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frequency stability, but also involves start-up time and 
steady-state amplitude. There may also be temperature 
effects in the resonator and amplifier. 

It will be helpful to build a test jig that will allow the 
oscillator circuit to be tested independently of the rest 
of the system. Both start-up and steady-state character­
istics should be tested. Figure 25 shows the circuit that 
was used to obtain the oscillator start-up photographs 
in this Application Note. This circuit or a modified ver­
sion of it would make a convenient test vehicle. The 
oscillator and its relevant components can be physically 
separated from the control circuitry, and placed in a 
temperature chamber. 

Start-up should be observed under a variety of condi­
tions, including low vee and using slow and fast vee 
rise times. The oscillator should not be reluctant to start 
up even when vee is below its spec value for the rest 
of the chip. (The rest of the chip may not function, but 
the oscillator should work.) It should also be verified 
that start-up occurs when the resonator has more than 
its upper tolerance limit of series resistance. (Put some 
resistance in series with the resonator for this test.) The 
bulk capacitors from XTALI and XTAL2 to ground 
should also be varied to their tolerance limits. 

The same circuit, with appropriate changes in the soft­
ware to lengthen the "on" time, can be used to test the 
steady-state characteristics of the oscillator, specifically 
the frequency, frequency stability, and amplitudes at 
XTALI and XTAL2. . 

As previously noted, the voltage swings at these pins 
are not critical, but they should be checked at the sys­
tem's temperature limits to ensure that they are in good 
health. Observing these signals necessarily changes 
them somewhat. Observing the signal at XTAL2 requires 
that the capacitor at that pin ,be reduced to account for 

XTALl 
or 

XTAL2 ,6 
I 

�~ �\� TO 
'o----i---I ... OSCILLOSCOPE 

JUMPER FOR 
GATE PROTECTION 

11K 

--
-5V 

Figure 26 - MOSFET Buffer for 
Observing Oscillator Signals 
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the oscilloscope probe capacitance. Observing the signal 
at XTALl requires the same consideration, plus a block­
ing capacitor (switch the oscilloscope input to AC), so 
as to not disturb the De level at that pin. Alternatively, 
a MOSFET buffer such as the one shown in Figure 26 
can be used. It should be verified by direct measurement 
that the ground clip on the scope probe is ohmically 
connected to the scope chassis (probes are incredibly 
fragile in thi's respect), and the observations should be 
made with the ground clip on the VSS pin, or very close 
to it. If the probe shield isn't operational and in use, the 
observations are worthless. 

Frequency checks should be made with only the oscil­
lator circuitry connected to XTALI and XTAL2. The 

. ALE frequency can be counted, and the oscillator fre­
quency derived from that. In systems where the fre­
quency tolerance is only "nominal," the frequency 
should still be checked to ascertain that the oscillator 
isn't running in a spurious resonance or relaxation mode. 
Switching vee off and on again repeatedly will help 
reveal a tendency to go into unwanted modes of 
oscillation .. 

The operation of the oscillator should then be verified 
under actual system running conditions. By this stage 
one will be able to have some confidence that the basic 
selection of components for the oscillator itself is suit­
able, so if the oscillator appears to malfunction in the 
system the fault is not in the selection of these 
components. 

Troubleshooting Oscillator Problems 

The first thing to consider in case of difficulty is that 
between the test jig and the actual application there may 
be significant differences in stray capacitances, partic­
ularly if the actual application is on a multi-layer board. 

Noise glitches, that aren't present in the test jig but are 
in the application board, are, another possibility. eapac­
itive coupling between the oscillator circuitry and other 
signals has already been mentioned as a source of mis­
countS in the internal clocking circuitry. Inductive cou­
pling is also possible, if there are strong currents nearby. 
These problems are a �~�n�c�t�i�o�n� of the PCB layout. 

Surrounding the oscillator components with "quiet" 
traces (Vee and ground, for example) will alleviate 
capacitive coupling to signals that have fast transition 
times. To minimize inductive coupling, the PCB layout 
should minimize the areas of the loops formed by the 
oscillator components. These are the loops that should 
be checked: 

XTALI through the resonator to XTAL2; 
XTALI through eXI to the VSS pin; 
XTAL2 through eX2 to the VSS pin. 



It is not unusual to find that the groundeq ends of ,eXt 

and CX2 eventually connect up tp the VSS pin only after 
looping around the farthest ends of thebpard. Not good. 
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Finally, it should notbe overlooked that softwart; 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 I 
QUARTZ AND CERAMIC RESONATOR FORMULAS 

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

(RI + jwLI + IIjIJ)C I)(l/jwCo) ZXTAL = ---'--'--""_"--" ___ -"'-c....:._-"'--
RI + jwLI + IIjwCI + IIjwCo 

After some algebraic manipulation, this calculation can 
be written in the form 

I 
Z ----XTAl - jw(CI + Co) 

- w2LICI + jwRICI 

- w2LICT + jwRICT 

where CT is the capacitance of C I in series with Co: 

C-~ 
T - C I + Co 

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

1- w2LICI + jwRICI 

jw(CI+Co+CJ l-w2LICr+jwRICr 

where Cr is the capacitance of C I in series with 
(CO+CL): 

, CI(CO+ Cl ) 
CT = ---'-'---"---"'--

C I + Co + Cl 

The impedance of the crystal in series with the load 
capacitance is 

I 
= ZxTAl + jwCl 

Cl + CI+Co 

jwCdCI + Co) I 

- w2LIC~+jwRICr 

- w2LICT+jwRICT 

where CT and CT are as defined above. 

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

_ wRICI 
exrAL - arctan I - w2LtCI 

wRICT 1T 

- arctan I - w2LICT . 2 

wRIC I 
exrAL II Q. = arctan I _ w2LICI 

wRIc;. 1T 
-arctan I - w2LICT 2 
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_ wRIc;. 
exTAL+CL - arctan I _ 2L C' , WIT 

wRICT 1T 
- arctan I - w2LtCr - 2" 

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. 

Each of the above 8-expresslons 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 crys,al is the 
frequl(ncy at which , 

I -;-w2LIC I = 0 
I 

w =---
, VLICI 

Thus, 

or f = I 
s 21TVLICI 

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 II CL'" configuration (crystal in parallel with 
Cl ). This is the frequency at which 

I - w2LICr = 0 
I 

w. = VLICT 
Thus, 

or f = I 
• 21TVLIC~ 

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: 

fa - fs = fs (VI + Cl/Co - 1) 

= fs (~) 



Oiven typical values for C1 and Co' this range can bartlly 
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 ZXTAL at the oscillation frequency. 
The oscillation frequency is the parallel resonant fre­
quency of the "XTAL II CL" configuration (which is 
the same as the series resonant frequency of the 
"XTAL+CL" configuration). Substituting this fre­
quency into the ZXTAL expression yields, after some 
algebraic manipulation, 

RI (CO~CL)2 
ESR = __ -,---=L,-,-_'_ 
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Drive Level 

The power dissipated by the crystal is IyR I' where I I is 
the RMS current in the motional arm of the crystal. This 
current is given by V /IZII, where V x is the RMS voltage 
across the crystal, and IZII 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 (Co+CJ. Therefore IZII is ap­
proximately equal to the magnitude of the reactance of 
(CO+CL): 

where f is the oscillation frequency. Then, 

P '" IyRI = (1~~lrRI 
= [2'7Tf(Co+ CL)Vx12R1 

The waveform of the voltage across the crystal (XTALl 
to XTAL2) is approximately sinusoidal. If its peak value 
is VCC, then Vx is VCcrV2. Therefore, 
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A'PPENDIX n 
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 
805 I-type oscillator circuitry. That means the on-chip 
amplifier is a simple inverter, and not a Schmitt Trigger. 
The 8096, the 8OCSI, the 8OC48 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 XTALI signal at a level which 
depends on the amplitude of the XTALl 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. 

It should be notC\i 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 patallel with CX2), as described below. 

Notes on USing the Program 

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 RI, Ll, CI, 
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 XTALl-to-XTAL2 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 XTALl-to­
ground and XTAL2-to-ground capacitances. For 
CXTALl, 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 
805118751, 

Amplifier Gain Magnitude 
Feedback Resistance 

Output Resistance 

IS 
2300k-ohms 
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. 



100 DEFDBL C.D.F.G.L.P.R.S.X 
200 REM 
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300 REM *********************************************************************** 
400 REM 
500 REM 
600 REM 
700 REM 

FUNCTIONS 

800 REM FNZM(R. X) = MAGNITUDE OF A COMPLEX NUMBER. iR+JXi 
900 DEF FNZM(R.X) = SQR(R'2+X'2) 
1000 REM 
1100 REM FNZP(R. X) 
1200 REM 

ANGLE OF A COMPLEX NUMBER 
180/PI*ARCTAN(X/R) IF R)O 

1300 REM 
1400 REM 
1500 DEF FNZP(R. X) 
1600 REM 

180/PI*ARCTAN(X/R) + 180 IF RCO AND X)O 
180/PI*ARCTAN(X/R) - 180 IF R,:O AND X<:O 
180/PI*ATN(X/R) - (SGN(R)-I)*SGN(X)*90 

1700 REM 
1800 REM 
1900 REM 
2000 DEF 
2100 DEF 
2200 REM 
2300 REM 
2400 REM 
2500 REM 
2600 REM 
2700 DEF 
2800 DEF 
2900 REM 
3000 REM 
3100 REM 
3200 REM 
3300 REM 
3400 REM 
3500 DEF 
3600 DEF 
3700 REM 
3800 REM 
3900 REM 
4000 REM 
4100 DEF 
4200 DEF 
4300 REM 
4400 REM 
4500 REM 
4600 REM 
4700 REM 
4800 
4900 
5000 
5100 

REM 
REM 
REM 
REM 
REM 
REM 
REM 
DEF 
DEF 
REM 

INDUCTIVE IMPEDANCE AT COMPLEX FREQUENCY S+JF (HZ) 
Z = 2*PI*5-*L +. J2*PI*F*L 

FNRL(S.L) + JFNXL(F.L) 
FNRL(SL.LL) = 2#*PI*SL*LL 
FNXL(FL.LL) = 2#*PI*FL*LL 

CAPACITIVE IMPEDANCE AT COMPLEX FREQUENCY S+JF (HZ) 
Z = 1/C2*PI*(S+JF)*CJ 

= S/(2*PI*<S'2+F'2>*CJ + J(-F)/(2*PI*(S'2+F~2)CJ 
= F~RC(S.F.C) + JFNXC(S.F.C) 

F,NRC(SC. FC. CO = SC/(2#*PI*(SC 2+FC2)*CC) 
FNXC(SC.FC.CC) = -FC/(2#*PI*(SC'2+FC'2)*CC) 

RATIO OF TWO COMPLEX NUMBERS 
RA+JXA RA*RB+XA*XB XA*RB-RA*XB 

+ J 
RB+JX3 RB"2+XB'2 RB'2+XB"2 

FNRR(RA, XA.RB.IB) + JFNXR(RA. XA.RB.XB) 
FNRR(RA,XA,RB.IB) = (RA*RB+XA*XB)/(RB 2+XB 2) 
FNXR(RA. XA,RB. XB) = (XA*RB-XB*RAl/(RB 2+XB 2) 

PRODUCT OF TWO COMPLEX NUMBERS 
RA*RB-XA*XB + J(XA*RB+RA*XB} 

FNRM'RA. IA. RS. IB) + JFNXM(RA. XA. RB.·XB). 
FNRM(RA. XA.RB. <B) 
FNXM(RA.XA.RB. XS) 

RA*RB - XA*XB 
RAHB + RS*XA 

PARALLEL Ir1PEDANCES 

(RA+JXA) i i (RB+JXB) 
RA+RB +J{XA+XB) 

(RA+RB) '2 + (XA+XB) 2 

FNRP (RA, XA, RB. XB) + JFNXP (RA. XA. RB. XS) 

(RA+RB)'2 + '(XA+XB)~2 

FNRP(RA, XA,RB, XB) (RA*(RB '2+XB 2) + RB*(RAh2+XAA2»/«RA+RB)~2 + (XA+XB)~2) 

FNXP(RA. XA.RB. XB) = (XA*(RB 2+XB'2) + XB*(RA'2+XA'2»/«RA+RB)'2 + (XA+XB)~2). 

. 5200 
5300 
5400 
5500 
5600 
5700 
5800 
5900 
6000 
6100 
6200 
6300 
6400 
6500 
6600 
6700 
6800 
6900 
7000 
7100 
7200 
7300 
7400 
7500 
7600 
7700 
7800 

REM ************~**************~****************************************** 
REM 
REM 
REM 

BEGIN COMPUTATIONS 

LET PI = 3 141592654# 
REM 
REM DEFINE CIRCUIT PARAMETERS 
OOSVIl !4~00 

REM 
REM ESTABLISH t,otlINAL RE,;ONANT AND ANTI RESONANT CRYSTAL FREQUENCIES 
FS = FIX(I/(2*PI'SQR(Ll*CI I) I 
FA = FIX<1/{2*PI*80R(Ll,"Cl*CO/(Cl+(,O»» 
PRINT 
PRINT "XTAL IS SERIES RESONANT AT ". FS." HZ" 
PRINT PARALLEL RESONANl AT ". FA." HZ" 
PRINT 
PRINT "SELECt 
PRINT 
PRINT 
PRINT 
PRINT 

2 
3 

LIST PARAMETERS" 
CIRCUIT ANALYSIS" 
osc ILLATION FREQUENC'f H 

'3TART--UP T !ME COt"ISTANT" 
STEADY-STATE ANAl_YSIS" 
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7900 PRINT 
8000 INPUT N 
8100 IF N=1 THEN PRINT ELSE 8600 
8200 REM 
8300 REM ------------- .-----_. LIST PARAMETERS ----------------------------
8400 GOSUa 17100 
8500 GO TO 6800 
8600 IF N=2 THEN PR IN'- ELSE 9400 
8700 REM 
8800 REt1 - -- ------ --_. -- ------ c lRCUIT ANALYSIS - --------------------------
8900 PRINT" FREQUENCY S<,JF TYPE (S), (F) " 
9000 INPUT SQ,FQ 
9100 GOSUa 20200 
9200 GOSUa 26600 
9300 GOTO 6800 
9400 IF N=3 THEN 10300 ELSE 11000 
9500 REM 
9600 REM ------------------ OSCILLATION FREQUENCY ------------------------
9700 CL = CX.CY/(CX+CY) + cd 
9800 FQ = FIX(1I(2*PI"SQR(Ll*Cl*CL/\Cl+CU») 
9900 SQ = 0 _ 
10000 OF = FIX( 10-'INT(LOG(FA-FS)/LOG(lO)-2)+. 5) 
10100 DS = 0 ' 
10200 RETURN 
10300 GOSua 9700 
10400 GOSUa 30300 
10500 PRINT 
10600 PRINT 
10700 PRINT "FREQUENCY AT WHICH LOOP GAIN HAS ZERO PHASE ANGLE " 
10800 GOSUB 26600 
10900 GOTO 6800 
11000 IF N=4 THEN PRINT ELSE 12200 
11100 REM 
11200 REM ---------------- START-UP TIME CONSTANT -------------------------
11300 PRINT "THIS WILL TAKE SOME TIME 
11400 GOSUD 9700 
11500 GOSUB 37700 
11600 PRINT 
11700 PRINT 
11800 PRINT "FREQUENCY AT WHI,CH LOOP GAIN = 1 AT 0 DEGRELS' " 
11900 GOSUa 26600 
12000 PRINT PRINT "THIS YIELDS A START-UP TIME CONSTANT OF ", CSNG( 1000000! 1(2*PI*SG»," MICROSECS" 
12100 GOTO 6800 / 
12200 IF N=5 THEN PRINT ELSE 7300 
12300 REM 
12400 REM ---------------- STEADY-STATE ANALYSIS ------------------------_.--
12500 PRINT "STEADY-STATE ANALYSIS" 
12600 PRINT 
12700 PRINT "SELECT 
12800 PRINT 
12900 PRINT " 
13000 PRINT " 
13100 INPUT lex 

I 
2 
3 
4 

8031/8051 " 
8751" 
8035/8039/8040/8048/8049" 
874B/8749" 

13200 IF ICX<1 OR ICX:-.. THEN 12600 
13300 GOSUD 46900 
13400 GOTO 7300 
13500 REM SUBROUTINE BELOW DEFINES INPUT-OUTPUT CURVE OF OSCILLATOR CKT 
13600 IF IeX)2 AND VO=5 AND VI ':2 THEN PETURN 
13700 VO = -10*VI + 15 
13800 IF VO)5 THEN VO = 5 
13900 IF VO< 2 THEN VO = 2 
14000 IF ICX)2 AND VO)2 THEN vO 
14100 RETURN 
14200 REM 

5 

14300 REM ************************************************************** 
14400 REM 
14500 REM 
14600 REM 

DEFINE CIRCUIT PARAMETERS 

14700 INPUT" Rl (OHMS)",Rl 
14800 INPUT" Ll (HENRY)",Ll 
14900 INPUT" CI (PF)", X 
15000 Cl = X*IE-12 
15100 INPUT" CO (PF)", X 
15200 CO = X*IE-12 
15300 INPUT" eXTALl (PF) ", X 
15400 ex = X*lE-12 
15500 INPUT" CXTAL2 (PF)",X 
15600 ey = X*IE-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 
22900 
22900 
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INPUT" GAIN FACTOR MAGNITUDE", AVII 
INPUT" AMP FEEDBACK RESISTANCE (K-OHMS)", X 
RX = X*1000# 
INPUT" AMP OUTPUT RESISTANCE (K-(1Ht1S) ", X 
RO = X*IOOOll 
REM 
REM 
REM LIS] CURRENT PARAMETER VALUES 
GOSUB 17100 
RETURN 
REt1 
REM 
REM ***********~~~******~*******~~***~~***4*********************** 
REt1 
REt'i 
REM 

LIST CURHENT PARAMETER VALUES 

PRINT 
PRINT "CURRENT PARAMETER VALUES 
PRINT 

RI ", RI," OHMS" 
2 Ll ", C5NG(Ll)," HENRY" 

PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 

7 
B 
9 

3 C1 ",CSNG(Cl*lE+12), If PF" 
4 CO ", CSNG(CO*lE+12)," PF" 
5 CXrALl =' ", CSNG(CX*lE+12>," PF"" 
6 CXTAl2 = ",CSNGCCV*lE+12), " PF" 

AMPLIFIER GAIN MAGNITUDE ", AVII 
FEEDBACM RESISTANCE = ",CSNG(RX* 001)," K-oHMS" 

OUTPUT RESISTANCE = ", CSNG(RO·' 001)," K-OHMS" 

PRINT "TO CHANGE A PARAMETER VALUE, TYPE (PARAM NO ), <NEW VALUE> " 
PRINT "OTHERWISE, TYPE 0,0 " 
INPUT N'l.,X 
IF N'l.=O THEN 
IF N'l.=I' THEN 
IF N'l.=2 THEN 
IF N'l.=3 THEN 
IF NI.=4 THEN 
IF NI.=5 THEN 
IF NI.=6 THEN 
IF NI.=7 THEN 

RETvRN 
RI X 
L1 = X 
Cl X*lE-12 
CO X*lE-12 
ex X*lE-12 
CV X*IE-12 
AV# = X 

IF NI.=8 THEN RX X*1000' 
IF NY.=9 THEN Ro = x*loao' 
GOTO 17400 
REM 
REM 
REM ************************************************************** 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
Xl = 
RE = 
XE = 
REM 
REM 
REM 
RF = 
XF = 
REM 
REM 
REM 
RI = 
XI = 
REM 
REM 
REM 
RL = 
XL = 
REM 
REM 
REM 
REt1 

CIRCUIT ANALYSIS 

ThlS rout~ne calculate~ the loop ga1n at complex frequency SO+JFG 

Crystal 1npedance RE + JXE 

FNXL(FQ,Ll) + FNXC(SQ,FQ.Cl) 
FNRP ( (R ITFNRLCSQ, L1) "FN~C (SQ, FQ, C 1) ), XL FNF>C (SQ, FQ, CO), FNXC (SQ, FQ, CO) ) 
FNXP«RITFNRL(SQ,Ll)+FNRC(SQ,FQ,CI». XI,FNRC(SQ,FQ,CO),FNXC(SQ,FQ,CO» 

2 RF T JXF (RE+JXE)! 1 (<3mpllf1er feE'dback T'eSlstance) 

FNRP(RX,O,RE, XE) 
FNXP(RX,O,RE.XE) 

3 Input llnp1edance Zl 

FNRC(SQ,FQ,C() 
FNXC (SQ, FQ, C.< ) 

RI + JXI 1mpedance of CXTALl 

4 Load 1mpedance ZL = llmpedance of CXTAL2): :CCRF+RI>+J(XF+XI)] 

FNRP (RF+R I). (XF .... X I), FNRC (SQ, FQ, CY), FNXC (SQ, FO, CY) 
FNXP«PF+RI I (XF .... Xll,FNRC'-SO r-o CY).FNX('(SQ,FQ,CY» 

23000 AR* = -AV#*FNRR(RL. XL. (RO+RL), XL) 
23100 AI# = -AV#-JlFN')(R(RL, XL, (PQ+RL), XL! 
23200 REM 
23300 REM 6 Feedbatl( ratlo \beta! (RJ+pI) !['F!Ftfdl-t,t(XF+XI») 
23400 REM Birt:!dJ' -r JI:'(lmaqllldryl 
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23500 REM 
23600 BR# - FNRR(RI.XI. (RI+RF). (XI+XF» 
23700 BIll - FNXR(RI. XI. (RI+RF). (XI"F» 
23800 REM 
23900 REM 7 AmplIfIer gaIn 1Tl magnitude/phase form. 
24000 REM 

ARtJAI A at AP degrees 

24100 A - FNZM(AR#.AI#) 
24200 AP - FNZP(AR4I. AI41), 
24300 REM 
24400 REM 8 (beta) In magnItude/phase form Bfl+JBI B at BP degrees 
24000 REM 
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 

B = FNZM(BR4I,BI#) 
SP - FNZP(BR#,BI#i 
REM 
REM 9 Loop gaIn G = (BR+JBI)*CAR+JAI) 
REM ~ G(real) + JGllmaglnary) 
REI1 
GR - FNRM(AR#,AI#,BR#.BI#) 
GI - FNXM(AR#,AI#,BR#,BI#) 
REM 
REM 10 Loop g~ln In magnItude/phase form GR+JGI 
REM 
AL - FNZM(GR,GI) 
All - FNZP (GR, GIl 
RETU'RN 
REM 
REI1 

AL at AQ degrees 

REM ************~~***********~**~********************************* 
!'EM 
REM 
REM 
PRINT 

PRINT CIRCUIT ANALYSIS RESULTS 

PRINT" FREIlUENCY - ",SIl, " + J",FIl," HZ" 
PRINT" XTAL IMPEDANCE - ",FNZM(RE,XE)," OHMS AT ",FNZP(RE, XE)," DEGREES" 
PRINT (RE - ",CSNG(RE)," OHMS)" 
PRINT (KE - ",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 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 

SEARCH FOR FREIlUENCY (S+JF) 
AT WHICH LOOP GAIN HAS ZERO PHASE ANGLE 

ThIS routIne searches for the fre~uency at WhlCh the lmaglnary part 
of the loop galn lS zero T~e algorlthm lS as follows. 

1 Calculate the slgn of the lmaglnary part of the loop galn (GI) 
2 Inereme~t the frequency 
3 Calculate the 519n of GI at 'the lncremented frequency 
4 If the s19n of GJ Has'not changed. go back to 2 
S If the 51gn of GJ has changed, and this frequency 15 wlthin 

1Hz of the prevlous slgn-change, e~lt the routlne 
6 OtherWIse, dlvlde the frequency' lncrement by -10 
7 Go bae It to 2 

The routine 15 entered wlth the startlng frequency SQ+JFQ and 
5tartlng lncrement DS+JDF already deflned by the caillng program 
In actual use either OS or OF lS zero, so the routine searches for 
a GI=O pOlnt by lncrementlng elther sa or FG whlle holdIng the other 
constant It return~ control to t~e call1ng program with the 
lncremented part of the frequency belng wlthin 1Hz of the actual 
GI=O pOlnt 

CALCULATE THE SIGN OF THE II1AGINARY PART OF THE LOOP GAIN (GI). 

GoSUB 20200 
GoSUB 26600 
IF GI-O THEN RETURN 
SXX - INT(SGN(GI») 
IF SXX-+I THEN OS -OS 
REM (REVERSAL OF OS FOR GI: 0 IS F'OR THE POLE-SEARCH ROUTINE. ) 
REM 
REM 2 INCREMENT THE FREIlUENCY 
REM 
SP = SO 
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31300 FP = 
31400 SQ = 
31500 FQ = 
31600 REM 

FQ 
sa + OS 
FQ + OF 
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31700 REM 3 
31800 REM 

CALCL'LATE THE SIGN OF GI AT lHE INCREMENTED FREQUENCY 

31900 GOSUe 20200 
32000 OOSUB 26600 
32100 IF INT(SGN(GI))=O THEN RETURN 
32200 REM 
32300 REM 4 
32400 REM 

IF THE SIGN OF GI HAS NOT CrlANGED, GO BACK TO 2 

32500 IF SXX+INT(SGN(GI))=O THEN PRINT ELSE 31400 
32600 SXX = -SXX 
32700 REM 
32800 REM 5 
32900 REM 
33000 REM 
33100 REM 
33200 REM 

IF THE SIGN OF GI HAS CHANGED, AND IF THIS FREQUENCY IS WITHIN 
1HZ OF ~'"'IE P~ElJIO",15 S!GN-CHANGE. AND' IF 13! IS NEGATIVE, THEN, 
EXIT THEo ROUTINE (THE' ADDITIONAL REQUIREMENT FOR NEGATIVE 01 
IS FOR THE POLE-SEARCH ROUTINE ) 

33300 IF ABS(SP-SQ)<I' AND ADS(FP-FQ) :1 AND SXX=-l THEN RETURN 
33400 REM 
33500 REM 6 
33600 REM 

DIVIDE THE FREQUENCY INCREMENT BY -10 

33700 DS = -OS/IO. 
33800 OF = -OF/IO. 
33900 REM 
34000 REM 7 GO BACK TO 2 
34100 REM 
34200 OOTO 31200 
34300 REM 
34400 REM 
34500 REM ********~***************************************************** 
34600 REM 
34700 REM 
34800 REM 
34900 REM 
35000 REM 
35100 REM 
35200 REM 
35300 REM 
35400 REM 
3-5500 REM 

,35600 REM 
35700 REM 
35800 REM 
35900 REM 
36000 REM 
36100 REM 
36200 REM 
36300 REM 
36400 REM 
3~500 REM 
36600 REM 
36700 REM 
36800 REM 
36900 REM 
37000 REM 
37100 REM 
37200 REM 
37300 REM 
37400 REM 
37500 REM 
37600 REM 

SEARCH FOR POLE FREQUENCY 

ThiS routine searches for the-'requenc~ at which the loop gain = 1 
at 0 degrees That frequency 1& t~e pole frequency\of the closed­
loop gain function The pole fr'equency 15 a complex numbe1', SQ+JFQ 
(Hz) OSCillator start-up ensues If 50:0 The algorithm 15 based on 
the calculated behaVior df the phase angle of the loop gain In ~he 
~eg1on of 1nterest on the complex plane- The locus of p01nts of zero 
phase angle crosses the J-axis at the osc11lat10n fre~uenc~ and at 
some h1gher ire~ue~cy - In between these two crosS1ngs of the J-ax1s. 
the locus 11es 1n Quadrant I of the comple, plane. form1ng an 
apprOX1mate parabola wh1ch opens to the left The bas1c plan 15 to 
follow the locus from where It crosses the J-axIs at the osc11lation 
freq,uenclJ. 1nto Quadrant 1. and fInd the pOInt on that locus where 
the loop ga1n has a magnItude of J The algorIthm 15 as follows 

1 Flnd thE' osclilatlon frequency, O+JFQ 
2 At thIS frequency calculate the slgn of (AL-1) (AL = magnItude 

of loop'galn ) 
3 Increl1'ent FQ 
4 For thIS value of Fa, fInd the value of SO for Wh1Ch the loop 

5 
6 
7 

8 
9 

ga1n has zero phase 
For th1s value of SQ+JFQ. calculate the sIgn of (AL-l) 
If the 51gn of (AL-l) ~as not changed, go back to 3 
If the sign of (AL-l) has changed. and thIS value of FG 15 
w1thln 1Hz of the prev10us SIgn-change. eXlt the rout1ne' 
OtherWIse. dIVIde the FO-Increment by -10 
Go bscJ( to 3 

FINO THE OSCILLATION FREQUENCY, O~JFQ 

37700 GOSue 9700 
37800 GOSUB 30300 
37900 REM 
38000 REM 2 
38100 REM 

AT THIS FREQUENCY, CA;_C\Jl,ATE THE SIGN OF ,(AL--i) 

38200 SYX,s INT(SGN(AL-I')l 
38300 IF SYX=-I THEN STOP 
38400 REM ESTABLISH INITIAL INCI>EMEIHATION VALUE FOR FQ 
38500 FI = FQ 
38600 OF = (FA-FI)/IO* 
38700 OOSUB 30300 
38800 DE (FQ-Fl)/10# 
38900 OF 0 
39000 FQ ~ Fl 
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39100 REM 
39200 REM 3 INCREMENT Fli 
39300 REM 
39400 Fli • Fli + DE 
39~00 REM 
:W600 REI'! 4. 
39700 REM 
39800 REM 
39900 REM 
40000 REM 

FOR 'THIS VA~UE OF FG, FIt~D THE VA~UE OF SG FOR WHICH THE ~OOP 
GAIN HAS ZERO PHASE. (THE ROUTINE WHICH DOES THAT NEEDS OF = O. 
SO THAT IT CAN HOLD FG CONSTANT. AND NEEDS AN INITIA~ VA~UE FOR 
OS. WHICH IS ARBITRARILV SET TO OS = 1000. ) 

40100 OS • 100011 
40200 SCi = 0 
40300 GOSUB 30300 
40400 IF A~.I! THEN RETURN 
40~ REI'! 
40600 REI'! 
40700 REM 
40800 REI'! 

5. FOR THIS VA~UE OF SG+JFIi. CA~CU~ATE THE SIGN OF (AL-l). 
6 IF THE SIGN :OF (A~-I) HAS NOT CHANGED. GO BACK TO 3 

40900 IF SVX+INT(SQN(A~-I'))=O THEN PRINT E~SE 39400 
41000 REM 
41100 REM 
41200 REI'! 
41300 REM 

7. IF THE SIGN OF (AL-I) HAS CHANGED. AND THIS VA~UE OF FG IS WITHIN 
1HZ OF THE PREVIOUS SIGN-CHANGE. EXIT THE ROUTINE 

41400 IF ABS(Fl-FIi)(1 THEN RETURN 
41500 REM . 
41600 REI'! 8. DIVIDE THE FG-INCREMENT BV -10. 
41700 REM 
41800 DE = -DE/IOII 
41900 1'1 = FG 
42000 SVX • -svx 
42100 REI'! 
42200 REM 9 GO BACK TO 3 
42300 REI'! 
42400 GOTO 39400 
42500 REI'! 
42600 REI'! 
42700 REM *************************************************************** 

STEADV-ST,ATE ANALVSIS 

The circuit model used In thiS .nal~sls is similar to the one used 
In the 'small-slgnel anaIvsi., but differs from it in two r'spects 
First, it Includes clamping and clipping effects described in the 
text. Second, the voltage .ource in the Thevenln equivalent of the 
amplifier 15 controlled b~ t~e input voltage In accordance with an 
Input-output curve defined Ilsewhere In the program. 

42800 REM 
42900 REI'! 
43000 REM 
43100 REM 
43200 REI'! 
43300 REM 
43400 REI'! 
43500 REM 
43600 REM 
43700 REM 
43800 REI'! 
43900 REI'! 
44000 REM 
44100 REM 
44200 REM 
44300 REM 
44400 REM 
44500 REM 
44600 REM 
44700 REM 
44800 REI'! 
44900 REM 
45000 REM 
45100 REM 
45200 REM 
45300 REM 
4·5400 REM 
45500 REM 
45600 REM 
45700 REM 
45800 REM 
45900 REM 
46000 REM 7. 
46100 REI'! 
46200 REM 6 
46300 REM 
46400 REM 
46500 REM 9 
46600 REM 
46700 REM 
46800 REM 

The analYSIS applies a Sinusoidal Input signal of arbitrary 
amplitude. at the OSCillation fr~~uencv. to the XTALl pin, then 
calculates the resulting waveform from the voltage source USing 
standard Fourle" techni~u.s. the fundamental 're,uenCV component of 
thiS ~av.form is extracted This fr.qu.nc~ component is th.n 
multiplied bV the factor :ZL/(ZL+RO)~l, and the result is tat.n to be 
the .,gnal appear1ng at the XTAL2 pin This .,gnal is then 
multiplied bV the'feedback rat10 (beta). and the result is taken to 
be the Signal appearing at the XTALl pin The algorithm IS no~ 
rep.ated uSing thiS computed XTALl Ilgnal 85 the assumed input 
Sinusoid. EV.TV time the algor1thm is repeated, new valu ••• ppe." at 
XTALl and XTAL2. ,but the values Cl\eng8 les. and 1 ••• with each 
repeUtlon 'Eventually they stop changing. Thu 10 the steady-state. 

The algoTtthm IS •• follows 
1. Compute approximate OSCillation fre~u.nc~ 
2 Call a Circuit analvsls at thiS frequ.nc~, 
3 Find the qUiescent levels at XTAL1 and XTAL2 (to establish the 

beg1nn1ng DC level at XTAL1) 
4 
5 
6 

Assume an Initial amplitude ~o~ the XTALl signal 
Co~r.ct the DC l.vel at )CTALl for clamping effects, if n.c •••• r~ 
Using the approp~late Input-output cu~ve, extract a DC lev.l and 
the fundamental frequenc~ component (multiplY1ng the latter by 
:Z~/(ZL+RO):) , 
Cl1P off the negative partlon of thiS output signal. If the 
neqative peak falls below zero 
If thiS Signal, multiplied by (beta), dlffeY's f~om the Input 
amplitude b~ less ,than lmV, OT' If the algorlthm has been repeated 
10 times. eXlt the routlne 
Other"llse. multlpllJ the )CTAL2 amplltude b\l (beta') and feed It 
bac~ to ~TA~I. and go bac~ to 5 

COMPUTE APPROXIMATE OSCILLATION F~EQUENCV 



46900 GOSUB 9700 
47000 REM 
47100 REM 
47200 GOSUS 
47300 PRINT 
47400 GOSUB 
47500 PRINT 
47600 REM 

2, CALL 
20800 

PRINT 
26600 

PRINT 
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A CIRCUIT ANALYSIS AT THIS FREQUENCY. 

PRINT "ASSUMED OSCILLATION FREQUENCY' " 

47700 REM 3 FIND QUIESCENT POINT 
47800 REM (At quiescence the voltages at XTAL1 and XTAL2 a~e equal This 
47900 REM voltage level IS found b~ trlal-and-error, based on the input-
48000 REM output curve. so that a person can change the input-output curve 
48100 REM as desired without havlng to re-calculate the quiescent point ) 
48200 VI = 0 
48300 VB = 1 
48400 1'.1 = I 
48500 VI = VI + VB 
48600 GOSUS 13600 
48700 IF ABS(VO-VI)( 001 THEN 49200 
48800 IF KI+SGN(VO-VI)=O THEN 48900 ELSE 48500 
489001'.1 = SGN(VO-VII 
49000 VB = -VB/IO 
49100 GOTO 48500 
49200 VB = VI 
49300 PRINT "QUIESCENT POINT = ";VB 
49400 REM 
49500 REM 
49600 EI = 
49700 NRX 
49800 REM 

4 
01 
o 

ASSUME AN INITIAL AMPLITUDE FOR THE XTALI SIGNAL 

49900 REM 5. CORRECT FOR CLAMPING EFFECTS. IF NECESSARY. 
50000 REM OH and K2 are curve-fitting parameters f!lr the ROM parts. ) 
501001'.1 (2.5-VB)/(3-VB) 
502001'.2 = (VB-I.25)/(3-VB) 
50300 IF ICX=2 OR ICX=4 THEN IF EI«VB+ 5) THEN EO 
50400 IF ICX=I OR ICX=3 THEN 'IF EI<lVB+ 5) THEN EO 
50500 NRX = NRX + 1 
50600 REM 
50700 REM 
50800 VO = 0 
50900 VC = 0 
51000 VS = 0 

6. DERIVE XTAL2 AMPLITUDE 

51100 FOR NX = -25 TO +24 
51200 VI = EO - EI*COS(PI*NX/251 
51300 GOSUB 13600 
51400 VO = VO + VO 
51500 VC = VC + VO*COS(PI*NX/251 
51600 VS = VS + VO*SIN(PI*N%/25} 
51700 NEXT NX 
51800 VO = VO/50 

VB ELSE EO 
VB ELSE EO 

51900 VI = SQR(VC'2+VS'2)/25*FNZM(RL. XLI/FNZM«RL+ROI. XL) 
52000 REM 
52100 REM 7 CLIP XTAL2 SIGNAL 
52200 IF VO-Vl<O THEN VL = 0 ELSE VL = VO-VI 
52300 PRINT PRINT "XTALI SWING = '·.EO-EI." TO ".EO+EI 
52400 PRINT "XTAL2 SWING = ". VL." TO ". VO+Vl 
52500 REt1 
52600 REM 8 TEST FOR TERMINATION 
52700 IF. l\ll~i~t-'ll*e .. l~. <;'01 Of' NRo"=10 THEN PETl'PN 
52800 REM 
52900 REM 9 FEED BACK TO XTALI AND REPEAT 
53000 EI = VUB 
53100 GOTO 50300 
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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 pricel 
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. Output voltages are rail-to-rail, and input 
switch points are.approximately 50% of VCC. There is 
one thing wrong with this analysis - CMOS h.as 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 pA (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 I pA. Because NMOS 
output voltage swings are considerably lessthan 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. 
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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 
te-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 V CC or the 1/0 
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-IA shows the circuit dia­
gram of a typical CMOS output stage. Figure 23-lB 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 
pnp 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-IC. . 

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
t~tion devices on the IC act as adtlitionalcollectors 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 cause,d 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 tum on one of the parasitic junction transis­
tors? Look at Figure 23-1 C. 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 tum on. 

It is important to note that the designer of the integrated 
circuit has a certain amount of control over the turn-on 
probabilitie~. 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 tlie imp D emitter 
in order to tum the npn transistor on. The eHMOS, the 
npn transistor will not tum on if the current entering the 
pnp D emitter 'is less than 10 rnA. 
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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 Ie designer can reduce the value 
of Rwell by the judicious piacement of guard rings, con­
nected to vee, around the pnpemitters. When the output 
line swings a diode drop below VSS, if the current that 
exits the output pin does not exceed lOrnA, there will be 
no latch-up. 

23.3 POWER SUPPLY CONSIDERATIONS 

The 'power supply, as viewed by the microcontroller, 
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 O.l~ should be used with proper PCB layout to 

/ensure 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 
API25 "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 VCCIVDD 
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 ~ound 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 VCCIVDD 
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 8OC49, VDO 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 1O-IA). 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 micro Amps 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 FETs 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-

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 tun. 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 stH! get the task accomplished. 

Intel has added idle mode and power down features to 
help further manage your power consumption. Idle mode 
in the 8OC5118OC3l 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 1I10th 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 wen: 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 m~de on what is 
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Figure 23·2. MCS®·48 Power Down Circuit 

on the ouputs of the CMOS gate. If TIL is being driven, 
the reduced current would be when the port pin is high. 
A little thoughUn 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 8OC51, 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 A W AKEI signal is pulled low 
and in tum, node A goes low turning on the p-channel 
VFET. This allows VCC to the microcontroller to be 
pulled to the power supply mi!lus Vsd. Node A being low 
brings RESET high after a time determined by the RICI 
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 A W AKEI going high 
which pulls RESET low. The time delay R2C2 allows the 
reset signal enough time to signal 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 
woul\l float about the trip point of the inp\lt buffer. This 
switching of the input buffer can waste up to .5 inA 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 rnA x 8 or 4 rnA could be wasted. Tie 
the PortO pins· high or low through a 500KO or IMO 
resistor. A little extra board space is minimal when con­
sidering the extra power savings. 

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

23.5 CHMOS I/O PORT STRUCTURE 

The CHMOS 110 ports have similar drive capability to 
their HMOS counterparts, but the differences must be 
noted. 

23.5.1 As An Output Pin 

The 110 port structure is implemented as shown in Figure 
23-3. 

As an output pin latched to a low (0) state, pullups PI, 
P2, and P3 are in an off state While the pu1ldown NI 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/O Current Characteristics 

When the output pin is to be latched in the high (I) state, 
the data line turns NI off and turns on the weak (5J.LA) 
pullup P2. At the same time PI (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 
oli to supply the source current. P3 and the inverter form 
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a latch. This latch along with the support of 1'2 keeps the 
output high. Figure 23-4 shows the VOH vs IOH curve 
for this 'output structure when PI is off. 

23.5.2 As An Input Pin 

To use the 110 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 presellted 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 /-LA. 
See Figure 23-4. 
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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 
ttaditionally 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
ers 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 l103-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 ll).an­
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 
PQwer Consumption 

The development of NMOS was 
spurred on by the semiconductor 
industry's drive to produce high­
volume, large-capacity memory de­
vices, Jor 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 area 
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 la 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 lb and lc. 

• low power allows smaller, lower­
cost power supplies to be, used 

• power distribution in the system 
is simplified 

• cooling fans can be elimiriated 

• 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
sultmg in savings in chassis and en­
closure costs. Also, power fail-safe 

and hand-held use become possi,ble 
if battery operation is feasible. 

Basic CMOS Operation 
To truly understand the promises 

(and problems) facing both the 
CMOS VLSl digital designer and 
the CMOS systems designer, one 
must first understand some CMOS 
fundamentals. 

Figure 1 compares the circuit dia­
grams and current cJ:!aracteristics 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 thl7 pull-up device (which 
drives the Ol,l.tput 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 curren! 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 
VLSl designs; the remaining 10 per­
cent is switching 9r dynamic power. 

A second related characteristic is 
that the inverter's output voltage in 
the low state, VOL. is dependent on 
the ratio of the i~Pedances of the 
pull-down and pull-up devices. This 
ratio affects the noise margin and 
switching speed a"d is generally 
around 4:1. Such a ratio .results in 
a VOL on the order of 0.2 V to 0.3 V. 
I! 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 trem­
sistor as the pull-tip 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 iI)­
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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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 bpth 
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 a'n n-well bulk dev,ce; figure 
3c 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 po~er dissi­
pation. Also, the CMOS inverter is 
a "ratio-less" design, having only 
one transistor active after an input 
transition. This lets VOL 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 large,r die required 
because CMOS has lower gate 
density. 

CMOS Technologies 
Figure 3 shows the four major 

CMOS technologies in use today: 
powell bulk, n-well bulk, twin-tub 
bulk, and silicon-on-sapphire (50S).' 
Powell 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
te$1 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 powell CMOS process. 



Twin-tub CMOS combines n-well 
and powell technologies by diffusing 
both an n-well for the p-channel tran­
sistorand 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 powell 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 significanf reduction of pa,rasitic 
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 4·shows 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"II or 
IR~b 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 {3s (gains) of the two bipolar 
transistors must equal at least'l. 

In order to minimize the chance of 
one of the SCRs 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 
and n-channel transistors.) While. 
guard rings reduce the SCR bias 
resistor values, they also increase the 
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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 110 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 {3s of the parasitic tran­
sistors. While the vertical pnp tran­
sistor's {3 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 {3 by increasing the width 
of the transistor's base. While this is 
an effective way of decreasing the 
gain of the parasitic structure, it also 
reduces the gate density. 

In bulk CMOS technol<?gies, to 
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Figure 5: A comparison of typicllilogic 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 ~ecause standard CMOS 
logic gates are built from more tran­
sistors than their NMOS equiva­
lents. Standard CMOS logic-gate 
design has a 1:1 ratiQ 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 
ha.ve 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 
d~sign 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 design­
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 desig~s 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 trlle 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 
sizes, 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:l. 

Designers of 4- and 8-bit single­
chip microcomputers are choosing 
CMOS to accommodate a· host of 
new portable, hand-held, ;md ul­
tra-low-power applications. Here, 
the goal if to minimize the operat­
ing power levels consistent with 
the performance req1.!-ired 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 mm­
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 do~n. 

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 5-V 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? 

A CMOS Single-Chip Computer: 
Intel's SOCS1 

by Martin B. Pawloski 

Intel's 8OC51 is an interesting exam- ,..--------------------------.... 
pie 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, U8 bytes of 
RAM, two 16-bit counter/timers, 
multilevel interrupt control, 32 I/O 
pin~, 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 80CS1, 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 8OC51'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 (/Ls); mote de­
manding applications require' better 
than 10-l's response. While the re­
sponse must be quick, and the inter­
rupt'routine executed quickly; the 

Normal 
Vee Supply Operating- Operating Power Down 
Voltage Frequency Mode Idle Mode Mode 

Product Technology Range Range (Icc Max) (Icc Max) (Icc Max) 

12 MHz Max 24 rnA 3 rnA 50 ~A 
BOC51 CMOS 4-6 V 

12 MHz Min 24 rnA 0,3 rnA 5Ol'A 

8051 HMOS 45-55 V 12 MHz Max 150 rnA 20 rnA 
12 MHz Min 130 rnA 20 rnA 

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 ~ 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 aImost 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 
I/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 tne 
peripheral counter/timers, external­
mterrupt control, and the seri,al chan­
nel. When one of the peripherals 
generates an interrupt, the processor 



clocks are restarted and instruction 
execution reS\lmes 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 8OC51. The SOC51, 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 
SOC51 at, lower frequencies or by 
using the Idle mode. 

Martin 8. Pawloski (5000 West Williams Fitld 
Rd .. Chandltr, AZ 85224) IS Involved '" tht prod. 
uct plAnning, iit{Imtion, and Impkm£ntatibn of both 
NMOS and CMOS singJe-chlp microcomputers at 
Intel Corp. ' 

A Look at CMOS Dynamic Memory 
by Joe Altnether 

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 reaches 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-column 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
cuifs, ,and the advantage' of low 
power consumption would have 
b,een 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. ln dynan,'ic RAMs, the row 

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 amplifier 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 
cO,ntinue 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 f~st 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 5=ircuits 
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 circuit&, 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 
occ'urs 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 agam 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 a result, 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 technolQgy and static­
column architecture provide more 
than low power consumption and 
high /:>andwidth, 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 wit,hin the 
RAM. Also, the CMOS, technology 
enhances reliability by incorporatjng 
a mechanism to significantly reduce 
soft errors. Finally, increased stored 
charge creates larger internal: signal 

levels, which cat:' 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 Consumption 
At the system level, dynamic mem­

ory has three components of power: 
active, standby, and refresh. The 
system's power consumption is de­
fined as 

where P = system power, V = volt­
age (5.5 V worst case), IA = active cur­
rent, IA = standby current, I. = 

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 (VDD -O.5 V) phlces 
the device in a low-power-standby 
mode and typically draws 10 micro­
amperes (/tA)-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 IlAMs, 
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 pedod to be extended to 64 ms 
in standby. 

At the standard 128 refresh cycles/2 
ms (equivalent to a 15.625-p.s refresh 
period), ,the NMOS device draws 
about '4.8 milliamperes (mA) and 
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asymptptically approaches the stand­
by 'current 6f 4 mA as the refresh 
period, approaches' infinity. Even 
eliminating refresh entir~ly only re­
duces the current to 4 mA, which is 
only a 16 percent improvement. As a 
result, extending NMOS refresh does 
not significantly reduc~ the system's 
power consumption. 

Contrast this characteristic to the 
improvement CMQS offers. At 15.625 
p'S, the CMOS dynamic RAM draws 
approximately 10 percent of the 
NMOS current, or 0.42 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 rnA, 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 I-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 p.s. Even with a 
Page Mode cycle time of 125 ns, to 
retrieve all 256 bits would require ,32 
p's-three times longer than allowed. 
The 2164A e,xtended ,the RAS-low 
time to 75 p's, permitting theextrac­
tion of all 256 bits during a single 
Page Mode cycle. 

At the end of the cycl~, 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 
2164Acan 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 tRAH 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 tRCD, 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 tRCD, 

access time tRAC is measured from the 
high-to-Iow transition of RAS. 

The cycle time is the sum of the ac­
cess time and the cycle precharge 
time tRP ' The access time is a function 
of i RCD, 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 tRP• ' 

Static-column operation eliminates 
the tRCD 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 dock 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 I C'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) 
:s about 1 million electrons. Conse­
quently, data in one cell could change 
from a 1 to a 0 or vice versa. Correct 
data can be rewritten into the affected 
cell and the memory ""ill 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 systems performance. All this 
was due to soft errors. Obviously, 
what is really required is the elimina­

. tion of soft errors. 



CMOS teChnology off~rs' such a 
solution.' The CMOS dynamic 'RAM 
cell is built on an n-well in: a p·sub­
strate, 'crecitirig a' p-n junction or 
diode at' fhe 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 + 5-V node 
away from the storage cell. The' prob­
ability that sufficient hole-electron 
pairs are created witnin 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 
a role in the reduction of soft errors. 
The number of stored charged elec­
trons representing a lora 0 is direct­
ly proportional to the storage capac­
itance. Higher capacitance e<J,uates 

fo m9re stored charge, which in turn 
increases the critical' 'charge. The 
critical charge is the number of par­
ticles that differentiate a 1 from a O. 
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 percel'lt 
per'looo 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-by'te 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 instanc~, 
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 .• 

Joe AI/nether IS lechmod marlreling manager al 
Intel Corp. (21ll N. E 25th Ave., Hdlsboro, 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,wlth 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, Intel Corp, Santa Ctara, Calif 

o In 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 ratio less design, With the 
advent of very large-scale integratIon, these arguments 
are taking on new meaning and importance. 

As an example, Fig, I 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 IS more than an order or' 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 I and 10 watts of 
power dissipation, which might save the expense and 
difficulty of a sophisticated ciJoling system or extend, a 
portable system's operating time by a factor of 10, 

That C-MOS performance IS now" on a par with n-MOS 
technology has also accelerated its 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 ·thilt almost 
any integrated-circuit design can be supported with avail-
able C-MOS technology,. " , 

Unfortunately, the'waVe .of enthusiasm for C-MOS' and 
the needs of different applications h~ve lI\ultiplied the 
number of approaches that' C-MOS develope~i are taking, 
Several major Issues remain In VLSI C-MOS design-name­
ly latchup and soft-error prevention, interconnections, 
and logic-design technIques, A buildiitg-block approach 
with a limited number of. basic process modules can be 
used to create a close-knit family of' technologies that 
squarely addresses these issues and Simultaneously sup­
ports a Wide range of applications. 

The ,basis for C·H·MOS 

A firm foundation in n-Mos-transistor physics will 
support the advancement of C-MOS technology, As chan­
nel lengths approach I micrometer, n-channel transistors 
become more difficult to optimize because the standar"d 
5-volt power supply causes problems with high-intensity 
fields, Improperly designed transistors may be unreliable 
as a result of hot;cariie.r injection into gilte oxides, or 
they may cause less localized problems by Injecting 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 
l-fLm 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 estabhshed n-MOS line. The relatively 
Simple addition of an n-well in the same high-resistivity 
substrate results In 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 tradllional 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 latch up. Many schemes have been 
proposed to combat latch up, ranging from carefully scru­
tinizing the layout (which imposes no burden on the 
technology) to a buried layer (which significantly in-

10 r-------------------------------~ 

C'H'Mosm 
1001 pJ) 

TRADITIONAL 
4~m C'MOS 
(O.S pJ) 

H'Mosm 
101 pJ) 

0.1 '--__ --'-____ -'---'--'--'-____ "-_-L __ -'--'-' 
0.01 0.1 

POWER/GATE (mW) 

1.0 

1. Power down. Despite the conllnuous 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 magni· 

tude lower In the tYPical Integrated CirCUIt. 
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n-CHIINNEL TRIINSISTOR COMPIIRISON 

Technology Gate-oxide Chlnnel Th ...... old 

noMOS CoMOS tIIick ..... (l) length (pm) vol. (V) 

H-MOSI - 700 3.0 0.7 

H-MOSII C-H-MOS 400 2.0 0.7 

H-MOS II C'H-MOS III 250 1.0 0.7 

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

A modular approach to a broad7based 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 ...------------------. 
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2_ Senefits. By raising the margin of latchup trigger current, an 
epitaxial substrate effects a dramatic Improvement in combatting 
latehup, a major concern In complementary·MOS chip design. 

Grldld drain 
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no 

no 
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substrate's heavily doped bulk effec­
tively eliminates the vertically trig­
gered latchup mode, it is possible to 
develop a set of computer-aided-de­
sign tools that can flag latchup-sensi­
tive layouts on the largest VLSI chips. 

Since grasping the phenomenon of 
upsets induced by alpha particles, in 
1977, memory designers have taken 
care to ensure that enough charge is 
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-J.'m noMOS process, stored' charge is low 
enough to caution even microprocessor designers to 
guard against random storage nodes suffering from soft 
errors. Fortunately, C-MOS provjdes a natural barrier 
against soft errors if the storage node is located within 
the C-MOS well. 

The well junction is reverse-biased by the power-sup­
ply voltage. The electric field at this junction naturally 
repels any carriers generated 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 
()ver traditional noMOS 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-Ioad resistors that sus­
,tain the stored-node voltage. On the time scale of an 
alpha evenl, 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 nanoseconds, the cell appears dynafllic. In this sense, 
polysilicon"load static-RAM cells are vety similar to dy­
namic-RAM cells. The major difference arises in ,the way 

, 400 

the 'cells sense the cell's information. The static-RAM cell ' , 
provides a ,direct current, and to maximize tlie ceIl's 
performance, that current must be as large as, possit>le 
while contained in a minimum area. Thus the chip! de­
signer must use high-gain n-channel t,ransist9rs for the 

C 
!. .. 
I n 

300 

200 

,-
'\: ~·TYPE EPITAXIAL SUBSTRATE 

ONn+WAFER 

I ce!I's pass gates and puIldowns. For good soft-error pro­
tection, th~n, the cell must be located in a p-weIl within, 
an n-type substrate. 

The p-weIl approach benefits even full ~.MOS six-tran­
sistor static-RAM cells. The area of such ceIls depends 
strongly on the distance allowed between n- and p-chan-
nel deyices. Using,a straightforward implementation of 
epitaxial C-MOS, the p-well, approach provides more mar­
gin against latchup at small mto-p spacings (Fig. 3). 
This phenomenon occurs because of the differing diffu­
sion properties of n- and p-iype 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 minimizing the shunt resistance 
that controls latchup. 

Hooking it up 

One of the challenges of C-MOS in logic applications is 
interconnection. Designers of noMOS chips are accus­
tomed to buried contacts, which directly connect, n-type 
polysiJicon and ootype 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 ~Ocal connections betwee/l ,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 ceIl com­
monly used by logic designers. Figure 4 compares sin­
gle- and double-metal versions, of this cell, both imple­
mented with 1.5-,...m design rules. 
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 microproce$­
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 
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3. Powe •• ma~in. With an epitaxial substrate. a p-well structure (up­
per curve) y~lds a greater margin ageinst latchup than n·well at 
smaHer n- and p-devlce spacings. 

contact 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
MOS, these sallie 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-,...m contact structure in n~~1Os 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 U$e are 
fuIl 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 

r r 
high-temperature diffusion rounded, 
the profile of the contact sidewall" 
easing. the step coverage of the metal 
subsequently deposited. Further, the' 
pl~g had self-aligning features. If the 

4. PaJbaok, Theuse of double-metal layers for a six-tranSistor static-RAM cell can prodUce's 
large savings in rea~esta'te. In twO cells implemented With a 1.S.pm design rules;,the savings 
can am\llunl to one1hlrd of the total area: The cell at right uses second-layer metal for bit hnes. 
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up to a factor of two comp~red with full C-MOS. 
Interestingly; the choice of design' style influences the 

optimal type OrC-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-channe! device is the weaker 
one, it pays to choose a well type that improves the p­
channel's cor)ductance. P-well- does this because the p­
device is fabricated in an uncompensated substrate and 
thus has maximum mobility, Comparisons between n-

5. "king conblet. Contacts anI more diffi­
cult to build in C-MOS than in convenllOnal n­
MOS, The phosphorous contact plug used in 
noMOS 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 the n-channel device 
outside the well improves its conduc-
·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 CoMas 
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 comPt:nsation. Perfor­
mance arguments based on mobility 
or junction capacitance thus become 
moot. Nonetheless, domino logic will 
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 curren'ts from the n-channel transistors, thus 
improving packing density.' 

Matching process to product 

"These and other technical arguments may be conibined 
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-

, 6. Logic. Two major con­
tenders for digital logic 
design are full comple­
mentary (a) and domino 
logiC (b), The former re­
quires no clocks and IS 
simpler ior many applica­
tions. Domino logiC, 
which performs best In an 

L-. __ ..... _ OUT 

• n-well technology, is fast­
er and simpler for more 
complex CirCUitS, 
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es. Dynamic RAMs are supported on' the n-well side to 
minimize pattem 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 noMOS 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, OJ;le 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-Ioad, can take advantage of a p-well 
C.H.Mosprocess. 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-/-lm C·H-MOS JIl technologies share a 
common transistor module, the difficult contact module 
was developed Ollce to be shared among all. Specializeli 
features such as double polysilicon or double metal are 
extensions 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 nand 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 substrl,ite, augmented by specililized features for spe­
cific product lines, will become the one approach to a 
broad line of coMbs 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 devi.;:es will 
be used interchangeably. Before this level is reached, 
however, the 5-Y 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 ovemight, 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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older 5-Y components with lower-voltage ones. An on­
chip 5-to-3-Y converter may be 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 Y. 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 submicrol)1eter 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 nllnoseconds 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 SOl substrates is adequate to support dynamic RAM 
and E-PROM cel!!" and not Just static logic, it will not 
playa major role in a broad-based and modular tet:hnol­
ogy strategy. 0 
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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 
lOOmii 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 LSIIVLSI devices are the surface mounted 
chip carrier and the pin grid an;ay. ' 

24.2 What Are Surface Mounted 
Chip Carriers? 

The chip carrier is basically the business portion 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 1/0 pads on all four 
sides, a die cavity area, metalization traces to the 1/0 
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 
110 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 
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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 110 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 (in2) versus pin count of both a ceramic dip and a 
ceramic leadless chip carrier device. 'Note that l!ll 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. 

3.0 

1.0 

-- CERAMIC DIP 

---- CHIP CARRIER (LEADLESS, CERAMIC) 

.. ~-.----.. -.-_.--- .. ----_. 
~----

16 18 20 22 24 28 32 40 44 48 52 64 68 

PIN COUNT 

FlgLlr.e 24.1. Package Area 



ADVANCED PACKAGING 

3.0 

- - ~ ~ CHIP CARRIER (PLASTIC, LEADED) 

-,- PLASTIC blP 

1.0, ..... 
,-' 

_-.AI""'''' --_-. .... 
16 18 20 22 24 28 32 40 44 48 52 54 68 

PIN COUNT 

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. 

14 

12 

10 

_ _ _ _ _ CHIP CARRIERS (LEAD LESS CERAMIC) 

--. CERAMIC DIP 

... -- ----.... ------....... ',.."..,. 

18 28 48 
PIN COUNT 

Figure 24.3. Package Weight 

.A 
.' 

54 

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 C,arrier. 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 ceramie 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 proposed 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 
(in2) 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 ab9ve 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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II: 

~ 
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Figure 24.4 Surface Array 



ADVANCED) PACKAGING 

CERAMIC LEADLESS CHIP CARRIER 
All dimensions in inches and (millimeters) 

44-Leadless Hermetic Chip Carrier 
JEDEC Package Type C 

50011210'0) 

HAIOO6I 
&20-(15748) 
6OOqS2401 

m 

::g:::!I+1 B 10101 r--- 620 (15 748) r-.;-, 
1.rv""V"V' '''('''''} L:±:J 

o 
44 1 

24-3 

620(15748) 
REF 

.-099(2514) 
081 (2057) 

149(3784) 
120(3048) 

660 (18 764) 
640(16256) 

[+[Al}tOJ 

PIN 1 INDEX CORNER 



ADVANCED PACKAGING 

CERAMIC LEAD LESS CHIP CARRIER 
All dimensions in inches and (millimeters)' 

44-Leadl ... Hermetic ChIp Cerrler 
JEDEC Package Type C 

J.---"20 (1U4I) REF'--_ 

.. 1 
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ADVANCED PACKAGING 

PLASTIC LEADED CHIP CARRIER 
All dimensions In Inches and (millimeters) 

44-LMcIed Chip C.rrIer 
JEDEC Package Type C 

1 44 

\ 
PIN 1 
INDICATOR 

I~_" ... 
~.1111(17") 

_(1 ... 12) 

.II1II(1"'10) 

24-5 

::::::::-1 j 
.G21 (0.133) 
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infel" . ADYANCEDPACKAGING 

Pinout. .. C! u "': "! u t i ~ MCS<!l-51 Family 0: ~ 0: ~ 0: z :? ~ 

LeJ L5J L4J' : 3: : 2: '1' 1441 ~~ ~~ :.,: ~40: 
'-..I '-..J LJ LJ L..J '-..J 

P1.S =~j 
r--
L.!9_ PO.' 

P1.S =a: J 
r--
L~ PO.S 

=(J r--
PO.S PH L~7_ 

RST - -, 
...!~J 

r--
L~_ PO.7 

P3.0 
--, 
_'!.J 8051131· 

r--
L~S_ EA 

He --, 
.1!J 8052/32" r--

l~_ Ne 

--, 80C51131~ r--
P3.1 ]:!.J L~3_ ALE 

P3.2 
--, 
~~J 

r--
L.12_ PSEN 

P3.3 
--, 
_'~J 

r--
L~~ P2.7 

P3.' 
--, 
.1!.J 

r--
l~C!.. P26 

P3S 
--, 
...!?.J 

r--
l~9_ P2 S 

'-, r, r, ;-, r, r, 

~4: 
r, r' r' r-, 

'181 1191 :20: 121: :22: :23: 1251 126' :27; ;28: , , I , I , 

.. ... N :;; '" U C> N .. .. 
~ It ..J {!' Z ~ ~ ~ &: &: .. i! ... 

" )( 

"': .. N '" ~ U 
u t ~ i ~ 0: ~ ~ 0: 0. Z :? 

L6J L5J L4J : 3: : 21 '1 ' ~~< !43: :42: :411 140: 
L....I '-..J I 1 ....... ~..J L..J '-..J I 1 

P1.S ' , PO.' c...J 

P16 PO.S 

P1.7 PO.6 

HIT PO.7 

P3.0 EAlvPP 

Ne . 8751H* Ne 

P3.1 ALEIPROO 

PU P§EN 

P3.3 P2.7 

P3.' P2.6 

P3.S P2.S r, r, r, '-, r, r' -, r, r' r., r-, 
'181 '191 [20: 121 , 1221 :23: :24: 1251 1261 ,27 1 ;28: , I I , 1 I , , I I .. ... 

~ '" U C! N 

~ ~ ~ It ..J '" z &: &: '" .. i! > 0. :; .. 

"Top View Looking Through Package 



inter ADVANCED PACKAGING 

Pinouts Ii 
... .. .. u 

I: ~ ~ u ~ ~ ~ MCS®-48 Family " " :;! z ~ ;::: 

L&J L5J L4J : 3: : 2: '" 1441 ~~ ~5 :41\ :40: 
'--' '--' LJ LJ L~ '--' 

fliT' =7=J 
r--
L!'_ P2. 

EA =~J 
r--
L~8_ P,7 

=~J 
r--

iifj L~7_ P,. 

JSftR 
--, 
2~.J 

r--
l~6_ PIS 

WI! 
--, 
_ 1.!.J 

r--
L~5 _ Pl. 

Ne --, 
2~.J 80C49/39* 

r--
L~_ Ne 

ALE --, 
~:!.J 

r--
L~ P13 

DB. --, 
~~j 

r--
l~t 

P12 

DB, --, 
_1~J 

r--
l~~ 

PH 

DB. 
--, 
~~J 

r--
l~O_ 

P1Q 

'083 
--, 
~~j 

r--
L~~ 

VDD 

r, r, r, ~, r, r' -, r, r' r' r, 
1181 '191 :20:, 1211 1221 :23: :24: ,25; 126· :27; :28: , I I I 

" I 

, I , , 
rJ i rl 01> 

co u Ii! ~ 
... 

~ " 0 0 0 ~ z .. ~ 0 
a: .. 

I 
... .. -' u 

I: ~ ~ u ~ ~ 1.: 
)( " :;! z ~ ;::: .. 

LsJ LsJ L4J : 3: : 2 : ',' '«' ~~ ~~ 1411 ~ '--' '--' 
I , LJ L~ 
:- I 

iNf' LJ P2' 

EA P17 

jjjj P16 

i'SEIiI P15 

WI! Pl. 

Ne 8749H* Ne 

ALE P,3 

DB. P12 

DB, PI1 

DB. P1Q 

DB3 VDD 
r., r, r, -, r, r, -, r, r' r-' c, 
1181 1191 :20: 1211 ;22: :23: :24: ;25; 1261 :271 :28: , I I I , I I , 

rJ r!1 rl 01> 
., u Ii! N :::l ~ " 0 0 0 0 ~ z .. .. .. 0 

a: .. 

·Top View Looking Through Package 
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ADVANCED PACKAGtNG 

CERAMIC PIN GRID ARRAY 
All dimensions in inches and (millimeters) 

68-Pln Hermetic Pin Grid Array 

1~1.165(29.591) 

.030 TYP 3 PLC~~ 1.135 (~8.829) 

T@@@:=:@;;;:O =;@;;;:o =;@~@~@;;=;:@F'\h:-
.I030@@@@@@@@@ @ 

@@ @@ 

@@ @@ 

@@ @@ 

SWEOGE PIN 

PIN 1 

i i[::;:::~::::: 
@@ 

@@ 
~~=======F~==~ 

PIN 110 
CORNER 

24-8 

SWEDGE PIN ~~--., 

.055 (1.397) 

~ 
SEATING PLANE 



Pinouts 
MCS®-96 Family 

PIN 

1 

2 

3 

4 

5 

S 

7 

8 

9 

10 

11 
12 

13 

14 

15 

16 

17 

18 

20 

22 

24 

26 

28 

30 

32 

34 

SYMBOL 

ACH7/PO.7 

ACH8/PO.S 

ACH2IPO.2 

ACHO/PO.O 

ACH1/PO.l 

ACH3/PO.3 

NMI -
EA 

VCC 

VSS 

XTALl 

XTAL2 

CLKOUT 

TEsT 
INST 

ALE 

RD 

ADVANCED PACKAGING 

17 15 13 11 9 7 5 3 1 
19 16 14 12 10 8 6 4 2 68 

21 67 66 

23 65 64 

25 63 62 

27 MCS®-96* 61 60 

29 59 58 

31 57 56 

33 55 54 

36 38 40 42 44 46 48 50 53 52 
35 37 39 41 43 45 47 49 51 

MCS®-96 Pin Table 

PIN SYMBOL PIN SYMBOL PIN SYMBOL 

18 ADO/P3.0 35 READY 52 HSI2IHS04 

19 AD1/P3.1 36 T2RST/P2.4 53 HSI1 

20 AD2IP3.2 37 BHE 54 HSIO 

21 AD3IP3.3 38 WR 55 Pl.4 

22 AD4/P3.4 39 PWMlP2.5 56 P1.3 

23 ADSlP3.5 40 P2.7 57 P1.2 

24 AD6/P3.6 41 VBB 58 Pl.l 

25 AD7/P3.7 42 VSS 59 Pl.0 

26 AD8/P4.0 43 HS03 60 TXD/P2.0 

27 AD9/P4.1 44 HS02 61 RXD/P2.1 

28 AD10/P4.2 45 P2.6 62 REsET 
29 ADll/P4.3 46 Pl.7 63 EXTINT/P2.2 

30 ADl21P4.4 47 Pl.6 64 VPD 

31 AD13/P4.5 46 Pl.5 65 VREF 

32 AD141P4.8 49 HSOl 66 ANGND 

33 AD15/P4.7 50 HSOO 67 ACH4/PO.4 

34 T2CLKlP2.3 51 HSI3/HS05 68 ACH5/PO.5 

* Top View Looking Through Package 
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Intel Corp 
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Phoenix 85029 
Tel (602) 869-4980 

Intel Corp 
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Intel Corp 
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QED ElectronIcs 
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Willow Grove 19090 
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Intel Corp.-
12300 Ford Road 

Intel Corp-
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Suite 1490 
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Industrial DIgital Systems Corp. 
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ALAItAMA 
tArrow ElectronICS, Inc 
3611 Memorial Parkway So 
Huntsville 35801 
Tel (205) 882·2730 

ARIZONA 

tHamlltOn/Avnet ElectroniCS 
505 S Madison Orlve 
Tempe 85281 

~ (~lJ.9~i£~4.? 

CALIFORNIA 

tArrow ElectroniCS, Inc 
521 Weddell DrIVe 
Sunnyvale 94086 

~.(4:J_3~~ 
tArrow EleclronlCS, II'IC 
1 

Arrow ElectronICS, Inc 
2961 Dow Avenue 
T ualln 92680 

~ (7Jt6_5s:t2S:~l 
tAvnel ElectronICS 
350 McCormick Avenue 
Costa Mesa 92626 

~ (7~~5~~1~~' 
tHamlllon/Avnet Electrorncs 
1175 Bordeaux Onve 
Sunnyvale 94086 

~ (~,8J.31~~:' 
tHamllton/Avn&t Electronics 

~5 Dy/8Wf'm~2:venue 
Tel (61~ 571-7500 
TWX 916-595-2638 

tHamllton/Avnet ElectronICS 
4103 Northgate Boulevard 
SlICfllffitInto 95834 
Tel (916) 920-3150 

Hamdton/Avnet ElectronICS 
3002 G Street 
Ontario 91311 
Tel (714) 989-9411 

tHamitton Electro Sales 
3170 Pullman Street 
Costa Mesa 92626 

~ (7J:6.5t'~~gg 
Hamilton Eleclro Sales 
9650 De SOlo Avenue 
Chatsworth 91311 
Tel (818) 100-6500 

KteruIff Electrorncs, Inc := J~h351~~nue 
~(~J.3~~b' 

DOMESTIC D.ISTRIBUTORS 

CALIFORNIA, _dl 

Krerulff Eleclronlt;lS, Inc 
14101 FrankOn Avenue 
Tustin, 92680 ' 

~ (7JU.5~~::lJJ 
Kierulff ElectronICs, Inc 
5650 JlIlson Avenue 
Commerce 90040 

~ (2J~6.k~~~5 
twYIe DIStribUtion Group 
124 Maryland Street 

l~~~~or7111 
rm~ =~tl~~~P 
Irvine 92714 

~(7J1~r~,~ 

nr~ S~I~~: g:r 
Rancho Cordova ,95670 
Tel (916) 638-5262 

rstse~:!= = 
San ~o92123 
Tel (61 565-9171 
TWX 91 -335·1590 

~e =:I~~en<:UP 
Santa Clara 95051 

~ ("s~J.3~rO~~ 

~~o ~= Avenue 
Irvtne 92750 

~ (7J1'6-3~1!9ms 

~~$~:SChlC8' 
~~Intl(~~) ~~~2649 
TWX 91()"595-2642 

COI.ORADO 

l1"t~ ~~~:n~~~oup 
Thornton 80241 

~ (3~~.J~o~~3 
Avnet ElectroniCS 
Orchard Road 

80111 
74()..1017 

TWX 910·935-0787 

CONNEC'nCUT 

tArrow EIectroI'llCS, Inc 
12 Beaumont Road 

~~h~~37 =~41 
TWX 710-476-0162 

~~~:~A~~=s 
Commerce Drive 
Da"bu~06810 
~(271R4~~~ 
tpIoneer Northeast EleclfOl\lcs 
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Norwalk 06851 
Tel (203) 853·1515 
TWX 71Q..468-3373 

FLOIIIOA 

tArrow ElectrOnICS, Inc 
1 NE 

tHBmllton/Avnet ElectronICS 
3197 Tech Drive North 

~ =b~::Ig2 
TWX 810-863-0374 

FLORIDA _dl 

tPioneer EleclronlCS 
221 N lake BouIeYard 
Suite 412 
Alia Monle SP~ 32701 
~ (3~15J-8~..Q284 

GI_ 
t~~~ro8::' Inc 
Norcross 30071 

~(?'J.7=~2 
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Tel (404 
TWX ., 
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tHamUton/Avnet Electronics 
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1~~~~41 
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Carmel 46032 
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~(3Jr~=1~ --
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~(3~~~~~ 
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IIAIOAO*JIIaTnI 
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~:(6~I6~~jag 

!~=/A~~ 
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~(6g~~~ 
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44 Ha:rtwen Avenue 

~~X'1m 'f,[~200 
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~ (3J~~2~~~8 

1 

tHarrullon/ Avnet Electronics 
32487 Schoolcraft Road 
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t __ 
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~(6J~~t~4 _, 
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St louIS 63141 

~.(3J16.7~: 

,.w_ 
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~·(ew~2~ 
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tHamihon/Avnet E1ectronIce 
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~. ~"I 08003 
Tel (609) 424.()110 
TWX 11()"940.Q262 

tHanlIhon/ Avnet ElectronIcs 
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Fllrfield 07006 

~(~1l1~~ 

, tMicrocomputer Sys1em Techrncal DemonIlratorCenters 



inter 
NEW JUlEY (Cent'd) 

tPtoneer Northeast ElectrOl'llCS 
45"'" .. 
Ptnabrook 07058 

~ (2~6.7~:;'~~W 
tMTl Systems Sales 
383 Route 46 W 
FatrHeld 07006 
Tel (201) 227·5552 

MlW MEXICO 

lEW VOIIK 

tArrow Electronics. Inc 
25 Hub Drive 
Melville 11735 

~(5Jf6.2~= 
fArrow ElectronICS, Inc 
3000 South wtnton Road 
Rochestet 14623 
Tel (716) 275-0300 
TWX 510-253-4766 

fArrow Electronics. Inc 
20 Oser Avenue 

~1'2~1:~ 
TWX 510-227-6623 

tHamdton/Avnel Electronic, 
333 Metro Park 
Rochester 14623 

~ (7Jf6.2~~~~~ 

tHamtiton/Avnel ElectronICS 
5 Hub Drive 
re:1vl~~16)l~= 11747 
TWX 51()"224.6166 

tPtoneer Northeast Electrorucs 
1806 Vestal Parkway East 
Vestal 13860 

~ (eglJ.2~~?C:;1' 
tPtoneer N~ EleclrollICII 

~~~a~o~tla~\1797 
~ (5Jf6.2~~~21~ 
tF'Ioneef Northeast Eleclrol\lcs 
840 F!:1 Park 14450 
Tel (71 381-7070 
TWX 51 253-7001 

tMTI Systems Sales 
38 Harbor Park OrI\lEl 
PO Box 271 

~ (~1;~~~~050 

DOMESTIC DISTRIBUTORS 

-... CAROLINA 

fArrow Electronics, Inc 
5240 Greandany Road 

ftfgJ~r!~~2 

tArrow ElectroniCS. Inc 
7620 McEwen Road 
CenteMlIe 45459 :x (5Jn-4~~~~ 

• fArrow ElectroniCS, Inc 
«1238 Cochran Road 
Solon 44139 . 
Tel (216) 248-3990 
TWX 81().427-9409 

tHamlHon/Avnet Electrorncs 
954 Senate Dnve 
Dayton 45459 
Tel (513) 433·0610 
lWX 810-450-2531 

tPloneer ElectroniCS 
4433 Interpomt Boulevard 
Dayton 45424 

~ (5Jf~4~~~~ 

l~~ ~k~o~~ 
Cleveland 44105 
Tel (216) 587-3600 
lWX 810-422-2211 

0IC1.AH0IIA 
tArrow ElectronICS, Inc 
4719 5 Memorral Drive 
Tulsa 74145 
Tel (918) 665-7,700 --tAlmac ElectronICS Corporation 
8022 5 W Nimbus, Bldg 7 
Beaverton 97005 

~ (~~J_4t~8~~730 

PENNSYLVANIA 
t Arrow Electl'OfllCS, Inc 
650 Seco Road 
Monroeville 15146 
Tel (412) 856-7000 

tPloneer ElectroniCS 
259 Kappa Drrve 
P1ttsbU[¥:h 15238 

~ (47f6_71~~3~~~ 

PENNSVLVANIA (Confd) 

tPioneer ElectronICS 
261 Gibraltar Road 
Horsham 19044 

~(2~f6~~ 
TEXAS 

tArrow EIeotronIcs, Inc 
3220 Commander Dnve 
Carrollton 75006 ' 
t:x,(2J~~s;' 

f~K~=ICS, Inc 
SUite 100 
Houston 77099 

~(7J~~~': 
tArrow ElectronICS, I~ 
2227 W Braker Lane 
Austin 78758 

~ {5Jfb_8~~1~~ 
tHam~ton/Avnet 8ectromcs 
2401 Rutland 
Austin 78757 

~ (5J~6.a~~~&~1 
tHamllton/ Avnet ElectronICS 
2111 W Walnut Hili Lane 
IMng 75062 

~(2Jn-8~5~~ 
tHamllton/Avnet ElectronICS 
8750 West Park 
Hosuton 77063 

~ (7Jr6~~~~~ 
tPloneer Electromcs 
9901 Burnet Road 
Aushn 78758 

~(5JfL~~~~ 
tPtoneer ElectronICS 

~~~ 'rs'm Road 

~(2J~6_=~0 
tPloneer ElectrOniCS 
5853 PoInt West Drive 
Houston 77036 
Tet (713) 988-5555 
lWX <910-881-1606 

UTAH 

tHamdton/Avnet Etectromcs 
1585 West 2100 South 

f~" (':o'ti ~_2~9 
TWX 910-925-4;018 

Wyle DIStrIbutIon Group 
1959 South 4130 West, Un.! B 

~~" (~i ~7\~~104 
WA8HINCITON 

t Almac ElectronICS Corporahon 
14360 5 E Easigate Way 
Bellevue 98007 

~ {2~?J_4~~2~2 
tArrow electroniCS, Inc 
14320 NE 21st Street 
Bellevue 98007 , 
Tel (206) 643-4800 
TWX 910-444-2017 

"-N 
tArrow EIectrontca, Inc 430 W RauBSOn Avenue 
Oekcreek 53154 

~("J~~2~ 
tHamllton/ Avnet ElectronICS 
2975 Moorland Road 
New BerNn 53151 

~ (4Jn.~~~~0 

CANADA' 
ALlERTA 

tHam~ton/ Avnet ElectronIcs 
2816 21st 'Street N E 

~~70312~30~ia6 
TWX Q3.a27-642 

NE 

IRITIIH CCH.UIIIIA 

ZentronlCB 

~r:;~~ ~rt Road 
Tel (604) 273-5575 
TWX 04-5077-89 

MANITOU 

ZentronlCS 
590 Berry Street 

~~)R.j~5~~ 
ONTARIO 

Hamilton/Avnel Electronics 
6845,_ ""'" 
Uruts G & H 
Mlssl688Uga L4V 1R2 

~ (4JfL~~~~2 
Hamilton! Avnel Electronics 
210 Colonnade Road South 
Napean K2E 7L5 
Tel (613) 226-1700 
TWX 05-349-71 

ZentronlCS 
8 Tilbury Court 
Brempton L6T 3T4 
Tel (416) 451~ 
TWX 06-976-78 

Zentronlcs 
564/10 Weber Street North 
Waterloo N2l 5Cf1 
Tel (519) 884-5706 

Zentrontcs 
155 Colonnade Road 
Unit 17 
Napean K2E 7Kl 
Tel (613) 225.a840 
TWX 06-976-78 

QUEBEC 

Hamllton/Avnet Electronics 
2670 Sabourin Street 
51 laurent H45 1M2 

~.(5J~6-4~~~~3 
ZenttonlCS 
505 locke Street 
51 laurent H4T lXt 
Tel (514) ,735-5361 
TWX 05-827-535 

t~lcrocomputer System TechnIcal Demonstrator Centers: 



inter 
.. ..-
Intel Corporation SA 

~ d~ouIln a PSptef 51 
8011e 1 
9-1160 Bruaae18 
Tel. (02)661 07 11 
TElEX: 24814 _. 

--Intel Corporation, S A A L • 
Balance 

EUROPEAN SALES ,OFFICES 

--Inlet Corporation, S.A.R L 
Immeuble BBC 
4 QuI! des Etrolts 
69005 Lyon 
Tel (7) 842 40 89 
TELEX. 305153 

WUTGIlWAHY 

Intel SemleondlJctor GmbH· 
Seuilslfea8e 27 
0-8000 Munchen 2 
Tel (89) 538$1 
TELEX 05-23177 INTl 0 

GmbH" 

Intel Semttonductor GmbH 
Brueckstrasse 61 
7012 Fellbach ....... 
trlef'~2~a: ,Ms 0 

GmbH" 
5' 

IlRAEL 
Inlel SemiconductOt Lid," 
PO Box 1659 
Hada 
Tel' 4/524 261 
TELEX 46511 

1TALY 

T 

-...-

Spa" 

Intel Semlconductol Nederland a,v' 

:=tre:'we:ul~ng 
3068 Rotterdam 
Tel (10) 21 23 77 
TELEX- 22283 

NORWAY 

~~I ~~2A/S 
Hvanwe"" 4 
N-20t3 

¥~.~) 742 420 
TELEX 18018 

SPAIN 

Intellberta 
calle Zurbaran 28 
Madrid 04 
Tel' (34) 1410 40 04 
TELEX' 46880 

SWEDEN 
lmel Sweden A B.' 

=ns~~a 
Tet (08) 734 01 00 
TELEX 12261 

SW112E1U.AND 

UMTED KINGDOM 

"Field AppltC8tion Location 

EUROPEAN DISTRIBUTORS/REPRESENTATIVES 

' .. ..-
SA 
de Guerre 94 

-lZ=~"2:BA 
SF-00210 
Helsmki 21 
Tel (0) 692 60 22 
TElEX 1201 224 Flfon SF 

FRANCE 
Ge ..... m 
Z.I de 
A,.,... 
91943 

+~J~) 

Metrologle 
,La 'Tour d' Asnteres 
4, Avenue Laurent Cely 
926Q6..Asnleres 
Tel (1) 790 62 40 
TELEX 611·448 

Tekelec AJrtronic 

,P88 

B,P 2 

WUT GIRlWI\' 

CES Computer Electronics Systems 

1TALY 

51 

E/5 

Tel. (02) 82470 
TELEX 311351 

NETHERLANDS 

Koning & Hartman 

~~~ 19220 
2544 EN's Gravenhage 
t~tJ1 Jrgka 210101 

NORWAY 
Nordlsk Elektronlc (Norge) A/S 
Postofflce Box 122 

~~s~:d4 
Tel, (2) 846 210 
TELEX 17546 

..o.rru-
"",am 
Componentes E ElectronlCa LOA 
~~1~barda, 133 

Tel. (19) 545 313 
TElEX 14182 BrIek$·P 

SPAll 

Interface SA 
Av Pompeu Fabra 12 
08024 Barcelona 
Tel (3) 219 80 11 
TELE><: 51508. 

ITT SESA 
~~3~~ '{Bgel 21, 6 PISO 
Tel (34) 14 1954 00 
TELEX 27461 

SWEDEN 

AS Gosta Backstrom 
Box 12009 

~~h~scnhol~ 12 
Tel (8) 541 080 
TELEX 10135 

SWITZERLAND 
Industrade AG 
HerlistraS$8 31 
CH-8304 .Weillsellen 
Tel tOt) 830 50 40 
TELEX ~6788 INOEL CH 

UNITED KI~ 
Bytech Ltd 
Unit 57 
london Road 
Earley, ReadIng 
Berkstiire 
Tel' (0734) 61031 
TELEX 848215 

Comway' Mlcrosystems Ltd 
Market Street 
UK·Bracknell, Berkst)lre 

~~t~~ 8~:~bl 55333 

Jermyn Industnes 
Vestry Estate 
Sevenoaks, Kent 
Tel' (0732)' 450144 
TELEX 95142 

MEDL 

,pp 

YUGOBLAVIA. 

., 



inter 

NSW, 2065 

~=..r:,:) 
leYeI~ Highway 

Crowe Nest, NSW, 2085 
Tel' 011-61·2·957·2744 
TELEX 79()..20097 
FAX 011-61·2-957-274<4 

_KONG 
lnlel Semlcqndootor Ltd,-
1701-3 ~Cen1re 

tel~5-215-311 
TWX 804m ITLHK 

INTERNATIONAL SALES OFFICES _ .. 
Intel Japan K.t< 
5-6 TCiModai, T~ 
t:t=:as'\'rkl-Mn 300-26 
TELEX 03658-180 

InIeI Japan KI<,-' 
2·1·15 Naka-machi 

~:ug~~m I!.a 

InIOI ... ".. KK' 
2·51·2 I<KO£&II 
Cnotu, T 182 
Tel 0424 151 

Intel Japan KK.-
2-69_ 

~:."~4~360 
InteI"Japan K.K.· 
241 Teraochl 

t~~~560 

_ .. -
~,J~'i 
~:~1.Js~'OP 

~~3-9"1:~ . 
~~21~'S4 

--InIeI SemIconc:IuctIr "* ltd 

~~~y~U 
Seoul 150 

m~~l:~l~tr..Kb 8288 --

INTERNATIONAL DISTRIBUTORS/REPRESENTATIVES· 

-VLC SR.L 
SarmIento 1630, 1 Preo 
1042 8uenoa AIres 
Tel 011-54·1-35-1201/9242 
TELEX, 17575 EOARG 

IRAZJL 
lcotron SA 
~5~~ AkoM: 3650-6 Andar 
Tel 011·55-11-833-2572 
TELEX 1122274 ICOTBR 

CHILE 

OIN 

~~~. ~ehna 204 
C&ell1a 6055. 

",-56-2-277-564 
TELEX- 352.()()Q3 

~~~~""t""d."", 
3801 Kennett PIke 
Wilmington, Delaware 19807 

_ KONG 

5:!>r:r~~:~ 
Tel 011-852-5-0-2232,22 
TWX' 39114 JINMI HX 

~~~I ~~IdCen!re 
Woncha> 
Tel 011..81)2-5-833-0222 
TWX 74166 SCHMC HK -
_ee. ... 
1041109C Nirmal Industr181 Eatale 
Sion (E) 

~11.~.4e1.70 
TElEX- 011-71447 MOEV IN 

....,.~-
~o:r ,="r Nager 
Almlak 1ntemItIona1. Inc (Agent) 
465 S Mathilda Avenue 
Suite 302 

~Tot·,~~ 
SMa~iS =rn 
~o 't, "8' 
Mauldin, South CaroIi", 29657 

\~""il;g."AddO:) 
Uberty, South carolina 29657 _ .. 

- .. (Conl'O) 

~~~~7~ 
Cho 
Nihoobashl CttucH<u, TOkyO 103 
Tel· (oo) 662-9911 
TElEX· 2523774 

--J-TEK CorporatiOn 

~~3, ~c.cio-~"! PeneIon 8ktg, 

~"P"l'~po-K" 
Tel 011..$2-2-782-8039 
TElEX' KootGIT K25299 

K«am " ... S_ 
Tet (7 
TWX' DIGIT LSA _ ZI.WIIID 

Mcl.aan Information Technology lid 
<459 ~ P818 Road, Newmarket, 

~~1~~ 
Tel. 011-64-9-501-219, 501-801, 587-
037 
TELEX, NZ21570 THERMAl ._ .. 
~=:rltd. 
00Ien .. .....,.,.... 
Tel: 01t-92-21..s30-30617 
TELEX. 2443<4 GAFAA PK 

._ .. -
-- - C<NpcnIJoo Ply. ltd. 
UnIte 1003-1008 Bto\:k 3 
11)" .... PO' .... SOny Compie>< 
T .... __ 

Po. Jang 

--



-
' .... Corp 2000 E 4th Street 
SUIte 110 
Santa Ana 92705 
~.(7J:~~~%7 

~~Orlve 
Suite 150 

~: (':t4~~~ 
'''''' Corp. 5530 N. CortJIn AvenYe 
Suitt 120 
Tarzana 91356 
Tel: (213) 708-0333 -''''''~ r..? .. 720 Cheny 
Denver 80222 

~.(~3J~~~:,er 
-..cur 

Road 
1 
8-3130 

DOMESTIC SERVICE OFFICES· 

...- (eoardl 

=~Avenue Suitt 205 ' 
Mallland 32151 

~<38,~~W -~~ ParkwlJ)' 
."'" 200 Norcron 30092-
rei. (4(4) 441:'171 

~ 

~~c:: Road 
Sulle 815 
Rolling Meadows 60008 

~,(3J~~l~~;~ -Intel Corp. 
8400 W. 110th Street 
Sulle 170 
Overland Park 68210 
Tel: (913) 1}42-8080 

!IIAMLANO 

Avenue 
01824 

T . 256-1800 
TWX: 3-6333 

-
---~To'a ~ 611y Expressway 
Sulle 143 

f:rh (3~:r ~~'5 -_V 
'''''' Co~ =~C:rlll 
Edllon 08817 
Tel: (201) 225-3000 

-....-.... 

OHIO 

--
~~ ":,l' EIam Young Parkway 
HIIIeboro 97123 
Tel (503) 681-8080 

....... V ..... 

~': ;:,g CtMer BouIevatd 
Bulle 301 W 

~~~31a) \~~~S40 
1EIIAI 

f"t.,.,...,l108 
52 
54 ..... 

TWX. 91 74·1347 

\'JJo~ "'"" SuhI 380 . 
Dallal 75234 
Tel: (214) 241-8087 
TWX: 910·860·5817 w_ 
Intel Corp 
110 11ath Awnue NE. 
Suite' 510 
Bel ..... 98004 
Tel' 1-800-525-5580 
TWX: 910-443·3002 -~~ ~\mnyaJope Road 
Suitt 130 
BrocIdleld 53005 
Tel (414) 784-8081 




