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�Xº�Øä ~, G6éüâf�A�K��5��. �
þzG6�Aéüâf]� (SET) �K�, Ä
u SET ��>´Úpë�� 6 (:�., |^¤½Â��B�o«5K, {zO�, í�
üâfG6 (SEC) �)
Û�.. ÏL¦�Ú�Vúª, �Ñ
G6>Ø¸��L�ª. �ý(Jw«, T)Û�.� SPICE >´���5�
Ð, ²þ�éØ�� 2.51%, ��Ø�� 5.11%.

'�c: üâfG6, )Û�., �B, �C�m

PACS: 61.80.−x, 07.05.Tp, 44.05.+e

1 Ú ó

�C�m´��äk�|^d���U+
� [1], kX2��A^, XÏ&�æ!��Â8
� [2−4], AO´3�¯A^¥kX��ÔÑ/
 , ù
A^A�ÑlØm�?nì!�;ìÚ
õÇì��B>fì� [3,4]. �C�m�Ë��¸
����, �þ�pUâf3\��B>fì��,
�Úåüâf�A (single event effects, SEE), î
%�Xì����5. �Xì�A�º��Øä 
~, SEE ¤���Ë��A. duk?Eâ�Ø
ä?Ú, pë�m�m�°Ý'C�!þÝ°Ý'
O\, ��pë�m�ÍÜ�AOr [5,6], �X8¤
>´�µC�ÝÚ�¨ªÇ�O\, pë�m�G
6D(C�Ø��Ñ [7,8].

8c, ýÿB�ºÝe�üâfG6�)Û�
.�©z��, ©z [9] æ^pë�� 4π�.ÚÌ
4Cq��{ýÿ
 65 nm !:e�üâfG6
�., �´Ø��� (²þØ�� 6.16%), °ÝØp,
�O�G6¸�æ^S�{, L§�¡!E,. �
éÙØv, �©Äu�BVg [10] Ú SEE ���>
´, í�
üâf]� (single event transient, SET)
3G6e¤�)�>Ø6Ä�)ÛL�ª, þz


G6�Aé SET �K�. �,>´�ý, X SPICE
�^�, �±�Ñ��O(�üâfG6(J, �
´¤I���m��, ��>´(��E,�, >
´�ýýÿG6(J�ó�þé�, Ø|u>´�
p�8¤zA^. 8c, �3X�õ�pë�©Ù
�. [5,7,10−12], X 2 (:!3 (:!4 (:�, ùp
æ^ 6 (:�pë�©Ù�., Äu�BVg, k
�/{z
O�L§Ú>Ø6ÄL�ª�E,5.
|^T)Û�., ÏL¦�Ú�Vúª, ¦Ñ
¸
��m9>Ø�{zL�ª. ÏL� SPICE ��ý
(J'�, y¢
T)Û�.�O(5Úk�5.

2 �B�Ä�nØ

^ Y (s) L«>´¥(:�B�.Ê.dC�,
@oò�BUì�VúªÐm, L«�

Y (s) =
∞∑

n=0

ynsn, (1)

¥ yn ´ n ��VÐmXê. éu�õêA^5`,
�BÐm�ng�Ò�±�O(/£ã�5>´
�]��A [10], =�BL«�

Y (s) = y0 + y1s + y2s
2 + y3s

3 + O(s4). (2)
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3í�üâfG6�)Û�.¥, I�^�±eA
�Ä���B5K (rule), Xã 1 ¤«. ù
5K�
(Ø´w,�, ùpØ�y², Ù¥ Rule1 Ú Rule3
u©z [10].

Rule 1 :

Rule 2:

Rule 3:

Rule 4:

CY ↼s↽ Y ⇀↼s↽

Y ⇀↼s↽

Y ⇀↼s↽

Y ⇀↼s↽

Y ↼s↽

Y ↼s↽

Y↼s↽

Y↼s↽

C
R

C C

C

ã 1 �B5K«¿ã

Rule 1[10]: Gé>N

y∗
0 = 0,

y∗
1 = C,

y∗
2 = −C2

y0
,

y∗
3 =

C2(y1 + C)
y2
0

.

(3)

Rule 2: Gé>NÚ>{

y∗
0 = 0,

y∗
1 = C,

y∗
2 = − C2

py0
,

y∗
3 =

C2(p2y1 + C)
p2y2

0

,

(4)

Ù¥, p = 1/(1 + Ry0).
Rule 3[10]: ¿é®8

y∗
0 = y1,0 + y2,0, y∗

1 = y1,1 + y2,1,

y∗
2 = y1,2 + y2,2, y∗

3 = y1,3 + y2,3,
(5)

Ù¥, yi,n(i = 1, 2, n = 0, 1, 2, 3) ´1 i ��B�
1 n ��VÐmXê.

Rule4: Gé T />N

y∗
0 = 0,

y∗
1 = Ceff ,

y∗
2 = −C2

y0
,

y∗
3 =

C2(y1 + kC)
y2
0

,

(6)

Ù¥

Ceff =
C2 (C1 + C3)
C1 + C2 + C3

,

C =
C1C2

C1 + C2 + C3
,

k =1 + C3/C2.

3 üâfG6�)Û�.

3.1 üüüâââfff���AAA���������>>>´́́

�C�m�pUâf, \��ì��¯a«S,
�)�þ�>f - �Çé, ���)��]�>6,
?Úåì�Ü6��Cz [13], ùÒ´üâf�
A (SEE). Ï~3>´�ý¥, æ^V�ê>6�.
5L«pUâf\�ì��¤�)�]�>6, X
eª¤«:

Ip(t) =
Qdep

τα − τβ

(
e−t/τα − e−t/τβ

)
, (7)

Ù¥, Qdep ´\È�>Öþ, �âf��5Uþ=
£� (linear energy transfer, LET) ¥�''X [14], τα

´>ÖÂ8��m~ê, τβ ´âf;,Ð©zïá
��m~ê, ùü�ëê�Eâ!:k'. 3�©,
ùü�ëê©O��� 250 ps Ú 10 ps.

©z [13] �Ñ, �±^��>NK1Ú>{�
¿éCq�Ou) SET �ì�, ?�±��!:
�ÑÑ>Ø, Xã 2 ¤«.

R C

Ip↼t↽

ã 2 SET ���>´ã
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ÏL{ü��©�§ÚCq{z, �±��â
fEÂ:�>ØL�ª

V (t) =
I0ταR

τα − RC

(
e−t/τα − e−t/RC

)
, (8)

Ù¥, I0 = Qdep/(τα − τβ).

3.2 üüüâââfffGGG666���þþþzzz���...

æ^pë�� 6 (:©Ù�. [10], �Äü�
¿1��ì�G6�A. �6� (aggressor) É�p
Uâf�\�, �) SET, b�É6� (victim) �Ñ
\´·�� “0” ½ “1”. �
{üå�, ùp=�Ä
fÍÜ�A, =Ø�ÄÉ6�é�6��K�. >
´ãXã 3 ¤«.

3ã 3 ¥, éu�6�ó, R1a Ú R2a ©O
´�6��!mÜ©�©Ù>{, C1a Ú C2a ©O
´�!mÜ©�©Ù>N���, Cga ´���6
�>N���, Cla ´�6��K1>N. É6��
ëêÚ�6��aq. Uì 2.1 �!¥Øã, òu
) SET �ì�^>6Ú RC ¿é>´?1��,
ò�{�ì�=^ RC �¿é>´?1��, {z
¿é�>N, K����>´ãXã 4(a) ¤«.

ã 4(a) ¥, Ra, Rv, Ca, Cv ©O´ aggressor
Ú victim �°Ä��>{Ú>N, CLa = Ca + C1a,

CLv = Cv+C1v, CRa = C2a+Cla, CRv = C2v+Clv.
�
�B¦), òã 4(a) >´#�n�ã 4(b) ¤
«�>´, >´¥�ëêØC.

e¡ÄkO� victim �(: 1 ��B, Ï�(
: 1 ²L “II” .>N�äK� aggressor, �âþ¡
��B5K, �IO����VÐmXê, Ò�±
��Gé “II” .>N��(: 2 ��B. d Rule2
��, >{Ú>N�Gé, �±�Ñ>{�K�, �
��>N. �â�B Rule1, Rule2 Ú Rule3, �±O
���(: 1 ��B, Xeª:

Y1(s) =
1

Rv + R1v
+

[( Rv

Rv + R1v

)2

CLv

+ Cgv + CRv

]
s + O(s2), (9)

�æ^>{Ú>N�¿é�� victim, Xã 5 ¤«.

( Ü (9) ª, � � � ã 5 ¥ � � > { Ú >
N � L � ª © O ´: R∗

v = Rv + R1v, C∗
v =

R2
v/ (Rv + R1v)

2
CLv + Cgv + CRv. (Ü Rule2, �

Ñ R2a, Xã 6(a) ¤«, ã¥ C∗
a = Cga + CRa, @o

d>N Cc, C∗
a Ú C∗

v |¤ “II” .>N�ä, ò “II”
.�ä=�¤ T /�ä, Xã 6(b) ¤«, ã¥� C1,
C2 Ú C3 L�ªXe.

R1a

R1v R2v

C1a C1a

C1vC2vCgvC1v

aggressor

victim

Hits

R2a

C2aCga

Cc

ã 3 üâfG6>´ã
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Ip↼t↽

Ip↼t↽

R1v

Ra

R1a R2a R1v R2v

Rv

RLa

R2v

Ra Cga CRa

CRv

Cgv CRv

Vout

Vout

Cgv

CLvCga CRa

Cc

CLv

Cc

CLa

aggressor

victim

(a)

(b)



Rv

R1a R2a

ã 4 üâfG6��>´ã

R1v R2v

Rv Cv
Cgv

Cc

Cc

CLv

1

*

Rv
*

1

ã 5 É6����>´ã
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Ip↼t↽

Ip↼t↽ Ip↼t↽

Ra

R1a

Ra

CLa

CLa

C1C2

C3

Cga CRa

Cc

Cv

C

*

*

Ca
*

Rv
*

12

2

(a)

(b) (c)

2

Ra

ã 6 >´�{z6§

C1 = C∗
v + Cc + C∗

vCc/C∗
a , (10a)

C2 = C∗
a + Cc + C∗

aCc/C∗
v , (10b)

C3 = C∗
a + C∗

v + C∗
vC∗

a/Cc. (10c)

�â Rule1, Rule3 Ú Rule4, �±òã 6(b) �>´
{z�ã 6(c) ¤«�>´, ã¥ C∗ L«�

C∗ =
C2 (C1 + C3)
C1 + C2 + C3

+ CLa. (11)

dã 6(c), �±¦Ñ(: 2 �>Ø. ��>´�(:
�§�

C∗dV2

dt
+

V2

Ra
= Ip(t). (12)

du τα ��u τβ , �Ñ>6¥ τβ ��K�, ¦)
�§ª (12), ��� V2 �L�ª�

V2 =
I0ταRa

τα − RaC∗

(
e−t/τα − e−t/RaC∗

)
. (13)

3ã 6(a) ¥, �
¦)ÑÑà�>Ø Vout(t), ��
(: 1 �(:�§�

(Cc + C∗
v)

dVout

dt
+

Vout

R∗
v

= Cc
dV2

dt
. (14)

¦)d�©�§, �±�� Vout, =

Vout(t) = k1 e−t/τα + k2 e−t/b + k3 e−t/a, (15)

Ù¥

a = R∗
v(Cc + C∗

v),

b = RaC
∗,

k1 =
I0ταRa

τα − RaC∗
Cc

Cc + C∗
v

a

a − τα
,

k2 =
I0ταRa

τα − RaC∗
Cc

Cc + C∗
v

a

b − a
,

k3 = −k1 − k2.

�
��ÑÑ>Ø�¸�, é (15) ª¦�, ¦Ù�
u", Xeª:

dVout

dt
= − k1

τα
e−t/τα − k2

b
e−t/b − k3

a
e−t/a

=0. (16)

|^�Vúª

ex = 1 + x + x2/2 + O(x3). (17)

�\ (16) ª?1{z, ?¦)'u�m t ��g
�§, ��¸��m

tpeak =
n −

√
n2 − 4mc

2m
, (18)

Ù¥

m =
1
2

(
k1

τ3
α

+
k2

b3
+

k3

a3

)
,

n =
k1

τ2
α

+
k2

b2
+

k3

a2
,

c =
k1

τα
+

k2

b
+

k3

a
.

ò¸��m tpeak �\ (15) ª, =�¦Ñ¸�>
Ø Vpeak = Vout(tpeak).
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4 �ý9©Û

�
�y¤JÑ�üâfG6�)Û�.
��(5, ·�éØÓEâ!:!ØÓ�Ý�p
ë���¹?1
�ý. ��ÛÜ!¥�!�

Ûn«ØÓ�pë�a. [15], é 45 nm, 65 nm
Ú 90 nm Eâ!:�ì�?1
�ý, �� MOS-
FET � W/L = 2, ã 7—9 �Ñ
ØÓEâ!:e,
SPICE ��©Ú��>´ã�G6>Ø�ÑÑ±
9T)Û�.��[ÑÑ(J.

ã 7 45 nm Eâ!:e!ØÓpë�a.�ÑÑ'�
(a) ÛÜpë�; (b) ¥�pë�; (c) �Ûpë�

ã 8 65 nm Eâ!:e!ØÓpë�a.�ÑÑ'�
(a) ÛÜpë�; (b) ¥�pë�; (c) �Ûpë�
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lþ¡��ý(J�±wÑ, T)Û�.�
(J� SPICE ���>´�ÑÑÄ���, Ø�
é�, ��©>´�ÑÑ�3X�½�Ø�, Ù
Ø�Ì�5u��>´Ú\�Ø�±9{z¦
)L§Ú\�Ø�. éuÓ�Eâ!:ó, �Û
pë��, ��>´Ú)Û�.Ú�©>´�Ø
���, Ä���; ÛÜpë��, K��>´
��©>´�ÑÑkX�½�Ø�, �ù«Ø�
�XEâ!:�Øä ~, ¬�~wÍ, Ïd, 3
�½§Ýþ�`², u) SET ���>´�X!
:�Øä ~, ®ØU·Ü^5�� SET �u).

e�JpT)Û�.�°Ý, ÒI�U? SET ��
�>´.

L 1 �Ñ
ØÓEâ!:!ØÓpë�a.
�, SPICE ��>´Ú)Û�.�¸�ýÿ�Ú�
©>´��éØ�. lL¥��±wÑ�Ó�(
Ø, X3 90 nm !:e, ��>´Ú)Û�.'u
�©>´�²þ�éØ�©O´ 0.0177%, 2.26%;
3 65 nm !:�©O´ 0.662%, 1.578%; 3 45nm
!:�©O´ 0.42%, 3.72%. �XEâ�Øä?Ú,
��>´Ú)Û�.ýÿ¸���éØ�þ¥O
�ª³.

ã 9 90 nm Eâ!:e!ØÓpë�a.�ÑÑ'� (a) ÛÜpë�; (b) ¥�pë�; (c) �Ûpë�

L 1 ØÓEâ!:e, SPICE ��>´Ú)Û�.�¸�ýÿ���©>´��éØ�

Eâ!: 45 nm 65 nm 90 nm

a. SPICE ��>´ )Û�. SPICE ��>´ )Û�. SPICE ��>´ )Û�.

ÛÜpë� /% 0.11 5.11 0.005 2.05 0.013 2

¥�pë� /% 0.95 4.69 1.96 0.11 0.026 1.39

�Ûpë� /% 0.2 1.36 0.021 2.54 0.014 3.38
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L 2 �Ñ
 SPICE ��>´Ú)Û�.3ý
ÿüâfG6>ØÅ/�$1�m, lL¥�±w
Ñ, )Û�.�$1�m��$u SPICE ��>´
�, Ù¥, )Û�.�²þ$1�m� 0.0083 s, 
��>´�²þ$1�mp� 4.60 s, ��, )Û�

.�²þ�Ý���>´Jp
� 550 �. (Ü
L 1 ÚL 2, � SPICE ��>´�', �,)Û�
.�Ø���, �´3Ø���É��S, )Û�
.�±k�/Jp$1�Ý, �Ý´�5�8¤
>´©Û¥��é��K�Ï�.

L 2 ØÓEâ!:e, SPIE ��>´Ú)Û�.�$1�m (ü : s)

Eâ!: 45 nm 65 nm 90 nm

a. SPICE ��>´ )Û�. SPICE ��>´ )Û�. SPICE ��>´ )Û�.

ÛÜpë� 4.68 0.0078 4.34 0.0076 4.35 0.0090

¥�pë� 4.43 0.0084 5.06 0.0068 5.26 0.0095

�Ûpë� 4.70 0.0094 4.17 0.0070 4.37 0.0096

5 ( Ø

�C�m´��äk�|^d���U+
�, 3�¯þÓk��ÔÑ/ . �C�m¥�
pUâf¤Úå�üâf�AéÙ��A^JÑ

î��]Ô. �Xì�A�º��Øä ~, p
ë�m�ÍÜ�A�5�wÍ, G6�A¤�K�
üâf�A���é��Ï�, ´ïÄüâf�
A7L��Ä��A��. �©½Â
�B�o«
Ä�5K, 3üâf]����>´�Ä:þ, í
�
G6�Ae�>ØÑÑ, ¦Ñ
üâf]�3

G6�Ae>Ø�)ÛL�ª, |^T)Û�.,
ÏL�Vúª, �Ñ
G6>Ø¸��{zL�ª.
ÏLé 45 nm, 65 nm Ú 90 nm ØÓEâ!:e!
ØÓpë�a.��ý, y¢
T)Û�.�O(
5. �ý(Jw«, T)Û�.�ÑÑÚ SPICE �
�>´�(JÄ���, Ø���, ��©>´
�3�½�Ø�, Ø�Ì�u��>´Ú\�
Ø�. T)Û�.3ýÿ¸��, ��©>´�²
þ�éØ�� 2.51%, ��Ø�� 5.11%, T�.�
©z [9] �Ñ�üâfG6ýÿ�.wÍ/Jp

°Ý.
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Analytical model of single event crosstalk in near
space∗

Liu Bao-Jun† Cai Li

( Science Institute, Air Force Engineering University, Xi’ An 710051, China )

( Received 12 December 2011; revised manuscript received 19 March 2012 )

Abstract

With feature size scaling down, the influence of crosstalk on single event effect becomes more important. In order to analytically

describe the influence of crosstalk effect on single event transient (SET), based on the equivalent circuits of SET and 6-node template

model for interconnects, by using defined four rules of point admittance to simplify the calculation, the analytical model for single

event crosstalk (SEC) is deduced. Through differentiating and Taylor series expansion theorem, the expression for the peak value of

crosstalk voltage is achieved. The simulation results show that the analytical model is well consistent with SPICE circuits and average

relative error is 2.51%, and max error is 5.11%.

Keywords: single event crosstalk, analytical model,point admittance, near space
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