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ABSTRACT: The unprecedented impact of noise coupling on
Mixed-Signal Systems-On-a-Chip (MS-SOC) functionality, brings a
new set of challenges for Electronics Design Automation (EDA) tool
developers. In this paper, we propose a new approach which
combines a thorough physical comprehension of the noise coupling
effects with an improved Boundary-Element-Method (BEM) to
accelerate the substrate model extraction and to avoid the dense
matrix storage. The low computational efforts required, as well as
speed and accuracy reached, makes this method a highly promising
alternative to verify complex MS-SOCs.

1. INTRODUCTION

The relentless move to a single-chip integration of such
heterogeneous designs as Digital, Analog, RF front-ends, etc. has
opened the door to a host of challenging substrate noise coupling
effects. In fact, the large cross-talks and the power supply noise
generated by digital blocks, can be transmitted to sensitive analog
sections through the substrate, resulting in malfunction of the
system and even its instability.

A most precise solution for substrate modeling certainly comes
from the use of solver based on finite difference method (FDM) [1-
4]. However, despite the improvements recently realized in this
domain [1-4], the computational effort involved in computing by
field solvers is still considerable. In addition, even if the size of the
circuits enable the substrate modeling, the storage and the
manipulation of the enormous NxN matrix of coupling resistances,
is impractical [5]. Several approaches were proposed to deal with
the complexity encountered when simulating large dense coupling
networks [6-9]. Recently [6], an approach inspired by wavelets to
sparsify the dense conductance matrix, was proposed. Other
approaches, which are worthy for further investigation, are
presented in [S]. Boundary-Element Methods (BEM) have been
successfully adapted to the substrate-modeling problem [10-12].
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Storage and inversion of the resulting impedance matrix,
however, make the required computational effort often
prohibitive and full-chip MS-SOC analysis intractable.

In this paper, we propose a new approach which combine a
thorough physical comprehension of the noise coupling effects
with an improved Boundary-Element-Method (BEM) to
accelerate the substrate model extraction and to avoid the dense
matrix storage. Our substrate analysis package HspeedEx uses the
algorithms of the method in an efficient and design-oriented
methodology. The unprecedented low computational efforts
required as well as speed and accuracy reached by this method,
make that currently it can be one of the most promising
alternative, able to verify complex MS-SOCs.

2. BACKGROUND

Consider a system of M planar contacts, decomposed into N
panels on the top of a substrate. For such a system, the relation
between the N total panels potentials (®@p & OY) and N total
currents through each panel (Ip € OY ) is given by ®p = Zp.Ip.
Where Zp & OV is the impedance matrix. Obtaining each entry
zij in this impedance matrix requires computing an integral
involving the Green’s function over the appropriate panel

surfaces as shown by Eq. 1. [axj [ax'j
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Where oo = mn/a, B = nn/b, a and b are the substrate lateral
dimensions, s; and s; the surfaces of the panels i and j. fi, is
computed using a recursion formulas as shown in [10]. It is also
demonstrated in [10] that z; can be expressed as a function of 64
2-D discrete cosine transform (DCT) coefficients (K(p,q)), with
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kun 1s a function of f,,,, and the 64 (p , q) terms are determined
from the ratio of contacts coordinates and substrate dimensions.
For more details see [10] and [11]. A high-speed computation of
those coefficients can be made using the fast Fourier transform,
FFT [10]. Once the impedance matrix Zp is computed, one needs
to invert it in order to generate the admittance matrix Yp.

The inversion of the impedance matrix and its storage is the time
and memory hungriest stage of BEM . Iterative algorithms such
as Generalized Minimum Residual algorithm, GMRES [13] can
be used to speed up the computation. Another approach consists
of the use of the sparsification via eigendecomposition technique
[12], to enhance the scope of applicability of this technique to



more large circuits. Despite these improvements, the extractions
process remains too slow to perform a practical full-chip analysis
accurately [12]. It’s worth noting that the substrate model
generated by BEM, as any electromagnetic model, often introduces
physical and numerical modeling errors. Some precautions can be
taken to limit these errors. For instance, we can, force GEMRES to
converge to very tight tolerances. On the other hand, numerical
instability problems can be avoided by using a particular green
function [11]. Despite all these precautions, BEM continues to
have difficulties to handle the large circuits.

3. SUBSTRATE MODELING FLOW

In this section, an efficient hierarchical modeling methodology is
proposed. The substrate coupling verification flow is broken into a
set of independent modeling stages as shown in Fig. 1.
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Fig. 1 Substrate Modeling Flow

The crucial result, we demonstrate here, is that the accuracy
parameters governing the global substrate coupling (i.e., the inter-
block coupling) are different from those governing the local
transistor level coupling (i.e. intra-block coupling). As result, we
can accurately analyze the inter-block substrate coupling with a
coarse local intra-block coupling representation and conversely.

3.1 Inter-block Coupling fundamentals

Several investigations of the substrate noise coupling process are
performed in order to capture their fundamental characteristics.
The designed substrate noise evaluation chip (Fig. 2) include N
inverters (N varies from 12 to 1200). Vinl, Vin2, and Vout are
respectively the on-chip ground, the on-chip Vcc of the circuit and
an on-chip ground (GND) node representing a sensitive node. A
simulation Vout/Vinl is performed for a chip with 12 to 1200
inverters and shown in Fig. 3. For the Simplified substrate Model
(SM) only ground contacts of the layout are considered. For the
Full substrate Model (FM), the whole layout (considering PMOS,
NMOS, Wells, Vce and Ground contacts) is used. In both cases the
netlist of the circuits are added to the substrate models generated
by FDM, to simulate the transfer functions.
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Fig. 2 Overview of substrate coupling evaluation chip with a typical
package parasitic (wire inductance L =5nH).
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Fig. 3 The transfer function Vout/Vinl and Vout/Vin2 for 12 and 1200
inverters: using simplified (SM) and full substrate model (FM)

As shown in Fig.3, the simplified and full substrate models show
an excellent agreement for all frequencies and numbers of
inverters considered. This is due to the fact that: the coupling path
from Vinl to Vout can be decomposed into N parallel paths, and
each path can also be fragmented into an indirect path through the
NMOS (R, +1/joC,) in parallel with a direct path through the
substrate (Rs). The term (1/joC+R, ) is much larger than R for
two reasons: the low value of C, (~fF) and high value of R,
(indirect path). At high frequency, however, we should consider
also the Vcc to Vee and Vee to ground coupling. In fact, in high
frequency range the ground to ground isolation (Vout/Vinl) is in
the same order of magnitude as the Vcc to ground isolation
(Vout/Vin2) (see Fig. 3).

3.3 Inter-block Coupling: Numerical analysis

In this section, we describe the algorithm proposed to extract the
substrate model. As demonstrated in the last section, a layout
with wells, Vcc , and ground contacts, is sufficient to have an
accurate representation of the inter-block substrate coupling.
Despite these simplifications of the layout, the network to
generate remains too dense to enable the targeted full-chip MS-
SoC analysis. Therefore, further progress in numerical methods is
needed in order to reduce computational efforts. The crucial
observation we make here, is that the ground substrate contacts
(respectively Vcc contacts) of each block of the chip are linked
by metal lines and thus all substrate coupling paths between them
are shorted. We can, thus, consider the ground -contacts
(respectively Vcc contacts) of each block (supposed to have its
own on-chip ground bond-path) as the same contact when we
perform inter-block substrate coupling. Consequently, the
discretization explained in Fig. 4 is sufficient for an accurate
inter-block coupling representation. In fact, since we focus on the
coupling path between the various blocks of the chip, we can
consider that the current at the contacts positioned in the edges of
each block is very high, compared to the currents of the contacts
situated in its center. Therefore, the edge contacts are the most
dominant paths between blocks. This is the reason why a fine
partition should be used in the edge region. More we go towards
the center of the block, more the role of the contacts in the inter-
block coupling is becoming weak, and thus, more we can use a
coarse partitions. The currents at the ground contacts
(respectively Vec contacts) of each partition are considered to be
constant.



The question that emerges now is: how to exploit this partition to
speed up the numerical computation?. Let us consider two
partitions of the chip i and j, having respectively as number of
contacts L and M (Fig. 4).

Fig. 4 MS-SOC partitioning example for inter-block coupling
analysis

Since we assume that the currents of the L contacts (respectively
the M contacts) is constant, the impedance representing the
substrate coupling between the two partitions can be defined as
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S; and S, are the surfaces of each contact in the partitions i and j (1
¢ [LLL] and m ¢ [1,M]). From a decomposition of the integrals on
the sum of integrals on each contact of partitions we obtain
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The double integrals in this equation represent the impedance
between the contact 1 of partition i and contact m of partition j.
Thus Z; can be represented by a sum of impedances between the
contacts of each partition as L M
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Using the same procedure with some algebra, we can relate z; to

the impedance between the contacts of the partition i. Thus, we
obtain
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The gain in computational cost is evident, since we transform an
impedance matrix of M? elements, with M the number of contacts,
to an impedance matrix of P® elements, with P the number of
partitions. Suppose that the chip of Fig. 4 is composed of one
million of contacts. The memory requirements is O (10'?) space to
store the impedance matrix entries. If each block is decomposed
into 1000 partitions, with a chip of 7 blocks, the memory
requirement is O ((7.10%%). The memory gain is, thus,
considerable. The inversion requirement by LU factorization, for
example, is O (10'), and the gain in execution time by our
procedure is more important.

3.4 Intra-block transistor-level coupling

For the intra-block coupling, we will distinguish between the noisy
blocks modeling and the sensitive blocks modeling.

34.1 Noisy blocks

In addition to power supply noise, the switching activity of digital
blocks injects spurious signals in the substrate through the reverse
junction capacitances of transistors or by impact ionization (hot

carriers). Transistor Neighboring substrate contacts pick up the
most portion of these signals. On the other hand each transistor is
linked to the substrate ground by (Rs+1/jCw). As C is of about
few fF, the substrate resistances play a negligible role in this
coupling. In conclusion, for all noisy circuits, we can connect the
bulk of NMOS transistors directly to ground (respectively PMOS
to Vcc) without any significant loss of accuracy.

3.4.2 Sensitive analogue blocks

The sensitive analogue blocks may require a more accurate
substrate model, since the former can have a direct effect on their
performances. For instance, the noise figure of an LNA can be
affected by the substrate resistance thermal noise. The substrate
resistances can also result in a change in the input/output
matching of LNA, reducing its gain and its reverse isolation. The
methodology for an accurate transistor level substrate modeling in
analogue blocks is the following one: once the inter-block
coupling is finished, we eliminate all the Vec to GND resistances,
of the targeted sensitive circuit, generated by this process. We
keep only resistances representing the inter-block coupling. The
partitioning process used for transistor-level coupling analysis is
exactly the inverse of the one used for inter-block coupling, that
is, we use a partition which becomes increasingly coarse as we go
far from the handled analogue block. An example is shown in
Fig.5.
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Fig. 5 MS-SOC Partitioning example for fast intra-block coupling
analysis: (A) is the targeted sensitive block

The partition around the handled parts are only used for modeling
the effects of distant contacts(i.e. the inter-block resistances
coupling) on the intra-block substrate coupling. As for inter-block
strategy, the currents in the partitions around the handled circuit
are assumed to be constant, and the same analytical formula (Equ.
5 and 6) will be used to speed up the computation and avoid a
large ill-conditioned matrix.

4. EXPERIMENTAL RESULTS

In this section, we present examples that show the accuracy and
the efficiency of the methodology proposed in this paper. We
focus on the inter-block substrate modeling, since it is the crucial
process, enabling to evaluate the efficiency of the isolation
strategy adopted, such as the flooplaning, the block placement,
the guard ring distribution, the multiple bond-path assignment etc
[14-15].




Fig. 6 Overview of substrate coupling evaluation chip: Test structure [
4 blocks(LILIILVI) - 864 Inverters |

The test layout used for preliminary verifications is presented in
Fig.6. Several experiments, using three substrate doping profiles
(P1, P2, P3 in Fig. 7), has been conducted. The small thickness of
P3 will enable a fine meshes discretization, for FDM analyses.
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Fig. 7 Substrate profiles used for extraction: P, low resistivity; P, high-
resistivity; P; high_resistivity and low-thickness substrate

For each of the substrate profiles indicated, extraction was
performed between the GND and the Vcc contacts of the blocks.
Table 1 (a) and 1 (b) show the inter-block computed resistances
with BEM and the proposed method (FastBEM), of respectively
substrate P; and P, of Fig. 7. R I-0, for instance, is the computed
resistance between the ground contacts of block I and the
backplane of the substrate and R I-II is the resistances between the
ground contacts of block I and those of block II. Table II shows a
comparaison between the results of BEM, FastBEM, and FDM in
the case of P; profile (Fig. 7). The agreement between the three
methods is evident for all considered profiles.

R B EM FastBEM R BEM FastBEM
1-0 95 95 1-0 791 801
11-0 76 76 11-0 721 717
111-0 75 75 111-0 746 746
VI-0 94 94 VI-0 835 836
I-11 9119 9180 1-11 1587 1712
I-111 10642 10694 I-111 7412 8113
I-v1 12325 12743 1-V 1 1763 1822
11-111 6829 6930 TI-111 825 856
I1-1v 10670 10740 11-1V 7330 7836
-1V 7932 7919 -1V 956 1133
(a) low-res. profile P, (b)  high-res. profile P;

Tablel Inter-block substrate resistances of the test-chip

R FD M BEM FastBEM

1-0 117 115 115

11-0 104 104 104

111-0 105 107 108

V1-0 121 121 121

1-11 1172 1036 1067

1111 - 17069 20050

-V 1 1183 1123 1204

11-111 352 328 349

-1V - 14087 15615

111-1V 430 407 412
Tablell Inter-block substrate resistances of the test-chip using P;
Profil(P;) K(p,q) BEM FastBEM FDM
Runtime Imn 14s  |[4mn 30s Imn 18s 1h 3mn
user+sys 3mn 16s (¥) [4s (%)
MaxMem |9328K 17M 9328K 1200M

Table I11: Performances comparison between the extractions methods in
the case of P; profile. (%) i.e. without K(p,q) computation time

Table III summarizes the computational cost of the three methods.
“Runtime line” represents both User (the time to execute the
command run_extraction_job) and System (the additional system
time to complete the job) time of the extraction including post-
processing. “MaxMem line” represent the peak memory usage over
the total runtime, including input data processing, parasitic
extraction, and writing outputs. For run time as for peak memory
usage, the supremacy of the FastBEM is evident. It should be
noted also that this supremacy is increasingly important as the test
cases will include a more larger and more complex designs.

5. CONCLUSION

In this paper, we have presented a new approach, based on an
improvement of Boundary-Element-Method (BEM), to accelerate
the substrate model extraction and to avoid the dense matrix
storage. We have shown that the accuracy parameters governing
the global substrate coupling are different from those governing
the local transistor level coupling. This has enabled us to build an
efficient methodology for inter-block coupling as well as for
transistor level intra-block coupling. The supremacy of the
method in terms of extraction time, memory usage and accuracy
has been demonstrated. The weak dependence of its efficiency on
the complexity of the chip, makes it one of the most attractive
method to verify MS-SOCs.
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