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It is not unusual to find that the grounded ends of Cy,
and Cy, eventually connect up to the VSS pin only after
looping around the farthest ends of the board. Not good.

Finally, it should not be overlooked that software prob-
lems sometimes imitate the symptoms of a slow-starting
oscillator or incorrect frequency. Never underestimate
the perversity of a software problem.
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APPENDIX |
QUARTZ AND CERAMIC RESONATOR FORMULAS

Based on the equivalent circuit of the crystal, the imped-
ance of the crystal is

R, +jwL, + 1/jwC,)(1/jwCy)
R, + joL, + ljoC, + 1/juC,

ZyraL
After some algebraic manipulation, this calculation can
be written in the form
_ 1 1 - w?L,C, + jwR,C,

jo(C;+Cy) 1 — w?L,Cy + joR,Cp

ZXTAL

. where C; is the capacitance of C, in series with Cy:
GG

Cp = ——2%
T7C +C

The impedance of the crystal in parallel with an external
load capacitance C, is the same expression, but with
Cy+C_ substituted for Cy:

1 . 1-w?L,C, +jwR,C,
jo(C,+Cy+C)) 11— ,Ci+jwR,Ct

ZytaL oL =
where C; is the capacitance of C, in series with
(Co+Cp):

c = C,(Cy+Cp)

T C+C+C,

The impedance of the crystal in series with the load
capacitance is
ZytaL+cL = ZXTAL+.i(°—é—L

_C +C+C 1 — wL Cr+jeRCr
joCL (C,+Cy) 1 — wi,Cy+joR,Cy

where Cy and Cj are as defined above.

The phase angles of these impedances are readily ob-
tained from the impedance expressions themselves:

(2) = arctan wR,C
XTAL ™ 1 — ?L,C,
— _WRG om
arctan 7oL, C;, -2
e _ wR,C
) XTAL|CL = arctan 1 — ("ZLICI

R,C}
—arctan ——L-I _ _

T
1 - LCr 2
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wR,C;
OxtaLrc, = arctan T Lo

_ oRCr

arctan = oL C,

The resonant (‘‘series resonant’’) frequency is the fre-
quency at which the phase angle is zero and the imped-
ance is low. The antiresonant (*‘parallel resonant’’) fre-
quency is the frequency at which the phase angle is zero
and the impedance is high.

ul
2

Each of the above O-expressions contains two arctan
functions. Setting the denominator of the argument of
the first arctan function to zero gives (approximately)
the ‘‘series resonant’’ frequency for that configuration.
Setting the denominator of the argument of the second
arctan function to zero gives (approximately) the ‘‘par-
allel resonant’’ frequency for that configuration.

For example, the resonant frequency of the crysial is the
frequency at which

‘ 1 - wlL,C, =0
' 1
Thus, W, =
P VLG,
or f, = ! l
* 2mVL,C

It will be noted that the series resonant frequency of the
“XTAL + CL"’ configuration (crystal in series with CL)
is the same as the parallel resonant frequency of the
“XTAL || CL” configuration (crystal in parallel with
Cp). This is the frequency at which

1 - 0L C; =0
1
Thus, =
* “TVLG
or oL
: 2mVL G

This fact is used by crystal manufacturers in the process
of calibrating a crystal to a specified load capacitance.

By subtracting the resonant frequency of the crystal from
its antiresonant frequency, one can calculate the range
of frequencies over which the crystal reactance is
positive:

f,—f =f(VI+ CJiC,— 1)
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Given typical values for C, and C,, this range can hardly
exceed 0.5% of fs. Unless the inverting amplifier in the
positive reactance oscillator is doing something very
strange indeed, the oscillation frequency is bound to be
accurate to that percentage whether the crystal was cal-
ibrated for series operation or to any unspecified load
capacitance.

Equivalent Series Resistance

ESR is the real part of Zyr,, at the oscillation frequency.
The oscillation frequency is the parallel resonant fre-
quency of the ““XTAL || CL’’ configuration (which is
the same as the series resonant frequency of the
“XTAL+CL” configuration). Substituting this fre-
quency into the Zyy, expression yields, after some
algebraic manipulation,

Cy,+C,
Ri ( e L)z

ESR =

Cy,+C\2
1+ mZCf( OC L)
: L

LG
= =0
R+ 5D

_ Drive Level
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The power dissipated by the crystal is I}R,, where I, is
the RMS current in the motional arm of the crystal. This
current is given by V,/|Z,|, where V, is the RMS voltage
across the crystal, and |Z,| is the magnitude of the imped-
ance of the motional arm. At the oscillation frequency,
the motional arm is a positive (inductive) reactance in
parallel resonance with (Cy+C,). Therefore |Z,| is ap-
proximately equal to the magnitude of the reactance of
(Cy+Cp): : .

Lz = ————
2 2mf(Cy+Cy)
where f is the oscillation frequency. Then,
v \2
P=IR, = (——) R
Xy iz) ™
. = [2mf(Cy+ C VIR,
The waveform of the voltage across the crystal (XTAL1

to XTAL?2) is approximately sinusoidal. If its peak value
is VCC, then V, is VCC/V2. Therefore,

P = 2R,[mf(C,+Cy)Vecl
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- APPENDIX !
OSCILLATOR ANALYSIS PROGRAM

The program is written in BASIC. BASIC is excru-

ciatingly slow, but it has some advantages. For one :

thing, more people know BASIC than FORTRAN. In

addition, a BASIC program is easy to develop, modify,

and ‘‘fiddle around’’ with. Another important advantage
is that a BASIC program can run on practically any
small computer system.

Its slowness is a problem, however. For example, the
routine which calculates the ‘‘start-up time constant’
discussed in the text may take several hours to complete.
A person who finds this program useful may prefer to
convert it to FORTRAN, if the facilities are available.

Limitations of the Program

The program was developed with specific reference to
8051-type oscillator circuitry. That means the on-chip
amplifier is a simple inverter, and not a Schmitt Trigger.
The 8096, the 80C51, the 80C48 and 80C49 all have
simple inverters. The 8096 oscillator is almost identical
to the 8051, differing mainly in the input protection
circuitry. The CHMOS amplifiers have somewhat dif-
ferent parameters (higher gain, for example), and dif-
ferent transition levels than the 8051.

The MCS-48 family is specifically included in the pro-
gram only to the extent that the input-output curve used
in the steady-state analysis is that of a Schmitt Trigger,
if the user identifies the device under analysis as an
MCS-48 device. The analysis does not include the volt-
age dependent phase shift of the Schmitt Trigger.

The clamping action of the input protection circuitry is
important in determining the steady-state amplitudes.
The steady-state routine accounts for it by setting the
negative peak of the XTALI1 signal at a level which
depends on the amplitude of the XTALI1 signal in ac-
cordance with experimental observations. It’s an exer-
cise in curve-fitting. A user may find a different type
of curve works better. Later steppings of the chips may
behave differently in this respect, having somewhat dif-
ferent types of input protection circuitry.

22-48

It should be noted that the analysis ignores a. number
of important items, such as high-frequency effects in
the on-chip circuitry. These effects are difficult to pre-
dict, and are no ‘doubt dependent on temperature, fre-
quency, and device sample. However, they can be sim-
ulated to a reasonable degree. by adding an ‘‘output
capacitance’ of about 20 pF to the circuit model (ie,
in parallel with CX2), as described below.

Notes on Using the Progrim

The program asks the user to input values for various
circuit parameters. First the crystal (or ceramic reso-
nator) parameters are asked for. These are R1, L1, C1,
and CO. The manufacturer can supply these values for
selected samples. To obtain any kind of correlation be-
tween calculation and experiment, the values of these
parameters must be known for the specific sample in the
test circuit. The value that should be entered for CO is
the CO of the crystal itself plus an estimated 7 pF to
account for the XTAL1-to-XTAL?2 pin capacitance, plus
any other stray capacitance paralleling the crystal that
the user may feel is significant enough to be included.

Then the program asks for the values of the XTAL1-to-
ground and XTAL2-to-ground capacitances. For
CXTALI, enter the value of the externally connected
bulk capacitor plus an estimated 7 pF for pin capaci-
tance. For CXTAL2, enter the value of the externally
connected bulk capacitor plus an estimated 7 pF for pin
capacitance plus about 20 pF to simulate high-frequency
roll-off and phase shifts in the on-chip circuitry.

Next the program asks for values for the small-signal
parameters of the on-chip amplifier. Typically, for the
8051/8751,

Amplifier Gain Magnitude = 15
Feedback Resistance = 2300k-ohms
Output Resistance = 2k-ohms

The same values can be used for MCS-48 (NMOS and
HMOS) devices, but they are difficult to verify, because
the Schmitt Trigger does not lend itself to small-signal
measurements.



AP-155

100 DEFDBL C,D,F,G,L,P,R,S, X
200 REM APRIL 8, 1983
300 REM * *

400 REM

500 REM FUNCTIONS

600 REM

700 REM

800 REM FNZM(R, X) = MAGNITUDE OF A COMPLEX NUMBER, R+ X!

900 DEF FNZM(R, X) = SQR(R‘2+X‘2)

1000 REM

1100 REM FNZP(R.X) = ANGLE OF A COMPLEX NUMBER

1200 REM = 180/PI*ARCTAN(X/R) IF R>0

1300 REM = 180/PI#*ARCTAN(X/R) + 180 IF R<ZO AND X0

1400 REM = 180/PI*ARCTAN(X/R) - 180 IF R.O AND X<O

1500 DEF FNZP(R,X) = 180/PI*ATN(X/R) - (SGN(R)=1)#SGN(X)#50

1600 REM

1700 REM INDUCTIVE IMPEDANCE AT COMPLEX FREQUENCY S+F (HZ)

1800 REM Z = 2#PI#GHL  + j2#PI#FsL

1900 REM = FNRL(S, L) + JFNXL(F,L)

2000 DEF FNRL(SL,LL) = 2##PI#SL*LL

2100 DEF FNXL(FL,LL) = 2##PI#FL*LL

2200 REM

2300 REM CAPACITIVE IMPEDANCE AT COMPLEX FREQUENCY S+jF (HZ)

2400 REM = 1/02#PI#(S+ F)#C1

2500 REM = S/[2#PI#(S 2+F 2)#C1 + J(~F)/[2#PI#(S 2+F~2)C1

2600 REM = FNRC(S,F,C) + JFNXC(S,F,C)

2700 DEF FNRC(SC,FC,CC) = SC/(2##PI#(SC 2+FC~2)#CC)

2800 DEF FNXC(SC,FC,CC) = —FC/(2#%PI*(SC "2+FC 2)%CC)

2900 REM

3000 REM RATIO OF TWO COMPLEX NUMBERS

3100 REM RA+ XA RA%RB+XA*XB XA#RB-RA*XB

3200 REM = O

3300 REM RB+)X3 RB~2+XB"2 RB’2+XB"2

3400 REM = FNRR(RA, XA, RB, XB) + (FNXR(RA, XA, RB, XB)

3500 DEF FNRR(RA, XA, RB, XB) = (RA%RB+XA#XB)/(RB 2+XB 2)

3600 DEF FNXR(RA, XA, RB, XB) = (XA#RB-XB#RA)/(RB 2+XB 2)

3700 REM

3800 REM PRODUCT OF TWO COMPLEX.NUMBERS

3900 REM (RA+ jXA)# (RB+ jXB) = RA*RB-XA#XB + )(XA#RB+RA#XB)

4000 REM = FNRM(RA, XA, RB, XB) + JFNXM(RA, XA, RB, XB).
4100 DEF FNRM(RA, XA, RB, ¥B) = RA®RB - XA#XB '

4200 DEF FNXM(RA, XA, RB, XB) = RA#*XB + RB#XA

4300 REM ‘ .

4400 REM

4500 REM PARALLEL IMPEDANCES

4600 REM (RA+ jXA)# (RB+ JXB)

4700 REM  (RA+JXA)!!(RB+)XB) = ——————————emeeeee

4800 REM RA+RB +j (XA+XB)

4900 REM

5000 REM RA% (RB 2+XB~2) +RB* (RA"2+XA 2) XA% (RB"2+XB" 2) +XB# (RA2+XA*2)
5100 REM = + oy
' 5200 REM (RA+RB) "2 + (XA+XB) 2 (RA+RB) "2 + (XA+XB)"2
5300 REM

5400 REM = FNRP (RA, XA, RB, XB) + FNXP (RA, XA, RB, XB)

5S00 DEF FNRP(RA, XA, RB, XB) .= (RA#(RB ‘2+XB 2) + RB#*(RA“2+XA~2))/((RA+RB)"2 + (XA+XB)"2)
5600 DEF FNXP(RA, XA, RB, XB) = (XA#(RB 2+XB'2) + XB*(RA“2+XA“2))/((RA+RB)"2 + (XA+XB)"~2).
5700 REM '
S800 REM

5900 REM

6000 REM BEGIN COMPUTATIONS .
6100 REM . .

6200 LET PI = 2 141592654#%

6300 REM

6400 REM DEFINE CIRCUIT PARAMETERS

4500 GOSUB 14500 . . ,
6600 REM .
6700 REM ESTABLISH NOMINAL RESONANT AND ANTIRESONANT CRYSTAL FREQUENCIES
6800 FS = FIX(1/(2#PI<SGR(L1#C1)))

6900 FA = FIX(1/(2%PI#ESGR(L14C1%C0/(C1420))))

7000 PRINT

7100 PRINT "XTAL IS SERIES RESONANT AT ", FS, " HI"

7200 PRINT * PARALLEL RESONANT AT *,FA, " HZ"

7300 PRINT

7400 PRINT “SELECT 1 LIST PARAMETERS®

7500 PRINT * 2 CIRCUIT ANALYSIS"

7600 PRINT * 3 OSCILLATION FREGUENCY"

7760 PRINT *“ 3 START-UP TIME COMSTANT"

7800 PRINT *“ 5 STEADY-STATE ANALYSIS"

22-49
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N

7900 PRINT

8000 INPUT N

8100 IF N=1 THEN PRINT ELSE 8600

8200 REM

8300 REM —-=—=—=—=====--=—=—~ LIST PARAMETERS -

8400 GOSUB. 1
8500 GOTO 6800

8600

IF N=2

8700 REM

8800

REM ~--

7100

THEN PRINT ELSE 9400

mmmmmm e mee——o CTRCUIT ANALYSIS -

8900 PRINT " FREQUENCY S+JUF TYPE (S), (F) "

9000

INPUT S

9100 GOSUB 2
9200 GOSUB 2
9300 @OTO 4800

9400
9500

IF N=3
REM

9600 REM —---
9700 CL = CX#CY/(CX+CY) + CO
9800 FQ = FI
9900 SG = O

10000
10100
10200
10300
10400
10500
10600
10700
10800
10900
11000
11100
11200
11300
11400
11500
11600
11700
11800
11900
12000
12100
12200
12300
12400
12500
12600
12700
12800
12900
13000
13100
13200
13300
13400
13500
13600
13700
13800
13900
14000
14100
14200
14300
14400
14500
14600
14700
14800
14900
15000
15100
15200
15300
15400
15500
15600

DF = F
DS = O
RETURN
cosuB
GOsuB
PRINT
PRINT
PRINT
GOSUB
GOTO &
IF N=4
REM
REM ——
PRINT

Q. FQ
0200
6600

THEN 10300 ELSE 11000

——————————————— OSCILLATION FREQUENCY
X(1/(2%PI+SQR (L1#C1%CL/(C1+CL)I)))
1X(10° INT(LOG(FA-FS) /LOG(10)~2)+. 5)

9700
30300

"FREQUENCY AT WHICH LOOP GAIN HAS ZERO PHASE ANGLE "
26600
800

THEN PRINT ELSE 12200

—————————————— START-UP TIME CUNSTANT
“THIS WILL TAKE SOME TIME

GOSUB 9700

GosuB
PRINT
PRINT
PRINT

37700

"FREQUENCY AT WHICH LOOP GAIN = 1 AT O DEGRELS""

GOSUB 26600

PRINT
GOTO 6800

IF N=5
REM

REM --
PRINT
PRINT
PRINT

PRINT *

PRINT
PRINT
INPUT

PRINT "THIS YIELDS A START-UP TIME CONSTANT OF ", CSNG(1000000!/(2*#PI#8Q@))," MICROSECS"
THEN PRINT ELSE 7300

—————————————— STEADY-STATE ANALYSIS
"STEADY-STATE ANALYSIS"

“SELECT 1 8031/8051"
2 8751" .
" 3 8035/8039/8040/8048/8049"
" 4 8748/8749"
IC%

IF IC%Z«<1 OR ICZ>4 THEN 12600

GosuB

46900

G070 7300 N
REM SUBROUTINE BELOW DEFINES INPUT-0OUTPUT CURVE OF OSCILLATOR CKT
IF IC%>2 AND VO=5 AND VI<2 THEN RETURN

vo = -
IF Vo>
IF VO<
IF IC%
RETURN
REM
REM

10#VI "+ 15

5 THEN VO = 5

2 THEN VO = 2

>2 AND VO>2 THEN VO = 5

REM

REM

REM

INPUT
INPUT
INPUT
Ci =X
INPUT
Co = X
INPUT
CcX = X
INPUT
Cy = X

DEFINE CIRCUIT PARAMETERS

" R1 (OHMS) ", R1
" L1 (HENRY)", L1

" C1 (PF)", X .

*1E-12

" CO (PF)", X

*#1E-12

" CXTAL1 (PF)", X

*1E-12 )
" CXTAL2 (PF)", X

*1E-12
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15700
15800
15900
16000
16100
16200
16300
16400
16500
16600
16700
16800
16900
17000
17100
17200
17300
17400
17500
17600
17700
17800
17900
18000
18100
18200
18300
18400
18500
18600
18700
18800
18900
19000
19100
19200
19300
19400
19500
19600
19700
19800
19900
20000
20100
20200
20300
20400
20500
20600
20700
20800
20900
21000
21100
21200
21300
21400
21500
21600
21700
21800
21900
22000
22100
22200
22300
22400
22500
22600
22700
22800
22900
23000
23100
23200
23300
23400

INPUT " GAIN FACTOR MAGNITUDE", AV#

INPUT " AMP FEEDBACK RESISTANCE (K-OHME)", X

RX = X#1000#

INPUT " AMP OUTPUT RESISTANCE (K-OHMS)", X

RO = X#1000#%

REM

REM

REM LIS1 CURRENT PARAMETER VALUES

GOSUB 17100

RETURN

REM .

REM

REM R HEH * AR

REM ,
REM LIST CURRENT PARAMETER VALUES

REM

PRINT

PRINT "CURRENT PARAMETER VALUES 1 R1 = ",R1," OHMS"

PRINT " 2 L1 = ",CSNG(LL), " HENRY"

PRINT * 3 Cit ", CENG(C1#1E+12), " PF"
PRINT 4 CO = ", CSNG(CO*1E+12), " PF"
PRINT " S5 CXTAL1 = ", CSNG(CX#1E+12)," PF"
PRINT * 6 CXTAL2 = ", CSNG(CY#1E+12)," PF"
PRINT * 7 AMPLIFIER GAIN MAGNITUDE = “, AV#

PRINT " 8 FEEDBACK RESISTANCE = “, CSNG(RX# 001)," K-OHMS"
PRINT " ? QUTPUT RESISTANCE = ", CSNG(RO#* 001)," K-0OHMS"
PRINT

PRINT "TO CHANGE A PARAMETER VALUE, TYPE (PARAM NO ), (NEW VALUE) "
PRINT "OTHERWISE, TYPE 0,0

INPUT N%. X

IF NZ%Z=0 THEN RETURN

IF N%=1 THEN R1 = X

IF =2 THEN L1 = X

IF THEN C1 = X#1E-12

1F THEN CO = X#1E-12

IF THEN CX = X#1E-12

IF THEN CY = X#1E-12

IF THEN AV# = X

IF THEN RX = X#1000' .

IF N%=9 THEN RO = X%1000'

GOTO 17400

REM

REM

REM

REM

REM CIRCUIT ANALYESIS

REM

REM This routine calculates the loop gain at complex frequency SQ+ FQ
REM .

REM 1 Crystal impedance RE + XE

REM

X1 = FNXL(FG,L1) + FNXC(SQ,FG C13

RE = FNRP ( (R1+FNRL (SQ, L1) +FNRC(5Q, FG, C1)), X1, FNRC(SQ, FQ@, CO), FNXC (SQ, FG, C0))
XE = FNXP((R14FNRL (SQ, L1)+FNRC(SQ, FQ, C1)), X1, FNRC(SQ, FQ, CO), FNXC (SQ. FQ, CO))
REM

REM 2 RF + jXF = (RE+yXE)!!(amplifier feedback resistance)

REM '

RF = FNRP(RX, O, RE, XE)

XF = FNXP(RX, 0, RE. XE)

REM

REM 3 Input 1mﬁedance Z1 = RI + jXI = 1mpedance of CXTAL1

REM

RI = FNRC(SQ,FQ@,Cx)

XI = FNXC(SQ,FQ, Cx)

REM

REM 4 Load 1mpedance 2L = t(1mpedance of CXTAL2)!IL(RF+RI)+ j(XF+XI1)1]
REM

RL = FNRP((RF+RI). (XF+XI), FNRC(EQ.FQ, CY), FNXC(8G, FQ, CY))

XL = FNXP((RF+RI , (XF+XI', FNRC(SG FG CY), FNXC(SQ,FQ, CY))

REM

REM S Amplifier gain A = -AV*ZIL/(ZL+RO)

REM = Aireal) + jAtimaginary)

REM

AR# = —AV##FNRR (RL, XL, ‘RO+RL), XLJ

Al# = —AVHAFNXR (RL, XL, (RO+RL), YLy

REM .

REM & Feedback ratio (heta: = (RI+3aI)  L/RF+R1)+ ((XF+XI)1

REM = Bireal:« + JP(imaginary)

2251
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23500
23600
23700
23800
23900
24000
24100
24200
24300
24400
24500
24600
24700
24800
24900
25000
25100
25200
25300
25400
25500
25600
25700
25800
25900
26000
26100
26200
26300
26400
26500
26600
26700
26800
26900
27000
27100
27200
27300
27400
27500
27600
27700
27800
27900
28000
28100
28200
28300
28400
28500
28600
28700
28800
28900
29000
29100
29200
29300
29400
29500
29600
29700
29800
29900
30000
30100
30200
30300
30400
30500
30600
30700
30800
30900
31000
31100
31200

REM
BR#
BI#
REM

FNRR(RI, XI, (RI+RF), (XI+XF))
FNXR(RI, XI, (RI+RF), (XI+XF))

REM 7 Amplifier gain 1in magnitude/phase form. AR+ )AI = A at AP degrees

REM

A = FNZM(AR#, AI#)

AP = FNZP (AR#, Al#)

REM '

REM 8 (beta) 1in magnitude/phase form BR+ BI = B at BP degrees

REM

B = FNZM(BR#, BI#)

BP = FNZP(BR#, BI1#)

REM

REM 9@ Loop gain G = (BR+BI)#(AR+ )AI)

REM * G(real) + jGCimaginary)

REM

GR = FNRM(AR#, Al#, BR#, BI#)

GI = FNXM(AR#, Al#, BR#, BI#)

REM .

REM 10 Loop gain 1n magnitude/phase form GR+,GI = AL at AQ degrees
REM

AL = FNZM(GR, GI)

AG = FNZP(GR, GI)

RETURN

REM

REM

REM

REM

REM PRINT CIRCUIT ANALYSIS RESULTS

REM

PRINT .

PRINT " FREQUENCY = ",8Q," + J",FQ, " HZ"

PRINT " XTAL IMPEDANCE = “,FNZM(RE, XE), " OHMS AT ",FNZP(RE, XE); " DEGREES"
PRINT * (RE = ", CSNG(RE), “ OHMS)"

PRINT (XE = ",CSNG(XE), " OHMS)"

PRINT " LOAD IMPEDANCE = ", FNZM(RL, XL)," OHMS AT ",FNZP(RL,XL).," DEGREES"
PRINT " AMPLIFIER GAIN = ", A, " AT ",AP," DEGREES"

PRINT " FEEDBACK RATIO = ", B," AT ",BP," DEGREES"

PRINT " LOOP GAIN = ",AL," AT "“,AQ." DEGREES"

RETURN

REM

REM .

REM #* * #*

REM

REM SEARCH FOR FREQUENCY (S+JF)

REM AT WHICH LOOP GAIN HAS ZERO PHASE ANGLE

REM

REM This routine searches for the frequency at which the imaginary part
REM of the loop gain 1s zero The algorithm 1s as follows.

REM 1 Calculate the sign of the imaginary part of the loop gain (GI)
REM 2 Increment the frequency

REM 3 Calculate the sign of GI at ‘the incremented frequency

REM 4 1If the sign of GI Kas not changed. go back to 2

REM S If the sign of GI has changed, and this frequency 1s within
REM 1Hz of the previous sign-change, erxit the routine

REM & Otherwise, divide the frequency increment by -10

REM 7 Go back to 2

REM The routine 1s entered with the starting frequency SQ+,FQ and
REM starting increment DS+ DF already defined by the calling program
REM In actual use either DS or DF 1s zero, so the routine searches for
REM a GI=0 point by incrementing either SQ or FQ while holding the other
REM constant It returns control to the calling program with the

REM 1incremented part of the frequercy being within 1Hz of the actual
REM GI=0 point

REM )

REM 1 CALCULATE THE SIGN OF THE IMAGINARY PART OF THE ' LOOP GAIN (GI)
REM :

GOSUB 20200

GOSUB 26400

IF GI=0 THEN RETURN

SX% = INT(SGN(GI)}

IF Sx%=+1 THEN DS = -DS

REM (REVERSAL OF DS FOR GIZO IS FOR THE POLE-SEARCH ROUTINE. )

REM

REM 2 ° INCREMENT THE FREQUENCY

REM

SP = €Q
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31300
31400
31500
31600
31700
31800
31900
32000
32100
32200
32300
32400
32500
32600
32700
32800
32900
33000
33100
33200
33300
33400
33500
33600
33700
33800
33900
34000
34100
34200
34300
34400
34500
34600
34700
34800
34900
35000
35100
35200
35300
35400
35500
+ 35600
35700
35800
35900
36000
36100
36200
36300
36400
36500
36600
36700
36800
36900
37000
37100
37200
37300
37400
37500
37600
37700
37800
37900
38000
38100
38200
38300
38400
38500
38600
38700
38800
389200
39000

FP = FQ

S@ = SQ + DS

FQ@ = FQ + DF

REM

REM 3 CALCULATE THE SIGN OF GI AT THE INCREMENTED FREQUENCY

REM
GOsSUB 20200
GOSUB 26600

IF INT(SGN(GI))=0 THEN RETURN

REM

REM 4 IF THE SIGN OF GI HAS NOT CHANGED, GO BACK TO 2
REM

IF SXZ+INT(SGN(GI))=0 THEN PRINT ELSE 31400

SX%4 = -SX%

REM

REM S IF THE SIGN OF GI HAS CHANGED, AND IF THIE FREQUENCY IS WITHIN
REM 1HZ OF THE PREVIOUS SIGN-CHANGE, AND. IF 61 IS MEGATIVE, THEN,
REM EXIT THE ROUTINE (THE ADDITIONAL REQUIREMENT FOR NEGATIVE GI
REM IS FOR THE POLE-SEARCH ROUTINE )

REM

IF ABS(SP-SQ)<1 AND ABS(FP-FQ@) 1 AND SX%=-1 THEN RETURN

REM

REM & DIVIDE THE FREQUENCY INCREMENT BY -10

REM

DS = -DS/10#

DF = -DF/10#%

REM

REM 7 GO BACK 70 2

REM

GOTO 31200

REM .

REM ,

REM * #

REM

REM SEARCH FOR POLE FREQUENCY

REM

REM This routine searches for the-frequency at which the loop gain = 1

REM at O degrees That frequency 1s the pole frequency of the closed-
REM loop gain function The pole frequency 15 a complex number, SG+jFQ
REM (Hz) Oscillator start-up ensues 1f SQ0 The algorithm 1s based on
REM the calculated behavior of the phase angle of the loop gain in the
REM region of interest on the complex plane The locus of points of zero
REM phase angle crosses the j—axis at the oscillation frequency and at
REM some higher frequency- In between these two crossings of the j-axis,
REM the locus lies 1in Quadrant I of the compler plane, forming an

REM approximate parabola which opens to the left The basic plan 1s to
REM follow the locus from where 1t crosses the j—axis at the oscillation
REM frequency, 1nto Quadrant I, and find the point on that locus where
REM the loop gain has a magnitude of 1 The algorithm 1s as follows

REM 1 Find the oscillation frequency, O0+,FQ .

REM 2 At this frequency calculate the sign of (AL-1) (AL = magnitude
REM of loop gain ) v

REM 3 Increment FQ ,

REM 4 For this value of FQ, find the value of SQ for which the loop
REM gain has zero phase

REM 5 For this value of SG+ FQ. calculate the sign of (AL-1)

REM & If the sign of (AL-1) has not changed. go back to 3

REM 7 1If the sign of (AL-1) has changed, and this value of FQ 1s
REM within 1Hz of the previous sign-change, exit the routine:
REM 8 Otherwise, divide the FQ-increment by -10

REM 9 Go back to 3

REM

REM 1 FIND THE OSCILLATIGN FREGQUENCY, O+ FG

REM

GOsuUB 9700

GOSUB 30300

REM . .

REM 2 AT THIS FREQUENCY, CALLCULATE THE SIGN OF (AL-1)

REM

SY%:= INT(SGN(AL-1'))

IF SY%=-1 THEN STOP

REM ESTABLISH INITIAL INCREMENTATION VALUE FOR FQ
F1 = FQ

DF = (FA-F1)/10%

GOSUB 30300

DE = (FG-F1)/10#%
DF = 0
Fa = F1
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39100
39200
39300
39400
39300
39600
39700
39800
39900
40000
40100
40200
40300
40400
40300
40600
40700
40800
40900
41000
41100
41200
41300
41400
41500
41600
41700
41800
41900
42000
42100
42200
42300
42400
42500
42600
42700
42800
42900
43000
43100
43200
43300
43400
43500
43600
43700
43800
43900
44000
44100
44200
44300
44400
44500
44600
44700
44800
44900
45000
45100
45200
45300
45400
45500
45600
45700
45800
45900
46000
46100
46200
46300
46400
46500
46600
46700
46800

REM

REM 3 INCREMENT FQ

REM

FQ = FQ + DE

REM .

REM 4. FOR THIS VALUE OF FQ, FIND THE VALUE OF S@ FOR WHICH THE LOOP
REM GAIN HAS ZERO PHASE. (THE ROUTINE WHICH DOES THAT NEEDS DF = O,
REM S0 THAT IT CAN HOLD FQ CONSTANT, AND NEEDS AN INITIAL VALUE FOR
REM DS, WHICH IS ARBITRARILY SET TO DS = 1000.)

REM

DS = 1000# ,

s@ = 0

GOSUB 30300

IF AL=1! THEN RETURN

REM \

REM 5. FOR THIS VALUE OF SG+ FG, CALCULATE THE SIGN OF (AL-1).

REM & IF THE SIGN OF (AL-1) HAS NOT CHANGED, GO BACK TO 3

REM

IF SYZ+INT(SGN(AL-1'))=0 THEN PRINT ELSE 39400

REM .

REM 7. IF THE SIGN OF (AL-1) HAS CHANGED, AND THIS VALUE OF FQ IS WITHIN
REM 1HZ OF THE PREVIOUS SIGN-CHANGE, EXIT THE ROUTINE

REM

IF ABS(Fl—FG){l THEN RETURN

REM

REM 8. DIVIDE THE FQ-INCREMENT BY -10.

REM !

DE = -DE/10#

F1 = F@

SY% = -SY%Z

REM

REM 9 GO BACK TO 3

REM

GOTO 39400

REM

REM

REM *

REM

REM STEADY-STATE ANALYSIS

REM

REM The circuit model used in this analysis is similar to the one used
REM 1in the ‘small-signal analysis, but differs from it in two respects
REM First, it includes clamping and clipping effects described in the
REM text. Second, the voltage source in the Thevenin equivalent of the
REM amplifier 1s controlled by the input voltage in accordance with an
REM 1nput-output curve defined elsewhere in the program

REM The analysis applies a sinusoidal input signal of arbitrary

REM amplitude, at the oscillation frequency, to the XTAL1 pin, then
REM calculates the resulting waveform from the voltage source Using
REM standard Fourier techniques, the fundamental frequency component of
REM this waveform is extracted This frequency component is then

REM multiplied by the factor !ZL/(ZL+RO)%, and the result is taken to be
REM the signal appearing at the XTAL2 pin This signal is then

REM multiplied by the feedback ratio (beta), and the result is taken to
REM be the signal appearing at the XTAL1 pin The algorithm 1s now

REM repeated using this computed XTAL1 signal as the assumed input

REM sinusoid. Every time the algorithm is repeated, new values appear at
REM XTAL1 and XTAL2, but the values change less and less with each

REM repetition 'Eventually they stop changing This 1s the steady-state
REM The algorithm 1s as follows

REM 1. Compute approximate oscillation fregquency

REM 2 Call a circuit analysis at this frequency.

REM 2 Find the quiescent levels at XTAL1 and XTAL2 (to eseabla:h the
REM beginning DC level at XTAL1)

REM 4 Assume an initial amplitude for the XTAL1 signal

REM 5 Correct the DC level at XTAL1l for clamping effects, if necessary
REM 6 Using the appropriate input-output curve, extract a DC level and
REM ' the fundamental frequency component (multiplying the latter by
REM 1ZL/ (ZL+RO) 1)

REM 7. Clip off the negatxve portion of this output 5|gnal. 1f the

REM negative peak falls below zero

REM B8 If this signal, multiplied by (beta), differs from the input
REM amplitude by less than 1mV. or 1f the algorithm has been repeated
REM 10 times. exit the routine

REM 9 Otherwise. multiply the XTAL2 amplitude by (beta) and feed 1t
REM back to XTAL1l, and go back to S

REM

REM 1 COMPUTE APPROXIMATE OSCILLATION FREQUENCY
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46900
47000
47100
47200
47300
47400
47500
47600
47700
47800
47900
48000
48100
48200
48300
48400
48500
48600
48700
48800
48900
49000
49100
49200
49300
49400
49500
49600
49700
49800
49900
50000
50100
50200
50300
50400
50500
50600
50700
50800
50900
51000

51100
51200
51300
51400
51500
51600
51700
51800
51900
52000
52100
52200
52300
52400
52500
52600
52700
52800
52900
53000
53100

GOsSUB 9700

REM

REM 2. CALL A CIRCUIT ANALYSIS AT THIS FREQUENCY

GOSUBR 20800

PRINT PRINT PRINT "ASSUMED OSCILLATION FREQUENCY" "

GOSUB 26600

PRINT  PRINT

REM

REM 3 FIND QUIESCENT POINT

REM (At quiescence the voltages at XTAL1 and XTAL2 are equal This
REM voltage level 1s found by trial-and-error, based on the input-
REM output curve, so that a person can change the input-output curve

REM as desired without having to re—calculate the quiescent point )
VI =

VB =1

Kt =1

VI = VI + VB

GOSUB 13600

IF ABS(VO-VI)< 001 THEN 49200

IF K1+4SGN(VD-VI)=0 THEN 48900 ELSE 48500

K1 = SGN(VO-VI)

VB = -VB/10

GOTO 48500

vB = VI

PRINT "QUIESCENT POINT = “; VB

REM

REM 4 ASSUME AN INITIAL AMPLITUDE FOR THE XTAL1 SIGNAL
ElI = 01

NR%Z = 0O

REM

REM 5. CORRECT FOR CLAMPING EFFECTS, IF NECESSARY

REM (K1 and K2 are curve-fitting parameters for the ROM parts.)
K1 = (2. 5-VB)/(3-VB)

K2 = (VB-1.25)/(3-VB)

IF IC%=2 OR IC%=4 THEN IF EI<(VB+ 35) THEN EO
IF IC%=1 OR IC%=3 THEN 'IF EI<(VB+ 5) THEN EO
NR%Z = NR%Z + 1 .

REM

REM 6. DERIVE XTAL2 AMPLITUDE

Vo = 0

ve =0

Vs = 0

FOR N% = -25 TO +24

VI = EO - EI#COS(PI*N%Z/25)

GOSUB 13600

Vo = VO + VO

VC = VC + VO*COS(PI*N%Z/25)

VE = VG + VO%SIN(PI#NXL/25)

VB ELSE EO = EI -~ 5
VB ELSE EO = KI#EI+K2

[}

NEXT N%

VO = v0/50

Vi = SQR(VC"2+VS~2) /2I#FNZM(RL, XL) /FNZM( (RL+R0O) . XL)
REM

REM 7 CLIP XTAL2 SIGNAL

IF VO-V1<0 THEN VL = O ELSE VL = VO-V1

PRINT PRINT “XTAL1 SWING = ", EO-EI," TO ",EQ+EI
PRINT "XTAL2 SWING = ", VL.," TO ", V0+V1

REM

REM 8 TEST FOR TERMINATION

IF. ABS(EI-V1I#B) 7, 001 OR NR%=10 THEN PETURN

REM

REM 9 FEED BACK TO XTAL1 AND REPEAT

EI = V1#B

G070 S0300
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~ CHAPTER 23
DESIGN CONSIDERATIONS WHEN USING CHMOS

23.0 WHAT IS CHMOS?

CHMOS is Intel’s n-well CMOS process which is based
on the highly developed HMOS-II technology. There are
three other types of CMOS processes: p-well, twin-tub,
and silicon on sapphire (SOS). All four CMOS structures
are discussed in the accompanying article reprint, ‘‘Inside
CMOS Technology.”” SOS and twin-tub offer superior
performance, but are very costly to manufacture. The
n-well technology offers about the same performance as
p-well and has been chosen for Intel’s microcontrollers
because it is more readily adapted to the currently used
and well understood HMOS-II technology. This CMOS
technology also offers a known path to higher performance
products in the future.

Because CMOS tends to have lower gate density and a
higher gate count than an NMOS circuit of the same func-
tionality, the ability to scale down the transistor size in
CMOS processes is essential to improving the price/
performance ratio. The penalty paid for the size reduction,
however, is a departure from the traditional CMOS supply
voltage range of 3 to 18 volts. CHMOS will be limited
to a maximum of 6 volts VCC.

Further reduction in CHMOS die size is accomplished by
using dynamic nodes at appropriate points in the circuit,
whereas, traditional CMOS is fully static. This reduces
the gate count, and therefore, the die size — achieving
lower cost. However, the use of dynamic nodes imposes
a minimum clock frequency requirement on the CHMOS
part.

23.1 NOISE IMMUNITY

CMOS noise immunity is greatly over stated. Noise im-
munity has been described as the amount of noise that can
be induced at the input of a gate that will not change the
logic state of the output. Noise margin, on the other hand,
is the DC levels that will be applied to an input from
another output (Voh, Vol) and the trip point of that input.

On the surface, CMOS would seem ideal for use in noisy
environments. Qutput voltages are rail-to-rail, and input
switch points are approximately 50% of VCC. There is
one thing wrong with this analysis — CMOS has high
impedance inputs. High impedance inputs need only volt-
age and very little current (nano Amps) to switch its output
logic state. TTL, on the other hand, needs voltage and at
least 20 nA (for an LS device) to switch its output logic
state. Because it is a lot more difficult to induce noise in
the form of current than in the form of voltage, CMOS
tends to be more noise sensitive than TTL. '

However, NMOS also has high impedance inputs and has
input leakages typically less than 1 wA. Because NMOS
output voltage swings are considerably less than CMOS,

CMOS has the advantage when inputs and outputs are
' noisy. Another advantage of CMOS over NMOS is the
p-channel pullup instead of a depletion pullup. The
p-channel pullup is able to charge up the stray capacitance
faster thus signal rise times are significantly improved.

In conclusion, don’t fool yourself into thinking that CMOS
eliminates the need to be concerned about noise problems.
Time is well spent following good design practices and
layout techniques from the earliest phases, of a project.

23.2 LATCH-UP

CHMOS is not immune to traditional CMOS latch-up, but
the latch-up threat is highly overrated. Latch-up is usually
the result of unforeseen operating conditions, such as an
unexpected power-up sequence, inadvertent removal and
re-application of a supply voltage, or ‘‘hot-socketing’’ the
part (plugging a chip into its socket while the system is
active). An energetic voltage spike on VCC or the /O
lines might also trigger latch-up, but a little ringing on
the data lines isn’t going to cause any problems.

It is helpful to understand the mechanisms involved in the .
latch-up phenomenon. Figure 23-1A shows the circuit dia-
gram of a typical CMOS output stage. Figure 23-1B shows
a plan view of how this stage might look in n-well CMOS
(with the gate electrodes of the FETs stripped away, since
they are not germane to the discussion). There are two
parasitic bipolar transistors in this structure, one pnp and
the other npn. The n-well forms the base region of the
pop transistor, which is connected to VCC through the
distributed resistance of the n-well. The source and drain
of the p-channel pullup FET are dual emitters to the pnp
transistor. The p-type substrate is the collector of this
transistor and also serves as the base of the npn transistor
which is connected to VSS through the distributed resis-
tance of the substrate. The collector of this transistor is
the n-well, and the drain and source of the pulldown
n-channel FET are dual emitters. These parasitic transis-
tors are shown in Figure 23-1C. ’

Any pullup FET that shares the same n-well region acts
as additional multiple emitters to the parasitic pnp tran-
sistor. Much worse, ALL pulldown FETs and input pro-
tection devices on the IC act as additional collectors to
the parasitic npn transistor. This has several implications.
Latch-up is not limited to output stages, inputs only pins
and internal gates can also be the cause. So when latch-
up does occur, it’s hard to tell which device caused it.

In normal operation, both of these parasitic bipolar junc-
tion transistors are in an off state, and do not hamper the
operation of the FETs. However, if either parasitic junc-
tion transistor should turn on, its collector current might
turn the other parasitic junction transistor on, and an SCR
type effect rapidly ensues which is called latch-up.
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Figure 23-1. CHMOS Inverter

What might turn on one of the parasitic junction transis-
tors? Look at Figure 23-1C. The base of the parasitic pnp
is at VCC, and the base of the'npn is at VSS. If the ouput
line swings a diode drop above VCC, or below VSS, it
forward-biases the ‘‘D’’ emitter of either the pnp or the
npn transistor.

Suppose it is the pnp emitter that is forward-biased by the
output line swinging a diode drop above VCC. Some of
the current that enters that emitter now exits the parasitic
device as collector current. It flows down to the juncture
of Rsub and the base of the npn transistor. If Rsub is low,
the current is shunted through it to VSS, and the npn
transistor stays off. If Rsub is high, some of the current
crosses the base-emitter junction of the npn, and that tran-
sistor will likely turn on.

It is important to note that the designer of the integrated
circuit has a certain amount of control over the turn-on
probabilities. Grounded guard rings placed around the npn
emitters will have the effect of reducing the value of Rsub.

\

'Reducing the value of Rsub has the effect of increasing

the amount of current that has to enter the pnp D emitter
in order to turn the npn transistor on. The CHMOS, the
npn transistor will not turn on if the current entering the
pnp D emitter is less than 10 mA.

A similar sequence of events can occur when the output
line swings a diode drop below VSS. In this case it is the
npn transistor that is in danger of turning on the pnp,
depending on the value of Rwell and how much current
is involved. Again, the IC designer can reduce the value
of Rwell by the judicious placement of guard rings, con-
nected to VCC, around the pnip emitters. When the output
line swings a diode drop below VSS, if the current that
exits the output pin does not exceed 10 mA, there wxll be

. no latch-up.
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23.3 POWER SUPPLY CONSID“ERATIONS(

The power supply, as viewed by the micfoconttollgr,
should be low in inductance because of the peak currents
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associated with CHMOS switching characteristics. Note
that the- repetition rate of these peak currents increases
with the clock frequency. Bypass capacitors of approxi-
mately 0.1uF should be used with proper PCB layout to
sensure a low inductance; high peak current power source.
Low inductance capacitors are also available that fit under
the package. These capacitors are also advantages for
HMOS in noisy environments (See Application Note
AP12S “‘Designing Microcontroller Systems For Electri-
cally Noisy Environments’’ in this manual for detailed
discussion).

Power supply glitches must be filtered to ensure that the
.maximum voltage rating of the device is not violated.
:Violation may induce an SCR effect between VCC/VDD
‘and Vss (latch-up).

The polarity of the power supply must never be reversed.
The n-well is connected to VCC and the p-type substrate
is connected to ground so normally that pn junction is
reversed biased. If VCC or VDD are ever more negative
than —0.5 volts with respect to Vss, the n-well/substrate
pn junction will be forward biased and short VCC/VDD
to ground.

When the microcontroller is powered separately from the
surrounding circuitry, the microcontroller should always
be powered up before any input signal is applied. The
reverse is true when powering down, input signals first
then the' microcontroller. .

When separate VCC and VDD power supplies are used
for the 80C49, VDD and VCC must track each other
within 1.5 volts (except during power -down) and also
maintain the 5v 20% specification. This ensures that the
CPU, powered by VCC, and the RAM, powered by VDD,
have proper voltage levels to communicate. If VCC and
VDD cannot be powered up simultaneously, VDD should
be applied first.

23.4 MINIMIZING POWER CONSUMPTION

The reason CMOS parts draw considerably less current
than an NMOS part is that there is no direct path between
VCC and ground (refer to figure 10-1A). When the
p-channel pullup FET is on the n-channel pulldown FET
is off and the output line gets pulled up. The opposite is
true, when the n-channel FET is on the p-channel FET is
off and the output goes low. There is leakage associated
with either the n-channel and p-channel FETs in the off
state. The sum of all the leakages from every inverter on
the chip is what is called the ‘‘quiescent current.”’ This
current is in the order of microAmps and is the lesser of
the two currents that add up to the total ICC.

When the inverter is switching in either direction, there
is a moment in time when both FETSs are on creating a
low resistance path between VCC and ground. The ca-
pacitance on the output line (pin capacitance, trace ca-
pacitance, and input capacitance to the next stage) is also
charged or discharged which also increases current con-
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sumption. This ‘‘dynamic current’’ is a couple of orders
of magnitude higher than the quiescent current.

Power supply voltage also comes into play with both types
of currents. If VCC is high, the leakage across the off
FET is increased. Output capacitance now has to be
charged up to a higher level. So a higher VCC also con-
tributes to making ICC larger.

Frequency of switch can also affect the amount of current
used. If the inverter stage is switched very slowly, then
the average current is equal to the quiescent current. As
the frequency of switching is increased, the dynamic cur-
rent contributes more and more to the total ICC until the
dynamic current totally swamps the quiescent current.

Now that we are aware of what components make up the
total ICC, we can work on ways of minimizing it. VCC
can play a big roll in minimizing power. If the whole
purpose in going to CMOS is to minimize heat dissipation
and the power is drawn from the 110 volt AC socket,
tweak your power,supply to the minimum voltage that the
system will run. On the other hand if batteries are used
you must consider types of batteries available, lifetime of
the battery, and the voltage drop off at the end of its life
to determine what voltage to start at. Remember the lower
the voltage the lower the, current draw. -

The application also has to be analyzed for what kind of
response time is needed to determine how fast the micro-
controller needs to run. If the end application is a direct
human interface, then the response time can be relatively
slow and the processor can run at minimum speed. But if
real time decisions need to be made on evaluating incom-
ing data, then the microcontroller needs all the time it can
get. The idea is to run.the microcontroller as slow as you
can and still get the task accomplished.

Intel has added idle mode and power down features to
help further manage your power consumption. Idle mode
in the 80C51/80C31 stops the clock to the CPU while
keeping the oscillator, RAM, interrupts, timer/counter,
and serial port alive. Stopping the clock to the CPU de-
creases the current in the CPU from dynamic to mostly
quiescent. Idle mode consumes approximately 1/10th the
operating current.

Idle mode allows the microcontroller to minimize its cur-
rent when no processing needs to be done. The live in-
terrupts, timer/counter, and the serial port can wake the
CPU and since the oscillator is running the response time
is quick.

Data on the ports are left in the state they were in when
idle was invoked. If careful attention is given to the logic
state of the port, total system current can be reduced. The
state of the port for reduced current is dependent on what
the port is driving. If it is a transistor, the transistor should
be put into its: off state. If the port pin is driving another
CMOS gate, the loading of the port pin would be minimal
and a choice of the logic state may be made on what is
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Figure 23-2. MCS®-48 Power Down Circuit

on the ouputs of the CMOS gate. If TTL is being driven,
the reduced current would be when the port pin is high.
A little thought.in this area can go a long way in mini-
mizing system current.

Power down removes all internal clocks to decrease the
current to totally quiescent current while the contents of
the RAM are saved. This mode is useful in hand held
applications where data needs to be saved between uses.
On the 80C51, the port pins are left in the same state they
were in when the power down mode was called. The same
thought processes that were needed for reduced current in
the idle mode are valid for power down also.

Figure 23-2 shows a simple circuit that uses one quad
NOR CMOS integrated circuit and some external resistors
and capacitors to power down the CHMOS MCS48 family
under the control of one input. To activate the operation
of the microcontroller, the AWAKE/ signal is pulled low
and in turn, node A goes low turning on the p-channel
VFET. This allows VCC to the microcontroller to be
pulled to the power supply minus Vsd. Node A being low
brings RESET high after a time determined by the R1C1
time constant. The RC has been chosen to allow 10 mS
between VCC going high and RESET going high to allow
the oscillator time to stabilize.

Powering down is accomplished by AWAKE/ going high
which pulls RESET low. The time delay R2C2 allows the
reset signal enough time to s1gna.l the microcontroller to
save the RAM before VCC is-shut off. '

‘When idle mode and power down are used in conjunction
with slow operating speed it can reduce your power needs
to a minimum.
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Unused input only pins on the MCS48 family such as SS/,
TO, and T1 should not be allowed to float. The inputs
would float about the trip point of the input buffer. This
switching of the input buffer can waste up to .5 mA per
input. Tie all unused input only pins high or low.

When the CHMOS units are being used with external
program or data memory, PortO (Data Bus on the MCS48
products) is left floating when in idle mode. PortO also
floats on the 80C51 when in the power down mode. The
same condition as described above can happen with the
input gate on those pins. Without tying these pins high or
low at least .5 mA X 8 or 4 mA could be wasted. Tie
the PortO pins high or low through a 500K} or IMQ
resistor. A little extra board space is minimal when con-
sidering the extra power savings.

The quasi-bidirectional pins have mtemal pullups so the
inputs on these pins never float.

23.5 CHMOS /O PORT STRUCTURE

The CHMOS /O ports have similar drive capability to
their HMOS counterparts, but the differences must be
noted.

23.5.1 As An Output Pin

The I/O port structure is 1mplemented as shown in Flgure
23 3.

As an output pin latched to a low (0) state, pullups P1,
P2, and P3 are in an off state while the pulldown N1 is
on. This configuration uses little current, since there is no

-patch between VCC and ground in the output buffer stage.
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Figure 23-4. CHMOS I/0 Current Characteristics

When the output pin is to be latched in the high (1) state,
the data line turns N1 off and turns on the weak (SuA)
pullup P2. At the same time P1 (a strong pullup) turns on
for one state time pulling the output up very quickly. Once
the output voltage is above approximately 2 volts, P3 turns
on to supply the source current. P3 and the inverter form
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a latch. This latch along with the support of P2 keeps the
output high. Figure 23-4 shows the VOH vs IOH curve
for this output structure when P1 is off.

23.5.2 As An Input Pin

To use the I/O port as an input, a one must be written to
the pin first, leaving the pin in a high state. When the
input goes below 2 volts, P3 turns off to avoid any high
sink currents from being presented to the input device.
Note when returning back to a one, P2 is the only internal
pullup that is on. This will result in a long rise time if P2
is the only pullup.

23.5.3 Interfacing Between CHMOS and
Other Logic Families

Interfacing Intel’s CHMOS to other logic families is very
simple and straight forward. When VCC is kept within
10% of 5 volts all inputs (except those noted in the data
sheets) and outputs are TTL compatible. CMOS compat-
ibility is achieved as long as VCC is kept within 20% of
5 volts. -

When driving a high current load, the output current (Ioh)
must be limited to keep the output voltage (Voh) at a
minimum of 2 volts. If the voltage is pulled below 2 volts
the output current will be dropped to approximately 5 pA.
See Figure 23-4. :
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Photo 1: The die for the 80C51, with the functions of the various sections identified.

'

How CMOS devices are manufactured and a look at three of them

, by Martin B. Pawloski, Tony Moroyan, and Joe Altnether
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CMOS (complementary metal-
oxide semiconductor) has often been
called the ideal technology. It has
low power dissipation, high im-
munity to power-supply noise,
symmetric switching characteris-
tics, and a large supply-voltage tol-
erance. But CMOS has rarely been
used for advanced VLSI (very-large-
scale-integration) microcomputer
designs. Because of the complexity
of the CMOS process, the ICs (in-
tegrated circuits) produced have
traditionally had a relatively poor
price/performance ratio.

As a result, CMOS was used only

in applications that required low
power and were neither perfor-
mance conscious (such as in calcu-
lators and watches) nor cost con-
scious (many military applications,
for example). Suddenly, however,
all major semiconductor companies
have announced either advanced
CMOS products ot the intention of
designing their next generation of
high-performance microprocessors
using CMOS technology.
' What has happened to make
CMOS both affordable and high
performance? For one thing, the
dominant VLSI technology, NMOS
(n-channel metal-oxide semicon-
ductor), is rapidly approaching the
process complexity of standard
CMOS. It is not unusual nowadays
for NMOS technology to have up to
four transistor types with different
operating characteristics. Much of
the complexity of this process is
added simply to help VLSI design-
ets keep the operating power of
their circuits under control.

Second, CMOS circuit designers
are being more selective in the use
of static CMOS logic. Critically
placed dynamic logic, creative cir-
cuit design, and use of modes that
- offer varying degrees of power con-
sumption are all tricks designers
are using to maintain the advan-
tages of CMOS.

Finally, aggressive reduction in
CMOS transistor size is being used
to bring CMOS performance in line
with that of NMOS. As a matter of
fact, many manufacturers are de-
veloping CMOS as a derivative of
their advanced NMOS processes.

This not only improves CMOS per-
formance levels but also boosts re-
liability and reduces development
costs.

The Evolution of LSI

Early LSI circuits were built with
p-channel MOS transistors, which
permitted high-circuit densities yet
were relatively slow and difficult to
interface to normal integrated cir-
cuits, such as TTL (transistor-
transistor logic). As an example,
the 1103-type 1K by 1-bit dynamic
RAM (random-access read/write
memory), circa 1971, required its
inputs (address, controls, and data)
to swing between 1 and 15 volts (V)
although its output was measured
in millivolts — hardly TTL compat-
ible! About 1974, NMOS came to
the rescue. It provided faster speed,
and most of its inputs and outputs
were TTL compatible.

Low power
requirements are a
major advantage of
designing a system

that uses CMOS.

NMOS was more difficult to
manufacture ' than PMOS because
contaminants would vary the
thresholds of the n-channel transis-
tors, causing deviations in speed
and performance. But this problem
was quickly overcome through ul-
traclean processing rooms, and
NMOS became the workhorse tech-
nology because it cost less to man-
ufacture, was easy to use, and had
good speed-power characteristics.
And NMOS technology had poten-
tial for greater improvement of its
speed-power characteristics through
scaling (or shrinking) of the silicon
devices. The result of this scaling
was HMOS (high-speed NMOS),
which accomplished three objec-
tives: increased speed, reduced
power, and increased density.

Over the past 10 years, the re-
duction in transistor size has, at the
device level, increased memory
density by a factor of 64, increased
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speed by a factor of 3, and reduced
power consumption by a factor of
100. However, the scaling cannot
continue ad infinitum because of
resolution limitations of the photo-
lithographic equipment used to
make the circuits as well as break-
down mechanisms within the de-
vices. More important, even before
these limitations are reached, heat
dissipation will prohibit major en-
hancements with NMOS. Heat
generation increases exponentially
with transistor count, and, at den-
sities approaching 150,000 transis-
tors per integrated circuit, special
cooling measures are required. This
heat can accelerate failure mecha-
nisms within the silicon, reducing
device and system reliability. To
hurdle this barrier, low-power de-
vices must be used.

The Importance of
Power Consumption

The development of NMOS was
spurred on by the semiconductor
industry’s drive to produce high-
volume, large-capacity memory de-
vices, for which high density, rather
than low power consumption, was .
the primary concern. As VLSI be-
gan to emerge, however, power
dissipation became a limiting factor
in continued increases in NMOS
packing densities. Thus, the semi-
conductor industry turned to CMOS
as a potential alternative.

CMOS achieves its low power
dissipation through the use of both
p- and n-channel transistors (hence
the name ““complementary’’). Es-
sentially, no DC power is dissipated
in either logical state, and AC power
occurs only during the relatively
short switching period. Because
most circuitry in a complex design
is active only 10 to 20 percent of the
time, CMOS achieves a dramatic re-
duction in power dissipation com-
pared with NMOS, which contin-
ually dissipates DC power whenever
an operating voltage is applied.

Low power requirements are .a
major advantage of designing a sys-
tem that uses CMOS. Reducing
power requirements has a domino
effect that often substantially re-
duces the cost of the end product:
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Figure 1: A comparison of NMOS and CMOS technologies. Figure 1a shows the schematic
diagrams of an inverter as implemented in both NMOS and CMOS. A hypothetical input
waveform and the resulting transistor currents are shown in 1b and 1c.

® low powér allows smaller, lower-
cost power supplies to be used

® power distribution in the system
is simplified
® cooling fans can be eliminated

® printed-circuit boards can be
packed more densely and can thus
become smaller

With smaller power supplies,
denser circuit boards, and no fans,
smaller cabinets can be used, re-
sulting in savings in chassis and en-
closure costs. Also, power fail-safe

and hand-held use become possible
if battery operation is feasible.

Basic CMOS Operation

To truly understand the promises
(and problems) facing both the
CMOS VLSI digital designer and
the CMOS systems designer, one
must first understand some CMOS
fundamentals.

Figure 1 compares the circuit dia-
grams and current characteristics of
both an NMOS and a CMOS in-
verter. The NMOS inverter uses an
n-channel depletion-mode transis-
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tor as the pull-up device (which
drives the output line high) and an
n-channel enhancement-mode tran--
sistor as the pull-down device
(which drives the output line low).
The pull-up transistor is used as a
load; its operation approximates that
of a constant current source. The
pull-down transistor is used as the
switching device; when active, it
discharges the load, and when in-
active it lets the pull-up charge the
load. MOS loads are primarily ca-
pacitive and include the parasitic
capacitances of the inverter itself,
interconnect capacitances, and the
thin-oxide capacitances of all the
gates the inverter is driving.

Let’s note several characteristics
of an NMOS inverter. When the
pull-down device is turned on, it
not only has to sink the current
from the capacitive load, but it also
has to sink the current supplied by
the pull-up load device. Even in the
quiescent state this current compo-
nent from the pull-up device still
exists. Because logic gates spend
most of their time in the quiescent
state, this quiescent current ac-
counts for up to 90 percent of the
total power dissipated in NMOS
VLSI designs; the remaining 10 per-
cent is switching or dynamic power.

A second related characteristic is
that the inverter’s output voltage in
the low state, V; is dependent on
the ratio of the impedances of the
pull-down and pull-up devices. This
ratio affects the noise margin and
switching speed and is generally
around 4:1. Such a ratio results in
a Vg, on the order of 0.2V t0 0.3 V.
It also causes asymmetric switching
characteristics: the fall time of the
inverter is significantly faster than
its rise time.

The CMOS inverter uses a p-
channel enhancement-mode tran-
sistor as the pull-up device and an
n-channel enhancement-mode tran-
sistor as the pull-down device. In a
CMOS inverter, both the pull-up
and pull-down transistors are used
as switching devices. When the in-
put changes from low.to high, the
p-channel device shuts off and the
n-channel transistor discharges the
load. When the input changes from
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(3a) p-well (original)

high to low, the n-channel device
shuts off and the p-channel transis-
tor charges the load. While almost
all current from the CMOS inverter
is used to charge or discharge the
load, a small current component
does not flow through the load.
This is a result of the fact that both
the p-channel and n-channel tran-
sistors are on for a short: period of
time during the input voltage tran-
sition. This current component is
typically less than 10 percent of the
total inverter current, though it de-
pends greatly on the rise and fall
times of the input signal. '
With no quiescent power com-
ponent, a CMOS inverter’s dy-
namic power dissipation represents
only a small fraction of an equiva-
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Figure 3: Cross sections of transistors formed by each of the four major CMOS processes.
Figure 3a is a p-well bulk CMOS transistor; figure 3b shows an n-well bulk device; figure
3¢ is an example of a twin-tub bulk CMOS transistor; the transistor in figure 3d is formed

- using silicon-on-sapphire technology.
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lent NMOS inverter's power dissi-
pation. Also, the CMOS inverter is
a ‘ratio-less” design, having only
one transistor active after an input
transition. This lets Vy, go all the
way to ground potential, resulting
in better noise tolerance than NMOS
inverters. It is also a simple matter
to design CMOS circuits with out-
puts that have equal rise and fall
times. While this is important in
some circuits, it is generally not
taken advantage of in VLSI designs
because it requires greater chip area.

For NMOS and CMOS technolo-
gies with similar transistor dimen-
sions and gate oxides, gate delays
are essentially identical. The speed-
power products for such a set of
NMOS and CMOS technologies are
shown in figure 2. This graphically
illustrates the tremendous power
advantage CMOS offers when used
in high-performance VLSI designs.

While CMOS' enjoys significant
electrical advantages over NMOS,
it does have a cost disadvantage.
One small factor is the larger num-
ber of process steps needed to fab-
ricate a CMOS device. More signif-
icant is the larger die required
because CMOS has lower gate
density.

CMOS Technologies

Figure 3 shows the four major
CMOS technologies in use today:
p-well bulk, n-well bulk, twin-tub
bulk, and silicon-on-sapphire (SOS).
P-well CMOS uses a p-type diffu-
sion into an n-type bulk silicon sub-
strate to form an n-channel transis-
tor. The p-channel transistor is built
directly in the bulk. This is the orig-
inal CMOS technology, which has
many years of good performance
and reliability behind it.

The n-well CMOS process starts
with a p-type substrate. N-type ma-
terial is diffused into it to form the
n-well in which p-channel devices
are built. N-channel devices are
built directly in the bulk substrate.
An n-well CMOS process is usually
derived from an advanced NMOS
process. It also permits a highly op-
timized n-channel transistor, which

yields a slight performance advan-

tage over a p-well CMOS process.



Twin-tub CMOS combines n-well
and p-well technologies by diffusing
both an n-well for the p-channel tran-
sistor and a p-well for the n-channel
transistor. The twin wells are usual-
ly formed in a lightly doped n-type
substrate. While it is a slightly more
complex and costly process than
either n-well CMOS or p-well CMOS,
twin-tub CMOS has the advantage of
being able to optimize the perfor-
mance of both the n-channel and p-
channel devices. Thus, this process
gives the highest overall performance
of the bulk CMOS technologies.

The highest performing CMOS
technology is SOS. Silicon islands are
grown on an insulating sapphire sub-
strate. N-channel or p-channel tran-
sistors are then built on the islands.
High performance is achieved due to
the significant reduction of parasitic
capacitance. SOS also offers good
gate density because no parasitic
bipolar transistors are around to
cause a phenomenon called latch up.
Unfortunately, SOS devices are dif-
ficult and expensive to manufacture.
For example, unused sapphire wafers
cost approximately 10 times more
than bulk silicon wafers.

‘While CMOS suffers a cost penal-
ty of about 20 percent due to process
differences, it generally suffers more
significantly because of die size.
(While processing steps have a linear
relationship with cost, die size has an
exponential relationship.) CMOS
dies are larger than equivalent
NMOS designs even when aggres-
sive transistor scaling is employed.
Three major factors contribute to this:
the area used in trying to prevent
latch up, CMOS logic-gate structure,
and static design techniques.

Latch Up Prevention

Bulk CMOS" technologies have
parasitic bipolar transistors that, if
improperly biased, can cause a phe-
nomenon called latch up. This poten-
tially destructive action results from

triggering an SCR (silicon-controlled -

rectifier) formed by the transistors
and can cause extremely large cur-
rents to flow. Figure 4shows the con-
struction of the parasitic SCR in an
n-well bulk CMOS device.
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Figure 4: Parasitic SCR in bulk CMOS can cause latch up. Figure 4a shows how the parasitic
transistors are formed in the silicon; figure 4b is a diagram of the equivalent circuit.

Two well-defined conditions must
exist before latch up can occur. First,
for the SCR to be triggered, IR.., or
IR,., must be greater than or equal to
0.7 V. This forward-biases the base-
emitter junctions of the parasitic
bipolar transistors. Second, to sustain
the latch up condition, the product
of the Bs (gains) of the two bipolar
transistors must equal at least'1.

In order to minimize the chance of
one of the SCR’s transistors being for-
ward-biased, every attempt is made
to reduce the resistance values as
much as is feasible. This has the ef-
fect of requiring significantly larger
injected currents before the SCR can
be triggered. To reduce the resistance
values, guard rings are used in the cir-
cuitry. (Guard rings are low-resistiv-
ity connections to the supply voltages
placed around the CMOS p-channel

space between n-channel transistors
and p-channel transistors (thus
reducing the gate density). To some-
what minimize this effect, particular-
ly sensitive areas (like VLSI com-
ponent’s I/O pins) are heavily guard
ringed, while the more protected in-
ternal circuitry is less so.

‘A less controllable method of pre-
venting latch up is to try and de-
crease the @s of the parasitic tran-
sistors. While the vertical pnp tran-
sistor’s 8 is set by the process design,
the lateral npn transistor is more
directly controllable. Its 3 can be dras-
tically reduced by increasing the n-
well-to-n+ diffusion spacing (or p-
well-to-p+ diffusion spacing in p-
well technology). This method re-
duces the 8 by increasing the width
of the transistor’s base. While this is

. an effective way of decreasing the

and n-channel transistors.) While .

guard rings reduce the SCR bias
resistor values, they also increase the
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gain of the parasitic structure, it also
reduces the gate density.
In bulk CMOS technologies, to
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Figure 5 A compdrison of typical logic gates in NMOS and CMOS form. Figure 5a is an
NMOS NOR gate, while figure 5b is a CMOS version; figure 5c is an NMOS NAND gate,

and figure 5d is a CMOS version.

give absolute protection against latch
up is not only tremendously expen-
sive in silicon area, but it is also vir-
tually impossible. CMOS designers
sacrifice area to ensure there is
enough margin in their design to
protect it from latch up in normal op-
erating-system environments.

Logic-Gate Structures

Gate densities are also reduced in
CMOS because standard CMOS
logic gates are built from more tran-
sistors than their NMOS equiva-
lents. Standard CMOS logic-gate
design has a 1:1 ratio of n-channel
transistors to p-channel transistors.
For example, the two input gates
shown in figure 5 take four transis-
tors in CMOS and only three in
NMOS. The relative density de-
creases as the number of inputs in-
creases. For example, three-input
gates require six transistors in CMOS
and only four in NMOS; four-input
gates require eight transistors in

CMOS and only five in NMOS, etc.
As a matter of fact, it is rare to have
a standard CMOS gate with more
than three inputs because the self-
loading and the transistor stack
make the structure inefficient in
both speed and area. On the other
hand, it is not unusual in NMOS to
have gates with as many as eight
inputs.

Static Design Techniques

A final reason for the lower CMOS
gate densities is the use of static
logic (modern VLSI NMOS micro-
computer designs rely heavily on
dynamic circuitry). Dynamic
circuitry essentially uses a small ca-
pacitor as a latch to store logic val-
ues. This technique saves both area
(by reducing the number of transis-
tors in a gate) and power (by reduc-
ing the number of gates in struc-
tures like latches, flip-flops, shift
registers, etc.). Employing dynamic
design can reduce an NMOS latch’s
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area by 30 percent and its power
consumption by 50 percent.' How-
ever, the problem with dynamic cir-
cuitry is that the capacitor used to
store the logic value is leaky and
will, over time, discharge and lose
its data. This is the same problem
faced by dynamic memory désign-
ers. The solution is to periodically
refresh the capacitor, which forces
a minimum operating frequency to
be adhered to. :

CMOS can also use dynamic cir-
cuitry, especially to increase the ra-
tio of n-channel transistors to p- -
channel transistors. Because static
CMOS designs have a 1:1 ratio of
n-channel to p-channel transistors,
being able to increase this ratio will
have the effect of giving CMOS a
higher gate density (but the mini-
mum operating-frequency charac-
teristic of dynamic circuitry often
conflicts with the CMOS potential
of absolutely minimizing power).
Therefore, while true static CMOS
design does give the lowest possi-
ble power consumption (by allow-
ing the device to operate at fre-
quencies all the way to DC),
dynamic CMOS designs, being more
dense and resulting in smaller die
sizés, tend to be more cost-effec-
tive. Thus, two trends. are devel-
oping in the use of CMOS for VLSI
microcomputer design.

Designers of the next generation
of 16- and 32-bit microprocessors
are choosing CMOS. Here, the goal
is not to operate at the lowest pos-
sible power level but rather to keep
the operating power under a maxi-
mum level for cooler junction tem-

" peratures, higher performance lev-

els, and the ability to use standard
low-cost packages. In these de-
signs, extensive use is made of dy-
namic logic. The ratio of n-channel
transistors to p-channel transistors
is often as high as 3:1.

Designers of 4- and 8-bit single-
chip microcomputers are choosing
CMOS to accommodate a-host of
new portable, hand-held, and ul-
tra-low-power applications. Here,
the goal is' to minimize the operat-
ing power levels consistent with
the performance required by the
application. In the simpler micro-



computers, true CMOS static logic
is used—their simpler structure still
allows a relatively small die size,
while the low-performance appli-
cations ‘they are appropriate for
allow low operating frequencies.
On the other hand, the more com-
plex, higher-performance, single-
chip VLSI components still make
maximum use of static logic but are
forced into dynamic logic for large
arrays to keep the die cost down.

Future CMOS

CMOS will be the technology of
choice for VLSI microcomputer de-
signs. For one thing, with the advent
of hundreds of thousands of tran-
sistors on a die, CMOS is the only
technology that offers a cost-effective

solution to the power-density prob-
lem. : ’

A second and more subtle future
issue is reduced supply voltage. As
MOS transistors continue to be
scaled to smaller dimensions to eke
out further performance and densi-
ty advances, the standard 5V supply
voltage must be reduced, if only for
internal circuitry, to limit substrate
current and hot-electron effects.
CMOS is better suited for lower sup-
ply-voltage operation because its
switch point is a fixed percentage of
the supply voltage. Also, due to its
“ratio-less” structures, CMOS enjoys
better noise tolerance than NMOS,
another important factor at lower
supply voltages.

Finally, CMOS has made and will

continue to make major strides in its
relative cost disadvantage to NMOS.
Where CMOS formerly sold at as
much as a fourfold premium, today
it is selling at somewhat less than
twice the price of comparable NMOS
devices. With its continued use of
standard, low-cost packaging tech-
nology as well as the more creative
use of dynamic circuitry and hybrid
static/dynamic designs, CMOS will
rapidly approach the cost of NMOS.
As a matter of fact, several major
semiconductor manufacturers have
stated that CMOS/NMOS price pari-
ty will occur this decade, and some
manufacturers say it will happen as
early as 1985. When CMOS and
NMOS cost the same, why would
anyone buy NMOS?m

A CMOS S{ngle-Chip Computer:

Intel’s 80C51 is an interesting exam-
ple of how the static logic versus
dynamic logic trade-off was made in
an actual product design. The 8051 is
an 8-bit, single-chip microcomputer
with 4K bytes of ROM, 128 bytes of
RAM, two 16-bit counter/timers,
multilevel interrupt control, 32 1/O
pins, full-duplex UART (universal
asynchronous receiver/transmitter),
and on-chip oscillator and clock cir-
cuits. A die with the sections iden-
tified by functions is shown in photo
1 on page 94.

The CMOS version of the 8051,
called the 80C51, is targeted at a num-
ber of applications that require both
high performance and low power
consumption. In areas like telephony,
automotive control, industrial con-
trol, and portable instrumentation,
the 80C51 operates at or near its max-
imum speed, even if only for short
intervals. (For example, most real-
time applications need an external-
interrupt response time of less than
100. microseconds (us); more de-
manding applications require better
" than 10-us response. ‘Whilé the re-
sponse must be quick, and the inter-
rupt routine executed quickly; the

Intel’s 80C51
by Martin B. Pawloski

B
Normal ’
Vee Supply  Operating- Operating ) Power Down
Voltage Frequency Mode idie Mode Mode
Product| Technology Range Range (lec Max) (lec Max)  (lec Max)
12 MHz Max 24 mA 3 mA 50 pA
80CSt | CMOS  4-BV 12MHzMin  24mA  03mA 50 4A
12 MHz Max 150 mA —_ 20 mA
805t [ HMOS 4555V %5 MHzMn  130mA  — 20 mA

Table 1: A comparison of the CMOS and NMOS versions of the 8051.

processor spends a significant por-
tion of its time idle.)

Once the performance require-
ments of the application are known,
it is possible to specify a minimum
operating frequency. For the 80C51,
a hybrid static/dynamic design was
proposed that allows a minimum die

_ size and includes various modes of

operation to minimize power con-
sumption.

.+ First, the only areas of the design

that were made dynamic were the
(very large) ROM and Control arrays.
These arrays contain almost 50,000
transistors and constitute a major
portion of the die. By making them
dynamic, an area savings on the
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order of 40 to 50 percent was accom-
plished. '

Second, the processor, all the pe-
ripheral functions, the RAM, and the
1/O ports were made static. This al-
lowed two modes of operation other
than normal operating mode: Idle
mode and Power Down mode.

Because in many applications the
processor does nothing more than
wait for an event to happen, in the
Idle mode the major clocks of the de-
vice are stopped and only smaller an-
cillary clocks operate to drive the:
peripheral counter/timers, external-
interrupt control, and the serial chan-
nel. When one of the peripherals
generates an interrupt, the processor



clocks are restarted and instruction
execution resumes in the interrupt-
service routine. The Idle mode
reduces power consumption by
almost an order of magnitude.

In Power Down mode, all the clocks
inside the device are shut off and
only the internal 128 bytes of RAM
are “kept alive”” The only current
consumed is a minute amount due to
pn-junction leakage. Static logic was
designed in the peripheral sections in

order to support this mode because -

no clocks are available to refresh
dynamic logic. In both the Idle and
Power Down modes, special provi-
sions are made for the dynamic cir-
cuits in the ROM and Control areas
to enter a pseudostatic condition that
prevents any extraneous power con-
sumption due to voltage drift on ca-
pacitive storage nodes.

Table 1 compares the NMOS 8051
to the CMOS 80C51. The 80C51, de-
signed in Intel's HMOS-derived n-
well process called CHMOS, is less

than 10 percent larger than the
NMOS design and consumes only 15
percent of the normal operating
power. More significant power sav-
ings are possible by operating the
80C51 at lower frequencies or by
using the Idle mode.

Martin B, Pawloski (5000 West Williams Field
Rd., Chandler AZ 85224) 15 involved in the prod-
uct planni ion, and impl ion of both
NMOS and CMOS single-chip microcomputers at
Intel Corp.

A Look

The fast-growing portable-com-
puter market is placing severe de-
mands on semiconductor memory.
For optimum system performance,
these components must limit their
power dissipation to suit battery
operation and backup, and they must
achieve the high data bandwidths
and increased speeds needed for fast
processing and high-resolution
graphics. As the market reachés a
projected $4.8 billion level by 1987 (a
tenfold increase over 1982 levels),
these requirements will combine to
fuel ‘the use of high-performance
CMOS dynamic RAMs.

One architecture that can'increase
the speed of a CMOS dynamic RAM
incorporates static-colurnn address
decoders: static circuits perform the
selection of the column address of
the RAM. Previously, this architec-
ture has not been used with dynamic
RAMs because of the increased
power consumption of the static cir-
cuits over that of the dynamic cir-
cuits, -and the advantage 'of low
power consumption would have
been lost. But with CMOS, the in-
creased power consumption is neg-
ligible.

Memory-device Architecture
RAMs are organized internally as
rows and columns of storage cells.
Data access occurs at the intersection
of a row address and a column ad-
dress. In dynamic RAMs, the row

at CMOS Dynamic Memory

by Joe Altnether

and column addresses are multi-
plexed to reduce package size and pin
count: the row addresses are clocked
into the device with the RAS (row ad-
dress strobe) signal, causing one row
of data (1 bit from each of the 256 col-
umns in a 64K-bit dynamic RAM) to
be fed into the 256 internal sense
amplifiers. (Because of the low inter-
nal signal levels, each column must

have an associated sense amphﬁer to.

sense and restore memory-cell data.)
Next, column addresses are pre-
sented to the device and clocked into
it with the CAS (column address
strobe) signal. These column ad-
dresses are then decoded to select
one of the 256 bits. Faster access and
cycle times are obtained within a row
(or “page”) after the first access to it
because the 256 bits within the row
continue to reside in the sense ampli-
fiers and need not be refetched. Re-
applying only column addresses,
then, in what is known as Page Mode
operation, provides fast serial ac-
cesses and can increase cycle times by
a factor of 2.

The CMOS dynamic RAM can in-
corporate static-column circuits to
provide performance equivalent to
that of high-speed static RAMs. With
CMOS, the static-decoding circuits
reduce the internal number of clocks
by a factor of 3, eliminating the need
to allow for setup and hold times of
signals with respect to clocks and the
need to compensate for timing skews
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due to process variances. With static-
column circuits, precharge times are
drastically reduced (in Page Mode
operation of the Static-Column-mode
device, precharge time is reduced
from 30 nanoseconds [ns] to 5 ns).
This precharge time reduction and
the faster access times typically in-
crease the memory’s bandwidth to 20
MHz. (Performance of memory dis-
cussed here is based on the experi-
mental 64K-bit CMOS dynamic RAM
that Intel presented at the ISSCC
conference in February 1983.)

With static-column architecture,
two different types of Page Mode
operation are possible: Static Column
mode and Ripplemode. Static Col-
umn mode uses the RAS line and
row addresses in the conventional
manner, but once the row has been
selected, data can be accessed mere-
ly by changing column addresses. As
with a static RAM, column addresses
must remain stable and valid for the
entire address access cycle. Access
time is measured from column ad-
dresses rather than the occurrence of’
CAS. (Typically, access from column
addresses is 30 ns; from CAS, it is 10
ns.)

In operation, CAS is used to place
the output in a high-impedance state
or to activate an output buffer. CAS
can be held active during the entire
page cycle. In fact, it is possible to
keep CAS permanently active (i.e.,
grounded). During a write cycle,



however, addresses as well as data
are latched by CAS or WE, whichever
occurs last. Operation is identical to
that of an NMOS dynamic RAM in
this case. This action ensures that the
data is written into the proper mem-
ory location.

Although Static Column mode
provides fast, easy accesses, speed at
the system level is limited by how fast
addresses for the next cycle become
valid; the time to generate and stabi-
lize the addresses must be added to
the cycle time. Increased system
speed can be obtained by using Rip-
plemode. With this mode, static-
column circuits are again used to ob-
tain access from valid column ad-
dresses, but the addresses are latched
on the falling edge of CAS, removing
the requirement for addresses to re-
main valid throughout the entire cy-
cle. As aresult, during the current cy-
cle addresses for the next cycle can
be set up or pipelined.

Column addresses enter the RAM
through the internal address latch.
This latch, controlled by CAS, pro-
vides flow-through operation. When
CAS is inactive, the latch is open, and
addresses pass through continuous-
ly to the static-column decoders. Any
change in address is transmitted im-
mediately to the decoder. Conse-
quently, access to the RAM is again
measured from valid column ad-
dresses. The latch captures the cur-
rent address on the fall of CAS, per-
mitting the system address to change
while the access occurs. CAS also
serves as an output-enable on the
data output. Static Column mode
and Ripplemode both permit con-
tinuous data streams up to 20 MHz:

CMOS technology and static-
column architecture provide more
than low power consumption and
high bandwidth: In.addition, static-
column decoding simplifies system
design by eliminating critical timing
relationships while providing higher
system speed. Access from column
addresses gives usable speed for
single random accesses within the
RAM. Also, the CMOS. technology
enhances reliability by incorporating
a mechanism to significantly reduce
soft errors. Finally, increased stored
charge creates larger internal signal

levels, which can more easily be dif-
ferentiated from noise. As a result,
the CMOS dynamic RAM has wider
operating margins and system reli-
ability is improved.

Power Consumptlon .

At the system level, dynamlc mem-
ory has three components of power:
active, standby, and refresh. The
system’s power consumption is de-
fined as

P=V(MI, +KI;+NI)

where P = system power, V = volt-
age (5.5 V worst case), I, = active cur-
rent, I, = standby current, Iz =
refresh current, M = number of ac-
tive devices, K = number of devices
in standby, and N = total number of
devices.

CMOS reduces the first term, the
active current, relative to NMOS by
a factor of 2. In addition, the lower
active current reduces supply voltage
transients, 'thus simplifying
printed-circuit-board design and
reducing decoupling-capacitor
requirements.

The second term, standby current,
is also reduced by a factor of 2 at TTL
input levels. Driving the RAS signal
to a CMOS level (Vpp—0.5 V) places
the device in a low-power-standby
mode and typically draws 10 micro-
amperes (pA)—a factor of 50 reduc-
tion over NMOS!

Refresh current, the third term in
the equation, is cycle-time depen-
dent. Current increases with the fre-
quency of refresh. In dynamic RAMs,
data is stored on a capacitor that must
be replenished or recharged every 2
or 4 milliseconds (ms). This refresh
time is a function of the stored charge
and the leakage current. With the
CMOS dynamic RAM, the cell stor-
age capacitance is 0.125 picofarad (pF)
compared to 0:040 pF to 0.085 pF in
an NMOS dynamic RAM. This low

. capacitance, coupled with lower leak-
- age currents, permits the CMOS re-

fresh period to be extended to 64 ms
in standby.

. Atthe standard 128 refresh cycles/2
ms (equivalent to a 15.625-us refresh
period), the NMOS device draws
about -4.8 milliamperes (mA) and
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asymptotically approaches the stand-
by ‘current of 4 mA as the refresh
period approaches infinity. Even
eliminating refresh entirely only re-
duces the current to 4 mA, which is
only a 16 percent improvement. As a
result, extending NMOS refresh does
not significantly reduce the system's
power consumption.

Contrast this characteristic to the
improvement CMOS offers. At 15625
ps, the CMOS dynamic RAM draws
approximately 10 percent of the
NMOS current, or 042 mA at TTL
levels. Extending the refresh period
reduces the current asymptotically to
the standby current of 0.05 mA. At a
64-ms refresh period, the current is
reduced to 0.15 mA, a 300 percent re-
duction. When battery powered, the
CMOS system has a 10 times longer
life than does the NMOS system, and
an extended refresh mode offers
another fivefold improvement. A
256K-byte CMOS memory can retain
data for nearly one week on only AA
nickel-cadmium (nicad) cells—more
than sufficient for most portable
systems.

High-Speed
Applications

Ripplemode and Static Column
mode are ideal for applications in-
volving high-speed buffers, telecom-
munications, and graphics. Bit-
mapped graphics systems would
seem to be a natural fit with Page
Mode operation. However, this was
not always the case. Prior to the In-
tel 2164A 64K by '1-bit NMOS
dynamic RAM, it was difficult to, re-
trieve all 256 bits within a single row.
of memory because of the RAS-low
time limitation of 10 ps. Even with a
Page Mode cycle time of 125 ns, to
retrieve all 256 bits would require 32
us—three times longer than allowed.
The 2164A extended the RAS-low
time to 75 us, permitting the extrac-
tion of all 256 bits during a single
Page Mode cycle.

At the end of the cycle, the device
cannot be reaccessed again until after
a certain off-time allows internal’
nodes to be precharged to be ready
for the next cycle. As a result, the
2164A can stream data at greater than




a 7-MHz rate continuously. This func-
tion matches the timing and opera-
tion of low-performance, bit-mapped
graphics memories. One 2164A, for
example, can map all the data for the
256 by 256 matrix of a graphics dis-
play. During the horizontal scan time,
the RAM performs a Page Mode cy-
cle and one full line is displayed.
During retrace time, the memory
must be refreshed and can be up-
dated with new data if required. This
type of update is relatively slow; con-
sequently, it limits the speed of
animation on the-screen because the
processor has access to the memory
only 25 percent of the time.

To increase resolution, more lines,
each with more pixels, must be used.
By performing two sequential Page
Mode cycles from two different
RAMs, pixel densities to 512 bits per
line can be achieved. As pixel densi-
ty increases, the memory cycle time
must decrease to paint more pixels on
a line in the same amount of time.
This cycle-time limitation plus the
fact that memory can be updated
only during blanking has precluded
dynamic RAMs from use in
higher-resolution graphics displays.
These systems are usually built with
high-speed, expensive static RAMs.

With Ripplemode, memory update
during screen display time, also
known as cycle stealing, is possible.
As an example, a 512 by 384 display
requires 512 bits/line and 1 bit every
67 ns. Data is read from four memory
devices in a series of eight Ripple-
mode reads each. Data is temporari-
ly stored in a video-output register
file and then shifted to the video
screen at a rate slower than the Rip-
plemode reads. Following this,
enough time is available to perform
an update cycle before the next eight
Ripplemode reads are performed to
continue screen refresh. Eight was
the number chosen to minimize the
time the processor must wait to up-
date the memory. In addition to this
cycle stealing, which updates during
display time, memory updates are
also performed during blanking.
Along with this system, a similar sys-
tem was built using 2164As with Ex-
tended Page Mode operation. Each
system used an iAPX 86. processor

and similar software. A comparison
of both systems showed the CHMOS
(complementary high-speed metal-
oxide semiconductor) system to have
a 42 percent higher drawing speed.
Animation on the CHMOS system
was vastly improved.

Usable Speed

Memory design using dynamic
RAMs has always been a challenge.
Although multiplexing addresses

does reduce the package pin count

and increase system density, it limits
the access and cycle times in the
system. To access a dynamic RAM,
low-order row addresses are pre-
sented and latched into the dynamic
RAM with RAS. Row addresses must
be held for a period trax after the fall
of RAS to guarantee proper opera-
tion. Next, the addresses must be
changed to high-order column ad-
dresses and latched into the dynamic
RAM with CAS, creating a timing
window tgcp, which is the RAS-to-
CAS delay.

Within this window, the designer
must guarantee row address hold
time, change the addresses, and ac-
count for any timing skew on the
CAS signal. If column addresses are
valid at the maximum specified tzcp,
access time fz4¢ is measured from the
high-to-low transition of RAS.

The cycle time is the sum of the ac-
cess time and the cycle precharge
time fgp. The access time is a function
of trcp, which has contradictory re-
quirements. It must be as long as
possible to simplify system design
and at the same time as short as
possible to enhance system speed.
Cycle time is affected directly by the
length of tee. '

Static-column operation eliminates
the trcp problem. After row addresses
have been latched into the RAM, the
second portion of the access begins
from valid column addresses. In
other words, column access does not
wait for CAS to become valid, but
operates in a fashion similar to that
of a static RAM. This is due to the
flow-through operation of the CAS
latch. CAS serves only to latch the
addresses and to provide an output
enable. Access from valid column ad-
dresses simplifies design by remov-
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ing the CAS signal from the critical
timing path.

Systems using dynamic RAMs are
typically CAS access-limited because
controllers generate timing signals in
discrete clock increments. A CMOS
dynamic RAM system might operate
at 8 MHz without Wait states. Using
any other 64K-bit: dynamic RAM
would require the injection of one or
two Wait states, resulting in a corre-
sponding performance penalty. Con-
sequently, the advantage of higher
processor speed is negated without
the high-speed dynamic RAM. For
systems incorporating either discrete
or LSI controllers, the CMOS
dynamic RAM simplifies the system
design and offers higher system
performance. .

High Reliability

Soft errors are random, nonrecur-
ring failures caused by ionizing radia-
tion present within the environment.
All matter contains small amounts of
radioactive material. Alpha particles
emitted by an IC’s packaging material
can penetrate the enclosed circuit. As
they do so, they generate hole-elec-
tron pairs. Any high-impedance
node in the vicinity sensitive to 1
million electrons may be affected,
because the difference between a 1
and a 0 (known as the critical charge)
is about 1 million electrons. Conse-
quently, data in one cell could change
from a 1to a 0 or vice versa. Correct
data can be rewritten into the affected
cell and the memory will again func-
tion correctly, thus the term “soft
error.”

When first discovered during tests
of 16K-bit dynamic RAMs, soft errors
occurred at a rate five times greater
than catastrophic or hard-error fail-
ures. While device designers worked
to eliminate the alpha-particle sen-
sitivity, systems designers added
error-correcting circuits (ECC), which
increased system reliability, but the
systems were larger and more expen-
sive due to the additional com-
ponents required. Also, the system
had to test and correct the data, slow-
ing the system’s performance. All this
was due to soft errors. Obviously,
what is really required is the elimina-

“tion of soft errors.



CMOS technology offers such a
solution. The CMOS dynamic RAM
cell is built on an n-well in' a p-sub-
strate, ‘creating a ‘p-n junction or
diode at the boundary. When alpha
particles create hole-electron pairs in
a CMOS device, something else oc-
curs. First, the n-well is very shallow,
and the majority of hole-electron
pairs are created in the p-substrate.
Holes cannot transfer across the
reverse-biased p-n junction, which
acts as a barrier to soft-error effects.
Any electrons that do cross the junc-
tion are gathered at the +5V node
away from the storage cell. The prob-
ability that sufficient hole-electron
pairs are created within the n-well
that cell upset could occur is so low
that the soft-error rate of CMOS
dynamic RAMs is typically orders of
magnitude below that of their NMOS
counterparts.

High storage capacitance also plays
arole in the reduction of soft errors.
The number of stored charged elec-
trons representing a 1 or-a 0 is direct-
ly proportional to the storage capac-
itance. Higher capacitance equates

to more stored charge, which in turn
increases the critical ‘charge. The
critical charge is the number of par-
ticles that differentiate a 1 from a 0.
Increasing the critical charge beyond
1 million electrons significantly
reduces the susceptibility to soft er-
rors. This, in addition to the n-well
mechanism, reduces the soft-error
rate to much less than 0.001 percerit
per 1000 hours.

Studies’ were performed to com-
pare reliability of systems with and
without error correction for both
NMOS and CMOS dynamic RAMs.
The results show one surprise: at
256K bytes and below, the CMOS
system without ECC is more reliable

.than the NMOS system with ECC,

because of the cycle-time depen-
dence of soft errors. In small systems,
the memory is accessed more ‘fre-
quently, and the probability of a soft
error is increased. With a soft-error
rate at the very minimum 100 times
less than NMOS, the CMOS
dynamic RAM does not experience
this effect.

Systems below 256K-byte capacities

benefit by the elimination of ECC cir-
cuits from a cost, performance, and
simplicity-of-design standpoint. First,
ECC increases the access time of the
system by 50 ns'to check and correct
data. Assuming a 120-ns RAM ac-
cess, ECC increases the access by 42
percent. Moreover, the penalty on cy-
cle time is even greater, especially
when you are writing a single byte in-
to a 2-byte word. In this instance,
data must be accessed and corrected,
the new byte merged into the word,
and check bits generated. Finally, the
system must write the new data into
memory. Added to this are any sys-
tem-timing skews. As a result, a
200-ns cycle time stretches to a 335-ns
system cycle time or an increase of 68
percent. Therefore, using a CMOS
dynamic RAM not only improves
system reliability but enhances sys-
tem speed and simplicity of design.m

Joe Altnether 1s technical marketing manager at
Intel Corp. (2111 N.E 25th Ave., Hillsboro, OR
97123).

From Inside CMOS Technology by Martin B. Pawloski, Tomy Moroyan, and Joe Altnether appearing in the September 1983 issue of BYTE
magazine. Copyright © 1983 Byte Publications, Inc. Used with the permission of Byte Publications, Inc.
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Modular approach to C-MOS technology

tailors process to application

Despite the proliferation of applications, a few C-MOS process variations
can address the functional requirements of many different products '

by Kim Kokkonen and Richard Pashley, inte/ Corp, Santa Ciara, Calif

O1In the past few years, the interest in complementary-
Mos technology and its applications to new products has
exploded. Traditional arguments for C-MOS center on its
low power dissipation, the large noise margins of comple-
mentary logic, and its simple ratioless design. With the
advent of very large-scale integration, these arguments
are taking on new meaning and importance.

As an example, Fig. 1 compares the performance of
H-MOS (high-performance n-channel MOS ) inverters with
their equivalent in Intel’s C-H-MOS (complementary high-
performance MOS) technology. Though H-MOS’s speed
continues to improve with further scaling, its delay-pow-
er product 1s more than an order of magnitude higher
than a C-H-MOS implementation with identical n-channel
transistors. In a VLSI part with 50,000 gates, C-H-MOS
could mean the difference between 1 and 10 watts of
power dissipation, which might save the expense and
difficulty of a sophisticated cooling system or extend. a
portable system’s. operating time by a factor of 10.

That c-MOS performance i1s now,_on a par with n-Mos
technology has also accelerated 1ts popularity. In addi-
tion, the density of C-MOS circuitry' has improved dramat-
ically with advances in technology. Finally, the number
of process alternatives has grown so large ‘that almost
any integrated-circuit design can be supported w1th avail-
able ¢-M0s technology..

Unfortunately, the’wave .of enthusiasm for C-MOS and
the needs of different applications have multlplled the
number of approaches that’ C-MOs developers are taking.

Several major 1ssues remain in VLSI C-MOS design—name-. '

ly latchup and soft-error prevention, interconnections,
and logic-design techmiques. A bulldmg-block approach

with a limited number of basic process modules can be’

used to create a close-knit family. of technologiés that
squarely addresses these issues and snmultaneously sup-
ports a wide range of applications.

The baﬂs for C-H-MOS

A ﬁrm foundation in n-MOS- tranSIStor physws will”

support the advancement of C-MOS technology. As chan-
nel lengths approach 1 micrometer, n-channel transistors
become more difficult to optimize because the standard

5-volt power supply causes problems with high-intensity

fields. Improperly designed transistors may be unreliable
as a result of hot-carrier injection into gate oxides, or
they may cause less localized problems by njecting carri-
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ers into the MOS substrate—there to bleed charge from
storage nodes or even trigger a destructive latchup.

The resources to develop and verify the reliability of a
1-um n-channel transistor are well established and sub-
stantial. In Intel’s C-H-MOS process, the basic design of
the n-channel transistor is identical to its H-MOS counter-
part, as shown in the table. Even at the more detailed
levels of doping profiles, the H-MOS and C-H-MOS transis-
tors are nearly identical.

Thus a high-performance C-MOS technology may be
born out of an established n-MOS line. The relatively.
simple addition of an n-well in the same high-resistivity
substrate results 1n a C-MOS process that serves as the
basis for several optimized technologies. This is just a
start, however, as other important issues remain.

Latchup has been the traditional nemesis of C-MOS.
Given the presence of parasitic silicon controlled rectifi-
ers within every bulk C-MOS chip, a current pulse of
sufficient magnitude either inside or outside the chip may
cause a catastrophic latchup. Many schemes have been
proposed to combat latchup, ranging from carefully scru-
tinizing the layout (which imposes no burden on the
technology) to a buried layer (which significantly in-

TRADITIONAL
4 um C-MOS
(0.5pd)

STAGE DELAY (ns)
s
T

H-MOS T
(0.2pJ)

C-H-M0S
(004 pJ)

b .~ CHMOSH

001pJ) H-MOS Il
. ©1pd)
0.1 ! L T | 1 1 11
0.01 N 0.1 1.0
POWER/GATE (mW)

1. Power down. Despite the continuous improvement' of H-MOS
(high-performance MOS) by scaling, the delay-power product for C-H-
MOS (complementary-MOS H-MOS) is more than an order of magm
‘tude lower in the typical integrated circuit.
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n-CHANNEL TRANSISTOR COMPARISON substrate’s heavily doped bulk effec-

- tively eliminates the vertically trig-
Technology Gate-oxide | Channel Thrashold Graded drain gered latchup mode, it is possible to
wMOS  C-MOS thickness (&) | length (um) |  voltage (V) profile develop a set of computer-aided-de-
WMOSI  — sign tools that can flag latchup-sensi-
: 700 30 o7 no tive layouts on the largest VLSI chips.

HMOS Il C-H-MOS 400 20 07 o Since grasping the phenomenon of
upsets induced by alpha particles, in

H-MOS Il C-H-MOS Il 250 1.0 0.7 ves 1977, memory designers have takep
care to ensure that enough charge is

creases complexity and processing cost). All have some
degree of effectiveness.

A modular approach to a broad-based line of C-MOS
technologies requires other measures besides mere physi-
cal latchup resistance. The latchup spoiler must be appli-
cable to dynamic random-access memories, erasable pro-
grammable ready-only memories, and static RAMs, as
well as to microprocessors and controllers. In order to
improve latchup resistance, it cannot increase the dis-
tance between n- and p-channel transistors (this con-
straint is most significant in random logic and full C-MOs
six-transistor static-RAM cells). The technique must be
compatible with low-cost and large-volume manufactur-
ing. Finally, the approach must be consistent with the
use of an automated checking algorithm, so that every
gate of a large semirandom logic design need not be
scrutinized for latchup susceptibility.

Epitaxial benefits

Figure 2 shows the margin gained in latchup trigger
current when an epitaxial substrate is used. The epitaxial
substrate brings the same latchup benefits to all product
lines, and in many cases provides additional advantages
such as improved surface lifetimes (for dynamic RAMs)
and reduced dc resistance (for E-PROMs and logic). Epi-
taxial substrates are now available in volume from com-
mercial silicon vendors, adding less than 5% to the cost
of a finished wafer. No additional or exotic fabrication
equipment needs to be installed. Because the epitaxial

400
nTYPE EPITAXIAL
SUBSTRATE ON n* WAFER \
z. 30 T IO EXTERNAL  — sv
E < RESISTOR ——_
™ PR .
€ 200} - - RESISTANCE —
3 ® . ‘
° )
] .
g ! :
L 100 |- i TRIGGER CURRENT
- NONEPITAXIAL
1-Scm SUBSTRATE
1 1 1 1 1 1 1 1 L
) 5 10
n-T0-p SPACING (um)

2. Benefits. By raising the margin of latchup trigger current, an
epitaxial substrate effects a dramatic improvement in combatting
latehup, @ major concern in complementary-MOS chip design.

stored within each cell to minimize
the problem. As critical chip dimensions are reduced,
this problem becomes more severe, however, since both
parasitic and storage capacitances are naturally reduced.
For the latest 1.5-um n-MOS process, stored charge is low
enough to caution even microprocessor designers to
guard against random storage nodes suffering from soft
errors. Fortunately, C-MOS provides a natural barrier
against soft errors if the storage node is located within
the C-MOSs well. ‘

The well junction is reverse-biased by the power-sup-
ply voltage. The electric field at this junction naturally
repels any carriers generatéd outside the well that might
otherwise diffuse up to surface storage nodes. The combi-
nation of the well structure and an epitaxial substrate is
even more effective. Here the funneling mechanism that
usually collapses local electric fields during the passage
of an alpha particle is also minimized. By using epitaxial
substrates and the protection of 'a C-MOS well, the
amount of charge collected during an alpha event can be
reduced by an order of magnitude.

Of course, the designer must arrange for the storage
node to reside within the well. This constraint, combined
with other performance issues, leads to different choices
of well and substrate polarities, depending on application.
For example, in a C-MOS technology that is optimized for
dynamic RAM, the ideal memory cell should have a p-
channel pass gate and a p-channel capacitor located with-
in an n-well in a p-type substrate. The p-channel transis-
tor is chosen because it injects far fewer spurious carriers
into the substrate and thus does not by itself disturb the
state of neighboring cells.

The conductance of the p-channel device, while lower
than that of an n-channel device of the same size, does
not degrade the RAM’s performance, since dynamic-RAM
sensing is limited primarily by the amount of stored
charge. Experimental results with C-H-MOS' dynamic
RAMs based on these principles show a soft-error rate of
less than 300 FIT (failures in time, or device failures per
billion hours) at a power supply of only 3 v. This is an
improvement of more than three orders of magnitude
over traditional n-MOS dynamic-RAM technology and of-
fers the possibility of dynamic-RAM systems that require
no error correction and that are compatible with low-
voltage battery backup.

High-density, high-performance static RAMs present
the other side of the coin. The smallest static-RAM cells
today are built using polysilicon-load resistors that sus-
tain the stored-node voltage. On the time scale of an
alpha ecvent, however, these resistors in effect do not
exist. Because the storage node’s RC time constant is on
the order of milliseconds and the alpha event’s time scale
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is naneoseconds, the cell appears dynamic. In this sense,"

polysilicon-load static-RAM cells are very similar to dy-
namic-RAM cells. The major difference arises in the way

the -cells sense the cell’s information. The static-RAM cell *

provides a direct current, and to maximize the cell’s
performance, that current must be as large as possible
while contained in a minimum area. Thus the chip, de-
signer must use high-gain n-channel transistors for the
cell’s pass gates and pulldowns. For good soft-error pro-
tection, then, the cell must be located in a p-well within
an n-type substrate.

The p-well approach benefits even full C-MOS six-tran-
sistor static-RAM cells. The area of such cells depends
strongly on the distance allowed between n- and p-chan-
nel devices. Using.a straightforward implementation of
epitaxial C-MOs, the p-well approach provides more mar-
gin against latchup at small n+to-p spacings (Fig. 3).
This phenomenon occurs because of the differing diffu-
sion properties of n- and p-type dopants. The heavy
doping in the n-type substrate is less mobile than is the
p-type dopant resulting in less outdiffusion during ther-
mal processing and thus mmlmlzmg the shunt resistance
that controls latchup.

Hooking it up

One of the challenges of C-MOS in logic applications is
interconnection. Designers of n-MOS chips are accus-
tomed to buried contacts, which directly connect n-type
polysilicon and n-type transistor source or drain regions.
Because C-MOS requires contact to both p and n regions,
the traditional n-type buried contact becomes much less
useful, and a version suitable for both diffusion polarities
is quite difficult to implement. This increases the burden
on contact and metallization modules.

For high-density C-MOS logic, the first level of metal is
all but consumed by local connections between p and n
transistors. The payback from adding a second level of
metal for longer-distance routing is very high. A good
example exists for the six-transistor static-RAM cell com-
monly used by logic designers. Figure 4 compares sin-
gle- and double-metal versions. of this cell, both imple-
mented with 1.5-um design rules.

g W R
E 0 TVPE EPlTAXIAL SUBSTRATE
= ON n* WAFER
§
S o
« P TVPE EPITAXIAL SUBSTRATE
‘g ON p* WAFER \
[
* j00} N
1 1 1 1 1 1 ! 1 L

n-TO-p SPACING (um)

3. P-well margin. With an epitaxial substrate, a p-well structure (up-
per curve) yields a greater margin against latchup than n-well at
smaller n- and p-device spacings.

comact etch attacked the silicon substrate or if the con-
tact was. misaligned toward the field-oxide edge, the plug
would rejuvenate the resulting weakened junctions. In C-
MOsS, these same attributes must be obtained differently,
through improved fabrication, cleanliness, new gettering
techniques, improved dielectrics, and tightly controlled
contact etching. Figure 5 shows the difference in imple-
menting a 1.5-um contact structure in n-MOS and C-MOS.

Along with the proliferation of c-MOS technologies has
come a wave of innovation in C-MOS design techniques.
For digital logic, the major contenders for broad use are
full complementary design and domino logic, first pro-
posed by AT&T Bell Laboratories (Fig. 6). For many
applications, traditional C-MOS logic is a winner. It re-
quires no clocks, has larger-operating margins, and uses
fewer transistors. for simple gates. For more complex
gates, however, domino logic uses fewer transistors and
runs faster. The speed results from connecting fewer
transistors in series and reducing gate-fanout loading by

Here the second-metal layer provides
the bit lines for the cell. Similar ar-
guments justify the use of second
metal in global power, clock, and
data routing in complex microproces-
sor chips.

Contacts themselves are more dif-
ficult to build in C-MOs. N-MOs tech-
nology accustomed process engineers
to adding a phosphorus contact plug
after the contacts have been etched.
This plug brought several - advan-
tages: the phosphorus gettered metal-
lic contaminants from the wafer, re-
ducing junction leakage; and .the
high-temperature diffusion ' rounded.
the profile of the contact sidewall,

®)

easing_the step coverage of the metal
subsequently deposited. Further, the:
plug had self-aligning features. If the

Electronics/May 3, 1984

4. Payback. Theuse of double-metal layers for a six-transistor static-RAM cell can produce'a
large savings in real-estate. In two cells implemented with a 1.5-zm design rules, the savings
canamount to one third of the total area: The cell at right uses second-layer metal for bit lines.
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6. Logic. Two major con-

5. Making contact. Contacts are more diffi-
cult to build in C-MOS than in conventional n-
MOS. The phosphorous contact plug used in
n-MOS after contact etching (a) adds desir-
able features such as reduced junction leak-
age and improved step coverage by the metal
layer. To gain the same advantages in C-
MOS requires greater process control (b).

and p-well construction show that
the p-channel’s conductance may be
improved by as much as 10% with
the proper well type.

By contrast, domino logic is at its
best in an n-well technology. Here,
the n-channel transistor dominates
both performance and transistor
count. Placing thé n-channel device
outside the well improves its conduc-
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‘tance and reduces the dominant par-
asitic junction capacitance. Density
also increases because no well con-
tacts are required for the majority of
the transistors. )

The twin-well approach to C-MOS
blurs these distinctions. In this ap-
proach, a high-resistivity epitaxial
layer is grown on a heavily doped
starting wafer. Then the doping for
each transistor polarity may be inde-
pendently optimized without need
for doping compensation. Perfor-
mance arguments based on mobility
or junction capacitance thus become
moot. Nonetheless, domino logic will

up to a factor of two compared with full C-MOs.
Interestingly, the choice of design style influences the
optimal type of c-MOs well. The speed of full C-MOS is
limited by the slower of the two transistor polarities.
Since the trip point is quite close to half the power
supply, the time required for either transistor type to
discharge its load capacitance by about 2.5 V sets the
gate’s speed. Since the p-channel device is the weaker
one, it pays to choose a well type that improves the p-
channel’s conductance. P-well does this because the p-
device is fabricated in an uncompensated substrate and
thus has maximum mobility. Comparisons between n-

still be best on a p-type substrate
(equivalent to n-well) because it does
not require well contacts to collect the large parasitic
substrate currents from the n-channel transistors, thus
improving packing density.

Matching process to product

“These and other technical arguments may be combined
into a consistent strategy (Fig. 7) for creating a line of
C-MOS processes serving a broad marketplace. For at
least the next several years, a complete technology line
must include C-MOS based on both p- and n-type sub-
strates. Fortunately, choosing epitaxial-latchup control
minimizes the development cost of running both process-

tenders for digital logic
design are full comple-
mentary (a) and domino
logic (b). The former re-
quires no clocks and is
simpler for many applica-
tions. Domino logic,
which performs bestin an
n-well technology, is fast-
er and simpler for more (a
complex circuits.

Ao—f Bo—q

Ao—-l
Bo—-‘

out

ouT
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es. Dynamlc RAMs are supported on' the n-well side to
minimize pattern sensitivities induced by substrate cur-

rents while protecting the p-channel cell from soft errors. .

E-PROMs are built in a similar n-well C-H-MOS process.
Placing Intel’s n-MOS E-PROM cell in an epitaxial p-type

substrate eliminates parasitic effects caused by high sub-

strate currents flowing during cell programming.
Microcontrollers land on the n-well side also, so that
they may incorporate on-chip E-PROM cells. Most micro-
controller products come in two versions, one with on-
chip E-PROM for system-development and manufacturing
flexibility, and another with on-chip ROM for lowest cost.

Using n-well C-MOS, a single core design can support,

both versions. Telecommunications and signal-processing
products can also take advantage of the n-well E-PROM
process, both for its high-quality polysilicon-polysilicon
capacitors and for the E-PROM cell’'s programmable fea-
tures. High-performance static RAMs, whether six-transis-
tor or polysilicon-load, can take advantage of a p-well
C-H-MOS process. High-end microprocessors can key off
the dense n-to-p packing and double-metal capability of-
fered by the six-transistor static-RAM process.

Because these processes are modular, development is’
simplified and manufacturing overhead is minimized.
Just as all the 1.5-um C-H-MOS IiI technologies share a
common transistor module, the difficult contact module
was developed once to be shared among all. Specialized
features such as double polysilicon or double metal are
extension$ of the common base.

The future

C-MOS technology is still developing at a frenetic pace.
Surprisingly, the application of some newer techniques
and the demands of next-generation circuits may bring
the various forms of C-MOS closer together, rather than
further splitting the number of integrated processes.

One example of this trend is the development of a
trench-isolation technique for separating n and p devices.
When this module is perfected, there will be no reason to
develop six-transistor static-RAM cells on p-well technol-
ogy. The near-ideal trench isolation will prevent latchup
on either substrate type. Similarly, if stacked C-MOS stat-
ic-RAM cells can be perfected, there will be no need for
polysilicon loads. The stacked C-MOs cell will have the
same density but with improved performance and soft-
error immunity. At that time, twin-well C-MOS on a p-
type substrate, augmented by specialized features for spe-
cific product lines, will become the one approach to a
broad line of C-MOS processes.

Another factor affecting future C-MOS integration is the
continued scaling of transistors. It is well known that the
weaker p-channel transistor-is gradually catching up on
the n-channel device as channel lengths enter the'submi-
crometer region. Eventually, the performance differences
may become so small that p- and n-channel devices will
be used interchangeably. Before this level is reached,
however, the 5-v power-supply standard must be re-
duced. Because of the large base of TTL-compatible de-
signs and the impossibility of converting the world to a
new standard overnight, components operating from the
new reduced supply will need to maintain TTL compati-
bility and also be able to operate in a system that mixes
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7. Tnchnology tree. A relatively small line-of C-MOS process varia-
tions, or modules, can be matched to a wide variety of products to
serve a broad marketplace. The broken lines indicate directions of

. potential future growth.

, . .
older 5-v components with lower-voltage ones. An on-
chip 5-to-3-v converter may bé one way to solve the
problem. This technique, however, will waste up to 40%
of the total chip power within the voltage regulator.

C-MOS technology provides an elegant solution because
it can drive TTL-compatible output levels from a system
power supply as low as 3 v. Since TTL levels are refer-
enced to the negative (ground) rail, the grounded sub-
strate offered by n-well C-MOS is a much-preferred means
of integrating submicrometer transistors into such a sys-
tem. This will be a strong motive to standardize on p-
substrate C-MOS.

A final factor that tends to drive future C-MOS process-
es toward commonality is the growing importance of RC
delays in overall chip performance. The latest high-per-
formance static RAMs use an aluminum strap in parallel
with the polysilicon word line because the RC delay
induced by even the best refractory metal polycides is
several nanoseconds too long. Studies of dynamic RAMs
larger than 1 megabit similarly indicate that refractory
word lines will probably be inadequate, forcing the tech-
nology to support two layers of metal. Combining these
observations with those made previously regarding the
evolution of static-RAM cells leads to the conclusion that
most future C-MOS technologies will have two layers of
polysilicon as well as two layers of metal.

The development of silicon-on-insulator technology is
the one major factor that could renew the divergence of
C-MOS approaches in the future. However, until the quali-
ty of SOI substrates is adequate to support dynamic RAM
and E-PROM cells, and not just static logic, it will not
play a major role in a broad-! based and modular technol-
ogy stra(egy
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CHAPTER 24
ADVANCED PACKAGING

24.1 Introduction

Today, system designers using LSI and VLSI devices are
continuously facing problems associated with achieving
the highest system performance level and most complex
functional level of a particular system application in the
smallest physical size possible. Until recently the available
solutions to these device problems were limited to the
traditional standard dual-inline-package (DIP) based on
100mil center-to-center lead spacing and flat packages
(FP). Today, these device problems are being solved in
a number of new ways; DIPs based on 50 mil center-to-
center lead spacing, surface mounted small outline DIP,
surface mounted chip carriers, surface mounted gull-wing
flat package and pin grid arrays. Among these possible
solutions the two that are emerging as the next standard
IC packages for LSI/VLSI devices are the surface mounted
chip carrier and the pin grid array.

24.2 What Are Surface Mounted
Chip Carriers?

The chip carrier is ‘basically the business portioﬁ of a DIP.
Chip carriers are available in two general types: leadless
and leaded. -

., The leadless chip carrier construction is accomplished in

much the same manner as the multi-layer ceramic DIP
package, but it is missing the side-brazed legs and much
of the ceramic surrounding the die cavity area. Instead,
it consists of a ceramic package with I/O pads on all four
sides, a die cavity area, metalization traces to the I/O
pads, and a hermetically sealable lid. Leadless chip car-
riers are available in either square or rectangular package
outlines. The leadless chip carrier can be attached to a
board surface either directly, by socketing, or by the ad-
dition of add-on leads.

The leaded chip carrier construction is accomplished also
in much the same manner as the plastic DIP package, but
has leads that are bent down and under the package on
all four sides rather than like the DIP. It is also missing
much of the plastic surrounding the die platform and con-
sists of plastic material encapsulating the die platform with
/O pads or leads on all four sides. The plastic leaded chip
carrier is available in square or rectangular package out-
line, that can be attached to a board surface either directly
or by a socket.

Chip carriers are registered JEDEC standard packages.
The standard is based upon two basic package types, one
with 50mil center-to-center terminal spacing, the other
with 40mil spacing. Each package: type was developed

with certain application in mind, such as mounting meth-
ods, board material, thermal characteristics and external
features. Intel’s Microcontroller Operation offers two va-
rieties of JEDEC packages, both with 50mil spacing, a
square ceramic leadless type and a square plastic leaded

type.

In addition to these mechanical packaging advantages,
there are also electrical benefits. The package arrangement
of the chip carriers I/O pads, on all four sides, allows for
package traces to be shorter and more uniform in length.
This allows lower resistance, less capacitance and less
inductance, resulting in higher system performance and
improved switching characteristics.

24.3 Why Chip Carriers?

Figure 24.1 shows the differences between the surface
area (in?) versus pin count of both a ceramic dip and a
ceramic leadless chip carrier device. Note that an 18-pad
chip carrier offers a 57% saving in area. As the pin counts
increase, the chip carrier surface area advantage becomes
significantly more obvious. This space efficiency allows
the system designer to increase the number of components
on a board or decrease the overall board size and, thus,
the overall system size.
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Figure 24.1. Package Area
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Figure 24.2. Package Area

Figure 24.2 shows the. differences between the surface
area (in2) versus pin count of both a plastic DIP and a
plastic Leaded Chip Carrier device. ‘As can be seen, the
savings in area is also as significant as the pin count
increases, allowing the same system benefits.

However, the biggest advantage a ceramic chip carrier has
over a ceramic dip is in its weight. Figure 24.3 shows the
difference between the weight (grams) versus pin count
of both ceramic DIP and ceramic Leadless Chip Carrier.

144
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For an 18-pin count, there is a 77% weight saving and as

" the pin counts increase to 28 and to 48, this weight savings

increases to 90% and 95%, respectively. In the case of
the plastic leaded chip carrier, the weight savings over a
plastic DIP is noticeable but not significant. However, it
is in the ability to decrease the board size and, thus,
economizing on material and weight reduction that the
significant advantage exists.

24.4 What Are Pin Grid Arrays?

The Pin Grid Array is basically a combination of the
ceramic DIP and ceramic Leadless Chip Carrier. The Pin
Grid Array construction is accomplished in much the same
manner as the multi-layer ceramic DIP, but it is missing
the side-brazed legs and much of the ceramic surrounding
the die cavity. Instead, it consists of a ceramic package
with leads coming off the bottom in rows or circular pat-
terns. The Pin Grid Array is available in square package
outlines with lead spacing of 100 mils and can be attached
to a board in the same manner as a DIP.

Pin Grid Arrays are being propo'sed as JEDEC standard
packages and will have from 1 to 10 nested rows of legs
and may have a die cavity mounting area oriented up or
down.

24.5 Why Pin Grid Array?

Figure 24.4 shows the difference between the surface area
(in?) versus pin count of both a 50 mil spacing chip carrier
and a 100 mil spacing Pin Grid Array device. Note that
at approximately 68 pins and above the Pin Grid Array
becomes a better solution for higher pin count require-
ments than the chip carrier. In addition, the 100 mil lead
spacing and through board mounting' technique provides
customers with an assembly technology that is familiar.
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CERAMIC LEADLESS CHIP CARRIER
All dimensions in inches and (millimeters)
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JEDEC Package Type C
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CERAMIC LEADLESS CHIP CARRIER
All dimensions in inches and (millimeters)”

44-Leadless Hermetic Chip Carrier
JEDEC Package Type C
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PLASTIC LEADED CHIP CARRIER
All dimensions in inches and (millimeters)

© 44-Leaded Chip Carrier

JEDEC Package Type C
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MCS®-51 Family
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»

- o~ -
Pinouts " T S S $ : 5 8 8
MCS©®-48 Family e x = B z » b & & &
AENERERERAERERERERERENERER
Ys) 1s! lal 13l l2! T4l laal la3l la2) ja1] a0
La Ld Lo owg oo L L2 Lo Lo Lo ws
wr | 7] P24
F—a 1
EAL 8, P17
b __9_} P18
psEN | 10 ] P1s
wrfi] P1a
45 1
NC | 2, 80C49/39* ne
ALE "15] P13
080 ' 14 ] P12
b — —~
08, | 15 ) P11
08z } 16,
08y [ 77 ] . Voo
R R s
18l M9l [20) (210 Ti22 123l 24! i25) 126] 127 28
\_ [ T ] ] i [ | I} [
P SN T TN NN VPO CHN VAN N WA JUU SO Y U Y SO S WA N S I
- w @ - o @ o
g § £ 46 § ¢ 8 §F § B ¢
o~ -
E 5 5 o 9 8 % o
|g (3 x > - x ;" ; & § a
P24
P17
P16
P15
P14
NC
P13
P12
P11
P10
Voo

i 4 4% ¢85 Y E 3
a

*Top View Looking Through Package

24-7



ntel ADVANCED PACKAGING

CERAMIC PIN GRID ARRAY

All dimensions in inches and (millimeters) .

68-Pin Hermetic Pin Grid Array
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Pinouts
MCS®-96 Family

(17 15 1311 9 7 5 3 1 N\

18 19 16 14 12 10 8 4 2 68

20 21 67 66

2 2 65 64

24 25 63 62

% 27 MCS®-96* 61

28 20 50 58

0 31 57 56

32 33 55 54

34 36 38 40 42 44 46 48 50 53 52

35 37 39 41 43 45 47 49 51
\ J/
MCS®-96 Pin Table

PIN SYMBOL PIN SYMBOL PIN SYMBOL PIN SYMBOL
1 ACH7/P0.7 18 ADO/P3.0 35 READY 52 HSI2/HSO4
2 | ACHe/POS 19 | AD/P3.1 36 | T2RST/P2.4 53 | Hsi
3 | AcHzPo2 20 | AD2P32 a7 |BHE 54 | Hsio
4 | AcHopoo 21 | AD3P33 38 | W 55 | P14
5 | ACHIPO.1 22 | AD4P3.4 38 | Pwmp2s 56 | P13
6 | AcHaPO3 23 | ADSP3S 40 |p27 57 | P12
7 | Nm 24 | ADG/P3.6 41 |ves 58 | P11
s |EA 25 | ADTIPAT a2 |vss 59 | P10
s |vec 26 | ADB/P4.0 4 | wHso3 60 | TXD/P2.0
10 |vss 27 | ADOPa 44 | HsO2 61 | RXD/P2.1
1 | xTau 28 | AD10/PS2 4 |p2s 62 | RESET
12 | xraLz 20 | AD11/P43 4% | P17 63 | EXTINT/P2.2
13 |ckour | 30 |Ap12Pas a7 |p1s 64 | vPD
14 | TEST 31 | AD13/PasS 8 |P1s 85 | VREF
15 | INsST 32 | AD14/P46 49 | Hso1 66 | ANGND
16 | ALE 33 | ADIS/PA7 50 | HSOO 67 | ACH4/PO.4
17 |#D | 34 |T2cLip2s 51 | HSI3/HS0S 68 | ACH5/POS

* Top View Looking Through Package

24-9







ALABAMA
Intel Corp
5015 Bradford Drive
Suite 2
Huntsville 35805
Tel* (205) 830-4010
ARIZONA:
Intel_Corp
11225 N. 28th Drive
Suite 214D
Tel (602) 869-4980
Intel
1161 ﬁomﬁl Dorado Place
Suite :W
Tucson 85
Tel (602) M'S
CALIFORNIA:
Intel
ﬂSIchpuwon Street
Cmo?n“oPuk 91303
Tel' (818) 704-8500
Intel Corp
2250 E Impenal Highway
Sute 710 Y
90245

(213) 840-6040
1510 % 9Wsl‘v. Sutte 101
Sacramento 95815
Tel (916) 920-8096
intel Corp

4 Executive Drve
Suite 150

San 92111
(619) 4D 5880

Intel Corp *

2000 '5881 4th Street

Tel (7|4 835‘9642
TWX  910-595-1114

ZﬂMdI

Tol (%3 74&3130

56-1199

EMC
222 Smr Street

tamford 06901

Tel (203) 327-2934
FLORIDA

242 N Westmonte Drive
Sulte 105

Aftamonte S 32714
Tel. (305) 869-

Intel Oow

1500 NW 62nd Street
Sutte 104

Ft. Lauderdale 33309
Tel (305& 771-0600
TW)X  610-956-9407

DOMESTIC SALES OFFICES

FLORIDA (Cont'd)
Intel an
11300 4th Street South
g:".mwxﬂ"o 33702
Tel: (813) 577-2413
GEORGIA/
Intel
m%ﬂm Parkway
Suite 200
lorcross 30092
Tel (404) 448-0541
I.Im

intel Corp *
2550 Gulf Road
Suite 815

981-7200
1-6881

INDIANA
Intel_ Corp.
8777 Purdue Road
ﬁ\%ﬂmn::ol?h 46268

fa
Tel (317) 875-0623
IOWA
intel Corp,
St Andrews Buildir
1930 St Andrews
Cedar Rapids 52402
Tel (319) 393-5510
KANSAS
Intel Corp
8400 W 110th Street
Suite 170

riand Park 66210
Tel (913) 642-8080
LOUISIANA

o (W)was&m ms Cop

MARYLAND

Intel Corp *

;321 Féukwuyrome South
Tel (301 2‘;)972'7500
T™WX 7!&-562-19“

Intel Corp

7833 Walker Drive
Greenbelt 20770

Tel (301) 441-1020

7071 Orchard Lake Road
ite 100
West Bloomfield 48033
Tel (313) 851-8096
MINNESOTA
Intel Corp
3500 W_80th Street
Suite 360
(6 PR
Toix 910-576-2867
MISSOURI
intel Cop. -
4203 Earth resswa
] City Expre y

Earth 63045
Tel. (314) .291-1990

NEW JERSEY

Intel Ooa‘

Mﬂ ]

Td (20‘ 2253000

NEW MEXICO -
Intel

5500% Boulevard NE.
ilhuq 20905 87112

Tel: (505) 202-8086

l" VOHK

300 Vandovbm Motor Parkway

Toi :5‘ 231»3800

-227-6236

sw%pw Park

15 Comers Road
Wi Falls 12590
Tel  (914) 207-6161
TWX  510-248-0060
Intel Corp *
211 White SPN;. Boulevard
1462:
Tel. (716& 424-1050
TWX  510-263-7391
e
Smcmm
Tel (SISA_ 463-8592
TWX  710-541-0554
Prttsford-Victor Road
14564
Tel. (716) 924-9101
TWX: 510-254-8542
NORTH CAROLINA
Intel Corp
2700 Road
Suite w
27607
(919) 781-8022
OHio
Intel .
',
(51 890-
TWX 81 450-252!
rin- . No 300
e S
Cleveland 44122
Tel. (216&4464-2736
TWX  810-427-9298
OKLAHOMA
Intel Corp.
4157 fzauuvud Avenue
Tulsa 74135
Tel. (918) 749-8688
OREGON
Intel Corp
10700 SW Beaverton
Hillsdale
Suite 22
rton
Tel (503&‘8413086
TWX: 910-467-8741
PENNSYLVANIA-
Intel Corp *
455 Pennsyivania Avenue
Fort Washington 19034
Tel (215&_&4!—1000
WX: 510-661-2077
Intet N
400 P'M(:orp Center Boulevard
Suite 610
jh 15235
Tel (412) 823-4970

Houston 7
Tel (713)988—942(

Intel
313 ECOTmevm Lane
uite 314

Austin_ 78752
Tel (512) 454-3628

UTAH

intel
5361 Giton swoet
Salt Lake Ciy 84123
Tel (B01) 263-8051
VIRGINIA
intl Corp.

109
Richmond 23288
Tel (804) 282-5668
WASHINGTON

Santa Rosa Road

Intel .

110 1%&7 Avenue NE.
Suite 510

Bellevue 98004

Tel. (206) 453-8086
TWX ~ 910-443-3002

Intel Cor,

408 N‘ bunln Road
Spokane 99206
waﬂ?) 928-8086
'WISCONSIN

450 mw'ydopo Road
Gmmﬁory Park 1|
Tel. (414) 784-8087
CANADA
ONTARIO

Intel Semiconductor of Canada, Ltd
Suite 202, Bell Mews

Repea 1GH ‘82

Tel. (613) 829-9714

TELE)(( 853-4“5

Intel Semiconductor of Canada, Ltd
190 Attwell Drive

Rexdale M9W 6HS
Tel (416) 675-2105
TELEX 574

QUEBEC

Intel Semiconductor of Canada, Ltd.
ge?: Cote Vertu Rd

ui

210
St. Laurent H4R 1v4
Tel (514) 334-0560
TELEX 24172

*Fieid Application Location



Huntsvil
Tel (205) 837-7210
TWX. 810-726-2162

tPioneer Electronics

1207 Putnam Drive NW
lle 35805

Tel (205& 837-9300

TWX: 810-726-2197

ARIZONA

1Haml!lon/Avrm Electronics
5 Madhon Drive

Tﬂ (60%2- 23! 5“0

Distribution Group
8155 N 24th Avenue

x 85021
ol (602) 249-2232
TWX * 910-951-4282

CALIFORNIA/ .

Arrow Electronics, inc

21 Weddell Drive

Sunnyvale 94086

Tel (4003 45-6600
10-339-9371

TArrow
19745 Dumom
Chat
Tel (2|3&' 701-7500
TWX  910-493-2086
Arow Electronics, Inc
236‘ Dow Avenue

in_92680
TQI (714& 838—5422
TAvnet Elacllom:a
350 Mcconmg( Avenue

626
(714) 754-6051
TWX  910-595-1928

tHamilton/Avnet Elecvomm
1175 Bordeaux

Sunnyvale 94086
Tel (408) 743-3300
TWX * 910-339-9332

tHamilton/Avnet Elecvonm
0501 Plummor‘

- 1
TWX( 9!&-‘94-2207
Pirgrog bed
Sacramento 95834
Tel (916) 920-3150
Hamitton/Avnet Electronics
3002 G St
Ontano 91311
Tel (714) 989-9411
Hamilton/Avnet Electronics
19515 So Vermont Avenue
Torrance 90502
Tel (213) 615-3913
TWX  910-349-6263

fHamilton

10912 W We
Culver City 2023
Tel (ZISA‘“SSB-Z‘SS
TWX * 910-340-6364
tHamitton Electro Sales
3170 Pullman_Street
Costa_Mesa 92626

Tel (714) 641-4150
TWX * 910-595-2638
Hamilton Electro Sales
9650 De Soto Avenue

Chatsworth 91311
Tel (818) 700-6500

DOMESTIC DISTRIBUTORS

CALIFORNIA . (Cont'd)
Kierulff _Electronics, Inc
14101 Frankiin Avenue
Tustin . 92680

\’cl (7|4 73‘-5711

Electroni
5650 .lmaon Avenue
Commerce 9004
Tel (2'3& 725-0325
TWX 9

frere m”#"ﬁ" e

714 M&w
TWX ( 910-695-1572

Wyle Disinbution Group
e Son Center Drive
Rancho Cordova (95670
Tel (916) 638-5282

Distribution Group
ke Drive

3

71
335-1590
w Dlslhbuﬂon Gleup

Tel (Aoe& 727-2500

%o Tm Avenue
ne 92750

2
T 14) 851.09
Tox Tsibsrvenr

Systems
s o
Hummynn Beach 92649
Tel ( 14& 861-9953
WX 910-595-2642
COLORADO

tWyle Distribution G
451 E 1241 4Avenu;wp

Thornton 80

Tel (3038 457-9953

TWX  910-936-0770.
aﬂnmlm/Avnm Electronics
76 Orchard Road

Englewood 80111

Tel* (30(3 740-1017

TWX * 910-935-0787

CONNECTICUT

tArrow Electronics, Inc

12 Beaumont Road

Wlﬁlng'ord 06492

Tel (: 03&4285-7741

lemunm/Avrm Electronics
Industral Park

Dlnbur‘ 06810
Tel (2 ?4797»2800
TWX * 710-456-9974

alk

(203)
TWX 7 -458—3373
FLORIDA

tArrow Elecironics, lnc
|00| NW 62nd Street

ale 33309
T (306 7750
TWX  510-955-9456

tHamilton/Avnet Electronics
6801 NW 15th Way

FLORIDA (Cont'd)
Hcmmon/Awm Electronics
BMMIN

Tel (gg

TWX 81 53-0322
;Puoneer Electronics

21 N Lake Boulevard
Suite 412

Alta Monte Sprir 32701
Tel: (3058‘33

TWX  810-853-0284
IP Electronics

500 62nﬂ Street N.W
Sute 506

Ft Lauderdale 33309

Tel (305) 771-7520
TWX 5 9653
GEORGIA

LAm Electronics, Inc
979 Pacific Drve
Norcross 30071

Tol. (404) 449-8252
TWX * 810-766-0439

tHamilton/Avnet Electronics.
5825 D Peachtree Corners

Norcross 30092
Tel (404& 447-7500
TWX * 810-766-0432
Pioneer_Electronics
58358 Pogpmru Corners E
Norcross 30092
Tel (404& 448-1711
TWX  810-766-4515
ILLINOIS
Arer Electronics, Inc

. uin _ Street
su-umm%smss .
Tel (312& 7-3440
tHnmmm/AvM Electronics
1130 Thordale Avenue

Bensenville
Tel. (312) 860-7780
TWX  910-227-0060

Igéo‘mer Electronics
k Grove Vill 60007

Tel (312) 437-

TWX  910-222-1834
INDIANA

rrow  Electronics, Inc
718 Rand Road

462 1

(317) 4&9353
M, 810-341-3119
tHamilton/Avnet Electronics
485 Gradle Drive
Carmel 46032
Tel (3‘7&844-9333
TWX ~ 810-260-3966
tPioneer Electronics

08 leplace Drive
Indianapolis 46250 .,
Tel (3‘7&_ 849-7300
TWX  810-260-1794
KANSAS
gH-mlnnn/Avul Electronics
219 Quivera Road
Overland Park - 66215
Tel (9\3& 888-8900
TWX  910-743-0005

Tel (301 995—0003
TWX  710-236-9005

tHamilton/Avnet Electronics
6822 Oak Hall Lane

Col mbia 21045

Tel (001 985-3500
WX 710-862-1861
tMesa Technols Corporation
16021 Industrial 7r7m

Tel (301&"5434350
TWX: 710-828-9702

1 Electronics
9100 Gaither Road
20877

MASSACHUSETTS
tAmow Emnu inc

Yo ey 935810
Toix 3050770

wnmmn/kmn Electronics
Tower Office Park

Tel (a|7mgg‘$0700

o

™X 71&-383‘0862
tPioneer Northeast Electronics .
t:x.?m"""‘"'oaﬁ‘a"‘“'
Tel (617) 863-1200
TWX * 710-326-6617
MICHIGAN

tArrow Elactronics, Inc
3810 Varsity Drive
Ann Arbor 48104

Tel (313& 971-8220
TWX * 810-223-6020
tPioneer_Electronics
13485 Stamford

Livonia 48150
Tel. (313) 526-1800
TWX  810-242-3271

tHamilton/Avnet_Electronics
32487 Sd\oolerlll Road

Livoria

Tel (313) 522-4700

WX: 810-242-8775
tHamilton/Avnet Electronics
2215 29th Street S.E
Space A5

Grand Rapids 49508

Tel (616) 243-8805

TWX * 810-273-6921
MINNESOTA

tArrow Electronics, Inc.
5230 W. 73rd Street
Edina 56435

Tel (612) 830-1800

TWX * 910-576-3125
fHamilton/Avnet Electronics
0@00 Bren Road East
Tol ( 534
(9‘20) 576-2720"/

thm

10203 Bren Road East

Minnetonka 65343

Tel (612&—593&54«

TWX * 910-576-2738

MISSOURI

Arrow_ Electronics, Inc
Schuetz

?'u (314 6536‘7‘-16888
TWX. 91&-764—0882

13743 Shorgine Gour
Tel (a1 Z 344.1200
TWX. 910-762-0684

NEW HAMPSHIRE
tArow Electronics, Inc
1 Perimetor n%u
Manchester 03103

Tel: (603& 668-6968
TWX: 710-220-1684
NEW JERSEY

Arrow  Electronics, inc

tHamilton/Avnet Electronics
1 Keystone Avenue
Hill 08003
(609) 424-0110
K4l
fHamilton/Avnet Electronics
10 lnﬂ“ﬂﬂl'

Td (2!]'!&~ 57&3330

_ tMicrocomputer System Technical Demonstrator Centers



NEW JERSEY (Cont'd)

tPioneer Northeast Electronics
45 Route 46

55 %10
710-734-4382
Sy Sales
3 e
Fairfield 07006
Tel (201) 227-5552

me 9'710' sewomcs

06
Td (SOSE 785-‘500

NEW YORK

tArrow Electronics, Inc
25 Hub Drve

Melville 11735

Tel (516) 694-8800
TWX * 610-224-6126

7705 Drive
Lwer;

Tel (315& 852-1000
TWX  710-545-0230

fArow Electronics, Inc
20 Oser Avenue
11788
Td” 5 2311000
-227-6623

THumnon/Avmt Esctronci
333 Metr

Rom 14623

Tel (716&' 475-9130

TWX * 510-263-5470

};‘amlhon/Avm Electronics

E S 13057

Tel {5“?& 437.2641

TWX * 710-541-1560

tHavmmnon/Avnet Electronics
island 11747

Tet (

TWX  510-224-6166

T Sy

Vestal 1

Tel (907&‘ 74&82“

West
Island 11797
7&1 (51 921 700
TWX  510-221-2184
tPioneer Northeast Electronics
840 Fawport Park
Tel (716) 381-7070
510-253-7001

n_ 11050
1-6200
10-223-0846

DOMESTIC DISTRIBUTORS

NORTH CAROLINA
fArrow _ Electronics, Inc
40 Greendairy Road

T toigy 876-a1a2

TWX 51’&-928-‘855

tHamilton/Avnet Electronics

3510 Fi

Tel (919) 878-0819
TWX 51 1836

-0366

Electronics, Inc
w

Centerville

Tel (613) 435-
810-459-1611

32 1 Electronics, Inc
Cochran Road

Solon 44139

Tel (216) 248-3990

TWX  810-427-9409

{Hamilton/Avnet Electronics
954 Senate Drive
Dayton 45459
Tel (513) 433-0610
TWX  810-450-2531
?Hammn/kvnm Electronics
7y lrﬂ\mﬂnl Parkway
44128

Tel (216} 33‘

810-427-9452

tPton
4433 lmevpoun Bouevard
5424

Tel: (513) 236-9900
810-459-1622

1Pm r Electr
4800 E 131st
Tel (216) 587-
TWX 8‘0—42222"
OKLAHOMA

tArrow_Electronics, Inc
4719 S Memorial Drive

Tulsa 74145
Tel (918) 665-7700
‘OREGON

tAlmac _ Electronics Oovporahon
2 SW Ntmbut Bidg

e o Sas070
TWX  910-467-6743

{Hamilton/Avnet Electronics
6024 SW_Jean Road
Bidg C. 10

Lake Oawogo 97034

Tel (503) 635-7848

TWX  910-455-8179
PENNSYLVANIA
gAnow Electronics, Inc
50 Seco Road
Monroeville 15146

Tel (412) 856-7000
tPioneer Electronics
259 Drive
Pﬂlﬂbul?h 15238

Tol (41 2&. 782-2300
TWX  710-795-3122

PENNSYLVANIA (Cont'd)
Pioneer Electronics
Glm«nr Road
TOI (215) 674-4000
&M 5-6778
TEXAS
tArrow_Electronics, Inc
3220 Commander Drive
Carrolton 75006
Tel (214) 380-6464
TWX. 9 377

TArrow Elecunnm. inc
2227 W_Braker Lane

Austin_78758
Tel (512) 835-4180
_TWX  910-874-1348

“tHamiton/Avnet  Electronics
2401 Rutiand
78757
(512 837-8911
74-1319

tHamilton/Avnet Electronics
I2(“ W7 Walnut Hill Lane

1[::”0(214& 659-4100
TWX  910-860-5929
gﬂamnhon/Avm Electronics
50 West Park
Hosuton 77063
Tel (719& 7801771
-881-5623

fPlomv Electronics
Bumst Road

Tel (5‘2 3854000
TWX  910-874-1323

tPioneer _Electronics
13710

Dallas 75

Tel (214&838&73(»
TWX  910-850-5563
tPioneer Electronics
5853 Point West Drive
Houston 77036
Tel (7|3g 988-5555
TWX  910-881-1606
UTAH

{Hamiiton/Avnet _Electronics
1585 West 2100 South

Salt Lake Cﬁg 84119
Tel (801‘&‘ 972-2800
TWX  910-925-4018
Drstrit Group
Soum 4|334Ws!t, Unit B
Tol (80\) 974-9953
WASHINGTON

: c_Electronics Corporation
GGSOSEEaslgatew-
Bellevue 98007 Y

Tel (206&4643 -9992

TArmow onics, Inc
14320 NE st Street
Bell 98007

m'”(z“ﬁs 643-4800 '
&w-zon
‘tHamilton/Avnet Electronics

14212 NE 21st Street

Tel (2068 453-5874
TWX * 910-443-2469

1Amow Elecroncs, Inc
15 assona

TOI (414) 764-6600
910-262-1193

gnmn/ﬁmﬂ Electronics
Road

53151
‘I‘d (414&'278824:350

CANADA '
ALBERTA

tHarmiton/Avnet Electronics
2816 215t Street NE

Tel (203) 230-3586
TWX * 03-827-642

AN
gdg 14th :venue NE
Tel ‘(703) 272:1021
BRITISH COLUMBIA
Zentronics
108-11400
Richmond VEX 1
Tel (604) 273-5575
TWX  04-5077-89
MANITOBA
£oD"ary sveat

R3H OS1
Tel (204) 775-8661
ONTARIO
Hamilton/Avnet Electronics
6845,
Units G & H
Mississauga L4V 1R2
Tel (416) 677-7432
TWX * 610-492-8867
Hamilton/Avnet Electronics
210 Colonnade Road

Nepean L5
Tel (613) 226-1700
TWX  05-349-71

Zentronics

8 Tibury Court
Brampton L6T 3T4
Tel (416) 451-9600
TWX  06-976-78

Zentronics

564/10 Weber Street North
Waterloo N2L 5C6

Tel (519) 884-5700

Zentronics
155 Road
unit 17
K2E 7K1

Tel (613) 225-8840
TWX  06-976-78 .
QUEBEC
Hamilton/Avnet Electronics

70 Sabourin Smsl
Tel (514) 33‘»6443
TWX- 610-421-3731
Zentronics
505

Street
St Laurent H4T 1X7
Tel (514) 735-5361
TWX  05-827-535

System Techrical



BELGIM

intel Corporation S A

;‘n’:du i Papier 51
in a

Boite 1

Ta oo
TELEX: 24814
DENMARK “

Intel Denmark A/S*®
81~3n1Fbof

DK.
Tel: (01) 19 80
TELEX' 19567
FINLAND
Intel Finland OY
SF - 00550 Helsinki 55
Tel: 0/716 955
TELEX. 123 332
nwu

SARL'
kg
Silic 223
94528 Rungis Cedex
Tel (01) 687 22 21
TELEX 270475

EUROPEAN SALES OFFICES -

FRANCE (Cont'd)

intel Corporation, SARL.
immeuble BBC

4 Quar du Etroits

89005
Tel () MZ 40 89
TELEX. 305153

WEST QERMANY
Intel Semiconductor GmbH*
Sedistrasse

lunchen 2

- D-8000 M
Tel (69) 53891

TELEX 05-23177 INTL D
Intel Semiconductor GmbH®
Strasse 75
Wiesbaden 1
Tel (61%13 70 08 74
TELEX 04186183 INTW D
intel Semiconductor GmbH
Bruacksirasse 61
7012 Fellbach
W

1) 58 00 82
TELE)(Z‘ )254828 INTS D

iTH D

Intel Semiconductor Ltd.*
PO Box 1659

Hafa

Tel® 4/524 261

TELEX 46511

ITALY

Intel Corporation Halia *
Milanofiori, Palazzo E e
20094 At;nzoo {Milano)
Tel. (02) 824 00 06
TELEX' 315183 INTMIL
NETHERLANDS

Intel ’;Sdemlwnd% :‘l:deﬂlnd BvV*
Marten mw 93

3068 Rotierdam

Tel (10) 21 23 77

TELEX' 22283

NORWAY

Inte! A/S
PO Box

N-2013

Sk’aﬂm
Tel. (2) 742 420
TELEX ' 18018

8
Calle Zurbaran 28
Tel' (34) 1410 40 04
TELEX: 46880

uctor AG*
'mm rasse 17
8|52 Glmb postfach
CH-8065 Z(

Tﬂ (Ol) ;29 29 77

i (UK)» Lid.*
Swindon, Witshre SN 1RJ

Tel (0753) 488 388
TELEX 444447 INT SWN

*Field Application Location

EUROPEAN DISTRIBUTORS/REPRESENTATIVES

AUSTRIA
sm Eukuonbcbe Geraste GmbH
TELE)((&%SS? BASAT A
‘BELQIUM
Ineico
Ave. des Croix dc Guerre 94
B1120 Brussels
Tel* (02) 216 01 60
TELEX 25441
DENMARK B
i MdﬂKmnPonm A/S
DK-2800 Gloskup
Tel. 502) 45 66 45
TX 33356
FINLAND

Fintronic AB

24 A

SF-00210
Helsinki 21
Tel (0) 692 60 22
TELEX 124 224 Ftron SF
FRANCE

Ganadm
Am d‘ G %&PB@

o ) Sor 7878
TELEX" F691700

SA
16, Avenue Jean-Jaures
y-Le-Roi
Tel: (1) 853 12 00
TELEX, - 260967
~La Tour d' Asnieres
4, Avenue Laurent Cely
(1) 790 62 40
611-448
Cite des Bruyeres
% Carle Vernet B.P 2
Tel (1) 534 75 35
TELEX 204562

Bad Camberg
Tel (06434) 231
. 484426 JERM D

OES Com) Electronics S
i puter ystems

-Ulzburg
e Tol jours )Aoze

Munich 21

Tel (se) 57 30
TELEX D 5213‘39

Proelectron Vmbs GmbH
Mnx Planck Strasse 1-3

D'ﬂdoﬁ bei Frankfurt

Tel (61%%9%3564
TELEX 417983

Micro Markets
Glenageary Park

Glenag
Co Dublin

Tel' (1) 85 62 88
TELEX /31584
ISRAEL
Eastronics Ltd

11 _Rozanis_Street
P.O Box 39300
Tel Avv 61390
Tel (3) 47 51 51
TELEX ~ 33638

| 20154 Milano
Tel. (2) 34 97 51
TELEX ' 332332
Intesi

Milanotiors Pal E/S

%I:.M (02) 82470
TELEX 311351

NETHERLANDS
Koni Hartman
K ok 30
Box 43220
25«
Tll 3 §70%B2|0|0!
NORWAY
Nordisk E!ekvonlc (Norge) A/S
Postoffice Box 1:
Smedsvingen 4
1364 d
Tel. (2) 846 210
TELEX 17546
.,
m
nentes E Electronica LDA
uel Bombarda, 133

P1000
Tel. (18) 545 313
TELEX 14182 Brieks-P

SPAIN N

Interface S A
Av_Pompeu Fabra 12
08024 Barcelona

Tel (3) 219 80 11
TELEX 51508

T SESA '
Miguel Angﬂ1 21, 6 Piso
Tel (34) 14 1954 00
TELEX 27461

Tsl (8) 635 040
10547

Telko AB '
Box 1

§-161 26 Bromma
Tel (8) 98 08 20
TELEX 11941

'
SWITZERLAND
Industrade AG
uemstmm 31
CH-8304 Walhiselien
Tel _(01) 830 50 40

TELEX 56788 INDEL CH
UNITED KINGDOM
Bytech_Ltd
Unit 57
Szney. Reading
Tel' (0734) 61031
TELEX 848215
Comway" Mi ms Lid
Market ysW
UK-Bracknell, Berkshire
Tel 44 (3424& 56333
TELEX: 847201
Jeﬂgn Incluwm
savsnom
Tel (0732) ° 150144
TELEX 95142
MEDL
East
Nm\h Wem

Middiesex 7l
Tel: (190) 49307
ELEX 28817

Rapid Recall, Ltd
m House/Denmark St

g land HP11 2ER

(0498 26 2n .
8379

VMAVIA N \

R kaoebwonm Enterprises.
PO Box

»CaMom 95150

Tol 408/078-8000
TELEX 278-559



AUSTRALA
intel Australia ude
Address)

X 571

North Sydney NSW, 2065
(Shipping Address)
%&uﬂm Building

Level 8

Crows Nest, NSW, 2065
Tel' 011-61.2-957-2744
TELEX -2009

FAX  011-81-2.957-2744
HONG KONG

Intel Semiconductor Ltd.*
:701—3 Centre
Tel' 011-852-5-215-311
TWX 60410 ITLHK

INTERNATIONAL SALES OFFICES

JAPAN (Contd) *

Intel Japan KK.
1-5-1 Marunoychi

Chiyoda-ku, 1
Tel: 03-201»30‘270 .
KK*

-Ku,
26-22":‘:‘”

Intel
1-23-9

L Kmac\n n
ol 044<733-7011

intel Japan K.K.
-1_Shibahon-cho

hizuoka-Ken 411
el  0569-72-4121

KOREA

Seou 150 5. VounodengeoKu

;& 011-82-2-784-8186 or 8286
EX. K29312 INTELKO

SINGAPORE .

Intel -Semiconductor Ltd

101 Thomson Road

Fined 1130, ‘

Tel: 011-65-2507811

TWX: RS 38921

CABLE. INTELSGP

*Field Application Location

INTERNATIONAL DISTRIBUTORS/REPRESENTATIVES

VLC SRL.
Sarmiento 1630, 1 Piso

1042 Buenos

Tel _011-54-1-35-1201/9242
TELEX. 17575 EDARG
Agent

International Corporation
15 Pllk Row Room #1730
New York 10038
Td (2|2) 40&3052

TEI.EX AA 3126‘

otal Electronics
PO Box 139
Artarmon, NSW 2064
Tel _011-81-02-438-1856
TELEX 26297
BRAZIL
05110 AsA 3650-6 Andar

v

Swum
Tel 011-55-11-833-2572
TELEX 1122274 ICOTBR
CHILE
DIN
( Address)
Av. . _MacKenna 204

6055,
Tel 011-56-2-277-564
TELEX' 352-0003
Srggoho Address)
&1 Greenville c’crm
3801 Kennett

Pike
., Delaware 18807

Phao

WX 39114 JINMIHX
Schmidt & Co, L

18/F Great Euh Centre
Wanchar

Tel 011-852-5-833-0222
TWX 74766 SCHMC HK

Micronic Devices
D V G Road

Bangalore 560004
Tel 011 91-812”63
TELEX 011-5847 MDEV

Micronic _Devices

104/109C Nirmal industrial Estate
Sion (E)

Bombay 400022

Tel, 011-91-22-48-61-70

TELEX: 011-71447 MDEV IN
R-694 New Nager
New Delhi 11

mmhk Immnond Inc  {Agent)
;85

Sunnyvale, CA 94086
Tel (408). 7338767

Kitakyushu
Tel: 511-6471
T Reckv Trzs-t6

JAPAN (Cont'd) B
Electronics Japan Lid

Hamifton-Avnet

YU and YOU Bidg. 1-5-7 Horidome-

monbuh Chuo-Ku, T 103
(03) 662-9911 ohro

TELEX 2523774

Ryoyo Electric Corporation

Konwa Bidg.

1-12-22, Tsukip

ChuoKu, Tokyo 104

Tet (03] 543-7711/541.7311

Electron Lid.

Tel. (03) 34;
TELEX. 2522 LABTEL 9

20d_ Fioor, Govemment Pension Bidg.

244. ‘Yoido-Dong

Tol 0"-62-2-782-8009
LEX- KODIGIT K25299

i Qo
Td (7|4) %u

TWX: 194715 KORAM DIGIT LSA
NEW ZEALAND

459 ‘a;.'m T.al\oloqy Lﬁ
Td 011-84—0-”551“ ztzn"‘s'«')fw 687-
TELEX. NZ21570 THERMAL
PAKISTAN

MW L.
Defense

Karachi-46
Td 0"42—21»630»306/7
4434 GAFAR PK

PAKISTAN (Cont'd)
Norlzlmfulringco Inc  (Agent)

"20 m Strest NW
C.

Lid.
100 Flaor oA Wi Skorey Complex
Telok Blangahi Pasic

(3]
11-86-271-3163
- RS23987

Electronic Buiiding Elements, Pty, Lid.
PO. Box 4609

Pretoria 0001

Tel' _011-27-12-46-9221

TELEX 3-22786 SA

TELEGRAM. ELBILEM

TAIWAN

Mitac_Corporation

3rd ﬂoor '75 sm 4
TWMI-COS—Z 771»0940 0841

TELEX 11942

Ifhmlloﬂdlﬂcw)
3385 Viso Court ¢

*Fieid Application Location



063t
Tel: (203) 748-3130
FLORIDA
1500 N.W. 62nd Street
Suite 104
FL Lauderdale 33309
Tel: (305) 7710600
TWX' 51 07

DOMESTIC SERVICE OFFICES

Norcross 30092
Tel. (404) 4411171
HLINOIS

intet Corp.

2550 Golf Road

Suite 815

ﬁollh& Meadows 60008
Tet: IZ&. 9817205
TWX. 910-253-1825
KANSAS

intel
uoowpuom Strest
Suite l70

Overiand Park 66210
Tel: (913) §42-8080

s

Corp.
Sth Floor Product Service
7833 Walker Drive
Greenbeit 20770
Tel: (301) 441-1020

MHCHIGAN

intel

7071 mo:m Lake Road
Suite 100

Waest Bioomfieid 48033
Tel: (313) 851-8905

Edison

Tel: (201) 225-3000
NORTH CAROLINA
Intet
chv.fp
Greensboro_2

Tel (819) 294454!

mmw‘,

- i

oneaon

A (533457@7« .

520003? Elam Young Parkway
Tel (503) 681-8080
PENNSYLVANIA:

intet

201 P(‘:‘fnp Center Boulevard
Suite 301 W

PMI??' 15235

Tel: (313) 354-1540

TEXAS

intel .
313 E Lane
sm :m

Tol 1
(5 2&74 1347

ntel Corp
‘12“ Ford Road
Suite 380 .

P Sar.s087

Toix 10.660.5017

WASHINGTON

At

Intel Corp

110 110th Averve NE.

Suite’ 510 .
98004

Tol 1-800-525-5580

TWX: 910-443-3002

wucom '

ammw 63005
Tel (414) 784-8087




~ L

UNITED STATES ) : |
Intel Corporation ’ ;
3065 Bowers Avenue . : |
Santa Clara, CA 95051 ‘

- JAPAN b 2 Sl

Intel Japan K.K. AL
5-6 Tokodai Toyosato-machi ;
Tsukuba-gun, Ibaraki-ken 300-26

Japan 7%(?..\ :

FRANCE' = W RN .

Intel : T e ¢ L
5 Place de la Balance | / V)
Silic 223 ST i [ ’
94528 Rungis Cedex " :
Fra/’nce LR | ‘[ |
UNITED KINGDOM 1 ; : T
Intel \ : ‘
Piper’s Way : |

Swindon
Wlltshlre, England SN3 1R]

WEST GERMANY | ‘ f
Intel ‘ ; : “i‘{

Seidstrasse 27 : ; g e
D-8000 Munchen 2 TR : 4
West'\Germany : j
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