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Measurement Observations
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Resonances observed in high frequency measurements on Printed

Circuit Boards.

These resonances could degrade the Signal Integrity of system

buses.

PCP properties including fiber weaves were suspected as cause, but

hot conclusive.
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Periodic Fiber Weave Effect

m PCBs are composed of resin and a woven glass fabric
reinforcement

m Different electrical properties of two materials introduce a
periodic medium for propagating waves .

Signal Trace

Orthogonal
glass bundles

Parallel
glass bundles

Resin
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Periodic Fiber Weave Effect

m Differential signaling skew could be introduced by one
trace laying above resin region and other on glass
region.

m Additional power losses due to periodically altering
dielectric constant and loss tangent could degrade the
Signal Integrity of the System.

ISOLA RTC1 Layer 6 S21 Insertion Loss Stripline
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Periodic Structures in High Speed interconnects

Fiber Weaves in PCBs Routings in BGA field

- 200 mm >

160 mm

(a) Warp yarns parallel to the (b) Fill yarns parallel to the s
page, fill yarns perpendicular page, warp yarns perpendicular

7

Meshed Ground Plane
Meshed ground plane

Braided Cable
Shielding

Component placement on PCBs N
. L] . Embedded Common Mode Chokes
A
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Periodic Wave Propagation Theory ( method #1)
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(n—1)"Unit Cell n*"® Unit Cell

Consider an infinitely long one dimensional
two tone medium, composed of periodically
varying dielectric properties.

n(x) = { N = Eribr1 0<x <l

N2 =+ Erzkr2) h<x<lh+1

nx+L)=n)

Define a, and b, as Complex amplitudes of the incident and reflected modal fields in medium 1
and medium 2 in n™ unit cell,

These vector fields can be in column matrices

b1,

b2,

1
(a n) — Medium 1 of Unit celln

2
(a n) — Medium 2 of Unit celln
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Periodic Wave Propagation Theory ( method #1)

Wave equation for propagating E (or H) field :
E(x,z) = E(x)elPz

Electric field intensity distributions in these regions can be
expressed as

H_H_)

(n—1)*Unit Cell ™ Unit Cell El (xj Z) — {alneﬂﬁ (x—nL) + blne—ﬂq [:x—ri]} e;ﬁz
E2(x.z)={a2,e ") +b2 e 507 7

complex wave numbers and can be expressed as

[T o] ]

Periodic Boundary Condition
E vector and its derivative 0E/dx are continuous at any arbitrary interface iny-z plane.

Continuity on E(x) > al, .+ bl, , = e Jjkelg2 + eik2lp2

e a2 +e’"h2 =e " al +e™"bl
. iz kL
Continuity on d3E/(3x ) k(al, —b1,,) =k, (g 2, —¢ bzn)
k, (é:”‘k”‘la2ME — e’ ZH) k, (e'fkl?lalME —e™ bln) A
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Periodic Wave Propagation Theory ( method #1)

Periodic Boundary Condition( Contd..)

W2urat,if a2, ] a1, Solve continuity condition equations for a, and b, waves of TE
modes ( eliminate a2 & b2):

()= E 2)Gr)

b2, 41b1, 10 b2 1 b1,

(n—1)*Unit Cell n*" Unit Cell

This is the classical definition of "ABCD" parameters

For TM modes:
For TE modes:

1 /k, k 2
— p kil (2 ) g P n2ky  miks\ |
A= e l[coskzl2 zj(k +k2)51nk212] A = e—Jkila \coskzlz _j(nzk +E sink,1,
1 /k k k 2k
B = e/kil [——] (—2——1)51]:11( l ] B = elkili [__ (?72 LI z)sink g]
ki ky o g nik, n2k1 o
k 1 (mEky mik
€= et “[ (___1)51111(21] €= ety o (Lt D2 N sink,,
2 1 kz nlkz nzkl
— k k : k ik
= entlemba (e )kl on ooy (B )
1 2
A
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Per'uodlc Wave propagation Theory

________

Assume a Reciprocal medium E> AD — BC =

Floguet's Theory for periodic wave propagation |:> (A B) (an) _,/e’_}fg]:‘(an)
y bn

~ -

—

Where, e KL is the eigenvalue of ABCD matrix E:> e 2Kl — (A + D)e /KL + AD—BC =0

|::> dispersion relationship

E(A + D)“ <1, K is real

2>

1 1
KB w)= Zcos‘l IE (A + D)l

|E (A + D)]| > 1, K is imaginary

Identified frequency bands where K is Real and where K becomes complex known as "Forbidden “
"Dispersion” or “Brillouin” Zones

Wave Propagation is "evanescent” in Brillouin Zones
A
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Periodic Wave Propagation: "Brillouin” Zones

Dispersion Relation
p‘— ---------------------------------- S - - cccccccccsscsscssssssssssscssnsscnmscsscloccncccscscnnncsssscsannsnnnns .. --------------
I A Y == s mm Real Part of K F N
’  ® o - \
¢ B e |maginary Part of K V4
» " N
g \0 : 0, %
b S, : R4
“ S, : s
= \ ' U4
5 7/ : 3
S 4 - S e s
g .’ \D\ E ,o,
" . ' -
- R s P &
’ % g
’” ¥ 4
/s ., ’"
ok [\ Nt A
0 pii2 pi 3pi2
® (in units of c/L)

KB, w) = %cos_l E (A + D)]

Normalized Plot of dispersion relation between K and w for direct incident (p=0)

Er1=35:L1=L/2
Er2=6.0:L2=L/2

Shaded regions are the Brillouin Zones where Imaginary part of K is not zero.

A
7\ UNIVERSITY OF

11 ,7){im SOUTH CAROLINA

b



Simulations Ideal Periodic Slabs

o Er‘1:3.5 ; Er‘2:6.o : L2 : L]. m? Return Loss A

« 3D-EM Simulations of Stripline W
+ Ansys HFSS Simulations el

 Modal S Parameters

« Resonances in Insertion and 3
return loss S-parameters.

- Dependency on Unit Cell size L= 15,30,45,60mil
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Ideal Periodic Slabs- SImU|GTIOHS and Theor'y ( Wave
Solution) ;

Er2 8 Lz 45 Length 1000

Zones Plot

Update Piot

Periodic Model 7 M it Uniform ModelM it
12_45mil_per.csv 12_45mil_uni.cs:
0 T I
S S Y U T S ¥ . -
. . = | :
45m|” Un'T C€” ShOWH E-ﬂ)— ------------------- (R S Fromseeneensesseees e N | SO Frossensesaseesees
o H : : : :
E | ‘
= 1) S S N | SR S e U 1 Y S _
Modal S Parameters 3 . et |
= Periodic Correction to Uniform.
) e s e e -
Insertion loss matching g 5 3 5 1
25 20 40 60 80 100
. Frequency (GHz)
Return Loss Matching Y )
s 45
Er2 & L2 45 Length 1000
Periodic hode! / Measurement Liniform MaoceliMeasurement

&11_45mil_per.csv £11_45mil_uni.csv

T T ! I

Return Loss/(dB)

Simulated Periodic 511 !
Theoritical Periodic S11|

e | ; ; |

_____________________________________

i
0 20 40 60 80 100
Frequency (GHz)

A
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Ideal Periodic Slabs- Dependency on total length

000 1 inch vs 2 inch Microstrip Insertation Loss unit_cell_45mil
é - ____]- = 2X
B periods = N
;-25.00 —: Curve Info > 2X
= U Periods =~ 2N
000 530 I I I I 20.'00 I I I I 40.'00 I I I I 60!00 I I I I 80!00 I I I I 10[{00 I I I I 120.00
* Comparing HFSS results of 1" line and 2" lines S
0%
« 512 in pass bands scales linearly(2x) W
. . ‘ ot S\O((ec' i
»  S12 in stop bands scales according to: A
ue®
SP,, = 2 sin KL ( for Reciprocal
12 = B line)
{A + D + 7 + CZO} sin(N)KL + {A + D}sin(N — 1)KL
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S-parameter (dB)

Propagating and Evanescent Bands of a Periodic Medium

Modal 511 and S$12 unit_cell 45mil_ Modal _
0.00
5.00 —
10.00 _: Curve Info N
= — dB(5(1,2)) [
15.00 — Setup4s : Sweep |
- — dB(S(1,10} |
- Setup4s : Sweep | |
25.00 — ’\
30.00 —
-35.00 —1
0.

0 10.00 20.00 3g000 40000 50.00
Freq [GHz]

o)

E and H fields
on ground plane

Ideal rectangular Slabs
45mil pitch period
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Periodic Transmission Line Analogy (method #2)

7 = Ry +jwL, -
. G, +jwC 7, = R, +_].(1JL2
:_______________________________________-___I GZ +j(UC2
|

| —_———— e —— |y —— L
Y1 = V(R +jol) (G + jwly) i -t b i ]’2=\/(R2+fWL2)(Gz + jw(,)
[/ I L/
> > —=>
1 B coshy,l; Z;sinhy,l; T-’{ i <9T<M9_T i B coshy,l, Z,sinhy,l;
1 21 _ |5 v, y' a7 2 Bay_ |
[-‘31 Dl] sm;& cc}sh]rllll ﬂ: e | : [Cz Dz] Sm;fziz cnsh}lezl
V1] _ [‘41 Bl][“qz Bz} [Vz] : A B Ay By][A; B;
[Il Ci Dydlly Dollly Define: [C D] B ’C1 DJ C> Dz]
ABCD matrix of Unit Cell
Floquet's result for periodic propagation |:>
etk _ (A + D)etikl 4+ 1 =0
2
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Periodic Transmission Line Analogy...

A+D 1(3;, Z,

—5— = coskL =coshy, l; coshy,l; —5 Z, Z?) sinhy, [; sinhy,l, |:> Brillouin zones

0 GgErnme G-
N
Ri L R, L: Ry L: R, L |:> (A B)
WA= WM~ e e e e s o s AN AT,
G C G C G3 ¢ G C C D
N

Dispersion Relation is a function of Characteristic Impedances ,
Propagation Constant and dimensions of unit cell.

Unit cell can be characterized using 3D/2D EM simulations or
measurements.

[ABCDIN matrix can be converted to Terminal S-parameters.
Applicable for most practical problems (TEM modes).
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Cascading Periodic Structures- Chebyshev Identity

(4 B)‘“": (ﬂUﬁ_l—Uﬁ_z BUy_y )
C D CUpy_4 DUy_1—Uy_;

sin(N + 1)KL A+D

N =T einKL cos(KL) = —

BUy_
(AUy_y —Uy_) + ﬁ" . —CUyyZy— (DU- — Uy-z)
SP, = Zo

BU
(AUy_y — Uy- j+—z.':"—1+CU.,J 12 T (DUy_y — Uy_;)

2
5Py =

BU, _
(AUy_y — Uy—z) + _Zﬂ[,_l +CUy_1Zo+ (DUy—y — Uy_2)

« Compute ABCD matrix of cascaded unit cells.
 Valid For reciprocal networks only. i.e AD-BC=1.
« ABCD Matrix to S-Parameter conversion is straight forward. (Pozar)

 Additional Periodic Losses will be an addition in log scale

1 I 1 I
-5'21[&-"] _ (ln—rxdigmr:.ﬁ) (1D—fxrﬂughﬁ)(lﬂ—fximpuriyg (10_%wiudfcﬁ)
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Simulation Verification of periodic T-line theory

Agilent ADS S - Parameter

Simulation
TLIND TLIND
TLD16 TLD15
Z=55 Ohm Z=45 Ohm
Delay=15 psec Delay=12 psec

Unit Cell

Simulation setup with 12 unit cells

dB(S(1,27)

1]

~y

.

k

I

Assumed Loos-less Tlines = Neglect R and G

T T &l @5 « o5 1'3'3

ADS Simulation
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Simulation Verification of periodic Theory

Spice S - Parameter Simulation

Unit Cell Unit Cell Unit Cell Unit Cell Unit Cell Unit Cell

Input Output PNUM=1

RZ=500hm Input Output Input Qutput Input Output Input Output Input Output Input Output
1Z=00hm
Z0=55 Z0=45

Unit Cell Unit Cell Unit Cell Unit Cell Unit Cell Unit Cell
PNUM=2
RZ=500hm

|
1Z=00hm Output Input  Output, Input Output, Input  Output, Input Output Input  Output: Input
-0

— TD=15ps TD=12ps

_ Simulation setup with 12 unit cells
Unit Cell

e Insertion & Return Loss rumces A

— Return Loss 0.00
(dB)

g & 8
g8 8 8

g
8

||'|||l|'|.l'|1.'|'|'|'|'|'||l|'|'|

N
88
8

— Insertion Loss| | ; y
(dB) \l

bR
8 8

Simulated

|'|I'I"|'|Tll]'l'l'lllll'll'[lll'lll'l"l'l
b |

e S11 and S12

000 d0l00 ‘ta000 0 6000 ' gooo 100.00

F [GHz]
[185358—— 18.5834 —@:@

NA
7\ UNIVERSITY OF

20 ){fim SOUTH CAROLINA

s



Analytical Verification of periodic T-line theory

Analytical Computation of S12 1%, ... |

iew Insert Tools Desktop Window  Help

D de | kR O0BEL-2 |0 a0

EanP [T

TLIND TLIND ! I B A T A T
TLD16 TLD15 4_ _______ N L e
Z=55 Ohm Z=45 Ohm g : : g
Delay=15 psec Delay=12 psec ; ; ; ;

: 13 N T N S U A S .
Unit Cell
) S e A S S (N S S S S
N T
7, = [fatjel 71 SR - U ----------- NSRS SRS SRS NS W SR S—

\CEIre T N T e

| | | L NA 4 .,.r 'y i | |

-16
0

Assumed Loos-less Tlines = Neglect R and G

L1= T1*Z1
Cl= T1/Z1

825pH/m
2.72E-13 F/m

dB(5(12))

L2 = T2*Z2

540pH/m | |
C2 = T2/72

2.67E-13 F/m _ ADS Simulation

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
s 10 15 x =3 el k- a9 & = = & =3 kil = @ 5 «@ 3 100
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Applications to SI problems: Fiber Weave

Ins. Loss: 10deg vs 80 deg Rotation Oval_theads_base sot_10_finch_rot10 4,
- Curva bnla
oo — — B ETR_T1.TR_TI)_1
- Imporii ; weaveiDBISE_ linch_SE_MS_CR_BRD_ISOLA RTC_C5_LE_noSh_Oval_ihveads_base_rot_B)_linch_roth
— dB{SATR_T1.TR_T2)_2
ImporT  weavell OBCSE_Yinch_SE_MS_CR_BRO_ISOLA RTC_CE_LE_noSM_Oval_theeads_base_rot_10_Tench_rottd
— I5OLA_C1s_%12
-1.00 — Importd  FRE_HPAB C13
aree | X |
=200 — 1| H000| 34000
g — 3 | 305000 41485
g
s
£
200 —]
Red: 10°Rotation(a)
a0 ] Blue: 80°Rotation(b)
500 T T T T - 1
0.00 1000 2000 30.00 40.00 S0.00

Freq [GHz]

* Rotating traces w.r.t fiber orientation is a common practice

v' Could help skew problem

v' Loss problem still present
« 1" Microstrip Trace on Type 1080 Weave, 10° & 80° Rotation simulated
 Simulation model Stackup Parameters matched to "ISOLA RTC1" test Board

« 109 rotated simulations matched to measurement

A
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E.g. Simulation and Theory

I'weft Lwarp
T
1 1 1

Type 106 Weave
1" Stripline Trace
109 Rotated

L1(H/m) 3 10926e.7 C1(F/M) 4 34347010

L2(H/m) 2.12308e-7 C2(F/m) 1 267s88e-10. " Len2 g4 Length ' 1000 [_—""' !
_ Tt
MCP G h' ” M d Periodic Model { Measurement Uniform ModelMeasurement
r‘ap l Ca y eas u r‘ e SL_106_10deg_S12.csv SL_106_uni_S12.csv
! I I l I lSimulated Perio:iic s21

Periodic Transmission

Line
Based Approach /

Unit-Cell L & C from 2D
Field Solver

= Simulated Uniform S21
Periodic Correction to Uniform.

=
(S,
T

Insertion Loss/(dB)

"
(6]
T
L
H
H
r
4
H
H
H
-

|

: : i : : :
0 10 20 30 40 50 60 70 80
Frequency (GHz)

T-Line Unit-Cell Periodic Theory matched to Simulations

T-Line Analogy recommended for complex, real-world applicationsg,

I
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E.g.: Measurement and Theory

LA(H/m) 2 z715079-7

L2{H/m) z.884103e-7

CAF/m) 4 g3ges76-10

C2(F/m) 1.18299e-10

Periodic Model / Measurement

ISOLA_RTC_cBs_LayerS_Sin.csv

Leni

Len?

Unifarm ModelMeasure

28

64

Fimax)GHz

Length

et

50

5000

I1S0LA_RTC_c5s_LayerS_5in_unicsv

Update Pot |

Select CSVY File
I I

« "ISOLA RTC1"
« 5" Microstrip Trace

« Type 1080 Weave
« 109 Rotation

Insertion Loss/(dB)

-25

-------------------------------------------------------------------------------------------

Measurement 521
Uniform 521
Analytical Correction

_____________________________

T-Line Unit-Cell Periodic Theory

i
20

i
25

i
30

L,C Parameters of Unit cell computed using 2D-Field Solver

Acceptable level of correlation

Mismatches are expected due to: - Measurement accuracy

- Imperfections in real fiber weave

35 50
Frequency (GHz)
v
7 UNIVERSITY OF
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High frequency loss: Simulations

XY Plot 13 Oval_threads
0.00 — Curve Info
E . . . — dB{SHTL1_T1,TL1_T2))
200 = Expected similar response in measurements Seups2? Swe
o - .
- Layer6; 1080 Microstrip
2 600 —
EI -
é 8.00 —;
g —
& .
©-10.00 —]
12.00 —
~14.00 = . . . . | . . . . | . . . . | . . I I I I I I I
0.00 20.00 40.00 60.00 80.00 100.00
Freq [GHz]
/\ XY Plot 13 Oval_threads & _
0.00 — Curve Info
_] — dBi{SHTL1 T1.TL1 T1
~10.00 — Setup50G . Sweepi
— —— dB(SHTL1_T4,TL1_T2))
] Setups0G : Sweep
20.00 —]
-30.00 —f
5 2
-40.00 —]
-50.00 —]
-60.00 —f
-70.00 - T r r r r T r r r r T r r r r T r r r T
0.00 2000 40.00 60.00 80.00 100.00
Freq [GHz]

3" ISOLA RTC 1 board modeled in HFSS and simulated
Expected measurements to be similar to simulations

2nd and 34 resonances are expected to be small. A
r’“"'\ UNIVERSITY OF
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Measurements- ISOLA RTC 3" MS Line

0
g 3" ISOLA 620-RTC1_ L1
-10
S .15
20
: :
1
! 1
-25 E i
! 1
N 1
5 !
10 20 0 i 40 50 60 E 0 | & %0 100
e 50lartc]_|6_clsw_repeat (521) : o : i
T M v i
5 |
A\
-10
o -15
-20
-25
-30
10 20 30 40 50 &0 70 a0 90 10C

~SH=

~ = Limited highest frequency sweep to 100G6Hz
m Limited Measured lengths to 3" = improved dynamic range

m UNIVERSITY OF
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Meandered Microstrip

0 Nmﬂ 0

0 0
3D Full-Wave FEM Hybrid Full-Wave Measured MoM

Meandered Line Insertion and Return Loss (dB) A 200,00 Meandered Line Insertion Loss Phase(Degrees) 4

-5.00 ]

] 150.00 —|

-15.00 A B

. 100.00 —|

my/ ]

-25.00 — . ]

] £ 5000

] o N
_-35.00 — o
2 ] -

il ] E 000
° ] o

-45.00 — © ]

] & -50.00 —
N j7J

] & .

-55.00 — ]

] -100.00 —|

-65.00 —} ]

3 -150.00 —

75.00 — -

. T T T T T T T -200. 00
0.00 2.50 5.00 7.50 10.00 12.50 156.00 17.50 20.00 . 12. 50 15. 00 17. 50 20.00
Frequency [GHz] Fre q y [GH |

0.00 Return Loss (dB)

1250 AR\ W A [ Simulatio Elapsed | Peak Total
I W, ' n Method | Time | Memory | Cores
| | Hybrid 11s 54 MB

3D FEM 1hr30m 1.79 GB 4

. dB(Sg1:1)) .
%
g
|

3DMoM 17m53s 213 MB 4

\ 7S UNIVERSITY OF

] T T T T T T T 1
0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00
Frequency [GHz] 27 nﬂﬂYﬂtm S()U[H MLIM




ppluca’ruons to SI pr'oblems Pin Fleld Rou’rmg

Single Ended S-Parameters ~~ HFSSDesign s

« Rotating through a pin-field can cause periodic discontinuity.
« Overall impedance profile can be improved
* May cause deep resonances at higher speeds.

« Approximate attenuation regions can be analytically predicted by analyzing a
unit cell only
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Applications to ST problems: EBG Filters

LIU et al.: EMBEDDED COMMON-MODE SUPPRESSION FILTER 2

Port 4

-20 4
-30 4
ﬁ(d _40;

-50 1

-60 -

Insertion loss (dB)

=70 4 f ‘S

| ) /(_'_ HFSS

i = -80 - /| "+ Measurement

] ° | —— Equivalent Model
=

-90 T T T T T T T T . T T
(a) 2 3 4 5 6 7 8
; = - g Frequency (GHz)

* Precisely designed band gaps can be used to suppress certain noise
frequencies

« E.g.: An embedded common mode suppression filter using periodic ground
voids

Source: Liu, Wei-Tzong, Chung-Hao Tsai, Tzu-Wei Han, and Tzong-Lin Wu. "An Embedded Common-Mode Suppression Filter for GHz

Differential Signals Using Periodic Defected Ground Plane." TEEE Microwave and Wireless Components Letters 18, no. 4 (2008): 248-
50.
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Ideal Periodic Slabs- Dependency on total length

0,00 1 inch vs 2 inch Microstrip Insertation Loss unit_cell_45mil &
] ' =2X
H I — —— —_
-10.00 —| H —~
] periods =
15.00 —]
20.00 —]
_ 3
= ]
2500 e > 2X
— — dB(St(trace_T1 trace_T2))
— Importd : ideal_unit_cell_stripline_1in_45mil
1 —— dB(St{trace_T1 trace_T2))_1
30.00 — Import1 : ideal_unit_cell_stripline_1in_45mil_2in
35.00 —| .
- Periods = 2N
-40.00 —]
-45.00 —| ; ; ; ; | ; ; ; ; | ; ; ; ; | ; ; ; ; | : : : : : : : :
0.00 20.00 40.00 60.00 80.00 100.00 120.00
Freq [GHz]

« Comparing HFSS results of 1" line and 2" lines o
« 512 in pass bands scales linearly(2x) &e:\““ﬁ“
) ) . c30.\‘5 ad\
« S12 in stop bands scales according to: o A
W
SPy, = B 2 sin KL ( for Reciprocal line)
{A + D + 7 + CZO} sin(N)KL + {A + D}sin(N — 1)KL
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Periodic Loading impact on system eye margins

Driver Receiver Driver Receiver Differential Channel Simulation

1" non-periodic sripline model 1* Weave 1080 stripline model :,,m

| p tim pse
measurement Summary measurement Summary
Levell 0.085 Levelt 0084
Leveld 0.085 Level0 0.087
Amplitude 0170 Amplitude 0170
Height 0079 Height 0074
Width 2. 720E-11 Width 2 736E-11

Simulated a 1 inch Stripline Differential channel o emulate a 166T/s system.
Removing Periodic loading could improve the eye by over 5mV per inch.
Expect greater improvements on longer channels.

Accounting for Periodic Loading is important for a good system design
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Summary

Periodic discontinuities are common in interconnects.

Periodic resonance impacts loss performance at higher
frequencies.

Solutions using 2 methods
Solutions to Wave equations
Transmission Line analogy

T-line method is preferred for practical Sl problems

High frequency channel performance will be affected by
periodic effects

Proposed analytical technique can be deployed in tools
for modeling PCB traces with fiber weave effects
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