2.5Examples of application

In this fdion a smulation example and two measurement examples are
illustrated. A commercial eledromagnetic field software based onfinite dement
method is used for the modeling of a Ball Grid Array (BGA) family integrated
circuit socket. The software used is Maxwell 3D Parameter Extrador’. A TDR
measurement is performed on the same socket to compare with the simulated
results. A seacond TDR measurement is caried ona lealed ceramic cgpadtor to

serve & a example for passve discrete amporent modeling.

2.5.1 Modeling of Socket Using Eledromagnetic Field Simulator
The modeling example being studied here is a sedion d BGA family test socket
cdled PLGA (for Plastic Land Grid Array) test socket. As siown in Figure 2.10,

thismodel consists of 9 pago pinsimmersed in hanogeneous dieledric material.

diameter =|15 mils
180milg Substrate | | | diameter =125 mils
v

Figure 2.10- Perspedive and side view of system.

In modeling the &owve objed, eat pago pins is constructed from a number of

objeds. These objeds are then merged to form the 3-dimensional pogo pins.
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Eadh payo pin is modeled as perfed condctor, and the substrate is considered
losdessand assgned a didledric constant of 2.7 for VESFELA %, Indwctance and
cgpadtance matrices are computed foll owing the methods outlined in sedion 2.2.
Each payo pn is assgned a number. Figure 2.11 shows the numbering
convention wsed. Results of the computation with 5% maximum energy error are

shown in Table 2.1 for cgpadtance matrix and Table 2.2 for inductance matrix.

OO

OO
OO

Figure 2.11- Labeling of pogo pins.

[CIfF | pin0O |pinl |pin2 [pin3 |pin4 [pin5 |pin6 |pin7 |pin8

pin0 [901 |-183 |-183 |-41.1 |-183 |-405 |-41.3 |-183 |-404

pinl |[-183 | 810 -45.0 | -246 |-45.7 |-246 |-5.80 |-243 |-58

pin2 |-183 |-45.0 | 809 -246 | -2.71 | -5.97 | -5.92 | -45.6 |-245

pin3 |[-41.1|-246 |-246 | 683 -5.89 | -31.8 | -6.63 |-5.75 |-31.7

pin4 |-183 |-45.7 |-2.71 |-5.89 | 805 -245 | -245 | -44.8 | -5.93

pin5 |-40.5|-246 |-597 [-31.8 |-245 |680 -31.7 | -5.82 | -6.55

pin6 |-41.4|-58 -5.92 | -6.63 | -245 |-31.7 |681 -245 | -31.7

pin7 |-183 |-24.3 |-45.6 |-5.75 |-44.8 |-5.82 |-245 | 807 -246

pin8 |[-40.4 |-5.8 -245 | -31.7 |-5.93 | -6.55 | -31.7 |-246 | 680

Table2.1- Simulated cgpadtance matrix.

[L}/nH | pin0 | pinl |pin2 |pin3 [pin4 |pin5 |pin6 |pin7 |pin8

pin0 [251 |1.13 |0.09 [0.09 [0.09 |[0.09 |0.09 1.13 | 0.09

! Maxwell i s the trademark of Ansoft Inc.
2VVESPEL isthe trademark of Dupont Industrial Chemicas.
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pinl [1.13 |251 |0.09 |[1.13 |1.13 |0.064 |0.064 |0.07 |0.064

pin2 |1.13 | 0.09 |251 |1.13 |0.064 |0.064 |0.064 |0.09 |1.13

pin3 [0.09 |1.13 |1.13 |[250 |0.064 |0.07 |0.05 0.07 | 0.07

pin4 |1.13 |0.09 |0.07 |[0.064 251 |1.13 |1.13 0.064 | 0.064

pin5 [0.09 |1.13 |0.064 |0.07 |[1.13 |[251 |0.07 0.09 |[0.05

pin6 |0.09 | 0.064 | 0.064 | 0.05 |1.13 |[0.07 |251 0.07 | 0.07

pin7 |1.13 |0.07 |0.09 |0.07 |0.064 |0.09 |0.07 251 |0.07

pin8 |[0.09 | 0.064 | 0.07 |0.07 |0.064 |0.05 |0.07 0.07 | 251

Table 2.2 - Simulated Inductance matrix.

In Table 2.1, the self cgpadtance is the sum of the mutual cgpadtances between
the pin concerned and all other pins. Discrepancy in the result between the self
cgpadtance and total mutual cgpadtanceis due to inherent error of the numericd

method

2.5.2 Integrated Circuit Socket Characterization Using TDR

In this :dion, the methods employed in Tektronix Applicaion nde 1993are used
to measure the lumped parameters of a sample of BGA (Ball Grid Array) family
socket as modeled in 2.4.1. The setup wsed is an adapter PCB (Figure 2.13 with
impedance ontrolled striplines to within £3% and the Tektronix 1180B digital
sampling oscill oscope with SD-24 TDR sampling head. Figure 2.12 shows a
cross gdion d the adapter PCB asemblies, BGA socket and a dummy padage.
The shorted dummy padkage a shown in Figure 2.12is used. All solder balls on
the shorted dummy padckage ae mnreded together via the internal pad<age PCB

traces.
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lA/ Pogo pin
‘ PCB

Figure 2.12- BGA padkage, socket and adapter PCB system

older ball

Socket substrate/V
Stri pI| ne

Socket
under test

PCB SMA connedors
to socekt pins through
strip lines

Multil ayer
PCB of FR4
substrate

Figure 2.13- Test PCB used for TDR measurement of 1C socket

The dfed of parasitic parameters and mismatch from the test PCB is
caefully deembedded by performing a short circuited measurement withou any
device mounted onthe PCB. Figures 2.14A to 2.1/ below show the results of
TDR measurement of a sample BGA integrated circuit socket while Figure 2.14E
is the euivaent circuit model for two pins. Attached with every sampled
oscill oscope waveform is a diagram showing the measurement setup and the
correspondng equation wed from Sedion 2.3 For example during inductance
measurement al adjacent pins must be left opened except the pins under
charaderization to avoid unrecessary current loops. Equation (2.281 is used for
estimating the partial self inductance per pin. For total cgpadtance measurement
al adjacent pins must be grouncded except the pins under charaderization as we
are measuring the caadtance between the pin and al grounded metal objeds.
Equation (2.290 isused in this case.
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Figure 2.14A - Mutua inductance measurement using TDR through equation
(2.36.

[Cursor Eeadout | | DUTSHOET WEM | 11 1T
LSELE WF E
X: 58.82nS [ |smowr.w
Y: -43.90pH T S . E
¥ 60.20nS f urve using (2.280)
Y: 7.342nH E
- 1.382n5 Device shorted refl.
: 7.386nH |
=
1.000n
H/Div
- Shorted refl. .
1.294n L 'I'elc.l:lun}x
58.75n 4 500.0pS/Div b 63.75n

Figure 2.14B - Partial self inductance measurement using TDR  through equation
(2.28D.
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Curveusing (2.42)

\

Coupled voltage

/

Figure 2.14C - Mutua cgpadtance measurement using TDR through equation
(2.42.

Device open refl.

l Curve using (2.29h)
Open refl.

Figure 2.14D - Total capadtance measurement using TDR through equation
(2.299.
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Figure 2.14E - equivalent circuit model for two BGA socket pins.

2.5.3 Comparison of Results
Comparing the results in Table 2.1 and Table 2.2 for adjacent pins 0 and 1,it is
see that the results agree reasonably well for mutual inductance and mutual
cgpadtance values with results obtain using TDR being 35% larger than results
obtained using eledromagnetic field solution. Fairly large differences of 190%
for partial self inductance and 4% for total cgpadtance ae observed. Thiscan be
dueto threemain fadors:
Discontinuity effed between PCB via and socket pins is left out in field
solution method.
In TDR measurement for estimating self inductance the inductance
measurement is the dfedive loop inductance @mprising the via, socket’s
pogo pins, traces and dane in the dummy padkages and small contribution
from the rest of paralel conreded pins (Figure 2.15. Such effed is
unavoidable & the end d the pins or interconnedion ungkr test can orly be
effedively grounded through a nonrided conredion. Hereit is assumed that
the pogo pin partial self inductance has the dominant effed.
The ajacent pins do nd form a low cougding system for both partial mutual
inductance and mutual cgpadtance a can be seen from the values of measurement
and simulation. Thus values for Ly and Cy ohtained using equations (2.36) and
(2.42 contain substantial error.

43



Although Figure 2.14B depicts an ided ground conredion at the end d
the pogo pin undr test while dl adjacent pins are left isolated, the adual
implementation d groundng is through dummy padkage & e in Figure 2.15.
The reader might be discouraged by the diff erences between TDR measurement
and field solution. However it must be pointed ou that the structure under test in
this example is very small. Custom made medhanicd fixtures has to be built to
haold the socket and dunmy padkage during measurement. Moreover both TDR
and field solution produce results that are similar in arder, nanohenries for
inductances and femtofarads for cgpadtances. Better acaracy can be adieved by
having spedally built dummy padkage ated with gold layer to provide proper
groundng in TDR meausurement and taking into consideration the discontinuity

between the trace ad socket pinsin the PCB for field solution.
Shorted dummy padkage
]

Isolated pin

|
i k %
Pin urder test —t——1 ! Socket

To TDR scope —] 7 ﬁ

—— 7/
ground panes ”

_-grounded pin

A
via
Figure 2.15- Implementation d groundng in TDR measurement of socket.

2.5.4 Discrete Component Char acterization

Figure 2.16 ill ustrates the TDR resporse of a leaded 100pg- ceramic cgadtor.
The ceamic cgadtor is mounted on an adapter PCB with bult in predsion
impedance microstrip line. The value of C is fixed as the nominal value for the
cgpadtor while L and R are optimized so that the cdculated respornse using
equation (2.47) matches the measured curve. With this the egquivalent model of
the cgadtor can be estimated. However we must bea in mind that for an adua

cgpadtor, bah L and R and C are functions of frequency.
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Figure 2.16 - Close - up view of measured TDR resporse of a leaded 100g-
ceramic cgadtor versus theory using equation (2.47) Estimated parameters: C =
100, ESL = 8nH, ESR = 0.060hm.

It is assumed that the ceamic dieledric to be perfed insulator, which in
many cases is reasonable for ceramic cgpadtors as the insulation resistance is
usualy above 100MW, iTTO 1995. In Figure 2.16, the sharp spike observed in
the refleded vdtage waveform is due to the dfedive series inductance The
discrepancy between measurement and simulation d the spike level is due to

insufficient resolution d the sampling head o the digital sampling oscill oscope.
2.6 Creating aSocket or Package Model

For an integrated circuit with tens or hundeds of pins, the resistance, inductance,

conduwctance and cgpadtance matrices would beaome very large. Such a model
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would require huge computing resources. Thus an approximation would be made
here. The aux of the goproximation isthat interconnedions or pins further than a
single separation away will have no effed on the interconnedion unckr
consideration. This would result in a sparse matrix. Figure 2.17 ill ustrates the
concept. In the figure, aredangular of socket pinsis labeled using the usua two

dimensional matrix notation.

Pin (2,3) isunder consideration, and the adjacents
—— pins(1,2), (1,3), (1,4) ....(3,4) are ssumed to be
@ affedingit. Pinsfurther away have zeo effed on

@ pin (2,3).
@ O ®0®

Figure 2.17- Top view of a PGA type socket.

2.6.1 Algorithm for Creating SPICE Compatible Netlist

This sdion suggests a way to creae gproximate lumped circuit model for both
socket and packages based on pevious assumption. It is also applicable for
structures which are dose together or properly layout such as edge cnredors for
PCB. The main consideration d constructing a good lumped circuit model, apart
from valid approximation is a good ndation system or naming convention for all
circuit elements. Consider Figure 2.17 again, it is repeaed below in Figure 2.18
with labeling. Additional lines representing couding are drawn conreding all

adjacent pins.

Column lACOIUyCd umn 3

Ll ’ Cl
Figure 2.18- Diagram to aid in the forming of mutual couging matrices.
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From Figure 2.18, oty three different values of partia inductances and
cgpadtances are required to be determined. These ae shown in the figure & L,
and L, for partial mutual inductances, L for partial self inductance, C; and C, for
mutual cgpadtances and C for self cgpadtance between pin and ground panes
(usually this can be ignored). Usually for structure with very short eledricd path
the resistance ca beignored. However for certain cases such as wire bondwhich
has very thin dameter, the self resistance must be wnsidered. The value of
resistance is taken as the average value under the range of operating frequency.
Proximity effed is ignored hence R; = O for i*j. Dieledric loss within the
socket/padkage is negligible thus elements of condictance matrix Gj is zero. All
the relevant partial mutual inductance éements are given in the Table 2.3 shown
below. The table will only be limited to 4x4 pin grids, however the expansion to

larger order foll ows the same procedures.

Column 1 Column 2 Column 3 Column 4
L1121 L1222 L1323 L1424
I—2131 I—2232 L2333 L2434
L3l4l L3242 L3343 L3444
Betweencolumn 1 & 2 | Betweencolumn2 & 3 | Between column 3 & 4

L1112 L1213 L1314

I—1122 I—1223 L1324

L2112 L2213 L2314

I—2122 I—2223 L2324

L2132 L2233 L2334

I—3122 I—3223 L3324

L3132 L3233 L333s

|—3142 |—3243 L3344

L4132 L4233 L4334

|—4142 |—4243 L4344

Table 2.3 - Partidl mutual inductance dements for 4x4 pin grid based on

asumptionin Sedion 2.5.
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For partial mutual inductance between ead pins within column j :

{Lyyj=Li:x1 jto(n1),yl (j+1)ton}

where { } denotes the set of. Similarly for the partial mutual inductance between

pinsin column j and columnk :

{ Lyyk=Lz,xT 1ton,yl (x-1)to(x+1)}

L, is the partial mutual inductance between adjacent condwctors such as between

pin 11 and gn 12 while L, is the partial mutua inductance between dagonal

adjacent conduwctors uch as between pin 11and pgn 22. In a similar manner the

natation d mutual cgpaatanceis defined. However it isimportant to bea in mind

that in the cae of socket and padkage without the presence of a nearby condicting

plane such as the ground,the cgadtance between the condwctor and ground will

bezero. Againthisisillustrated for a4x4 pingrid as siownin Table 2.4.

Column 1 Column 2 Column 3 Column 4
C1121 C1222 C1323 C1424
C:2131 C2232 C2333 C2434
C3141 C3242 C3343 C3444
Betweencolumn1& 2 | Betweencolumn2 & 3 | Between column 3 & 4

C1112 C1213 Cl314

C:1122 C1223 Cl324

C2112 C2213 C2314

C:2122 C2223 C2324

C2132 C2233 C2334

C:3122 C3223 C3324

C3132 C3233 C3334

Caiaz Canas Cazaa

C4132 C4233 C4334

C4142 C4243 C4344

Table 2.4- Mutual cgpadtance dementsfor a4x4 pin grid.

2.5.2 Example of SPICE netlist
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A typicd SRCE format netlist for the dowve formulationis siown for a socket :

* Parameter definition
.PARAM Rself_socket = 0.010hm
.PARAM Lsdf socket = 6nH
.PARAM C1_socket = 0.1pF
.PARAM C2_socket = 0.01pF
.PARAM K1 _socket =0.3
.PARAM K2_socket =0.1

* Self parameter dedaration
R11in11 11{Rself _socket}
L1111 owll{Lself_socket}
R12in12 12{Rself _socket}
L12 12 owl2 {Lself_socket}
R13in13 13{Rself_socket}
L13 13 owl3{Lself_socket}
R14in14 14{Rself_socket}
L14 14 owl4 {Lself_socket}
R21in21 21{Rself_socket}
L21 21 ow21 {Lself_socket}
R22in22 22{Rsdlf_socket}
L22 22 ow22 { Lself_socket}
R23in23 23{Rsalf_socket}
L23 23 ow23 { Lself_socket}
R24in24 24{Rself_socket}
L24 24 ow24 { Lself_socket}
R31in31 31{Rself_socket}
L31 31 ow31{Lself_socket}
R32in32 32{Rsdlf_socket}
L32 32 ow32 { Lself_socket}
R33in33 33{Rsalf_socket}
L33 33 ow33{Lself_socket}
R34in34 34{Rself_socket}
L34 34 ow34 { Lself_socket}
R41in41 41{Rself _socket}
L41 41 owd1 {Lself_socket}
R42in42 42{Rsdlf_socket}
L42 42 owd2 { Lself_socket}
R43in43 43{Rsalf_socket}
L43 43 owd3 {Lself_socket}
R44in44 44{Rself_socket}
L44 44 owd4 { Lself_socket}
* Mutua cgpadtancededaration
* for column 1

C1121 11 2XC1_socket}
C2131 21 3¥C1_socket}
C3141 31 4¥C1_socket}

* for colume 2

C1222 12 2Z C1_socket}
C2232 22 3Z C1_socket}
C3242 32 4Z C1_socket}

* for column 3

C1323 13 23 C1_socket}
C2333 23 33 C1_socket}
C3343 33 43 C1_socket}

* for column 4

C1424 14 24 C1_socket}
C2434 24 34 C1_socket}
C3444 34 44 C1_socket}
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* Between column 1and 2
C1112 11 1Z C1_socket}
C1122 11 2Z C2_socket}
C2112 21 1Z C2_socket}
C2122 21 2Z C1_socket}
C2132 21 37 C2_socket}
C3122 31 2Z C2_socket}
C3132 31 33 C1_socket}
C3142 31 4Z C2_socket}
C4132 41 3% C2_socket}
C4142 41 4Z C1_socket}
* Between column 2and 3
C1213 12 13 C1_socket}
C1223 12 23 C2_socket}
C2213 22 13 C2_socket}
C2223 22 23 C1_socket}
C2233 22 33 C2_socket}
C3223 32 23 C2_socket}
C3233 32 33 C1_socket}
C3243 32 43 C2_socket}
C4233 42 33 C2_socket}
C4243 42 43 C1_socket}
* Between column 3and 4
C1314 13 14 C1_socket}
C1324 13 24 C2_socket}
C2314 23 14 C2_socket}
C2324 23 24 C1_socket}
C2334 23 34 C2_socket}
C3324 33 24 C2_socket}
C3334 33 34 C1_socket}
C3344 33 44 C2_socket}
C4334 43 34 C2_socket}
C4344 43 44 C1_socket}

* Mutual inductancededaration

* for column 1
K1121L11L21{K1_socket}
K2131L21L31{K1_socket}
K3141L31L41{K1_socket}
* for colume 2

K1222L.12 L22 {K1_socket}
K2232L.22 L32{K1_socket}
K3242L.32L42{K1_socket}
* for column 3
K1323L13L23{K1_socket}
K2333L23L33{K1_socket}
K3343L33L43{K1_socket}
* for column 4
K1424L14L24{K1_socket}
K2434L24 L34 {K1_socket}
K34441.34L44{K1_socket}
* Between column land 2
K1112L11L12{K1_socket}
K1122L.11L22{K2_socket}
K2112L21L12{K2_socket}
K2122L.21 L22{K1_socket}
K2132L21 L32{K2_socket}
K3122L.31L22{K2_socket}
K3132L31L32{K1_socket}
K3142L.31L42{K2_socket}
K4132L.41 L32{K2_socket}
K41421.41L42{K1_socket}
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* Between column 2and 3

K1213L12L13{K1_socket}
K1223L12 L 23{K2_socket}
K2213L22 L 13{K2_socket}
K2223L22 L 23{K1_socket}
K2233L22 L33{K2_socket}
K3223L32L23{K2_socket}
K3233L32L33{K1_socket}
K3243L32L43{K2_socket}
K4233L42 L33{K2_socket}
K4243L42 L43{K1_socket}
* Between column 3and 4

K1314L13L14{K1_socket}
K1324L13L24{K2_socket}
K2314L23L14{K2_socket}
K2324L.23L24{K1_socket}
K2334L23 L34 {K2_socket}
K3324L33L24{K2_socket}
K3334L33L34{K1_socket}
K3344L33L44{K2_socket}
K4334L43 L34 {K2_socket}
K43441L.43 L44{K1_socket}

Listing 2.1- 16 pns socket model for PGA/BGA families
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