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3 aspects of substrate noise coupling
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Package types shape the noise.
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Verification of SPICE models with
measurements

[Heijningen et. al, IEEE JSSC2000]
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Comparison of SPICE model in Test Chip1
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Ringing is also visible in the spectrum.
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How can we simulate such a complex
system for substrate noise in SPICE?

 substrate noise sensors

Technology
Master Clock

Internal Clocks

IO Word
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Gate Count
Core Area
Chip Area

Package
Substrate Type
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Bulk Resistivity

CMOS 0.5mm,3.3 V
163.84 MHz
40.94, 20.48 and
10.24 MHz
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Substrate Waveform ANalysis  Flow
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Overview of macro cell characterization
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VHDLSWITCH library is used for
recording the switching activities.

VHDL models are extended to record the input switching.
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Equivalent chip-level substrate model
extraction

Approximated as a single node

in low-ohmic substrates.
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Comparison of results for Test Chip2
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Comparison of noise spectrum between
SWAN and measurements
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Difference in total substrate noise power only 1 dB,
largest difference at a single 50 MHz clock multiple is 5 dB .
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SWAN shows >80% of noise power is
generated from switching of core cells
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Increase of substrate noise at clock
multiples and due to ringing
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Overview of simulation times

Robo4
86 Kgates

multiplier
994 gates

Simulated time 1 V 5 V

No. switching events 150000 63500

Clock frequency 50 MHz 42 MHz

Full SPICE-level simulation --- 37 hours

VHDL gate-level simulation 11:27 min 29 sec

Substrate noise simulation 12:30 min 55 sec

Speedup --- 1586 x

+ Speedup of 3 orders of magnitude for small circuits
+ Simulation time is at the same order of magnitude as a

gate-level VHDL simulation for large circuits
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Extensions to SWAN methodology

+ Multiple supply domains

+ IO cell macro modeling

+ Modeling of input transition

time and the load

IO pad
models

CORE
cell

models

power supply pad models

package parasitics model

substrate node

external power supplies
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Test circuit for the accuracy from
extensions
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Chip-level extraction in multiple supply
domains

Vdc1 Vdc2

Vss1 Vdd1

Ivdd1Ivss1

Isub1

Core part
within supply-1

Isub3

Ivsse3 Ivdde3 Ivss4 Ivdd4

Ivdd2Ivss2

Isub2

Core part
within supply-2 IO part

within supply-2,3

Package and Supply
Pads Model

Substrate

Vdc3



Workshop on Substrate Noise-Coupling in Mixed-Signal ICs, Imec, Belgium, Sep. 2001IMEC - DESICS - MIRA

Experimental results with multiple supply
domains, input slope, load, and/or IOs

RMS-Vsub Error   Speedup

SPICE (wo. IOs) 4.852mV 0%    x1 (~1h)

SWAN (no extension) 3.525mV 27.3%    x357
SWAN (w. inp./load) 4.006mV 17.4%    x198

SWAN (m. pow.) 3.858mV 20.5%    x155

SWAN (m. pow + inp./load) 4.554mV 6.1%    x120 (29s)
___________________________________________________________________

SPICE (w. IOs) 6.922mV 0% x1 (~4h)    ---

SWAN (w. IOs + pow. + inp./load) 7.361mV 6.3%    x373 (40s)

[Badaroglu et. al, DATE2001]
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Overview of simulation times with
extensions

counter8disp Mult8 Robo4
Gate complexity      728 994      89132
Clock Frequency     50 MHz.   40 MHz. 50 MHz.

Clock Cycles      25 200             50

Model Ext. Time       0.10 sec.             0.13 sec.            6.02 sec.
SPICE Sim. Time      249 min. 152 min. ---

SWAN         40.05 sec. 30.79 sec. 33 min.

Speed-up       373x                    296x               ---
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Chips for studying the impact and the
reduction of the noise

CHIP3: AuE 0.35um CMOS, 3.3 V
Low-noise IQ demodulator circuits with

embedded comparators and noise sensors

BANDIT project
partners:
- IMEC
- Ericsson
- K.U. Leuven
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Conclusions

+ Substrate noise is harmful for analog circuits,
+ Gate-level analysis of the substrate noise

(SWAN) is necessary in large digital circuits,
+ RMS value of the substrate noise predicted

with high-level SWAN simulation differs less
than 10% from measurements,

+ High-level simulation is orders of magnitude
faster than full SPICE simulation,

+ Switching noise from the IO buffers contribute
only 20-30% of the total noise.


