


The timing analysis of ICs considering the radiation impact (RI) are
crucial because of their usage in applications where high reliability is needed.
Due to the complexity of modern ICs, the accuracy requirements to the tools
performing timing analysis have been significantly increased. The most
accurate simulation methods of soft errors are SPICE simulators (HSPICE,
FINESIM, CUSTOMSIM) [2-4]. However, with the technology scaling and
increase of the number of transistors in the design, the simulations become
slower [5]. Therefore, new analytical models are required in higher abstraction
levels to accelerate the design and verification process.

Many researches have been done for efficient estimation of the timing
parameters [5-8]. In the mentioned works, analytical equations are derived
based on solving differential formulas only for inverter gate. Whereas, similar
methods are also required for timing analysis of the memory elements.

In memory elements, the RI leads to setup/hold-time degradation and
can cause the cell to change state to another value. Despite that fact, RI on
timing parameters of the circuits such as D flip-flops (DFF) is not considered in
the existing analytical methods. Thus, accurate analytical methods consisting of
analytical formulas for DFF setup/hold-time and clock to output delay
calculations are required.

Radiation influence on setup/hold-time and clock to output delay.

Violations of the timing parameters of DFFs can cause unexpected behaviors
including forcing DFF to enter metastable state. As an example, a DFF circuit
(Fig.2) was designed in the Custom Compiler environment considering RI
using SAED32nm technology [9].
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Fig.2. The D Flip-Flop circuit schematic
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RI is modeled by a double exponential current pulse [10] using parameters
such as current pulse duration Tg; 4, and current pulse amplitude I, values
(Table 1) formed after the generation of the electron-hole pairs. The parameters are
based on TCAD simulation data [11,12].

The setup time depends on the “TG1” and “INV1” components [13]. Thus,
radiation effects on these components influences the setup time. Therefore, the
simulations were performed by modeling RI on “TG1” and “INV1” components.
The analysis showed that the setup time is more sensitive when RI occurs on
“INV1” gate.

An example of such an impact with LET = 6 MeV cm?’/mg on “INV1” inverter
changes the setup time from 40,042ps (when there is no RI) to 83,263ps (Fig.3).
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Fig.3. The DFF setup time dependency on LET = 6 MeV cm?/mg

The analysis of hold time has been carried out by applying the RI on “INV0”
gate since, the hold time depends on the data signal stability before the inverse
clock reaches “TG1”, “TG2” and “TG3”. Measurements before the RI show that
the hold time is negative (-11,7ps) which means that the propagation delay from
the “D” to node “N1” is enough to transfer the input signal. Whereas, the negative
hold time becomes positive and increases with RI on the “INVO0” inverter. The hold
time of DFF reaches 7,5235ps when there is RI with LET = 6 MeV cm’/mg on the
“INVO0” inverter (Fig.4).
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Fig.4. The DFF hold time dependency on LET = 6 MeV cm’/mg

The clock to output delay is formed with the “TG3”, “INV3” components.
Without RI the clock to output delay is 186,58ps. However, simulations
considering RI show that the clock to output delay is more sensitive to the RI on
“TG3”. HSPICE simulation has been done to calculate the delay increase when
DFF is exposed to radiation with LET = 6 MeV cm’/mg (Fig.5).
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Fig.5. The DFF clock to output delay dependency on LET = 6 MeV cm?/mg

The RI analyses with different LET values were performed using the HSPICE
simulator [2] in typical TT, slow SS, and fast FF corner cases. The simulation
results show that DFF characteristics are highly sensitive to RI (Table 1).
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Table 1

HSPICE Simulation results for D Flip-Flop setup/hold-time and clock to output delay
dependency on different radiation-induced LET

LET

[MeV IRI [ﬂA] TRI_dur [ps] Tsetup [PS] Thold [ps] Tcolﬁglngg [pS]

% sz/mg] delay
2 55 20 50,49 -7,27 219,62
4 150 80 71,99 1,06 273,01
6 190 150 83,26 7,33 277,09
8 205 180 91,50 11,5 278,87
10 215 190 11,74 13,7 304,54

The proposed analytical model for evaluation of the timing parameters of
D Flip-Flops. An alternative solution to setup/hold-time and clock to output delay
measurements by SPICE simulation is developed. The method provides a simple
and fast calculation of DFF timing parameters without running SPICE simulations.

Polynomial regression analysis [14] is performed for finding the best
coefficients for calculating the setup/hold-time and the clock to output timing
parameters based on the pre-simulation results.

Assume that I, = (I, I, ...
the RI, t, = (t4, 7Ty, ..., Tn) 18 the vector of the current pulse duration and
T, = (T4, Ty, ..., T,,) is the vector of each DFF timing parameter. To find the best
analytical equation for the timing parameter linear function, quadratic function,
cubic functions have been tested. As a result, the desired fitting coefficients for
setup time and clock to output delay have been obtained by the quadratic function
presented in equation (1), and for hold time the best-fit parameters are found using
the cubic function shown in equation (2):

,I,,) is the vector of the current pulse values after

Ti =a11i2 +a2 Tl2+ a3li Tl‘+a4, Ii + asT; +a6, (1)

Ti = a1]i3 + a21 Tiz + a3 Ilz T+ a4, TI:3 + a5ll~2 + a61i T; + a7Ti2 + agll‘ + agfi ) (2)

where a4, a,, as, a4, as, ag, a;, ag, aq are the coefficient variables, I; and 7; — the
independent variables and T; is the dependent variable.

To solve the values of coefficient vectors (Table 2) a,, = (a4, ay, ..., a,) for

each parameter, the “NonlinearModelFit” method was chosen in the Wolfram
Mathematica tool [15].
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Table 2

Coefficient values for setup/hold-time and clock to output delay equations

Parameters asetup Ahola Qclock to output
a, 0,00147103 -1,68111 0,000566985
a, -0,000161075 -0,0021703 -0,00118727
asz -0,214416 -7,18160 0,180444
ay 0,000547898 0,000408834 -0,000326101
as 0,0566388 0,26448 0,426327
Qg 58,8732 4,15321 204,189
a; 0 -0,00109745 0
as 0 0,13157 0
ao 0 -19,0414 0

Experimental Results. To validate the accuracy of the proposed model,

comparisons between the proposed model results and the HSPICE simulation results

are performed. The simulations are done with different LET values (Table 1).

A comparison of the setup time evaluation using the proposed model and
SPICE simulation results is presented in Fig. 6. Calculations of the setup time are
obtained using equation (1) with the corresponding coefficient values (Table 2).
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Fig.6. The D Flip-Flop setup time dependency on different energy levels of RI

The comparison is carried out (Fig. 7) for hold time dependency on the
radiation effects observed with SPICE simulations and analytical equations using
hold time coefficient values (Table 2).
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Fig.7. The D Flip-Flop hold time dependency on different energy levels of RI

The clock to output delay measurement comparison is performed (Fig.8)
between the results of the HSPICE simulator and the proposed equation (1).
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Fig.8. The D Flip-Flop clock to output delay dependency on different energy levels of RI

The comparison shows that the average errors of the proposed model versus
the SPICE simulations are 7%, 5.6%, 3%, for setup/hold-time and clock to output
delay parameters respectively.

As an example of the model usage in higher abstraction levels of ICs design,
the ISCAS89 benchmark S27 circuit [16] was implemented in Verilog and tested in
VCS environment [17] considering RI. Simulations are performed using the
calculated setup/hold and clock to output delay by equations (1), (2), (3) in case of
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LET = 6 MeV cmz/mg irradiation, and the outputs are observed to determine
whether there is setup/hold time or clock to output delay violation or not (Fig. 9).

# |Desig.| Signal [alug Time: 6675 - 25564 x 1ps ( C1:6675REF )
C1:667SREF
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Fig.9. The VCS simulation results of setup/hold time violations and clock to output
delay increase in ISCAS89 benchmark S27 circuit

Conclusion. An analytical model of radiation impact on the setup/hold-time
and clock to output delay parameters of D flip-flop is proposed. This model was
tested using ISCAS89 benchmark circuits in the VCS environment. The
experimental results demonstrate the accuracy of the model with evaluation
error for setup time 7%, for hold time 5,6%, and for clock to output delay for
3% compared to HSPICE simulator results. The results prove that the proposed
analytical model accelerates the design process by providing equations to
calculate the timing parameters, which allows estimation of the issues caused

by irradiation at the early stage of the development.
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U.U. M6SrNusuy

NUHPUSPNL KUNUQUSEUTUL U2TESNRESNRULE 2ZUTY P UrLN, D
SCPA B dUUULUYUSPL NMUNUUTGSC G 2UCHUNMYU UL UteNY

Unwownlynud E nunhwghnt dmnwuquypdwt wqpkgnipniup hwyygh wntnn D wph-
glinh dudwbuuyhtt yupudtnptph hwyqupyuwi dbenn: Usjuwnuiph tuyyunuyj Ewnpudw-
putwut dwjupnulh dnpijudnpdut dhengubpnid tjuqtgul) nwnhughnt fwnwquype-
dwl dnphjuynpiut vwhdwbwhwlnudubpp: dudwbuluihtt yupudbnptph npnpdwit
tyuwnwlny pnipu b phipdl) YEpnswlut putwdlbpn’ oquugnpstiny puquuwinuduwht
Unwnupldwi dkpnyp: Unwewplyny Unnghjh b HSPICE wpwbqghuwnnpubph dwjuppulh un-
nhjuynpdwy vhongh wpyniupubph hwdbdwnmpniip gnyg E wdl), np nkiqujuydwi b
wuwhywidwi dudwbwlubph hwoyudwt vpwitpp hwdwywnuwupwtupup Juqunod
i 7% -hg Uhlish 5.6%, hul hwyuniwi dudwiwyh nwppbpnipymip’ 3%, npp gniyg E nw-
1hu, np Udnplp wpymibwdbn U upnn £ jhpundl] npudwputujut dujuppulh bw-
Jugsdwl Uhgngitipmu' fwnwquypuwh wqnbgnipput dnphjuynpiwb tyunwlng, wewbg
dudwtwlwwnwp HSPICE unnjuynpdwi:

Unwigpuypl punkp. nunhwghnt Swinwquypdwt kplinygp, mknujujdut dudwtwl,
yuwhywidwl dudwbwl, hwyundwb dwdwbuy, tukpghugh gdwjhtt thnpawigm, wmignnhly
upuwukp, yipnswljut putwdl, Ynduyhdbunwp dbnwn-opuhn huwhwnnpnhy (WUO0Y):

A.A.TIETPOCSAH

MOJEJIb PACYETA BPEMEHHbBIX TAPAMETPOB D-TPUITEPA C YYHETOM
BO3JIEVICTBUSA PAITUAIIMOHHOI'O U3JTYYEHUS

[IpencraBneHa Mojenb pacuera BpEMEHHBIX napaMeTpoB D-Tpurrepa ¢ ydetom pa-
JUAMOHHOTO Bo3neicTBUs. OCHOBHAS HIesl pabOThI 3aKII0YaeTCsl B YCTPAHSHUH OTpaHIde-
HU# B mpouecce npoekTupoBanus VC ¢ HConb30BaHHEM MOACTUPOBAHUS HA JIOTHUYECKOM
ypoBHe. [lomydeHpl aHaNWTHYECKHE BBIPAKEHUS IS OICHKH BPEMEHHBIX IapaMeTpoB C
WCTIOJh30BaHUEM PE3yNBTATOB MPEABAPUTEIHHOTO MOACTHPOBAHUS W TOJIMHOMHAIHHOM
perpeccuu. Pe3ynbTaThl 3KCIIEPUMEHTOB HOATBEPKIAIOT A(P(PEKTUBHOCTD MPEIOKEHHON
monenu. CpaBrHenue ¢ pesynbpratamu SPICE mozpenmpoBaHus NOKa3bIBacT, YTO OIIMOKU
OLICHKM BPEMEHU MpPEeNyCTAaHOBKH U yAEpKaHUS HaxoJsaTcs B mpenenax ot 7% mo 5,6%
COOTBETCTBEHHO, @ Pa3HUIA B YCTAaHOBKE JaHHBIX OTHOCHTEIHLHO TAaKTOBOTO HMITYJIbCa
coctapisieT 3%. DTO 10Ka3bIBaeT, 4To MoAENb 3 deKTHBHA U MOXET OBITh HCIIOJIb30BaHA
JUTS. MOJICIIMPOBAHMS BPEMEHHBIX 3aBUCUMOCTEH OT paJMAllMOHHBIX BO3IACHUCTBHI MpHU
MIPOEKTUPOBAHNH JIOTHIECKOTO YPOBHs, 6€3 BoimonHeHus TpynoeMKux SPICE cumymsmmit.

Knroueewte cnosa: pagnannoHHed 3h(dexT, BpeMs IpeayCTaHOBKH, BpEeMS yaepKa-
HUS, BpeMs YCTaHOBKU JaHHBIX, TMHEHHas nepenaun sHepruu (JII1D), BoccraHaBimBaeMbIe
HapyIICHNs, aHAJUTUYCCKUE YPaBHEHWS, KOMIUIEMEHTapHAas CTPYKTypa METallI-OKCHII-
nonynpoBoaHuk (KMOIT).
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