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Abstract— This paper discusses the frequency to extract RLC the spectrum of the input signal. This is natural and reason-
values from interconnects. The frequency used for RLC extrac- able when we analyze the incident waveform to the near-end
tion affects the accuracy of interconnect characterization, and of the interconnects. On the other hand, our main interest is the
hence careful determination of extraction frequency is crucial. analysis of the waveform at the far-end. As signals are prop-
We propose a representative frequency for RLC extraction based agating through an interconnect, high-frequency components
on the interconnect length. We show that the proposed method are easy to attenuate. The dominant frequency components
enables accurate analysis of the waveform at the far-end of inter- that determine the far-end waveform are different from those
connects. We verify that the extraction at the proposed frequency for the near-end waveform. We observe that accurate estima-
provides the most accurate transition waveform against various tion of attenuation behavior is crucial to obtain accurate far-

input signals and interconnect structures in digital circuits. end waveforms. Open-ended transmission-lines can be treated
as resonator and transmission-line resonators are used in mi-
|. INTRODUCTION crowave circuits. An on-chip transmission-line with CMOS

E%ceiver can be regarded as a resonator. From the theory of
g resonator, the frequency where attenuation becomes mini-
gm is decided by the interconnect length. We reveal that this

sonance frequency is the dominant frequency to characterize

As increasing operating frequency, frequency-dependen
of interconnect characteristics is becoming significant. Inte
connect characteristics, especially resistance and inductarl®

depend on frequency because of skin-effect and proximity er'r-end waveforms, and then propose to adopt it as the repre-

fect. In frequency-dependent interconnects, the behavior X . .
interconnects depends on frequency e.g. attenuation and phaSatative frequency used for interconnect RLC extraction. We
velocity dispersion. In digital circuits, common input Wave_ex_penmentally verify that the most accurate waveform is ob-
form of interconnects are trapezoidal pulses. A trapezoidiin€d when the proposed frequency is used for extraction. We
show that the maximum errors in our experiments are below

pulse contains frequency components from DCxio More- : : . .
over, the input pulse pattern is not entirely periodic. The fre82¢ in the voltage amplitude, signal delay and the amplitude

quency spectrum varies depending on the width of pulse a4 crosstalk noise. Therefore the proposed frequency enables
the periOd. The minimum pulse width and periOd are detef':l_CCUrate transient anaIySIS using frequency-lndependent inter-

mined by system clock. But on signal line, the pulse patteri®nnect model. . . .
y 5y 9 P P In Section I, interconnect modeling and its problems are

depends on the circuit behavior. ed. Wi i th traction f 1 digital
To treat frequency-dependent interconnects, several circdgScriPed: We next discuss the extraction frequency in digita
rcuits. We then show the experimental results in Section IV.

models are proposed [1-3]. The frequency-dependent mq, . . .

els improve Fs)imFL)JIation[acc]uracy [2, 4?, but )i/n circhuit design; ection V concludes the discussion.

frequency-dependent models are not used so commonly. Be- I|. PROBLEM DESCRIPTION

cause most of conventional design methods are based on the ) R - ] )

frequency-independent model. Th_|s section describes the problem dlspussed in this paper.
If interconnect characteristics can be modeled well by a siff¥Ve first show frequency-dependence of interconnect charac-

gle frequency, we can use the design techniques proposedt@gstics and demonstrate its impact on transient analysis.

far, e.g. circuit reduction, buffer insertion and timing anal- o

ysis [5, 6]. Furthermore, frequency-independent RLC valued- Frequeng-Dependencef InterconnecCharacteristics

can intuitively predict fundamental interconnect characteristics Frequency-dependence of interconnect characteristics is

. S1Inté1nly caused by skin-effect and proximity effect. So the char-
extract RLC \]{alut_a fr?m DC to h'%h frequency. d.l:flowlever, deacteristics variation is strongly related with the interconnect
termination of a single extraction frequency is difficult. structure as well as the frequency. Skin effect and proximity

In Ref. [7], the impact of a frequency-dependent model igftect are remarkable on wide and thick interconnects. Be-

discussed. A frequency-dependent model is compared with 88,5, skin depth becomes comparable to the interconnect size
equivalent circuit extracted at DC from the viewpoint of signajy, relatively lower frequency.

delay, crosstalk noise and so on. Ref. [7] reports that a fre-
quency dependent model is necessary for crosstalk noise g
timation. However the authors examine only a DC extract

model and frequency dependent model. Therefore it is n co-planar, and the width of the signal lineligum, the width
clear whether crosstalk can be estimated using a frequengy-ine grouﬁd line i20um and their spacing iSM}n. In this
independent model extracted at a certain representative fEeofse, the resistance increases by 10% from DC to 1.2GHz, and
quency. , _the inductance decreases by 10% from DC to 1.9GHz. The re-
In this paper, the extraction frequency based on the int€isiance and the inductance start changing from relatively low
connect length is proposed. It is commonly adopted to det&fequency of 1 to 2GHz, and thus frequency-dependence is not

mine the representative frequency from the shape of an inpydgligible to model interconnects in current high-performance
signal waveform, especially from the rise time, focusing oRj,cuits any longer.

Figure 1 shows an example of resistance and inductance
aracteristics. The resistance and inductance values are calcu-
ted by a field-solver [8]. The assumed interconnect structure

© 2004 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this materia for
advertising or promotional purposes or for creating new collective works for resale or redistribution to serversor lists, or to
reuse any copyrighted component of thiswork in other works must be obtained from the IEEE.
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Fig. 1. Frequency-dependence of resistance and inductance. (co-planar ] ) ) ]
structure, signal line widthOum, ground line widtl20um, spacing2um) Fig. 3. '_I'he'|mpact of frequency-dependence. (interconnect structure is
W/\/T shown in Figure 17y = 552, Rg = 1012)

the representative frequency can be determined systematically,
Fig. 2. RLC ladder circuit model. we can model interconnects by a single frequency. In the fol-
lowing section, we discuss the way to determine the represen-
B. Interconnect Models and their Impact on Waveform tative frequency to model interconnects at a single frequency.

Generally, interconnects in VLSIs are expressed by lumped !!l- REPRESENTATIVEFREQUENCY FOREXTRACTION
RLC for circuit design. To model long interconnects that In this section, we discuss the representative frequency to
have transmission line characteristics, an RLC ladder circugitract interconnect RLC. Conventionally, frequency deter-
as Figure 2 is used. This ladder model cannot consider thained from input pulse is used for interconnect extraction.
frequency-dependence of interconnect characteristics. A nu¥e first explain some representative frequencies convention-
ber of frequency-dependent models are proposed [1-3]. In thilly used for extraction, and we then propose the representative
paper, we use the model of Ref. [3] as a golden frequencfrequency calculated from interconnect length.
dependent model. It is implemented in HSPICE [9] as w-
element model. In interconnect design, characteristic parami- Conventional Methods
gttzrri :ruecgsizniig?:%%ﬁ?gt;grI:jnepseigr?gfse 2Ttﬂozttéer]n#2232ncor_'ln digital circuits, a tra_pezmdal pulse that contains multiple
dependent models such as Ref. [3] can brovide accurate Wacf¥e_quency components is & common wa\{eform. In order to
; S X ' rive frequency-independent model of Figure 2, we have to
orms, circuit designers can not know such parameters th ; ;
oS . Qose a single extraction frequency.

should be used for circuit design, because such parameters ar

Iso frecency dependent. We therefore have to determin There are several representative frequencies of periodic
also fregency aependent. Ve Inerelore have 1o dete fise waveform. One of them is significant frequency [6]. Sig-
single frequency to specify the characteristic impedance,

tenuation constant and so on. As mentioned in Section I, tlggleﬂcam frequency is expressed by signal transition timéhe

frequency spectrum of propagating signal depends on circwgniﬁcam frequencysig is defined such that the signal energy
. 0, i
behavior, so it is difficult to specify the most representative " DC to fsig becomes 75% of all signal energy. In the range

frequency from the frequency spectrum. This paper proposes= Tw/tr < 13, fsig IS given by0.34/t [6]. On the other
q Y Ireq y Sp T PaPEr PropOSKRL§ DC is often used for extraction. Ref. [7] concludes that
a method to determine the representative frequency.

Figure 3 shows the impact of freauency-dependence on tr the extraction at DC is accurate enough to estimate signal de-
9 P q y-gep a\'é\y and overshoot/undershoot. DC extraction is enough when

sient analysis. The simulated circuit is shown in Figure 3. Thigo ooy dependence is weak, e.g. narrow interconnects or
interconnect shown in Figure 1 is driven by a voltage SOUrGes, frequency. But as shown in Figure 3, RLC ladder extracted

gggnicrfiﬁgr)g:dtetngtticc?rrr:ezgg?]%@toisaéglgr? ddtli’l]\/ee';;)u tlnltﬁr- at DC or the significant frequency causes considerable amount
P PUL of errors in transient analysis.

impedance of the drivaRq is 102. The solid line labeled “FD”
shows the voltage waveform at the far-end by the frequencg—
dependent model. In this paper, we use “FD” as the abbrevi-
ation of “Frequency-Dependent model”. The dashed lines la- Conventional methods based on input pulse shape focus on
beled “DC” and *fsiy” are the results of frequency-independenthe frequency components at the near-end of interconnects.
models. “DC” means the RLC ladder model extracted at DG{owever the far-end waveform is more important for circuit
and “fsig” corresponds to RLC extraction at the significant fredesigner because the waveform directly affects signaling de-
guency [6]. The number of ladder is 51. Significant frequenclay. The far-end waveform becomes totally different because
is one of a representative frequency defined from the frequenaof attenuation and reflection. We propose an extraction fre-
components of a trapezoidal pulse, and it is explained in thlgrency that aims to express accurate far-end waveforms. Fig-
next section. As you see, both waveforms of the conventionate 4 shows step responses obtained with a FD model and a
frequency-independent models (‘DC” anfljg”) are far from ladder extracted at significant frequengtyy. The experimen-
that of frequency-dependent model (“FD"). When R and L ar&l setup is the same as Figure 3. As shown in Figure 4, the
extracted at DC, the extracted resistance is too low, and, the tadder extracted afsig models the incident wave of intercon-
sistance extracted at significant frequency is too high. From timects well, but a remarkable error occurs at the far-end. This
above observations, we can expect that a frequency betwesmor is mainly caused by overestimation of attenuation. On
DC and significant frequency provides the waveform that isansmission-lines, characteristic impedance and attenuation
close to the waveform of the frequency-dependent model. ¢bnstant are important factors which decide the waveform at

Proposed Method
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the far-end. Approximately, characteristic impedance is ex- Frequency [GHZ]

pressed as, = /L/C’ and is proportional to square root Fig. 6. Transfer characteristics of a transmission-line shown in Figure 1,

R ) . interconnect length is 5mm.
of inductancey/L. The attenuation constant is expressed
asa = R/2Z,. The attenuation constant is roughly pro-

portional to resistanc& and square root of inductangéL. length. We propose thig.s as an extraction frequency and

From the above observation, variation of resistance strongtgwrite fresto fproposedin following sections.

affects waveform propagation. Moreover, as shown in Fig-

ure 1, the variation of resistance is larger than that of induds. Limitations of the Proposed Method

tance. At 34GHz of Figure 1, inductance decreases by abou ; L

30% from DC and resistance increases by about 230% frog}]tveveprfggsgéanrxgﬁl (‘;Ze ;Srgﬁargg)sn t?lfa:hteh g r?ﬁgj ;gnrgee tré?fcé'ct

fr)]C..Tthe m?ycéan;:e dec&eases becaql_sr? of fproxmlty edffec;ta interconnects is significant and interconnects behave as
€ Internal-inductance decreasing. 1 nheretore the INAuclanes o mission-lines. This assumption at first seems to make a

value saturates at high frequency. On the other hand, resistal|i-ion -~ However when the inductance effects are negligi-

increases exponentially as frequency become higher. The &, RC lump model is enough to model interconnects.

fore the estimation of resistance is crucial to analyze far-en The second assumption is that the resonance frequency is

waveform. The at_tenuation strongly depends on inte.rconngl%iquely decidable. For example, the resonance frequency
structure such as interconnect length. From above dlscussueg !

we have to consider interconnect structure when determini nnot be determined on branched interconnect because of
r?ﬁg?ultiple—reflection. But in high-performance interconnects,

an extraction frequency. . oS . . o
To determine an extraction frequency from the viewpoin'}mpEdance matching is applied at the branch to avoid multiple

; eflection. Additionally on almost global interconnects, re-
of the waveform at the far-end, we have to specify the do Seaters are inserted and the fan-out of driver is 1.

inant frequency component at the far-end. From the theo Y The proposed method is based on open-ended transmission-
of open-ended transmission-line resonators, when the quarger

wavelength\ /4 is equal to interconnect lengthtransmission- e resonator. In most CMOS circuits, transmission-lines are
. gim/ q . 9 o2 rminated by input capacitance of receivers, which is small
lines are equivalent to a series resonator shown in Figure

When quarter wavelength/4 is equal to interconnect length ough to assume open-ended. However on transmission-lines
q eleng q 9 terminated by resistance or so, the resonance frequgndg
[, the frequencyfesis expressed by

not equal toc/41. In such case, we have to decide resonance
fres=c/\ = c/4l, (1) frequency by other way. o
) i ) Therefore these assumptions does not reduce the application
wherec is the velocity of electromagnetic wave. When theyrea of the proposed method so much. The proposed method

frequency isfies, the impedance of series resonator becomg valid for the most of high-performance interconnects.
minimum and the attenuation of frequency compongéas

is minimum. Figure 6 shows a transfer characteristic of a IV. EXPERIMENTAL RESULTS

transmission-line. The interconnect structure is the same asrhjs section shows some experimental results. We verify the

Figure 1 and interconnect length is 5mm. The relative pefnodeling accuracy of each representative frequency by circuit
mittivity of SiO, is 4.0, so the velocity of electromagnetic

wave is 1.5¢10% m/s. In this case, resonance frequerfgy

is 7.5GHz. The voltage gain becomes maximum at the res-
onance frequency,.s Therefore the frequency component 1%0
fres Strongly affects the waveform at the far-end. The fre- @
guency spectrum at the far-end is as shown in Figure 7 when g

a transmission-line is driven by a voltage source and a resistor. £%
The frequencyfies is the first peak of frequency components
regardless of various transition times. We hence consider the
frequencyfes = ¢/4l as a representative frequency. In LSls,
the phase velocity of electromagnetic wavés constant be- -100'
cause it is determined by the permittivity and permiability of

insulator. Frequencyes is determined only by interconnect Fig. 7. Frequency spectrum of waveform at the far-end.

10
Frequency [GHZ]
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Fig. 9. Experimental circuit for transient analysis.

Aggresso
INPUT

10ps< t, < 100ps 3.4GHz< fqig < 34GHz
0.5mm< [ <10mm || 3.75GHZ< foroposed< 75GHz

W S W 16
e Wo SgWs S Ws Sg Wo
i T i; ' -
[ < S— :
G 11um INPUT TII :
Wo N 1 Agg. <
. . ~0.8 :
Micro-stri Co-planar [
P P 206
Fig. 8. Cross-sections of interconnects. So4
0.2
(o] SN [ AT
simulation. We first explain experimental conditions and some -0.2 Delay Lyt
metric_s of accuracy. We then verify the accuracy under various 04100 200 300 400 500 600
experimental conditions. Time [ps]

Fig. 10. Definition of delay time, peak-to-peak voltage and crosstalk.

A. Experimental Conditions and the Metrics of Accuracy
In this section, we explain experimental conditions and met-, . . .
rics of accuracy. which represents the output impedance of the driver. The char-

To verify the accuracy of the proposed method comprehe cteristic impedance of verified interconnects are withif2-20

sively, we examine under various frequency-dependence a %OQ' The driver output impedance is varied fromS1@o

various waveforms. Frequency-dependence of interconnectsaX 2 The far-end of each line is connected to the capaci-
determined by the interconnect structures. Waveform variati load that corresponds to the input capacitance of a receiver.
. e value of capacitor loads is fixed to 50fF.

is expressed by pulse transition time. We therefore vary th To verify modeling accuracies, evaluation metrics are nec-

following parameters and evaluate the proposed and the con- 9 =~ ;

ventional representative frequencies essary. We us&/2 propagation delay time (Delay), am-
P q ' plitude of overshoot/undershoolf) and amplitude of far-

e pulse transition timefgq changes). end crosstalk noiseVfois) as evaluation metrics. Figure 10
o interconnect lenath changes) shows the definition of delay time, peak—to—peak voltage and
9th/broposed 9es). crosstalk. We evaluate these metrics of the ladder extracted
e interconnect structure and driver strength. at each representative frequencies and frequency-dependent
model. We consider the result of the frequency-dependent

First, the effect of pulse transition time is examined. Transitiopnodel as reference data. This means that the evaluation re-

time decides significant frequency, $g; varies andfyroposed
o N X 1P d sults that are close to those of frequency dependent model are
is fixed in this experiment. We then verify the cases that INteG . rate q y dep

connect length changes. Frequetfgyposedvaries as changing
interconnect length, anfloposedis fixed. The ranges of each B
parameter and the range of corresponding representative fre-
guencies are listed in Table I. We here show the results when transition time is changed.
We experiment the above conditions in various interconne8ignificant frequencysg is decided by transition time. When
structures and driver output impedance. As the interconneicansition time!, is 10ps, fsig is 34GHz and whety 100ps,fsig
structure, two popular interconnect structures; micro-strip arsecomes 3.4GHz. Figure 11 and Figure 12 show the simulated
co-planar are used. To evaluate crosstalk noise, we locate tpeak-to-peak voltage and delay time. We use a co-planar inter-
signal interconnects. The cross-sections of two interconnembnnect structure with;8n signal wire width, 2@m ground
structures are shown in Figure 8V is the width of signal wire width, 4um spacing between each interconnects and 5mm
interconnect}Vy is the width of ground line$ is the spacing length. The output impedance of the drivers i$250he sim-
between signal interconnects afg is the spacing between ulated crosstalk noise voltage is also shown in Figure 13. Ta-
the signal interconnect and the ground line. The frequencipe Il shows the maximum errors when the transition time var-
dependence of interconnect characteristics is significant on tleel. From Figure 11, extraction at DC causes about 9% error
thick, wide and long interconnects such as clock lines, bunstantly in the peak-to-peak voltage. The extractiofgt
and global interconnects. For such interconnects, wide intarauses over 10% error when the transition time is small. Sig-
connects are used to reduce interconnect loss, and the spaiicant frequencysig becomes extremely high when transition
ing between interconnects are adjusted considering the induche is small. Therefore attenuation on interconnect is overes-
tance and capacitive coupling. Therefore we verify intercortimated. From Figure 12, the ladder extracted at DC causes
nect structures inpm < Ws < 8um, 8um < Wy < 40um,  about 9% error in the delay time. DC extraction overestimates
2um < S < 8umand2um < Sy < 8um. the inductance value, so the velocity of signal is underesti-
In transient analysis, we evaluate the voltage waveform ofiated. Therefore delay time is overestimated especially when
the experimental circuit as shown in Figure 9. One of two line§ansition time is small. The extraction #froposed@chieves
is stimulated by the input pulse, and the other is kept quiet. Wess than 3% errors in the peak-to-peak voltage and the delay
call the stimulated line as “Aggressor”, and the quiet line asme. From Figure 13, there is the same trend as the peak-to-
“Victim”. The near-end of each line are held by a resistancgeak voltage in the amplitude of crosstalk noise. DC extrac-

Transition time vs. Accuracy
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foroposed@chieves the minimum error in peak-to-peak voltage.
DC extraction always overestimates frg, andfsig extraction

causes underestimation when the interconnect length becomes

tion causes error constantly arfgly causes remarkable error long. As shown 'in Figure 16, DC extraction causes about 10%
when the transition time is small. As seen in Table I, DCETOr when the interconnect length becomes long. The errors

extraction causes about 10% overestimatiofyjg delay and Of fproposed@nd fsig xtraction are almost same and below 4%.
Viise Resistance and inductance extractioffisgtcauses over From Figure 17, crosstalk noise becqmes larger as.the intercon-
10% underestimation iif,, andVpose The ladder extracted at N€Ct length becomes long in the region where the interconnect

steadilv provides the most accurate estimation amorngnath is small. The noise amp'litude is almost constant when
{;ﬁ’g"%ﬁfge and)t/hpe maximum error is about 8%. tﬁe length is more than 2mm. Figure 17 shows that DC extrac-

We here show one example of typical waveforms. Fig'gion causes overestimation afgly causes underestimation of
ure 14 shows the waveforms at the far-end of the aggres

dbe crosstalk noise.
and the victim interconnects. From Figure 14, the overshoot

The maximum errors are listed in Table Ill. As you see, DC
and crosstalk are overestimated on the ladder extracted at

[ﬁ’?d fsig may cause over 10% errors but the maximum error
and are underestimated on the ladder extractetiat From  OF JproposedS about 3%. These results indicates the ladder ex-

viewpoint of the signal delay, we can see that DC overestilacted alfproposedis robust against the change of the intercon-
mates the delay time. From the observation of waveforms, tfgct length.
equivalent circuit extracted dproposediS the most accurate.

Fig. 12 Delay time when the transition time is changed.

D. Results of Overall Experiments

C. Interconnect length vs. Accuracy In the above sections, we show that the frequency calculated

Next, the accuracy versus the interconnect length is di§om interconnect lengttfproposeaachieves the most accurate
cussed. Frequengfroposeddepends on the interconnect lengthanalysis. Table IV shows the maximum errors in qll of the re-
and the wave velocity. The wave velocity is determined by reBults we evaluate. We carefully choose the experimental con-
ative permittivity. Therefore we can assume that the velocity iditions so that we can cover most part of the realistic cases.
constant in the same technology. Figure 15 shows the peak-fdie total number of experiments is about 14,000. The ladder
peak voltage, and Figure 16 shows the delay time normaliz&jtracted DC orfsig causes errors beyond 20%. When a wide
by the delay time of FD model. Figure 17 shows the amplimicro-strip interconnect is driven by a strong driver, DC and
tude of the crosstalk noise. The simulation condition is thésig tend to cause large error. The proposed frequefBeyosed
same as Section B. As seen in Figure 15, the ladder extractedghieves the error below 8%. The above discussions prove that
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Fig. 13 Crosstalk noise peak-to-peak when the transition time changed.
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Fig. 17. Crosstalk noise peak-to-peak when the interconnect length changed. V. CONCLUSION

The frequency that should be used to extract RLC values

the ladder extracted at the proposed frequefigyposedPro- is dis.cussed.. W_hen we use frequency-independent equivalent
vides the most accurate modeling of frequency-dependent ireuits for circuit design, the extraction frequency must be

terconnects among the three frequencies carefully determined to maximize the fidelity in interconnect
' characteristics. We propose an RLC extraction scheme that
E. Tolerance to Extraction Frequency Variation uses the frequency determined by interconnect length. We ex-

We here discuss the effect gfoposeaestimation error on Perimentally verify that the proposed frequency achieves the
modeling accuracy. As mentioned in Section C, the prgNostaccurate estimation in delay time and amplitude of over-
posed method is based on open-ended transmission-line t§B0OOt or undershoot. The maximum error is within 5% in peak-
ory. However in real chips, interconnects are terminated H-Peak voltage and delay, and the maximum error in crosstalk
input capacitor of the receiver and, rigidly speaking, the sinfe Within 8% in our experiments. With the proposed repre-
is not ideal open-end. The resonance frequency is not eqd&ntative frequency, RLC extraction at a single frequency be-
to foroposedeXactly, but the difference is usually quite small be€OMes accurate enough to model interconnect characteristics,
cause input capacitor of CMOS receiver is small. and hence we can exploit many effective design and analysis

Figure 18 shows the extraction frequency versus errors. Jechniques developed ignoring frequency-dependence.
axis is the extraction frequency and Y-axis is the error from REFERENCES
frequency-dependent model. The experimental setup is the . . .
same as that of Figure 14, 5mm wire length and 10ps tranll] H. A Wheeler, _FormL_JIas for the Skin-Effect,Proceedings of
sition time. The proposed frequen,(fyroposedis 7.5GHz. As Institute of Radio Englneerm?‘l.i%o, pp.412—-424, Sept 1942.
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Error in Vy, +10.2% | —2.4% | —-15.7%
Errorin Delay | +9.1% | +3.2% | +2.5%
Error in Vigise | +18.7% | —1.8% | —11.3%
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