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Abstract — In this paper a new methodology to model Bonding wires
the power supply network of complex integrated ciraits b .
meaF;]s of circFl)JFi)t);nd electromagngtic simu?ations dhterna)ll Building blocks || [y]
building blocks is proposed. The models obtained by
adopting this methodology can be employed by silico
manufacturers to perform SPICE-like simulations in the
early phases of a chip development with the aim tanalyze
and optimize their designs in terms of EMC performares.
The comparison between measurement results on an &b
microcontroller with model simulations validates the
proposed approach.
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1. INTRODUCTION

Due to the semiconductor technology scaling trend
integrated circuits (ICs) are among the major sesirof

electromagnetic emissions (EMEs) at the systemk:leve Bonding pads Dlﬁbdmmu D
The ever-increasing operating frequency and integra

density of ICs are causing steep currents to flowugh
the on-chip power supply network (PSN) and the pgek )
frame, driving the generation of radiated and cotety and LEECS models are powerful black-box (i.e.
emissions at printed-circuit-board (PCB) level. &esh behavioral) macro-models of ICs that s_emlconductor
activities focused on reducing EMEs of ICs haveManufacturers provide to system designers to be
received increasing attention in recent years duthe employed as equivalent emission sources in computer
advantages that on-chip mitigation techniques offsM Simulations of EMEs at the PCB-level [3,4]. The
can offer compared with PCB-level solutions [1,2].Parameters that describe such models_are dgrmethls
Transistor-level simulations could provide designeith ~ PUrPose, from measurements or simulations at the
insight as to how their design solutions contribitehe ~ €Xternal ports of an IC. As a consequence, althabgh
generated emissions and how to implement moditinati  can also be employed by IC designers in the preényi

that will result in lower EMEs. However, simulatoof ~ design phases, detailed information on the impdct o
complex ICs are not feasible and simulations aigher ~ design parameters and the effects of design matidies
abstraction level cannot provide the required imiation, ~ O delivered EMEs cannot be obtained. The proposed
In this work is presented a methodology to model th Methodology also differs  from other ~modeling
PSN of mixed-signal ICs, like microcontrollegsds), by ~ teéchniques, such as that described in [S5], wheee th
constant, lumped and linear parameters obtained b§er|v_a_t|on of functional model blocks requires trse of
simulations performed in the early design phaséwm T SPecific software tools. _
proposed model allows one to investigate EMEq@$ N this paper, the proposed model methodology is
by carrying out low time-consuming simulations in adescribed for a generiaC with the aim to predict
SPICE-like environment. The methodology is based offonducted emissions induced by core switching igtiv
the assumption that complex ICs are composed oihd delivered through input/output (IO) ports. The
functional blocks, each devoted to a specific fiomgtbut ~ €omparison between measured and simulated scatterin
also PSN at the chip- and the package-level anaisitir (S) parameters at exte_rnal ports of an 8t and the
propagation paths for disturbances like the sutestra Comparison betwee_n simulated and measured conducted
Realistic circuit models of functional blocks cae b EMES of the device under test are presented and

extracted from transistor-level small-signal simioas ~ commented on.

and from an estimation of area occupancy.

The model of interconnects is derived in terms &CR 2~ MODELING METHODOLOGY

parameters obtained from electromagnetic simulationConducted EME of ICs originates from currents flogyi
and by considering the parasitic coupling throuph t through the PSN during transistor switching. Insthi
semiconductor substrate. The approach proposedhét w context, the impedance that loads the on-chip power
follows differs from those available in the litaneg like  network is the reason for the coupling of distudzmn
the ICEM and the LEECS models, in some ways. ICEMamong the different sections of an IC and it detees
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Fig. 1. Block diagram of a genefi€.
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Fig. 3. 10 port models: (a) high output; (b) lowtput (c) higr
impedance three different equivalent circuits for 10 portatitan be

the amount of emissions that will be delivered fromobtained by small-signal simulations for differenttput

external ports. Such PSN impedance consists of th@dic levels. . , -
impedances between power supply terminals of e@ich |The model of the.d|g|tal _blocks is shown in F|gb);and
functional block and that of supply interconnects. it has been obtained with reference to the chaithef

With reference to the diagram of a genet€ shown in :hree. |tnverters|vThowr(11 in Fig.4. W'thdl?l_?'c input ?z.
Fig.1, functional blocks can include a digital cepztion, t[]aenrséssics):ilé\ﬂpé ié?] a\?vhillt\e/kn arMe ognznl\/g a?)e/ g\,%ﬁ(r;?]gdm
memories, analog-to-digital (ADC) and digital-toatog gion, ¥ Ma, P

. . off. My, provides a low resistance patly) from node B
(DAC) converters, timers and counters, inputfoul0) to VS, thus placing the gate-source capacitance of

ports, serial communication interfaces and osoitlat M, between VDB and VS$e. Similarly, My

circuits. Variations in the functional blocks_mayis& connects theCye, of M3, between VDR and VS$e,
from one manufacturer to another. Non-functionatks  \yhile with A=0 the role is reversed. Focusing aitem
within t_he uC in Fig.1 consist of the passive POWET o the inverter #2, the average raigyn, between the
supply interconnects composed of traces routecigk ¢ effective capacitanc€eny) at its power terminals and

level, bonding wires and package lead-frame comusict  the total inverter capacitan@zyny can be derived as
The impedances between supply connections for each

block have been computed as explained in whatdllo K, = = =
and then they have been assembled together to dorm Cot(inv) Yj=pn (Cgsj + Cgsj) CoxAc
complete model for the wholeC. To be able to simulate
emission properly, the model also includes the gtca
network of the semiconductor substrate.

Fig. 5. Per-unit-length MTL model of a packageme an
bonding wire structure havingterminals.

Ceff(inv) ~ pOCgsp + plcgsn pOCgsp + plcgsn

whereAc is the sum of the transistor channel areas (WL)
and p, and p, are the probability that the inverter will
operate with O or 1 at its input [6]. Supposingtttie
2.1  Functional Block Models inverters have been designed for equal rise amdirfad

) i delays using nMOS and pMOS transistors with thrigsho
In this work, the impedance seen between the SUpprOItages\/THn:|VTHp| then [7]

terminals of the analog blocks have been derivedhfr

small-signal AC simulations performed at the tratwst Ton = 1 Lk, = .unCOX%

level of each block with their input and output tsor kn(VDDpiG — Vran) Ly

loaded with the equivalent impedances of the camec The model of the generieth digital block with area
circuits. The analog sections, in fact have limigid-  has been obtained with reference a simplified &&chire
sizes that allow designers to perform low-time conilg composed ofN cascade elementary inverters each with
simulations. The model of analog blocks is shown inareaA;,, powered by the same supply rail. Capacitabge
Fig.2(a). Different circuit parameters can be cotedlby  and resistanc® in Fig.2(b) areCc=CoNKef(inyyAc and
modifying configuration inputs (if present) to aym the ~ Re=ro/N, where N=A/A;,,. Such a procedure simplifies
impact on EMEs of a specific operating mode of thethe derivation of the model of large blocks assyran
block. The model of the 10 ports has also beenvedri reliable estimation of the required impedance.

from transistor-level simulations performed at supply
pads and with the aim to simulate the impact ofecor
activity on the conducted emissions delivered tgtolO  Interconnects, together with the substrate pacasiti
ports, the circuit model of I0s also includes thecoupling, are the main reasons for disturbance lowyp
impedance seen from the output terminals. Fig.3vsho between theuC blocks and they also contribute to the

2.2  Model of the Interconnects
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impedance seen between power terminals. In order §| r,,. Vi i - .
take into account distributed effects on  theselLY" Digital| | = =Vin g
interconnects due to the ever-increasing scaliegdtr CT ocore = A
both the on-chip supply lines and the package fraawe Reore f g
to be described by a RLC per-unit-length multicastdu |
transmission line (MTL) model. As far as the modél = : :
conductors routed on silicon is concerned, a MTrcut RMemoryli {4

. : S S wlmiaVSSp
can be derived from the technology cross-sectior hip PSN]

geometry and layout design by applying simplifiaat b
accurate formulas or using specific simulation $oid].
The models of package lead-frame and bonding wires
due to their complex geometry, can be derived from';' MODEL VALIDATION

guasi-static electromagnetic simulations orThe methodology for modeling the IC PSN has been
characterization measurements. Fig.5 shows an d&ampvalidated by measuring the S-parameter at extgrowb

of a section of a per-unit-length MTL model thahdze of an 8-bituC and then comparing experimental results
employed for both the on-chip conductors and thewith model simulations in the 1MHz to 1GHz range.

Fig. 7. Schematic Circuit of @&C model.

package lead-frame. The uC has been programmed in order to have the
central-processing-unit (CPU) and peripheral clock
2.3 Substrate Model stopped and all the 10 ports have been configuoed t

The parasitic coupling between the power supply output a low logic level. Circuit model of theC
connections of core circuits with those of diffaré@  functional blocks has been derived as described in
building blocks through the common semiconducter di Section 2 withpe=p;=0.5 andKefny=0.25. Package MTL
can represent an efficient propagation path fodoosted model has been derived from quasi-static electrowihg
disturbances Major concern arises in modern CMOS simulations [10].

technologies, which in order to avoid latch-up esu A two-layer PCB (FR4 materiak=4) containing only
employ a heavily doped substrate covered by alyight the uC has been designed and fabricated to perform S-
doped epitaxial layer with the same polarity. Sitkke  parameter measurements. Measurements have been
substrate has a very-low resistivity and it camégarded  carried out by employing a two-port &0 network

as an equipotential node, power supply currentlyeas analyzer connected to the€ pins through ground-signal
flow through the substrate thus inducing couplingag  (GS) microwave PCB probes calibrated by the short-
different on-chip blocks. . o _open-load-thru (SOLT) procedure.

The model of such a coupling mechanism is shown iSupply voltage (VDD=3.3V) has been provided during
Figs.6 (a) and (b) where tHe,, describes the resistive ihe measurements to theC through the microwave
coupling due to substrate contacts andGhg represents probes using the bias-tee feature of the netwoglyaar

the capacitive coupling due to reverse-biased tiswla \yhjle all the VSS pins have been connected to @B P
junctions. Ry, and Cy.ei can be derived by analyzing the ground reference voltage. Fig.8 shows, for examipie,
layout and the technological characteristics ohdalock comparison between measured and simulated open-
(e.g. cross-section geometry and doping profile) BR  circuit impedances obtained from measured S-pasmet
taking into account the number of substrate costg@it of the two-port network consisting of the VRE:VSS

The model of the PSN at chip-level also shouldudel port (port 1) and the VDR-VSS port (port 2) when all
electrostatic discharge (ESD) protections and rfille e remaininguC pins have been left open (see Fig.7).
decoupling capacitances that contribute to the PSNpe sensitivity of model parameters on the simoteti

impedance with an equivalent decoupling capacitance pss peen investigated with the aim of reducing the
Finally, Fig.7 shows the schematic circuit of theNPof complexity of the models.

the generiq.C in Fig.1 obtained by assembling the circuit

mode_ls of each building block derived by the pr(_asly 4 PREDICTION OF CONDUCTED EMISSIONS
described methodology. In order to describe the

switching activity of theuC, the model of the Fig.7 also The proposed model has been employed to compute the

includes the current sourcly connected to the core conducted emissions induced by core switching dgtiv
section. and delivered through the 10 terminals of the above
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describediC. The device has been programmed in ordepyyiol. C. Forzan and G. Graziosi.

activated to count inside an infinite loop. Operas are

synchronized to the frequency of the internal ¢estoif
and no external oscillator is required. Finallye tHO
ports have been configured to output a low logiele

Conducted emission measurements have been performed

at 10 pins by using the same PCB cited in Sectiohh&

input port of a spectrum analyzer has been condeote
the output port of the 1%D matching network, as

prescribed in the part 4 of [11] through a GS prabd
the spectrum of

the voltage developed actioss

spectrum analyzer input impedance has been measured

The puC activity has been described by &ncurrent
source with a triangle-shaped pulsed wavefoFig.9

shows the comparison between the measured speatrum

an 10 output port of theC and the model predictions.

5. CONCLUSION

In this work a circuit model of aaC PSN has been

extracted with the aim to provide insight into tBME
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