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A MODEL FOR CALCULATING THE PROPAGATION DELAY OF
DIGITAL ELEMENTS CONSIDERING THE RADIATION IMPACT

This paper proposes a model for calculating the propagation delay of digital elements
taking into account radiation-induced single event transients (SET). The main idea of this
work is to determine the propagation delay of digital elements in integrated circuits (IC)
without running the circuit level simulation. Analytical equations are derived to calculate
the propagation delay of logic gates. The propagation delay of NAND gates chain is
evaluated with proposed analytical formulas and with HSPICE simulation. The comparison
of the evaluation results between HSPICE simulation and the model shows that the created
analytical model forecasts the propagation delay of digita elements with a 90.3% of
accuracy. Thismodel can be integrated into the design process of radiation hardened 1Cs.

Keywords: single event transients (SET), Technology Computer-Aided Design (TCAD),
complementary metal-oxide-semiconductor (CMOS), propagation delay, analytical model,
single event upsets (SEU), soft errors, linear energy transfer (LET), radiation effect.

Introduction. Digita integrated circuits (IC) are widely used in electronic
systems which operate in different environments such as aerospace and nuclear
reactors. In such environments, ICs are under the influence of high radiation.
Energetic particles formed in the radiation zone hit the sensitive region of 1Cs and
form new electron-hole pairs. The generated electron-hole pairs may lead to a
transient pulse which can ater several parameters of CMOS digital elements. The
propagation delay is one of the parameters which could be altered by radiation. The
generated transient pulse is known as a single event transient (SET). The SET
formation and propagation through the entire logic may change the states of latches
or other memory elements [1]. This kind of degradation can be masked by several
factors which can eliminate the SET’'s propagation. It is known that there are
temporal, logica and electrical masking factors [2]. Although those masking
factors cancel the SET error, the correct behavior of ICs is not guaranteed in all
circumstances.

The consideration of the SETs becomes more important with the process and
technology scaling. Several researches show that with the scaling of the
technology, eectronic devices will be increasingly susceptible to SETs [2]. Such
vulnerability can cause degradation of parameters of digital elements which may
lead to serious issues. Therefore, the development of new and reliable SET
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sengitivity analysis methods, which will be used in the design process of IC is
crucial. Several SET analysis and methods require circuit level simulation.
However, circuit level simulation and circuit analysis, considering SETs depending
on the amount of the transistors in the design can be time consuming. The number
of transistorsin ICs is growing, which manifests the need for development of new
methods in other abstraction levels of the design flow [1]. The main goal of this
study is to provide an anaytica model, which will determine digital I1C's
propagation delay dependency on the SET effect without using the circuit-level
simulation.

The SET impact on 2-input NAND gate propagation delay. High energy
particles in radiation environment such as neutrons, heavy ions, protons or apha
particles strike the surface of the CMOS circuits forming SET effect. Generally, the
SETs occur on the OFF-state transistors as the generated electron-hole pairs
collected by the drain [2].

In HSPICE, the SET can be represented as a current spike which is
modelled, by using a double exponential current source [3]. The equation (1)
illustrates the current pulse function [4]:
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Where Ieqx - is the maximum amplitude of the current, 7, - the collection time
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where Q is the amount of the collected charge.

The equations show that the amplitude of the current pulse Iszr and the
duration of the current pulse Tggr are the maor influencing parameters to be
considered in calculation of the propagation delay. The duration of the SET is
calculated by equation (3):

TSET = USETong — LSETseqre - )
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As an example of impact of a high-energy particle strike, a 2-input NAND
gate is modelled with the above explained double exponentia current pulse
function. Fig.1 presents the mechanism of injection of the double exponential
current source on the sensitive transistors of the NAND gate.

Assume that input A of the NAND gate is set to logic "1” and input B
changes over time. The moment that the input B switches from logic “1” to logic
“0" transistors M2 and M4 are at the OFF state which means they are vulnerable to
the SETs. In Fig 1a. the SET dtrike at the sensitive M2 transistor is shown. The
current pulse generation at the moment of switching from “1” to “0” leadsto rising
of low to high propagation delay Fig 1b.
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Fig.1. Injection of double exponential current source on a) sensitive M2 transistor b) low to
high propagation delay formation after the SET strike ¢) the SET impact at the sensitive
transistor M4 d) high to low propagation delay formation after the SET strike

On the other hand, when input B changes from logic “0" to logic “1”
transistors M3 and M4 are defenseless against the SETs. In Fig 1¢ SET impact at
the sensitive transistor M4 is presented. In this case high to low propagation delay
rises when input B changes from logic “0” to “1” Fig. 1d. a SET strike on aNMOS
transistor is simulated with a current injected between the drain of the transistor
and out the body of the transistor. The SET impact on a PMOS transistor is
simulated with a current flowing through the body to the drain of the device.

Such behavior of logic gates after they are exposed to SET radiation effect
leads to the increase of propagation delay. If the event occursin the critical parts of
IC, single event upsets (SEU) or soft errors[2] can be formed.

HSPICE transient analysis for different radiation levels is performed to
calculate high to low and low to high propagation delays of a 2-input NAND gate
by injecting a double exponential pulse given by (1) at SET sensitive transistors
M2 and M4. The linear energy transfer (LET) of the energetic particle and current
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pulse parameters are given in Table 1 which are gathered from TCAD simulations
[4] and other redligtic statistical data[5].

Table 1
Current pulse parameters
Qfcl | tlps] | talps] Tsgr[ps] 0 [rad]| LET [MEV cm’mg™"]
8 10 20 12 30 0.25
10 10 20 23 30 1
100 10 20 50 30 10
300 10 20 80 30 14.47
525 10 20 110 30 25.31
801 10 20 140 30 38.62
990 10 20 250 30 47.74
1200 | 10 20 270 30 57.86

HSPICE simulation results of 2-input NAND gate for low to high
propagation delay (T,._,) are presented in Table 2 [6]. T, _, rises with the increase
of the amplitude (Iset) and the duration (Tser) of the current pulse. An example of
such simulation is presented in Fig. 2, when Tser = 80 ps and Iser = 800 uA. The
results show that the T, ,; = 99.814 ps.

Fig.2. HSPICE simulation results for2-input NAND gate low to high propagation delay
when Tt = 80 psand I &= = 800 A
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Table 2

HSPICE Smulation results for 2-input NAND gate low to high propagation delay

Tserlps] Isgr [pA] Ty -ulps]
12 140 16.90
23 677 39.57
50 740 68.27
80 800 99.81
110 1650 143.32
140 1900 177.12
250 1600 283.67
270 1700 304.91

Similarly, 2-input NAND gate’s HSPICE simulation results for high to low
propagation delay Ty _,;, are presented in Table 3. High to low propagation delay
also gets bigger when the amplitude (lser) and the duration (Tser) of the current

pulse valuesrise.

Fig.3. HSPICE simulation results for 2-input NAND gate high to low propagation delay
when Teer = 80 psand Iser = 800 pA

257



Table 3

HSPICE Smulation results for 2-input NAND gate high to low propagation delay

Tserlps] Isgr [pA] Ty [ps]
12 140 18.56
23 677 48.99
50 740 77.99
80 800 109.55
110 1650 154.04
140 1900 186.67
250 1600 293.44
270 1700 314.67

An HSPICE simulation example of high to low propagation delay is
presented in Fig. 3, where the delay is equal to 109.55 ps.

The proposed technique to calculate propagation delay of digital elements
considering the radiation exposure. Based on HSPICE simulation results
presented in Tables 2 and 3, analytical equations for low to high (4) and hight to
low (5) propagation delay calculation of 2-input NAND gate are proposed. The
equations are created using Wolfram Mathematicatool’ s [7] “fit data” algorithms.

Tpp,_, = 30.9632 + 0.102407 * Tgpr + 0.00233277 * Ty — 4.77198e76 % * Ty —
_00784258 * ISET + 000128404 * TSET * ISET - 7629586_7 * TSZET * ok ISET +
+1.16931e75 % [2;; — 5.184347¢7 % Tgpp * 1250 — 2.763716e 8 % % I35, (4)

Tpp,,., = —16.5627 + 0.938275 * Tggy — 0.0045319 * Téy + 0.0000113 * * Ty +
0.205052 * ISET + 0.000658129 * TSTE ISET - 2.261096_6 * % TSZETISET -
—0.0002773 * [2;; — 6.81333€ 78 x TspplZer + 1.15608e 7 % x I35 (5)

The Fig. 4 3D plot compares the HSPICE simulation (dotted plot) and the
analytical calculation (4) results (solid plot) of low to high propagation delay. The
results are approximately equal. Which confirms the effectiveness of equation (4).
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Fig.4. The 3D plor comparison of 2-input NAND gate’s low to high propagation delays
measured with HSPICE simulation “ dotted plot” and with analytical equation “ solid plot”

Moreover, table 4 shows the propagation delay results with the SET duration
of Tsgr = 80 ps and the current pulse level with Iz = 800 [uA]. The absolute

percentage error between the results of HSPICE simulation and equation (4) is

1.3 %.

Table 4

The comparison of 2-input NAND gate low to high propagation delay evaluation using

HSPICE simulation and the analytical equation.

Ti-ulps] T, ulps] Absolute
Tserlps] Lsgr[pA] (Analytical (I-ngg’l CE) percentage
Equation) error %
80 800 101.2 99.81 13

Fig. 5 represents the 3D plot comparison of HSPICE simulation (dotted plot)
and the results of high to low propagation delay obtained using equation (5) (solid
plot). The results are ailmost the same which means that equation (5) is effective to
be used in high to low propagation delay calculation as well.
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Fig.5. The 3D plot comparison of 2-input NAND gate’s high to low propagation delays
dependency on T and Iy measured with HSPICE simulation “ dotted plot” and with
analytical equation “ solid plot”

Table 5 shows the high to low propagation delay results with the SET
duration Tgzr = 80 ps and the current pulse level with Iz = 800 [uA] resulting
after the SET the influence. The absolute percentage error is 1.3%.

Table5

The comparison of high to low propagation delay evaluation using HSPICE simulation and
the analytical equation

Ty —ulps]
. Ti-ulps] Absolute
Tserlps] | Lser(pAl (Analytical e 0
Equation) (HSPICE) percentage error %
80 800 108.05 109.55 13

Model validation. To prove the effectiveness of the proposed method,
assume that there are ten 2-input NAND gates connected one after another as a
chain of inverters. The SET strikes on the first NAND gate (Fig.6) with an input
voltage Vin = 1.05 V and Vdd = 1.05 V. Using the proposed analytical equations,
the propagation delay of the entire circuit can be evaluated by equation (6) [8]:

TPy y*TPDHL

Tpp = (f) + 9« Avarage(Tyanp_delay) (6)

SET Strike

2 et o o D ot e

Fig.6. Ten 2-input NAND gates connected to each other as a chain of inverters exposed to a
SET radiation effect
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The propagation delay measurement results of the chain of NAND gates
exposed to radiation are presented in Table 6. HSPICE simulation and analytical
equation evaluation results are presented correspondingly in the “HSPICE Tpp” and
“Analytical Equation Tpp” columns.

—

200 e

Fig.7. 3D plot comparison of chain of ten NAND gates propagation delay, measured with
HSPICE simulation “ dotted plot” and with analytical equation (4) “ solid plot”

Fig. 7 presents the 3D plot comparison of the chain of NAND gates propagation
delay, measured with HSPICE simulation (dotted plot) and with analytical equation
(5) (solid plot).

The results obtained from HSPICE simulation and analytical model are
listed in Table 6.

Table 6

Ten 2-input NAND chain propagation delays extracted from the Analytical Equation and
HSPICE measurements

Tserlps] | Isgrlud]l | HSPICE Tpp [ps] Analytical Equation Tpp, [ps]
12 140 119.62 119.60
23 677 152.53 147.22
50 740 181.51 174.08
80 800 213.67 202.04
110 1650 257.56 294.66
140 1900 290.38 350.89
250 1600 396.95 342.69
270 1700 418.17 350.70

To prove the accuracy of the analytical model the Mean Absolute Percentage
Error has been calculated (MAPE). Using the model proposed in this work, MAPE
is equal to 9.76%. This means that the model provides the necessary accuracy to be
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used in the design of digital 1Cs, considering that radiation induces the SET effects
to the calculate the propagation delay of integrated circuits without the need to run
SPICE-like simulations. Moreover, the machine execution times in case of the
analytical model and SPICE simulation are compared. HSPICE simulations and
modeling of the particle strike at NAND gates chain, takes more than 3 minutes.
While using the analytical equations, the evaluation time of the propagation delay
isless than 30 seconds. This shows that by using the proposed model, the design of
aradiation-hardened integrated circuit can be sped up for more than 6 times.

Conclusion. An accurate and efficient analytical model for determining the
digital element’s propagation delay dependency on the single event transient effect
(SET) is proposed. By using the model, the propagation delay of digital elements
can be calculated without circuit level ssimulations. The SET generation through
logic gates is modelled based on TCAD simulation and statistical data.

The Comparison of the results obtained by the model, with circuit level
simulation results shows that, the delay calculation using the proposed anaytical
model is close to HSPICE simulation results. The accuracy of the model is 90.3%
and the design of radiation-hardened digital IC can be sped up for more than 6
times. The model validation results prove that this analytical model is suitable to be
used in digital 1C design flow for determination of the CMOS circuit sensitivity to
radiation-induced SETSs.
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U.U. 16SrNusuy, &.U. M6SrNnusuy

NURPUSPNL KUNUSUBECUTL U21E3NRE3NRULE ZUTSY P UNrLN1, 09U3PL
SULrh ZUNUNNRULEND ZUCI U UUUL UNTEL

Unwowplynud k htnbgpuy ujubdwibpmd (PU) npudwpwtwlwb wmwuppbph hw-
wunnulubph hwydupldwt tnp dngl]” hwoyh webbing nughwunghnt funuquypdut wpn-
miipnid wnwewgws kqujh yuwwnwhwph dudwbwluyhtt wigdw tplngpep (6MFW): Us-
Juunutiph tyunuya £ PU-nud npudwpubiwt tmuppbph huwunuw dwdwbwlh npn-
onudp” wpwig wpughunnpubph dwjwpnulh dnpbjuynpdwt: Zuyunduwt dudwiuyh
npnodwt bywwnwyny wpnwsyt) B ypniswljut pubwdlitp: TEpnswljut putwdlitbph
b HSPICE wipwuighuwninpubph dwljuppuljh dngljuynpdwb dhgngh oguipugnpsdudp swth-
b k «G9-N2» npudwpwwwb nwuppkphg punugus onpuyh huywunuwi dudwbwlp:
Unwownlyny dnpkih b HSPICE wmpwuqhuwnnpubph dwjwupnuljh dnpbjuynpdwb dhgngh
wpyniupubph hwdbdwnmpiniup gnyg £ wngk) dnnkijh 90.3% goqpuinipiniup: Unphip Ju-
pnn E fhpundl) dudwbiwuwljhg nunhwughnt fwinwquypuut tjundwdp juynit FU-kph
twuiwugddwt gnpsupugnid:

Unwagpughl pupkp. tquljh wuwnwhwph dudwbwljuyhtt wigdwt tplinyp, YUO0Y,
huyunuub dudwbwl, yEpniswuljut putwdl, tquijh wuwnwhwnpph puthwinud, wignnhly
upuwutp, Eubipghuyh gduyht thnpjuwtignid, pwnhwughnt Smpwquypdwt tplinyp:

AA. TIETPOCSH, I''A. IETPOCSH

MOJEJIb PACYUETA 3AJEPKKH PACITPOCTPAHEHMSI CUTHAJIA
UPPOBBIX JIEMEHTOB C YUETOM PATMAIIMOHHOI'O BO3JAENCTBUS

INpencraBnena Monenb Ui pacyeTa 3aJepXKKH PacIpOCTpaHEHHs CHI'Hasla nudpo-
BBIX JIEMEHTOB C YUETOM PaJHAIIOHHBIX KPAaTKOBPEMEHHBIX IIePEXOHBIX MporeccoB. Oc-
HOBHAs LeJIb JaHHOH paOOoTHI 3aK/II0YAEeTCs B ONPENENCHHH 3aePKKH PacIpOoCTpaHEHHs
CUrHaNIa IU(POBBIX 3JIEMEHTOB B HHTErpanbHbiX cxemax (MC) 6e3 moTpeGHOCTH MO -
POBaHUS Ha CXEMAaTHYECKOM YPOBHE. BBIsSBICHBI aHATUTHYECKUE YPABHEHUS ISl BBIYHCIIE-
HUS 3aJIePKKH PaCIpPOCTPaHEHHMS JIOTHYESCKHX 3JIEMEHTOB. M3MepeHbl 3a/iepKka pacipocTpa-
Henus nernouky M-HE ¢ moMompio aHannTHYECKNX YpaBHEHUH W CUMYIISILIUHA HA CXEMAaTH-
yeckoM ypoBHe ¢ nomomnipio nHerpymeHta HSPICE. CpaBrenne pe3ynbTaToB M3MEpEeHUH
HOKa3bIBaeT, YTO CO3JAHHas MOJEIb 00EeCIeYnBaeT pacueT 3aep>KKH PacIpOCTpaHeHus Q-
POBBIX 31eMeHTOB ¢ ToYHOCThIO 110 90,3%. DTa Mozmenb MOXeT ObITh MHTErpHUpOBaHa B
MPOLIECC MPOEKTUPOBAHMS PaANAIIMOHHO-YyCcTOHUMBBIX 1C.

Kntoueswvle cnosa: KpaTKOBpeMEHHbIE NEPEXOJHBIE IPOLECCH, CUCTEMa aBTOMATH-
3upoBanHoro npoekruposanusi (CAITP), koMIuIeMeHTapHas CTPYKTypa METaUI-OKCHI-TIONy-
npoBoauuk (KMOII), aHanuTrdeckue ypaBHEHHS, OMMHOYHBIC HOHM3UPYIOLUINC YACTHIB,
MSTKHE OIIMOKH, JIMHEHHas Mepefadn SHepPruu, 3aIep>KKH PaclpoCTPaHSHUs] CHTHAJIA, pa-
JTUAIAOHHEIA Y PEKT.
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