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Complete Methodology for Electrical Modeling of
RFIC Packages

Tzyy-Sheng HorngMember, IEEESung-Mao Wu, and Charlie Shih

Abstract—A complete methodology based on broadband
S-parameter measurement is proposed to establish the electrical SR EaEd
models for radio-frequency integrated circuit (RFIC) packages. m
The research is focused on calibration of the test-fixture parasitics UL T FE LN 111 B RO 17111 1] SEE SEae
to obtain the intrinsic S-parameters from which an equivalent FrRT—
coupled lumped model can be extracted for any pair of package
leads under test. Then a step-by-step optimization scheme is
employed to construct an equivalent circuit for the whole package.

A real example on modeling a 16-lead Thin Shrink Small Outline
Package (TSSOP) has been demonstrated. The established model
can account for various package effects at radio frequencies.

Index Terms—Think Shrink Small Outline Packages, RFIC
packages,S-parameter measurement, electrical model.
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Fig. 1. Test-fixture forS-parameter measurment of the 16-lead TSSOP.

|. INTRODUCTION procedure begins with design and characterization of the test

N modern communication systems, there is a continuofisture made by printed circuit board (PCB) on which the pack-

trend toward higher microwave frequencies for RFICs tages are surface-mounted for measurement. The main function
meet the ever increasing bandwidth for faster data transmissiofithe fixture is to provide good electrical and mechanical con-
At such high frequencies, the electrical parasitics for most paakection to the packages, and also to provide a good landing area
ages become so evident that they degrade the performancéoothe microwave probes. In comparison with the small RFIC
RFICs significantly. There is, therefore, a great need to establigfickages such as TSSOPSs, the electrical length of the fixture is
an equivalent model that can account for all kinds of high-freot negligible even though its PCB layout has been minimized
quency effects, such as resonance, coupling, dispersion, andifighe fixture design. The fixture parasitics due to the multiple
guency-dependent losses. In the past, electrical modeling techdpled striplines and via-holes can be analyzed using avail-
nigues for the packages based on simulation were used to cable simulation tools and verified by measurements. The cas-
struct the equivalent LCR matrices [1]-[4]. However, these maaded microwave-network theory is then employed to remove
trices were mainly low-frequency results and possessed diffictite effects of the parasitics on the measuseplarameters. Our
ties in interpreting all the above-mentioned phenomena effegnal is to acquire the accurateparameters for any pair of cou-
tively. Considering the package as a multiport microwave ngiled leads in the package. In the modeling each pair of cou-
work, some literature [5]-[7] have demonstrated extraction pfed leads is represented by an equivalent coupletbdel. All
the equivalent circuits from measur&dparameters. Owing to the element quantities in the equivalent circuit can be extracted
the limited port numbers of the vector network analyzers, ttaproximately fromS-parameters at low frequencies and then
measured models were always restricted to some critical leagigtimized to best match the measured results over the entire fre-
For modeling the package as a whole, more advarit@a- quency. Finally, another optimization is performed to combine
rameter related techniques have been exploited in our previgadividual coupled-lead models into one integrated model.
works [8], [9].

This paper presents a complete methodology to model small II. S-PARAMETER MEASUREMENT

size and low pin-count packages used for housing RFICs. TheFig 1 shows the test-fixture design for a 16-lead TSSOP. The

package is soldered to one side of the fixture, while measure-
Manuscript received September 9, 1999; revised August 24, 2001. This Werkents are carried out on the other side by probing the via-holes.
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Frequency Range: 50 MHz - 12 GHz
Simulation wrrnsnssnns Meagsurement Fig. 4. Package coupled leads in different loaded configurations. The overall
package length is 6.4 mm after including the outer lead portion.
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Fig. 5. Representation of the test-fixture interconnects and package coupled
leads using cascaded microwave network.

Fig. 3. Comparison of the simulated and measuffguarameters in electrical . . . .
characterization of the test-fixture interconnects. On the right hand side of (1) the matrix with subscriptep-

resents the input fixture parasitics network, while the matrix
) with subscriptR? represents the output fixture parasitics net-
We measure thé-parameters again when the packages ajg i The matrix with subscripP represents the intrinsic net-
surface-mounted to the test fixture. In a similar fashion, Wgqy associated with the package coupled leads. It is noted that
consider loading the package leads in a variety of wire-bondi@fich, 4 cascaded network representation is under an assumption
configurations. For example, in Fig. 4 the coupled leads 2 agglhegiigible coupling among three networks. Since the models
3 to be measured in the 16-lead TSSOP are left open-endedd@fyided by MDS for the PCB via-holes and multiple coupled
the open-path configuration while both leads are wire-bondeglisjines have been verified by measurements, they can be used
to the die pad for the short-path configuration. In the Ioop-thrtB generate the ABCD matrices of the input and output fixture

configuration, they are wire-bonded to each other from the, aitics networks. Consequently, the ABCD matrix for the
bondfingers to form a loop. Note that the other unused leads eBipled leads alone is found by

all wire-bonded to the die pad. This allows our measurement
to be less susceptible to the external noises in the frequency 4 p A B1'TrT4 B A B1¢
range up to 12 GHz. Owing to the imperfect ground eﬁects,TC D} = [C D} [C D} [C D} - @
some package leads tend to act like antennas and start radiating r Pr
above 12 GHz. Fig. 5 depicts the calibration procedure féfter transformation, the calibrategt-parameters for the cou-
removing the fixture parasitics. From the theory of the cascadekbd leads 2 and 3 are shown in Fig. 6. When compared to the
microwave network, the ABCD matrix for combining package-parameters with effects of fixture parasitics, it is reasonable
leads and fixture striplines can be expressed as to see that the phase delays decrease obviously for the reflec-
tion coefficients in the open-path and short-path configurations,
{A B} B {A B} {A B} {A B} ) and also for the transmission coefficient in the loop-thru con-
C D, |C D|,|C D], C D|, figuration. It is noted that the test fixture behaves more like

L R
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the shunt capacitances connected at the input and output pc. ., o

WhiCh can lower the eqUivalemlead impedance t'O ajChieve betlg . 7. Equivalent circuits for package coupled leads in different loaded

impedance match. This explains why the transmission loss in @&figurations.

loop-thru configuration becomes larger in the absence of the test

fixture. In the short-path configuration, the lead and mutual inductances

L;, L;, L;;, and bondwire inductandg,,, and the ground induc-
tancelL,, dominate the5-parameter responses at low frequen-

[ll. EQUIVALENT-CIRCUIT MODELING cies. Their relations are
In considerati_o_n of simplicity and bandwidth, the coupted _,,  j2nf(Li;+ Ly + Ly) — Zo 7
model was empirically found to be a good choice for charactéiit 22 ~ 921 f(Lij + Lo + L) + Zo
ization of the coupled leads in the package. As shown in Fig. 7, janf(Lij + Ly)Zo _ jdn f(Lij + Ly)

the coupled leads to be modeled are under four loaded conSs; = ST ~
figurations, i.e., open-path (op), short-path (sp), loop-thru (It),

and loop-ground (lg), for providing sufficierfi-parameter in-

formation in extracting the equivalent-circuit elements. In the

open-path configuration, it is found that the lead and mutual ca-From (7) and (8) we can solve for the lead and mutual induc-
pacitances(;, C;, C;;, are the dominant factors to determindances

the S-parameters at low frequencies in the relations

(8)

ZZ+4n2f2(Li; + Lg)? ~ Zo

Z SpP
Lij m g r ot (L8130 /2) = Lu = Ly 9)
SOP A 127 £(Cs ; + Ci) ™t — Zo 3) Zo |53
11,22 [J27rf(0171 + Cij)]fl + Zo L“ =~ W — Lg. (10)
2
S =SB~ 5 - @
2+ (2 [Ciy Zo) ™ For the loop-ground configuration, a loop inductance equivalent

to L; +L; — 2L;; becomes the major contribution to the reflec-
whereZ, = 50 2 is the impedance of the measurement systeftion coefficient at low frequencies. Thus,
From (3) and (4) the capacitances can be further approximated

as J2r f(Li + L; — 2L;) — Zo

Sk~ . 11
11 J27l'f(L7 —|— Lj — 2L“) —|— ZO ( )
—tan (LS ,,/2)
Cij= 27er0’ — Ly () From (12) the loop inductance can be found as
1 |S5F
Cyy ~ 2l (6) Z
/ 4 Z op . R o2y _0 lg

[0 [1_ |sorp Li+ Ly = 2Lij 5 % cot (4511/2) . (12)
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Fig. 8. Measurement of ground parasitics for TSSOPs.

TABLE |
EXTRACTED QUANTITIES OF EQUIVALENT-CIRCUIT ELEMENTS FOR THE
COUPLED-LEAD MODEL Loop-Thru

L, Ls Lo L, L, Fig. 9. Comparison of the simulates-parameters based on the extracted
1.266nH | 1.127 nH | 0.360 nH | 0.150 nH | 0.364 nH coupledr model with measurements for package coupled leads.

G C; Cy; C, R
0.168 pF | 0.109 pF | 0.056 pF | 0.92pF | 100 kOH

Frequency Range: 50 MHz - 12 GHz

Simulation = e Measurement

Substitute (9) and (10) into (12), we can determine the bond-
wire inductance in the form

Z
Ly ~ 1 [cot (£S77/2) + cot (£535/2)

4 f
~ cot (zs{gl /2) - |s;1;|} . (13)

The die pad ina TSSOP acts as a grounding device for RFICs. Its
parasitics can be characterized using a simple parallel LC circuit
with resonant frequency. [8]-[10]. Fig. 8 shows the one-port
S-parameter measurement for extraction of such ground para-
sitics. The packages under test are implemented by piercing the
test fixture and molding compound with the center pin of a SMA
connector. The pin tip and ground base of the SMA connector
are soldered to the die pad and fixture’s ground plane respec-
tively. The ground inductance can be extracted from the mea-

) . Y )
Sur_ed phase of reflection coefﬂme(rxtsll) at low frequencies, Fig. 10. Comparison of the simulatétdparameters based on the optimized
which can be expressed as coupledr model with measurements for package coupled leads.

Loop-Thru

~ Zo g
Ly~ ﬁ cot (£571/2). (14) As expected, good agreement has been found at lower frequen-
cies. However, considerable discrepancy has been also found
With additional knowledge of the resonant frequency estimatatl higher frequencies. Adopting these extracted quantities as

from the measured reflection coefficient, the ground capacitarae initial guess, a gradient optimizer in MDS has been used to

is determined as find the optimum quantities by minimizing the sum of the ab-
1 solute values of the difference between two set§-gfarame-
Uy = m (15) ters. The optimization is performed up to 12 GHz and the re-
g

sults for theS-parameters and optimum element quantities are

As an example, the extracted quantities of the equivalent-cghown in Fig. 10 and Table |l respectively. One can compare

cuit elements using the above expressions for the coupled letmisee that after optimization the quantities of lead inductance
2 and 3 in the 16-lead TSSOP are listed in Table I. The genand capacitance decrease, while the quantities of mutual induc-
atedS-parameters from the equivalent circuits are further contance and capacitance increase. The variation of these quantities

pared with the original measurement data, as shown in Fig.ifplies that both inductive and capacitive coupling coefficients
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B Our extracted quantities

TABLE I
OPTIMIZED QUANTITIES OF EQUIVALENT-CIRCUIT ELEMENTS FOR THE nH [ Ansoft's simulated results pF
COUPLED-LEAD MODEL
L. Ls Las Le L 1y 02
1.191nH | 1.045nH | 0.394 nH | 0.150 nH | 0.364 nH iy i ;
1B L ol
C; C;s Cy3 C, R 05 l . ] I
0.139 pF | 0.094 pF | 0.061 pF | 0.92pF |0.992 kOH > &% Q% BN I Bp OF 5N G 5N .00
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Cy /21 = 1 ng R L”__ S lczo / Fig. 12. Comparison of the extracted equivalent-circuit parameters based on
Ci3/2 Cpl2 3 7 Cpl2 Ci3/2 our approach with the Ansoft simulations.
o T aaas T
C30/2] s 1Cw/2 compari ith th titi lculated using the Bound
° R parison wi e quantities calculated using the Boundary
° : ° ° ° Element Method (BEM) in Ansoft's Maxwell Q3D Extractor
: d R d : has been provided in Fig. 12. In general our extracted quantities
o R o agree well with Ansoft’'s simulated results except the mutual
Con 2 lc /s capacitances. It is noted that the Ansoft simulation is based
/2] 1 80 on a quasistatic approach, which usually underestimates the

Fig. 11. Complete electrical model for the 16-lead TSSOP.

TABLE Il
QUANTITIES OF EQUIVALENT-CIRCUIT ELEMENTS FORCOMPLETE ELECTRICAL
MODEL OF THE 16-LEAD TSSOP

SO0 jot | =2 | o3 | = | =5 | =6 | =7 | 18 | j=0 | CuoP)
L; (nH)
i=1 0.065(0.006{0.001| 0 0 0 0 [0.168] 0.240
i=2 0.436 0.061{0.005(0.001| 0 0 0 0.054; 0.186
i=3 0.209/0.394 0.061{0.005/0.001] 0 0 10.036| 0.170
i=4 0.114/0.187|0.394 0.061/|0.005/0.001f 0 1]0.036| 0.170
i=5 0.067/0.103|0.187/0.394 0.061/0.005/0.001]0.036 0.170
i=6 0.039/0.06110.103|0.187|0.394 0.061(0.006|0.036/ 0.170
i=7 0.019/0.035|0.061{0.103|0.187/0.394 0.065[0.054] 0.186
i=8 0.009(0.019(0.039(0.067(0.114{0.209[0.436 0.168| 0.240
L;(nH) {1.751]1.238]1.1211.121{1.121|1.121]1.238|1.751

tend to increase with frequency. To include the frequency-de-
pendent losses resulting from the skin effects and dielectric loss,

an optimum resistanck in parallel with the inductance for the
individual lead has been also simulated.

capacitive coupling at high frequencies.

IV. CONCLUSION

A complete and rigorous technique for electrical modeling of
RFIC packages has been presented. The procedure includes the
test-fixture design and characterization, coupled-lgégzhram-
eter measurement and calibration, and optimization schemes for
establishing the equivalent circuit of the whole package. An
equivalent circuit for a 16-lead TSSOP has been developed as an
example. The simulatei-parameters for many coupled leads
loaded in different configurations have been matched against
measurements. Good agreement can be found over a wide fre-
quency range up to 12 GHz.
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