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ABSTRACT Buffer insertion is also effective for noise reduction, and some

This paper proposes a post-layout transistor sizing method for Methods are proposed [4, 5]. References [6-8] discuss the effec-
crosstalk noise reduction. The proposed method downsizes thetiveness of transistor sizing for crosstalk noise reduction, but prac-
drivers of the aggressor wires for noise reduction, utilizing the pre- i@l implementations are EOES'}OW”' Reci(ntly,. Refsc.j [9-11] pro}
cise interconnect information extracted from the detail-routed lay- pose transistor sizing me_t ods for crossta noise re uction. Ref-
outs. We develop a transistor sizing algorithm for crosstalk noise €"€nce [9] expresses the influence of crosstalk noise as the amount
reduction under delay constraints, and construct a crosstalk noise|°f cougllng ca;:)acnance, gnd. optllmllzeslgc;lse as Wi'(') as area, de-
optimization method utilizing a crosstalk noise estimation method 12Y @nd power by gate and wire sizing. Reference [10] proposes a
and a transistor sizing framework which are previously developed. drl\{er sizing algorithm for noise reductlo.n using a crosstalk noise
Our method exploits the transistor sizing framework that can vary estimation tool_ [12.]' Refe_renqe_ [1.1] estimates crosstalk noise by
the transistor widths inside cells with interconnects unchanged. Re_f. (8], and .CIrCUI’[ area IS n_1|n|m|z_e.d under delay and crosstglk
Our optimization method therefore never cause a new crosstalk 0iS€ constraints. This transistor sizing method does not mention
noise problem, and does not need iterative layout optimization. The th€ layout modification after optimization. When the optimization
effectiveness of the proposed method is experimentally examined €Sult is applied to the layout, a certain amount of interconnects are
using 2 circuits. The maximum noise voltage is reduced by more changed, which may spoil the optimization result, or may cause a
than 50% without delay increase. These results show that the risk of "eW crosstalk noise problem. More recently, a gate sizing method

crosstalk noise problems can be considerably reduced after detail-° "éduce crosstalk induced delay is proposed [13]. This method is
routing. based on a crosstalk noise aware static timing analysis. Although

this method changes circuits considerably, layout modifications are
not taken into consideration.

Categories and Subject Descriptors This paper proposes a post-layout transistor sizing method for

B.7.2 [Integrated Circuits]: Design Aids crosstalk noise reduction. The proposed method optimizes detail-
routed circuits preserving interconnects entirely. The interconnect
General Terms information required for crosstalk noise estimation can be com-

pletely obtained after detail-routing. The optimization result of
transistor sizing can be applied to the layout completely because
the proposed method utilizes the transistor sizing framework that
Keywords can downsize the transistors inside cells preserving interconnects
[14,15]. This framework is originally developed for power reduc-
tion. In this paper, we use this framework for crosstalk noise reduc-
tion. In this framework, various driving-strength cells are generated
on the fly according to the optimization result, and hence transistor-
1. INTRODUCTION level optimization can be executed in cell-base design. Cell layouts
Crosstalk noise problem heavily depends on interconnect struc- are generated by a layout generation system called VARDS [16].
ture, i.e. coupling length, spacing between adjacent wires, and cou-VARDS is based on a symbolic layout method and is enhanced
pling position, and hence many techniques of routing and intercon- to produce cell layouts with variable driving strength. Exploiting
nect optimization for crosstalk noise reduction are proposed [1-3]. this framework, the proposed method reduces crosstalk noise effi-
ciently after detail-routing. As for crosstalk noise estimation, our
method utilizes a 2r noise model with improved aggressor model-
ing [17]. This model can consider the location of coupling, the
Permission to make digital or hard copi_es of all or part of this worl_< for effect of distributed RC networks, and the slew of input signal.
personal or classroom use is granted without fee provided that copies areRafarence [17] also mentions a transformation method that can ap-

not made or distributed for profit or commercial advantage and that copies . -
bear this notice and the full citation on the first page. To copy otherwise, to ply all types of RC trees to the 2-noise model, which enables

republish, to post on servers or to redistribute to lists, requires prior specific crosstalk noise optimization of practical circuits. In this paper,
permission and/or a fee. we develop an optimization algorithm for crosstalk noise reduction

ISPD'02, April 7-10, 2002, San Diego, California, USA. that explores solution space effectively under delay constraints, and
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Figure 1: Two Coupled Interconnects.

construct a crosstalk noise reduction method using the noise esti-
mation method [17] and the transistor sizing framework [14, 15].
Due to the framework, the estimation method and the algorithm,
our method can estimate and optimize crosstalk noise with inter-
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Figure 2: An Equivalent Circuit of Two Partially-Coupled In-
terconnects for Crosstalk Estimation.

connects and circuit delay unchanged. The proposed method can

apply the circuits optimized by the other methods, such as intercon-
nect optimization and buffer insertion, and further reduce the risk
of crosstalk noise.

This paper is organized as follows. Section 2 explains the estima-
tion method of crosstalk noise. Section 3 shows the optimization
algorithm for crosstalk noise reduction. Section 4 demonstrates
some experimental results. Finally, Section 5 concludes the discus-
sion.

2. CROSSTALK NOISE ESTIMATION

This section discusses crosstalk noise estimation. The propose
method utilizes the 2= noise model for crosstalk estimation [17],
and we explain it briefly. We next discuss a noise estimation
method for a net with multiple aggressors based on superposition
considering timing window.

2.1 Overview of Crosstalk Noise Estimation

In practical circuits, many interconnects couple with multiple in-
terconnects, i.e. with multiple aggressors. We estimate the peak
noise voltage caused by each aggressor respectively,
the maximum noise voltage at the sink by superposition. The su-
perposition of the noise voltage is discussed in Sec. 2.2.

The victim net with one aggressor is represented as two partially-
coupled interconnects(Fig. 1). The partially-coupled interconnects
in Fig. 1 are modeled as an equivalent circuit shown in Fig2 2.
is the effective driver resistance of the victim net. The nade
corresponds to the middle point of the coupling interconnegts.
is the resistance between the source apg and R,s is the re-
sistance between,» and the sinkC. is the coupling capacitance
between the victim and the aggressor. The capacitaficesC»
andC,s are represented &3, /2, (C1 + C2)/2, andC3/2 + C;
respectively, wher€'; is the wire capacitance from the source to
nv2, C2 is the wire capacitance from,» to the sink, and”; is the
capacitance of the receiver. The parameters of the aggressor wire
Ra1, Ra2, Ras, Ca1, Caz2, Cus3, are determined similarly. Refer-
ence [17] also develops a method that can apply interconnects with
branches into the model circuit of Fig. 2. We here omit the expla-
nation of this application method.

In the circuit of Fig. 2, the peak voltage,... is expressed as
follows [17].

Ta

)T o
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where
Ty == va(cvl + C’U2 + Cc + C’Ud) (2)
+R’u2 (C’u2 + Cc + C’u&) + R'L}3C’U3a
Ta = Ra1(Car + Caz2 + Ce + Caseyy) (3)
+Ra2 (Ca2 + Cc + Ca35ff)7
Ca3eff = Ca3 (1 - e*T/Ra;gCag) ) (4)
T = Ra1(Car+ Caz + Ce + Ca3) ®)

+Ra2 (CaQ + Cc + Ca3)~

d2.2 Noise Superposition based on Timing

Window Calculation

The proposed method evaluates the peak noise voltage caused
by each aggressor separately, and calculates the maximum noise
voltage at the sink by superposition. In linear systems, the princi-
ple of superposition holds. When the noise amplitude is not large,
i.e. as long as CMOS gates can be treated as a linear resistance,
the noise waveform at the sink of the victim can be represented as
the superposition of the noise waveform from each aggressor wire.

and calculateg eterence [17] experimentally demonstrates that this assumption

of noise superposition is reasonable in practical interconnects.

In the noise superposition, the relative timing of the transitions
at the aggressor wires is an important factor. If we superpose two
noises that never happen simultaneously, crosstalk noise is over-
estimated, and the estimated value is too pessimistic. In order to
eliminate the overestimation, we calculate the timing window that
is the timing range when a transition may occur and is defined as
the range betweeR AT; and LAT;. E AT, is the earliest time of
signal arrival at the output of cell] and LAT; is the latest arrival
time. EAT; andLAT, are calculated as follows.

min

EAT, = min {EAT., +d,7'}, (6)
meFI(l) ’

LAT, = max {LAT, +d,5"}, @
meFI(l) ’

whereFI(l) is the set of the fan-in cells of cdll dzfl" represents
the minimum delay between the output of cellto the output of
cell I in the case that the aggressors and the victim change in the
same transition direction simultaneously. Similad, " is the
maximum delay in the case that the transition direction of the vic-
tim is opposite to those of the aggressors.

The maximum noise voltage at tli¢h sink of the victim net at



timet, Vinaa,i(t), is represented as follows. measure, the proposed algorithm can find the aggressor net effi-
n ciently that has strong influence on the crosstalk noise at the victim
Vinas.i(t) = Z k(t) - Vieak j—is 8) net yet has Iittlg _influ_enc_e on the circui_t delay_. o
’ One of the difficulties in crosstalk noise optimization is that each
victim net also becomes an aggressor from the opposite standpoint.
| EAT, <t< LAT, Whep t_he driver of an aggressor is downsized f_or reducir_lg noise at
k(t) = { 0 otherwise 9 the victim net, the noise at the aggressor may increase intolerably.
We therefore calculate the peak noise voltages at both the victim
wheren is the number of the aggressors, afid.x,;—: is the noise and the aggressor wires, and find a proper driver size of the aggres-
voltage at the-th sink caused by thgth aggressor. We sweep time  sor. For this purpose, we here minimize the sum of the squared
t, and find the maximum noise voltage at each victim net. noise voltage at the aggressor and the squared noise voltage at the
We here use a simple method [18] for estimating the maximum victim.
delayd™%* and the minimum delay™'"*. The other methods, such )
as Refs. [17,19], can be also used. When we have to estimate tim-Step 1: Calculatepriority(Eq. (11)) for each adjacent aggressor

J

ing window more tightly considering the dependencel§if;” and net, and put all the aggressor nets into list
dn'l" on the timing window, we should calculate timing window Step 2: Choose the aggressor net with the maximpmiority
iteratively [20]. In this paper, this iterative calculation is not ex- from list L;.

ecuted simply because of an implementation matter. There are no
technical limitations. Reference [18] indicates that the upper bound Step 3: Downsize the driver of the chosen aggressor net within the

of ;29" can be estimated as follows; all coupling capacitances are limit that the delay constraints and the transition time con-

converted into the 3X capacitances to the ground, and then cell straints are satisfied. The best size of the driver is decided

delay and wire delay are calculated. As &}/, coupling capac- such that the value of{? +V,2) becomes the smallest, where

itances are replaced with the -1X capacitances to the ground. We V. is the noise voltage at the victim net, ahd is the noise

utilize those upper and lower bound @f%® andd™%". voltage at the aggressor net. In the practical implementation,
' ’ we try several driver sizes and calculate the valueléft ¢

3. OPTIMIZATION ALGORITHM V.2) and the circuit delay. We then choose the best size from

those sizes without delay violation. Remove the aggressor

In this section, the optimization algorithm for crosstalk noise re- net fromL,.

duction is discussed. The proposed algorithm reduces crosstalk
noise under delay and transition time constraints. First, the op- Step 4: If the noise voltage becomes smaller than the target value

timization algorithm for the localized problem that includes one Viarget, OF if the list L; becomes empty, finish the optimiza-
victim net and its adjacent nets is explained. This section then tion procedure. Otherwise go back 8tep 2 The value
shows the overall algorithm that builds and solves the local opti- Viarget IS €xplained in the following section.
mization problems, considering the global optimality under delay . . .
constraints. 3.2 Overall Optimization Algorithm
_ . . . — Section 3.1 discusses the optimization algorithm for the local-

3.1 Optimization Algorithm in Each Victim ized problem that contains one victim net and its adjacent aggres-

Net sor nets. Next, the overall algorithm is discussed. This algorithm

First, the noise reduction algorithm for each victim net is ex- aims to reduce both the maximum noise voltage in a circuit and the
plained. The proposed method downsizes the drivers of the ad-number of nets with large amounts of noise.
jacent aggressor wires in order to reduce the amount of crosstalk The optimization iterates the following procedure fr@tage 1
noise at the victim wire. When the driving strength of the aggres- to Stage 4for several times, as the valdtreshold is gradually
sor wire becomes weak, i.e. the driver resistaig becomes decreased. The parametér-eshold is used for selecting the nets

large, the time constant of the aggressor voltage sowfci- to be optimized, and it ranges from 0 to 1. The nets whose noise
creases(Eq. (4)). Then the maximum noise voltege »(Eq. (1)) voltages are larger than the productfreshold and the max-
at the victim net consequently decreases. This relationship can beimum noise voltage in the circuit are chosen as the optimization
revealed from the partial derivative ®f.... respect taR,: as fol- candidates. In the beginninghreshold is set close to 1 in or-
lows. der to reduce the maximum noise voltage intensively. In the end,
oV, threshold is set close to 0, and the most of the nets in the circuit
peak Tv(Ca + Cc) Ta

Ta ..
= log— — — +1) Vpear <0. (10 )
R o =702 (log e ) Vpear < 0. (10) are optimized
In order to choose the driver of the aggressor wire to be down- Stage 1: Calculate the crosstalk noise at each net in the circuit.

sized efficiently, a measugeiority is devised. Stage 2: Find the maximum voltage of crosstalk noigg ... in the

o n circuit, and put the nets whose noise voltages are larger than
priority; = slacki - Y Vpearij, (1) Vinaw X threshold into the candidate lisk..

J
Stage 3: Choose the net with the maximum noise voltage in the list

L,, and execute the optimization explained in Sec. 3.1. The
value of V40 X threshold is given to the optimization as
the target value. Remove the net from the Iist and update
the information of timing window.

whereV,cqk,i—; is the peak noise voltage at thieh sink caused

by thei-th aggressor net, andis the number of sinks. The value
slack; represents the timing margin at theh aggressor net, and

is defined as the time difference between the required time and the
arrival time [21]. The measuneriority; becomes large in the case
that thei-th adjacent net causes a large amount of noise and the Stage 4: If the list L, becomes empty, finish the optimization pro-
timing constraint at the-th aggressor net is not tight. Using this cedure. Otherwise go back 8iage 3
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When the timing constraints are given, the timing margin at each
net should be utilized efficiently for reducing the crosstalk noise.
Therefore the sequence of the nets to be optimized is critical and
essential to obtain high-quality circuits. In order to reduce the max-
imum noise voltage, the proposed algorithm gives priority to the
nets with large noiseStage 2excludes the nets whose noise volt-
ages are smaller thaW,,.. x threshold from the the optimiza-
tion candidates. IiStage 3 the nets are optimized in order of the
amount of noise voltage.

In Stage 3 the target noise valu¥,,.. x threshold is given
to the localized optimization problem, in order to control the local
optimization from the viewpoint of global optimality. The opti-
mization result that the noise voltage is minimized in the localized
problem may incur a bad local-minimum solution globally. This is
because the timing margins, which may be utilized for reducing the

noise at other nets, are wasted. The proposed algorithm hence stops

the local optimization when the noise voltage becomes smaller than

the target value. Thanks to the good sequence of the net to be opti-
mized and setting the target noise value, the proposed method can

reach a good solution under the delay constraints.

4. EXPERIMENTAL RESULTS

This section shows the optimization results for crosstalk noise
reduction. The circuits used for the experiments are an ALU in
a DSP for mobile phone [22H6p_alu) and the circuits included
LGSynth93 benchmark setgds). The circuit scale ofisp_alu
is 12547 cells, and the number of cellsdes is 3414. The lay-
out area ofdsp_alu is 5.3(2.3x2.3)mrh, and the area ofles is
0.64(0.8x0.8)mm. RC trees of interconnects are extracted from
the layouts by a quasi-3D RC extract tool [24]. The coupling capac-
itances below 10fF are extracted as the capacitance to the ground
where the coupling capacitance of 10fF corresponds to the length
of 230 um. The supply voltage is 3.3V.

Cell layouts are generated using VARDS [15, 16] in a Q85
process with three metal layers. The layout generation system
VARDS can vary transistor widths in a cell while keeping the lo-
cation of each pin. Exploiting this feature, the proposed method
optimizes a detail-routed circuit without any wire modifications
[14, 15]. The height of the generated cells is 13 interconnect-
pitches. In transistor sizing, MOSFETSs are down-sized within the
range that VARDS can generate cell layouts. The maximum tran-
sistor width of standard driving-strength(x1) cells is/@m2 The
transistor width can be reduced to gr. We characterize the re-
sistance of a CMOS gate as 4 valus;, andRp,, are the driving
resistances of the pull-up PMOS part and the pull-down NMOS part
respectively, and?z, and Ry, are the holding resistance&p,

andRp,, are decided such that the propagation delay becomes the

same with circuit simulation results [25R#, and Ry, are eval-
uated by the operating condition analysis of circuit simulation.
The initial circuits used for the experiments are designed for min-
imizing the circuit delay in a usual cell-base design style. The cir-
cuits are optimized under the delay constraints of the initial cir-
cuits’ delay time. The given constraint of the transition time is
1.0ns and it is the same with the constraint given for the initial
circuit design. Thehreshold value used in the optimization algo-
rithm of Sec. 3.2 is varied from 0.98 at the beginning to 0.5 at the
end of the optimization. The iteration number of the optimization

Table 1: Noise Optimization Results.

Circuit Maximum Noise(V) CPU | #CCells
Initial Optimized | Time(s)
des 0.40 0.19 12 3414
dsp_alu 1.00 0.50 604 12547
60
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40 | .
2 /Optlmlzed
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Figure 3: Optimization Results for Crosstalk Noise Reduction
(des).
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Figure 4: Optimization Results for Crosstalk Noise Reduction
(dsp_alu).

the noise voltage decreases. The number of nets whose noise volt-
ages are over 0.5V is decreased from 59 to 3. The CPU times re-
quired for the optimization on an Alpha Station are 12 seconds in
des(3.4k cells), and 604 secondsdsp_alu(13k cells). Here the
CPU time for reading circuit and interconnect information files is
excluded. After the detailed-routing, the crosstalk noise can be re-
duced considerably by downsizing the transistors inside cells while
keeping the interconnects and the circuit delay unchanged. Our

of Sec. 3.2 is 6. Table 1 demonstrates the crosstalk noise optimiza-method reduces the risk of crosstalk noise problems at the final

tion results. Figs. 3 and 4 show the distributions of the maximum
noise voltage before and after the optimizationdés circuit, the
maximum noise voltage is reduced from 0.40V to 0.19V by 53%.
In dsp_alu circuit, the maximum noise is reduced from 1.00V to
0.50V by 50%. The distribution is also shifted in the direction that
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design stage followed by detail-routing, interconnect optimization
and buffer insertion.

We finally demonstrate the accuracy of crosstalk noise estima-
tion. The estimated noise voltage is compared with the circuit sim-
ulation results of actual circuits, i.e. interconnect with branches
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aggressor, i.e. this evaluation is before noise superposition. The

average error is 10mV.

5. CONCLUSION

This paper proposes an optimization method for crosstalk noise
reduction by transistor sizing. The proposed method optimizes the
detail-routed circuits such that MOSFETSs inside cells are down-
sized with interconnects unchanged. The effectiveness of the pro-
posed method is experimentally verified using 2 benchmark cir-

Methodology with On-Demand Library Generation,”Pmnoc.
Symposium on VLSI Circujtpp.57-60, 2001.
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cuits. The maximum noise voltage is reduced by more than 50% [19] p, Chen, D. A. Kirkpatrick and K. Keutzer, “Miller Factor for

without delay increase after detail-routing, which reduces the fail-
ure risk of crosstalk noise and contributes to high-reliability LSI
design.
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