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Modeling of Lead-Frame Plastic CSPs for
Accurate Prediction of Their Low-Pass
Filter Effects on RFICs

Tzyy-Sheng HorngMember, IEEESung-Mao Wu, Hui-Hsiang Huang, Chi-Tsung Chiu, and Chih-Pin Hung

Abstract—This paper presents a direct extraction method to
construct the electrical models of lead-frame plastic chip scale
packages for RF integrated circuits (RFICs) from the measured
S-parameters. To evaluate the package effects on the reciprocal
passive components, the insertion and return losses for an on-chip
50-0 microstrip line housed in a 32-pin bump chip carrier (BCC)
package were analyzed based on the established package model.
Excellent agreement with measurement has been found up to

15 GHz. When applied to the nonreciprocal active components, anr:ftm OSO:‘i Bondwire

the gain variations for a heterojunction-bipolar-transistor array DDEIDDDDD Port 2 .

housed in an 8-pin BCC package have also been successfully old Resin

predicted up to 22 GHz. Both cases have demonstrated that the olol S = 3.40 s 080, \

package acts as a low-pass filter to cause a sharp cutoff for the S5 L lak g & i | Y]

RFIC components above a certain frequency. T |Jsa\? O1% oozt t / /
Index Terms—integrated circuit packaging, package effects, = DDDDDDS Diepad  Mounted pad

package modeling techniques, plastic packaging. Port 1 =l 4.20

BOTTOM VIEW  CROSS-SECTIONAL VIEW

|. INTRODUCTION
) o ) Fig. 1. Configuration of the 32-pin BCEH package and illustration of its
N TODAY'S wireless communications, there is a robusheasurement with microwave probes.

trend toward higher microwave frequencies for RF inte-
grated circuits (RFICs) to meet the increasing bandwidth f
higher data rate. Meanwhile, the package effects are m
evident to degrade RFICs. The conventional lead-frame plasﬁ'gwork some literature have demonstrated extraction of
packages like thin shrink small outline packages (TSSOPSs) '

. equivalent circuits for the conventional small-outline
thin quad flat packs (TQFPs) that are currently the most Oft%egrated-circuit (SOIC) packages frofsparameters based

used for RF'QS have been pughed to th?'r limits of bandmd&fh full-wave simulations [4]-[6] and vector-network-analyzer
and are considered as a dominant barrier to RFICs opera;i]?

above UHF band. Recently, lead-frame plastic chip Sc ggsurements [7], [8]. The equivalent models established are
packages (CSPs) such as small outline nonlead (SON), el*

flat nonlead (QFN), leadless plastic chip carrier (LPCC), a
bump chip carrier (BCC) packages are gaining in populari
These CSPs offer a smaller size than TSSOPs and TQFPs kage models from the measurédparameters and has

a promising better perfor.mance at higher frequencps. deduced the electrical superiority of lead-frame plastic CSPs
In the past, quasi-static approaches have been given to cg

. ; . er TSSOPs in the applications to RFICs by comparing the
struct the equivalent, C, /& matrices for the plastic paCk"’“-]’esresultant low-pass filter effects predicted from the models. In

[1]-3]. However, these malrices are mainly Iow—frequengilis paper, a more complete model for lead-frame plastic CSPs
|

:ESUE.S ?}d POSSESS dh|ff|cult|es n prc;wdmg a full picture cluding the chip’s bond-pad and common-ground parasitic
€ high-lrequency phenomena such as resonance, mu cts has been proposed to characterize such a low-pass

filter behavior over a wide frequency range. The theoretical
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Publisher Item Identifier S 0018-9480(01)07577-9. hanced BCC (abbreviated as BEE) package with a pin count

%Upling, impedance mismatch, and frequency-dependent
Eses. Considering the package as a multiport microwave

nly focused on the package structure itself. The interaction
aNeen package and chip was not yet explored and usually
ays a more important role to affect RFIC performance. Our
revious research [9] was devoted to direct extraction of the
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Fig. 2. Wire-bonding diagram and equivalent model of the 32-pin BEC
package sample under test for evaluating the mounted-pad capacitances.
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of 32 has been modeled. In comparison with a 32-pin TQFP,
this package measuring 25 rimeduces almost one-half in the 5 ! L ! I I S W
area of mounting footprint. As illustrated in the three-dimen- 0 2 4 6 8 10 1z 14k
sional (3-D) sketch of Fig. 1, the plastic B&¢ package seals Frequency (GHz)

the Sem'conducmr Chlp within the mo'd'”Q resin and eXpOSE@. 3. Extracted and selected quantities of the mounted pad capacitances.
the peripheral mounted pads and center die pad on the package

underside. Electrical connection between the chip and mount =
pads relies on bond wires only and such a leadless configu
tion can reduce the package inductance and capacitance s -2 ~—modeled

stantially. In addition, the die pad can be soldered directlyto =~ | measured

ground plane on the printed circuit board to provide exceller ¢y -0y
ground shield and thermal spread. @ ol
=)

In the bottom view of the 32-pin BCC" package, as seen //’
in Fig. 1, the center die pad often treated as a microwax  -80f
ground is coplanar with the other peripheral mounted pad o
The two-port S-parameters for an arbitrary pair of the 1/0 00,4 6 8 10 12 14 16
paths can be measured directly with a pair of fixed-pitcl Frequency (GHz)
signhal—-ground/ground-signal (SG/GS)-type microwave probes @ )
connected to a vector network analyzer by landing the probe’s )

. 4. Comparison between modeled and measured results of;{an

Slgnal and ground tip on the paCkage s mounted and die p ibels and (by1, on the Smith chart for the configuration of Fig. 2.

respectively. Therefore, unlike TSSOPs and TQFPs, there is
no need to design an additional test fixture in consideratic Cp
of the probe landing, which saves a great effort to calibra

the fixture parasitics. The modeling technique proposed he RENEGEEE
adopts a step-by-step procedure. In each step, we measu . =l =
package sample of different designs in wire bonding to extra P el .
the equivalent-circuit elements from impedance or admittan =
representation of the measuréeparameters. The results are 2000000

also inserted into the subsequent extraction in the next step su...
that the mea$ured data can be stripped du“r.]g the eXtraCt#?d? 5. Wire-bonding diagram and equivalent model of the 32-pin BEC
process yielding, step by step, a full set of circuit elementsackage sample under test for evaluating the bond-wire parasitic elements.

Fig. 2 shows the wire-bonding diagram for a package sample
with the fifth and twenty-first mounted pads under test opeskpressions assume a weak frequency dependence for each ex-
circuited and its equivalent circuit. Note that the other unusgcted element such that its medium value can be selected for
mounted pads are all connected to the ground by down bondifg in the model. The impedance of this measurement sy&em
to the rim of the die pad. In the extraction, the measurgd equal to 5a2. The extracted and selected capacitance quan-
S-parameterg([5]°?) from 1 to 15 GHz are converted intotjties are shown in Fig. 3. Th§-parameters generated with the
the admittance parametefg’|°?) from which the shunt and sejected quantities have been compared to the measured results,
mutual capacitances can be found as as shown in Fig. 4. Excellent agreement can be found.
op _ opy —1 op Fig. 5 shows another package sample with the mounted pads
™" =2y 1([U] +15] 1) ([U] — 5] 1) @ undgr test wire bonded tho thegdie pac?, as well as the otherpun—

Cu1 = median(Im (Y7 +Y7)/ w) (2)  used mounted pads. In the equivalent circuit provided in Fig. 5,
Ci2 = median (Im (Y32 +Y7)/ w) (3) except the same model of three capacitances in the outer
Cpp = median (—Im (V;F)/ w) 4) shell, two lossy inductances with mutual terms are included to

account for the bond-wire parasitic effects. A series-parallel
where a median of a frequency-dependent distribuli@f) is LR model, as suggested in [9], has been used to approximate
defined by a value of such that the probability oX (f) < zis the bond wire's frequency-dependent losses in the frequency
less than or equal to 1/2 and the probability’off) > z isalso range from 1 to 15 GHz. In the equivalent circuit, the series
less than or equal to 1/2 farGHz < f < 15 GHz. The above resistancesR,, Rs> are selected by the quantities extracted
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Fig. 7. Extracted and selected quantities of the bond-wire resistances.

Fig. 6. Extracted and selected quantities of the bond-wire inductances.

from a seried. R model at 1 GHz while the parallel resistance:
Ry, Ry, are selected by the quantities extracted from a parall
LR model at 15 GHz. A shunt resistance between two borE
wires is also used to represent the mutual resistance. Beft 2
extracting these bond-wire parasitic elements, the measw%
S-parameters([S]°P) are first expressed in the admittance
matrix. After subtracting the admittance matri{Y]°P)
representing the mounted-pad capacitve effects, we conv
the admittance matrix into impedance mat((Z]*?) whose
parameters can determine the bond-wire parasitic elements vy
following the formulation given as

-100

0 2

——modeled
measured

4 6 8 101I21I416
Frequency (GHz)

(@)

—&— modeled
measured
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Fig. 8. Comparison between modeled and measured results of;z{ain
decibels and (bY,, on the Smith chart for the configuration of Fig. 5.

sp — sp -1 sp op N
7 = (26 (14 1817) 7 (0] = [81%) - D)
(5) Cm
L,; = median (Im (Z3})/ w) (6) ROEEEREE0 N
L _ d. I ZSI) 7 % T HLM\ NJII‘ lf‘l'll"‘l E R L Lm L R
52 = median(Im (Z35)/ w) 7 S EE 2 s1 L /- ) \ 52 Ry
Ly, = median(Im (Z35)/w) @8 e e ic
R 1= Re(ZSp — ZSP) g 5 Inmnnn |f E Rpl C -~ bm ;:C sz
s 11 12 zmmmmmm\mg ICsl bl b2 Cszl
f=1GHz (9) R
Ry = Re(Z35 — Z3%) "
f=1GHz (10)
. sp spy—1) ¢ Fig. 9. Wire-bonding diagram and equivalent model of the 32-pin BEC
RPl - (Re(Zlﬁ - le?) ) package sample under test that houses a chip with a specified layout for
f =15GHz (12) evaluating the bond-pad capacitances.
—1
o Sp sp -1
Rpp = Re(Z?2 Z12) ) The chip was implemented on a 10.8-mil-thick GaAs substrate.
=15 GHz (12) Each bond pad has a dimension of 8 mil8 mil x 0.2 mil.
R, = median(Re(Zf‘;)). (13) The spacing between the two bond pads is 2 mil. Their para-

Their extracted and selected quantities are shown in Figs. 6
7. Again, the modeled-parameters using the selected elemeff
guantities agree quite well with the measured results, as shown
in Fig. 8.

In Fig. 9, a chip with a number of bond pads on the periphery
was used to characterize the bond-pad parasitic effects. The pair
of bond pads to be characterized is wire bonded to package’s
mounted pads under test. The other chip’s bond pads are treated
as ground pads to all be connected by the on-éhiphaped
metallization patterns and then down bonded to the die pad.

sitic elements include shunt and mutual capacitances that can
he extracted from the measurédparameterg[S]°P) for the
pnfiguration of Fig. 9 using the following expressions:

Y] = ((Zo_l([U] + S H(U] - [91°)

- )T - q21v)

Oy = I (Y2 +Y3) /w
Cly = Im (Y +Yi2) /w

Cyp = median (—Im (Yﬁb)/w>

(14)
(15)
(16)
17)
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Fig. 10. Extracted quantities of the bond-pad capacitances including the bdfig. 11. Extracted and selected quantities of the bond-pad capacitances
wire’s distributed capacitances. excluding the bond wire’s distributed capacitances.

The extracted results are presented in Fig. 10. It can be se 0
that the shunt capacitances (denotedy andCj,) decrease o} :m:g:l'fr: g
as frequency increases, which fails to satisfy our expectatic

to have a weak dependence on frequency. This is because & o[
equivalent circuit shown in Fig. 9 does not include the bon @
wire’s distributed capacitances. When a segment of bond wi© %0
is treated as a lossless uniform transmission line, its connecti

-80 )
to a bond pad with an equivalent shunt capacitaficéas an
input impedance expressed as 00 e s 10 12 14 16
jwC) L+ § Zow tan Buwle Frequency (GHz)
7 = 2, LI ou b (18)
ZO'w + j(]wcb)_ tan ﬁwlw (a) (b)

ira’ ictifig. 12. Comparison between modeled and measured results o (ah
Wherezow’ fw, andi, represent the bond wire’s C.haraCte”Stlg?]cibels and (bF.: on the Smith chart for the configuration of Fig. 9.
impedance, phase constant, and length, respectively. When the
bond wire’s electrical length is small, the following approxima-
. . ’ whereC};, = Cj,(w1) andCy, = Cpy(wr), w1 = 2 x 1 GHz.
tions, i.e., (Lxan Byl = Buwly, (2) Zow = /Ls/Cy, and (3) Note th

RO . TV : at (21) and (22) are regarded as the modified expressions
P 2w/ LsCu [ly, can be applied to simplify (18) in the form of (15) and (16), respectively, by removing the influence of the

1—w?Cy L, bond wire’s distributed capacitances, and can yield the results
= jw(Cy + Cu) (19) vv_ith a certain degree of frequency_i_ndependence, as shown in
o Fig. 11. When the selected quantities @f;, Cy2, and Cy,,,,
whereL, andC,, denote the bond-wire inductance and capagnown in Fig. 11, are used to regenerate $hparameters, the
itance, respectively. From the equivalent-circuit pOint'Of'Vie"Yrequency-dependent capacitanG&s andC,, calculated from
Z; ~ jwL, + (jwCj)~t. Thus, equating this relation to (19),(20) With C, ~ C, — Gy ~ CJy — Cyz have been used
one can find instead ofC,; andC); in the circuit simulation. This can result
o — Cy + Cy (20) in better agreement with measurements, as shown in Fig. 12. In
Ty w2L,C real applications, the bond pads in the 1/O paths will not be left

When the second term in the denominator of (20) is ignored%en ended, byt cpnngcted o a device with low |mpedanC(_e, s:ay,
o : . Under this situation, the influence due to the bond wire’s
low frequencies(’; is equivalent to an amount 6, andC,,. As " . ) .
. ; . . distributed capacitances becomes much slighter and can just be
frequency increase§;; decreases according to (20), which can
|qnored.
account for the frequency dependence of the results shownn
Fig. 10. The relation betweef{, and its low-frequency quantity
(C}) can be used to eliminat€,, in (20) such that the pure lll. EVALUATION OF PACKAGE EFFECTS
bond-pad capacitances can be found as To evaluate the complete package effects on RFICs, one can
o o ) ) ., import S-parameters for the core RFIC circuitry as a black
O — median | £2t¢0 (v —wi) +(C = Ch) box when cascaded with the package parasitic elements. For
" L,y (w2C), — w2CH) demonstration, a 5@t microstrip line was implemented on
(21) @ 10.8 mil thick GaAs substrate and then housed in a 32-pin

B + k ith th ifi ire- [ i
LoaCL Ol (wQ _w%) +(Cl, — 05,2)> CCt* package with the specified wire-bonding diagram

Cp2 = median < oYal o shown in Fig. 13. TheS-parameterg[S]'?) for the packaged
Lyg (w?Chy — w1 Cf) microstrip line can be calculated based on the equivalent circuit

(22) in Fig. 13 by following the procedure in (23)—(26), shown at
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Fig. 14. Simulation configuration in Ansoft's HFSS for an on-chip $30-

Fig. 13. Wire-bonding diagram and equivalent model of the 32-pin BEC microstrip line housed in a 32-pin BCC package.

package sample under test that houses an on-chid Bierostrip line for

evaluating the resultant low-pass filter effects. 0
the bottom of this page, where = 88 mil is the microstrip & or
length. The parameterg and Z. represent microstrip’s com- T ol
plex-valued propagation constant and characteristic impedance, @
respectively, which can be generally expressed in terms of the S 3o} —— modeled (packaged)
distributed parameters £ v hiss (packaged)
2 af [ measured (packaged)
- - (] ;e modeled (unpackaged)
v =V(R+jwL)(G + jwO) (27) « Y e, P
R+ jwL T T -
Zc - l (28) 60 1 1 1 1 L 1 L
G+ jwC o 2 4 6 8 10 12 14 16
Where Frequency (GHz)
_ Fig. 15. Comparison between simulated and measured return losses for an
L=~ \/eet(Zo/c) (29) on-chip 502 microstrip line housed in a 32-pin BGG package.
C = \/Eeff/(ZOC) (30)
R =~ 2R, /w (31) of the values for the GaAs substrdtans = 6 x 10~*) and
G ~ witan §y/za /( Zoc). (32) molding-resin superstrafean 6 = 0.018) with the filling factor

and, thus, evaluated &sx 10~* x 0.6 4 0.018 x (1 — 0.6) =

In (29)—(32),c ande.; denote the speed of light in free spac&.56 x 1073,

and the microstrip effective dielectric constant, respectively, andAs a result, the insertion and return losses for the packaged
R, = \Jwup/20. is the surface resistivity of gold with, = microstrip line have been calculated from (26) and compared
4.11 x 107 S/m. The on-chip microstrip line can be considereth Ansoft's HFSS simulation results based on the constructed
embedded in an inhomogeneous structure with a GaAs subst@ie configuration in Fig. 14. When all the simulated and mea-
(- = 12.9) and a molding-resin superstrdts. = 3.9). To re- sured data are collected and plotted in Figs. 15 and 16 for the re-
alize aZ, = 50 2 line, the simulated microstrip widtfw) turn and insertion losses, respectively, excellent agreement has
and effective dielectric constafi.) using spectral-domain ap- been observed up to 15 GHz for the results corresponding to
proaches applied to the multilayered microstrip structure [1@Ghe packaged microstrip line. Comparing the calculated inser-
[11] are equal to 5.5 and 9.28 mil, respectively. The filling factotion loss for the on-chip microstrip line, one can see that the
representing the percentage of the electromagnetic fields gisckage adds a slight loss to the line below 7 GHz, but causes
tributed in the substrate region, is estimated close to 0.6. Taesharp cutoff above that frequency. Such a low-pass filter ef-
loss tangent in (32) can be approximated as a weighted averfags results from the impedance mismatch due to the package

v = Zeothyl + jw(Cuy + Cym) —Zteschyl — jwCiym,

o —ZYeschyl — jwChypm, Ztcothvl + jw(Cha + Cym)

(23)
R+ R, + Jobafip R, + jwL
w _ my—1 51 m T Ry Fjwla m T JWhim

[Z1™ = (YT") " + . jwlesRys (24)

an +jWLrn R52 + an + m

D - ] Os + Crn) _jwcrn

Y = (7)o [J(C . 25
[ ] ([ ] ) +|: _jwcrn jw(052+07n) ( )

[ST® = (Z5 ' [U]+ [YT®) (25 U] - [YT®) (26)
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2 b modeled (unpackaged) N Fig. 18. Wire-bonding diagram and equivalent model of the 32-pin BEC
= 4r - package sample under test that houses a chip with specified layout for evaluating
[ the common-ground parasitic elements.
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Frequency (GHz) [ P2
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Fig. 16. Comparison between simulated and measured insertion losses fo D D D D b’”
on-chip 50¢2 microstrip line housed in a 32-pin BGG package. A L B c HET array
R 1 Ly Lsz Rg
14 0 12 ’ . T
C
AT S ICSIRlel E TCh2 Rpy %2
SezTiRGE
12 02} 114
- R
) m
_ m T p.1 i
10 5 04 | {16
T T 3
S Ix 5
o slEosf e Fig. 19. Wire-bonding diagram and equivalent model of the 8-pin BEC
= 2 package sample under test that houses an HBT array for evaluating the resultant
low-pass filter effects. The package parasitic elements have been extracted with
6F 08 120 the following selected quantitie€!s, ~ Cs. =~ 22 fF, C,,, =~ 0.8 fF, L,y =
Lox16nH,L,, ®29pH, R;1 ® Ro2 099, R,1 & R,z = 3.6k,
al N ) ) ) R, ~05Q,Cu =~ Cypo = 37fF, L, ~ 0.39nH, C, =~ 162 fF, R,

22
20 40 60 80 100 120 140 160 322 Q.
Microstrip length (mil)
RLC resonant circuit. The formulation to determine the circuit

Fig. 17. Simulated low-pass filter parameters versus the microstrip length ; A ;
an on-chip 502 microstrip line housed in a 32-pin BGC package. Sr\?;nnegés from the measured reflection COGﬁlCléSﬁl) IS

parasitic elements. As illustrated in Figs. 15 and 16, three pa- _ 1-57, -t jwL,R
=y l=yz — jwC.Z _R._J¥msly

rametersf., RL i, and IL,,.. that represent the cutoff fre- <9 = = 1459, JwCsZo *" Ry+jwL,

quency, minimum return loss, and maximum insertion loss in (33)

the passband, respectively, have been used to describe suc}%ﬂa_ .

low-pass filter response. In the passband, the minimum returr¥ ~— medlan(l/Re(Yﬂ)) (34)
lossRL.x = 17 dB, which occurs at the cu_toff frgquengy L, = median < <%—l>/1m(Yg)> (35)
fe = 7 GHz and also at 3.5 GHz. The maximum insertion wp oW

lossIL..x = 0.6 dB at the cutoff frequency. From the simu- C, = (ngg)—l (36)

lation, we can vary the microstrip length to change the low-pass
filter characteristics. As shown in Fig. 17, a longer microstrigzherew, denotes the radial resonant frequency estimated ac-
line housed in the package has smaller insertion loss and largerding toIm(Y,(w;)) = 0.
return loss in the passband than a shorter line. However, thes&o study the package effects on the nonreciprocal active com-
improvements in the passband are at the cost of lower cutoff fnents, an n-p-n AlGaAs/GaAs heterojunction-bipolar-tran-
quencies. sistor (HBT) array has been housed in an 8-pin BGC
Unlike the microstrip line treated as a two-terminal depackage, as shown in Fig. 19. It comprises several unit cells
vice when cascaded with the package parasitic elementspfadBTs in an array form, which is commonly used for power
microwave transistor in the common emitter (source) coamplification. Each unit cell of HBT has an emitter size
figuration for amplifier applications should be regarded asaf 60 ;m?. The bias conditions are set 8. = 3 V and
three-terminal device with the additional terminal connectedl = 5 kA/cm?. By following the same extraction procedure,
to the chip’s common ground. In RFICs, the common groungle have found almost all the equivalent-circuit elements for the
is usually implemented by designing a metallization patteB8ipin BCCtt package shown in Fig. 19. The only exception is
connecting all ground pads on the chip together. When the chiife feedback capacitancg,,,, whose quantity can be extracted
is housed in a BCEt package, down bonding is performed tanore accurately from the-parameters measured when the
connect the ground pads directly on the chip to the die pad.HBT array is reverse biased [12]. Such a feedback capacitance
measurement set up is illustrated in Fig. 18 for extracting tmesulting primarily from mutual coupling between the intercon-
common-ground parasitic elements in an equivalent paraltections in the base and collector of the HBT array increases
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-_ led (packaged) ------ ed (packaged) ~-----measured (unpackaged)

effect. The other is due to the feedback capacitaftcg,,)
based on the well-known Miller effect. The losses due to bond
wires become a minor part in comparison with the above
effects. The cutoff frequency is determined primarily by the
bond-wire inductance§L;, L;>) and the shunt capacitances
(Cs1,Cs2,Chy, Cho) associated with the mounted and bond
pads. Above the cutoff frequency, the gain drops at a certain
w rate until a turnaround appears. This can be explained by the
T2 345 10 202 T2 545 10 20 common-ground coupling due to the ground parasitic elements
Frequency (GHz) Frequency (GHz) (Lgy,Cy, Ry). The maximum coupling in the stopband occurs
(@) (b) at ground’s resonant frequency, which is about 20 GHz. From
Fig. 20. Comparison between modeled and measured magnitude 6%(a) Figs. 20-22, one can compare to Se_e that the Iow-pass filter
and normalizeds,, and (b)H., and normalizedH., in decibels for an HBT effects on a packaged HBT array with a larger emitter area
array with a total emitter area of & 60 um* housed in an 8-pin BCC*  have a trend of lower cutoff frequency, more gain reduction in
package(C.,,, = 64 fF for this case. . .
the passband, and lower attenuation rate in the stopband. The
modeled results have predicted all the phenomena successfully
from the good agreement with measurements.

Normalized S21 (dB)
Normalized Hz21 (dB)

IV. CONCLUSION

A complete methodology for modeling and evaluating lead-
frame plastic CSPs in housing RFICs has been presented in this
paper. Two examples, an on-chip &0microstrip line and an
HBT array housed in a 32- and 8-pin BEE package, respec-

s s .20 tively, have been examined. It was concluded that the packages
1 2 345 10 20 2 345 10 20 .
Frequency (GHz) Frequency (GHz) caused a low-pass filter effect on both components. The asso-
ciated passband and stopband characteristics can be predicted
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accurately from the established package models.
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