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Our goal: simulate substrate noise
generation of large digital circuits
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Existing solutions for simulating
substrate noise coupling

+ starting point = layout of a (small) circuit

+ from the layout an accurate SPICE model for the
substrate is extracted that can be connected to the
SPICE model of the circuit

+ Substrate noise generation, propagation and impact
can be simulated with SPICE

+ since a SPICE simulation is required, this method
can only be used for small designs

i SubstrateStorm from Simplex
. SPACE from the Delft University of Technology
i  SCA from Cadence



Our approach:

+ Find simple but accurate SPICE substrate models
for digital standard cells

+ Verify the SPICE substrate noise simulations with
measurements

+  Develop a high-level substrate noise simulation
methodology, based on the SPICE models

+ At first, for low-ohmic epi-type substrates
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Two sources of substrate noise:
switching gates and the power supply
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Sources of substrate noise:
Impact ionization
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Sources of substrate noise:
coupling from source and drain
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Sources of substrate noise:
coupling from power supply
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Modeling substrate noise generation

+ Substrate noise generation from impact ionization
and coupling from the source/drain junction is
Included in the MOSFET transistor models

(e.g. the BSIM3v3 MOSFET model)

+ Substrate noise generation by noise coupling from
the power supply can only be simulated correctly
when the package parasitics are included in the
simulation model
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External parasitics create power supply
noise
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Dominant noise source Is determined by
the external parasitics
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Substrate noise generation versus
package parasitics (L and R)
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Epi-type substrate can be approximated
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p+ bulk
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Low-level (SPICE) substrate model
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Active substrate noise sensor to directly
measure the substrate voltage
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Transfer function of the noise sensor
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Experimental ASICs to verify the low-
level SPICE substrate models

AuE 0.5um CMOS, 3.3V AuE 0.5um CMOS, 3.3V
test chip with noise generators 86kgate ASIC
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Clocked ring oscillator used for substrate
noise generation
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Dominant substrate noise source
determines the noise waveform

Noise coupling from source/drain nodes
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Good agreement between measured
and simulated substrate noise
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Frequency spectrum of generated
substrate noise
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>80% of noise power Is generated by
simultaneous switching of core cells
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Increase of substrate noise at clock
multiples and due to ringing
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Conclusions from the measurements

+ In most practical cases, substrate noise is caused by
power supply noise coupling

+ simultaneous switching of core cells (mostly flip-
flops) generate more noise than 10 buffers

+ ringing of the power supply will increase the
substrate noise

+ In the frequency domain, substrate noise is concen-
trated at multiples of the digital clock frequency, with
peaks up to 40 dB above the substrate noise floor
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Conclusions on modeling

+ when modeling and simulating substrate noise gene-
ration all noise sources should be taken into account:

+ switching gates
+ power supply noise

+ package parasitics

+ for epi-type substrates a simple SPICE substrate
model can be used
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Spice based simulations are not efficient
for large digital circuits

+ EXisting approaches

,
+ Post-layout analysis
o -
. Accurate, but slow
. . &
. SPICE simulations

- N(N-1)/2 elements (full-model)
- 2N-1 elements (p-model)

+  Our Approach (SWAN :
Substrate Waveform Analysis)

+ Performed during gate-level

. Fast and accurate

+ Event-driven simulation using real Full-Moddd o Model
functional vectors
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SWAN methodology

+ Library characterization

+ Gate substrate macro model library (SUBMACRO)

+ VHDL library for switching event recording (VHDLSWITCH)

+ Extract system substrate macro model
+  VHDL gate-level simulation to record switch activities

+ Simulate system substrate macro model

© IMEC 2001



extend VHDL
library
to extracts
switching
events
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SUBMACRO library characterization
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Substrate model extraction for each gate

. . perform a SPICE AC
Cadence library with analysis to extract
layouts of all standard P the substrate macro
cells model
e I
select one cell and do a _
DIVA (from Cadence) perform a SPICE transient
LPE extraction analysis to extract the
>
S v —»{ supply current and bulk
o do a substrate model current for each possible
E extraction with switching activity
= | | SubstrateStorm (from Simplex) l
o v
@ create a SPICE
= circuit of the library with SPICE SUBMACRO
= digital cell with models including substrate model for
= substrate model the substrate for each digital gate

all digital cells
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library
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Extended VHDL library to record the
switching activities
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Switching activity extraction and
substrate noise simulation
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Switching activities are recorded after
gate-level VHDL simulation.
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Chip-level substrate model is extracted
from SUBMACRUO library.
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Reduced network model for SWAN
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Chip-level substrate model is a lumped
circuit with two current sources.
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The simulation Is efficient whenever it Is
event-based.
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Speed and accuracy compared to

4-bit counter (34 gates)

13 switching events after
rise edge of clock (55ns)

2.4 % error between RMS
substrate voltages

70x time speedup

16-bit multiplier with two
counters (1K gates)

170 switching events after
rise edge of clock (60ns)

5.4 % error between RMS
substrate voltages

412x time speedup



Crucial extensions are necessary to
complete the chip-level analysis.

power supply pad models

CORE
cell
models

1O pad
models

substrate node

+

Multiple supply domains
|O cell macro modeling

Substrate model extraction

with multiple supplies

Modeling of input transition

time and the load

These extensions are introduced in DATE2001 paper

presentation at Session 5F (Thursday at 11:00).
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Test chips are also used to verify SWAN
simulation results with measurements.

AuE 0.5um CMOS, 3.3V
86kgate ASIC (Robo4)

package parasitics

model
I .

power supply pad

models

CORE
cell
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ANALOG substrate node
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Chip-level substrate model extraction
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Measurements compared to SWAN
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Measurements show that substrate
noise is at the same trend with power.
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Bandit : Influence of substrate noise on
the performance of ADC in a WLAN

WLAN TX/RX OFDM-MODEM INCLUDING
IQ MODULATOR - 1Q DEMODULATOR,
ANALOG-TO-DIGITAL CONVERTER (ADC)
WITH TRACK-AND-HOLD AMPLIFIER (THA),
ON-CHIP NOISE SENSORS

220K GATE EQUIVALENT DIGITAL AREA, 74 s
176 10 PINS (44 Analog, 131 Digital, 1 N/A)
60 MHz-20 MHz GATED CLOCKS

$' & 7 + 9

BANDIT project

partners: 1 RLVH 6 HQVRUV
- IMEC
- Ericsson |

/I $1 Z LWK
- K.U. Leuven

, 4 "' HP RGXMWU
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Conclusions

Substrate noise is degrading the performance of
analog circuits, even the digital circuits.

There is no universal solution for eliminating the
substrate noise.

The presented gate-level simulation of substrate
noise generation is fast and accurate in comparison
with SPICE simulations.

With the introduction of multiple supply domains, it
IS possible to understand which supply domain is
causing most substrate noise.

The accuracy of the simulation methodology has
been shown with measurements.



Commercial Tools

SubstrateStrom from Simplex
http://www.simplex.com/solutions/products/substratestorm.htmi

SPACE from the Delft University of Technology
http://www.simplex.com/solutions/products/substratestorm.html

SCA (Substrate Coupling Analysis) from Cadence, integrated in
the DIVA extractor
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Related presentations at this conference

+ DATEZ2001 paper (Session 5F: Thursday at 11:00)

“High-Level Simulation of Substrate Noise
Generation From Large Digital Circuits with
Multiple Supplies”,

+ Presentation of the high-level substrate noise
waveform analysis tool SWAN at the IMEC
exhibition booth



