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Single Event Transients (SETs), i.e., voltage glitches induced in combinational logic as a result

of the passage of energetic particles, represent an increasingly critical reliability threat for
modern complementary metal oxide semiconductor (CMOS) integrated circuits (ICs) employed

in space missions. In rad-hard ICs implemented with standard digital cells, special design

techniques should be applied to reduce the Soft Error Rate (SER) due to SETs. To this end, it is
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essential to consider the SET robustness of individual standard cells. Among the wide range of

logic cells available in standard cell libraries, the standard delay cells (SDCs) implemented with
the skew-sized inverters are exceptionally vulnerable to SETs. Namely, the SET pulses induced

in these cells may be hundreds of picoseconds longer than those in other standard cells. In this

work, an alternative design of a SDC based on two inverters and two decoupling capacitors is

introduced. Electrical simulations have shown that the propagation delay and SET robustness
of the proposed delay cell are strongly in°uenced by the transistor sizes and supply voltage,

while the impact of temperature is moderate. The proposed design is more tolerant to SETs

than the SDCs with skew-sized inverters, and occupies less area compared to the hardening
con¯gurations based on partial and complete duplication. Due to the low transistor count (only

six transistors), the proposed delay cell could also be used as a SET ¯lter.

Keywords: Single event transients; standard delay cells; decoupling capacitors.

1. Introduction

The natural radiation in space poses a serious threat to the electronic systems

employed in space missions. As a consequence of exposure to ionizing radiation, the

electrical characteristics of devices and circuits may be altered, leading to perfor-

mance degradation, malfunction and permanent or temporary failures. Since main-

tenance is usually impossible in space, it is necessary to ensure that the spaceborne

electronics meets the highest level of reliability. To this end, the e®ects of radiation

on a target system need to be investigated from the early design phases, and ap-

propriate mitigation measures should be applied to ensure that the system remains

operational under all radiation conditions.

Single Event Transients (SETs) are one of the radiation-induced e®ects that has

become highly critical for digital integrated circuits (ICs) designed in modern nano-

scale CMOS technologies. A SET represents a voltage pulse caused by the passage of a

single energetic particle (e.g., a heavy ion, neutron and proton) through a sensitive

transistor in a combinational circuit. The SET voltage pulse is a direct consequence of

the transient current resulting from the charge deposited in a device during the

passage of an energetic particle. If a SET voltage pulse propagates through the circuit

and is eventually captured by a storage element (e.g., a °ip-°op), a soft error may

occur. A soft error represents an unintentional change of state (bit-°ip) in the storage

elements, potentially resulting in computational errors and data corruption.

The technology scaling trends have led to an increase in the contribution of SETs

to the total soft error rate (SER) of ICs. In order to accurately assess the impact of

SETs, a wide range of radiation, design and operating parameters needs to be con-

sidered. The key parameters a®ecting the SET sensitivity of a circuit are the par-

ticle's linear energy transfer (LET), transistor size, supply voltage and temperature.

The metrics for assessing the SET sensitivity are the critical charge (threshold LET)

and SET pulse width. In general, the SET pulse width may span from tens of

picoseconds to several nanoseconds. Particles with a higher LET induce more charge

and generate longer SETs, which are more likely to propagate through the circuit

and cause soft errors. With the scaling of transistor size and supply voltage with
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every new technology generation, less deposited charge is necessary to cause SETs,

i.e., the critical charge (threshold LET) decreases. For example, a particle with a

LET of at least 15MeV�cm2�mg�1 may cause a SET in 250 nm technology, while a

particle with a LET of only 2MeV�cm2�mg�1 is su±cient to cause a SET in sub-

100-nm technologies.1 Since the most abundant particles in space are those with

LET < 30MeV�cm2�mg�1, it is very likely that SETs would occur in an unprotected

logic circuit. Furthermore, as transistor size scales and the distance between tran-

sistors reduces, a single particle may hit multiple transistors, potentially resulting in

multiple soft errors. With clock frequencies in the GHz range, the probability that a

SET will be latched by a storage element increases signi¯cantly. As demonstrated for

the 40-nm technology node,2 the SER of a combinational circuit may exceed the SER

of a °ip-°op chain at clock frequencies beyond 2GHz. Moreover, the supply voltage

and temperature variations may also have a signi¯cant contribution to the combi-

national SER. The analysis in Ref. 3 has shown that the temperature variation from

�40�C to 125�C may cause a change of SER of combinational circuits by more than

20%, while the results in Ref. 4 have con¯rmed that minor °uctuations in supply

voltage may cause over 150% variation in SER.

However, not every gate in a combinational circuit is critical. Because of the elec-

trical, logical and temporal masking e®ects, which are inherent in combinational cir-

cuits, only a fraction of the logic gates in any circuitmaypotentially result in soft errors.

Typically, around 50% of gates in a complex design contribute to over 80% of soft

errors.5 Therefore, applying traditional redundancy-based hardening techniques, such

as the Triple Modular Redundancy, would usually not be cost-e®ective for combina-

tional circuits due to their large area and power overhead. A widely used approach for

reducing the combinational SER is based on selective hardening of the most sensitive

gates.6 Such an approach cannot eliminate all possible SETs, but it can signi¯cantly

reduce the SER, with acceptable area, power and performance penalties.

For selective hardening of combinational logic, it is important to consider the SET

sensitivity of individual logic cells. This is particularly important for designs based on

standard non-rad-hard libraries. The hardening of individual standard cells can be

performed by redesign of the cell's structure, replacement of a sensitive cell with a

less sensitive one or an alternative logic implementation, or by connecting redundant

elements to the cell's output. The aim of the applied mitigation measures is to reduce

the SET generation probability by increasing the critical charge (threshold LET) of

sensitive nodes, and to reduce the probability of SET propagation by attenuating or

¯ltering the SET pulses. The two most widely used approaches for SET mitigation

are the gate upsizing and the insertion of dedicated SET ¯lters in logic paths.

In our previous work,7 we have shown for the ¯rst time that the standard delay

cells (SDCs) based on skew-sized inverters are more sensitive to SETs than other

standard cells, because the particle strikes in the skew-sized transistors may result in

SETs longer than 1 ns. As the SDCs are essential components of modern ICs, it is
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important to ensure their SET robustness. We have proposed two designs based on

hardware duplication, both of which can signi¯cantly improve the SET robustness of

the cells, but with signi¯cant area overhead.7 In this work, we explore an alternative

SDC design based on inverters and decoupling capacitors. The proposed solution has

higher SET robustness than the design with skew-sized inverters, and occupies less

area than the duplication-based solutions from Ref. 7.

This work is an extension of our paper published at the 30th International

Conference on Microelectronics (MIEL 2021).8 In Ref. 8, we have analyzed the

propagation delay and SET robustness of the proposed SDC based on decoupling

capacitors. Delay cells based on decoupling capacitors are used in digital designs for

providing ¯xed or variable delay.9–11 However, to our best knowledge, the SET

sensitivity of delay cells with decoupling capacitors has not been previously inves-

tigated. The analysis in Ref. 8 was done for di®erent transistor sizes and LET of

60MeV�cm2�mg�1. This work extends our previous work8 by introducing the fol-

lowing original contributions:

. Analysis of the power-delay trade-o® dependence on the transistor size of the

proposed SDC. It was shown that a cell with a larger propagation delay has a

smaller power consumption.

. Analysis of the impact of supply voltage and temperature on the propagation

delay of the proposed SDC. It was shown that supply voltage variations cause

greater change in propagation delay than temperature.

. Analysis of the impact of LET, supply voltage and temperature on the width of the

SET pulse generated at the output of the proposed SDC. It was shown that the

maximum SET pulse width is below 600 ps for the investigated simulation con-

ditions, whereas supply voltage variations have a stronger impact on SET pulse

width than temperature.

. Analysis of the impact of transistor size, supply voltage and temperature on the

width of SET pulse propagating through the proposed SDC. It was shown that the

proposed SDC can ¯lter the SETs shorter than 250 ps. With only six transistors

and two sensitive nodes, the SET ¯ltering capacity of the proposed SDC is com-

parable to other common SET ¯lters.

. Comparison with other standard combinational cells. It was shown that the ro-

bustness of the proposed SDC for SETs is better than most commonly used

standard combinational cells.

The rest of the paper is organized as follows. Section 2 discusses the related

work. The SDC based on decoupling capacitors is introduced in Sec. 3. The

simulation analysis of the propagation delay of the proposed delay cell is pre-

sented in Sec. 4. In Sec. 5, the SET robustness of the proposed delay cell is

analyzed. Section 6 discusses the design considerations for the proposed delay cell.
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In Sec. 7, the proposed delay cell is compared with alternative designs and other

standard cells.

2. Related Work

SDCs are designed as a chain of an even number of inverters, where the propagation

delay is directly proportional to the number of inverters. In order to obtain the

required propagation delay with the minimum cell area (minimum number of

inverters), some inverters in the chain are skew-sized. The skew sizing means that the

channel width and length are chosen such that one edge (low-to-high or high-to-low)

is faster than the other edge. With appropriate channel width and length, the skew-

sized inverters may have a larger propagation delay than standard inverters.

The analysis of the SET sensitivity of SDCs with skew-sized inverters was done in

our previous work,7 using the standard cells from the IHP's 130-nm library as a case

study.We denote an SDCbased on skew-sized inverters as SDC SKEW.A schematic of

a SDC SKEW cell with four inverters is illustrated in Fig. 1. The second and third

inverters are skew-sized, while the ¯rst and last inverters have standard sizes (the p-

type MOS (PMOS) transistor has a twice larger channel width than the n-type MOS

(NMOS) transistor). In Table 1, the transistor sizes for SDC SKEW cells with the

propagation delays of 500 ps and 1.5 ns, available in the IHP's 130-nm library, are given.

The IHP's 130-nm technology is commercially available and has been used for the

development of commercial rad-hard ICs for space applications.12–15 The standard

digital cells in this technology are tolerant to Total Ionizing Dose (TID) up to

50 krad, and up to 200 krad when the Enclosed Layout Transistors (ELTs) are ap-

plied.16 No Single Event Latchup (SEL) was detected up to LET of

67MeV�cm2�mg�1.16 Compared to sub-100-nm technologies, the 130-nm technology

provides better radiation hardness due to larger transistor sizes. In addition, the 130-

nm technology is a part of IHP's SiGe BiCMOS platform, which o®ers unique

Fig. 1. SDC with skew-sized inverters (SDC SKEW).
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advantages of combining bipolar and MOS technologies. Speci¯cally, this technology

o®ers the fastest bipolar transistors in the world, with a cut-o® frequency up to

700GHz,17 which is crucial in the design of high-performance mixed-signal ICs.

The SET sensitivity of SDCs based on skew-sized inverters has been investigated

in our previous work7 with the standard current injection approach in SPICE

simulations. For this purpose, a bias-dependent current model from Kauppila et al.18

was employed to inject the current pulses into the sensitive nodes of the cell. The

results in Ref. 7 show that the SETs induced in SDC SKEW may be at least 100 ps

longer than those in other combinational cells, and when the size of the skew-sized

inverters is increased, the SET pulse may be longer than 1 ns. Such long SETs are

attributed to the pulse stretching e®ect of the skew-sized inverters. In addition, we

have shown that the SDC SKEW cell is sensitive to supply voltage and temperature

variations. Namely, for the corner cases (1.08V, 125�C) and (1.32V, �40�C), the
SET pulse width may vary by 50–600 ps compared to a typical case (1.2V, 27�C),
and the impact of supply voltage and temperature variations is more pronounced for

cells with a larger driving strength.

In order to reduce the sensitivity of SDC SKEW cells to SETs, we have proposed

two solutions based on redundancy.7 The ¯rst approach employs complete dupli-

cation with a guard gate (SDC CD), i.e., all inverters in the delay cell are duplicated

and connected to a four-transistor guard gate,19,20 as depicted in Fig. 2. Because the

output of the guard gate changes only when both inputs change, a SET pulse induced

in any inverter will not propagate to the output. As the guard gate has an inverting

function, an additional inverter is connected to the output of the guard gate. Since

the whole cell is duplicated, this approach can be applied to an existing SDC without

modifying its structure. The second approach (Fig. 3) employs partial duplication

with a guard gate (SDC PD), i.e., only the skew-sized transistors are duplicated, and

connected to a guard gate with an additional inverter. Thus, all SETs generated in

the skew-sized inverters will be masked. In this case, the internal structure of the

delay cell needs to be modi¯ed, which requires more design and characterization

e®ort.

Table 1. Transistor sizes for SDC SKEW cell in IHPs 130-nm

technology.

Channel width (W ) and length (L)

Transistor Propagation delay ¼ 500 ps Propagation delay ¼ 1:5 ns

P1 W ¼ 0:46�m, L ¼ 0:13�m W ¼ 0:46�m, L ¼ 0:13�m
N1 W ¼ 0:3�m, L ¼ 0:13�m W ¼ 0:3�m, L ¼ 0:13�m

P2 W ¼ 1:27�m, L ¼ 0:7�m W ¼ 1:29�m, L ¼ 1:25�m

N2 W ¼ 0:84�m, L ¼ 0:7�m W ¼ 0:7�m, L ¼ 1:55�m
P3 W ¼ 1:1�m, L ¼ 0:6�m W ¼ 1�m, L ¼ 1:55�m

N3 W ¼ 0:84�m, L ¼ 0:5�m W ¼ 0:84�m, L ¼ 1:2�m

P4 W ¼ 1:29�m, L ¼ 0:13�m W ¼ 1:29�m, L ¼ 0:13�m

N4 W ¼ 0:84�m, L ¼ 0:13�m W ¼ 0:84�m, L ¼ 0:13�m
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Both approaches have been shown to eliminate the SETs in the skew-sized

inverters. However, the added guard gate and inverter are additional sensitive

nodes, and the SET pulse widths in these nodes are comparable to that in other

standard cells. It is important to note that the duplication results in a signi¯cant

area overhead at the cell level, i.e., over 85% for SDC PD and over 120% for

SDC CD.

3. Standard Delay Cell with Decoupling Capacitors (SDC DECAP)

As an alternative to the SDCs based on skew-sized inverters, and the proposed

con¯gurations based on partial and complete duplication, we have investigated a

delay cell with decoupling capacitors. We denote an SDC with decoupling capacitors

as SDC DECAP. The SDC DECAP is composed of two standard CMOS inverters

and two decoupling capacitors (DECAPs) connected between the output of the ¯rst

inverter and the supply rails, as illustrated in Fig. 4. The decoupling capacitors are

constructed from PMOS and NMOS transistors, by connecting the drain, source and

bulk to one terminal, while the gate is connected to another terminal.

Fig. 3. SDC with partial duplication (SDC PD).

Fig. 2. SDC with complete duplication (SDC CD).
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The propagation delay of SDC DECAP cell is proportional to the size (driving

strength) of input and output inverters, and the capacitance of decoupling capacitors

CDECAP. The decoupling capacitance is proportional to the transistor size (channel

width and length), according to the relation,21

CDECAP ¼ COX �W � Lþ 2 � COL �W ; ð1Þ
where COX is the oxide capacitance per unit area, COL is the overlap and fringing

capacitance per unit width of the device, W is the channel width of transistor and L

is the channel length of transistor.

In the design depicted in Fig. 4, only the inverters are sensitive to particle strikes.

The decoupling capacitors are not sensitive to particle strikes because their drain and

source terminals are connected directly to supply and ground lines, and thus particle-

induced current would be immediately drawn away through the supply and ground

lines. In general, the o®-state transistors are most sensitive to particle strikes due to

the reverse-biased pn junctions. Therefore, only two transistors, i.e., one transistor in

each inverter, will be potentially sensitive to SETs. As the drain is most sensitive to

particle strikes, there are only two sensitive nodes, denoted as A and B.

4. Propagation Delay of SDC DECAP

In this section, the impact of design and operating settings on the propagation delay

of SDC DECAP is analyzed. The section is divided into two subsections. Section 4.1

presents the simulation setup, while the results are discussed in Sec. 4.2.

4.1. Simulation setup

Using a commercial Cadence Spectre simulator, we have conducted a series of elec-

trical simulations in order to investigate the dependence of the propagation delay of

SDC DECAP on the size of inverters and decoupling capacitors, supply voltage and

Fig. 4. Standard delay cell with decoupling capacitors (SDC DECAP).
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temperature. In addition, the relation between propagation delay and power con-

sumption was analyzed. The simulation setup is depicted in Fig. 5. The input pulse

width was set to 1 ns using a voltage pulse generator. A standard bu®er was con-

nected between the pulse generator and the input of the delay cell, and also at the

output of the delay cell. The propagation delay was determined as the time interval

between the rising edge of pulse at the input of the driving bu®er and the rising edge

of pulse at the output of the load bu®er, at the level of half of the supply voltage. It is

important to note that the obtained results for propagation delay are slightly dif-

ferent from those published in our previous work8 because of di®erent bu®er designs.

As a case study, we have done the analysis for the IHP's 130-nm bulk CMOS

technology.

The transistor sizes for inverters and decoupling capacitors have been de¯ned by

varying the channel width of respective transistors. The inverters with driving

strengths x1 and x2 have been used, where x2 inverters have twice larger channel

widths than x1 inverters, while x1 inverters have four times larger channel widths

than the standard x1 inverters in the investigated 130-nm library. For decoupling

capacitors, the channel length was ¯xed to 1�m, while the channel width was varied

from 2�m to 12�m. The supply voltage was varied from 0.8V (minimum supply

voltage for the investigated technology) to 1.2V (nominal supply voltage for the

investigated technology), while the temperature was varied from �40�C to 125�C.

4.2. Results and discussion

Figure 6 shows the dependence of the propagation delay on the channel width of

decoupling capacitors, for x1 and x2 inverters, and for positive and negative input

pulses. It can be seen that the propagation delay increases linearly with the size of

decoupling capacitors, which is in good agreement with relation (1). On the other

hand, the increase in the size of the inverter leads to a decrease in the propagation

delay. For the channel width from 2�m to 12�m for decoupling capacitors, and

Fig. 5. Setup for simulation of propagation delay.
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positive input pulse, the propagation delay is from 173 ps to 367 ps with x1 inverters,

and from 167 ps to 280 ps. Similar results are obtained if the channel length is varied,

while the channel width is kept constant. Larger propagation delay can be obtained

by increasing both channel width and length, but that was not analyzed in this

study. The di®erence in the propagation delay for positive and negative input pulses

is minor, and hence only the results for positive input pulse are discussed in the

following.

In Fig. 7, the relation between the average power consumption and the propa-

gation delay, in terms of transistor size, is illustrated. The results have been obtained

for SDC DECAP with x1 inverters and a nominal supply voltage of 1.2V. As the

Fig. 7. Average power consumption and propagation delay as a function of decoupling capacitors channel
width, for x1 inverters and supply voltage of 1.2V.

Fig. 6. Propagation delay as a function of decoupling capacitors channel width, for x1 and x2 inverters,

and positive and negative input pulses.
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main function of SDC DECAP is to provide a given delay in a logic path, it is

desirable to have minimum power consumption for a particular delay. The results in

Fig. 7 show that the average power consumption decreases as the size of decoupling

capacitors increases. Therefore, the cells with a larger propagation delay will have a

smaller power consumption, but this comes at the cost of increased area.

The dependence of propagation delay on channel width of decoupling capacitors,

for di®erent supply voltages and temperature of 27�C, is illustrated in Fig. 8. As can

be observed, the decrease in supply voltage leads to a signi¯cant increase in

the propagation delay. For a given size of decoupling capacitors, the propagation

delay increases linearly with the decrease in supply voltage, and the impact of

supply voltage is more pronounced for larger decoupling capacitors. For decoupling

cells with a channel width of 2�m, the propagation delay increases for 266 ps (from

178 ps to 444 ps) when supply voltage decreases from 1.2V to 0.8V. On the other

hand, for decoupling cells with channel width of 12�m, the propagation delay

increases by 496 ps (from 370 ps to 866 ps) when the supply voltage decreases from

1.2V to 0.8V.

Figure 9 depicts the variation of propagation delay in terms of channel width of

decoupling capacitors, for di®erent temperatures and a nominal supply voltage of

1.2V. As the temperature increases from �40�C to 125�C, the propagation delay

also increases, and the impact of temperature becomes more signi¯cant when the size

of decoupling capacitors is increased. However, comparing the results in Fig. 8 shows

that the impact of temperature is weaker than that of supply voltage. Namely,

the propagation delay varies by a maximum of 40 ps over the investigated

temperature range.

Fig. 8. Propagation delay as a function of decoupling capacitors channel width and supply voltage, for x1
inverters.
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5. SET Robustness of SDC DECAP

In this section, the SET robustness of SDC DECAP in terms of design, operating and

irradiation parameters is analyzed. The analysis is divided in two sections.

Section 5.1 presents the analysis of the SET generation in SDC DECAP, i.e., the

sensitivity of SDC DECAP to direct particle strikes. In Sec. 5.2, the SET propaga-

tion through SDC DECAP, i.e., the ability of SDC DECAP to attenuate the SET

pulses arriving at its input, is analyzed.

5.1. SET generation analysis

5.1.1. Simulation setup

For the simulation of SET generation in SDC DECAP cell, we have employed a

standard current injection approach in Cadence Spectre simulations. The corre-

sponding simulation setup is illustrated in Fig. 10. A ¯xed voltage level was set at the

input of the delay cell through a minimum-sized driving bu®er, and a bu®er of the

same size was used as a load bu®er. A bias-dependent current source from Ref. 18

was employed to inject the current pulses successively into the two sensitive nodes

(A and B) of SDC DECAP. The current source was connected between the re-

spective node and the ground terminal, and the direction of current °ow was chosen

in accordance with the voltage level across the node. The rise and fall time para-

meters of the current pulse were 10 ps and 100 ps, respectively. These values allow for

reproducing the average SET pulse width for 130-nm technology, and they have been

chosen based on the comparison of experimental results reported in Ref. 22 and our

simulation results in Ref. 23. Due to the di®erence in bu®er designs, there is a slight

di®erence in the obtained results with respect to those presented in our previous

work.8 It is important to note that the rise and fall time parameters are actually

Fig. 9. Propagation delay as a function of decoupling capacitors channel width and temperature, for x1
inverters.
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variable, and they depend on technology and the strike pro¯le (LET, angle of inci-

dence, strike locations). Thus, for a real radiation environment, a distribution of SET

pulses, i.e., a distribution of rise and fall time parameters, needs to be considered.

The SET generation was assessed in terms of two metrics: (i) threshold Linear

Energy Transfer (LETTH) and (ii) width of SET pulse generated at the output of

delay cell. The value of LETTH was obtained as the minimum LET which causes a

SET pulse with amplitude beyond the half of supply voltage at the output of load

bu®er. To obtain the LETTH, the value of LET was gradually increased during

simulations, and for each value, the corresponding SET pulse width was observed.

Similarly as for propagation delay analysis, the SET robustness metrics have been

analyzed in terms of the size of decoupling capacitors and inverters, supply voltage

and temperature.

5.1.2. Results and discussion

The LETTH for node A (¯rst inverter) and node B (second inverter), as a function of

the size of decoupling cells, for two driving strengths of inverters (x1 and x2), is

shown in Fig. 11. The LETTH for node A increases almost linearly with the size of

inverters and decoupling capacitors. By increasing the size of inverters and decou-

pling capacitors, the driving strength and total node capacitance increase, allowing

faster dissipation of induced charge.24 The LETTH for node B also increases when the

inverter is upsized (not shown here), while decoupling capacitors have no impact (as

shown in Fig. 11).

The impact of LET and transistor sizes on SET pulse width is illustrated in

Figs. 12 and 13. In Fig. 12, the SET pulse width as a function of LET, when the

current pulse is injected successively in nodes A and B, for x1 and x2 inverters, and

for decoupling capacitors with a channel width of 2�m, is shown. In Fig. 13, the

dependence of the SET pulse width on the size of decoupling capacitors and

Fig. 10. Setup for simulation of SET generation.
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Fig. 11. Threshold LET as a function of decoupling capacitors channel width, for x1 and x2 inverters.

Fig. 12. SET pulse width as a function of LET, for x1 and x2 inverters and decoupling capacitors with

channel width of 2�m.

Fig. 13. SET pulse width as a function of decoupling capacitors channel width, for x1 and x2 inverters,

when the current pulse with LET ¼ 30MeV�cm2�mg�1 is injected in ¯rst inverter (node A).
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inverters, when the current pulse with LET of 30MeV�cm2�mg�1 is injected in node

A, is illustrated.

The SET pulse width in all cases increases with LET because the deposited charge

is proportional to LET. For the same load capacitance across a given node (A or B),

the SET pulse width due to strikes in x2 inverter is shorter than that for x1 inverter,

because larger inverters are more robust to particle hits. However, increasing the size

of decoupling capacitors across node A leads to an almost linear increase in the SET

pulse width. This is due to the fact that larger load capacitance needs more time for

charging/discharging when an amount of charge greater than the critical charge

(LETTH) is deposited, i.e., more time is needed to draw away a larger amount of

charge induced by high-LET particles.25 As a result of this phenomenon, node A with

x2 inverter has the largest LETTH but the corresponding pulse width is not the least.

Figure 14 illustrates the variation of SET pulse width as a function of the size of

decoupling capacitors, for x1 inverters and di®erent supply voltages, when the cur-

rent pulse is injected in node A. As the supply voltage increases, the SET pulse width

decreases. By increasing the supply voltage, the transistor's driving current is in-

creased, allowing faster dissipation of particle-induced current, and consequently

resulting in shorter SETs. It can be seen that the impact of supply voltage is more

signi¯cant for larger decoupling capacitors. For instance, for decoupling cells with a

2�m channel width, the SET pulse width change is around 300 ps over the analyzed

supply voltage range. For the same supply voltage range, the change in SET pulse

width is almost 500 ps for decoupling capacitors with 12 �m channel width.

In Fig. 15, the impact of temperature on the dependence between SET pulse

width and the size of decoupling capacitors is depicted. As can be observed, the

temperature variations cause a minor change in the SET pulse width for a given size

of decoupling capacitors, and the impact of temperature slightly increases with the

Fig. 14. SET pulse width as a function of decoupling capacitors channel width, for di®erent supply

voltages and x1 inverters, when the current pulse with LET ¼ 30MeV�cm2�mg�1 is injected in ¯rst
inverter (node A).
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increase in the size of decoupling cells. Overall, the SET pulse width changes by a

maximum of 50 ps over the investigated temperature range, which is a 10-fold smaller

change compared to that resulting from the supply voltage variations. Note that the

temperature has a similar impact on the propagation delay (Fig. 9).

The dependence of SET pulse width on the size of decoupling capacitors, for

di®erent supply voltages and temperatures, when the current pulse is injected into

node B, is illustrated in Figs. 16 and 17. In this case, the size of decoupling capacitors

does not a®ect the SET pulse width. However, the SET pulse width increases with

the decrease of supply voltage or increase of temperature. Similarly, as in the case of

current injection in node A, the supply voltage variations lead to a greater change in

Fig. 15. SET pulse width as a function of decoupling capacitors channel width, for di®erent temperatures

and x1 inverters, when the current pulse with LET ¼ 30MeV�cm2�mg�1 is injected in ¯rst inverter
(node A).

Fig. 16. SET pulse width as a function of decoupling capacitors channel width, for di®erent supply

voltages and x1 inverters, when the current pulse with LET ¼ 30MeV�cm2�mg�1 is injected in second
inverter (node B).
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SET pulse width than the temperature variations. Over the investigated supply

voltage range, the SET pulse width varies by almost 200 ps. On the other side, the

investigated temperature variations cause the variation in SET pulse width of

around 20 ps.

5.2. SET propagation analysis

5.2.1. Simulation setup

For the simulation of SET propagation through the proposed SDC, the same setup as

for the analysis of propagation delay was employed. The only di®erence is that the

input pulsewidthwas varied, and the range of input pulsewidthwas in the order of tens

to hundreds of picoseconds, which corresponds well to the real SET pulse widths.

Two metrics have been used to assess the SET ¯ltering capacity of the proposed

SDC: (i) ¯ltered SET pulse width and (b) ¯ltering window. The ¯ltered SET pulse

width is the maximum input SET pulse width that can be electrically masked, where

a pulse is considered to be masked if its amplitude after propagation through the cell

is reduced below the half of supply voltage. The ¯ltering window is the di®erence

between the propagation delay of the cell and the ¯ltered pulse width, and it is an

important metric to evaluate the trade-o® between the bene¯t in terms of SET

masking and the introduced delay overhead. Ideally, the ¯ltering window should be

as small as possible.

5.2.2. Results and discussion

Figure 18 illustrates the ¯ltered SET pulse width and the ¯ltering window as a

function of the decoupling capacitor channel width. The simulations have been done

Fig. 17. SET pulse width as a function of decoupling capacitors channel width, for di®erent temperatures

and x1 inverters, when the current pulse with LET ¼ 30MeV�cm2�mg�1 is injected in second inverter

(node B).
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for a supply voltage of 1.2V and a temperature of 27�C. The values of both metrics

increase linearly with the decoupling cell channel width. With the maximum inves-

tigated channel width of 12�m, the delay cell can ¯lter the SET pulse shorter than

250 ps. This indicates that the proposed SDC could be used for ¯ltering short SETs in

combinational paths. Note that the short SETs are induced by low-LET particles,

which are most abundant in space. The ¯ltered SET pulse width is directly deter-

mined by the propagation delay of the cell, because the propagation delay de¯nes the

minimum pulse width that can propagate through a cell. However, the increase in the

¯ltering window with decoupling cell sizes indicates that the delay overhead would be

larger when ¯ltering longer SET pulses, which is not a desirable feature.

The dependence of ¯ltered SET pulse width on supply voltage and temperature is

similar to that observed for the propagation delay. As the supply voltage decreases

from 1.2V to 0.8V, the width of the SET pulse that can be ¯ltered increases by at

least 100 ps, where the ¯ltered SET pulse width is larger as the decoupling capacitor's

size increases. On the other hand, the increase in temperature from �40�C to 125�C
results in an increase in the ¯ltered SET pulse width by at least 15 ps, and for larger

decoupling cells, the increase in the ¯ltered SET pulse width is larger.

In order to increase the SETpulsewidth that can be ¯lteredwith the proposed SDC,

two approaches could be adopted. The ¯rst option is to cascademultiple cells, resulting

in a linear increase in the ¯ltered SET pulse width. The second approach is to redesign

the cell by implementing more decoupling cells. The second approach retains the

minimumnumber of sensitive nodes, since only the inverterswill be sensitive.However,

both approaches also lead to a linear increase in the propagation delay.

6. Design Considerations

Based on the simulation results presented in previous sections, the qualitative impact

of the investigated parameters on the propagation delay and SET robustness of

Fig. 18. Filtered SET pulse width and ¯ltering window as a function of decoupling cells channel width.
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SDC DECAP cell can be summarized as given in Table 2. The upsizing of inverters

and decoupling capacitors increases the threshold LET, providing immunity to low-

LET particle strikes. However, the SET pulse width due to strikes in the ¯rst inverter

increases with the size of decoupling cells, but decreases with the size of inverters. In

other words, SDC DECAP cells would be more sensitive to high-LET particles.

Though, it is important to note that since the low-LET particles are most abundant

in the space environment, the protection from low-LET particles is crucial. On the

other hand, the upsizing of inverters decreases the propagation delay, while the

upsizing of decoupling capacitors increases the propagation delay. The increase in

propagation delay is re°ected in better SET ¯ltering capability of the delay cell.

Thus, SDC DECAP with a larger propagation delay is more bene¯cial for SET

¯ltering.

The increase in the supply voltage leads to a decrease in the propagation delay

and an increase in the SET robustness (threshold LET increases, while SET pulse

width decreases). The temperature increase leads to an increase in propagation delay

and a decrease in SET robustness (threshold LET decreases, while SET pulse width

increases). Overall, the impact of supply voltage variations is more critical for both

propagation delay and SET robustness.

Thus, the design of SDC DECAP cells for a radiation environment requires a

compromise between the propagation delay and the SET robustness. As the size of

inverters and decoupling capacitors has opposite impact on propagation delay and

SET sensitivity, a trade-o® in terms of transistor sizing is the most important design

criterion. An optimal design of SDC DECAP cell would be to have a small propa-

gation delay per cell, because in that case the SET pulse width due to a particle strike

would be shorter. The larger propagation delay could be achieved by cascading

Table 2. Impact of various parameters on propagation delay and SET robustness of SDC DECAP.

Parameter variation (for

nominal values of other
parameters)

Impact on

propagation
delay

Impact on generated
SET pulse width

Impact on threshold
LET

Impact on

¯ltered SET
pulse width

Channel width of
decoupling cells

increases from 2�m

to 12�m

Increases Increases (for strike in
node A)

No impact (for strike

in node B)

Increases (for strike
in node A)

No impact (for

strike in node B)

Increases

Driving strength of
inverters increases

from x1 and x2

Decreases Decreases Increases Decreases

LET increases from

1MeV�cm2�mg�1 to

60MeV�cm2�mg�1

No impact Increases — —

Supply voltage increases

from 0.8V to 1.2V

Decreases Decreases Increases Decreases

Temperature increases

from �40�C to
125�C

Increases Increases Decreases Increases
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multiple delay cells. For example, with x2 inverters and propagation delay of 200 ps,

the SET pulse width at LET of 60MeV�cm2�mg�1 would be less than 550 ps, which

could be ¯ltered with conventional SET ¯ltering logic.

7. Comparative Analysis

This section gives a brief comparison of the proposed SDC DECAP design with

alternative delay cells, SET ¯lters and most common standard combinational cells.

7.1. Comparison with alternative delay cell implementations

In order to assess the SET robustness of the proposed SDC DECAP cell with respect

to alternative delay cells, a comparison with the SDC based on skew-sized inverters

(SDC SKEW) and two variants of SDC SKEW cell based on duplication (SDC PD

and SDC CD), has been performed. The results are presented in Tables 3 and 4.

Table 3 shows the total number of transistors and the number of sensitive transistors

for each design. In Table 4, the threshold LET and SET pulse width for most

sensitive and most robust nodes in each SDC are compared. For the sake of fair

comparison, all four SDC implementations have been designed to have approxi-

mately the same propagation delay.

The main advantages of SDC DECAP over SDC SKEW and SDC PD are fewer

sensitive transistors (only two) and better SET robustness (higher LETTH and

shorter SET pulse width). SDC DECAP and SDC CD have the same number of

sensitive transistors (two), but due to di®erent sizing, SDC DECAP is more robust

Table 3. Comparison of number of sensitive nodes and number of
transistors for SDC DECAP and alternative delay cell implementations.

SDC variant No. of sensitive nodes No. of transistors per cell

SDC SKEW 4 8

SDC PD 4 18
SDC CD 2 22

SDC DECAP 2 6

Table 4. Comparison of SET robustness of four SDC implementations (SET pulse width results are

obtained for LET ¼ 60MeV�cm2�mg�1).

LETTH (MeV�cm2�mg�1) SET pulse width (ps)

SDC variant Most robust node Most sensitive node Most sensitive node Most robust node

SDC SKEW 1.2 0.4 756 452

SDC PD 1.21 0.8 634 486

SDC CD 1.21 0.76 621 455
SDC DECAP 17.41 1.25 597 423
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to SETs. Note that SDC DECAP cell has a total of 6 transistors, while SDC SKEW,

SDC PD and SDC CD cells have 8, 18 and 22 transistors, respectively. This indi-

cates that the proposed SDC DECAP design would be the best solution in terms of

area and power consumption saving. By comparing the results for SDC DECAP

presented in previous sections with those for SDC SKEW presented in our previous

work,7 it can be observed that the SDC DECAP design is more robust to supply

voltage and temperature variations. The main reason for this is the high sensitivity of

skew-sized inverters to supply voltage and temperature variations.

7.2. Comparison with alternative SET ¯lters

To evaluate the potential of SDC DECAP as a SET ¯lter, we have compared it with

alternative SET ¯lters, as given in Table 5. The most common SET ¯lter used in rad-

hard designs is based on a delay line and a guard gate,19,20 where the delay line

de¯nes the ¯ltered SET pulse width. Alternative SET ¯lters reported in literature

include transmission gates,26,27 Schmitt trigger,31,32 bu®er,28 cross-coupled inver-

ters29 and decoupling cells with cross-coupled transistors.30 Since the SET masking

capacity of each ¯lter depends on transistor sizing, the comparison is done in terms of

the number of transistors and the number of sensitive nodes. The ¯lters with fewer

transistors are preferable, in order to minimize the area overhead. In addition, the

¯lters should have the least possible number of sensitive nodes. Based on these

criteria, it can be seen that the proposed SDC DECAP design is comparable to

alternative SET ¯lters. It is important to mention that SDC DECAP has less

transistors than the ¯lter based on delay line and guard gate, and the Schmitt

trigger. More detailed analysis can be performed to compare the area, power and

delay overhead introduced for each ¯lter.

7.3. Comparison with standard combinational cells

Table 6 compares the proposed SDC with the most frequently used standard

combinational cells, considering the number of transistors per cell, the number of

transistors sensitive to SETs, and the SET pulse width when a current pulse with

Table 5. Comparison of number of sensitive nodes and number of transistors for SDC DECAP and

alternative SET ¯lters.

SET ¯lter No. of sensitive nodes No. of transistors per cell

Delay line and guard gate19,20 2 8 or more (depending on

required delay)

Transmission gates26,27 — 4–8
Schmitt trigger31,32 2 10

Bu®er28 2 4

Cross-coupled inverters29 2 4

Decoupling cells with cross-coupled transistors30 2 4
SDC DECAP 2 6

Analysis of Single Event Transient E®ects in Standard Delay Cells
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LET of 60MeV�cm2�mg�1 is injected in the output of the cell. The standard cells

with the minimum available size have been used in this analysis. For SDC DECAP,

the channel width of 2�m for decoupling capacitors and inverter with x1 size

have been used. As can be seen, with two sensitive nodes and SETpulse width of 545ps,

the SDC DECAP cell has better SET robustness (shorter SET pulse width) than other

investigated standard cells. This is due to the fact that the size of inverters in

SDC DECAP is larger than the transistor sizes in minimum-sized standard cells.

8. Conclusion

The SET sensitivity of an SDC implemented with two inverters and two decoupling

capacitors is investigated in this paper. The electrical simulations have been per-

formed to analyze the dependence of propagation delay and SET sensitivity

(threshold LET, generated SET pulse width and propagated SET pulse width) on

transistor size, supply voltage and temperature. It has been shown that the proposed

design is more tolerant to SETs than the SDC realized with skew-sized inverters, and

introduces negligible area overhead compared to the hardened delay cells based on

partial and complete duplication with a guard gate. Based on the simulation results,

it has been shown that an optimal design can be achieved by considering a trade-o®

between propagation delay and SET robustness. An important ¯nding is that the

proposed delay cell could be utilized for ¯ltering short SETs in combinational paths,

and it is a very good alternative to existing SET ¯lters due to low transistor count. It

is also important to note that the proposed delay cell is more tolerant to SETs than

other common standard combinational cells designed in 130-nm bulk CMOS tech-

nology. The simulation results indicate that the supply voltage variations have

stronger impact on propagation delay and SET robustness than temperature.
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