Noise Model for Multiple Segmented Coupled RC Interconnects

Andrew B. Kahng^Ę, Sudhakar Muddu^Ğ, Niranjan Pol^ű and Devendra Vidhani^ğ

Ę UCSD CSE and ECE Departments, La Jolla, CA 92093-0114 Ğ Sanera Systems, Inc., Santa Clara, CA 95054 ű Cadence Design Systems, Inc., San Jose, CA 95134 ğ SUN Microsystems, Inc., Palo Alto, CA 94303 abk@ucsd.edu, muddu@sanera.net, npol@cadence.com, dv@eng.sun.com

Abstract

Performance of high-speed VLSI circuits is increasingly limited by interconnect coupling noise. We present simple and improved analytical models for noise phenomena due to coupling capacitance. We extend the Π model presented in [4] to accommodate a segmented aggressor. We also include a linear driver resistance in the modeling of both victims and aggressors to measure their estimate on peak noise. Finally, we extend this model to multiple segmented aggressors by superposing noise contributions of individual aggressors and sweeping the result in the time domain to determine peak noise (in contrast to adding the individual peak noise values for individual aggressors). Accuracy in the results depends greatly on actual positioning of victim-aggressor overlaps. We ^nd that previous models that assume aggressors run parallel to the victim net for its entire length do not yield peak noise results nearly as close to SPICE-computed values. We also ^nd that inclusion of driver resistance in the model improves accuracy. Our noise model for a single segmented aggressor is within ∼ 16% of SPICE. Results for two segmented aggressors are within acceptable tolerances with respect to SPICE, but error increases with the number of aggressors. We note that these results are almost always pessimistic.

1 Introduction

The increasing signi^cance of crosstalk between parallel RC interconnect lines in high-speed, high-density VLSI designs is well recognized [1] [7]. Crosstalk effects due to capacitive coupling between lines increase with the average length of interconnects (relative to minimum feature size), the density of interconnect routings (due to higher aspect ratios enabled by improved lithographic processes), and the switching speed of devices. High-speed circuits (such as dynamic circuits and latches) exhibit noise sensitivity at both input and output nodes, which makes accurate noise coupling analysis critical for design.

ŞFilteringŤ methodologies for signal integrity veri^cation attempt to con^rm noise peaks on sensitive nodes to be below recommended threshold levels as early in the design process as possible. After detailed routing, it is possible to extract a detailed coupled RC network for all signal lines and perform detailed dynamic (e.g., SPICE) simulations. However, in general for advanced processor designs with shorter (and more) critical paths, SPICE simulations are prohibitively expensive. Before detailed routing, there are issues of information quality and completeness in the parasitic database, since only probabilistic or approximate embedding of wires are available. We observe that there are two limiting factors in the noise analysis: (1) the amount of data available, and (2) the models that can do noise estimate on that data. In this work, we focus on the modeling issue.

Today’s early noise analysis tools employ a technique which takes the coupling capacitance to be some multiple of ground capacitance depending upon the switching conditions. A single effective capacitance value for the interconnect is computed for use in delay estimation. This is multiplied by a switching factor, which is often taken to be slightly more than zero for a pair of lines switching in the same direction, and slightly less than two for a pair of lines switching in the opposite direction. The downside of this simple technique is that it can lead to highly optimistic or pessimistic estimates of noise and delay. On the other hand, as noted above, full-chip extraction followed by SPICE-based identi^cation of noise- and delay-sensitive nodes is not feasible. Thus, we require a noise model that can estimate noise given the con^guration of the interconnects and a quick estimate of parasitics in the circuit. This motivates the development of more accurate predictors of coupling-induced noise and delay based on coupling capacitance values and switching activity (slew times, offsets).

A number of previous works model the effects of interconnect fringing and coupling capacitance on crosstalk. [8] proposes detailed noise analysis using full-chip parasitic extraction and models order reduction to compress parasitic data. Coming after physical design, this is computationally expensive and identi^es noise problems too late in the design cycle. The approach of [3] uses a detailed victim net analysis but applies an in^nite ramp instead of a ^nite ramp as input to the aggressor net. To simplify the analysis further, each coupling capacitor is replaced by a current source whose value is slew rate (i.e., slew rate of aggressor source voltage) times the coupling capacitance. It is implicitly assumed that the aggressor signal slope does not degrade downstream from the aggressor source. Hence, for longer lines this approach can produce either overestimated or underestimated peak noise values.

Sakurai [9] solves partial differential equations for coupled RC lines to derive noise and delay expressions. However, driver modeling is not considered and the analysis is limited to step response. Kawaguchi and Sakurai [5] use the diffusion equation to analyze capacitively coupled interconnects, but also consider only the case of a step input. Different peak noise expressions are derived for various combinations of driver resistance to wire resistance ratio and load capacitance to wire capacitance ratio. [10] uses an L model for RC interconnects and obtains noise bounds for the case of a step input only. However, the model does not take into account the interconnect resistance while deriving noise expressions, and various assumptions (e.g., R_{driver} ≪ R_{int} and C_{load} ≪ C_{int} ) are made in deriving expressions for noise and delay. Nakagawa et al. [6] use an L model for interconnects to compute peak noise expressions under ramp inputs. They derive the slew time at the output of aggressor driver as a function of input slew time of the driver, intrinsic gate delay, and gate load delay considering effective capacitance seen by the driver. However, they assume that peak noise always occurs after time t ≥ T_S, where T_S is slew time at the output of the aggressor driver. [4] present analytical models for peak noise and delay uncertainty for two parallel aggressors of similar con^guration. However, their results assume driver resistance to be zero, and no extension to analysis of segmented multiple aggressors^1 is given. Alignment of multiple aggressors is considered in detail by [2], which ^nds each aggressor’s individual peak noise contribution and then aligns aggressors according to timing windows to determine peak noise. However, their work does not focus on how to model an individual segmented aggressor’s peak noise.

Contributions of This Work

In this paper, we present simple and improved analytical models for noise phenomena due to coupling capacitance. The improved accuracy of our estimators can (i) be useful in analyzing the sensitivity of circuit performance to various interconnect tuning parameters, and (ii) lead to less over-design and guard-banding at all stages of a performance-convergent synthesis and layout methodology for high-performance designs.

Our speci^c contributions are as follows. First, we extend the Π model presented in [4] to accommodate a segmented aggressor. Second, we include a linear driver resistance in the modeling of both victim and aggressor to capture its impact on peak noise. Finally, we extend our model to multiple segmented aggressors by adding the noise of individual aggressors and sweeping their noise results in the time domain to determine peak noise (in contrast to adding the individual peak noise values for individual aggressors). Our results indicate that previous models that assume that aggressor interconnects run parallel to the victim net for its entire length do not yield peak noise results close to SPICE, and must be extensively tuned to accommodate various overlaps of victim and aggressors. We also ^nd that inclusion of driver resistance in the model improves results substantially. Last, we observe that instead of adding the peak noise contributions of the individual aggressors, sweeping a superposition of analytical time domain voltage functions that include noise response yields a closer estimate of actual peak noise.

Figure 1: Two parallel segmented coupled interconnects, with victim driver modeled as a linear resistance and aggressor driver modeled as a voltage source and a linear resistance. The load for both victim and aggressor is modeled as a capacitance to ground. This con^guration is used for our analysis of peak noise on the victim. Nomenclature: L_1: fraction of victim to the left of aggressor overlap; L_2: fraction of victim overlapped by aggressor; L_3: fraction of victim to the right of aggressor overlap (L_1 + L_2 + L_3 = 1); R_{dA}(R_{dV} ): aggressor (victim) driver resistance; C_{gA}(C_{gV} ): aggressor (victim) capacitance to ground; C_{LA}(C_{LV} ): aggressor (victim) load capacitance; C_c: coupling capacitance.

2 Our Model for Segmented Coupled Interconnects

We consider two parallel coupled interconnects with victim driver modeled as a driver resistance only, and aggressor driver modeled as voltage source and driver resistance, as shown in Figure 1. (This is for the case when the victim line is quiet and aggressor line changes from 0 to VCC, inducing noise voltage on the victim line via capacitive coupling. As a result of victim line resistance and the driver resistance, the induced voltage undergoes exponential decay. If the induced voltage is higher and lasts longer (i.e., its pulse width is greater) than certain minimum values, then the destination gate generates a glitch and causes a logical error). For both the victim and the aggressor, the destination gate is modeled as a load capacitance to ground. To simplify analysis, we use an equivalent Π model circuit for the interconnects as shown in Figure 2. We analyze noise at the end of the interconnects. The transformation from Figure 1 to 2 is discussed in detail below.

Our goal is to develop models to estimate peak noise on the victim line for different con^gurations of the aggressor victim overlaps. We vary the lengths L_1, L_2 and L_3 to generate various overlap con^gurations. As explained in Figure 1, L_1 refers to the fraction of the victim wire to the left of the overlap between the victim and the aggressor; L_2 refers to the section of the victim wire that overlaps with the aggressor (note that this length corresponds to the length of the aggressor wire); and L_3 refers to the section of the victim wire to the right of the aggressor wire and victim wire overlap. We consider only cases where the victim wire is longer than the aggressor

1An aggressor is called a segmented aggressor if it overlaps with the victim interconnect for only part of the victim’s length, at some given displacement from the victim.

wire.

Figure 2: Equivalent circuit (using Π model for interconnect) for the con^guration of Figure 1.

After applying the Π model for interconnect as shown in Figure 2, we calculate the peak noise voltage on the victim via the solution given in [4], i.e., the peak noise at the receiver end of the victim net is given by

v_C(t_{peak}) = v_0 b_2 � k_1e^{s1tpeak} + k_2e^{s2tpeak} � (1) (Refer to [4] for a detailed derivation.) Thus, the key to solving for noise in the Figure 1 con^guration is to reduce it to the model of [4] (Figure 2). We cannot use that model directly in our current scenario because (1) the model of [4] considers driver resistance to be zero; (2) the resistances from non-overlap regions of the victim wire would isolate various capacitances and force nonuniform distribution of ground and coupling capacitances of the victim wire in contrast to the model of [4]; and (3) the victim wire resistance would vary signi^cantly (and proportionately) with L_2. The Π model to which we reduce our input con^guration must address these considerations appropriately. We discuss the transformations required, and the reductions made to input con^guration parasitics in de^ning our Π model, in the next section.

3 Model Transformations

To analyze the segmented con^guration, the closest model would be a 3-Π model as shown in Figure 3. Extending the model used in [4] in this way avoids the drawbacks of the 1-Π model in Figure 2. However, the resulting analytical model, and analytical expressions for noise and delay, become excessively complicated. Our approach, therefore, is to transform the parameters of the segmented con^guration into the existing simplistic and fast model of [4] (Figure 2). In this section, we present the transformations that we use to reduce the input circuit (Figure 1) to the 1-Π model (Figure 2); these yielded the closest results to SPICE^2 among all the variants that we tried. Our discussion attempts to give the physical intuition behind the various transformations.

2We used a distributed multiple-node (more than 45 nodes) SPICE model to compare our results to the 1-Π model. We did not compare our model with a 1-Π SPICE model. Thus, in effect, our model is a reduction of a 45+ node distributed SPICE model to a fast analytical 1-Π model.

Figure 3: Equivalent circuit (using 3-Π model for interconnect) for the con^guration of Figure 1.

ffl Victim wire resistance transformations. The current being charged into the victim wire from the aggressor coupling capacitance discharges from the keeper end of the victim wire. Thus, the victim wire resistance that actually plays a role in discharge of the victim current is the resistance from the keeper (driver) end of the victim to the overlap region between the victim and the aggressor (the last leg of the coupling capacitance pumping charge into the victim wire). In other words, the victim wire resistance in the model should correspond to the lengths due to L_1 and L_2 fraction of the victim wire. However, in order to be close to the extended 3-Π model, we consider the victim wire resistance to correspond to the length of the overlap between the victim and the aggressor (L_2), and model the resistance due to fraction L_1 of the victim wire as part of the driver resistance of the model (see victim driver resistance transformations below). Thus, we transform the victim wire resistance as R^0_1 = R_{wv} ∗ L_2.

ffl Victim driver resistance transformations. As explained above, we transform the victim driver resistance to also include the resistance of the victim net to the left of the overlap region of victim and the aggressor. I.e., R_{d2} = R_{dv} + L_1 ∗ R_{wv}. The reason for this is that the ground node to the left of the victim driver resistance (that keeps the victim peak voltage) is isolated from the left coupling cap leg of the Π model by these resistances, and can thus be modeled as the driver resistance of the victim keeper.

ffl Victim ground capacitance transformations. In our Π model, we distribute the ground capacitance of the victim net non uniformly between the left and the right leg of the Π. The reason is that in light of uneven overlap between victims and aggressors, the ground capacitance on the right end of the Π model is isolated by the resistance on the victim net. However, the whole of the ground capacitance is actually available to discharge the noise pulse from the aggressor. Thus, we distribute the victim net’s ground capacitances as:

C^0_1 = 0:5 ∗C_{gV} ∗ (1 + L_1 − L_3) C^0_2 = 0:5 ∗C_{gV} ∗ (1 − L_1 + L_3)

ffl Coupling capacitance transformations. In the real con^guration (Figure 1), the coupling capacitance starts L_1 distance away from the keeper end of the victim net; in our Π model (Figure 2), the left leg of the coupling capacitance C_{c1} is at the keeper end of the victim net. This discrepancy between model and real circuit pushes the keeper end of the victim net closer to zero potential, causing more discharge from the left leg of the coupling capacitance in the model than in the real circuit (because in the real circuit, the capacitance is isolated by the wire resistance). Therefore, we lower the coupling capacitance on the keeper end of the victim net: C_{c1} = 0:5 ∗C_c ∗ (1 − L_1) C_{c2} = 0:5 ∗C_c ∗ (1 + L_1)

To extend our model to capture multiple aggressors’ noise impact on the victim net, we ^rst transform the input parameters of each aggressor to that individual aggressor’s Π model with victim net. We then compute the time domain function for each aggressor’s noise impact using the noise voltage function derived in [4]. Next, to ^nd the peak noise value due to all aggressors, we sweep the noise value of each aggressor in time domain and add all individual noise contributions. The peak noise value reported is the maximum attained by this superposition of noise contributions.

4 Simulation Results

Cases width spacing Victim length (in ţm) (in ţm) (in ţm) 1 0.49 0.46 1000 2 0.49 0.46 5000 3 1.00 0.46 10000 4 0.49 1.30 1000

Cases R_{int}/length C_{gnd}/length C_{coup}/length (in Ω/mm) (in f F/mm) (in f F /mm ) 1 122.9 63.2 115.02 2 122.9 63.154 115.006 3 60.53 98.397 118.0 4 122.9 109.3 46.2

Table 1: Interconnect parameters used in various SPICE simulations (C_L = 153 f F due to inverter gate capacitance for all cases).

To validate our new analyses, we have considered two adjacent M3 interconnects from a real microprocessor design in 0.25 ţm CMOS technology. We assume a victim interconnect with properties shown in Table 1, driven by an inverter with resistance R_{dV} = 10Ω. We study various con^gurations of victim interconnect length, width, and spacing as shown in Table 1. For all such victim interconnects, aggressors with identical width and spacing but varying overlap are considered, in order to study the effect of aggressor segmentation on victim noise. This segmentation [overlap] of aggressors is fully speci^ed by L_1, L_2 and L_3, as explained earlier. To evaluate the effectiveness of the model, simulation results and comparisons against SPICE are tabulated for three representative con^gurations of aggressor segmentation: Con^g. I: L_1 20%, L_2 60%, L_3 20% [Figure 1, Table 2] Con^g. II: L_1 0%, L_2 60%, L_3 40% [Figure 4, Table 3] Con^g. III: L_1 40%, L_2 60%, L_3 0% [Figure 5, Table 4] The aggressor driver resistance is assumed to be R_{dA} = 100Ω.

We also assume that the loads at the end of the lines are identically sized inverters, modeled as pure capacitances. We note that the model proposed above is extremely ef^cient to evaluate (despite sometimes long arithmetic expressions), with negligible run times in comparison to SPICE run times.

T_S = 1 ps T_S = 100 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.255 0.269 5.67 0.180 0.197 9.61 2 0.515 0.462 -10.42 0.506 0.459 -9.36 3 0.520 0.460 -11.52 0.526 0.459 -12.68 4 0.103 0.109 5.65 0.072 0.079 10.66

T_S = 200 ps T_S = 400 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.114 0.119 4.84 0.058 0.061 4.56 2 0.490 0.451 -8.00 0.436 0.421 -3.51 3 0.521 0.457 -12.22 0.502 0.450 -10.52 4 0.046 0.048 4.98 0.023 0.025 4.57

Table 2: Peak noise results for con^guration I L_1: 20% L_2: 60% & L_3: 20%. See Figure 1.

Figure 4: Con^guration II L_1: 0% L_2: 60% & L_3: 40%. This con^guration corresponds to the aggressor overlapping towards the receiver node of the victim net.

Our simulation results in Tables 2, 3 and 4 indicate that our model transformations yield close results to SPICE simulations. The maximum error reported is ∼ 16%.

Simulation Results for Multiple Aggressors

We have performed experiments with up to three aggressors. As explained in Section 3, we report peak noise values resulting from superposition of individual aggressors’ noise contributions. Given the degree of freedom in choosing L_1, L_2 and L_3 for each of the aggressors, the number of combinations of the aggressors’ locations with respect to victim driver and receiver increases exponentially with the number of aggressors. To test our model, we limited the resolution on L_1, L_2 and L_3 to 20% of the victim wire length. Our experiments enumerate all the possible combinations of aggressor con^gurations with respect to victim, for two and three aggressors. For this, we vary each aggressor’s L_1 and L_3 from 0% to 80%, and L_2 from 20% to 100% in steps of 20% aggressor length. Figure 6 explains one example two-aggressor con^guration, and Table 5

T_S = 1 ps T_S = 100 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.220 0.244 11.29 0.153 0.168 10.10 2 0.385 0.355 -7.89 0.377 0.352 -6.77 3 0.393 0.349 -11.13 0.391 0.349 -10.84 4 0.087 0.097 11.01 0.061 0.067 10.47

T_S = 200 ps T_S = 400 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.097 0.098 1.02 0.050 0.050 0.001 2 0.364 0.343 -5.94 0.320 0.311 -2.62 3 0.388 0.346 -10.67 0.373 0.338 -9.46 4 0.038 0.039 1.16 0.020 0.020 0.02

Table 3: Peak noise results for con^guration II L_1: 0% L_2: 60% & L_3: 40%. See Figure 4.

Figure 5: Con^guration III L_1: 40% L_2: 60% & L_3: 0%. This con^guration corresponds to the aggressor overlapping towards the driver node of the victim net.

summarizes the results for this case. Similarly, Table 6 summarizes the results for one example three-aggressor case. Maximum error in peak noise for the example two-aggressor case shown in Figure 6 is ∼ 17% (Table 5), and ∼ 30% for the example three-aggressor case (Table 6). Overall, we ^nd that for a small number of the aggressor con^gurations, the error can be higher than that seen for the examples in Tables 5 and 6. In most cases, the error is on the side of pessimism.

5 Conclusions

In conclusion, we have analyzed the accuracy and applicability of new, very simple closed-form models and their transformations for computing crosstalk noise pulse peak and width for deepsubmicron interconnects. Speci^cally, we have provided simple to use reductions and transformations into an existing model, to enable accurate peak noise (and noise pulse width) modeling for more realistic interconnect con^gurations (i.e., segmented aggressors and multiple aggressors). We ^nd that our model transformations give results within ∼ 16% of the SPICE results for various con^gurations of a single aggressor-victim pair. Applying superposition, our model provides results within reasonable tolerances of SPICE results for two-aggressor and three-aggressor cases. The

T_S = 1 ps T_S = 100 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.281 0.291 0.75 0.205 0.221 8.27 2 0.594 0.536 -0.99 0.618 0.533 -13.77 3 0.640 0.543 -15.08 0.647 0.543 -16.17 4 0.118 0.119 0.76 0.083 0.09 9.19

T_S = 200 ps T_S = 400 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.130 0.140 7.06 0.067 0.073 7.86 2 0.602 0.526 -12.62 0.535 0.500 -6.61 3 0.641 0.541 -15.66 0.618 0.534 -13.6 4 0.053 0.058 7.30 0.017 0.018 7.88

Table 4: Peak noise results for con^guration III L_1: 40% L_2: 60% & L_3: 0%. See Figure 5.

T_S = 1 ps T_S = 100 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.469 0.532 13.44 0.336 0.39 16.20 2 0.756 0.816 5.8 0.742 0.811 6.92 3 0.85 0.893 5.03 0.857 0.891 3.98 4 0.196 0.215 9.7 0.14 0.157 12.82

T_S = 200 ps T_S = 400 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.222 0.237 6.78 0.117 0.122 4.66 2 0.726 0.793 7.17 0.658 0.732 9.85 3 0.851 0.887 4.57 0.828 0.872 5.41 4 0.091 0.096 5.54 0.047 0.049 4.59

Table 5: Peak noise results for example Two-Aggressor Con^guration Ű Aggressor I: L_1: 0% L_2: 60% & L_3: 40% Aggressor II: L_1: 40% L_2: 60% & L_3: 0%. See Figure 6.

reduction of a detailed distributed victim and aggressor RC coupled circuit to a reasonably accurate transformed model has lots of advantages in analysis and estimate methodology. Such transformations are useful for both signal integrity analysis, interconnect/gate load delay computation and ^nally for delay uncertainty computation.

The approaches described in our paper potentially form the basis of a set of analytical tools to estimate noise peaks early in the ASIC physical implementation ~ow. We hope to extend our models and results to build a system which can read in an extracted layout, convert the various net overlap con^gurations to individual victim-aggressor pairs using our transformations, and then report estimates of peak noise, pulse width, delay, slew degradation and effective switching factor for various nets of the layout. Our ongoing work addresses the erroneous behavior of our noise model for the few cases which exhibit high error. We also seek to make this model more scalable (i.e., accurate even with many aggressors) and applicable to aggressors that have opposite-direction drive with respect to the victim.

References

[1] H. B. Bakoglu, Circuits, Interconnections and Packaging for VLSI, Addison Wesley, 1990.

[2] L.H. Chen and M.Marek-Sadowska ŞAggressor Alignment for Worst- Case Coupling NoiseŤ, International Symposium on Physical Design, Apr 2000.

Figure 6: Two Aggressor Con^guration Ű Aggressor I: L_1: 0% L_2: 60% & L_3: 40% Aggressor II: L_1: 40% L_2: 60% & L_3: 0%

[3] A. Devgan, ŞEf^cient Coupled Noise Estimation for On-Chip InterconnectsŤ, IEEE/ACM International Conference on Computer-Aided Design, Nov 1997, p. 147-153.

[4] A. B. Kahng, S. Muddu and D. Vidhani, ŞNoise and Delay Uncertainty Studies for Coupled RC InterconnectsŤ, Proc. IEEE International ASIC/SOC Conference, Sep. 1999, pp. 3-8.

[5] H. Kawaguchi and T. Sakurai, ŞDelay and noise formulas for capacitively coupled distributed RC lines Ť, Proc. Asian and South Paci�c Design Automation Conference, 1998, pp. 35-43.

[6] S. O. Nakagawa, D. M. Sylvester, J. G. McBride and S.-Y. Oh, ŞOn- Chip Cross Talk Noise Model for Deep-Submicrometer ULSI InterconnectŤ, The HP Journal (4), Aug. 1998.

[7] K. Rahmat, O. S. Nakagawa, S-Y. Oh and J. Moll, ŞA Scaling Scheme for Interconnect in Deep-Submicron ProcessesŤ, IEEE International Electron Devices Meeting, 1995, pp. 245-248.

[8] K. L Shepard, V. Narayanan, P. C. Elmendorf, and G. Zheng, ŞGlobal Harmony: Coupled Noise Analysis for Full-Chip RC Interconnect NetworksŤ, Proc. ACM/IEEE Intl. Conference on Computer-Aided Design, Nov. 1997.

[9] T. Sakurai, ŞClosed form expressions for interconnection delay, coupling and crosstalk in VLSIsŤ, IEEE Transactions on Electron Devices, Jan. 1993, vol. 40(1), pp. 118-124.

[10] A. Vittal and M. Marek-Sadowska, ŞCrosstalk reduction for VLSIŤ, IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, March 1997, vol. 16, pp. 290-298.

T_S = 1 ps T_S = 100 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.548 0.698 27.32 0.389 0.473 21.61 2 0.977 1.232 26.05 0.962 1.22 26.76 3 0.981 1.237 26.13 0.992 1.234 24.48 4 0.236 0.276 16.66 0.165 0.189 14.73

T_S = 200 ps T_S = 400 ps Cases SPICE Our Model % Error SPICE Our Model % Error 1 0.258 0.279 8.12 0.136 0.143 4.64 2 0.963 1.186 26.66 0.85 1.074 26.33 3 0.106 0.112 24.63 0.952 1.193 25.28 4 0.984 1.226 6.02 0.055 0.057 4.61

Table 6: Peak noise results for example Three-Aggressor Con^guration Ű Aggressor I: L_1: 0% L_2: 40% & L_3: 60% Aggressor II: L_1: 20% L_2: 60% & L_3: 20% Aggressor III: L_1: 60% L_2: 40% & L_3: 0%.