average of upper and lower bound specified previously


Example of trace placement to identify worst
case for 3313 glass (similar for 2116)

=
k=1

 Gv=(39.1+38.4)/4=19.4
Center-to-center: Ds=9.7
Dv=0.25*Gv/(N-1)+k*Gv
(offset)

5 samples with offset
Dv=1.2+k*19.4 mil

ooocy

1
z
|3
4
L)
3]
1 7
= 8
9
1

1

1

—oTTTToTTT=TTTL
o000 O0OO -]

i o

N—o
Sl SMNNNMNNNRNNE

== Tightly coupled pairs:
- trace width 4.9 mil,
separation 4.8 (Kv=0.21,

3? center to center 9.7 mil);

Loosely coupled pairs:
trace width 9 mil, separation
39.5 mil (Kv=0.012, center
to center 9.7+2*19.4 mil);

32649-2 3313 — F— e

- e 0 = = Kv is voltage coupling
il = Ml = ST T s coefficient for quarter-

wavelength line segment;

2 . 8/6/2014 © 2014 Isola 9 -
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Presentation Notes
Kv tells us how coupled the traces are, we use ¼ of the weave pitch in this case to designate tight coupling 


De-compositional model of a test structure

Simbeor 2013 software is
used for all computations
(pre and post-layout
analysis with non-uniform
t-lines)

J13 B1-113 B2 MTLY J14_B.24J14 B

Probe launch
(3D EM model)

.
N

Probe launch
(3D EM model)

101 02
||

101 101

1g 2014, 06: 26: @75 imberian Inc.

6-inch segment of t-line with inhomogeneous
dielectric — non-uniform t-line model

. 5 8/6/2014 © 2014 Isola 10 —
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Model identification for worst case skew
(numerical example)

From: L. Ritchey, J. Zsio, R. Pangier, G. Partida, “High speed signal path losses
as related to PCB laminate type and copper roughness”, DesignCon 2013.

TEST PCB SKEW DATA, pSec 6 SAMPLES

VERTICALS" HORIZONTAL 14"
MATERIAL WEAVE | MINIMUM | MAXIMUM | AVERAGE MINIMUM] MAXIMUM | AVERAGE
15415 3313 0 s 5 30 123 88
FRA0DEHR 3313 1 8 5 3 43 20
FR4A08HRIS 8313 0 7 4.6 6 20 11.8
I-SPEED 3313 3 10 4.5 1 59 18
I-SPEED LOW DK 8313 1 4 2.3 5 12 7.5
I-TERA 3313 1 12 = 1 13 9.5
I-TERA LOW DK 8313 1 4 2.5 b 58 24.6

Worst case observed on I-SPEED with 3313 glass style in un-coupled
traces is 59 ps or 4.2 ps/inch

1. Use 5 ps/inch as the maximal possible skew due to FWE and adjust the
Imbalance Factor for loosely coupled line to observe the same skew;

2. Estimate jitter due to skew in loosely coupled lines;

3. Define Modulation Factor along the line with the same amplitude as the
imbalance and see effect on jitter;

Disclaimer: Board with loosely coupled traces is not measured yet. This is
numerical example based on published data. No solder mask and no roughness.

. P 8/6/2014 © 2014 Isola 11 —~
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|dentification of imbalance with the worst

case skew

Imbalance = 0.2 (Imbalance Factor 0.9/1.1 or resin content +/-10%)
produces skew 5 ps/inch in loosely coupled differential pair

20 ps Gaussian step

Single-ended TDT with

ABot100_Imbalanced(1).Bot100_BalLoose. Sim

ulation(1y;

B:Bot100_Imbalanced(1).Bot1 00_ImbLoose_0p2.Simulation(1);

Single-ended transmission
phase delay

A:Bat100_Imbalanced(1).Bot1 00_ImbLoose_0p2.Simulationi1);

W[V Phasze Delay, [ns]
05+ !
Strip with 10% ,cf—f?sl’_ T T 08
0.4 - —more resin re m
\/ ,é E:] + 0875
3T Dz4ghi< | /0249 < Strip with[10% % Strip with 10% Strip with 10%
0.84601 0.8p505 less resin [L more resin less resin 1 oss
02 +
[F\E-L.__ " 082594 >
01T+ : T T B - —a~ Xm0 s
' No imbalance [\1] 40
/ (homogeneous \ .
0+ mixture Bemy 073604 >
1 0= —-—E——Erv--—m-fn—a——-aﬁanu'a
0.8 0.825 0.85 0.875 0.9 0.925 , ! ; . ; . . . ; |
17 Jan 2014, 10:52:53, Simberian Inc. Time, [n=] 5' 'IID 1'5 2'0 2'5 3II] 3'5 4I|] 4'5 5I|]
Mﬂ% AVIAZL BVATL 17 Jan 2014, 11:09:33, Simberian Inc. Frequency, [GHz]
W4T A5M31] O ———: 4547 O————;
8/6/2014 © 2014 Isola 12
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Impact of the worst case imbalance on insertion loss and
mode transformation (loosely coupled traces)

Differential to common mode transformation is zero if no imbalance;
Very large far end mode transformation with Imbalance 0.2 (+- 10% of resin);
Mode transformation also degrades differential insertion loss (IL);

A:Bot100_Imbalanced(1).Bot100_BalLoose Simulation(17;
B:Bot100_Imbalanced(1).Bot1 00_ImbLoose_0p2.Simulation(1);

Magnitude(3), [dE]

0+ A
mwhﬂmﬁ?ﬂflcmce\d IL
Optionally, far end mode ___ | SN e |
transformation parameter \97{'" \ R
can be used to evaluate \“\,&

the imbalance — it is zero -20 1
for symmetric traces;

-30 1 “l'ﬂ e Y 1R
nd f nd mode ﬂi
40 - ion-with

nce +- 10%

T
& 10 15 2l 2h

1 1
45 50

17 Jan 2014, 11:38:20, Simberian Inc. Frequency. [GHz]
— ASmm[D2.D1]; —% B:Smm[D1.Dz],
— BEmm/D1.C1T ——% B:S3mm[D1.C2Y;
g . 8/6/2014 © 2014 Isola 13 -
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Impact of worst case skew on |itter
(loosely coupled traces)

25 Gbps PRBS 7 signal, 10 ps rise and fall time

No Imbalance Imbalance = 0.2
(homogeneous mixture) (+/- 10% of resin content)
A:Bot100_Imbalanced(1).Bot100_BalLoose. eyve; - A:Bot1 00_Imbalanced(1).Bot1 00_ImblLoose_0p2.eve;
WL [V] W V]
0375 + 0375 +
025 + 0.25 -
0125 0125 -+
0 04
0125 1 0125 1
0256 1 -0.25 + R
-0.375 T e 0375 1
05
i i i i f f f | | f f I I I I I I i
0 10 20 30 40 50 60 70 a0 0 10 20 30 40 50 &0 /0 aa
17 Jan 2014, 11:23:24, Sirmberian |ne. Timelnterval, [ps] 17 .Jan 2014, 11:30:12, Simberian Inc. Timelntersal, [ps]
AMNmm[D2,01]; ANmm[D2.07]:

Substantial reduction of eye width (timing jitter) and eye height is expected

8/6/2014 © 2014 Isola 14
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Impact of +-10% resin content variation
along the line (loosely coupled traces)

Strips are running at 7 degree to horizontal fiber — no imbalance,
maximal modulation period 164 mil, amplitude 0.2 (+/-10%
variation of the resin content)

25 Gbps, PRBS 7, 10 ps rise and

A:Bot!00_lmbalanced(1) Botl00_BalLoose Simulation(1); — i ifi i
B:Bot100_Imbalanced(1).Baot100_BalLloose_7deg.Simulation(1); fa” no Slgnlflcant Changes In eye
hMagnitude(=). [dH] A:Bot100_Imbalanced(1)Bot1 00_BalLoose.eve:
] | | _ B:Bot100_Imbalanced(1).Bot100_Balloose_7deqg.eyve;
T W, W]
N\A\M Insertion Loss :
4 i _*_é . . . _
. y e
10 1 Modulated mixture B
(black and red) Homodenequs 025 +
qed N (green) ™\
7
20 1 0+
o6 1 . Reflection Loss
025 T
_30 =+
_35 -4
0 5 Mmoo 15 20 25 30 3\ 40 45 50 ' ' ' ' ' ' ' '
17 Jan 2014, 14:20:21, Simbeian Inc. Frequency, [GHz] L e 30 40 50 B0 70
4 ASmm[D1,01 ——6 A Smm[D2.01]: 17 Jan 2014, 13:06:30, Simberian Inc. Timelnterval, [ps]

————% ESmm[D1.01] ——% E-Smm[D2.D1] AMmm[DZDT] B:Vmm(D2.D1Y

No substantial effect on jitter expected (due to narrow band of the resonance)
8/6/2014 © 2014 Isola 15
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Test board for tightly coupled traces

This board was manufactured, simulated and

Investigated experimentally

5 microstrip structures with
offset for I-SPEED/3313 on the
bottom side;

5 microstrip structures with
offset for Gigasync/2116 on the
top side;

TDR measurements are done by
Brian Butler from Introbotix;

S-parameter measurements are
done by Reydezel Torres Torres
from INAOEP;

Analysis with Simbeor software;

| LAYER:TOP ;

| JEAYER T()F’E_la
[“"LAYER-TOP }

J10

LAYER-3 g,

LAYER 3 &

LAYER ‘BOT g 8
LAYER BOT 8 !
LAYER ‘BOT g -

LAYER "6

LAYER 6 1%
LAYER 6 32

D

Hiw
000Q

J28

LAYER -TOP &
LAYER 3 B

LAYER -BOT @&

£

LAYER -6 %

0oog

All simulations for tightly coupled traces are done with 2.2 mil conformal solder mask with DK=3.8,
LT=0.01 at 1 GHz and conductor roughness (Modified Hammerstad model with SR=0.35 and RF=3.7)

- Simberian %°®*°

Electromagnetic Solutions
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Direct TDR measurements for tightly
coupled traces

O Worst case for MS1 - about 6 ps (1 ps per inch)
produces Imbalance = 0.05 (Imbalance Factor
O . 9 75/1 . 025) ABot100_ImbalancedSaoldertd. Bot1 00_Imb Tight_0p05(11.TDR;

BE:Bot100_|mbalancedSolderkd Bot100_Imb Tight_0p06(2). TDR:

W, W]
05 05 1 ——
0.475 ,.—'—:_-,_._,f /—\/
045 eas !!’F‘d., / /
/ 04+ --Modeled-with
0425 AMOrest cac f .
’ vUTlog LYoo / About b6 ps +-2.5% resin
04 | I imbalance About 6 ps
VL3 0.4
VLIb, 0373 /
0.35
035
0.325
03
0275 03T J
OBTSI si2 sis si4 sls Sie si7 sl sis % . . . . . . . .
. 17 13 1.4 2 2.1 2.2 2.3 2.4
Time, [ns] 04 Aug 2014, 14:45:15, Simberian [nc. Time, [ng]
ANTTAT BMX1.17:

TDR measurements and simulation are done with all ports open;

8/6/2014 © 2014 Isola 17
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S-parameters, tightly coupled traces
0 6-in links on I-SPEED/3313:

A8 Coupond,_Left 1Speed_ME1.MFF: B.A Coupons_Left_|Speed_MS2 MEF:

A:Botl 00_ImbalancedSoldertd Bot1 00_mb Tight_0p05. Simulation(1); C:A.Coupana_Left_|3peed_M33MFP: D:A Coupond,_Right_|Speed_MS1.MFF:
B:Eot1 00_ImbalancedSoldert.Bot1 00_ImbTight_Dp025 Simulation(1); E:A.CoupanA_Right_|Zpeed MSZMFF:
tagnitude(S). [dE] Magnitude(s), [dB]
0+ 0 “\\‘
Bt Insertion Losses R Y Insertion Losses
-0+ T SIS R
e ‘-6%\
Mﬁ%"m%& I m
Modeled -y Measured for S
20 + e, 20+ -
ot ) 5 structures  rar end Mode
af”w w\%\ " Transformation
2 o / 9

o j}f“ %Q:&x | ey N e

a0 + - -4n 4
Far End Mode Transformation

for Imbalance 0.05 (orange) \u
0 N

-l T and Imbatance 0.025 (blue) 50 + j{
S B S S E— T , , , , , , , ,
1] [ 10 15 20 25 30 35 40 45 50 5 10 15 20 25 a0 35 40
0 fug 20714, 15:02:34, Simberian Inc. Frequency, [GHz] 04 Aug 2014, 14:55:10, Simberian Inc. Frequency, [GHz]
—# ASmm[D2.D1] ———  ASmm[C2.01]; — ASmm[D1.02 —= ASmm[D1.C2, ————= B:Smm[D1.DZL
—_— B:Smm[01,02], ! B:Smm[D1.C2]; — BSmm[D1.C2, ——* C:Smm[D1.02); ——* C:Smm[D1.C2);

—8 D:Smm[D1.02, — 8 D:Smm[D1.C2; ———+ E:Smm[D1.D&];
—+ E:Smm[D1.C2];

Mode transformation is smaller than expected from the TDR measurements —
the imbalance is closer to 0.025
g . 8/6/2014 © 2014 Isola 18 —
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Presentation Notes
Lots of micro-scale PCB effects encountered at this noise level, trace width/impedance variation along the line…within or outside of manufacturing tolerances


Imbalance impact on eye diagram

O 6-in links on I-SPEED/3313; Signal: 25 Gbps, PRBS 7,
10 ps rise time;

Simulated with Imbalance 0.05 Computed from measured S-
(+/- 2.5% resin, worst case) parameters for MS1 (worst case)
ABot 00_ImbalancedSoldertd. Bot1 00_Imb Tight_0p05&.eyve; A Coupond_Left_ISpeed_MS1.ayve;
W [v] W, [v]
0.375
0.25 025+
0125 0125 1+
oA
01ss L 0128 T
0.2
-0.25 1
-0.37
-0.375 T
} } } } } } } } } DI D.ID1 D.IDZ D.IDS D.ID4 D.IDS D.IDB D.ID? D.IDB
0 0.m 0.0z 0.03 0.04 0.05 0.06 0.0y 0.0s 04 Aug 2014, 15:31:54, Simberian Inc. Timelnterval, [ns]
04 Aug 2014, 15:30:09, Simberian Inc. Timelntersal. [ns] AMmm[D1,027;

ANmm[D2.017;

Analysis with Balanced strips produce practically the same eye (no visible difference);
Why simulated and measured eyes are slightly different? — see next slide...

8/6/2014 © 2014 Isola 19
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Why eyes are slightly different?

O 6-in links on I-SPEED/3313; single-ended TDR computed from
measured S-parameters with Gaussian step 16 ps rise time

A Coupona_Left_|Speed_MS1 MFP;

2. [Ohrr]
a0 +
Launches are |different|fon all 4
1 traces or calibration problem?
a0 +
K-
0T
N \
B0+ \
Impedance changes along the traces
40 +
a0+
DI IJ.1|25 D.:IZE IJ.3|?5 D.IS D.E|25 D.I?S IJ.EI75 1| 1.1|25 1.|25 1.3I?5 1.|5 1.E|25 1.|?5 1.8|?5 2I 2.1l25
04 Aug 2014, 15:42:00, Simberian Inc. Time, [ns]

2 2[2,21;

Z[3.31:

Z[4.41:

These effects are more considerable then investigated imbalance?

. 5 8/6/2014 © 2014 Isola 20 —
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S-parameters, tightly coupled traces

O 6-in links on Gigasync/2116:

A Coupond_Left_GigaSync_MS1.MFF: B:A Coupond_Left_GigaSync_MS2.MFF: A Coupond_Left_Gigasync_bMS3 MEF:
D:A CoupanaA_Right_GigaSync_ME1.MFF; E:A CouponA_Right_GigaSync_M3Z2.MFP;

Magnitude(3), [dE]

Practically no
iImbalance —
no need to
simulate ©

Skew is nearly
undetectable
for this
material

< Simberian

Electromagnetic Solutions

04 Aug 2014, 15:08:54, Simberian Inc.

D —_
Measured [for Ve |
""""ﬂ-—.._‘__i-_‘
L1 D structures s S
‘hﬂ._.__.
Very low [Far [End| Mode T

a0 4 1 Transformation
-0 + f .y T
_ED - ‘{) A 1 1] o,
-ED T ] ] ] ] | | ] ] ] ] | | | II ] ]

2h 5 75 10 125 15 175 20 225 2h 2?5 30 326 35 375 40

Frequency, [GHz]

— ASmm[D1.D2] — = ASmm[01.C2]; —— B:Smm[D1.DZ]; —— = B:Smm[D1.C2]:
—* CEmm[01.02] ——* CSmm[D1.C2) ————8 D:Smm[01.02 ———8 Di=smm[D1.C2];
—+ ESmm[01.02], —+ E:Smm[D1.22];

8/6/2014

© 2014 Isola
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Conclusion:
Fiber-Weave Effect (FWE) modelling

O New causal non-uniform imbalanced transmission line model for
prediction of FWE on signal propagation in PCB interconnects has
been introduced

= Imbalance Factor is used for inhomogeneity across traces

= Modulation Factor is used for inhomogeneity along traces

= Both factors are applied either to DK at infinity for simple dispersive models or to
volume fraction in two dielectric mixture formulas

O Model parameters can be identified with either worst case skew or
worst case far end mode transformation (diff. to common)

O Usability of the models are illustrated with examples of practical
iInvestigation of corner cases for I-SPEED and Gigasync dielectrics

( )
O Proposed models are implemented in Simbeor software
( )

. 5 8/6/2014 © 2014 Isola 22 —
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Conclusion:
Fiber-Weave Effect (FWE) and jitter

o FWE impact on jitter and eye height for a 25 Gbps signal were
evaluated:

= Numerical experiments conducted for loosely coupled pairs
= Numerical and experimental investigations for tightly coupled pairs

O Significant effect of imbalance on jitter for loosely coupled microstrip
pairs has been observed

O Almost no effect of periodicity on jitter for loosely coupled pairs is
observed
O No significant effect of imbalance on tightly coupled microstrip traces

= Traces may be not exactly parallel to fiber weave on manufactured
boards (will be verified further)

= Solder mask and spread glass style may have greatly reduced the
expected impact on skew and jitter for loosely coupled traces

O This is work in progress - stay tuned...
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