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Abstract—More and more system-on-chip designs require the impact of substrate noise on the performance of this analog
the integration of analog circuits on large digital chips and will  ¢jrcuit using SPICE simulations. For an accurate simulation of

therefore suffer from substrate noise coupling. To investigate the ;qq impact, however, the exact noise signal on the substrate
impact of substrate noise on analog circuits, information is needed

about digital substrate noise generation. In this paper, a recently MUSt be known. Since itis not possible to simulate noise gener-
proposed simulation methodology to estimate the time-domain ation of large digital circuits at SPICE level, a new simulation
waveform of the substrate noise is applied to an 86-Kgate CMOS methodology is needed. Simulation methodologies have been
ﬁ;}g Sge% '2‘(’)";#;;2‘3%6\2;{;3/23 bsslg’:ttéart%i;_ehi?:ai'mgﬁg‘r’]’t‘sriiuﬁspresented that make it possible to simulate the total noise cur-
ASIC and the difference between the simulated and measured rent tha,t is injected in the §ubstrate byaQ|g|taI design [3] or that
substrate noise rms voltage is less than 10%. The simulated time Can estimate the total noise power that is generated [4]. These
domain waveform and frequency spectrum of the substrate noise techniques do not simulate the actual waveform of the voltage
correspond well with the measurements, indicating the validity of noise on the substrate, which is needed to simulate performance
this simulation methodology. Both measurements and simulations ye4yadation of integrated analog circuits. Also, no verification
have been used to analyze the substrate noise generation in more . . .
detail. It has been found that direct noise coupling from the of the;e methodologies with substrate noise measurements_ on
on-chip power supply to the substrate dominates the substrate realistic large ASICs have been shown. Most substrate noise
noise generation and that more than 80% of the substrate noise is experiments have been carried out on test chips with dedicated
generated by simultaneous switching of the core cells. By varying digital substrate noise generators [5], [6] or using only small

:Egt p:rf”rg_ectﬁiﬁ F?;éﬂaegisr:r;lifgfnr}qwg dceall‘n 'trgc?lfcg et?]r; C,S?J%gtljrgte: d|g!tal CMOS circuits [7]. In previous wgrk, we'have described
noise rms voltage by two orders of magnitude when compared to @ Simulation methodology that makes it possible to accurately
traditional wirebonding. and efficiently simulate the substrate noise voltage [8], [9] and
Index Terms—Crosstalk, integrated circuit modeling, interfer- the verific.:a'tion Qf th'is methodology With SPICE_ simulations for
ence, mixed analog—digital integrated circuits, substrate noise. & small digital circuit of 1 Kgates. This paper will present an ex-
tension to that simulation methodology and show how it can be
applied on a real digital signal processing ASIC, fabricated on
a low-ohmic epi-type substrate. The substrate noise generation
HE NEED for ever-smaller electronic devices leads to thef this ASIC has been measured and corresponds very well with
development of highly integrated mixed-signal ICs [1]the simulation results. It will also be shown how this simulation
This integration of analog and digital circuits on one silicon sulsethodology can help in the identification of the major substrate
strate will cause substrate noise-coupling problems: the perfopise sources.
mance of the analog circuits will degrade due to substrate noisdrirst, the sources of substrate noise generation and the simu-
generated by the digital circuits. To analyze the substrate noitgion methodology are described. Next, the experimental ASIC
coupling problem before the chip is fabricated, information is presented, and it is shown how the simulation methodology is
needed on the substrate noise that is generated by the digitaplied for this ASIC. The resulting substrate noise simulations
part of the design and on the impact that this substrate no@@ compared with substrate noise measurements on this ASIC.
will have on the performance of the analog circuits. For analdgnally, the substrate noise generation is analyzed in more de-
parts on a chip, itis possible, using commercially available CARil, showing the relationship between substrate noise genera-
tools [2], to extract a SPICE model of the substrate and to stutign and switching cell types, power-supply consumption, and
package parasitics.

. INTRODUCTION
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A. Identification of the Noise Sources 1 automatic standard cell
In order to model and simulate substrate noise generation, ey chavacierzefor
is important to first identify the major sources of substrate nois l
generation, namely, noise coupling from the switching transis substrate fracro oL v switehing noise
tors and noise coupling from the on-chip power supply [10].
Substrate noise is generated by switching transistors intw =~~~ """ 77" """ "7 77~ T T T T T T T Tt

ways: capacitive coupling from active areas and from the gat? — — —

. . digital gate-level digital gate-level switching event
to the substrate and, depending on the technology, by impa — netlist —>  simulation [ listing
ionization. These noise generating mechanisms are all includ l l
in transistor models such as the BSIM3v3 model. , , :

. A . | . chip-level noise total noise

The second source of noise generation is noise coupling fro simulation model injection currents
the on-chip power supply to the substrate. The power-supp! T~ __ _ _________
noise is caused by the package parasitics, such as bondw,
inductance and resistance, in combination with the larg substrate noise
power-supply current spikes that are generated by the switchir voltage simulation
CMOS circuits. Normally, the on-chip ground is connectec l
in every standard cell to the substrate to prevent latchup.
Due to these connections, all the noise on the digital grouﬁ'@- 1. Three-step substrate noise waveform simulation methodology.
will directly couple to the substrate. Because of the parasitic

package and wirebond inductance in the power-supply lin@g;n_jevel simulation model with the total noise current sources,

which is in series with the circuit capacitance between powgh solving this circuit with, for example, a SPICE simulator, to
and ground, ringing of the on-chip power supply can also ocCilyain the substrate noise voltage.
This ringing will couple directly to the substrate and is visible

in the frequency spectrum of the generated substrate noise.
Both noise sources should be taken into account when sim- Ill. EXPERIMENTAL RESULTS
ulating the substrate noise generation of digital circuits. Since

: . To verify the substrate noise simulation methodology, a dig-

the on-chip power-supply noise depends on the package para-_. . . .
o . : ) {tal signal processing ASIC has been designed on which the gen-
sitics, a package model must also be included in the simulatign, ; . i
. . o . erated substrate noise voltage can be measured. In this section,
When only the noise generation from the switching transistars . . . .
: . ; . ItIs explained how the substrate noise simulation methodology
is taken into account, as is presented in [3], then the substrgie . . . .
. . : . as been applied to this ASIC, and the simulation results are
noise level will be underestimated, as will be shown later from .
. . compared with measurements.

our simulation results.

A. Experimental Digital ASIC

. . . Previously, most substrate noise experiments have been per-
The substrate noise simulation methodology [8], sho 4 P b

A ) ! 4 i rmed using dedicated test chips or using only small CMOS
in Fig. 1, consists of three parts. The first part is the librar 9 P gony

gircuits. Our experimental ASIC consists of an 86-Kgate digital

characterization which must be performed once for each ng‘f&nal processing circuit combined with analog substrate noise

tec_hnology. During the library characterization, a SUbStraé%nsors to measure the substrate noise voltage [11], designed
noise macro model is created of every standard cell, a@d
ff

B. Overview of the Simulation Methodology

th ise iniecti i tracted f _Iima low-ohmic epi-type 0.5sm CMOS technology. The digital
€ noise njection currents are extracted for every possiyfe. it is a multirate up/down converter and channel select filter

switching activity for every standard cell. The standard VHDL - - ble modem applications [12]. This chip can upconvert or

gate-level simulation library is also extended to enable ﬂ&%wnconvert 12-bit7 /) data by a factor of 16 and perform

extraction qf all .SW'tCh'ng events during a normal VHDLchannelselection. Fig. 2 shows the microphotograph of this chip
gate-level simulation.

. . and the location of the analog substrate noise sensors. These sen-
The second part of the methodology starts with a giv

. o . . IVEDyrs amplify the substrate voltage by 3 dB in the frequency band
gate-level netlist of a digital design. From this netlist, om 20 kHz to 1 GHz [11].

chip-level simulation model is created, using the previously F

extracted macro models for each separate gate. A model for H?ﬁa stream is provided to the ASIC by a digital pattern gener-

package parasitics is also adqleo_l to the_ch|p-level S'm'”'lat'gfbr. The output data is observed with a logic analyzer. The load
model. Next, the gate-level netlist is used in a normal gate—lev(ﬁlthis logic analyzer, seen by each output buffer of the ASIC
simulation, using the extended simulation library. The outpyt . .o\ 12 pE in pérallel with 100K '
of this simulation is a listing with all switching events. These
switching events are used to calculate the total noise current
waveform, using the current waveforms extracted in step ohe
for each individual gate. The first part of the methodology, namely, the library charac-
The third part of the methodology is the actual simulatioterization, has already been performed [8] and will not be de-

of the substrate noise voltage. This is done by combining teeribed here. It is, however, important to note that the effect of

or the substrate noise measurements, a 12/6)random

Applying the Simulation Methodology
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Fig. 3. General chip-level substrate noise simulation model.
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Fig. 4. Macro model of all core cells combined in parallel.

Vdd Vss Vdde Vsse
77pF 42pF
218pF
33pF
1] 1
1 30pF
H
| 1oPF 53pF_
2]
0.120 52pF
0.750 [':] 0210 0.57Q

substrate

Fig. 5. Macro model of all 10 buffers and power-supply pads combined in
parallel.

The core cell model, shown in Fig. 4, is created by placing
all models of every gate used in the design in parallel. The in-
dividual models can be placed in parallel because a low-ohmic
epi-type substrate has been used and the entire substrate can be
considered as one electrical node. It can be seen that the total re-

the external load (formed by the logic analyzer) on the substraistance between the on-chip ground and the substrate, from
noise generation of the output buffers is taken into accountatl the substrate contacts placed in parallel, is very low ()14
this part of the library characterization and is included in th&o all noise on the on-chip ground will also be present on the
noise current waveforms that are injected into the substrate. substrate.

The second part of the methodology starts with the genera-The model used for the 10 cells and power-supply pads has
tion of a chip-level substrate noise simulation model from thtae same configuration, so one combined model can be created
gate-level netlist of the digital ASIC. This model includes corfor all IO cells and power-supply pads in parallel. This model is
nections between all power-supply nodes and the substrate. hewn in Fig. 5. The only difference between the 10 cells and
substrate noise that is generated by switching digital signalgiswer-supply pads is that the 10 cells are active switching cells
incorporated into a number of noise current sources that modeld contribute to the noise generation. The power-supply pads
the injection of noise into the substrate and the consumptionare passive cells and only contribute to the impedance values in
power-supply current. An example of such a chip-level mod#ie final model.
is shown in Fig. 3. The different blocks in this model are the Next, a model for the package must be added. This model
core cells, the 10 cells, the power-supply pads, the packacgn represent the real package of the chip with extracted or cal-
parasitics, and the external sources and parasitics. The wandated model parameters, but it can also be used to explore
form of the current sources in this model is determined after tdéferent packaging options, by using variable parameters in this
gate-level simulation by combining all switching events with theodel. The experimental ASIC has been mounted in a 120-pin
waveforms for each individual event.

ceramic pin grid array (CPGA) package. The package para-
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sitics of the power-supply connections have been obtained k_4
measuring the impedance of a power-supply pin pair with 12.55 1260 1265 12.70 1275

network analyzer. An average inductance value of 12 nH fo, fime [us]

one Co_nneCt'()n from chip to package pin has been measurl%i.' 7. Comparison of measured and simulated substrate noise generation
These impedance measurements can also be used to checlufbethe digital circuit is performing 16 times upconversion from 3.125 to 50
total on-chip capacitance that is connected over a power supiiz-

The capacitance values that have been measured correspond

well with the extracted model parameters. Since for each supply TABLE |
eight parallel connections have been used, an inductance valu€ompaRISON OFMEASURED AND SIMULATED RMS AND PEAK-TO-PEAK
of 1.5 nH has been used in the package model. This model is SUBSTRATE NOISE VOLTAGES IN A 5-1S TIME PERIOD

shown in Fig. 6.
Finally, a model for the external power-supply sources and

possible printd circuit board (PCB) components and/or para- Vsubms | 13.3mV 120mvV | 9.8%

sitics can be added. In the simulation model for the experimental Vsub,pp 80.6 mV 9%6.0mV | 19%

ASIC, everything that is external to the packaged chip is con-

sidered as ideal, and only two perfect power-supply sources are

included. Parasitic components such as series resistance inielf is entirely defined by the gate-level netlist. With the cal-

coupling capacitors on the PCB have been included in the seriesated current waveforms and the chip-level simulation model,

resistance of the package model. This resistor value is the otig substrate noise generation can now be simulated.

fitting parameter in the entire model. All other model parame-

ters are automatically calculated from the gate-level netlist pf Comparison With Measurements

the digital design and a circuit level SPICE netlist is automati-

cally created for the chip-level simulation model.

measurement | simulation | error

Fig. 7 shows a comparison of the measured and simulated
substrate noise voltage when the digital circuit is operating in 16
times upconversion mode. An external clock source of 50 MHz
C. Obtaining the Noise Current Waveforms is used that is internally divided by 16, which results in data
being upconverted from the 3.125-MHz clock domain to the
Next, the waveforms of the current sources in the chip-leved-MHz clock domain. The rms value of the measured substrate
simulation methodology have to be calculated. This is realize@ise voltage in a s time period is 13.3 mV. For the same time
by first doing a normal gate-level simulation of the digital cirperiod, the rms value of the simulated substrate noise voltage is
cuit, for a particular test bench, with the extended simulatiorp.0 mV, which differs 9.8% from the measurement. The max-
library. Because the extended simulation library is used, everyum peak-to-peak substrate noise voltage is 80.6 mV for the
switching event on an input pin of a digital gate is recorded to aneasurement and 96.0 mV for the simulation. These data are
output file. This output file lists the time occurrence, switchingummarized in Table I.
type, and cell type of each switching event. The total noise Fig. 8 shows a fast Fourier transform (FFT) of the measured
current source waveform can now be calculated by adding thed simulated substrate noise voltage. The difference in the total
waveform for each individual event to the total noise curreffower of the measured and simulated spectrumis only 1 dB. The
source. same difference is found when only the total power at all clock
In the final simulation model, the substrate noise gemaultiples (of 3.125 MHz) or only the total power in the noise
eration is modeled by current sources that represent nofler are compared. The largest difference between a measured
injection into the substrate by switching gatds,f ..re and and simulated noise peak at multiples of the 50-MHz clock is
L, 10), power-supply current consumption for the core cells dB. Table Il gives an overview of these comparisons.
(Iv,,, Iyv,,), and power-supply current consumption for the 10 Fig. 8 shows that most noise is generated at multiples of
cells (v, .. Iv..,. Iv,,.. Iv...)- the lowest clock frequency of 3.125 MHz. The noise level at
These final waveforms are only valid for one particular digthe clock multiples can easily be 40 dB above the substrate
ital gate-level simulation testbench, while the simulation modabise floor. Other effects such as ringing of the digital power
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Fig. 8. Comparison of measured and simulated substrate noise generation in
the frequency domain. ) ) )
clock domain to the 50-MHz clock domain. By comparing

TABLE I this measured signal with the gate-level simulation, the major
COMPARISON OFMEASURED AND SIMULATED SUBSTRATE NOISE POWER noise contributors can be identified. From this comparison, it

AND AMPLITUDE WITH Fopx = 50 MHZz AND FOR A TIME WINDOW . . .
OF 4.8 ;5. NOTE THAT THE POWER HAS BEEN CALGULATED IN can be concluded that the major noise spikes are generated by

A 50 LOAD ONLY AS REFERENCE simultaneous switching of a large number of core cells (mainly
flip-flops) at each clock edge of the 3.125-MHz clock. For
measurement | simulation | error this operation mode of the circuit, the switching of the output
Psub total 258dBm | -268dBm | 1 dB buffers generates only a minor noise contribution.

When the substrate noise simulation is performed with only
the noise current sources for the core part active, or only the
noise current sources for the 10 cells active, it is possible to
Vsub at Fclk -46dBY | -51dBV | 5dB guantify the noise contribution of the 10 cells. For this simula-
Vsub at 2*Fclk -65 dBV -63dBV | 2dB tion, the 10 cells generate 18% of the total rms substrate noise
Vsub at 3*Felk 52dBV 50dBY | 2dB voltage. When the circuit is operating in downconversion mode,
with data output at the slow clock frequency, the 10 cells only
contribute 7% of the total substrate noise power. These results
supply can also be recognized in the substrate noise frequefi@icate that simultaneous switching activity of a large number
spectrum. The combination of the bondwire inductance agflcore cells can be a dominant source of substrate noise gener-
the on-chip circuit capacitance over the power supply forms afion. The noise generation of the 10 buffers is, however, very
LC tank that oscillates at a specific frequency. This oscillatiofuch dependent on technology, circuit operation, and even PCB
or ringing frequency can be recognized in the frequeneiesign (e.g., output impedance), and cannot be neglected.
spectrum of the substrate noise signal. From the extracted
bqndwwe mduc_tance and on-chip capacitance, it follows that qtrate Noise Versus Clock Frequency and Supply Voltage
this frequency is around 40 MHz, and in the measured and
simulated frequency spectra, there is indeed an increase of0 check the relationship between substrate noise generation

Psub atn/16 * Fclk | -27.9dBm | -28.9dBm | I dB
Psub in noise floor -300dBm | -31.0dBm | 1dB

substrate noise with 10-20 dB around this frequency. and power consumption, the substrate noise rms voltage has
been measured as function of the supply volt&fg and the
IV. SUBSTRATE NOISE ANALYSIS clock frequency. The results are shown in Fig. 10. It can be seen

. . . . that the rms value of the substrate noise voltage scales linearly
The chip-level substrate noise simulation model can be ugﬁﬁ

i | h . f substrat ) i h the supply voltage and scales with the square root of the
0 analyz€ Iné major sources of substrale noise genera lf?@quency. This means that the substrate noise power scales as
This can be done by disabling certain noise current sources o]

ected in the same way as the CMOS dynamic power con-
changing the package model. This section describes a num, N way y 'c pow

of experiments that analyze the substrate noise generation by
changing the simulation model. ) .
C. Substrate Noise Versus Package Parasitics
A. Core Cell Versus 10 Cell Switching The parameters of the package model (the value of the induc-
Fig. 9 shows the measured and simulated substrate ndiesece and resistance) can be easily changed in the simulations to
voltage for 16 times upconversion of data from the 3.125-MHmalyze the effect of these parasitics on the total substrate noise
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20 5 Fig. 11. Simulated rms substrate voltage versus parasitic package inductance
and resistance.
s

15
el TABLE Il

a/ COMPARISON OF SIMULATION TIMES FOR THE RoBo4 ASIC
AND A SMALL 1-KGATE DIGITAL CIRCUIT

10 /ﬁg
5 Robo4 ASIC | multiplier
2 2.5 SVdd Ms.s 4 4.5 : 86 Kgates | 994 gates
(b) Simulated time 1 us S us
Fig. 10. Measured rms substrate noise voltage versus (a) clock frequency and No. switching events 150000 63500
(b) supply voltage. Clock frequency 50 MHz | 42MHz
Full SPICE level simulation N/A 37 hours
generation. In this way, it is also possible to explore different : - -
packaging options for a chip. VHDL gate-level simulation | 11:27 min 29 sec
Fig. 11 shows the simulated rms substrate voltage for the ex- ~ Substrate noise simulation | 12:30min | 55 sec
perimental ASIC versus the inductor and resistor value of these Speedup N/A 1586 x

package parasitics. Indicated in this figure by “W” is the ap-

proximate location of the parasitics from the CPGA package I@]n hinduct | th bstrat ise is dominated b
which the chip was wirebonded (12 nH in series witfe Tor \gh inductance values he substrate noise is dominated by cou-

every connection). Indicated by “C” is the approximate |Oca3hngc§)fgngmgcl;romhthet%ower .supply..Tthls finging ;:r;m be re; .
tion of the package parasitics (1 nH in series with Q)Ifor a uced (damped) when the series resistance is set to a certain

Ball grid array (BGA) chip scale package (CSP) [13]. Indicate%fmimum value [15]. For higher series resistance values, the re-

by “F” is the approximate location of the parasitics for an idegl's'[ive volt_age dr_op begins to d_ominate the noise generatioq._
flip-chip mounting in which only the parasitics of the flip-chip. These simulations show the importance of package parasitics

bumps (10 pH in series with 30@) have been taken into ac.in substrate noise generation and also indicate that simulating
count [14] substrate noise without power-supply noise coupling will result

It can be seen that packaging with lower parasitic inductanienoise levels that are much too low. Therefore, the problem of

can offer a large decrease of substrate noise. Despite ﬁ;[lgstrate noise coupling should always be examined for pack-

flip-chip mounting used in the CSP, this package stil haasged ASICs and even external parasitics from a PCB need to be
' en into account.

large parasitics from the redistribution traces, and the substrit . . . L .
able Il gives an overview of the simulation times for this

noise generation is only about 3 times less than for the CPGA ™™ tal ASIC and f ler 1-Kaate circuit. Th b

package. In the ideal case, with only package parasitics frépperimental and for a smalfler ~-1hgale circutt. the sub-

the flip-chip bumps, the substrate noise is reduced by nogate noise simulation time for the ASIC is about the same as
' VHDL gate-level simulation time. Comparison with a full

orders of magnitude. But even for this ideal case, the substr ICE simulati f the diital circuit with its substrat del
noise is still dominated by noise coupling from the powe simuration of the digital circutt with 1ts substrate moce

supply, since the absolute minimum level of substrate noise"t feasﬂ;le due to the circuit size. Fo_r a 1—}_<gat_e circuit, the
is still around one order of magnitude lower. This minimu peedup with respect to a full SPICE simulation is more than

substrate noise level corresponds to a situation without a 300 times.
power-supply noise. All substrate noise is then generated by
the switching transistors.

It can also be seen that at high inductance values the rm#n efficient and accurate simulation methodology for sub-
substrate noise can be reduced by optimizing the parasitic sate noise generation of large digital circuits has been pre-
ries resistance. This can be explained by the fact that with thesmted. This methodology makes it possible to simulate an accu-

V. CONCLUSION



VAN HEIININGEN et al: SUBSTRATE NOISE GENERATION IN COMPLEX DIGITAL SYSTEMS

rate time waveform of the substrate noise voltage, generated byg]
a digital circuit for a particular gate-level simulation. To verify
this simulation methodology, it has been applied to an 86-Kgate
CMOS ASIC. The simulated rms substrate noise voltage dif-[9]
fersless than 10% from measurements. From measurements and
simulations, it can be concluded that most substrate noise is gen-
erated from direct coupling of on-chip power-supply noise to the
substrate. Because the power-supply noise determines the sl
strate noise, it is very important to take the complete packaged
chip into account when analyzing the substrate noise levels. [11]

This simulation methodology can be used to quickly evaluate
substrate noise generation of packaged digital ASICs. Because
of the efficient way in which the simulations are perfomed, this[12]
methodology can not only be used as final verification of a fin-
ished design, but can also be used during the design phase, to
study the impact of, e.g., gate-level synthesis options on the subi3]
strate noise generation. [14]

By varying the package parasitics, it has been observed that
low-parasitics packaging techniques can reduce the rms sub-
strate voltage level by two orders of magnitude. But even foni15
the ideal flip-chip mounting technique, the power-supply noise
still dominates the substrate noise generation. Effects such as
ringing or ground bounce of the power supply, which cause extra
substrate noise generation, can also be identified from the sim-
ulations.

This simulation methodology, in which all power-supply con-
nections to the substrate are modeled and the substrate n
generation from switching signals is included in a number
noise current sources, has proven to be a useful and effec
way to estimate the total substrate noise voltage and also allg
identification of the major noise contributors and simulate t
effect of the environment (e.g., package, PCB) on the substr
noise generation.
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