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ABSTRACT

In this paper, we present a new voltage IR drop analysis approach
for large on-chip power delivery networks. The new approach is
based on recently proposed sampling based reduction technique to
reduce the circuit matrices before the simulation. Due to the dis-
ruptive nature of tap current waveforms in typical industry power
grid networks, input current sources typically has wide frequency
power spectrum. To avoid the excessively sampling, the new ap-
proach introduces an error check mechanism and on-the-fly error
reduction scheme during the simulation of the reduced circuits to
improve the accuracy of estimating the the large IR drops. The pro-
posed method presents a new way to combine model order reduc-
tion and simulation to achieve the overall efficiency of simulation.
The new method can also easily trade errors for speed for differ-
ent applications. Experimental results show the proposed IR drop
analysis method can significantly reduce the errors of the existing
ETBR method at the similar computing cost, while it can have 10X
and more speedup over the the commercial power grid simulator
in UltraSim with about 1-2% errors on a number of real industry
benchmark circuits.

1. INTRODUCTION

Reliable on-chip power delivery is one of the difficult challenges
for sub-100nm and below VLSI technology as voltage IR drops
become more and more pronounced. This situation gets worse as
technology continues to scale down. This has been reflected by
the facts that more power has to be delivered into the chips for
more packed devices, and supply voltage continues to decrease,
which results in a decreased noise margin for signal transition, and
makes transistor more vulnerable to supply voltage degradation. So
efficient verification of power integrity becomes critical for final
design power integrity closure.

Many research works have been done on efficient simulation of
on-chip power grid networks. Methods such as multigrid-like [1,
2], hierarchical [3, 4], partition-based [5], fast iterative [6, 7] and
random walk based [8] help improve scalability of power gird net-
work analysis.

Recently simulation approaches based on frequency-domain re-
duction have been proposed [9, 4, 10]. These methods boost the ef-
ficiency by reducing the original circuits before the transition anal-
ysis on the reduced circuits. The reduction is performed on both a
power grid system and its input signal sources. Existing approaches
consists of the extended Krylov subspace based reduction methods
(EKS) [9, 4] and the extended truncated balanced realization based
method (ETBR) [10]. The EKS method is based on the moment
matching scheme. It needs to present the current sources in the
explicit moment forms, which may lead to less accuracy owing to
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the well-known numerical problems in explicit moment matching
methods [11]. The ETBR method performs the response sampling
over wide frequency range to build the reduced model and was
shown to be more accurate than EKS [10]. However, how to select
the sampling points to minimize the errors of reduced models still
remains an open problem. This is especially the case for real in-
dustry power delivery networks where current waveforms are very
disruptive and their frequency power spectrum is significant in wide
frequency range, which may require a large number of samplings to
meet the accuracy requirement. Also the simulation time period is
typically very long (compared with the number of simulation steps)
in those industry circuits.

In this paper, we propose efficient IR drop analysis approach
based on the sampling-based reduction and simulation framework.
The new approach tries to dynamically compensate error losses
from the reduction during the simulation process of reduced mod-
els. The new approach introduces an error check mechanism based
on the system residuals, which is an exact error indicator, as well as
the novel effective resistance concept to compute the errors in terms
of more useful voltage drop values. The on-the-fly error reduction
works well for compensating high frequency accuracy loss related
to disruptive tap current waveforms in typical industry power grid
networks. The new method also presents a new way to closely com-
bine model order reduction and simulation to achieve the overall
efficiency of simulation. The proposed method provide an efficient
way to easily trade errors for speedup to suit different applications.
Experimental results show the proposed IR drop analysis method
can significantly reduce the errors of the existing ETBR method,
and meanwhile it can lead to up 10X speedup over the the latest
commercial power grid simulator, UPS, in UltraSim, with about
1-2% errors on a number of real industry circuits.

The rest of this paper is organized as follows: Section 2 presents
the power grid models used in the paper and IR drop analysis prob-
lem. We review the extended balanced truncation reduction meth-
ods in Section 3. Section 4 presents the new reduction based IR-
drop analysis method. Section 5 presents the experimental results
and Section 7 concludes this paper.

2. POWER GRIDNETWORK MODELS AND
IR DROP ANALYSIS PROBLEM

The power grid networks in this paper are modeled as RC net-
works with known time-variant tap current sources, which can be
obtained by gate level logic simulations of the circuits under as-
sumption that transistor circuit simulation and power grid network
simulation are separated. Such RC model is still valid at least for
the on-chip level power grid networks for current technologies [12].

Fig. 1 shows the power grid models used in this paper. For a
power grid, some nodes having known voltage are modeled as con-
stant voltage sources. For C4 power grids, the known voltage nodes
can be internal nodes inside the power grid. Given the tap cur-
rent source vector, u(t), the node voltages can be obtained by solv-
ing the following differential equations, which is formulated using
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modified nodal analysis (MNA) approach,

Gv(t)+Cd2(tt) — Buln)
y(t) = L) (1)

where G € R"*" is the conductance matrix, C € R"*" is the matrix
resulting from storage elements. v(z) is the vector of time-varying
node voltages and branch currents of voltage sources. y(f) is the
observed output voltage vector. u(¢) is the vector of independent
power sources, and B € R"*? is the input selector matrix and L €
R™! is the output selector matrix. p and [ are the number of input

and output terminals respectively.

$T T3T 3T 5T =T
%ﬁ T %i T %i
W VW W WW

Figure 1: The power grid model used.

The on-chip power grids, one important integrity issue is exces-
sive voltage IR drops due to the unavoidable wire resistance (and
inductive effects when inductance are large). IR drop based power
grid integrity analysis is different from the general transient anal-
ysis in that designers are mainly interested in the voltage drops in
the tap current sources as the tap currents are where the power grid
network are connected with the logic circuits and IR drops mainly
matter from the logic circuit perspective. As a result in our pro-
gram L = B and p =/ in (1). This implies the passive model or-
der reduction can be achieved and it will also lead to more efficient
reduction-based simulation for power grid networks as shown later.

Second, for IR drop analysis, what matter are the excessive volt-
age drops occurring at a few time instances over the simulation
period for each node. This is especially the case for real industry
power grid networks, where the tap currents are very disruptive in
nature as shown in Fig. 2 and so are the IR drops as shown in Fig. 3.
Fig. 4 shows the frequency spectrum of the current shown in Fig. 2,
which have shapes like sinc functions due to the impulse shapes of
currents in time domain.

3. EXTENDED TRUNCATED BALANCED
REALIZATION SCHEME

3.1 Extended truncated balanced realization
scheme

The new method is based on the recently proposed extended
truncated balanced realization method [10]. We first review this
method.

For a linear system in (1) under truncated balanced realization
reduction framework [13], one first computes the controllable and
observable gramians, which measure the controllability and ob-
servability of a system to generate the projection matrix to perform
the reduction. For instance, the controllable gramian X can also be
represented in frequency domain as

tee | ppT H
X:/ (JoC+G)™ BB (joC+G) "dw )
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Figure 2: Input current waveform at the node 10510 of Ckt4
(the first one-tenth).
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Figure 3: Voltage waveform at the node 10510 of Ckt4 (the first
one-tenth).
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Figure 4: Frequency waveform at the node 10510 of Ckt4 (the
first one-tenth).

For our analysis problem, we instead define the frequency-domain



Response gramian,
*e 1 T T H
xr:/ (joC+G)™'Bu(jo)u' (jo)B' (joC+G) "do (3)

which is different from the gramian concepts in the traditional TBR
based reduction framework. Notice that in the new gramian defini-
tion, the input signals u(jw) are considered. As a result, (joC +
G)~'Bu(jo) serves as the system response with respect to the input
signal u(j®) and resulting X, becomes the response Gramian.

To fast compute the response gramian X,, we can use Monte
Carlo based method to estimate the numerical value as done in [14].
Specifically, let ®; be kth sampling point over the frequency range.
If we further define

2 = (joxC + G) ™' Bu(joy) 4)

then X can be computed approximately by numerical quadrature
methods

X =Y wiz = zwrzl (5)
k

where Z, is a matrix whose columns are zj and W a diagonal ma-

trix with diagonal entries wy = \/Wg. wi comes from a specific

quadrature method.

The projection matrix V' can then be obtained by singular value
decomposition (SVD) of Z,.. After this, we can reduce the original
matrices into small ones via congruence transformation and then
perform the transient analysis on the reduced circuit matrices. If
vy(t) is the response vector from the reduced circuit, then the orig-
inal waveforms can be obtained by v(¢) = Vv, (¢).

Notice that we need the frequency response caused by input sig-
nal u(joy) in (4). This can be obtained by fast Fourier transfor-
mation on the input signals in time domain. The ETBR method is
very amenable to the parallel computing as it essentially performs
the Monte-Carlo like sampling in the frequency domain to compute
projection matrix where each sampling can be computed indepen-
dently and thus in parallel.

In our voltage IR drop analysis, as we mention early that the
observable ports are also the tap current source nodes, i.e. B =
L in (1), the reduced system is passive owing to the property of
congruence transformation [15].

4. NEWREDUCTIONBASED IR DROP ANAL-

YSIS METHOD

For IR drop analysis, many industry circuits exhibit rapid chang-
ing tap current waveforms as shown in Fig. 2. Such impulse-like
current waveforms will have the frequency spectrum similar to sinc
function in frequency domain as shown in Fig. 4, which has a long
tail and thus is significant across wide frequency range. This re-
quires large number of samplings to make ETBR accurate, which
degrades its performance.

In this paper, we propose to reduce the errors during the transient
simulation of the reduced models. In the new method, we moni-
tor errors for the transient waveforms from the reduced model and
switch to the original models when errors are large. Our experimen-
tal results show such large errors typically occur around the large
voltage drop (spikes) and the proposed method can accurately esti-
mate large voltage drops while still maintain decent speedup over
traditional methods. We first present how errors are estimated in
the time domain.

4.1 Error estimation in the time domain

One important aspect of the proposed method is to have accurate
a priori error estimation at each time step #;.

We propose to use the residual error information of the original
on the states obtained from the reduced models. Specifically, for
system (1), assume that 4; is the time step at time #; and v,(¢;) and
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vr(ti—1) are the voltage vectors in the reduced systems at time #; and
t;_1 after the time discretization. Then we can define the residual
error in time domain as

R(ti) = GVvi(ti) + (C/hi)V (vi(ti) = vr(ti-1)) — Bu(ti)

=(G+C/hi)Vv,(ti) = (C/hi)Vvr(ti-1) — Bu(t)

Q)
@)

where Vv, (t;) is an approximation of the original state v(z;), V
is the project matrix computed from ETBR and V € R"*Y, g is
the reduced order. Notice that if Vv,(f;) is exactly equal to x(¢;),
the residual error should be zero. As a result, the norm of R(#;),
[|R(#;)]| can serve as a good error indicator for the reduced model
at #;. Practically, we take ||R(f;)||- as the error indicator, which is
the maximum absolute value of the element in R(z;).

Notice that we are only interested in the tap current nodes and the
largest IR drop must happen in one tap current node. As aresult, we
do not need to check the all the nodes. The new residual formula
considering only tap current nodes becomes

Riap(ti) = B' (G+C/hi)Vv, (1) = BY (C/hi)Vv,(t;1) — B Bu(t;)

(®)

Although R(%;) still involves the original matrices G and C, only

matrix multiplications are involved. The time complexity of (7) is

O(p % q), where p is the number of nodes and g is the size of the
reduced model.

4.2 Effective resistance

The residual definition in (8) mainly give the current residual as
u(t;) mainly contains the tap current sources (with only a few volt-
age sources normally). However, to effectively control the errors,
we need to know how much voltage errors such as current residuals
will cause. As a result, we need to map from the current residual to
the voltage residual (difference).

We introduce the effective resistance to perform the mapping.
The effective resistance at time ¢; is defined as

max (Ryqp (1;))

where max means taking the maximum value of a vector. To com-
pute e (;), we have to know the exact response solved from the
original system v(#;). Actually we do not need to compute the ef-
fective response at every time step. Instead, we only compute it at
the first step and the steps where errors are large and the original
solutions are solved.

Our experimental results show that the effective resistances are
quite consistent through the time steps for each circuit. Fig. 5 show
the histogram for the effective resistance distribution all over the
time steps of Ckt4 in the experimental section. It can seen that
the effective resistance is dominated by values around 12. Practi-
cally we compute the average effective resistance 74, all over the
effective resistance computed seen so far to estimate the allowed
maximum current residual.

refr(ti) = )

4.3 Dynamic error control

To control the errors, we need to determine the maximum al-
lowed current residual i, qy. If the max(Reqp(1;)) is larger than
irmax» the original model will be solved. Otherwise, the reduced
model is solved. The i, 4, Will be computed as

Virmax X Oyp (10)

ir,max =
Yavg

where Vjy.uqx is the largest IR drop seen so far and 0 < oy, < 1
is a user-defined threshold specifying the percentage of the allow
voltage difference with respect to the largest voltage drop seen so

far. Typically oy, is around 0.01 to 0.05.
At the beginning, the maximum voltage drop vjy,;uqx may be small
and it can lead to the necessary solving of the original models. To
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Figure 5: Effective resistance distribution of Ckt4.

avoid this problem, the initial current residual is determined by the
largest current value, I,4y, of all the current sources over all the
time steps.

irmax = Imax X Olgy (11)
So the actual allowed current residual will take the larger one of the

tWO Ty xS’

4.4 The new IR drop analysis algorithm flow

In this subsection, we summarize all the steps we discuss before.
We first present the proposed ETBR_IR method in Algorithm 1.

Algorithm 1: ETBR based IR drop analysis (ETBR_IR)

Input: Circuit of G, C, B, u(t), number of samples: ¢, transient
simulation step interval.
Output:  Max IR drop for the given simulation interval.

. Convert all the input signals u(¢) into u(s) using FFT.

. Select ¢ frequency points s1,52,...,5, over the frequency range.

. Compute z; = (s¢C + G) ™' Bu(sy).

. Form the matrix Z, = [z],25,. .. ,zl’l].

Perform SVD on Z,, Z, = V,.S,U! .

G=vIgv,C=VIcv,,B=V]B

. Solve the ith step (G,C, B, u(r)), and get 5(¢). v(t) = V,9(t).

. Substitute v(¢) into (G, C), and get right hand side wi. w = B X u.

. Compute current residual error R = abs(w — w1). If ||R|| is less than
allowed residual i.,4y, then goto step 11, else goto step 10.

10. Solve the ith step (G,C, B, u(t)), and get v(t). Update ravg and iy max.
Goto step 11.

11. Compute max IR drop. i =i+ 1. Goto step 7.

12. Finish all the time steps and return max IR drop.

- R N T

In the new algorithm, ETBR_IR first reduces the original circuits
from step 1 to 6 using ETBR method. Then from step 7 to step
11, it performs the simulation on the reduced model. At the same
time, it watches out for the error in each time step. If the error is
larger than the given voltage IR drop threshold, ETBR_IR switches
the simulation to the original model to get accurate results and then
switch back the reduced model for the next step until we finish all
the time step.

S. EXPERIMENTAL RESULTS

The proposed ETBR_IR algorithm has been implemented using
C++ and CSparse package [16]. ETBR_IR has been tested on a

workstation with Intel quad-core 2.0GHz CPU and 8GB memory.
All the benchmarks are power or ground grids from real industry
designs. The statistics are summarized in Table 1. In the table,
#Nodes means the total number of nodes in one test circuit. #VS
means the total number of voltage sources and #IS means the total
number of current sources. #Time Steps means the total number of
simulation time steps.

In the experimental setting, the oy, is set to 0.05 except for Ckt6
and Ckt7 where o, is set to 0.01. Also the number of samplings is
set to 10 for all the case in ETBR_IR.

Table 1: Benchmark circuits
[ Test Ckts [[ #Nodes | #VS [ #IS | #Time Steps |

Cktl 249475 1 5177 25001

Ckt2 154514 0 624 25001
Ckt3 60999 1 20901 250001
Ckt4 42222 0 10654 250001
Ckt5 49303 0 48756 79001
Ckt6 70127 1 28928 100001
Ckt7 75758 1 28048 100001

We compare ETBR_IR with original ETBR and UltraSim ver-
sion 7.1, which is a commercial simulation tool from Cadence. Ul-
traSim UPS (UltraSim Power network Solver) is the power grid
analysis tool in UltraSim. It is an improved LU solver for power
grid network analysis. We consider UltraSim UPS as the standard
one, due to the reason that those real industry benchmarks are too
large and too challenging for SPICE to solve it. We first show the
performance comparison results in Table 2.

Table 2 shows the performance in CPU seconds of ETBR_IR,
comparing with original ETBR and UltraSim. From Table 2, we
can see ETBR_IR can finish much faster than UltraSim for Cktl
and Ckt2. It can archive about 37X speedup in average. We notice
that ETBR_IR favors circuits with less current sources as shown for
Cktl and Ckt2 where we see much higher speedup. This is due
to the less time spent on the mapping results from reduced models
to the original one. For other cases such as Ckt5 where the #IS
is almost equal to #Nodes, ETBR_IR still can finish 3x faster than
UltraSim.

Voltage waveform on node 17 of Ckt2
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Figure 6: Voltage waveform at the node 17 of Ckt2.

Table 3 shows the accuracy in maximum IR drop values of ETBR_IR

compared with ETBR and UltraSim. Here we consider results from
UltraSim UPS as the golden and errors are computed as the relative
errors to the golden results in percentage.
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Table 2: Performance comparison (CPU seconds) of UltraSim, ETBR and ETBR_IR

[ Test Ckts [| UltraSim (s) [ ETBR (s) | ETBRR (s) [ ETBR speedup | ETBR.IR speedup |

Ckt1 49653 236 278 210.39 178.61
Ckt2 6906 104 122 66.40 56.61
Ckt3 6130 350 1122 17.51 5.46
Ckt4 3969 234 629 16.96 6.31
Ckt5 3969 551 1182 7.20 3.34
Ckt6 6144 803 1020 7.65 6.02
Ckt7 6523 765 950 8.53 6.87
Avg. 47.81 37.60

Table 3: Accuracy comparison (max IR drop values) of UltraSim, ETBR and ETBR_IR

[ Test Ckts [| UltraSim (mV) | ETBR (mV) | ETBR.IR (mV) | ETBR error | ETBR.IR error |

Cktl 1087.855 1087.812 1087.812 0.00% 0.00%
Ckt2 1899.810 1890.496 1890.500 0.49% 0.49%
Ckt3 12.230 6.021 12.222 50.77% 0.07%
Ckt4 24.734 15.549 24.707 37.14% 0.13%
Ckt5 8.424 5.055 8.363 39.99% 0.72%
Ckt6 196.300 181.251 197.468 7.67% 0.60%
Ckt7 255.920 196.102 252.613 23.37% 1.29%
Avg. 22.78% 0.47%
Input current waveform on node 17 of Ckt2 Voltage waveform on node 10510 of Ckt4
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Figure 7: Input current waveform at the node 17 of Ckt2.

We can see that the max IR drop values computed by UltraSim
and ETBR_IR are almost the same. The max difference is less than
2%, and the average difference is less than 1%. Fig. 6, Fig. 8 and
Fig. 10 show the voltage waveforms on the max IR drop node of
Ckt2, Ckt4 and Ckt5, respectively. The max IR drop values com-
puted by ETBR_IR are sufficiently accurate for the practice pur-
pose. As we can see that the voltage drops are very disruptive and
shape. The maximum voltage drop only happens at a number of
discrete time points over the the whole simulation period. Such
disruptive waveforms comes from the similar input current wave-
forms as shown in Fig. 7, Fig. 9 and Fig. 11, which show the input
current waveforms on the max IR drop node of Ckt2, Ckt4 and
Ckt5, respectively. For the original ETBR, the errors for some cir-
cuits are quite large (22.78% in average) for the maximum voltage
drops. We observe that ETBR works quite well for Ck1 and Ck2.
The reason is that Ck1 and Ck2 have input waveforms that change
less rapidly compared to other circuits as shown in Fig. 7, Fig. 9
and Fig. 11. We can increase the number of samples to improve the

767

Time (s) -5

Figure 8: Voltage waveform at the node 10510 of Ckt4.

accuracy at much more computational costs.
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7. CONCLUSIONS

In this paper, we have presented a new voltage IR drop analysis
approach for integrity verification of large on-chip power delivery
networks with rapid-changing tap current sources. It is based on
recently proposed sampling based reduction techniques to reduce
the circuit matrices before the simulation. The new approach intro-
duce a novel error check mechanism and on-the-fly error reduction
during the simulation of the reduced circuits to improve the accu-
racy of estimating large IR drops. Experimental results have shown
the proposed IR drop analysis method can significantly improve the
accuracy of ETBR method at similar computing cost, while it can
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Figure 10: Voltage waveform at the node 107 of Ckt5.
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Figure 11: Input current waveform at the node 107 of CktS5.

lead to 10X more speedup over commercial power grid solver UPS
in UltraSim with about 1-2% errors on a number of real industry
circuits.
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