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ABSTRACT

In this paper, we give a simple probabilistic proof to show that the
discrete time Markov chain underlying the slotted uncontrolled Aloha
protocol is geometrically transient. Let P be the (coXeo) transition
matrix of this Markov chain. Let P, denote the northwest (n Xn ) corner
truncation of P and B, its largest eigenvalue. We establish that, as a
consequence of geometric transience, B = lim B, . as n — oo, exists and
that 0 <B <1. Note that the largest eigenvalue of P equals 1. We pro-
pose 1/ (1—B) as a performance measure which we show to be the limit
of certain expected exit times.
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APPENDIX C: SPICE IMPLEMENTATION OF THE BSIM SUBSTRATE CURRENT AND

DEGRADATION MODELS

1. Introduction

The BSIM substrate current model has been implemented into SPICE3 and the BSIM
version of SPICE2G.6. The analysis is carried out in a pre- and post-processor fashion so
that the actual SPICE code remains untouched. Because of this fact, simulator operation is
independent of the exact drain-current model implemented in SPICE, and minimal setup
time is required.

In addition to the substrate current model, a simple parametric device degradation
model has been added to calculate device lifetime in a circuit environment. With this addi-
tion, the circuit designer can isolate areas within his circuit susceptible to adverse hot-

electron and degradation effects.

The following sections will introduce the degradation model. summarize the basic
operation of the pre- and post-processors, and offer a guide to users wanting to implement

these models in their circuit simulations.

2. Degradation Model

2.1 Basic Equations

Device degradation is typically measured by the amount of threshold voltage shift (
AV,, ) that occurs. In DC static stressing, the device lifetime can be modelled by two basic

equations dependent on I, . J,, . and other parameters [1]:
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AV, = At" (1.1)

T = WBI,, ~™ ;™! . (1.2)
_ P
M =

i

where n and B are extracted parameters ( B being a constant dependent on device pro-
cessing technology ). 7 is the device lifetime, and ¢¢; and ¢¢; are the critical energies
required for impact ionization and the creation of interface traps, respectively. Typical log
- log plots of AV,, versus time and T versus [,; are shown in Figs. C1 and C2. These

equations can then be combined with numerical calculations to find device lifetime.

2.2 Analytical Analysis

Using a quasi-static analysis. equations (1.1) and (1.2) can be extended to model the
dynamic stressing behavior in a circuit for which the substrate current of a device is a
function of time. Let AV,,, = AV, |,=, be the threshold voltage shift defined at device
failure. By solving for A in equation (1.1) using (1.2), we get: °

AV,/,O = A Tn =A [WBIb, -m Ids m—l]n
A = AV, [WBI,,™ I, "']™"

Thus equation (1.1) becomes

BV = BVipo (WB )™ Ly ™ L 17"

or

1
AV, ™ = AV,

1
n

(WB )™My ™ [ =m0t (1.3)

1
Since AV,, * is a linear function of time, this quantity can simply be summed over the

time period of the SPICE analysis. If ¢,,...,tp are the individual time points of SPICE,

then

1
AV 1or)" = AV, (¢4)

1
+ o+ AV, ()"

1
n
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Moreover, to find the device lifetime assuming a periodic signal. a simple linear extra-

1

polation in terms of AV, " is all that is necessary. The number of time intervals of the

SPICE analysis needed so that AV,, = AV, is simply

1
= AVtho ry
Avth (tot )

Thus. if the length of the SPICE analysis is tp = T and is equal to the period of the signal,

the lifetime is found from

T=NT
or
r = [ ko ]% (1.4)
Avlh (tot ) )

2.3 Additional Parameters

Additional parameters needed for the process file are summarized as follows:

(1) B: an extracted process dependent parameter which is the intercept of the log 7 versus

log I, curve (Fig. C2).
(2) n: slope of logAV,, versus logt¢ curve (Fig. C1). This generally ranges from 0.5 to

0.75 depending on the mechanism limiting interface trap density formation.

(3) m: the ratio of the trap energy and impact ionization energy %L which is approxi-
i

mately the slope of the log 7 versus log /,; curve (Fig. C2). Typically, m is equal to

2.9 [1].
(4) AV,,,: threshold voltage shift defined at device failure.

These parameters should be appended to the process file directly after the substrate
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current parameters in two rows and in the order mentioned above ( B, n, m, AV,,, ). Fig.

C3 shows the location of all BSIM parameters in the process file for proper SPICE read-in.

3. Using the Pre- and Post-Processor

The following new commands have been added for substrate current and degradation

analysis:

PRINT ISUB(MXXX) ISUB(MYYY) ... <MIN.MAX)>
PRINT ISUB(SXXX) ISUB(SYYY) ... <MIN.MAX)>
PLOT ISUB(MXXX) ISUB(MYYY) ... <MIN,MAX)>

PLOT ISUB(SXXX) ISUB(SYYY) ... <MIN.MAX)>
These cards are used to either print or plot out the;' substrate current. SXXX is used
to follow SPICE2 convention, while MXXX is used for SPICE3. MIN and MAX are
optional parameters specifiying the minimum and maximum substrate current plot-

ted.

JSUBWIDTH=XX
This card controls the width of the substrate current output printout. This is
independent of the usual .WIDTH or .OPTIONS WIDTH card used in SPICE. In
SPICE3, all non-substrate current analysis printout is outputted in 90 column for-
mat, regardless of the .OPTIONS WIDTH card. This was done to insure proper vol-

tage read-in when none of the four nodes of the specified transistor are grounded.

.PROCESS processname FILEN AME=processfilename
This card is new only for SPICE3. The format is identical to that already imple-
mented in SPICE2. It is important to realize that ".MODEL" cards are no longer

necessary for SPICE3, but that a ".PROCESS" card is now mandatory.
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In an UNIX environment, the following should be executed for proper simulator

operation:
presub -x deck | spice | postsub > outfile

where x is either "2" or "3" depending on whether SPICE2 or SPICE3 is used, "deck” is the
input deck file, and "outfile" is the output file desired. If no "-x" option is specified. the

simulator defaults to SPICE2.

Figs. C4 and C5 illustrate sample SPICE2 and SPICE3 input decks respectively for a
CMOS EEPROM sense amplifier shown in Fig. C6. M1 and M7 are EEPROM reference and
memory cells, and M3 and M5 are the sense amplifier's NMOS devices of which substrate
current simulations are requested. The essential difference between the two input decks is
the BSIM transistor designations (SXXX for SPICE2. MXXX for SPICE3). Fig. C7 shows
the resulting output for SPICE2 with a 5 volt input pulse of 4ns rise and fall time, and
25ns pulse width applied at V;, = V(6) at ¢ = Ons. Output for SPICE3 is virut%llly identi-

cal to the one shown here.

Work is presently being done to port the simulator to the VMS operating systeni and

will be available in the near future.

4. More About The Processors

To calculate the substrate current, appropriate node voltages for the specified transis-
tors are printed out. and these voltages are read in by the post-processor to do the neces-
sary calculations. Thus, the basic need for the pre-processor is to add the appropriate
".PRINT" cards to the input deck. Besides this basic task, the operation of the simulators
differ somewhat for SPICE2 and SPICE3. This was necessary because of the fact that
SPICE2 reads in the process file created by the BSIM extraction program directly, while

presently SPICE3 needs ".MODEL" cards with all parameters appended to the input deck.
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The configuration was designed to retain as much commonality as possible between the
two schemes ( see Figs. C8 and C9 ). In both, an input deck and a process file must be
present for read-in, the input deck is filtered of all substrate current command cards, and
substrate current output is added to the SPICE output file in similar fashion. A "rawsub"
file is created for communication between the two processors, and a "rawmodel” file is
made for storing model parameters for housekeeping purposes. The differences can be seen

from the two figures and are listed below:

(1) In SPICE2. a "RAWPROC" file is created which is identical to the original process file
except that the substrate current and degradation parameters are commented out for
compatibility with present SPICE2 code. The input deck’s ".PROCESS" card is
modified accordingly by the pre-processor to read in "RAWPROC". Otherwise, the

input deck is unaltered.
(2) In SPICE3, no "RAWPROC" file is created. but the "rawmodel” file is appended to the .
input deck with the substrate current parameters commented out. Because appending
of the model parameters is done automatically, a *.PROCESS" card has been intro-

duced in similarity with present SPICE2 convention as mentioned in the previous sec-

tion.

REFERENCE

[1] C. Hu. S. Tam, F-C Hsu, P.K. Ko. T.Y. Chan. K.W. Terrill, "Hot-Electron-Induced
MOSFET Degradation - Model. Monitor, Improvement,” IEEE Trans. Electron. Dev-

ices, Vol. ED-32, pp. 375-385, February 1985.
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Fig. C2  Typical log - log plots of device lifetime 7 versus I,, for various device technologies (from
Hu et al [1]).
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Name ‘

Vs (VFB)
¢s (PHI)
K, (K1)

K, (K2)

mo (ETA)
#z (MUZ)
Uoz (U0)
UIZ (Ul)
#zz (X2MZ)
ns (X2E)
np (X3E)
Uop (X2U0)
U,s (X2U1)
#s (MUS)
ks (X2MS)
ksp (X3MS)
U,p (X3U1)
T, (TOX)
CGDO
XPART

NO

NB

ND

E_.; o (ECRITO)

E..y; (ECRITG)
E..qs (ECRITB)

lcO (LCO)
L., (LC1)
1., (LC2)
l.; (LC3)
l.4 (LC4)
I.s (LCS)
.o (LC6)
., (LCT)
B

A V,,, (DVTHO)
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L sens. factor

Vg (LVFB)
¢5 (LPHI)
Ky (LK1)
K, (LK2)

No (LETA)

8, (DL)

Uoz (LUO)
Uz (LU1)
kzp (LX2M2Z)
Nz (LX2E)
N (LX3E)
Uop (LX2U0)
Uyg (LX2U1)
ps (LMS)
usz (LX2MS)
tspr (LX3MS)
U,p (LX3U1)
T.m, (TEMP)
CGSO

DUM1

LNO

LNB

LND

E,_ ..o (LECRITO)
E.ruy (LECRITG)
E. .. (LECRITB)
l.or (LLCO)

zc u (LLC])
l.y (LLC2)
l.3 (LLC3)
l.q (LLC4)
I.s (LLCS)
l.a (LLCS6)

lc n (LLC7)

n
DUM3

W sens. factor

VFBw (WVFB)
#s., (WPHI)
K. (WK1)
KZW (WK2)
Now (WETA)
8., (DW)

UOZW (WUO)
Uiyz. (WU1)
HzZBw (WXZMZ)
NBw (szE)
NbDw (WX3E)
Uosn (WX2UO0)
Uip. (WX2U1)
tse (WMS)
#sp. (WX2MS)
spw (WX3MS)
Uip. (WX3U1)
Vi« (VDD)
CGBO

DUM?2

WNO

WNB

WND

Ecrir Ow (WECRITO)
E. ig. (WECRITG)

E. i (WECRITB)
lcOw (WLCO)
lc 1w (WLCI)
ZCZW (WLC2)
l.3, (WLC3)
le4 (WLC4)
l.sw (WLCS)
l.gw (WLC6)
lc Tw (WLC7)
m

DUM4

Fig. C3 BSIM process file format.

Units of basic parameter

1%
v
V1/2

cm?/V-s, um, pm
V—l

pm V!
em?/Vig
V—l

V—l

V—Z

pum V2
em?/Vig
cm?/V3g
cem?/Vig
um V2
pm, °C.V
F/m

V/em

1/cm

1/cm

umV 2

”mll 2_vy
”ml/ 2__ vl
pum 2

“mll vy
umV 2— y2
umV 2

umY 2—y
A-sec/um , -, -
V.- -



SIMPLE CMOS SENSE AMPLIFIER
s12500PC1_nml_dul w=3u l=2u
s2 225 5 PC1_pml_dul w=140u l=2u
s33210PCil_nmi1_dul w=20u I=2u
s4 32 55 PCl_pml_dul w=60u 1=2u
s54100PC1l_nml_dul w=5u l=2u
s6 43 5 5 PC1_pm1_dul w=10u 1=2u
s716 00PCi_nml1_dul w=3u l=2u
vdd 505 dc

vin 6 0 pulse(0.5,0ns.4ns.4ns.25ns,58ns)
.process PC1 filename=PF.SUB

.plot isub(s3) isub(s5)

cl1102pf

c2 400.2pf

.tran 1ns 58ns

.isubwidth=80

.width in=80 out=80

.end

Fig. C4 Sample SPICE2 input deck.
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V(S) - Vdd

SIMPLE CMOS SENSE AMPLIFIER
m12 500 PCl_nmil_dul w=3u l=2u
m2 2 2 55 PC1_pm1_dul w=140u l=2u
m3 3210 PCl_nml_dul w=20u l=2u
m4 32 55 PCl_pm1_dul w=60u 1=2u
m54100PCi_nml_dul w=5u l=2u
mé6 4355 PC1_pm1_dul w=10u I=2u
m7 16 00 PC1_nm1_dul w=3u I=2u
vdd 5 05 dc

vin 6 0 pulse(0.5.0ns.4ns.4ns.25ns,58ns)
.process PC1 filename=PF.SUB

.plot isub({m3) isub(m5)

c¢1102pf

c2 40 0.2pf

.tran 1ns 58ns

.isubwidth=80

.end

Fig. C5 Sample SPICE3 input deck.
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Fig. C6 CMOS sense amplifier circuit used for sample SPICE simulations.
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Fig. C7 SPICE2 output file.
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RAWMODEL
FILE
FILTERED
INPUT DECK

RAWPROC

| SPICE2
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RAWSUB
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RAWMODEL
FILE
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Fig. C8 SPICE2 processor configuration.
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Fig. C9 SPICE3 processor configuration.
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