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ABSTRACT

Accurate frequency-dependent dielectric properties are important for accurate
modelling of signal and power integrity problems. And decoupling capacitors perform an
important function in the impedance reduction of power distribution systems. Hence,
precise dielectric properties and micromodels for decoupling capacitors are the key parts
for the signal and power integrity design.

In Section 1, the existing method for extracting dielectric properties from
fabricated multilayer printed circuit boards based on the measured electrical property of
fabricated transmission lines is introduced and validated using simulations. And the
potential errors in the procedure are discussed. After that Djordjevic-Sarkar causal
dielectric model for dielectric properties is studied and a new extraction method is
proposed which takes advantage of differential and common mode behavior of
differential stripline to remove the roughness effect and extract the transmission line
based dielectric constant (DK) and dissipation factor (DF).

In Section 2, circuit macromodels are constructed for the decoupling capacitors,
which include the local environment, such that the overall power distribution network
(PDN) model is simplified. Such a macromodel must be sufficiently decoupled from the
rest of the PDN system such that the coupling can be ignored with a sufficiently small
error. The macromodel for the capacitance environment will simplify the modeling of the

rest of the PDN system.
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1. INTRODUCTION

Dielectric material plays an important role in signal integrity (SI) and power
integrity (PI) [1][2][3][4]. For example, when designing channels in high-speed products,
the geometry and dielectric material properties determine the electrical performance, such
as the network parameters, eye diagram, radiation patterns, and so on. Design
optimizations are often carried out and material choice is usually made as a trade-off
between electrical performance and cost [5][6][7]. If the material properties are not
correct or not accurate enough, the design could either fail to meet the performance
specifications resulting in a costly re-spin, or become over-designed by using a more
costly, higher performance board material.

Material vendors usually provide the material properties measured in the narrow
bandwidth by the coaxial probing method, the resonant cavity method, and the waveguide
or antenna wave propagation method. However, this information is obtained before board
fabrication. It provides references but usually is not accurate enough for high-speed
design.

When multiple dielectric layers are fabricated together to form a multilayer
printed circuit board (PCB), the effective dielectric properties after fabrication will
change due to treatments and reflow of the prepreg layers. So extracting material
properties after fabrication is more meaningful for board designers. PCB resonant cavities
can be constructed using parallel planes and shorting vias in a fabricated multilayer PCB;
however, the DK and DF extraction from a cavity is inherently a narrow band method
since the accuracy is only good at the resonances. The transmission line based method

can provide a wide band response. In this paper, an implementation of the transmission-



line based method denoted the “Root-omega” method is studied [2][3][4][8][9]. Potential
errors in the procedure are also discussed.

The “Root-omega” method is based on the measured S-parameters of fabricated
striplines in a multilayer PCB. The effects of the test fixtures need to be eliminated by
calibration or de-embedding to ensure the accuracy. When the conductor surface is
smooth, only one stripline is needed. The method can separate the conductor and
dielectric losses based on their frequency-dependent behaviors [10][11].

When the conductor surface is rough, the effect of surface roughness needs to be
further removed before DK and DF can be accurately extracted. The “Root-omega”
method can be extended [2]. However, two striplines with different trace widths are
necessary. These two traces are assumed to have the same dielectric properties. The total
attenuation factor (aT) and propagation constant (BT) of the traces are separated into
smooth conductor contributions, rough conductor contributions and dielectric
contributions. The extracted dielectric attenuation factor (aD) and propagation constant
(BD) are used for the final material property extraction.

After that Djordjevic-Sarkar causal dielectric model for dielectric properties are
studied and a new extraction method is proposed which takes advantage of differential
and common mode behavior of differential stripline to remove the roughness effect and
extract the transmission line based dielectric constant (DK) and dissipation factor (DF).

Decoupling capacitors perform an important function in the impedance reduction
of power distribution systems Integrated circuits of all types need low impedance voltage
supplies. Decoupling capacitors perform an important function in the impedance

reduction of Power Distribution Network (PDN) systems. Hence, they are a key part of



an electrical model required for the design of such systems. The circuit models provided
by the manufacturers of the component usually consists of an inductor (ESL), a resistor
(ESR) and a capacitance (ESC). We show that this data is insufficient for obtaining
useful simple models.

The key problem is that the above plane decoupling capacitors are strongly
coupled to the local environment. Hence, it is impossible to represent the capacitors
without the knowledge of the details of the environment, e.g., the spacing to the planes as
well as the connection wires. The important issue is to find connections which allow a
system to be subdivided into parts which are sufficiently decoupled. This is an on-going
area of research [12].

Circuit macromodels for the decoupling capacitors are constructed, which include
the local environment, such that the overall PDN model is simplified. Such a macromodel
must be sufficiently decoupled from the rest of the PDN system such that the coupling
can be ignored with a sufficiently small error. The macromodel for the capacitance
environment will simplify the modeling of the rest of the PDN system. Simple PEEC
models of the local couplings have been considered before [13]. This work represents a

more detailed model which also considers partitioning aspects.



2. MATERIAL PROPERTIES CHARACTERIZATION FOR MULTILAYER PCB

2.1. METHODOLOGY OF MATERIAL CHARATCTERIZATION

The flowchart of the “Root-omega” method is shown in Figure 2.1. The method is
based on the S-parameters of the fabricated trace in a PCB. The S-parameters are

converted to the ABCD parameters, and the complex propagation constant is calculated

as [2][3]
arccosh(v/A-D) .
=— vand y=a, + 2.1
4 linelength 7=+ b 1)
A coshyl  Z,sinhyl
Where {C }= 1 coshyl | ar and fr are the total attenuation

Z,sinhyl

factor and the total propagation constant.

Assume Conductor
Surface is Rough

Assume surface is smooth ﬂ P A X

ABCD matrix
parameters

J

Where, e, is smooth total loss;
@, is smooth conductor loss;
a,, is dielectric loss.

Where, & is rough total loss;
a,, is smooth conductor loss;

i a,, is rough conductor loss:
L @ is dielectric loss.

Dielectric loss
a, =@, — @, (smooth)

ap =0 — G-, (rough)

o =2 e, xeos%%)

a, =§J.;xsin(%) -

_(Boey :ﬂz
=@ r @y e -y

Figure 2.1. Flowchart of the “Root-omega” method



After the total attenuation factor and propagation constant are obtained, they are
used to extract the dielectric contributions. The equivalent DK and DF values of the
dielectric media where the traces are placed in are calculated from the dielectric

attenuation factor op and the dielectric propagation constant Bp as

DK =&/ =x /L
X+Yy
2.2)

pF=%c_ |Y
g, X
_Boc 2 _2C0p \, .
Where x=(—=)“, andy=(—=)". The ¢ and o are the free-space velocity and
®

the angular frequency, respectively.

2.1.1. Material Characterization from Smooth Conductor.When the conductor
surface is assumed to be smooth, the total attenuation factor and propagation constant can
be separated into two portions. Take the total attenuation constant oT as an example. It

can be fitted as
o = aJw +ba+ca’ (2.3)
Since the conductor loss ac due to the skin effect is proportional to the square root

of frequency and the dielectric loss ap is proportional to frequency and the square of

frequency, we have
a. =ao (2.4)
ay =bw+cw’ (2.5)

In other words, curve fitting function is used to separate the dielectric loss from

the conductor loss. When ap and Bp are obtained, DK and DF can be calculated by (2.2).



2.1.2. Material Characterization from Rough Conductor. When the conductor
surface is rough, the total attenuator factor and propagation constant have the smooth
conductor, rough conductor, and dielectric contributions. Let’s again take the total

attenuation factor as an example. Assuming the additional rough conductor contribution
is o, =a,\w+b,w+c,0’, the total attenuation factor can be written as

Q7 =0co +0p + Qg
=|a,Jo|+|bo+cw®|+|a,o +b,o+c,0’ (2.6)
=(a1+a2)\/5+(b1+bz)w+(c1+cz)a’2

Where a; is the coefficient for ac; b1, €1 are coefficients for ap and a,, bs, ¢, are
coefficients for og;y.

Since the rough conductor contribution has similar frequency-dependency, it
needs two striplines with different widths to further distinguish the additional term. These

two narrow and wide traces, need to have the same dielectric contributions, which means

W . i . ,
blN and ClN are equal to b1 and ' , respectively, in the following expressions where

the total attenuation factors for the narrow and wide traces are curve fitted into the three

terms individually.

N _ N N N _ 2
a =K' NJo+K;0+K; o

(8 +a W (B b oo (¢ <))o’ @7

o =K'No + K} o+K} &

=(a" +a) )]No+ (0" +1 )o+ (¢ +¢)' )&’ (28)

Where K, =a,+a, , K, =b +b, and K, =¢, +¢C, . K;, K; and Kj are the

coefficients of the three terms in the total attenuation factor. The superscript ‘N’ means



the narrow trace and the superscript ‘W’ means the wide trace. From (2.7) and (2.8), we

have further obtain

K -K/"

=a 1—211—V,:j+a§ [1—
=a 1+211—:]+a2“' [1+

(2.9)

Material Characterization from Rough conductor and the roughness information

are further known (which can be obtained from an SEM measurement if needed by

cutting the board and treating the cross section), the coefficient ratios can be estimated

based on the physical understanding of the loss mechanisms as

a’ _P"

a P

ar (AW A )Xt
al (Al“/wN +A2N/WN)><tW
@_PN (AY/AY + A /AY)
b, (Al /AL + A A
ﬂ_ (W/AW+A2/AW)
o P (YAl +AY/AY)

(2.10)

Where, as illustrated in Figure 2.2, P is the perimeter of the trace cross-section; A

is the peak to valley amplitude of the roughness; A is the peak-to-peak roughness period;

t 1s the trace thickness; and, w is the trace width. The subscript ‘1’ is for the oxide side

and 2’ is for the foil side of the trace.



Figure 2.2. lllustration of the cross-section of a rough stripline

After removing the surface roughness effect, the dielectric attenuation factor is

obtained by (2.11) through (2.13) as

KN —KY
bN
L (2.11)
cN = Ka _Ks
s
C;
{blN =0 =K, by (2.12)
¢ =¢'= K- ¢
ap= B o +c'e’ (2.13)

As mentioned earlier, Bp can be similarly obtained by the method above.



2.2. EXTRACTION METHOD VALIDATION BY SIMULAITONS

To evaluate this “Root Mean” method, two simulation cases are proposed. One is
the smooth conductor and anther one is the rough conductor case which are simulated by
HFSS 3D simulation tool.

2.2.1. Simulation Validation for Smooth Conductor. Models of two stripline
traces of smooth conductor with different widths, but same dielectric medium were built
in the HFSS as shown in Figure 2.3 and Figure 2.4. To make sure the full-wave
simulations were conducted properly, the simulated results were checked in a few ways.
For example, as shown in Figure 2.5, the S-parameters of two 1 inch traces are cascaded
and then compared to with the S-parameters of the 2 inch trace with the same cross
section. The corresponding ABCD parameters can also be checked. For example, the A
and D terms are compared in Figure 2.5. The two parameters shall be the same due to the

symmetry.

\

9%}
-
wn
=

=4

7.83 mil

e

=
n
wn
2.

53.75 mil
Figure 2.3. Cross section of the narrow trace

(=)
(3]
5,

16.26mil

ilI§

58.8mil
Figure 2.4. Cross section of the wide trace



S-parameter cascading check
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Figure 2.5. Validating simulation results
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The DK and DF values were calculated from the simulated S-parameters. Two

dielectric materials with different DF values were studied. In each case, traces with two

widths and two lengths were simulated. The extracted values are compared in Figure 2.6

and Figure 2.7. Since the conductor surface is assumed to be smooth, the trace width and

length shouldn’t affect the extracted DK and DF values.
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Figure 2.6. DK and DF extraction for a large DF material
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Figure 2.7. DK and DF extraction for a small DF material

It can be seen from the figures that in general the DK extraction works pretty well
with a relative error less than 2.5% in the entire frequency band up to 50 GHz for both
dielectric materials. In addition, different trace widths and lengths have little impact on
the final results. The DK extraction is a different story. The extraction is better for the
large loss tangent material, although the relative error at the low frequencies is as high as
15%. For the low loss tangent material, the DF extraction is much worst with larger
relative error in general. Further, different trace widths and lengths result in large
differences. The simulations have demonstrated that the current DF extraction procedure
in the “Root-omega” method needs further improvement. A simple sensitivity analysis
will be reported in Section IV to explain why DF is more difficult to be extracted than

DK.
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From intuitive understanding, in general ac is larger than ap. When applying the
curve-fitting function to extract ap, any small error in the curve fitting procedure can
result in larger error in the extracted DF value. It is even worse when the DF value is
smaller. In the DK extraction, Bp is the dominating term in Br. Hence, the DK extraction
is not significantly affected by the small error in the curve fitting procedure.

2.2.2. Simulation Validation for Rough Conductor. Cross sectional dimensions
of two rough traces are shown in Figure 2.8 and Figure 2.9. Based on the ratios calculated
from (2.11), DK and DF values were extracted and are shown in Figure 2.10 and Figure
2.11 for two dielectric materials with a large and small loss tangent, respectively. Similar
conclusions can be drawn from the simulations. The DK extraction can work well for
both cases with a relative error less than 2% in the entire frequency range, while the DF
extraction needs further improvement especially for the dielectric material with a smaller

loss tangent.

Anl1=0.1 mil
Tn=0.8 mil

Figure 2.8. Cross section of the rough narrow trace



Figure 2.9. Cross section of the rough wide trace
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Figure 2.10. DK and DF extraction for a large DF material from
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Figure 2.11. DK and DF extraction for a small DF material from two rough traces

2.3. SENSITIVITY ANALYSIS FOR ‘ROOT MEAN’ METHOD

It is shown that the DK extraction has a relatively high accuracy. However, the
DF extraction has large errors, and the accuracy becomes even worse for a low loss
material. In this section, this phenomenon is explained by performing the sensitivity

analysis for the extracted DK and DF.

2 2
{DK — (VfreefD) ZﬂD - (214)
o Bo” +hay
DF = 2% (2.15)
Bo
2 2

|ADK | _ 2405,3 oy + 2(5, 2+6aD2 A (216)
DK ﬂD(ﬂD +4aD ) ﬂD(ﬂD +4aD )

|ADF|_Aay A, (217

DF a, 5o
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The DK and DF expressions are listed here again as (2.14) and (2.15) for

convenience. Then the sensitivities of DK and DF are derived as in (2.16) and (2.17). As

discussed earlier, Bp is the dominating term in Br while ap is not in ar. Then, the errors
generated in the curve fitting result in a large Aop and a small ABp. However, in (2.16),

the coefficient of Aop is almost zero. Therefore, the extracted DK is not sensitive to the

curve fitting errors. In (2.17), however, the curve fitting errors are directly transferred to
the extracted DF value. Therefore, as seen in the simulation results, the extracted DF

values are very sensitive to the curve fitting errors.

2.4. INNOVATIVE MATERIAL MODEL DERIVATIONS

To solve the extraction sensitivity problem, we need to study the accurate material
model for the extraction procedure. First how to separate the conductor and dielectric loss
has to be carefully derived and a causal dielectric model is applied to the dielectric loss
calculation. Then a innovative extraction method to combine all the models above to
extract the accurate DK, DF and roughness level.

2.4.1. Separation of Conductor and Dielectric Contributions. The theoretical
derivation of conductor and dielectric contribution for the loss comes from the famous
telegraph equation (2.18).

And in frequency domain equation (2.18) has two tradition circuit model solution,
one is the right going wave (RGW) shown in (2.19) and another solution is left going

wave (LGW) shown in (2.20).
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And the propagation constant y= \/(R+ja)L)(G+ja)C) And vy is expanded

through (2.21) to (2.25) and in (2.24) = 1 Rfc is a second order smaller term which can be
2w

neglected compared with other terms.

av > =(R+ joL)(G+ jaC)V
dx’ (2.18)

3— =(R+ joL)(G+ jwC)I
V(x)=V'e”™
RGW X (2.19)
I(x)=1"¢
V(x)=V e”
LGW X (2.20)
I(x)=1"¢e

The propagation constant can be finally expressed as (2.25). The real part of the y
is the attenuation constant ar and the imaginary part of y is the phase constant Bt .The

equation (2.26) shows the above procedure.

7=yJ(R+ joL)(G + jaC) (2.21)
y:\/RG—a)ZLC+ ja)(RC +GL) (2.22)
jRe-oL
JLC J1- 2.23
=l \/ w’LlC ' wlC (223)
1 RG ,1RC+GL
~ joJLC (L= 2.24
A e Nl PRSI (2249
_L(RC+GL
. + joIC (2.25)
1 RC GL
r=o +if=c ( \/+— J\/_
(2.26)
1 RC+GL
_ - ovLC
( \/_C ) ﬁT @

Next step it is to separate or and PBr into the conductor part and dielectric part

which is shown in Figure 2.12 and Figure 2.13.
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Figure 2.12. Separate arinto conductor part and dielectric part
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‘j (’)L“ | = R.Qf
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Figure 2.13. Separate Bt into conductor part and dielectric part
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(2.27)

(2.28)
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2.4.2. Djordjevic-Sarkar Casual Dielectric Model. The Djordjevic-Sarkar
model is a causal dielectric model which is shown in (2.29).The real part (2.30) and

imaginary part (2.31) of permittivity are relative to each other.
As |n£“)8+‘_‘”)+ o (2.29)
In(wBJ o +jo) jos,

@

s(w)=¢(w)—je (w)=¢, +

Real part: DK=¢_+

Ae Jo's o’ J (2.30)

In(ij ln[«/ﬂ)zﬁ@z

Op

Imaginary part: € (o)=

A h{ Jorgto” j (2.31)
In [(DBJ Vo to’

& (o)

Because tano = @ at one frequency point ®; the imaginary part of
e (o

permittivity & (w)=¢,tans, . Base on equation (2.31), we can derive that

A .
gtano, = ¢ _tan (%j 1+ 90¢ and the slope factor K is calculated as (2.31)
2] 20

K=—2¢ (2.32)

This slope is directly calculated by ¢, ,tand,, o1, and o, is almost zero which

can be neglected.
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At frequency w1, the real part of permittivity can be shown as

&=6,+ As |n(“w28+w21J
1 ©
In (a)BJ \/a)zA + a)zl
Wy
A wfco2 + o’
g =e +—ro—ln 8T (2.33)
'”(%J 2!
2
.+
g=¢,+K In[ Z l}
2]

2 + 2
g _gl—K'In[—MJ (2.34)

So the high-frequency permittivity is expressed in (2.34) and it is calculated by ¢,
o1, @, and K from (2.32). And base on equation (2.30), (2.32) and (2.34), DK can be

finally derived as

2 2 2 2
DK—gl{l tan o, In[“/w“’ + }L tan o, In[a)‘” +w J} (2.35)

tan(o, /o) o 2tan(w, /@) o, +o?

The DK in the whole frequency band can be described by at one specified

frequency point DK value, which is shown in (2.35). And base on the

K-tan™ [wB
[]

equation tan & L j DF in the interested frequency band be calculated

& DK

similarly.
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2.4.3. Huray Model for Surface Roughness. It has be derived in (2.27) and

(2.28) that _a/ Jﬁ+1 ~vDK 5 and ﬁT_aﬁ/ o /DK +-2-JDK .And
free

free

surface roughness contributes to AC resistance of the conductor, which is corresponding
to conductor loss ac. So ar is refined with Huray model (2.36) as shown in equation
(2.37). Similarly impedance of internal inductance is proportional to AC resistance and

Bc is multiplied with Huray factor and Bt is redefined in equation (2.38).

Huray Factor(HF) =| 1+ K, T (2.36)

a, :lw'DF»\/DK +a, /%-HF-»\/DK (2.37)
(o)

2 Vv

free

g =2NOK o [P e JBK (2.38)
Vfree 20—

With extracted DK, DF values and cross-section geometry, the smooth conductor
is simulated by Intel tool. Then calculate the smooth conductor loss as

1 w-DF

Oloamonty = Oy — Qlpy = Oy ——= JDK .And base on the Huray roughness level extraction

free

equation (2.39) to extract the roughness level.

l aT _% a)v DF FDK
Huray Factor :| 1+ N -K_, = free

single 1

[ W \]2 1 ( w Jl A csmooth
1+ — | +=| —
@, 2\ o

(2.39)
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2.4.4. DK and DF Extraction by Differential and Common Mode. The flow
chart of the new method is shown in Figure 2.14. The method is based on the differential
S4P of the fabricated differential trace in a PCB. The S-parameters are converted to
differential mode Spp and common mode Scc. Same as “Root-omega”, Bpp and Pcc are

extracted from Spp and Scc respectively.

S4P (DUT)

o~ DK

ﬁT_DD = RIBT_CC _T(R —-1)| | Goal Function
Jree

1 Non-linear fit

DK, , DF,

Figure 2.14. Flow chart of DK and DF extraction by differential and common mode
parameters

It has been derived in equation (2.38), S, - ONER ‘DK+aﬁ %-HF-\/DK and

free 20—

naturally the differential and common mode can be derived as (2.39) and (2.40). Huray

factor can be cancelled by the constructed ratio R (2.41).
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/DK 1
By =20 g [P 14k, . JDK (2.40)
B Vfree 20 ) -1
10} 1 w
1+ — | +=| —
(“’J 2[@}
By o =2PE cc«/ 1+K, 2 JDK (2.41)
free [ a) J_Z 1 [ a) j_l
1+ — | +2| —
@, 2\ o
0]
:BT_DD_T DK a
free — DD — R (242)
Br_cc - DK Aec
N free
w~ DK
:BT_DD = R:BT_cc - (R-1) (2.43)

free

As shown in the extraction flow chart, by using the non-linear fitting which treat
(2.42) as goal function, DK and DF value at one frequency point can be obtained. Then
the whole frequency bank DK and DF can be calculated by (2.35). And here we need to
emphasis that the fitting boundary is very important for the accurate extraction.

And the ration boundary can be calculated by roughly get the R,L,G,C terms from
the S-parameters and then convert it to conductor loss. And then tune the DK and DF
value at 1GHz to get the up boundary of them. After that we can use the extracted DK
and DF in whole frequency band to calculate the ratio boundary. Then the up boundary of
DK, DF, ratio can be used to do the non-linear fit to extract the DK and DF value that we

are interested.
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2.5. MEASUREMENT AND RESULTS COMPARISION

As the extraction model and method have been studied, next step is to test this
whole extraction procedure. Several test boards are measurement to validate this new
method.

2.5.1. Test Board Geometries. In order to validate the proposed new extraction
method, lots of measurement of PCB boards with different dielectric material properties
has be done. Basically there are three kinds of test boards as shown below. First one is
the test coupon provide by Intel side as shown in Figure 2.15. To extract the transmission
line behavior, the SFD(Smart Fixture De-embedding) technology is applied to the two

test patterns.

Figure 2.15. Intel’s VLP test board

And the cross-section information is illustrated in Figure 2.16. The trace width is
4 mils, trace space is 6 mils and trace thickness is 1.3 mils. Another test board is provided
by Cisco which foil type is VLP2.The board geometry and cross-section information is
shown in Figure 2.17 and Figure 2.18 respectively. And we will also use the geometry
information as the input to simulate the differential S-parameters to compare with the
measurement results. However, when the DK and DF are extracted from the whole

procedure , the geometry information is not needed.
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Dp DK DF
W S W
Symbol Range or value

W 4[mil]
S 6 [mil]
Dp 13 [mil]
De 3 [mil]

T 1.3 [mil]

Figure 2.16. Cross-section of the VLP test board

Figure 2.17. Cisco’s VLP2 test board

Dp DK DF

W S W
Symbol Range or value

' 6.85[mil]
S 4.83 [mil]
Dp 10.03 [mil]
Dc 8.718 [mil]

T 1.265 [mil]

Figure 2.18. Cross-section of the VLP2 test board
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The third test board is also provided by Cisco, which is the PCle board. The board
geometry and cross-section information is shown in Figure 2.19 and Figure 2.20
respectively. The 2X through is 4inch length and the total is 6 inch length, so the final

DUT is 2 inch length.

Symbol Range or value
w 4[mil]
S 6 [mil]
Dp 4.59 [mil]
Dc 3.48 [mil]
T 1.187 [mil]

Figure 2.20. Cross-section of the PCle test board

2.5.2. Measurement Set Up. The 4 port PNA shown in Figure 2.21 is used to
measure the differential stripline, which has the frequency band up to 50 GHz. The PNA

set up is illustrated on left side of Figure 2.21.

Frequency range:10MHz~50GHz
Power: 0dB m

If bandwidth: 10KHz

Average: 64

L S
e =

Figure 2.21. Four-port PNA with frequency band up to 50GHz
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2.5.3. Extraction Results Compared with Measurement Data. Once the mixed
mode S-parameters have been obtained, they are loaded into the material extraction tool
shown in Figure 2.22 and trace length and cross-section stack-up information are also
needed for the input. Then the DK, DF and Huray roughness level will be extracted,
which will be later loaded into Intel’s 2D simulation tool to get the simulated S-
parameters Finally the simulated S4P will compare with the measurement data to validate

the extraction method.

Mixed mode S-parameters DK
Material Extraction
Trace length I:: > |:: > || DF
g Tool
Cross-section stack-up Huray model

Figure 2.22. Material characterization flow chart

2.5.3.1 DK and DF extraction from intel VLP board measurement. The
extracted material properties are shown in Figure 2.23. The extracted DK at 1GHz is 4.45
and extracted DF at 1GHz is 0.0101. The Huray snow ball number is 41and load the

extracted data into 2D simulation tool to make the comparison with measurement data.

DK at 1GHz DF at 1GHz

VLP Layer 10 Vendor 4142 0.007-0.009
VLP Layer 10 Extracted 4.048 0.0101

Figure 2.23. Intel VLP board extraction results
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Figure 2.24 and Figure 2.25 show differential mode magnitude and phase
comparison .Both magnitude and phase match well up to 20GHz.The largest discrepancy

of magnitude is with 1dB for the 8inch stripline.

VLP Layerl0 |[Sdd21| Comparison

\.

5 10 15 20
Frequency (GHz)

|Sdd21|(dB)

—
th
1

[*3
=}
L

[

— Measurement -- Simulation by Intel's Tool

Figure 2.24. Sdd21 magnitude comparison of Intel board

VLP Layerl0 Differential Mode Transmission Phase Comparison
- 200

F150
F100
F S0
FO
F-50
F-100
F-150
10

(saaa39p) asey

. £-200
15 20

Frequency (GHz)

— Measurement - Simulation by Intel’s Tool

Figure 2.25. Sdd21 phase comparison of Intel board

And the S21 matches well means that the extracted DF is good and the phase
information means that the DK results are pretty good. In the future , up frequency will

need to push to 30GHz or higher.
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Figure 2.26 and Figure 2.27 show common mode magnitude and phase
comparison .Both magnitude and phase match well up to 20GHz.The largest discrepancy

of magnitude is with 1dB for the 8inch DUT.

VLP Layer10 |Scc21| Comparison

1Sdd21|(dB)

207

T
0 5 10 15 20

Frequency (GHz)

— Measurement -- Simulation by Intel's Tool

Figure 2.26. Scc21 magnitude comparison of Intel board

VLP Layer10 Common Mode Transmission Phase Comparison
- 200

\ W F150
F100

T
th
(=]

T T
L'" [—]
(=]

(saaa3ap) ase ]

T

F-100

F-150

. ‘ £ 200
0 5 10 15 20

Frequency (GHz)

— Measurement - Simulation by Intel's Tool

Figure 2.27. Scc21 phase comparison of Intel board

And the S21 matches well means that the extracted DF is good and the phase
information means that the DK results are pretty good. In the future , up frequency will

need to push to 30GHz or higher.
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2.5.3.2 DK and DF extraction from cisco VLP2 board measurement. The
extracted material properties are shown in Figure 2.28. The extracted DK at 1GHz is 3.35
and extracted DF at 1GHz is 0.0029. The Huray snow ball number is 39 and load the

extracted data into 2D simulation tool to make the comparison with measurement data.

VLP2 DK at 1GHz DF at 1GHz
Tachyon 100G Vendor 3.25 0.0022
Tachyon 100G Extracted ~ 3.351 0.0029

Figure 2.28. Cisco VLP2 board extraction results

Figure 2.29 and Figure 2.30 show differential mode magnitude and phase
comparison .Both magnitude and phase match well up to 20GHz. Figure 2.31 and Figure

2.32 show common mode magnitude and phase comparison .Both magnitude and phase

match well up to 20GHz.

VLP2 |Sdd21| Comparison

h
I

Sdd21] (dB)

h
I

20-
r

0 s 10
Frequency (GHz)

—— Measurement —— Simulation by Intel's Tool

Figure 2.29. Sdd21 magnitude comparison of Cisco VLP2 board

And the S21 matches well means that the extracted DF is good and the phase

information means that the DK results are pretty good.
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Figure 2.30. Sdd21 phase comparison of Cisco VLP2 board
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Figure 2.31. Scc21 magnitude comparison of Cisco VLP2 board

VLP2 Common Mode Transimssion Phase Comparison
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Figure 2.32. Scc21 phase comparison of Cisco VLP2 board
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2.5.3.3 DK and DF extraction from cisco PCle board measurement. The
extracted material properties are shown in Figure 2.33. The extracted DK at 1GHz is 3.91
and extracted DF at 1GHz is 0.0082. The Huray snow ball number is 50. Figure 2.34 and

Figure 2.35 show differential mode magnitude and phase comparison.

DK at 1GHz DF at 1GHz

RTE TU872 SLK Vendor ~ 4.01 0.01
RTF TU872 SLK Extracted 3.91 0.0082

Figure 2.33. Cisco PCle board extraction results
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Figure 2.34. Sdd21 magnitude comparison of Cisco PCle board
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Figure 2.35. Sdd21 phase comparison of Cisco PCle board
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Figure 2.36 and Figure 2.37 show common mode magnitude and phase
comparison .Both magnitude and phase match well up to 20GHz.The largest discrepancy

of magnitude is with 1dB for the 2 inch DUT.

RTF [Scc21| Comparison
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Figure 2.36. Scc21 magnitude comparison of Cisco PCle board
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Figure 2.37. Scc21 phase comparison of Cisco PCle board
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3. PEEC MACROMODELS FOR ABOVE PLANE DECOULING CAPACITORS

3.1. MODELING OF L-ABOVE

Conventionally, the model for the inductance of the decoupling capacitors is
specified for the capacitors alone [14]. The problem is that the impedance of the above
plane decoupling capacitor model is highly influenced by the connections and other
mounting details such as the distance to the nearest ground plane, which is shown in
Figure 3.1. Hence, even a good PEEC equivalent circuit for the capacitor itself is
insufficient since all the couplings to the mounting environment must be taken into

account. For this reason, we pick a reasonable connection structure to the capacitor.

GND

L Z

Figure 3.1. Decoupling capacitor’s mounting environment

The internal structure of most high capacitance decoupling capacitors consists of
multiple layers. Representing all the layers would be computationally expensive. To keep
the compute time reasonably low, we use the simplified 3 layer model shown in Figure
3.2 such that the main properties of the model are preserved like the capacitor resistance
R — also known as ESR. This value is less dependent on the environment than other
element values. However, R is in general dependent on frequency [14]. We note that the

PEEC preserves the frequency dependence. A model is needed which includes the strong
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couplings to the local PDN system. Hence, the model needs to include these additional
local connections. Figure 3.3 shows connections where the capacitor is connected to the
20 x 20 mil pads. The connections to the macromodel are established to the 10 x 10 mil
pads via wires or vias. Also shown is a plane which usually is located 5 mils to 30 mils
underneath the contacts. An important quantity in the model is the distance between the

capacitor plates and the contacts which we measured to be 9 mils.

pd p

P

x

L~

Figure 3.2. Simplified three layer model for decoupling capacitors

Capacitor Connections
y

/

15

7

Figure 3.3. Top view of connections to the capacitor with ground plane
underneath
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The result we are looking for is a simple capacitor environment which can be used
for the PDN analysis to reduce complexity of the overall models. However, the PEEC
model must take all the local couplings into account between the capacitor in Figure 3.2
and the connections in Figure 3.3 as well as the ground plane underneath. Of course, the

coupling of the capacitor macromodel to the rest of the PDN system must be weak.

3.2. PEEC MODELS FOR DISTRIBUTED AND LUMPDED MODELS

The transformation of the EM model into PEEC equivalent circuits has been
published in many papers, e.g., [15]. Hence, we present only the issues which are key for
this short paper. For the PDN model, frequency content from DC to 2 GHz covers the
spectrum of interest. Hence, a quasi-static PEEC model is sufficient for the decoupling
capacitors, which can be assumed to be smaller than 1 cm, which means less than A/10
for fnax = 15 cm.

The PEEC model used is based on the total electric field inside of a conductor is

given by

E(r,t)= _VaO(r,1) (3.1)

J(r,t)  OA(r1)
ot

where in our case E'(r,t) = 0 since we assume that the applied electric field is zero.
Further, J(r,t) is the current density in the conductors and A(r,t),d(r,t) are the vector

and scalar potentials respectively and o is the electrical conductivity. The second MNA

equation is derived in it conventional form in the frequency domain as

ATV (s) +(R+sLp)1(s) =0 (3.2)
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For the first MNA equation, we want to represent the high permittivity between
the inner layers shown in Figure 3.4 (a) with the lumped inter-layer capacitances shown

in Figure 3.4 (b).

b) %

Figure 3.4. Side view of simplified cross-section model (a)
Simple layer of combined lumped capacitor and distributed PEEC model (b)

The sum of all N internal layer capacitors is

N

> Cy =ESC (3.3)
k=1

where ESC is the value of the capacitance. The conductivity o of the plated in Figure
3.4 is chosen to represent the vendor specified resistance ESR of the capacitor. Here, we
assume that a short exists at the center in the y-direction between the outside of the plates

and the center conductor.
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Finally, we can set up the MNA equations for the model. The resultant pcEFIE
(potential-charge) integral equation is best described in the circuit domain by the MNA

equations in terms of the node potentials ®(s) and the source currents 1 (s)

D) | | 1(9)
M-l o | @
where the circuit matrix is

[M]:{smdchthl) A } G

A ~(R+5Lp)

The incidence matrices A can also be called matrix Kirchhoff current laws.

Specifically, A is the matrix for the partial inductance connections. Also, A, Ad
represents the matrix KCL for the dielectric capacitances C, for the dielectrics. Hence,
this is used to insert lumped capacitances C, into the PEEC circuit.

We should note that all the non-orthogonal partial inductances are coupled. This
results in important inductive couplings between the capacitor in Figure 3.2, the
connections in Figure 3.3 as well as the ground plane. The result obtained without these
couplings is inaccurate. Hence, the ESL value specified by a manufacturer only gives an
order of magnitude estimate. The terminals in Figure 3.3 represent a much better location
for partitioning the system.

An assumption concerning the accuracy of the model is based on the loop opening
between the terminal connections in Figure 3.3 where the model is connected to the rest
of the PDN circuit. The distance between the terminals needs to be small enough such

that only a small fraction of the total inductance is not included between the terminals.
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3.3. NUMERICAL AND TEST RESULTS

This stage we only consider the modeling of a 0402, 1uF decoupling capacitor
with the connection model such that a partitioned macromodel can be defined. The
couplings between the local connections have a large impact on the circuit model used for
the capacitor. Hence, we tested the macromodel unit consisting of the capacitor in Figure
3.2 connected to the interconnects in Figure 3.3. We should note that the inductance in
the macromodel does not have a relation to the ESL inductance value specified for
capacitor mainly due to the partial inductance which is absent in this model.

Our first test represents the hybrid PEEC-circuit model for the capacitor shown in
Figure 3.4. The first test checks how the number of discrete capacitors Cq4 representing
the high value dielectrics impacts the response of the macromodel in Figure 3.5. We also
observe that 14 capacitors which are uniformly distributed between the plates give a good

answer even for the parallel resonance observed at about 90MHz.

60 T I T e
——2 Lumped Capacitances ; cepactances
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Figure 3.5 Response as a function of the number of Cy4 capacitances (a)
Distribution of the lumped capacitance (b)
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Next, we consider the impact of the ground plane under the capacitor macromodel,
which are 5 mils for close planes and to 30 mils for planes which are further away. Figure
3.6 shows the behavior of the macromodel in the frequency range of interest also as a
function of the ground plane spacing which is computed using the PEEC model. These
inductances are derived as a simple model at about 500MHz. These calculations show
that the macromodel must be specified as a function of the ground plane distance as the

most important parameter, which is shown in Figure 3.7.

80
— 0402 - No Ground
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Figure 3.6. Approximate inductance of the model for different ground plane

TABLE 1
COMPARISON OF MACROMODEL INDUCTANCES
Model Details Spacing to ground | Total Inductance
Measured result 5 mls 0.1/ nH
With ground plane 3 mils 0.34 nH
With ground plane 30 muls 0.39 nH
No ground under capacitor oo 0.57 nH

Figure 3.7. Table of macromdoel inductances of different ground plane distance
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However, the probes were placed close to the center part of the connections in

Figure 3.3. The measured resonance effect in the measurement in Figure 3.6 shows the

presence of the parallel resonance. However, the damping is strong due to the dielectric

loss [14]. In Figure 3.8, one pole Debye is added in EM PEEC modeling.

Figure 3.8. Single pole Debye model for lossy dielectric

As shown in Figure 3.9 that the resonance on red curve is damped by adding the

Debye lossy model which is more close to the measurement results. In the future we will

adding more lumped capacitors to speed up the solution, also the higher order Debye

model will be studied.
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The input impedance obtained from the PEEC solution can be synthesized into an
appropriate circuit macromodel for the frequency range of interest. We note that the
connection terminals to the model form an open loop. However, the distance is
sufficiently small such that the error is also small.. Finally, we show that the circuit
model in Figure 3.10 with the parallel circuit part leads to the red dotted response in

Figure 3.11 which is a good approximate simpler macromodel

Rp =49.1 mOhm

- —V VNV —
RSZ 5.6 mOhm Cs— 1J.,LF

. QQ: II C:Q Lp=0._18.nH

L ¢=0.34nH i

|
|
Cp =80 nF

Figure 3.10. Macromodel which includes parallel resonance and loss dielectric
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Figure 3.11. Impedance curve comparison for PEEC and macromodel
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The table shown in Figure 3.12 only works for the 0402 package geometry and
the 0603, 0805 package will be included in the future. Finally a library of the all the
package size will be created, as long as the pad lay-out is fixed. We can choose the value
from this library for responding geometry. For example, for hundreds of decoupling
capacitor, as long as the lay out is fixed, we can put this simple model on top and just

need to calculated the L-below.

Rp
Rs Ce=1 !~LF ’—\/\/\/\/—
1 Lp50.215nH
— A0 | QX
Le Il
Cp
; Equivalent
Model Details circuit Rq L R, C,
Capacitor 5 mils Lossless 6.2 Mo 0.50 nH 690 mQ 72 nF
GND =m
Lossy 0.50 nH 69 mQ 72 nF
Capacitor 10 mils Lossless 63 0.64 nH 710 mQ 73nF
GND .3 mQ
Lossy 0.64 nH 71 mQ 73nF
; ; Lossless 1.06 nH 750 mQ 75 nF
gle\il%acnor 30 mils 70mQ
Lossy 1.06 nH 75 mQ 75 nF

Figure 3.12. Table of equivalent circuit value for different ground spacing
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4. CONCLUSIONS

The “Root-omega” method to extract the DK and DF values in a fabricated board
was studied in this paper using simulations, for both cases with the smooth and rough
conductors. It is found that the DK extraction works well with a relative error no more
than a few percent in the entire frequency range up to 50 GHz. However, the DF
extraction needs further improvement. Currently the procedure can result in a large
relative error, especially for a low loss material because in general oc is larger than ap,
which results in large errors in the curve fitting. Sensitivity analysis for DK and DF
extraction was also performed to explain the observed phenomenon. Proposed new
method takes advantage of differential and common mode behavior of differential
stripline to remove the roughness effect and extract the transmission line based DK and
DF. The extracted DK, DF and Huray factor are validated by comparing S-parameters
from Intel tool simulation and measurement in different board. Good correlation between
simulation and measurement can be achieved up to 20GHz in both magnitude and phase.

In section 2, we show that a good macromodel for a decoupling capacitor, which
includes a local connection arrangement, provides a good solution for accurate PDN
models. Such a model is computationally very efficient. Alternatively, capacitor
manufacturer needs to specify internal partial inductance values and detailed physical
shapes for the couplings to the capacitors such that more accurate models like the PEEC
model given in this paper can be built. Aspects for future work have been exposed, like
macromodels which include the distance to the ground plane and the variability due to the

exact placement of the decoupling capacitor on the local connection pads.
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