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Abstra
t5

A reliable voltage referen
e is mandatory in mixed-signal systems. However, this family of 
omponents 
an undergo

very long single event transients when operating in radiation environments su
h as spa
e, nu
lear fa
ilities, et
.,

due to the impa
t of heavy ions. The purpose of the present paper is to demonstrate how a simple 
ell 
an be used

to dete
t these transients. The 
ell was implemented with typi
al COTS 
omponents and its behavior was veri�ed

by SPICE simulations and in a laser fa
ility. Di�erent appli
ations of the 
ell are explored as well.
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1. Introdu
tion7

Some ele
troni
 systems are designed to work in harsh environments, su
h as avioni
s, spa
e, nu
lear fa
ilities8

or linear a

elerators [1, 2℄. In these environments, energeti
 heavy ions hit the ele
troni
 devi
es generating a high9

density of free 
arriers. If this happens in internal 
apa
itan
es, su
h as gate oxides or reverse-biased PN jun
tions,10

the 
loud is swept away by the ele
tri
 �eld and an instantaneous 
urrent transient o

urs, whi
h is transmitted11

into the system.12

With the ex
eption of some mixed-signal 
omponents [3, 4℄, the only expe
ted soft errors in analog devi
es are13

single event transients (SETs) due to the absen
e of memory elements. In parti
ular, some works have reported14

that voltage referen
es 
an show a very dangerous kind of SET 
alled �long duration pulse� (LDP) [5, 6℄. In spe
ial15


ir
umstan
es, the transients last for several hundreds of µs or even 1 ms. This 
hara
teristi
 is 
riti
al in analog-16

to-digital (A/D) or digital-to-analog (D/A) 
onversions [7℄. In general, the output of a D/A or A/D 
onverter is17

proportional to either VREF or V −1

REF . If a peak ∆vREF appears, it is easy to demonstrate that the analog or digital18

output shows a per
entage error of ±∆vREF

VREF
. Voltage referen
es are usually built using a 
ore 
ell (e.g., band-gap19


ells or Zener diodes) followed by an operational ampli�er (op amp) (Fig. 1). The 
ore 
ell provides a referen
e20

value (VCORE) independent of the power supply or the temperature whereas the op amp stabilizes the system by21

negative feedba
k, s
ales the referen
e voltage, and improves the output 
hara
teristi
s. Usually, voltage referen
es22

must provide 
urrent to the load. Thus, a simple 
lass-A output stage is an e�
ient and widely-used solution (QO23

and IQ in Fig. 1) [5℄.24
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Figure 1: Standard voltage referen
e. A 
ore 
ell, biased by the power supply, +VCC , provides a stable voltage value (VCORE) that

works as the input of a non-inverting ampli�er. Thus, VREF =

(

1 +
RB

RA

)

· VCORE . Typi
ally, the output is just a 
lass-A stage


onsisting of an NPN (or NMOS) transistor, QO, and a 
urrent sour
e, IQ, to bias it in the forward-a
tive zone. The 
apa
itor is

in
luded to �lter noise. RL represents a hypotheti
al load.
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Figure 2: Proposed surveying 
ell. The output signals are the Rising Pulse Warning, RPW , and the Falling Pulse Warning, FPW . Some

resistors are in
luded to minimize the e�e
ts of the input bias 
urrents. In 
omparators with open 
olle
tor/drain output, additional

pull-up resistors (RPU ) and a logi
 power supply (+VL) are ne
essary.

LDPs in voltage referen
es are a dangerous hazard sin
e they lead to hundreds or thousands of erroneous25


onversions [5, 8℄. In this paper, we are going to demonstrate how a very simple analog 
ell able to dete
t SETs26

beyond a tunable threshold value 
an help to solve this undesirable issue.27

2. The 
ell and its properties28

The proposed 
ell is shown in Fig. 2. In this 
ell, only passive 
omponents and two 
omparators are required.29

The input of the 
ell is REF and two warning digital signals (Rising Pulse Warning, RPW , and Falling Pulse30

Warning, FPW ) are the outputs. Let us 
al
ulate the bias point, Q, a

epting that the 
omparators have a high31

input impedan
e. It follows then that:32

VA,Q =
R2 +RX

RT

· VREF,Q (1)

33

VB,Q =
R2

RT

· VREF,Q (2)

RT being R1+R2+RX . At the bias point, VA = VAF = VAR and VB = VBF = VBR so ∆VBA = −RX

RT
· VREF,Q < 0.34

Therefore, the outputs of both 
omparators are in the LOW state. Now, let us suppose that a transient o

urs at35

REF . This transient 
an be modeled as a perturbation, ±vPK , around the bias point. Thus, during the transient,36
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V ∗

REF = VREF,Q ± vPK . The following step is to set the time 
onstant, τ = R · C, mu
h longer (e.g., one order of37

magnitude) than the worst-
ase transient duration. Given that the transient duration is ∼10�1000 µs [5, 6, 9℄, τ38

must be sele
ted on the order of 0.1-10 ms. In this situation, the perturbation qui
kly rea
hes nodes A and B as39

well as nodes AF and BR, whi
h are open 
ir
uits in pra
ti
e. However, nodes AR and BF are not immediately40

a�e
ted due to the presen
e of the 
apa
itors. Therefore, ∆VBA be
omes positive in one of the two 
omparators41

and its output swit
hes to HIGH indi
ating the o

urren
e of an SET. Namely, rising transients, with vPK > 042

trigger RPW , whereas FPW is a
tivated by falling transients.43

Now, the 
ell will be analyzed in a quantitative way. Instead of resolving the 
ir
uit in the frequen
y domain,44

we are going to use the standard te
hnique in the �eld of small-signal 
ir
uits resear
h, whi
h 
onsists in modeling45

the 
apa
itors as short-
ir
uits in AC mode. Later, DC and AC 
ontributions will be added using the superposition46

prin
iple.47

Hen
e, it 
an be demonstrated that one of the 
omparators is triggered if vPK falls outside the interval48

[−VTHF , VTHR] with:49

VTHR ≈
RX

R2

· VREF,Q (3)

50

VTHF ≈
RX

R2 +RX

· VREF,Q (4)

if R ≫ R1, R2. Also, if R = R1 = R2:51

VTHR ≈
2RX

R

(

1 +
1

2

RX

R

)

· VREF,Q (5)

52

VTHF ≈
2RX

R

(

1−
3

2

RX

R

)

· VREF,Q (6)

Anyhow, if RX ≪ R2, VTHR ≈ VTHF . An interesting feature is that, as the thresholds are de�ned as per
entage53

values, the 
ell fun
tions whatever the referen
e voltage. Finally, the analysis remains valid on
e the network has54

rea
hed the bias point. Therefore, the 
ell does not work immediately after powering-up the system, the delay being55

on the order of τ .56

It is interesting to 
he
k how non-idealities 
ompromise the performan
e of the 
ell. First of all, let us investigate57

the e�e
ts of the resistor toleran
e. For the sake of brevity, only the situation in whi
h R ≫ R1, R2 will be des
ribed.58

A

ording to the error propagation theory, the un
ertainty of VTHR, ∆VTHR, is related to the resistor toleran
e as:59

∆VTHR

VTHR

=
∆RX

RX

+
∆R2

R2

(7)

as it is easily dedu
ed from Eq. 3. Therefore, pre
ision resistors are strongly re
ommended.60

Another interesting parameter to take into a

ount is the input o�set voltage of the 
omparators. For example,61

if R ≫ R1, R2, the rising transients are dete
ted if:62

vPK > VTHR +
RT

R2

· VOS,R (8)

and the falling ones if:63

|vPK | > VTHF +
RT

R2 +RX

· VOS,F (9)
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VOS,R and VOS,F being the input o�set voltages of the 
omparators that dete
t Rising and Falling transients.64

Another parameter that 
an a�e
t the performan
e of the 
ell is the input bias 
urrent of the 
omparators. In Fig.65

2, we 
an see that every input of the 
omparators is 
onne
ted to the nodes AF, AR, BF and BR. This will be the66

guideline to denominate the 
orresponding input bias 
urrents. De�ning them positive if �owing into the devi
e,67


al
ulations show that they 
ontribute to the e�e
tive input o�set voltage as:68

∆V ∗

OS,R =
RX

RT

[R2 · (IBF + IBR)−R1 · (IAF + IAR)]−R · (IBR − IAR) (10)

69

∆V ∗

OS,F =
RX

RT

[R2 · (IBF + IBR)−R1 · (IAF + IAR)]−R · (IBF − IAF ) (11)

The in�uen
e of the input bias 
urrents is minimized if 
urrents are extremely low or, if R1 = R2, identi
al to 
an
el70

ea
h other out.71

3. Simulations in SPICE72

In order to verify the fun
tioning of the analog 
ell we 
arried out simulations using realisti
 SPICE models73

of 
ommer
ial-o�-the-shelf (COTS) dis
rete 
omponents found in the literature on ele
troni
 systems for spa
e.74

The voltage referen
e was 
reated using an LM124A SPICE mi
romodel in non-inverting 
on�guration, whi
h is75

an improved version of the one that was su

essfully used by the authors to investigate SETs in networks with op76

amps [6, 10, 11℄.77

Con
erning the output stage, the NPN transistor was modeled as a typi
al 2N2222A. Furthermore, the 
urrent78

sour
e, IQ, was removed sin
e the feedba
k resistor network, RA and RB, managed to 
orre
tly bias the transistor79

in forward-a
tive zone. Other parameters of the simulated voltage referen
e were VCORE = 1.25 V , RA = 33 kΩ,80

RB = 100 kΩ, whi
h yield VREF = 5.0 V .81

The 
ell was implemented using an LM311-like voltage 
omparator, depi
ted in [12, 13℄. In this 
ase, the SPICE82

mi
romodel was developed from the detailed s
hemati
 in the manufa
turer's datasheet with identi
al transistor83

models to those of the LM124A mi
romodel. Current mirrors biasing the di�erent stages were �tted from the84

original works by R. Widlar [14, 15℄. As the 
omparator has an open-
olle
tor output, an additional pull-up resistor85

of 10 kΩ was ne
essary in the simulations.86

Di�erent 
ombinations of RL (0.1, 0.47, 1, and 4.7 kΩ) and CL (0.1, 0.22, 0.47, and 1.0 µF) were used in the87

simulations to verify the 
orre
t operation of the 
ell. However, in this paper only the results asso
iated with88

CL = 100 nF and RL = 4.7 kΩ will be shown. The reason of sele
ting this resistan
e value is that it is on the89

order of the equivalent load of, e. g., typi
al R/2R networks in DACs [16, 17℄. Finally, the simulation engine was90

NGSPICE rework 26, a GNU fork of Berkeley SPICE 3f5

1

.91

SETs were simulated by means of pie
e-wise 
urrent sour
es between the reverse biased CB jun
tions of bipolar92

transistors in forward a
tive or 
ut-o� zone. In parti
ular, the rising transients were emulated by draining 0.4 pC93

from a spe
i�
 transistor of the gain stage, QR1, and the falling ones by draining 3 pC from a neighbor transistor,94

Q09, also in the gain stage [6, 10, 11℄. Preliminary simulations showed that the duration of the longest transient95

1

http://ngspi
e.sour
eforge.net
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Figure 3: Response of the surveying 
ell in 
ase of simulated SETs.

was below 250 µs. This value was ne
essary to determine the network parameters in Fig. 2, whi
h were eventually96


hosen as VL = 3.3 V , R1 = R2 = 10 kΩ, RX = 200 Ω, R = 10 kΩ, and C = 220 nF . Therefore the threshold97

value was set around 200 mV and τ near 2.2 ms. Fig. 3a-b shows the response of the 
ell when rising (in reality,98

bipolar) or falling SETs o

ur, demonstrating that the 
ell apparently operates as expe
ted. Every time the voltage99

referen
e output leaves the safety margin, 5 V ± 200 mV (gray zone in both graphs), one of the logi
 signals100

swit
hes to HIGH.101

Finally, we would like to 
larify the reasons for our 
hoi
e of 
omponents. In a
tual designs, a dedi
ated voltage102

referen
e (dis
rete or that in
luded in usual D/A or A/D 
onverters) must be used instead of the system built103

with the LM124A and a

essories. In this work, the voltage referen
e is built as des
ribed only for illustrating104

purposes. In fa
t, realisti
 transients are easily indu
ed in this system and 
an be used to test the analog 
ell in105

typi
al 
onditions. Moreover, the LM311 was sele
ted sin
e it is still used in some designs and its behavior under106

radiation is well understood. Other newer, faster, and more reliable voltage 
omparators 
an be used in 
ustom107

implementations.108
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4. Experimental results109

Even though the theoreti
al behavior of the 
ells is quite simple and has been 
orroborated by simulations, the110


on
lusive test is to 
onfront the 
ell with an a
tual SET. An interesting and 
heap option to indu
e SETs are laser111

fa
ilities, whi
h have be
ome an ex
ellent option to study heavy ions e�e
ts. These tests are spe
ially a

urate in112

old bipolar te
hnologies, with transistor sizes of some tens of µm [18℄. The laser wavelength at the UCM-CLUR113

[6, 10℄ was 800 nm, and the spot size of the fo
used laser was around 1 µm, mu
h smaller than the typi
al transistors114

that make up the LM124A. The laser setup is thoroughly explained in other works by the authors [6, 10, 11, 13℄.115

As in the simulations, the voltage referen
e was built using an LM124A as 
ore op amp, biased by a unipolar 12-V116

power supply. External parameters were 
hosen identi
al to those of the simulations but, due to te
hni
al reasons,117

the voltage referen
e was build with two Si diodes in series 
on�guration in su
h a way that VREF ≈ 5.4 V . Finally,118

VL, or logi
 power supply, was set to +5 V . The LM124A, in 
erami
 pa
kage, was de
apsulated me
hani
ally to119

make the internal devi
es a

essible. QR1 and Q09 were lo
ated on the surfa
e of the de
apsulated LM124A as120

shown in [6, 10℄ and illuminated by the laser light (Energy ∼ 50 pJ). A

ording to [5, 8℄, the laser is equivalent to a121

heavy ion with LET∼ 50 MeV·
m2
/mg. Results are shown in Fig. 4a-b. Both graphs demonstrate that the analog122


ell does dete
t SETs raising one of the outputs from LOW to HIGH. For the sake of 
larity, only one of the digital123

signals is shown in ea
h graph.124

The 
ell was tested with di�erent 
ombinations of RL (0.1, 0.47, 1, and 4.7 kΩ) and CL (0.1, 0.22, 0.47, and125

1.0 µF) and the dete
tion was always 
orre
tly done. Only when the transient was very long (∼100 µs), the signal126

apparently swit
hed to LOW state before REF returned to the safety margin. This is attributed to the slow but127

unavoidable a

umulation of 
harge in the 
apa
itors, whi
h shifts the threshold levels upwards.128

An interesting point is the delay between the transients and the logi
 signals. De�ning t50% as the time needed129

by the 
omparator to rea
h 50% of the �nal logi
 value (2.5 V), the LM311 delay ranged from 0.6 to 0.8 µs depending130

on the value of the pull-up resistor At any rate, this delay is mu
h shorter than the transient duration (some tens or131

hundreds of µs). On the other hand, swit
hing from HIGH to LOW is almost instantaneous whatever the pull-up132

output resistor is. This delay should be shorter if this 
omparator is repla
ed by more advan
ed 
omponents.133

5. Dis
ussion134

5.1. Load e�e
ts135

Several fa
tors must be studied before using this 
ell in a
tual systems. First of all, it is ne
essary to determine136

how the 
ell a�e
ts the surveyed voltage referen
e. The load regulation is a typi
al parameter of voltage referen
es137

that evaluates the voltage drop asso
iated with the output 
urrent. Typi
al 
ommer
ial voltage referen
es su
h as138

the 5-V REF02 have a load regulation value below 0.01 %/mA. A

epting this value, the a
tual analog 
ell tested139

in the laser fa
ility (R1 = R2 = 10 kΩ, RX = 100 Ω, RT = 20.1 kΩ) indu
es a negligible drop of ∼ 100 µV.140

However, voltage referen
es liable to undergo SETs 
ould be used in environments where total ionizing dose (TID)141

or displa
ement damage (DD) are expe
ted (e.g., spa
e, nu
lear fa
ilities, et
.). The load regulation is a parameter142

that in
reases with the permanent radiation damage. Even more, in very irradiated devi
es, the output stage of143

the voltage referen
e is so damaged that it 
annot provide enough 
urrent to bias load resistors even on the order144

of 10 kΩ [17, 19℄.145
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Figure 4: Response of the surveying 
ell in a
tual SETs. For the sake of 
larity, only the main warning signal is shown.



5.2 Reliability of the 
ell 8

Finally, in spite of the fa
t that the 
ell is a two-pole/two-zero network, spontaneous os
illations were not146

observed during the tests whatever the values of RL and CL were.147

5.2. Reliability of the 
ell148

Additionally, it is reasonable to assume that the analog 
ell is exposed to the same kind of radiation as the149

surveyed voltage referen
e. First of all, SETs 
an o

ur also in the 
omparators. However, there are some reasons150

to believe that this is a minor threat. In the LM111 family, LOW-to-HIGH transients are typi
ally very short151

(τ . 1 µs) and 
an even disappear if the pull-up resistor is large enough [12, 13, 20℄. On the 
ontrary, transients152

in voltage referen
es 
an last for tens or hundreds of µs [5℄. Besides, the threshold linear energy transfer (LET)153

value of the 
omparators dramati
ally de
reases if the input voltage di�eren
e moves away some tens of mV from154

the swit
h threshold [20℄. Finally, as it is shown in the following se
tion, some appli
ations are hardly a�e
ted by155

these transients.156

Also, voltage 
omparators 
an experien
e an o�set voltage drift as well as an in
rease of the input bias 
urrents157

due to a

umulated damage (TID, DD) [21℄. The in�uen
e of the input o�set voltage in
rease is enhan
ed in 
ase158

of 
hoosing a very large value of R1 as dedu
ed from Eq. 8 and 9. Besides, Eq. 10-11 shows that, if the 
urrents159

are identi
al in the four inputs and R1 = R2, their in�uen
e vanishes. To 
on
lude, as the input voltage di�eren
e160

is some tens of volts at the most, perni
ious e�e
ts related to the asymmetri
 polarization of the inputs seem to be161

unlikely [21℄.162

5.3. Mitigation of SETs163

In voltage referen
es, rising transients are very long due to the trapped 
harge inside the load 
apa
itor (CL in164

Fig. 1) [5, 6, 11℄. A simple way to mitigate the transients is using the RPW signal to a
tivate a low impedan
e165

path to drain the 
apa
itor (e.g. the NMOS in Fig. 5a). This stru
ture was tested in the laser fa
ility using the166

IRFD014, a 
ommer
ial dis
rete NMOS transistor, and RP = 100 Ω. Fig. 5b shows the signals obtained with167

identi
al loads to those of Fig. 4a. The �rst 
on
lusion is that the peak voltage hardly 
hanges from Fig. 4a to Fig.168

5b. Unfortunately, this strategy makes the transient shorter but not smaller. Se
ond, the RPW signal rises more169

slowly due to the in�uen
e of the parasiti
 
apa
itor at the NMOS transistor gate. Finally, the transient duration170

is redu
ed from 150µs to hardly 30µs. Even more, the most signi�
ant initial positive peak is redu
ed from 110µs171

to 12 µs.172

The transient dete
tion is more e�e
tive if FPW and RPW signals are NORed to 
reate a single warning signal,173

WARN . For instan
e, mi
ropro
essors or FPGAs that pro
ess the digital signal 
oming from an ADC 
an use the174

WARN signal to dismiss data obtained during the transient. Moreover, 
ombined with a ba
kup voltage referen
e,175

it 
an be used to set a 
onstant value of referen
e voltage independently of the o

urren
e of SETs. The idea is176

shown in Fig. 6. If the REF1 signal is 
orre
t, FPW = RPW = LOW → WARN = HIGH . In 
ase a transient177

o

urs at REF1, the NOR gate output swit
hes to LOW a
tivating a single pole, double throw (SPDT) swit
h that178

sele
ts a ba
kup referen
e voltage, REF2. Formally, the system 
ompares REF1 with its 
opies in the 
apa
itors179

and, in 
ase of disagreement, the system sele
ts the third option, REF2. De�ning REFC as the voltage in the180


apa
itors, it is easy to dedu
e that REF is the output of the algorithm181
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Figure 5: Mitigation of transients using the analog 
ell. An NMOS, 
ontrolled by the RPW signal, is in OFF state and swit
hes to

linear zone if RPW = HIGH (a). The se
ond graph shows the mitigated transient (b).

Analog

Cell

REF
REF2
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RPW
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Figure 6: A 
ir
uit to keep the referen
e voltage 
onstant.

182

if (REF1 = REFC) then REF = REF1

else REF = REF2

183

If REF1, REFC, andREF2were logi
 signals instead of analog ones, the algorithmwould be formally equivalent184

to a majority voter for Triple Modular Redundan
y (TMR).185

Transients are rare events so it is very improbable that both referen
es fail simultaneously. Typi
ally, COTS186


omponents appropriate for this 
ir
uit are built in high-voltage CMOS te
hnologies. However, if damage by187

a

umulated radiation is expe
ted, the NOR gate 
an be 
hosen from the SiGe family [22, 23℄ while the analog188

swit
h 
an be the SW06, with only bipolar and JFET transistors and therefore very tolerant to TID damage.189

Finally, it must be taken into a

ount that SETs in the 
omparators or the NOR gate do not a�e
t the e�e
tive190

output (REF in Fig. 6).191
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Figure 7: Typi
al 
ir
uit (in gray) to measure the quies
ent 
urrent needed by a load (a). SPICE simulation of the behavior of the

analog 
ell whi
h surveys the SNS signal (b). From t = 3s on, the quies
ent 
urrent slowly in
reases due to a TID damage, but the


ell is not triggered. At t = 10s, a lat
h-up o

urs and is dete
ted by the 
ell (R1 = R2 = R = 10 kΩ, RX = 100 Ω, CL = 1 µF ,

RP = 100 Ω, and RD = 20 Ω).

5.4. Other potential appli
ations192

The 
ell 
an also be useful during the preparation of heavy-ion or laser tests. When a resear
her wants to193


hara
terize an analog devi
e with a 
onstant output value in a radiation fa
ility, the typi
al pro
edure 
onsists in194

setting the os
illos
ope trigger to a threshold level and register every transient going beyond this level. Unfortu-195

nately, some low-end os
illos
opes have no bipolar trigger. In other words, they 
an be set to dete
t rising or falling196

transients, but not both simultaneously. The analog 
ell solves this problem sin
e the WARN signal 
an trigger197

the os
illos
ope whi
hever the kind of transient is.198

Another appli
ation is the dete
tion of lat
h-up in a

elerated radiation tests. One of the advantages of the 
ell199

is its independen
e of the DC level of the surveyed voltage signal. Also, shifts in this voltage are not dete
ted if200

they are slow. Fig. 7a shows a di�erential ampli�er measuring the voltage drop a
ross a sense resistor, RP . The201

output voltage, VSNS , whi
h is proportional to the output 
urrent, is surveyed by the analog 
ell. SPICE simulation202

results are shown in Fig. 7b. One 
an see that the analog 
ell is only triggered by the lat
h-up and not by the slow203

drift. Obviously, this dete
tion te
hnique is only appropriate for stati
 tests as the 
ell will show false dete
tions if204

there are sudden requirements of 
urrent (e. g., while writing/reading a memory).205
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6. Con
lusion206

A simple analog 
ell is proposed to dete
t single event transients in voltage referen
es. This 
ell was implemented207

with dis
rete passive 
omponents and two typi
al voltage 
omparators and its 
orre
t fun
tioning demonstrated by208

means of SPICE simulations and in a laser fa
ility. Also, it 
an be used to mitigate the transients making their209

duration mu
h shorter or to sele
t a ba
kup voltage referen
e in 
ase the main one fails. Finally, it 
an simplify210

the setup of stati
 tests of 
omponents in heavy-ion or laser fa
ilities sin
e it allows the use of low-end os
illos
opes211

and the simple dete
tion of lat
h-up.212
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