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Abstract | Substrate crosstalk modeling and analy-

sis techniques for a reliable SoC oriented mixed signal

IC design are outlined. Substrate noise measurements

by use of a source follower and a latched compara-

tor clearly indicate that L � di=dt and R � i e�ects on

Vdd/Gnd wirings appear in the substrate. An exper-

imental full chip substrate crosstalk veri�cation sys-

tem based on a macroscopic substrate noise model ef-

�ciently analyzes the analog performance degradation

relevant to the digital activity on the same chip.

I. Introduction

Successful systems-on-a-chip (SoC) VLSI designs neces-

sitate reliable substrate crosstalk handling. Issues raised

by the crosstalk extend to both of the analog and digital

regions, where analog performance degradation, dynamic

logic failure, detriment to signal integrity, and so on, are

included. As the technological advance in CMOS manu-

facturing allows practical integration of analog functional

cores along with million gate digital macros in IP based

reusable designs, those have been becoming recognized

widely as serious problems to be solved with a higher pri-

ority.

Developments of full chip substrate crosstalk veri�ca-

tion techniques must be a key to provide general solutions.

Here, e�cient estimations of the system performance with

the crosstalk in
uence is valid especially in early design

stages for optimizing 
oorplans, timing designs, and op-

eration margins. Time-domain analyses will be helpful

for investigating irregular incorrect operations that may

correlate to certain digital functions or output patterns,

for instance. However, the crosstalk analysis needs to an-

alyze the whole system including all active circuits within

a chip and distributed passive elements parasitic to the

substrate and also to the surroundings. Therefore, com-

pact simulation models are necessary.

Principal constituents of the substrate crosstalk model

comprise substrate noise injection, substrate coupling,

and substrate sensitivity. Dominant noise sources are

digital blocks and output bu�ers that inject noise cur-

rents into the silicon substrate. The currents spread in

the substrate and drain o� to the system ground via dis-

tributed substrate contacts at the surface and metallic

wires. Consequently, voltage variations around the in-

jected points propagate in the substrate and also potential

gradients arise due to a resistive nature of the substrate.

The time variant substrate voltages are sensed by MOS-

FETs through body e�ects and transferred to signal paths

in consequence of current 
uctuations or gain mismatches

in analog circuits, thus appear as the substrate crosstalk.

On the other hand, sub-threshold current increase due to

the body bias change may cause dynamic operation fail-

ures and thus degrade digital signal integrity seriously.

The aforementioned processes have been clearly ob-

served by Su et al. [1], where simple noise injection to

the substrate via capacitive coupling and noise detection

by a MOSFET current source are used in their experi-

mental structure. As for the noise propagation in silicon

substrates, quantitative evaluation of guardband e�ects

in a lightly doped substrate and also in a heavily doped

substrate with a lightly doped epitaxial layer on top has

been performed. Results were well �t to device simula-

tions where Poisson equation is numerically solved for the

substrate [1], and also �t to circuit simulations with a sub-

strate equivalent resistive mesh [2]. A simpler resistive

coupling model has been proposed in [3], which can re-

produce measurement results with a similar experimental

structure in frequency domain analyses up to a few GHz.

It is proved by these reports that the substrate itself can

be treated as a resistive material as long as circuits work

in a base-band frequency range.

Modeling of the noise injection is controversial. Mod-

els simple enough to cover thousands of logic gates have

been developed among existing substrate noise simulation

systems targeting a full chip analysis, as summarized bel-

low. Major probable noise current sources are (1) Capac-

itively Coupled (CC) currents through parasitic capaci-

tances against the substrate consisting of MOSFETs' S/D

di�usions and lower level metal wirings, (2) Impact Ion-

ized (II) currents at the drain ends of MOSFETs, and (3)

voltage bounce on supply/return rails coupled to the sub-

strate via the well to substrate capacitance and via sub-

strate contacts, respectively [4], [5]. The former two occur

at every gate switching independently and it is shown in

[6] that CC currents becomes more dominant than II cur-

rents when switching frequency is larger than 10MHz for

an inverter in a quarter micron CMOS technology. Mod-

els emphasizing CC like \SubWave" [7] represent the noise



injection in digital blocks as a linear superposition of mi-

croscopic contributions to the substrate noise per a gate

switching.

On the contrary, interaction between currents and para-

sitic impedances on the supply/return wirings determines

the noise injection in (3). A model that deals with the

parasitics of entire power supply distribution and logic

gates as current switches has been proposed in \RAIL"

[8], where an overall system response is computed in

Laplace domain with a moment matching technique [9],

[10]. Rapid substrate noise estimation by use of average

supply currents extracted from pre-computed power dis-

sipation analyses reported in [11] is a straight realization

of this class.

The other approach applies a behavioral expression to

the substrate noise, which has a great possibility in im-

proving the e�ciency. Transition frequency for the target

digital block is obtained from the event driven logic sim-

ulator, and is used for the substrate noise synthesis [12],

[13].

For choosing the best way to model the noise injection,

experimental understanding of the substrate noise prop-

erties must be necessary.

Susceptibility of the circuits to the substrate crosstalk

can be evaluated by transistor level simulations, where the

computed substrate voltage is applied to the back gates of

MOSFETs. Use of the behavioral modeling for the circuit

response to the substrate voltage can improve computing

e�ciency for those substrate crosstalk analyses, where the

voltage is included as one of the state variables [14].

The rest of the paper focuses on the current understand-

ing of the substrate crosstalk based on high resolution

measurements and our experimental HDL-based simula-

tion system for the full chip veri�cation.

II. Substrate Crosstalk Measurements and

Analyses

A. Noise Source and Detector Circuits

A transition controllable noise source shown in Fig. 1

was developed [15]. The circuit has a multi-phase clock

(Ck[0:10]) generator consisting of odd delay elements in

series, and a matrix of noise source blocks. The delay

element has bias voltages Vn and Vp for regulating rise

and fall delay, respectively. Inverting and non-inverting

outputs are selectable among Ck[0:10]. The address signal

x[0:3] sets the number of active blocks in the noise source

matrix.

The noise source block includes 30 inverters in parallel

where the inverter has a 50fF load capacitor against the

substrate corresponding to 2 gate input capacitances with

400�m AL1 wires. Multiple drivers are provided between

the delay elements to the inverters, in order to guarantee

200ps switching time with driving the load capacitor and

minimize the delay time dependence.
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Fig. 1. Transition controllable noise source.
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Fig. 2. Substrate noise detectors, (a) a source follower, (b) a

latched comparator.

A PMOS source follower (SF) and a di�erential latched

comparator (LC) are used as the substrate noise detector

(Fig. 2). SF enables a direct substrate voltage measure-

ment, however, bandwidth limitation is unavoidable be-

cause of a gate capacitance at the input and load capaci-

tances added by measurement instruments. A comparator

senses a change in the substrate voltage as a shift in the

threshold voltage, �Vth [16], [17]. A large gain of LC

resulting from the positive feedback allows a high speed

operation. Acquisition of the substrate noise waveform as

�Vth(t) with a time resolution of �t = 100ps was realized.

A micro photograph of a substrate noise evaluation test

chip fabricated in 0:4�mCMOS, DPTM, P-substrate N-

well technology is shown in Fig. 3.
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Fig. 3. Substrate noise evaluation test chip.

B. Measurement Results

Figure 4(a) shows a waveform obtained by SF. The

multi-phase clock generation is completed between Pin
given to and Pout output from TCNS. Large ringings

appear after both of the rise and fall Pin edges in the

waveform, however, changes corresponding to the transi-

tions inside TCNS are not resolved. On the other hand,

100ps-100�V resolution measurements performed by LC

clearly resolve 11 sub-peaks with an around 2.5ns inter-

val as shown in Fig. 4(b). Each sub-peak is a substrate

(a) 

V sf
 (V

)

0.1

0.0

-0.1

-0.2

Pin

Pin Pout

Pout

0.80 (µs)0.60.4

(b) 

∆V
th

(m
V)

-3.0

0.0

3.0

Elapsed Time

8Blks15 12

Td=2.5ns

10 20 30 400 (ns)

Fig. 4. Substrate noise waveforms, (a) obtained by SF, and (b) by

LC.

voltage variation from the noise source block activated by

the corresponding phase in Ck[0:10].

Fig. 5 summarizes the sub-peak interval Ts, the inter-

stage delay Td calculated from Tout, and the peak width

Tw at �Vth=0V for non-inverting (rise only) and invert-

ing operations with the smallest fall to rise delay. Obvi-

ous agreement between Ts and Td proves the on-to-one

correspondence in the sub-peaks to the noise source ac-

tion. The graph shows that Tw is a few times larger than

the switching time Tsw of 200ps, although all the inverter

state transitions involved in the each sub-peak complete

at a time. Tw is larger for the inverting operation, be-

cause a pair of successive fall and rise state transitions is

included in each of the sub-peaks. Tw < Ts=2 in a larger

delay region indicates that each substrate voltage change

arising from the noise source block becomes independent.

C. Substrate Noise Analyses { Ringing

Figure 6(a) shows a simpli�ed circuit schematic of

the measurement setup. R;L are lumped parasitics to

wires connecting the packaged chip to the power sup-

ply. Lpkg is inductance parasitic to the assembled chip.

Cd is a decoupling capacitor placed adjacently to the

chip socket. The most dominant ringing frequencies ex-

tracted from waveforms measured by SF for with and

without Cd can be roughly �t to !0 = 1=
p
LpkgCpar and

!1 = 1=
p
(L+ Lpkg)Cpar. Here, Cpar is a total parasitic

capacitance between Vdd/Gnd in the noise source circuit.

Estimated values are Lpkg = 118nH and Cpar = 320pF.

SPICE simulation results for the circuit with a full tran-

sistor description of TCNS shown in Fig 6(b) well repro-
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Fig. 5. Measurement results for (a) rise operations, and (b)

inverting operations.
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Fig. 6. Ringing analysis, (a) a simpli�ed circuit, and (b) a SPICE

simulation result.

duce the measured waveforms given in Fig. 4(a). Note

that the di�erence in the ringing frequencies at the rise

and fall edges comes from the di�erence in Cpar for the

rise and fall transitions due to the 50fF load capacitance

in the noise source element.

It is apparent that the ringing purely arises from

L � di=dt e�ect on the Vdd/Gnd paths and appears in

the substrate through substrate contacts. Optimized de-

coupling circuits can well dump those ringings [18] { [20],

and the simpli�ed circuit model used here is helpful for

the optimization.

D. Substrate Noise Analyses { Sub-peaks

Fig. 7 shows equivalent circuits of logic elements and a

digital block. Switching to charge or discharge the load

capacitance determines logical output. Here, L selects a

logical state from a truth table for N inputs.

In CMOS logic, the switches are realized by N/PMOS

(with channel resistance), and the load capacitance con-

sists mainly of drain capacitance Cjn; Cjp, well capaci-

tance Cw, and the sum of input and wire capacitance

of following K logic elements Cln; Clp. Cs is parasitic

to packages and wires by an assembly. ZV dd; ZGnd are

lumped impedance parasitic to the supply(Vdd) and re-

turn(Gnd) paths, respectively.

When M"(T ) and M#(T ) gates switch in rise and fall

during a unit time T � T+� , respectively, charge transfer

of Q(T ) = (C"(T )+C#(T ))�V dd occurs. C" and C# follow
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Fig. 7. Equivalent circuits, (a) a logic element and its (b) symbol,

(c) a logic block.
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Fig. 8. SPICE Simulation results, (a) output voltage in the �rst

three stages, (b) substrate voltage.

bellow.

C"(T ) =

M"(T )X

l

(Cjn;l + Cjp;l + Cln;l + Clp;l) (1)

C#(T ) =

M#(T )X

m

(Cjn;m + Cjp;m + Cln;m + Clp;m)(2)

Rapid charge redistribution takes place among C"; C#;

and Cpar in the �rst place, and then the external supply

feeds Q(T ) with a time constant � given roughly by a

product of ZV dd+ZGnd and Cpar. Logic state transitions

complete around Tsw by the former process, while the



latter generates the broad peak in the substrate voltage,

as shown in Figs. 4, 5. These processes contribute to

reduce the maximum value of the supply current and thus

to suppress the substrate voltage variation.

Fig. 8 gives SPICE simulation results. Here, both ZV dd
and ZGnd are 1
 without inductance. Consistency be-

tween analyses with a full transistor description of TCNS

and those with an equivalent circuit description proves

that the sub-peaks in the substrate noise arise from R � i
e�ect on Vdd/Gnd paths with the RC relaxation process.

III. Full Chip Substrate Crosstalk Verification

A. Macroscopic Substrate Noise Model

We have proposed a macroscopic substrate noise model

shown in Fig. 9. The substrate noise is computed accord-

ing to a noise waveform function F (feff ; t) and injected

to sensitive circuits, in parallel with a transient analysis

of the mixed signal circuit under design. feff (n) de�ned

in Eq. 3 is the e�ective transition frequency at the n-th

sampling interval, where the unit time T is taken as the

noise sampling period for descretizing the noise genera-

tion process. Ni(n) is a state transition count in the ith

digital subblock, and ! is a weight coe�cient for the tran-

sition direction. Superscripts of +, - stand for rising and

falling transitions, respectively.

f ieff (n) =
1

T

�
!+N+

i (n) + !�N�

i (n)
�

(3)

An experimental substrate crosstalk veri�cation system

based on the macroscopic substrate noise model has been

implemented on a commercial mixed signal simulation en-

vironment, as shown in Fig 10. Description languages

are Verilog-HDL for digital parts and a hybrid of Verilog-

A/SPICE for analog parts. Bold lines are analog/digital

signal paths, while narrow lines and shaded boxes stand

Transition Count Noise Waveform Function

AnalogDigital

F(feff, t)

Ni-1 Ni

N1

Fig. 9. Macroscopic substrate noise model.

for the substrate noise computation paths and modules,

respectively.

A transition count routine (TC) is assigned to each of

the digital subblocks. It monitors state transitions in the

digital subblock and returns feff to a substrate noise gen-

erator (NoiseGen) in every T . The substrate noise F (t)

injected to the analog parts is expressed as a linear super-

position of contributions �(t) from every digital subblock

multiplied by relative substrate coupling intensity coe�-

cients W between the subblocks to the sensitive circuit

(Eq. 4).

F (t) =

mX

i=1

Wi�i

�
f ieff ; t

�
(4)

The supply/return bounce described in the previous

section has to be expressed in �(t), where the averaged

supply currents approximated from feff and interaction

with the lumped LCR should be included. The coe�-

cient W represents noise amplitude attenuation by the

distances and guardbanding. It can be estimated by cir-

cuit simulations with e�cient substrate macro-models or

otherwise by point-to-point substrate impedance extrac-

tion methods [21] { [26].

B. Veri�cation Example

ADC conversion performance degradation is simulated

with the macroscopic substrate noise model. Figure 11

shows a testbench where the 2nd order ��ADC with

4MHz oversampling frequency (Fos) is coupled to a digital

noise source having 545 inverters.

Two veri�cation approaches are tested: Type-I uses an

ADC model in a full analog-HDL description where the
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Fig. 10. Simulation system block diagram based on the

macroscopic substrate noise model.
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Fig. 11. Simulation testbench: the 2nd order ��ADC coupled to

the digital noise source.

computed noise is added to state variables, and Type-II

uses a transistor level description selectively to the sus-

ceptible parts such as the ampli�er in the �rst integrator.

Type-I is appropriate for veri�cations necessitating the

long period transient analyses. Examples include quan-

tifying Signal to Noise Ratio (SNR) or Bit Error Rate

(BER), estimating the noise intensity from the digital pro-

cessing amount, and timing optimization between analog

and digital clocks. On the other hand, Type-II is able to

simulate a precise response to the noise and is appropriate

for such as a sensitivity evaluation based on repetitious

short period transient analyses.

Figure 12 shows FFT spectrums simulated in Type-II,

where the noise source is inactive in (a), is activated dur-

ing 10 cycles of 2MHz clock in every 100�s in (b), and is

activated during 10 and 15 cycles of 2MHz clock alterna-

tively in every 100�s in (c). The noise source activation

frequency of 10kHz and its harmonics are found in (b),

and the modulation frequency of 5kHz and its harmon-

ics also appear in (c). Although the noise source oper-

ates with a clock frequency far outside the ADC's band-

width, periodic appearances of large scale processing with

frequency inside the bandwidth produce those frequency

components in the signal spectrum through the substrate

coupling.

ADC performance is very sensitive to the phase di�er-

ence between the system and the oversampling clocks [27].

SNR dependence on the phase di�erence simulated with

Type-I indicates the signi�cance of the timing optimiza-

tion in the mixed signal IC designs (Fig. 13).

An FFT of 1024pts requires a 17ms transient simulation

result that costs CPU time of 7 and 10 hours in Type-I and

Type-II, respectively, with UltraSPARC-140MHz. These

results clearly prove the e�ectiveness of HDL-based full

chip substrate crosstalk veri�cation.
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IV. Conclusion

Substrate crosstalk modeling and analysis techniques

are outlined.

Substrate noise measurements performed by a source

follower and by a latched comparator with 100ps-100�V



resolution clearly indicate that L � di=dt and R � i e�ects
on Vdd/Gnd wirings dominate the substrate crosstalk.

Simple circuit models can reproduce these results.

An experimental full chip substrate crosstalk veri�ca-

tion system based on a macroscopic substrate noise model

e�ciently analyzes the analog performance degradation

relevant to the digital activity on the same chip.
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