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Behavioral modeling of IC core power-delivery
networks from measured data

Igor S. StievanoSenior Member, IEEE, Luca RigazioMember, |EEE,
Ivan A. Maio, Member, IEEE, Flavio G. Canaverokellow, |IEEE,

Abstract—The modeling of the core power-delivery network of
digital ICs is addressed by a black-box approach, leading tan n-
port equivalent of the IC. The model parameters are estimate
from external measurements carried out at the IC ports. The
modeling procedure is demonstrated for a commercial NOR Flah

responses and allows for multiport models. The test vehigle
which we demonstrate the proposed approach is a commercial
IC Flash memory designed for stacked System-in-Package
(SiP) applications. This is a 512Mb NOR device in 90nm

Memory in 90 nm technology housed by a specifically-designed technology produced by Numonyx.
test fixture.

Index Terms—Digital integrated circuits, 1/0O ports, power de-
livery network, circuit modeling, macromodeling, power integrity.

Il. STATEMENT OF THE PROBLEM

In order to discuss the modeling of IC core power delivery
networks, we focus on stacked SiP devices. These devices are
|. INTRODUCTION composed of a number of silicon dies encapsulated within

High-performance applications, as those occurring in coﬂ::-e samke packa%e and cr?nnecFed rt]hrough b?ndlng WIres t?
verging technologies where the coexistence of analog bloc '€ package pads as shown In the example structure o

high-density memories and digital processing units leads Fig. 1. E?r ':jhe?re stru;:t?]res, a S'gg:.e model achunJm? ;or
complex and critical systems, grow in importance in thE'€ combined effects of the power delivery network and of the

recently-proposed multichip architectures. One of thel-chzi)actage ?nterconnlects afs Isfeenr:‘rogw the VDD}]VSS Iba|:§m0f%[he
lenges of these modern systems solutions is the predict fekage Is scarcely usetul for the designer, who Is lookumng

of the switching noise generated by the current absorptfont € maximum .erX|b|I|ty In comblnln_g different modulgs and
digital circuits, that can interfere on the stable funciignof 3SS€SSINg the impact of several available packages. Iticdi

the entire multichip system. Hence, reliable models of thre c package models, possibly including the mutual effects amon

power delivery networks of integrated circuits (ICs) argtty 1€ Palls, are customarily available from suppliers or can b
desirable obtained via 3D-EM simulations or measurements. Therefore

Behavioral models of the IC core power delivery networkd this paper, we decompose the stacked device into eleryenta

have already been proposed and exploited in [1], [2], whelits and we separately model each element.
simplified and physically-inspired circuit equivalentseatpt

to describe the different blocks involved in the power datjv PKG die 1
network of the digital IC. Efforts are made to define and im- _____________ \ K\E -~ .,/.
prove the basic circuit equivalents and to provide a setofge ~ IPKG _ die #2 | e T
eral guidelines for the computation of model parametemnifro | —1 b! di sl -
both numerical simulation and real measurements. However, | ﬁ%@ﬁ&;”g @ vp2 o
the estimation of model parameters from measured data and £+ R ,' '//. — E\\E
the inherent multiport nature of the power delivery struesu L i e g
of ICs, are scarcely addressed by the current literature. i Vksé ~ \;3]/) ~

In this paper, the behavioral modeling of the IC core power
networks is addressed_ b_y a blaCk'bO_X apprpach. This approggy 1. Typical structure of a stacked system encapsulatedsingle package
amounts to characterizing the device being modeled as (&ifft panel: side view; right panel; top view). The core powelivery network
n-port element defined by a set of network functioag, of the die #1 is represented by the multiport structure ddfimethevDD1 —
. . . . ' ysS1 and VDD2 — VSS2 pairs of pads.
by the admittance parameters, without using information on
the internal structure of the device. The model parameter
are obtained from the port responses of the power deliver
network, only. The modeling procedure benefits from simp
relationships between the model parameters and the melaSLIjl

S'I'he generation of a model for the power delivery network of
?/e #1 of Fig. 1 amounts to defining a suitable relation betwee
g voltages and currents at the two ports defined by terminal
DD1 — VSS1 and VDD2 — VSS2. Under the assumption that

Manuscript received ...; revised ... the power delivery network being modeled behaves linearly,
_The authors are with the Dipartimento di Elettronica, fefiico the relation can be expressed by a set of network functions.
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We adopt an admittance representation, relating voltagds a
currents as follows:



B. Short-circuit current sources

[ ?(S) ] =Y(s) { Va(s) ] + { Ai(s) } (1) The computation of the current sourcés and A, of Fig. 2
2(s) Va(s) As(s) . o : :
is the most critical step of the modeling process and special
whereY (s) is the admittance matrix in the Laplasalomain; care must be taken in collecting, interpretating and pisings
A (s) and A, (s) represent the non-autonomous responses {6 measured data.
the system and account for the switching activity of theesyst ~ From a theoretical point of view, the determination of the
itself. The circuit equivalent of (1) is shown in Fig. 2 and igerms would require the measurement of the currents flowing
used to represent the modeled power delivery network.  through ideal short-circuits terminating the die pads.(ete
VDD1 andVSS1 pads on the right panel of Fig. 1). However,
vopg 11(8) 15(5) yoa in practice, the pads cannot be shorted and the circuit tpera
of the die must be ensured with the device mounted on a test
board. Hence, the activity current can be measured on the
board only,i.e., after it has gone through the bonding wires
and some board wiring. Figure 3 shows the equivalent circuit
of the setup for the measurement of the activity curient).
This setup is representative for a die mounted on a board with
Fig. 2. Multiport Norton equivalent of the power supply netw of the the bonding wires connecting the die pads with the PCB traces
die #1 of Fig. 1. on the board. For the sake of simplicity, the die is described
by a two-terminal Norton equivalent and the external power
supply provided by a voltage regulator and a possible shunt
capacitance is simply represented by the ideal baitgyyFor
the example memory chip of this study, typical valuesCof
This Section summarizes the procedure for the estimati¢iepresenting the capacitive behavior of the power netjark
of the Norton model of the core power supply network of & the range [-10] nF, as outlined in [3]. On the other hand,
digital circuit like the die #1 of Fig. 1 and addresses pdssibthe dominant inductive effects of the two adjacent bonding
difficulties in the computation of model parameters. wires is represented by the loop inductarceonventionally
attributed in half to each of the bonding wires (see Fig. 3) [4
[5]. In the simulations of the following Sections, we adopt
A. Short-circuit admittance matrix Y (s) C = 3nF andL = 4nH.

The estimation of the admittance matiik(s) is obtained 1N transient curreni,,(t) is obtained via an indirect
from the scattering frequency-domain measurements of tRgasurement of the voltage drop across the- 112 resistor
multiport structure of Fig. 1. It is worth noticing that the-o Of Fig. 3. This method, following the standard for the mea-
chip probing, when available, is the best option to colleeam surement of the conducted emission of ICs in the range from
sured data that can be readily converted into the admittarffet© 1GHz [6], has been selected among a limited number of
representation (an example of such test strategy is alailaB0SSible alternative techniques, since it is simple to ément
in [3], where partial results are available for the same tedfd leads to accurate results in practical applications [7]
vehicle considered in this study). On the other hand, when
the spacing of the supply pads does not allow for the on-chip IC (die) bonding wires jﬁfgﬁg‘iﬁ?}ig};‘;
probing or the number of ports exceeds the number of RF ;--------------+
probes that can be used simultaneously with a probing statio i
(generally limited to a few units), the off-chip measuremen |
is the only available option. In the latter case, the die must | -
be encapsulated in a custom package or directly mounted or]I
a board with the bonding wires connecting the die pads to:
the board traces. In this case, however, the computatiomeof t
admittance matrix of the power network of the die requires

special care to de-embed the effects of the test fixture. Fig. 3. Simplified equivalent of the setup used for the meament of the
re power supply current of a digital IC. Current is indiheameasured

It goes without saying that the measurements do not direc#lyough the voltage drop on the series resistoe 1 Q.
provide a computational model that can be used in a simualatio

environment like SPICE. Experience, supported also by therpg reconstruction of the source teutt) from the transient
evidence that the die is electrically small, teach us that t%urrent measurement, (¢) is theoretically obtained in the

mterpre_tanon of (1)_ and its conversion into an eqUIVaIerI]_taplace-domain by means of the backward application of the
circuit is rather straightforward. As an example, the resul.,-rant division rule (see Fig. 3):

collected in [3] confirm a smooth behavior of the entries of

the admittance matrix in a frequency range up to 10GHz,

that covers the next generation ICs and justifies the moglelin  A(s) ss(8)H 1(s) = 5
via lumped simplified equivalents. = L (s)(LC)(s* + s(r+ R)/L+1/LC). 2)

vss1

I1l. M ODELING PROCEDURE

\
~



This operation, however, is ill-conditioned because of theot limit the application of the extracted model, since, day
high-pass filtering behavior of the network external to thegractical application, the die will be connected to the @ayek
die, as evidenced by th& ! plot of Fig. 4. Thus, the net traces via bonding wires as shown in Fig. 1
effect is an amplification of the high-frequency noise of the The proposed procedure can be easily extended to the mul-
measured,(t) signal, leading to an(t) waveshape severelytiterminal case, like the two-port structure in Fig. 2, byane
plagued by the noise. A detailed discussion of the inheresft current measurements at the terminal pads, as shown in
limitations of the inversion procedure of (2) is presentad iAppendix B. Briefly speaking, this can be achieved as foltows
Appendix A, where this argument is supported by a set tfe test setup of Fig. 3 is suitably modified by replacing
numerical simulations based on the ideal structure of Fig. 3he two terminal Norton equivalent of the IC core with a
multiterminal equivalent obtained by replicating at eadntp
the SMD probing resistor (see Fig. 13). With this modificatio

50r ) the matrix equation obtained form the computation of the
measured port currents turns out to be an extension of (2-3),
0 , thus allowing the reconstruction of the different souraente
(@) =]l (w)/AGw) dB with the same robustness to high frequency noise of therscala
D case.
~50/| — |H(jw)| * dB 1
10° 10' 10° 10° C. Model generalization

f MHz
In a real application, the bonding wires might be different

from those used for the measurement of the switching current

Hence, the device model needs to be rescaled with respect to
the parameters of the actual case in use. In analogy with (3),
the actual Norton equivalent becomes:

Fig. 4. Bode plots (magnitude) of the transfer functidfiés) = Iss(s)/A(s)
and its inversefd ~1(s).

IC (die) + bonding wires

o - 8 +s(r+R)/L+1/LC
ix(s) = Lis(s)(L/L) 2+ s7/L+1/LC 4)
¥(s) Y(s)=(1/sC+7+sL)"!

where the series resistanéeand inductancd. of the actual
bonding wires need to be known independently. In general,
the designer is able to estimate these parasitics by means
Fig. 5. Proposed Norton equivalent that accounts for thectsffof both the of emplrlcal ConSIderathnS_ or via EM SImUIatIO.n' Model (4)
die and the bonding wires. represents a useful building block for a designer needing
to assess integration scenarios for the device or conduct

In order to overcome this problem, we propose a neRerformance analyses at multichip level.
model for the device, including the effect of the bonding
wires. This amounts to build a Norton equivalent of the part IV. MEASUREMENTS RESULTS

of the circuit to the left of portvDDb-VSSb in Fig. 3. As  This Section collects the results of the real measurements
shown in the scheme of Fig. 5, the two elements of thigarried out on the example memory chip mentioned at the end
new equivalent are the parallel admittaricés) = (1/sC' +  of Sec. I. The Norton equivalent of the die power network,
r+sL)~! and the short-circuit currem(s) = A(s)H(s) = including standard bonding, is also identified.
(A(s)/sC)/(1/sC +r+ sL), that corresponds to the current |n order to implement the ideal setup of Fig. 3, a test
flowing through an ideal short-circuit connecting the tetats phoard has been suitably designed. The board, shown in Fig. 6,
VDDb andVSSb. With the help of (2), we can readily expresss composed of a general-purpose control circuitry for the
the new Norton source in terms of the measured curient, operation of the device under test, and of a measuremend boar
holding the IC under test and the measurement fixture. The

Als) = A(s)H(s) = (Lss(s)H"1(s))H(s) = measurement board is connected to the control board via a pai
s2+s(r+R)/L+1/LC (3) of 40-pin QTE connectors, and can be replaced to test diftere
Iss(s) 2+ sr/L+1/LC ICs. The memory controller has been designed to allow the
memory to operate at 66MHz and perform repeatedly the basic
where H(s) = A(s)/A(s). cycles Program, Erase, Read).

Equation (3) turns out to be much more robust to measure-The ad-hoc measurement board contains also a female SMA
ment noise, since the combined transfer functibn! (s)H(s) connector close to the VSS reference pads (see Fig. 6). Such
is unitary at high-frequency and does not amplify the meaennector is used for the inclusion of the? probe, mounted
surement noise. The reader is referred to Appendix A fon a male SMA connector and designed according to the
additional details and for a quantitative justification bt guidelines of [6]. The indirect measurement of the switghin
previous claim. It is worth noticing that this solution doesurrent via the voltage drop on the series resistor wasezhrri
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Fig. 6. Measurement board for recording the core switchirtyity current
for the example IC.

. . .. Fig. 8. Impedance seen from the terminals of th@ resistor of Fig. 3.
out with a LeCroy WavePro 7300A scope (3GHz bandwidtiyashed fines: real measurement carried out on the test b, 6 solid

10GS/s). Preliminary measurement results can be found.in [Bes: prediction obtained via a lumpddC equivalent like the one of Fig. 3
Figure 7 shows a slice of the measured transient curréht= 77, C = 3.5nH).

iss(t) observed during the erase operation phase and its

frequency-domain spectrum, thus confirming the same behav-

ior observed in the simplified analysis of Appendix A.
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tus Fig. 9. Measured transient curreiy(¢) of Fig. 7 (solid gray curve) and
short-circuit currenti(t) of the Norton equivalent computed via equation (3)
< 0 (dashed black curve)
&
=}
z 50 . .
S be extended to an arbitrary number of ports and is con-
= 100 sequently suited for the estimation of a multiport Norton

equivalent.

f MHz

V. CONCLUSIONS

Fig. 7.  Measured transient curremfs(¢) carried out on the example

commercial memory chip (top panel) and its related specftttom panel). This paper addresses the generation of a black-box model of

the core power delivery network of a digital IC. The proposed

The SMA connector of Fig. 6 has also been used to measf#@d€l, that is defined by a multiport Norton equivalent, can
the Sy, scattering parameter needed for the computation of tR8 obtained from measurements carried out at the IC ports.
equivalent admittance seen from the terminals of the msistl N€ effects of the measurement noise, that introducesipaact
and therefore for the estimation of the setup capacitaficeConstraints in the computation of the source terms of the
and inductancd. (see Fig. 3). Figure 8 shows the measureguivalent, has been demonstrated. A systematic procedure
frequency-domain admittance compared with the respor%’éab“ng the estimation of a simplified yet representative

predicted by theLC' circuit equivalent of Fig. 3. The valuesModel including the bonding wires of the device, has been
of the circuit equivalent were estimated via simple fitting. Proposed. The feasibility of the advocated approach has bee
As outlined in Sec. Ill, the measured current respapse) demonstrated through the modeling of a commercial IC mem-

of Fig. 7 is used to compute the Norton current sourg@g via °"Y from data measured by means of a specifically-designed
equation (3). The measured response and the estimated sHggf board.
circuit current are shown in Fig. 9, that confirms the fedijbi Acknowledgements
and robustness of the proposed approach. This paper provides a systematic and unified interpretatfcseveral

It is worth noticing that the test board specifically desijneactivities carried out under the MOCHA (MOdeling and CHAr-
in this study allowed the estimation of one transient curreacterization for SiP - Signal and Power Integrity Analysigant
only, and therefore the estimation of a single-port Nortom. 216732 of the European Communitys Seventh Framework Pro
equivalent. However, the advocated processing technigone gramme. A. Girardi, R. Izzi, A. Vigilante and F. Vitale (Numyx,



Italy) are gratefully acknowledged for providing the exdengst chip amplification of the measurement noise, preventing thectlire
and the support for the design of the test board used in thiyst computation of the current souregt).

APPENDIX ok
A

The aim of this appendix is twofold,e., to clarify via
numerical simulation the difficulties in the reconstruantio
of the short-circuit currenti(t) from the measured current
activity of the chip (see eq. (2)); also, to demonstrate the noisy case
robustness of (3) and (4) for the prediction of the shorttgtr —_ideal (noiseless)
current of a new Norton model of the IC supply network, built 10° 10" 10° 10°
including standard bonding wires. f MHz

Experience teaches us that the power supply current drawn
by a digital memory is a superposition of a fast switchingg- 11. Frequency-domain spectrum of the(t) current.
activity of the internal gates and of a slower current abtonp ] o ]
corresponding to the enable/disable function of internatra- !N order to overcome this problem, as already anticipated in
blocks [8]. Therefore, the signalt) of Fig. 3 can be idealized _Sec. II_I, we propose the generatl_on of_a new Norton equivalen
by a square wave modulating a combination of current spiki§!uding the effects of the bonding wires. As an example, th

(please refer to the dark curve of the top panel of Fig. 1O)Itop panel of Fig. 12 shows the predicted short-circuit autrre
of the new Norton equivalent of the die including the bonding

of Fig. 3. In this case, the noisy signal (t) is processed by

—-50+

Il_(w)| dBA

Ss

-100r

100+ prediction (direct inversion)

e means of (3),.e, it is transformed by the network function
£ 5 H~Y(s)H(s) shown in the bottom panel of Fig. 12, featuring
e NWWWWWWWWW\ ‘ a flat response in the high-frequency region.

or ]
| 100 ‘ ‘ —
-50 L L £ 1 TN AIEE S & estimation
0 0.05 0.1 0.15 5ol ——ideal - noiseless| |
60
°
<g( 401 —— deal (noisless) &(t) mA
= 20+ 1 =50¢ I / i
b& 0 0.05 0.1 0.15
—_ t us

0.05 0.1 0.15
t us

Fig. 10. Transient waveform of the current souage) defining the switching
activity of the example test (top panel) and the correspundupply current
iss(t) that is possibly corrupted by a superimposed simulahedsurement -10+; : ")
noise (the standard deviation of the white noise disturbance iss 1 mA) 10 10 10 10
(bottom panel).

f MHz

. . Fig. 12. Top panel: short-circuit currefi(t) of the new Norton equivalent
The lower panel of Fig. 10 shows thertua”y measured including standard bonding-(= 100 mS2, L = 4nH); bottom panel: Bode

current responsé(t), corresponding tau(t) in the upper piot (magnitude) of the transfer functiodg—1(s)H (s) defined in (3).

panel. The “measured” current is contaminated by a white

gaussian noise to mimic a real measurement situation. Then the above assessment, no filtering has been applied to
top panel of Fig. 10, in addition, includes the reconstrdctehe noisy signat,(¢), in order to demonstrate the robustness
short-circuit current obtained from the direct applicatiof of the estimation via (3). Also, it is ought to note that tygdic
(2) to the noisy response of;(t), thus highlighting the severe values of the bonding inductanéeare always within the range
degradation of the predicted waveform through the prongssil + 10 nH, leading to a transfer function (3) that modifies the
of noisy data. This phenomenon is described from a differemeasured currerit, (¢) in a frequency region where the signal-
point of view in Fig. 11, where the spectrum of the transienb-noise ratio of the measurements is certainly larger tren
currentig(t) is shown for both the noiseless and the noisyhis demonstrates the general validity of the inversiorcero
case. The two plots of Fig. 11 clearly highlight that the moisdure and confirms that similar results are obtained when (4)
in a real measurement modifies the behavior of the spectrisrused with different values of the bonding parameters

in the high-frequency region,e,, from about 100MHz. The As a final remark, we wish to point out that a careful
application of (2) means to multiply the noisy spectrum adesign or characterization of the current probe.,(of the

Fig. 11 by the inverse transfer functidii—(s) (see its Bode 11 resistorR in Fig. 3) is not required, since the bandwidth
plot in Fig. 4), and this operation unavoidably leads to thef the measured current is relatively small with respect to



frequencies where SMD parasitics can have effects; heng, International Electro-technical Commission, IEC &9 Part 4: Mea-
the SMD resistor can be assumed as an ideal component. surement of conducted emission <4150 2 direct coupling method,”

2006.
[7] F. Fiori, F. Musolino, “Comparison of IC Conducted Enims Mea-
APPENDIX surement Methods,” IEEE Trans. on Instrumentation and Measent,
Vol. 52, No. 3, pp. 839-845, June 2003.
B [8] I. S. Stievano et Al., “Modeling of IC power supply and lf@rts from

measurements,” Proc @8th |EEE Topical Meeting on EPEPS, Portland
This Appendix shows the extension of the proposed method- (1igar4) oregon, pp. 85-88, Oct. 19-21, 2009.

ology for the multiport case. A two-port case is consideiad f
the sake of simplicity, and the equivalent of Fig. 3 is gehera
ized to the equivalent of Fig. 13, where the bonding restsan
have been omitted for simplicity anfl,,, Iss2 represent the
currents flowing out of the power supply terminals of a die
with two VDD-VSS supply pairs.

The measured currents can be obtained from

o] = e H i]

] - -1

()
where the first equation represents the die and the second
equation is the series connection of the bonding impedances
with the two-terminal probing elements.

Equations (5) can be rewritten as

[ ﬁ;g ] (I+Y(s)diag(R + sL)) = [ i;gg } . (6

A similar equation arises when the two-terminal probing
elements of Fig. 13 are replaced by ideal short circuitshén t
latter case, the short circuit currents write

{ 28 } (I+ Y(s)diag(sL)) = { ﬁ;gsg } o

Finally, the combination of (6) with (7) allows to compute
the short circuit currentd; and A, of the multiport equivalent
of the IC (see Fig. 13), including the bonding wires. The
equivalent source currents are determined as functions of
the measured currents,; and 4. As already outlined in
Sec. llI-B, the obtained equation turns out to be robust to
measurement noise and can be effectively used to process
measured data.
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external supply external supply
+ current probe IC (die) + bonding wires + current probe

Fig. 13. Simplified equivalent of the setup for the measurenoé the core power supply currents of a digital IC with two DEVSS power supply pairs.
Currents are indirectly measured through the voltage droghe series resistorR = 1 €.



