






































































































































































































































































































































































































































































BASIC SUCCESSIVE APPROXIMATION AID CONVERSION 

An SA ADC operates by comparing the analog input to a series 
of "trial" conversions; the first trial compares the input to the 
value of the most significant bit (MSB) or approximately half 
of full scale. Figure 2 shows the progression of trials for a 3·bit 
converter. If the input is greater than the MSB value, the MSB 
is retained and the converter moves on to "trying" the next 
most significant bit, or approximately three·quarters full scale; 
If the input had been less than the MSB; the logic would have 
turned the MSB off before going on to the next most signifi· 
cant bit, or one-quarter full scale. This "branching" continues 
until each successively smaller bit has been tried, with the 
entire process taking "n +1" trials. 

To implement the logic for the successive approximation 
algorithm, a configuration similar to Fig. 3 may be employed 
wherein a start command places a "one" in the first bit of a 
shift register. This sets the first latch to "one", and turns on 
the DAC's MSB. If the comparator output remains low, the 
"one" will remain in the latch; if not, the latch will be reset to 
zero before the next bit trial begins. The next Clock cyCle 
causes the shift register to place a "one" in the second bit and 
a similar process continues till all bits have been tried. After 
the last bit's trial, the end-of-encode output changes state 
indicating the parallel data is ready to be used. A useful feature 
of successive approximation conversion is that the correctly 
converted data is also available in serial form; this is handy for 
transmission of data on a single bus. 

COMPARATOR 

MSB LSB 

DlA 

SUCCESSIVE APPROXIMATION AID CONVERTER 

FIGURE 3 

LSB 

The complete sequence of events is demonstrated in the timing 
diagram of Fig. 4. Note that "negative true" logic is shown; 
the DAC-100 employs a complementary binary code and the 
AM2502 produces a !'Iow" output during each bit's trial, thus 
producing the standard successive approximation routine 
starting with the MSB trial and working towards the LSB 
trial. All events are initiated during positive-going clock transi­
tions; the conversion �p�r�~�s�s� starts when the Sinput is held low, 

'which also causes the CC (Conversion Completed) output to 
go high. After all bits have been tried, the last positive clock 
transition returns the CC to a .low state, indicating the conver-
sion has completed. ' 
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OUTPUT 

L.JC========= 

UOTE, NEGATIVE TRUE LOGIC IS USED. 
'SHADED AREAS INDICATE LEVEL DEPENDS UPON 
PREVIOUS STATE 
INPUT-+6.66 VOLTS. fULL SCALE- +10 VOLTS 

TIMING DIAGRAM 

FIGURE 4 

"CURRENT" COMPARISON 

The previous discussion has indicated that the function of the 
comparator was to perform a comparison between the analog 
input voltage and the output voltage of the D/A converter. 
Higher speed conversions may be achieved by using the output 
of a fast current output DAC directly. This may be imple­
mented as shown in Fig. 5, where the comparator exam'ines 
the polarity of (VIN - IINRIN). The "current comparison" 
method eliminates the need for a current-to-voltage converting 
op amp which is by far the slowest element in most D/A 
coriverters. 

"CURRENT COMPARISON" AID INPUT 

FIGURE5 

COMPLETE CIRCUIT 

The schematic for the complete 8-bit AID converter is shown 
in Fig. 6. It is seen that the complete circuit adds very few 
components to the basic 3 IC's of the, block diagram. A 200n 
potentiometer is used to adjust the full scale output and R1 is 
�~�s�e�d� to inject a +1 12 lSB value current into the sum node. This 
insures that adjacent code point transitions occur at 112 LSB 
points for minimum overall error. The clamp diodes minimize 
settling time and prevent large inputs from damaging the DAC 
output. For an 8-bit,10 volt system the CMP-01CJ's maximum 
offset voltage is less than 1/10 LSB and should not require· 
nUlling. 
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COMPLETE 8 BIT AID SCHEMATIC 

FIGURE 6 

LAYOUT 

A suggested layout foran S-bit converter is shown in Fig. S. This 
layout demonstrates some of the basic rules of goOd AID con­
verter practice: analog wiring is kept as short as possible and is 
separated from digital lines; the DAe output trace is especially 
short and directly connected to the comparator input and 
clamping diodes. Generous power supply bypassing has been 
employed using both disc and electrolytic capacitors. Other 
layouts can be easily designed because of the extreme sim­
plicity of this circuit. 

AIf) CONVERTER 

1-'-_-.-----'""'1+15 YOLTS 

cc I 

S 2 

cPI--------, 

• 
• 2 ANALOG 

GROUND 
I-'-__ -+~L ANALOG 

INPUT 

NOTE' PIN NUIIBERS SHOWN 
REFER TO PC CARD TERIlINALS 

2200 

1000pf 
SUGGESTED CLOCK 
CIRCUIY ... Fo.IA MHz 
1/38N7404N 
HEX INVERTER 

• COIlIiON aROUNDING POINT-REfER TO TEXT 

GROUNDING AND SUPPLY HOOKUP 

FIGURE 7 
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GROUNDING 

For optimum noise rejection, digital (power) ground currents 
should not flow in signal input ground return lines. Analog and 
power grounds should be connected as Close as possible to the 
AID converter input connector. Fig. 7 illustrates a typical 
system installation shOwing the ground connections. 

SERIAL OUTPUT 

The digital output is available in serial NRZ (non-return-to­
zerol format at the data output (001 shortly after each 
positive-going clock transition. Serial output is especially con­
venient in applications where system wiring must be minimized, 
such as in one AID per channel systems. Performing the AID 
conversion process in close proximity to the signal source has 
the advantage of reducing errors associl!ted with transmission 
of low level analog signals; instead, digitally encoded signals 
are transmitted with their inherent low error rates and ease of 
multiplexing: 

BIPOLAR OPERATION 

Bipolar operation can be obtained by injecting a current equal 
to 1/2 full scale into the sum node. This can be accomplished 
by applying +6.4 volts through a 500 ohm potentipmeter to 
the internal bipolar resistor of the DAe-100. Both Bit 1 and 
Bit 1 are available so 2's complement or offset binary coding 
may be obtained as desired. 

o TO+5V, ±2.5V OPERATION 

Operation with 5V Full Scale Inputs (0 to +5V, ±2.5VI may be 
obtained by specifying CAe-1oo models with a Q4 suffix. 



, 
COMPONENT SIDE TRACE SIDE 

CONNECTOR PIN CONNECTIONS 

18 N.C. V N.C. 
17 +16. Volts U +16 Volu 

111 -15 Volts T -15 Volts 
.0I,0d 15 +5 Volts S +5 Volts 

14 Power Ground ~ R Power Ground -=!: 
13 Power Ground or!: P POwer Ground ~ 
12 Analog Ground J. N Analog Groundm 

11 Analog Ground m M Analog Grounc! '" 
10 N.C. L Analog Input 

9 81polar Referenao Voltllle Input K N.C. 
8 N.C. J N.C. 
7 8it 1 H N.C •. 
a 8it 1 F Bit 5 

6 Bit 2 E Bit 8 

4 Bit 3 D Bit 7· 

3 Bit 4 C Bit 8 

2 S Start B CC Conversion .Completed 

1 Clock Input A DO Serial Output 

B-SIT AID LAYOUT 

FIGURE 8 

CALIBRATION 

For unipolar, 8-bit, 10 volt full scille calibration apply +9.941 
volts (Full scale -3/2 LSB) to the input. Adjust the gain' 
potentiometer !.Inti I the digital output is alternating between 
"0000 0000" and "0000 0001". This calibrates the converter 
at a transition point insuring correct outputs over the analog 
input range. No zero adjust is necessary due to the low com­
parator input offset voltage IV os), virtually zero output offset 
of the DAC and the correct +1/2 LSB bias established by R1. 

For a-bit, ±5 volt full scale offset binarY.operation, first per­
form the unipolar calibration as described above· with the 
bipolar reference ,removed .. Next connect·the +6.4 volt bipolar 
reference through the 500 ohm potentiometer to the bipolar 
input resistor .. With -5.000 volts as an analog input, adjuSt the 
500 ohm potentiometer until the digital output is alternating 
between "1111 1111" and "1111 1110". For calibration at 
lower bit resolutions refer to Table 1. 
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PERFORMANCE 

Performance of the completed converter for 6, 7 and a bit 
resolution applications is shown in Table II. To assure fully 
monotonic operation in a bit applications the DAC-100CC 
grade with its maximum nonlinearity of 0.2% from (J0 to 70°C 
should be specified. Applications requiring 8-bit resolution 
with 0.3% or less linearity may utilize the lower cost 
DAC100DD types. 

All D.C. static errors can be attributed to the analog com­
pOnents only; .the comparator makes no contribution to 
nonlifieariW,but its 25°C VOland Vos diift with temperature are 
a consideration in the zero scale and full scale performance, 
and especially so i.ri bipolar applications. The worst case 
DAC-100 zero error over 0° to 70°C is 0.6mV; adding to this 
the 3.5mV max Vos of theCMP-01C results in a worst case 

. zero scale error of 4.1 mV, which is acceptably small compared 
to the value of 1/2 LSB (19.5mV) for the a bit AID. 



Because the Vos drift of the CMP;01 C . is typically only 
1.BtlVfC even without offset trimming, the full scale drift 
will be almost entirely afuncti·on of the DAC.100CC t~mpcci-
60ppmfc maximum. (Tempcd of DAC·100DD models is 
120ppmfC,) 

REDUCED RESOLUTION APPLICATIONS 

Encoding time . may be reduced in applications not requiring 
the full 8 bit resolution. In convert·on·command applications, 
the negative:going transition of the (N+1) bit may be used as 
the Conversion Completed (CC) signal; the register will con­
tinue to step through the remaining bits so the CC level will be 
present for one clock period· only. For continuous conversion 
applications; the register may· be truncated by applying a low 

SHORT -CYCLED CONTI NUOUS COOl NG 
(6 BITS SHOWN) 

FIGURE9A 

level to the 5 input; however, caution must be observed to 
prevent possible stalling on power·up: the S input should be 
generated by either the CC or bit (N+1) going to a low state. 
Figure 9 demonstrates a 6 bit, continuous-encoding applica­
tion. Since reducing the resolution increases the size of the 
LSB, the value of R1 and the full scale calibration point should 
be changed accordingly, as shown in Table I.. Additional speed 
in reduced resolution applications may be achieved by increas­
ing the clock frequenc;:y. 
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14 16 

15 

200tl. 
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BIT 10:~~t=t=t=t=t:t=t:t=H BIT 9 
BIT 8 

BIT 7~::::::=t=t=t:±:±j-l BIT 6 ... 
BIT5~---+-+-+-+-1 
BIT 4~---+-+-+-1 
BIT 3~---I--+-'" 
BIT2 __ -+--+ 

MSB BIT I 
iiiii BiTT 

START 
INPUT 

gg=~?~~N __________ ....J 

g~e~,_----------------.....J 

CP 

Fo=I.5MHz 

SN 7400 
QUAD 2·INPUT 
NAND. GATE 

SHORT-CYCLED CONTINUOUS ENCODING 
(ALTERNATE METHOD INCLUDING CLOCK) 

FIGURE9B 

10 BIT APPLICATIONS 

The basic 8·bit converter may easily be expanded to 10 bits 
by using the AM2504PC 12 bit Successive Approximation 
Register; it may be allowed to step through all 12 bits or 
short-cycled as described above (Fig. 9A,9B) All DAC-100 
Series devices have 10·bit resolution; for applications requiring 
10 bit monotonic performance the DAC·.100AC03 or 04 
grades with maximum nonlinearity of ±0.05% (0° to 70°C) 
should be specified; for less demanding applications the ±0.1% 
DAC-100BC03 (04) grades are recommended. Due to the 
10mV LSB size, comparator Vos can provide significant zero 
error. This can be eliminated in unipolar applications by 
nulling the CMP·01Cj or specifying the 0.8mV offset 
CMP-01 EJ. No iriitialVos improvement is required in bipolar 
applications, as this error will be eliminated during the bipolar 
calibration procedure. The offsetting resistor (R1) should be 
15Mn for 10 bit applications, with the full scale calibration 
voltage of +9.985 for unipolar applications. 

+1!5V 

+15· 1 f 1 . +15V 
. 5~ +11'1 I I35v . . :- . • ANALOG rJ71.0Ip.1 1- GROUND 

150V I:rs~ 
-15Y II .. -15V 

+5~.+5v .... t--I-----r"+-. +!5V 
•01//1 

.I ·o. V I ;'o~' . 
r--.,.-+---..... -'t .• ~ POWER .£0 GROUND 

COMPLETE 10 BIT AlP SCHEMATIC 

FIGURE 10 
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SYSTEM CONSIDERATIONS 

When integrating the AID Converter into a system, considera­
tion must be given to several factors to assure best performance_ 
First, the analog signal to be encoded should not change more 
than 112 LSB during the encoding process; a sample-andchold 
circuit should be used if required to hold changes to 1/2 LSB 
or preferably, much less (Fig_ 11). Second, proper grounding 

of the system is essential to prevent errors due to system 
noise_ The preferred method is to connect the analog signal 
ground and digital power ground together at only one point, 
right at the AID's connector_ This will insure that digital 
ground currents do not flow in the analog ground line_ 

TYPICAL MULTIPLEXED DATA 
ACQUISITION SYSTEM 

FIGURE 11 

PARTS LIST 

FOR 

8 BIT AID CONVERTEFj 

±O,3% maximum nonlinearity, FS tempco 120ppmfC 

2 

2 

3 

DAC-l00DD03 (or 04) 

CMP-01CJ 

AM2502PC (Advanced Micro Devices) 

Pot-200n Bourns #3006P-1-201 

4.7 pf CAP- Mallory #TDC475M010EL 

1.0 pf CAP- Mallory #TDC105M035EL 

Diode, 1 N4148 

.01 pf CAP-Centralab #CK-l03 

PC Board 

Resistor 3.9Mn 5% 1/4W 

For±0.2%maximum nonlinearity,FS tempco 60ppmfC 
use DAC-l00CC03 (or04) 
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LOWER POWER CONSUMPTION 

Power consumption may easily be reduced from 935 mW 
maximum to about 310 mW with two minor design changes_ 
The D/A and comparator power supplies can be reduced from 
±15 volts to ±6 volts and the low power TTL AM25L02PC 
logic function may be specified_ Digit'al output fanout is 
reduced to 3 standard TTL loads. The value of Rl 
must also be lowered accordingly to maintain the same +1/2 
LSB bias current to tile sum node, 

MILITARY TEMPERATURE RANGE OPERATION 

Operation over wider temperature ranges can be obtained by 
simply specifying appropriate temperature range components. 
The simplicity of the three IC designs coupled with the com­
patibility of the devices with M I L-STD-883A processing assures 
high reliability in military applications. 

CONCLUSION 

Extremely compact, rugged,low power consumption successive 
approximation AID converters are made possible by combining 
3 IC's: PMl's DAC-l00 Series 10-bit D/A, CMP-Olcomparator, 
and a Successive Approximation Register. This simple, low 
cost design opens up new applications such as one AID per 
channel operation in data acquisition systems. 

PARTS LIST 

FOR 

10 BIT AID CONVERTER 

±0.1 % maximum nonlinearity, FS tempco 60ppmfC 

2 

2 

3 

DAC-l00BC03 (or 04) 

CMP-01EJ 

AM2504PC (Advanced Micro Devices) 

Pot·200n Bourns #3006P-1-201 

4.7 pf CAP Mallory #TDC475M010EL 

1.0 pf CAP Mallory #TPCl 05M035EL 

Diode, 1 N4148 

.01 pi CAP- Centralab #CK-l03 

PC Board 

Resistor 15Mn 5% 1/4W 

For ±0.05% maximum nonlinearity,FS tempco 60ppmfC 
use DAC-l00AC03(or04) 



TABLE 1- REDUCED RESOLUTION APPLICATION DATA 

Resolution 
Desired 

8 Elits 
7 Bits 
6 Bits 
5 Bits 
4 Bits 

3.9MS1 
2MS1 
1 MS1 
470 KS1 
240 KS1 

Offset Current 
Value (1/2 LSB) 

3.9/lA 
7.8/lA 

15.6/lA 
31.3/lA 
62:5/lA 

Conversion 
Complete 
Indicator 

CC 
Bit 8 
Bit 7 
Bit 6 
Bit 5 

Full Scale 
Calibration 

Point 

9.941 V 
9.883V 
9.766V 
9.531V 
9.163V 

LSB 
(10 VFS) 

'39mV 
78mV 

156 mV 
313mV 
625 mV 

TABLE II - PERFORMANCE DATA 
6-Bits Resolution 

D/A DAC-100DDQ3 

0° to 70° Maximum 
Nonlinearity 

0° to 70°C Full Scale 
Tempco Max. 

Zero Scale 
Error Max. 

Conversion Time 
1.5 MHz Clock 

Unipolar Reference 

Bipolar Reference 

±0.3% 

120ppmfC 

±O.05 LSB 

4.7/lsec 

Input Impedance (+10V or ±5V Scale) 

Input Impedance (+5V or ±2.5V Scale) 

Quantizing Error 

Output Code Unipolar 

Output Cc1de Bipolar 

Clock 

Logic Output Drive Capability 

Analog Power Supply Range 

Digital Power Supply Range 

Power Consumption ±15V and +5V Supplies 

15·14 

7·Bits 

DAC-100DDQ3 

±0.3% 

120ppmfC 

±0.1 LSB 

5.3/lsec 

Internal 

External +6.4 Volts 

5KS1 Nominal 

2.5KS1 Nominal 

±1/2 LSB 

8·Bits 

DAC·100CCQ3 

±0.2% 

60ppmfc 

±0.2LSB 

6.0/lsec 

Complementary Binary 

Complementary Offset Binary 

External 

6 TTL Loads 

±6V to ±18V 

+5 Volts ±5% 

935 mW Max. 
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TEMPERATURE MEASUREMENT METHOD BASED ON MATCHED TRANSISTOR PAIR 
REQUIRES NO REFERENCE 

by 
Jim Simmons and Donn Soderquist 

Most remote temperature measurements are made with 
thermistors or thermocouples as the sensing elements. This 
article shows how the function can be accomplished by 
using the intrinsic properties of a well-matched monolithic 
transistor pair. The method is attractive for its simplicity 
accuracy, and long-term stability_ Of particular utility is the 
fact that the output is inherently linear and is directly 
useable without special linearizing circuitry_ 

Thermocouples can require both linearizing circuitry and 
reference junction making them difficult to apply _ Linear 
outputs may be achieved with composite thermistor-resistor 
networks but long-term stability is difficult to predict. 
Ordinary silicon diodes, when operated as temperature 
sensors, require constant current drive and extensive cali­
bration. The matched transistor pair method has none of 
these drawbacks. 

BASIC THEORY 

Matched transistor pairs have predictable relationships 
which make temperature measurements possible. To 
develop these relationships, let us consider the fundamental 
properties of a single transistor. The well known relation· 
ship between collector current and base-emitter voltage for 
a single transistor is: 

kT f- liS C) 1) Vbe = q loge \ provided IC/IS > > 1 

where 

k = Boltzmann's constant = 1.38x10-23 joulesfK 
T = absolute temperature, 0 K 
q = charge of an electron = 1.6x10-19 coulomb 
IS = theoretical reverse-saturation current ~ 1.87 X 

10-14 A 

IC = collector current 

Consider the difference in base-emitter voltages, 6V be' of 
two transistors operated at the same temperature: 

2) tlVbe = ~ loge (~) - ~ loge (IC2 ) 
q IS1 q IS2 

This expression may be rewritten to: 

3) tlVbe = ~T loge (:~~) - kqT loge 

The values of IS1 and IS2 are a strong function of 
processing and geometry variables, and are very nearly 
identical in a well-matched monolithic transistor pair. As 
IS1 and IS2 approach equality (loge 1=0), the second term 
can . be eliminated. For an ideal pair the expression be­
comes: 

4) tlVbe = ~ log q e 

Note that if the ratio of collector currents IC1 to IC2 is 
made constant, tI Vbe will be proportional to absolute 
temperature alone. No absolute values of current are re­
quired because only a stable current ratio must be main­
tained. For a fixed ratio of 2 to 1 the expression is: 

tlVbe 
5) -- = 5.973 X 10-5 59.731NfK 

tiT 

This predictable differential base-emitter voltage relation­
ship allows a matched transistor pair to be used as a 
temperature sensor. A complete temperature measuring 
system can be built with a matched pair, two constant 
current sources,_ and a differential amplifier as shown in 
Figure 1. 

SENSING PAIR 

V-

Eo=IOmV/'K 

'C 'K Eo 
-55'C=2IB'K=t2.IBO V 

+25°C=29soK=t2.9S0 V 

tI25°C=39S'K=t3.9S0 V 

BASIC TEMPERATURE SENSOR 

FIGURE 1 
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SYSTEM DESIGN CONSIDERATIONS 

To illustrate this concept, let us design a system to provide 
accurate temperature measurem~nt over the range of 
_55°C to +125°C (218°K to 398°K). Other goals are: ease 
of calibration, long·term stability, standard resistor values, 
and small physical size. In addition, the system should be 
capable of operation with the sensing matched pair located 
up to 100 feet from the current sources and differential 
amplifier. A system achieving these goals is detailed below. 

SENSING MATCHED PAIR 

Any mismatch will cause performance to deviate from the 
ideal case shown in Eq. 4, the most critical parameter being 
average offset voltage drift (TCVos)' This quantity, multi­
plied by the larges1; temperature excursion (1000 K) and the 
differential amplifier gain (167.4), will be the output error 
and is shown in Table 1 for typical TCVos specifications. 

Clearly, system accuracy is directly related to the degree of 

matching of the sensing pair. A Precision Monolithics 
MAT·01H with its typical TCVos of .1511VtC was 
specified in order to minimize this error factor. 

TCVos 
Error in oK 

over 100° 

.1511VtC .251°K 

.5 I1vfc .837°K 

1.011VfC 1.67°K 

2.011VfC 3.34°K 

2.5}J.Vfc 4.19°K 

5.011VfC 8.37°K 

10 }J.vfc 16fK 

TABLE 1 
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CONSTANT CURRENT SOURCES 

Two currents of a precise 2 to 1 ratio are provided by this 
section. Several considerations make 511A and 1 OI1A good 
choices as nominal operating currents for IC2 and ICl 
respectively. Most monolithic matched transistor pairs are 
specified at IC ~'1 OI1A.lnput bias currents associated with 
the differential amplifier can be ignored because 511A is 
three orders of magnitude larger. Resistor values are small 
enough to keep physical size and cost reasonable. Finally, 
the quiescent currents do not develop significant voltage 
drops in 100 feet of ordinary shielded-pair cable. 

The two most important current source transistor 

matching characteristics required are hF E and Vas 
long-ter'll stability, assuming that this part of the circuit is 
not subjected to wide temperature variations. If the system 
is to have good power supply and ripple rejection, the hF E 
match must be maintained over a range of operating 
currents. These characteristics will insure a constant 2 to 1 

ratio of ICl to IC2 is maintained. 

With the circuit as shown in Figure 2, the total system has 
measured power supply rejection of 10 K/volt. Once cali­
brated, long-term changes in Vos will change the current 
ratio, and, in turn, the output. A Precision Monolithics 
MAT -01 GH was selected for Q2 because it has the 
desired combination of specified long-term stability 
(.2}J.V/month) and close hFE matching, typically 1%. 

133K 

'0. 

v-

Eo VOLTAGE 
-c -K Eo 

-5S-C· 21S-K- + 2.1BOV 
+25- c- 29S-K- + 2.980V 
+125-C-39S-K- +3.980V 

BASIC TEMPERATURE SENSOR 
FIGURE 1 



DIFFERENTIAL AMPLIFIER 

The sensing pair and constant current sources provide a 
differential voltage (I'; Vbe) which is directly proportional 
to absolute temperature. The amplifier must acquire this 
voltage difference in the presence of common mode volt­
ages, amplify it by 167.4, and change it from a differential 
to a single-ended signal. Excellent performance is obtained 

using the circuit of Figure 3. 

v-

IOQKn 600n 600n IOOKO 

R3 R4 

v+ 

DIFFERENTIAL AMPLIFIER DESIGN 
FIGURE 3 

The two op-amp differential amplifier configuration is 
widely used wherever high input impedance and fixed gain 
are required. This amplifier uses a dual matched instru­
mentation operational amplifier .designed and specified for 
d i fte re nt ial applications, the Precision Monolithics 
OP-10CY. 

GENERAL DESIGN CONSIDERATIONS 

Assuming ideal amplifiers, the expression for output voltage 
is: 

~ R2 R4 ] Ein, (1 +-) -
R, R3 

R 
(_4 + 1) 

R3 
vVith ideal resistors this simplifies to: 

7) E (E E) (Bi.. + 1) prov',ded .£!l. 0; in2 - in1 
R3 R2 

R4 
R3 
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In this system, (Ein1 - Ein2) has been previously defined 
as I';Vbe' The actual expression for Eo may be written as: 

8) Eo; I';V be ( ~~ + 1) but ~~be ; 5.973 x 10-5 (Eq_ 5) 

Therefore, the ideal overall system output expression is: 

9) Eo ; (5.973 X 10-5 ) (~ + 1) T 
R3 

COMMON MODE REJECTION 

At 25°C (29SoKl. I';V be is 17.S mV. while the individual 
sensing pair base-emitter voltages are about 520 mV. There 
is a need to reject the 520mV. common mode input voltage 
while accurately amplifying the differential input voltage, 
I';Vbe . At _55°C (21SoK). the situation becomes more 
difficult with I';Vbe of 13 mV. and 696 mV. of common 
mode voltage. Keeping in mind that this is a best case 
disregarding any extraneous cable pickup, it can be 
observed that the requirement for high common mode 
rejection is very real. 

Because the dual op amp has a specified 117 dB,common 
mode rejection ratio match, the ability to reject common 
mode inputs becomes primarily a function of resistor ratio 
matching_ This device eliminates the need for special 
opamp selections in this stringent differential amplifier 

application. 

Resistor selections can be avoided by using readily available 
.01% tolerance precision resistors, resulting in a worst-case 
ratio match of .04%. This ratio match, in combination with 
the dual op amp's performance, results in greater than 100 
dB common mode rejection at the amplifier's input. 

Long-term stability of the resistors must approach the 
initial ratio match or degradation of common mode rejec­
tion can occur over time. The resistors chosen are specified 
at ±50ppm/3 years and ±5ppm/"C thereby assuring stability 
versus time and temperature. 

DIFFERENTIAL OFFSET VOLTAGE 

The amplifier's differential input offset voltage (Eos 1 -
Eos2 ) will be the major error factor. If the individual input 
offset voltages are of equal magn itude and polarity they 

appear as a common mode input and are rejected. The 
OP-10CY provides the additional conven ience that only 
a single offset adjustment is necessary to provide the re­
quired I'; V os match; this adjustment at the same time 
provides minimum TCI';Vos of the· differential amplifier. 
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INSTALLATION 

Ordinary shielded pair cable, with #22 or larger conductors, 
is satisfactory for most remote temperature measuring 
applications. Good thermai' conductivity from the sensing 
pair's case to the environment being measured is essential to 
avoid incorrect readings. When this circuit is used for 
temperature contro.I, thermally·conductive epoxy works 
especially well in attaching the sensing pair to the device 
being controlled. 

CALIBRATION PROCEDURE 

This is an easy two-step procedure. First, short the differen· 
tial amplifier inputs and adjust the offset potentiometer 
until the output reads zero volts. Remove the input short. 
Second, with the sensing pair at a known temperature 
(room temperature is suitable), adjust the ratio potenti· 
ometer for a correct differential amplifier output reading. 
Having the capability of room temperature' calibration 
makes this circuit much more convenient to calibrate than 
other types. 

. 1;6-'18 

OVERALL ACCURACY 

This circuit, with the components as specified, is capabie of 
±l°K accuracy over the full military temperature range of 
-SSoC to +12SoC (21SoK to 39ItK). Optimum accuracy 
is obtained with .the differential amplifier and constant 
current sources in a controlled environment remote from 
the sensing pair. Maintenance of high accuracy over long 
periods of time is achieved because all components' used 
in this design have long·term stability specified. 

APPLICATIONS 

The circuit's output, as measured by a 1 Q·volt full scale 
digital panel meter, makes a digital thermometer. DPM's 
with BCD outputs may be used in applications requiring 
simultaneous direct readout and digital outputs for control 
purposes. 

CONCLUSION 

Accurate temperature measurement and control systems are 
easily and economically built using the predictable charac· 
teristics of modern monolithic matched transistor pairs. 
This method ·offers long·term stability, excellent linearity, 
simple calibration, and high performance in severe environ· 
ments . 
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PARTS LIST 

1. Ql 

2. Q2 

3. Al 

4. Rl, R4 

5. R2,R3 

6. R5 

7. R6 

B. R7 

9. RB 

10. R9 

11. Rl0 
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MAT·01H, Matched Transistor Pair 
Precision Monolithics, Inc. 

MAT·Ol GH, Matched Transistor Pair 
Precision Monolithics, Inc. 

OP·10CY, Dual Instrumentation Op Amp 
Precision Monolithics, Inc. 

Resistor, 600 ohms, .01% 
General Resistance Econistor 

Resistor, 100Kohms, .01% 
General Resistance Econistor 

Resistor, 100Kohms, .1% 
General Resistance Econistor 

Resistor, lBOKohms, .1 % 
General Resistance Econistor 

Potentiometer, 50Kohms, 10% 
Bourns #3006P-1-503 

Resistor, 133Kohms, 1 % 
RN55C1333F 

Resistor, 15Kohms, 1% 
RN55C1502F 

Potentiometer, 20Kohms, 10% 
Bourns #3006P-1-203 
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THE OP-07 ULTRA-LOW OFFSET VOLTAGE OP AMP-

A BIPOLAR OP AMP THAT CHALLENGES CHOPPERS, ELIMINATES NULLING 

by 

Donn Soderquist & George Erdi 

The OP·07, a new bipolar·input monolithic operational 
amplifier, provides chopper·stabilized amplifier performance at 
bipolar prices. Input .offset voltage, the major error contribu· 
tion in most designs, is reduced to a maximum of 25p.V by a 
new computer·controlled on·chip trimming technique. Such 
low Vos eliminates the nulling potentiometer requirement of 
most op amp circuits, greatly reducing system complexity 
while improving reliability. A description of this amplifier's 
design and performance is given, followed by an applications 
section showing how superior input specifications can simplify 
high·accuracy analog design. 

IMPORTANCE OF LOW INPUT OFFSET VOLTAGE 

In many applications, the initial input offset voltage of 
operational amplifiers causes more inaccuracy than all other 
error factors combined. The other significant error parameters, 
such as bias and offset currents, open·loop gain, and common 
mode rejection, have come closer to theoretically ideal per· 
formance than has Vos. For this reason, most operational 
amplifiers, monolithic and modular, are provided with termi· 
nals to allow the user to adjust this offset voltage to zero-a 
costly lind potentially unreliable procedure, which in many 
cases degrades performance of TCVos. Monolithic op amp 
manufacturers ha\le constantly strived for improvement in Vos 
from p.A709 and p.A741 at 5000p.V, to the p.A725 at 1000p.V 
in 1969, to the OP·05Aat 150p.V in 1972. The OP-07A at 
25p.V maximum Vos is a significant milestone in monolithic 
bipolar operational amplifier design. 

Temperature stability is also important since the benefits of 
low initial Vos are quickly lost if a small change in operating 
temperature causes substantial Vos drift. Good long-term Vos 
stability is required to avoid periodic re-calibrations and degra­
dation of system performance over time. Until now, chopper­
stabilized or externally-nulled monolithic op amps have been 
the usual choices despite the disadvantages of high noise 
and/or external components. The OP-07 design achieves 
the desired combination of low Vos, low TCVos, long-term 
Vos stability, low bias current, and low noise. It provides 
performance comparable to chopper-stabilized amplifiers with 
the further advantages of freedom from chopper-frequency 
noise and external component requirements. 

LOW Vos AMPLIFIERS 

Some of the more common methods for optimizing Vos 

performance have been chopper-stabilized amplifiers, bipolar 
amplifiers nulled to zero initial Vos, and combinational ampli­
fiers constructed with a matched transistor pair followed by a 
standard bipolar op amp. Each approach to the Vos problem is 
a compromise between allowable error, reliability and price. 
The purpose of this discussion is to show how the OP-07 
provides superior performance, higher reliability, and reduced 
size at a lower overall cost. 

CHOPPER-STABILIZED AMPLIFIERS 

In the past, designers have been forced to use chopper­
stabilized amplifiers in applications requiring less than 100p.V 
ini.tial Vos. The OP-07 is a cost-effective alternative, 
providing chopper-type performance with 741 ease-of­
application. Use of a bipolar input op amp eliminates the usual 
chopper problems of high noise, large physical size, and 
limited common-mode input voltage range. 

Low initial input offset voltage specifications lose their signifi­
cance if noise and long-term drift are of the same magnitude. 
Although the monolithic choppers have lower average input 
bias currents, the chopping action produces very large spikes in 
the input currents and prevents their use with large or 
unbalanced source resistors. For this reason, most chopper 
manufacturers carefully avoid specifying noise currents above 
10Hz. The OP-07A bras current remains below 4nA over 
the full military temperature range, and being free from 
chopper spikes, enables use in high impedance circuitry. 

Another chopper-related problem is thllt input signals often 
interact with chopping frequency components and their har­
monics. This interaction can cause errors due to intermodula­
tion, producing slowly varying offset voltages usually below 
20Hz_ Chopper frequency switching transients can also cause 
electromagnetic interference frequently requiring special 
shielding and input guarding methods to protect adjacent 
circuitry, Modular choppers can have input overload recovery 
times as high as five seconds and require up to ten external, 
components to effectively eliminate tpis problem. Monolithic 
choppers require expensive, large external components, such as 
two .1p.F teflon dielectric capacitors, for wide temperature 
range operation. These problems are eliminated by the OP-07. 
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NULLED BIPOLAR AMPLIFIERS. 

The major disadvantage of most high performance bipolar op 
.. amps is that their high initial Vos must be adjusted to zero 

with a nulling potentiometer or trimming resistors. In certain 
amplifiers, this is also a requirement in order to optimize 
Tevos performance. Selected or adjusted components require 
special test labor, take up much·needed space, decrease reli­
ability, and add to system complexity. "Maintainability" is 
poor-field replacements or renulling due to long·term Vos and 
resistance changes must be performed by a skilled technician 
with sophisticated test equipment. Use of an internally·nulled 
OP·07 avoids all of these problems since it is a complete, 
fully-interchangeable device, and does not require zeroing to 
optimize TCVos. 

COMBINATIONAL AMPLIFIERS 

This is one of the oldest methods, usually implemented with a 
heated-substrate matched transistor pair in a differential-input 
gain stage followed by a conventional op amp. This method 

requires four precIsion resistors, a nulling potentiometer, 
external frequency compensation, and up to 360mW of heate~ 
power. TeVos is only about 2IJ.vtC despite the temperature 
control for the input pair. The OP-07 provides improved 
performance in all parameters as well as lower cost, elimina­
tion of calibration labor, lower noise and a tremendous 
reduction in total power consumption. 

CIRCUIT DESCRIPTION 

The· three-stage design concept of previous Precision Mono­
lithics' instrumentation quality op amps was retained for the 
OP-07 because, using this de.sign, nulling of Vos simul­
taneously optimizes TCVos. (This relationship is not the case 
for the more commonly used two-stage "741"-type amplifier.) 
There are add itional advantages of high gain, low noise, and 
predictable long-term stability. Low input bias current is 
achieved by bias current cancellation; i.e., currents are gener­
ated equal in magnitude but opposite in direction to the base 
currents of the input transistors Oland 02 in the simplified 
schematic of Figure 1. 

T~V+~~--------~----------~--~----~------~-----'------~--~---' 

NON 
INVERTING 

INPUT 

.3 

021 

022 

INVERTING R4 
INPUT 

OUTPUT 

-NOTE: R2A a R2B ARE ELECTRONICALLY ADJUSTED ON CHIP 
AT FACTORY FOR MINIMUM INPUT OFFSET VOLTAGE. 

OP·07 SIMPLlFIEO SCHEMATIC 

FIGURE 1 

INPUT STAGE 

To achieve lowest initial Vos, TCVos and noise, a simple 
differential input pair , 01 and 02, was chosen. Vos nulling 
resistors R 2A and R 2B are electronically adjusted and will be 
covered separately in the trimming discussion. R3 and R4, in 
conjunction with 021-024, provide input differential over­
voltage protection. 

The symmetry of the input stage allows examination of only 
one side to demonstrate bias current cancellation. Base drive 
for the input transistor, 01, is provided by 05 and the 

external circuitry; the difference between 05's collector cur­
rent and 01's base current being the input bias current. 01 
and 03 are hFE-matched transistors operating at similar 
collector currents and, therefore, the base current of 01 is 
approximately equal to the base current of 03. 03's base 
current is supplied by 07, a diode-connected PNP trarisistor 
closely matched to 05. Together 05 and 07 form a current 
mirror (turnaround) and the collector current of 05 will equal 
the base current of 03. I n this manner almost all base current 
for 01 is provided by 05 and precise bias current cancellation 
is achieved. Careful design has enabled this cancellation to be 
effective over a wide temperature range. (Fig. 2). 
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FOLLOWING STAGES 

The first stage output is buffered by emitter followers 09 and 
010, and applied to a high-gain differential stage, 011 and 
012. Its output, the junction of 012, 014,015 and R5, drives 
a short·circuit-protected complementary emitter -follower 
power output stage. 

COMPENSATION 

Frequency compensation of the OP-07 is accomplished using 
three capacitors. Feedforward capacitor C3 bypasses the 
second stage lateral pnp's at high frequencies and, therefore, 
the excessive phase-shift normally associated with these tran­
sistors is circumvented. The dominant pole of the amplifier is 
set by C2 which feeds back around the second and driver 
stages and rolls off the open loop response at 20dB decade. 
The presence of C1 ensures that the high frequency signal path 
is single-ended by rolling off the response of one side of the 
input stage. The total internal capacitance on the 100 X 53 
mil chip is 210pF, a remarkable amount for a monolithic 
device. 

LAYOUT 

The circuit layout has thermal symmetry, a concept which has 
been used quite extensively on precision amplifier designs 
since its inception in 1969.' Variations in power dissipation in 
the driver and output stages, and the resultant thermal gradi­
ents affect the critical input transistors identically, thereby 
preventing offset voltage changes at the input. 

INTERNAL NULLING TECHNIOUE 

To understand the nulling technique some fundamental 
relationships should be examined using the equivalent circuit 
of Fig. 3. (Errors caused by the second stage are effectively 
divided by the first stage gain and will be neglected in this 

1 Editor's note: This concept was originally introduced by George Erdi 
during his employment at Fairchild Semiconductor Research and 
Development. 

discussion.) Vos is defined as the voltage which must be 
applied between the input terminals to obtain zero voltage at 
the amplifier's output. Referring to Fig. 3: 

l R2C J R2D 

RL R, 

I 8 t J SUCCEEDING 

RI' II" 1"1 RIB 

OFFSET NULLING CIRCUIT 

FIGURE 3 

1) Vos ~ Vbe1 -Vbe2, Vout ~ zero 

STAGES 
v+ 

v-

With an error free second stage it may be assumed 
input transistor collectors are equal in potential. 

IC1 RR 
2) IC1RL ~ IC2RR and 1- -R 

C2 L 

3) V - kT (IC1) be - - loge --' 
q IS1 

Provided ICIIS» 1, 

Substituting in Eq. 1: 

~) Vos ~-Ioge -- - -loge --kT (IC1) kT (IC2) 
q IS1 q IS2 

Rewriting: • 
kT (IC1 IS2J 5) Vos ~ -loge -- , --
q IC2 IS1 

Substuting from Eq. 2: 

6) Vos ~ - loge - '--kT \RR IS2) 
q RL IS1 

For Vos ; zero: 

7)~'~ 
RL IS1 

Where: 
k ~ Boltzmann's constant ~ 1,38X10-23 joules/ OK 
T; Absolute temperature, OK 
q; Charge of an electron ~ 1.6X10-19 coulomb 

IS; Theoretical reverse-saturation current 
I C ; Collector Current 

VOUT 

that the 
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NULLING TECHNIQUE (CONT) 

RR 
Therefore, by adjusting the ratio of -- the inherent 

RL 
processing-related differences in 151 and 152 which cause Vbe 
differentials may be cancelled. Earlier amplifier designs 
achieved the adjustment of collector resistances by an external 
nulling potentiometer between Pin 1 and Pin 8 with its wiper 
connected to Pin 7 (F ig 11. 

In the OP-07, permanent nulling is acomplished by 
shorting out a small percentage of RR or RL as determined by 
a computer programmed with Eq. 6 and a lookup table. This is 
done by reading Vos before trimming, comparing its magni­
tude and polarity with a lookup table value, and shorting out 
one of the normally nonconducting zener diodes. The short is 
created by passing a high current pulse through the selected 
zener, fusing its metal contacts into the silicon as shown in 
Figure 4. High volume production is achieved through auto­
mation, with initial device testing at wafer probe including Vos 
trimming requiring less than one second. 

N+ 
DIFFUSION 

P 
DIFFUSION 

METAL; 
l.!!§~~~l-FUSEO INTO 

SILICON 

yf----!-...J SILICON 
OXIDE 

(b) SIDE VIEW 

SHORT-CIRCUITING OF ZENER DIODES 
FIGURE 4 

Through this technique, Vos of the entire '~raw" OP-07 distri­
bution can be nulled to less than 150MV, vyith the majority 
being under 75MV. Prime grade yields are high, providing 
adequate numbers of OP-07 A devices with a Vos maximum of 
25MV. 

PERFORMANCE 

The specifications in Table I and curves of Figure 5 show 
noise, initial Vos, and long-term stability performance unsur­
passed by any other monolithic op amp. This device is free of 
the common problems of latchup, noise, compensation capaci­
tors, and narrow power supply limitations. Power supply 
rejection ratio (PSRR) exceeds 100dB over the unusually wide 
range of ±3 to ±18 volts. Common-mode rejection is specified 
over a full ±13 volt input range allowing small signal amplifica­
tion in high' noise environments and use in inverting, non­
inverting, and differential applications. The amplifier is com­
pletely self-contained-no external compensation or protection 
components are required. It is an excellent replacement for 
chopper-stabilized amplifiers where reductions in cost, noise, 
size,and power consumption are desired,and for monolithic op 
amps where elimination of the offset nulling potentiom'eter is 
desirable. 

OP-07A PERFORMANCE@ Vs =t15V, TA = 25°C 

PARAMETER TYPICAL MIN/MAX UNITS 
Offset voltage. Vos 10 25 p.V 

drift with temperature 0.2 0.6 p.V/"C 
drift with time 0.2 1.0 p.V/mo 

Offset current, los 0.3 2.0 nA 

drift with temperature 5 25 pA/"C 
Input bias current, I B to.7 t2.0 nA 

drift with temperature 8 25 pA/"C 
Noise voltage 0.1 Hz to 10 Hz 0.35 0.6 p.V Pop 
Noise current 0.1 Hz to 10 Hz 14 30 pA POp 
Input resistance - differential 80 30 Mn 
Input resistance - common mode 200 .- Gn 
Common·mode rejection 126 110 dB 
Power supply rejection 110 100 dB 
Voltage gain 500 300 V/mV 
Slew-rate 0.25 - V/p.sec 
Unity gain bandwidth 1.2 - MHz 

OP-07A PERFORMANCE 
TABLE I 

FIGURE 5 

UNTRIMMED OFFSET VOLTAGE 
VS. TEMPERATURE 

FIGURE 5A 

::r--~-'--I .,.-: ~, ....,.., -,-,-;',..,........,1., j 
1 I I I 

> 8 ~:::om~NE, I ! .~--:,....-rl t I ~~ '-O~V1mo.TRENDLINE 
:I _~ ! 02pYlmo 

.~ - O.3pYlmo. ~REND LINE ~RENf LINE 

e ~! I I j ! tit 
O~Vlmo TREND LINE I .v-0 2/,Vlmo. 

i ~~I~~;~I~~i ~~~~'~T~R~EN~D~LI~N.E~ ~ -. . I 
~ i I 1+, -i--+I' "f" t' -8 

1 i 
-12 

-16L-:-, -+, ---;-, -t.-t.---:6~7;-;.;---,.:'tn,D-t;,,-T,12 
TIME-MONTHS 

OFFSET VOLTAGE STABILITY 
VS. TIME 

FIGURE 5B 

15-24 

,/ 

"°f=~mmm. 
01 f- I 

0.1 1.0 10 
BANDWIDTH (lIH., 

INPUT WIDEBAND NOISE VS 
BANDWIDTH 

100 

(.IHz TO FREQUENCYINDICATEDI 

FIGURE 5C 



The pinout of the OP-07 allows direct replacement of 725, 
108, and OP-05 types without circuit changes while 741 
devices may be replaced by removal of the nulling potentiom­
eter. HA-2900 series chopper-stabilized amplifiers may be 

replaced by removing the two .1J.Lf capacitors and the 1500 pf 
capacitor whenever cost or noise reductions are required. 
Table II is included to show comparative performance in wide 
temperature range applications. 

TABLE I[ 

MILITARY TEMPERATURE RANGE PERFORMANCE COMPARISON 

Manuflcturer's Vos'Max TCVo,Max Voltage Current IBias Long-Term 
Part -65° 1+125°C -5S'I+l25'C Noise Noise Max Drift 
Numblr IUnnullod) Typical Typical -55~ l+l25'C Typical 

F-l0Hz F-l0Hz 

OP·07A 6OJ.<V .6jlV/·C lO.3nVI .32pAI 4nA .2p.V/rno 
v'Hz v'Hz 

OP·07 200IlV l.3jlVfC 10.3nVI .32pAl BnA .2l1V/rno 
v'Hz v'Hz 

HA·2900 60jtV .6jlVfC 900nVl Not InA Not 
v'Hz Specified Specifie.d 

IChopper) 

OP·06A 240llV .9I1V/·C lO.3nVI .32pAl 4nA .2p.V/rno 
v'Hz v'Hz 

OP·06 700IlV 2.OjtV/·C lO.3nVI .32pA1 BnA .211V1rno 
v'Hz v'Hz 

pA72S lSOOjtV s.Ojtvfc lSnVI 1.OpAI 200nA Not 
v'Hz v'Hz Specified 

LM108A l000IlV s.Ojtvfc 43nVI Not 3nA Not 
v'Hz Specified Specified 

Table ill compareS various OP-07 versions with competitive 
op amps over the 00 /70°C temperature range. An absence· of 
noise and long-term stability specifications for some amplifiers 
should caution potential users of possible deficiencies in those 

areas. This same comment would. apply to "typical-only" 
specifications since accurate predictions of circuit performance 
can only be made with a fully specified device. 

TABLEm 
COMMERCIAL TEMPERATURE RANGE PERFORMANCE COMPARISON 

Manufacturer's Vos Max. LongTann Long Term Voltage Noise Voltage Noise 
Part Number O'/70'C Drift Drift Typical Maximum 

Typical Maximum a.1Hz to 10Hz O.1Hzto 10Hz 

OP·07A 1M) 4SI'V .2/JVlrno 1.0IlV/ma .3SpV p.p .6jlVp.p 

'OP·07 1M) 130I'V .2/JVlrno l.OI'Vlrno .3SpVp·p .6jlVp·p 

OP·07E Ie) 130jtV .3jlVlrno l.SpV/rno .3SpV p.p .6jlVp·p 

OP·07e . Ie) 250jtV .4llV/mo 2.OjtVlrno .381lVp·p .6SpV p-p 

LMl08A 1M) 72SIIV Not Specified Not Specified Not Specified Not Specified 

HA·2900 1M) 6OJ.<V Not Specified Not Specified 3SpV p.p Not Specified 
Chopper-5tabilized 

HA·290S Ie) SOjtV Not Specified Not Specified 35pV p.p Not Specified 
Chopper-5tabilized 

ADS04M Ie) S4SpV lOIlV/rno Not Specified Not Specified .8IlVp-p 

ADS08L Ie) 612p.V Not Specified lOjtV/rno 1.OjtVp·p Not Sper.ified 

Typical IC) 

Inverting-Only 9SpV 2.01'V/rno Not Specified 1.711V pop Not Specified 
Chopper Module 

M = -SSo/+12SoC Range Device 
C = OO/+70oC Range Device 



NOISE PERFORMANCE 

LOW FREQUENCY NOISE 

FIGURE 6A 

The low frequency noise photograph in Figure 6A shows 
.35IlVp-p input. voltage noise (0.1 Hz to 10Hzl, the best 
performance available in an instrumentation op amp at this 
writing. The wideband voltage noise comparison photograph 
(Fig. 7 A) shows relative performance of a OP-07 and a mono­
lithic chopper in the same Xl00 configuration; the chopper is 
seen to have at least 2001lVp-P noise referred to the input. 
Clearly, low Vos specifications are not very meaningful if input 
voltage noise is the predominant error factor. 

100KO 

IKO 

11<0 

(xIOO) 

WIDEBAND VOLTAGE NOISE VS CHOPPER 

FIGURE 7A 

loon 
3.3kn. OUTPUT 

loon 

1 47P' 

('I<IOHz FILTER) 
2.5Mn 

Vo 5mV/cm 
INPUT REFERRED NOISE= 25.000'- 25.000 -200nV/cm 

LOW FREOUENCY NOISE TEST CIRCUIT 

FIGURE 6B 

Chopper·frequency noise is a common mode current noise 
occurring at the chopping frequency due to switching tran· 
sients. The effect of a 500Kohm source mismatch is shown in 
the wideband current noise photograph comparing a OP-07 
with a monolithic chopper in the non-inverting buffer appli­
cation (Fig. 78). High source impedance circuits require 
low input noise currents, which as the photograph illustrates. 
can be larger than input bias current with certain operational 
amplifiers. 

I I I P-07 Ii I I , l: I ' 

500KO 

WIDEBAND CURRENT NOISE VS CHOPPER 
FIGURE7B 
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LONG TERMVos DRIFT 

Input offset voltage drift over time has three components: 
Warmup drift, first month drift, and trend line stability. 

Warmup drift is a change in Vos occuring in the first few 
'minutes of operation. In order to produce high volumes of 
OP·07's, Vos is measured .5 seconds after application 
of power using automated test equipment. The pass limits are 
"guard·banded" or made small enough with respect to the Vos 
maximum specification to compensate for not having directly 
observed warmup drift. In addition, offset voltage on the 
OP·07 A selection is measured five· minutes after power 
supply application at 25°C;-55°C and, +125°C. 

The first month stability, defined as changes in Vos from one 
hour to 30 days, is typically 2.5,uv. Even with closely main­
tained equipment individual measurements with time can 
suffer from inaccuracies on the order of a half-microvolt due 
to low frequency noise and slight temperature variations. 
Fortunately, over a large number of measurements these errors 
tend to integrate out, and an accurate trend line can be 
defined. 

The trend line is defined as the drift per month averaged over 
the month one to month twelve period, and is generally an 
order of magnitude better than the first month drift (Fig. 
5B). Over 1.7 million device hours of testing and characteriza­
tion have been logged in order to accurately specify long-term 
Vos stability. Results indicate an average trend line drift of 
0.2,uV /month-outstanding stability performance for any amp­
lifier, regardless of its technological approach. 

LONG-TERM Vos TESTING ~~NDITIONS 

The deceptively simple circuit of Fig. 8 is used for long-term 
Vos stability testing. Three absolutely essential conditions 
must exist for accurate measureni\mts: still air, power supply 
accuracy, and long-term temperature control. 

All components, including sockets. and solder joints, are 
enclosed in a metal box to eliminate air movement and 
temperature gradients. Thermoelectric error voltages may be 
generated if the dissimilar ·metal junctions formed by solder 
joints and socket contacts are at different temperatures. This 
effect is minimized by using "low thermal"solder (70% 
Cadmium, 30% Tin) and nonmetallic flux, such as Kester 
#1544, to avoid ionic contamination. 

Although the power supply rejection ratio (PSRR) of the 
OP-07 is extremely high, nevertheless it should be con­
sidered as a potential error factor in long-term Vos testing_ The 
power supplies are verified to be at ±15 volts ±10mV before 
each set of weekly readings. This removes any possible sig­
nificant errors due to the psi=! R specification of 110dB 
(3,uV/Volt). 

All long-term Vos testing is performed in a controlled labora­
tory environment of 30°C to eliminate TCVos, 0.2,uv/oC, as 
an error possibility. 

200Kn 

50n 

LONG TERM OFFSET VOLTAGE TEST CIRCUIT 
FIGURE 8 



APPLICATIONS OF OP-07 

HIGH STABILITY VOLTAGE REFERENCE 

The simple bootstrapped voltage reference circuit of Figure 9 
provides a precise 10 volts virtually independent of changes in 
power supply voltage, ambient temperature, and output 
loading. Correct zener operating current of exactly 2mA is 
maintained by Rl a selected 5ppmtC resistor, connected to 
the regulated output. Accuracy is primarily determined by 
three factors: The 5ppm/C temperature coefficient of Dl, 
lppmfC ratio tracking of R2 and R3, and operational 
amplifier Vas errors. 

Vos errors, amplified by 1.6 (Avell, appear at the output and 
can be significant with most monolithic amplifiers. For 
example: an ordinary amplifier with TCVos of 511Vfc 
contributes .8ppmfC of output error while the OP·07 at 
.3l1Vfc (0.5ppmfCl effectively e.limina.tes TC:Vos as an error 
consideration. 

Perhaps the most easily overlooked accuracy requirement in 

IN4579A 
6.4V±5"1o 
±5ppm'oC 

01 

RI 

6 
Eo=IOVOLTS 

RI= 10-Vz 
2x10-3 

R2 
R2= 10-Vz 

Ix10-3 

VZ 
R3= 1.10-3 

R3 
AVCL'" 1.6 

HIGH STABILITY VOLTAGE REFERENCE 

FIGURE 9 

this and many other critical circuits, is long-term Vos stability. 
In this circuit, a 741 drifing at 10011V/mo would cause 
200ppm/year of output drift"':a very large amount. This type. 
of problem is particularly troublesome in potted subassemblies 
where periodic recalibration is impossible. Use of the 
OP-07 at 1l1V/mo maximum avoids this potentially 
troublesome condition. 

LARGE SIGNAL BUFFER-.005% WORST-CASE 
ACCURACY 

Unity gain large-signal buffers are one of the· most common 
applications of operational amplifiers. The low Vos and high 
CMRR of the OP-07 provide high accuracy, and small 
physical size is achieved due to the complete absence of 
external components. Performance over the appropriate 
temperature range is shown for the various OP-07 
selections. Note that the errors on Table m are absolute 
worst-case numbers, a combination that would be extremely 
unlikely in actual practice. A figure closer to expected overall 
performance based on the R MS sum of typical errors is also 
included. Typical mil temp range error for the OP-07A is 
44l1V-far smaller than most other amplifiers' input offset 
voltage error alone. 

EIN 
flOV 

TABLE IV 

ZERO TO 
20KCl 
SOURCE -15VOLTS 

±IVOLT 

·Eo=±IOV 

LARGE SIGNAL VOLTAGE BUFFER 

FIGURE 10 

LARGE SIGNAL VOLTAGE BUFFER ERROR ANAL VSIS 

Error OP'()7A ·66"1+126" OP·07 -66"1+126" OP.()7E 0" 1+70" OP·07C 0" It 70" 
Sourci MinIM .. TyplCiI MiniMI. TypiCiI Min/Mlx Typical MiniM .. TypiCiI 

Vos 
, 

6O~V 25~V 200~V 6O~V 130IlV 451lV 250jlV 851lV 

'Bias 
, 

80llV 20llV 120~V 40llV 110llV JOIlV 180jlV 441lV 

CMAA' 50jlV 71lV 50jlV 71lV 70llV 71lV 1411lV 10llV 

PSAA' 40pV 10pV 40jlV 10~V 63pV 13pV lQ01lV 20pV 

Gain' 50pV 25pV 67pV 25pV 56pV 22pV 100jlV 25pV 

I\Vas 
60pV 12pV 60pV 12pV 90llV 18pV 120pV 24pV 5 years 

Total J40~V 44pV" 5J7~V 78pV" 519pV 63pV" 891pV 1 04pV " 

Percent 
Full .0034% .0005%" .0054% .0008%" .0052% .0006%" .009% .001%" 
Scale 

*RMS Calculation 

I Full operating temperature range specifications. 
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CALIBRATION-FREE DAC TESTING SYSTEM 

The circuit of Figure 11 is part of an automated test system 
used for measuring 6-bit to 10-bit DAC nonlinearity at each 

possible digital input code combination. It detects the largest 
difference between a 14-bit linear reference DAC and a unit 
under test, and generates an output voltage that is directly 
proportional to nonlinearity as a percentage of full scale. 

DAC SUMMING 
AMPLIFIER 

I4-BIT .003% 
liNEARITY 
REFERENCE 
DAC 
Irs"-SmA. 

1.25Kn 

EDUT 

o TO 10 VOLTS 

6 

IKn 

IKn 

XIO 
DIFFERENCE 
AMPLIFIER 

10Kn 

6 

-15V 

Eo 

TO PEAK 
DETECTOR 

Eo"O (ER!F-EDuT)' % NONLINEARITY 

DIA CONVERTER TEST SYSTEM 
FIGURE 11 

Reference DACs are frequently supplied having current-output 
only, 'with selection of a summing amplifier left up to the user. 
Summing ar'nplifier characteristics must not cause degradation 
of reference DAC linearity~ full scale, or zero scale performance 
or erroneous testing·could occur. In addition, Vos errors are 
direct zero scale output errors, so both long term Vos stability 
and drift over temperature are important. Using a OP-07, total 
Eref errors due to op amp performance are estimated at less 
than 100~Vor .2LSB on a 14-bit base, permanently eliminating 
zero calibration while maintaining test system accuracy. Sum­
ming amplifier applications requiring higher speed should use 
the composite amplifier of Figure 12. 

Another OP-07 is used in the difference amplifier for 
high common mode rejection and Vos stability. This op amp is 
well-suited for critical test system circuits, providing accurate 
measurements, high reliability, and calibration-free operation. 

COMPOSITE SUMMING AMPLIFIER WITH HIGH SLEW 
RATE AND LOW Vos 

The circuit configuration of Figure 12 is a method for 
obtaining a 18v!~sec slew rate with OP-07 Vos 
characteristics. Vos of A2 (3mVI is continuously nulled by 
forcing the sum node to equal Vos of A1 through a secondary 
feedback loop formed by R1, R2, A2's input stage, and R3. 

An error due to I Bias of A2 limits practical values of feedback 
resistances to a maximum of 5Kn in most applications; a fast 
FET input op amp could be used as A2 to reduce.,the.circuit's 
bias current to approximately 2nA. The circuit is also good as 
a current-output DAC summing amplifier because zero scale 
offset adjustments are not required and high speed is 
preserved. Composite connections such as this are generally 
quite cost-effective compared to single op amps having both 
high slew rllte and good Vos specifications. 

-ISV 

Eo"-Eul~+lIJMRF 

HIGH SPEED. LOW VOS COMPOSITE AMPLIFIER 
FIGURE 12 
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ABSOLUTE VALUE CIRCUIT WITH MINIMUM ERROR 

This circuit provides precise full-wave rectification by inverting 
n.egative-polarity input voltages and operating as a unity-gain 
buffer for positive-polarity inputs. It is useful for conditioning 
inputs to unipolar A to D's, positive peak detectors, single 
quadrant multipliers, and magnitude-only measurement 
systems. A polarity indication for sign plus magnitude 
applications is present at the output of A 1. 

For a positive input, the circuit operates as two stages of 
inverting unity-gain amplification. As the input goes positive, 
the output of A 1 becomes negative, turning 02 off and D 1 on, 
placing the junction of R3 and R4 at-Ein. VA is at zero volts 
because D2 is off and only insignificant A2 bias current flows 
in R2. A2 operates as a second inverting unity-gain stage and 
Eo equals Ein. 

R3 

EI .. RI 

:i:IOV IOKO 

-15V 

R2 

IOKn 

For negative inputs, the first stage gain to point VA is-2/3 
because D2 is on, D 1 is off, and 1/3 of the input current, 
Ein/R1, flows in R3 and R4. The second stage is operated in a 
non-inverting gain of 1.5 configuration with VA as its input, 
giving an over-all circuit gain of-l. 

. Using conventional op amps, input offset voltage is usually 
the predominant error factor because it is doubled and added to 
Ein. For example, with Ein of 100mV, only .5mV of Vos will 
cause 1% output error. Clearly, Aland A2 must be low Vos 
op amps to achieve high accuracy over the full input voltage 
range. By using a OP-07, performance is mainly a 
function of resistor ratio matching and diode leakages. Gain 
errors due to resistor matching will typically be less than .03% 
when R2-R4 are within .01% of R l's value. Low leakage 
diodes should be used to prevent errors from reverse current 
flow in R2 or R3 which would appear as Vos error of A2. 

R4 R5 

IOKO IOKO 
+15V 

FD333 
DI 

6 E. 

o TO+IOV 

FD333 
D2 

-15V 

VA 

PRECISION ABSOLUTE VALUE CIRCUIT 

Positive Input 

1) VA = 0.02 off, 01 on 

( - E
Rin1

R3) • 2) Eo = 

R3 R5 
Rl R4 

3) With Rl=R3=R4=R5: 

Eo = Ein 

4) Vos error included: 

Eo = Ein + 2Vos2 

(-RR:) 

FIGURE 13 

PRECISION ABSOLUTE VALUE CIRCUIT 

Negative Input 

1) 01 off, 02 on 

-Ein VA 
2)R"1 = R2 + 

3) Eo = VA (1 + 

4) With R3=R4=R5: 

Eo= 1.5VA 

VA 

R3+ R4 

R5 ) 
R3+R4 

(R2) (R3 + R4) (1.5)Ein 
5) Eo = - Rl (R2+R3+R4) 
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6) With Rl=R2=R3=R4: 

Eo = -Ein 

7) Vos error included: 

Eo = -Ein + 1.5Vos2 - .5Vosl 

8) For Both Inputs: 

Eo = + IEinl 



PRECISION SUMMING AMPLIFIER WITH NO 
ADJUSTMENTS 

Figure 14 shows the basic op am p connection for analog 
computation, a precision summing amplifier. Analog com· 
puters use several of these stages connected in combinations 
to produce continuous outputs that are a function of mul­
tiple input variables. Single-stage accuracy is important 
because errors accumulate throughout a system and deter· 
mine its over-all performance. Some analog computers 
require time-consuming and annoying recalibration of each 

R410Kn 

RlloKn 
Elo--'\i'l/lr-. 

E2o-_R",21110IlK,..n_t-_, 

6 

R5 -15 VOLTS 
2.5Kn 

Eo 

ADJUSTMENT·FREE PRECISION SUMMING AMPLIFIER 

FIGURE 14 

INSTRUMENTATION AMPLIFIERS FOR 
THERMOCOUPLES 

Thermocouples are. very low voltage output· temperature 
transducers requiring differential DC amplification before 
linearization and display. Typical full scale outputs are under 
50mV with some types having as low as 5/lVtC sensitivity. 

These v·ery small input signals often have sizable common 
mode voltages present because thermocouples are frequently 
located in high·noise industrial environments. The single 
op·amp instrumentation amplifier of Figure 15 has the high 
common mode rejection and long·term accuracy required 
for this stringent application. 

The amplifier achieves about 100dB of common mode 
voltage rejection over a full ±13 volt range when the ratios 
of R2/R 1 and R4/R3 are matched within .01 %. R 1 Band 
R3B are usually around 1 Kn, a value large in respect to line 
resistance but small enough to make' voltage drops from 
input bias currents negligible. Input voltages and Vos are 
both amplified by 200 so Vos changes, either long·term or 
due to temperature, can cause direct output error. For 
example, with a 5fJ.V tc thermocouple, the OP·07 A holds 
thi,s error factor to .5°C/year and 1°C for an amplifier 
operating temperature range of 100°C (':25°C to +75°C)­
a typical industrial environment. For O°C to 70°C applica· 
tions, the low·cost OP-07C holds output error due to a 
change in Vos below 1°C/year and 2°C over the full com­
mercial operating temperature range. 

The circuit is useful whenever small differential signals from 
low-impedance sources must be accurately amplified in the 
presence of large common mode voltages. 
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stage at weekly or monthly intervals to compensate for 
long·term Vos drift. This circuit, with l/lV to 2/lV per 
month maximum change in Vos, completely eliminates 
periodic calibration while insuring long-term accuracy. 

Single-stage maximum full scale errors contributed by the 
op amp range from .001% for a OP-07A to .004% for a 
OP-07C. This makes resistor-related errors of ratio matching 
and temperature tracking the major accuracy considerations. 
Instrumentation quality operational amplifiers with ultra­
low Vos allow simple construction of high performance 
summing and differencing amplifiers. 

!!IKn 

~~~~i~gN /RiA RIRiB\ 

LINE 
RESISTANCE 

LINE 
RESISTANCE 

R3A R3B 

~~~~RENCE '-- R3--.l 
JUNCTION ;:IKn R4 

R2 

6 

-15 VOLTS 

Eo'200 (E.-E,) 

Eos'Vos R2:'RI 

~=~'200 

HIGH STABILITY THERMOCOUPLE AMPLIFIER 

FIGURE 15 

CONCLUSIONS 

The OP·07 Ultra· Low Offset Voltage Operational Amplifier 
is . a cost:effective monolithic alternative to the chopper­
stabilized amplifier and is suitable for a wide variety of 
critical applications. An . internal trimming procedure 
achieves significant improvements over previous bipolar 
designs in offset voltage, noise levels, and long·term stability 
at a moderate cost. For the first time, a complete precision 
IC op amp is available requiring no external components 
whatsoever for general application, thus increasing relia­
bility by decreasing system complexity. The adjustment· 
free, fully interchangeable device allows tremendous simpli­
fication of calibration and field servicing procedures. This 
is a most powerful and cost-effective design tool-chopper. 
type performance and bipolar prices with 741 ease-of· 
operation. 
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INTERFACING PRECISION MONOLITHICS DIGITAL-TO-ANALOG CONVERTERS WITH CMOS LOGIC 

by 
Donn Soderquist 

The rise in popularity oftMOS logic has,created a demand for' 
digital·to·analog converters with CMOS·compatible logic inputs. 
The low current logic input stages in all Precision Monolithics 
DAC's allow simple CMOS interfacing in most applications. 
Since interfacing is easily achieved, the proven advantages of 
low cost and high speed are available to both TTL and CMOS 
system designers. This application note discusses interfacing 
methods and rules for both voltage and curre'nt output types 
and describes several typical CMOS system applications. 

INTERFACING THE DAC·OS 

The DAC·OB design incorporates a unique logic input circuit 
which enables direct interface to all popular logic families and 
provides maximum noise immunity. This feature is made possi· 
ble by the large input swing capability, 2JlA logic input current 
and completely adjustable logic threshold voltage. For V- = 
-15V, the logic inputs may swing between -10V and +lBV. 
This enables direct interface with +15V CMOS logic, even when 
the DAC·OB is powered from a +5V supply. Minimum input 
logic swing and minimum logic threshold voltage are given by: 
V- plus (lREF • 1 Kill plus 2.5V. The logic threshold may be 
adjusted over a wide range by placing an appropriate voltage 
at the logic threshold control pin (pin 1, VLcl. It should be 
noted that pin 1 will source approximately 1 OOJlA; external 
circuitry should be designed to accommodate this current. 

Fastest settling times are obtained when pin 1 sees a low 
impedance. If pin 1 is connected to a resistive divider, as in 
Fig. 1, it should be bypassed to ground by a 0.1 JlF capacitor. 

+15V CMOS 
VTW +7.6 V 

VTH = VLC + 1.4 V 

+10V CMOS +5V,CMOS 
vTH"+5,OV VTH"+2.8V 

+15V +10V 
+12 V TO +15 v~ 

10Kn 

, VLC 

6.2 V 6.2 KII 
ZENER IN4148 

DAC-08 CMoS INTERFACING 
WITH TRUE CMOS THRESHOLD, 

FIGURE 1 

INTERFACING THE DAC-02 and DAC-04 

Two complete voltage output monolithic DAC's are described 
in this section: the DAC·02, a 10·bit plus sign device, and the 
DAC·04, a 10·bit two's complement coded converter. These 
DAC's are well·suited to use in CMOS systems as their com· 
plete, internal temperature·compensated references eliminate 
the external reference voltage requirement, a major source of 
power dissipation, drift, and cost in some CMOS compatible 
designs. 

Both DAC's have logic input stages which require about lJlA 
and are capable of operation with inputs between -5 volts and 
V+ less .7 volt. This wide input voltage range allows direct 
CMOS interfacing in many applications, the exception being 
where the CMOS logic and D/Aconverter must use the same 
positive power supply. 

In this special case, a diode should be placed in series with the 
CMOS driving device's Vee lead, as shown in Figure 2. The 
diode limits Vee to V+less .7 volt:"'since the outiJut from the 
CMOS ,device cannot exceed this value, the DAC's maximum 
input voltage rule is satisfied. Summarizing: in ali applications, 
these two high·speed, DAC's require either no interfacing 

, components, or at most, a single inexpensive diQdefor full 
CMOS compatibility. 

V+ V-

INPUTS s V+ LESS .7 VOLTS 

IN4148 

'-----iVDD 

CMOS DRIVING 
DEVICE 

VI. 

DAC-02/04 CMOS INTERFACING 

FIGURE 2 
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INTERFACING THE DAC100 AND DAC-01 

The DAC-100, a complete 10-bit monolithic fast current out­
put DAC is available in a wide range of electrical grades and 
packages. This device requires only about lilA of input current 
into each logic stage. Similar logic .input stages are used in the 
DAC-Ol, a complete voltage output 6-bit DAC. One rule must 
be observed when interfacing these DAC's with CMOS inputs: 
logic input voltages should not exceed 6.5 volts or V+, which­
ever is smaller_ To provide an understanding of this rule, it is 
necessary to discuss the logic input stage design. 

ANALOG 
OUTPUT 

ZERO 
VOLTS 

-.7 VOLTS 
'ON' CONDITION 
ONLY 

V-

DAC-l00 LOGIC INPUT STAGE 

FIGURE 3 

DAC-100 LOGIC INPUT STAGE DESIGN 

For simplicity, only one of the ten identical input circuits is 
shown in Figure 3. The DAC-l00 uses a fast current­
steering technique that switches a bit-weighted current be­
tween the positive supply (V+) and the analog output, which is 
usually constrained to be at zero volts (virtual ground) by an 
external summing amplifier. 

Switching is accomplished by forward biasing 04, a diode­
connected transistor, for the bit "on" condition and back 
biasing 04 in the "off" condition. For the "on" condition 
(VIN .... 7 volts), 03 is "off"-all of the bit-weighted current, 
I, , flows from the analog output through 04 and ultimately to 
V -. I n the "off" condition (V I N ~ 2.1 volts), 03 is "on", 04 is 
back biased, and the bit-weighted current is sourced from the 
positive power supply instead of the analog output. 

If VIN is too high, 04's emitter-base junction will experience 
reverse breakdown and a fault condition will occur. Equation 
1 describes this condition: 

Using this relationship, it can be seen that a conservative input 
voltage limit would be around 6.5 volts. When the 6_5V input 
limit is observed, DAC-lOO operation with CMOS inputs is 
easily achieved as demonstrated in the following applications 
section. 
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CMOS COMPATIBLE OPERATION. OF DAC-100 WITH ±6 
VOLT POWER SUPPLIES 

This is the most convenient method of interfacing aDAC-1.00 
with CMOS logic. At ±6 volts, DAC-l00 power dissipation is 
only 80mW, which is very small considering the inclusion of a 
complete internal reference. No interfacing components are 
required with ±5% power supplies, and the CMOS logic and 
DAC-l00 can use the same +6 volt power supply. In this 
application the device is directly CMOS compatible. 

HIGH LEVEL CMOSINTERFACING 

The block diagram in Figure 4 illustrates a convenient method 
for interfacing CMOS input levels between 6.5 volts and 15 
volts with a DAC-l00. Inexpensive and readily available CMOS 
hex buffer/converters step down the high-level inputs to TTL 
levels that cannot exceed 5 volts-clearly satisfying the input 
stage voltage rule. 

In addition to level shifting, buffer/converters provide input 
coding flexibility since they are available as inverting 
(CD4049A) or noninverting (CD4050A) devices. This gives the 
user a choice between negative-true and positive-true binary 
coding and allows the same basic DAC-l00-to-CMOS interfacing 
method to ~e used in either type of application. 

Since buffer/converter power consumption is very low, the 
required +5 volts can be provided by a simple regulator or even 
a resistive divider in some applications. In a multi-DAC system, 
one central, inexpensive 3-terminal IC regulator can supply 
several level shifting devices. Next, we will examine a complete 
circuit using all of these concepts in a high-speed CMOS com­
patible DAC. 

+6TO+18V 

cc 
LEVEL 
SHIFTING 
BUFFERI 
CONVERTERSt-===,,-..... 

2 EACH LOW LEVEL 
CD4049A TTL OUTPUTS 

OR 
CD4050A 

VD. 

BLOCK DIAGRAM - CMOS TO DAC-l00 INTERFACE 

FIGURE 4 



COMPLETE CMOS COMPATIBLE OAC-

The complete, 10-bit, voltage output DAC in Figure 5 has 
CMOS input compatibiiity, high sJjeed, and low cost. Current 
output from the OAC-100 is accurately converted to a voltage 
by the Precisiori Monolithics OP-Ol, a high speed op amp which 
has been specifically designed for the OAC summing amplifier 
application. Input offset voltage of this op amp is typically 
2mV., eliminating the requirement for zero scale adjustment. 

The dynamic performance, as shown in the photograph, is 
quite good. Slew rate is 18V/psec while settling time to ±.05% 
of full scale requires less thanl.5psec. DC performance is also 
good since OAC-roO nonlinearity is specified over the entire 
temperature range. In addition, the internal temperature' 
compensated voltage reference provides minimum full scale 
drift and decreases overall circuit complexity. 

DYNAMIC PERFORMANCE 

Rl 
5.1K 

+15 V BI POLAR 
...-________ .. ±IO% ADJUST 
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~~~---------~ 
-15V 

OP-Ol 

NOTE: Ll AND L2 ARE CD4049A FOR 
POSITIVE-TRUE CODING,CD4050A 
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INTERFACING DA~100WITH ±1S VOLT CMOS SYSTEMS 

FIGURES 
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8-BIT CMOS COMPATIBLE THREE IC SUCCESSIVE APPROXIMATION A TO 0 CONVERTER 

FIGURES 

LOW COST THREE IC CMOS COMPATIBLE A/D 
CONVERTER 

The diagram in Figure 6 is a modification of a previously 
published application note circuit substituting CMOS logic for 
TTL All necessary logic for A to D conversion is contained in 
L 1, a recently introduced CMOS successive approximation 
register_ A conversion sequence is initiated by applying a posi­
tive pulse, with a width greater than one clock cycle, to the 
"Start Conversion" input. The analog input, applied to Rs and 
converted to a current, is compared successively to 1/2 scale, 
then 1/4 scale, and the remaining binarily decreasing bit weights 
until it has been resolved within ±1/2 LSB. At this time, "End 
of. Conversion" changes to a logic "1" and the parallel answer 
is present in negative-true, binary-coded format at the register 
outputs. 

Tracking A to D's may be similarly constructed using 
CD4029A up/down counters, a DAC-100, and a CMP-01 fast 
precision comparator_ 

CONCLUSION 

Precision Monolithics D/A converters may be easily incorpor­
ated into CMOS systems. Low current logic input stage designs 
allow simple interfacing with a minimum of external com­
ponents. The low power dissipation, high speed output and 
low cost make this line of monolithic DAC's attractive in 
CMOS system designs. 
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MINIMIZATION OF NOISE IN OPERATIONAL AMPLIFIER APPLICATIONS 

by 
Donn Soderquist 

INTRODUCTION 

Since operational amplifier specifications such as input offset 
voltage and input bias current have improved tremendously 
in the past few years, noise is becomirig an increasingly 
important error consideration. To take advantage of today's 
high performance op amps, an understanding of the noise 
mechanisms affecting op amps is required. This paper examines 
noise contributions, both internal and external to an op amp, 
and provides practical methods for minimizing their effects. 

BASIC NOISE .PROPERTIES 

Noise, for purposes of this discussion, is defined as any signal 
appearing in an op. amp's output that could not. have been 
predicted by DC and AC input error analysis. Noise can be 
random or repetitive, internally or externally generated, 

• 001 

current or voltage type, narrowband or wideband, high fre­
quency or low frequency; whatever its nature, it can be 
minimized. 

The first step in minimizing noise is source identification in 
terms of bandwidth and location .in the frequency spectrum; 
some of the more common sources are shown in Figure· 1, an 
ll-decade frequency spectrum chart. Some preliminary obser­
vations can be made: noise is present from DC to VHF from 
sources which may lie identified in terms of bandwidth and 
frequency. Noise source bandwidths overlap, making noise a 
composite quantity at any given frequency. Most externally 
caused noise is repetitive rather than random and can be 
found at a definite frequency. Noise effects from external 
sources must be reduced to insignificant leve.ls to realize the 
full performance availabl.e from a low 110ise op amp . 

tOOK .5eM 1M 10M 

FIGURE 1 

FREQUENCY SPECTRUM OF NOISE SOURCES AFFECTING OPERATIONAL AMPLIFIER PERFORMANCE 
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EXTERNAL NOISE SOURCES 

Since noise is a composite signal, the individual sources must 

be identified to minimize their effects. For example, 60Hz 

power line pickup is a common interference noise appearing 

at an op amp's output as a 16msec sine wave. In this and most 

other situations, the basic tool for external noise source 

frequency characterization is the oscilloscope sweep rate 
setting. Recognizing the oscilloscope's potential in this area, 
Tektronix® manufactures several preamplifiers with variable 

bandwidth and frequency which allow quick noise source 

frequency identification. Another basic identification tool is 

the simple low pass filter as shown in Figure 2, where the 

bandpass is calculated by: 

frequency components while passing frequencies of interest. 

Once identified, noise from an external source may be mini· 

mized by the methods outlined in Table 1-the external noise 

chart. 

v+ 
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3.3Kn OSCILLOSCOPE 

FIGURE 2 

4.7~FTO 470pF I 10 Hz TO 100 KHz 

With such a filter, measurement bandpass can be changed from 
10Hz to 100KHz (C = 4.7pF to 470pF), attenuating higher 

NOISE FREQUENCY ANALYSIS RC lOW PASS FilTER 

TABLE 1 EXTERNAL NOISE SOURCE CHART 

Source Nature Causes Minimization Methods 

Powerlines physically close to op amp Reorientation of power wiring. Shielded 

60Hz Power Repetitive Interference inputs. Poor CMRR at 60Hz. Power transformers. Single point grounding. 
Transformer primary-ta-secondary capa- Battery power. 
citive coupling, 

Full wave rectifier ripple on op amp's Thorough design to minimize ripple. RC 
120 Hz Ripple Repetitive supply terminals. I nadequate ripple can· decoupling at the op amp. Battery power. 

sideration. Poor PSRR at 120Hz. 

180Hz Repetitive EMI 180Hz radiated from saturated 60Hz Physical reorientation of components. 
transformers. Shielding. Battery power. 

Standard AM Broadcast Shielding. Output filtering. Limited eir-
Radio Stations Through FM Antenna action anyplace in system. cuit bandwidth. 

Proximity to amplifier inputs, power Filtering of HF components. Shielding. 
Relay and Switch High frequency burst at lines, compensation terminals, or nulling Avoidance of ground loops. Arc sup-
Arcing switching rate terminals. pressors at switching source. 

Printed Circuit Thorough cleaning at time of soldering 

Board Random Low Frequency Dirty boards or sockets. followed by a bakeout and humidity 
Contamination sealant. 

Radar High Frequency Gated At Radar transmitters from long range sur- Shielding. 
Transmitters Radar Pulse Repetition face search to short range navigational- Output filtering of frequencies » PRR. 

Rate especially near airports. 

Mechanical Loose connections, intermittent metallic 
Attention to connectors and cable con-

Random < 100Hz ditions. Shock mounting in severe 
Vibration contact in mobile equipment. environments. 

Chopper Common Mode Input 
Abnormally high noise chopper amplifier Balanced source resistors. . Use bipolar 

Frequency Current At Chopping 
in system. input op amps instead. Use premium 

Noise Frequency low noise chopper. 
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POWER SUPPLY RIPPLE 

Power supply ripple at 120 Hz is not usually thought of as a 
noise, but it should be. In an actual op amp application, it is 
quite possible to have a 120 Hz noise component that is equal 
in magnitude to all other noise sources combined, and, for 
this reason, it deserves a special discussiofl. 

To be negligible, 120Hz ripple noise should be between 10nV 
and 100 nV referred to the input of an op amp. Achieving 
these low levels requires consideration of three factors: the 
op amp's 120Hz power supply rejection ration (PSRR), the 
regulator's ripple rejection ratio, and finally, the regulator's 
input capacitor size. 

PSR R at 120 Hz for a given op amp may be found in the 
manufacturer's data sheet curves of PSR R versus frequency as 
shown in Figure 3. For the amplifier shown, 120 Hz PSR R is 
about 74dB, and to attain a goal of 100nV referred to the 
input, ripple at the power terminals must be less than .5mV. 
Today's IC regulators provide about 60dB of ripple rejection; 
in this case the regulator input capacitor must be made large 
enough to limit input ripple to .5V. 
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Externally·compensated low noise op amps can provide 
improved 120 Hz PSR R in high closed·loop gain configurations. 
The PSR R versus freque'ncy curves of such an op amp are 
shown in Figure 4. When compensated for a closed·loop gain 
of 1000, 120 Hz PSR R is 115dB. PSR R is still excellent at 
much higher frequencies allowing lowripple·noise operation in 
exceptionally severe environments. 

POWER SUPPLY DECOUPLING 

Usually, 120Hz ripple is not the only power supply associated 
noise. Series regulator outputs typically contain at least 150,.N 
of noise in the 100Hz to 10KHz range; switching types 
contain even more. Unpredictable amounts of induced noise 
can also be present on power leads from many sources. Since 
high frequency PSRR decreases at 20dB/decade, these higher 
frequency supply noise components must not be allowed to 
reach the op amp's power terminals. RC decoupling, as shown 
in Figure 5, will adequately filter most wide band noise. Some 

caution must be exercised wit" this type of decoupling, as load 
current changes will modulate the voltage at the op amp's 
supply pins. 

120'-TTTTT1'nT""Trnmnr-n-mlTrT1"TTrmr-rTrTiT1lll 
11111111 I I III 1l111~ 1111111 J 

FIGURE 4 
PSRR VS FREQUENCY (SSS725, SSS725B, SSS725E) 

v-

FIGURE 5 
RC OECOUPLING 

POWER SUPPLY REGULATION 

, Any change in power supply voltage will have a resultant effect 
referred to an op amp's inputs. For the op amp of Figure 3, 
PSRR at DC is 110dB (3JlVIV) which may be considered as 
a potential low frequency noise source. Power supplies for low 
noise op amp applications should, therefore, be both low in 
ripple and well·regulated. Inadequate supply regulation is often 
mistaken to be low frequency op amp noise. 

When noise from external sources has been effectively mini· 
mized, further improvements in low noise performance are 
obtained by specifying the right op amp and through careful 
selection and application of the associated components. 
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OPERATIONAL AMPLIFIER INTERNAL NOISE 

OP AMP NOISE SPECIFICATIONS 

Most completely specified low noise op amp data sheets 
specify current and voltage noises in a 1 Hz bandwidth and 
low frequency noise over a range of '.1 Hz to 10Hz. To mini­
mize total noise, a knowledge of the derivation of these 
specifications is useful. In this section, the reader is provided 
with an explanation of basic op amp-associated random noise 
mechanisms and introduced to a simplified method for calcu­
lating total input-referred noise in typical applications. 

RANDOM NOISE CHARACTERISTICS 

Op amp-associated noise currents and voltages are random. 
They are aperiodic and uncorrelated to each other and have 
Gaussian amplitude distributions, the highest noise amplitudes 
.having the lowest probability. Gaussian amplitude distribution 
allows random noises to be expressed as rms quantities; 
multiplying a Gaussian rms quantity by six results in a peak to 
peak value that will not be exceeded 99.73% of the time (this 
is a handy rule-of-thumb for noise calculations). 

The two basic types of op amp-associated noises are white 
noise and flicker noise (1ft). White noise contains equal 
amounts of power in each Hertz of bandwidth. Flicker noise 
is different in that it contains equal amounts of power in 
each decade of bandwidth. This is best illustrated by spectral 
noise density plots such as in Figures 6 and 7. Above a certain 
corner frequency, white noise dominates; below that frequency 
flicker (1 f f) noise is dominant. Low noise corner frequencies 
distinguish low noiseop amps from general purpose devices. 

SPECTRAL NOISE DENSITY 

To utilize Figures 6 and 7, letus consider the definition of 
spectral noise density: the square root of the rate of change of 
mean·square noise voltage (or current) with frequency (Eq. 2). 

d 
2A) e 2 =- (En)2 

n df 

2B) in 2 

3A) 

3B) In 

Where: 

d 

df 

in2 df 

Spectral noise density 
Total rms noise 
Upper frequency limit 
Lower frequency limit 

Conversely, the rims noise value within a given frequency band 
is the square root of the definite integral of the spectral noise 
density over that frequency band (Eq. 3). This means that 
three things must be known to evaluate total voltage noise 
(En) or current noise (In): fH' fL,and a.knowledge of noise 
behavior over frequency. 
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White noise sources are defined to have a noise content that is 
equal in each Hertz of bandwidth, and Eq. 3 may be rewritten 
for white noise sources as: 

It is therefore convenient to express spectral noise density in 
V f..;/Hz or Af.jHZ where fH - fL = 1 Hz. When fH ~ 10 fL' the 
white noise expressions may be further reduced to: 

7) In (w) = in~ 
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FLICKER NOISE 

Since flicker noise content is equal in each decade of band­
width, total flicker noise may .be calculated if noise in one 
decade is known_ The .1 Hz to 1 Hz decade noise content 
(K) is widely used for this purpose because the white noise 
contribution below 10Hz is usually negligible_ 

8) En (f) =0 K..Jf 

When substituted in Eq_ 3, the expressions may be rewritten to: 

11) In (f) = K)n(::) 
FLICKER NOISE AND WHITE NOISE 

When corner frequencies are known, simplified expressions for 
total voltage and current nois·e (EN and IN) may be written: 

12) EN (fH -fLl = en Jfee In(~)+ fH -fL 

13) IN (fH - fLl = in JfCi In (::) + fH - fL 

Where: en 

in 
fee 

fci 
fH 
fL 

White noise voltage in a 1 Hz bandwidth 
White noise current in a 1 Hz bandwidth 
Voltage noise corner frequency 
Current noise corner frequency 
Upper frequency I im it 
Lower frequency limit 

The two most important internally generated noise minimiza­
tion rules are derived from Eq_ 12 and 13: limit the circuit 
bandwidth and use operational amplifiers with low corner 
frequencies_ 

NOISE SUMMATION 

In the spectral density discussion, the concepts of white 
noise and flicker noise were introduced~ In Figure 8, the 
complete input-referred op amp noise model, internal white 
and flicker noise sources are combined into three equivalent 
input noise generators, EN, INl and IN2- The noise current 
generators produce noise voltage drops across their respective 
source resistors, RSl and RS2- The source resistors themselves 
generate thermal noise voltages, Etl' and Et2. Total rms 

v.+ 

FIGURE 8 
OP AMP NOISE MODEL 

input-referred voltage noise, over a given bandwidth, is the 
square root of the sum of the squares of the five noise voltage 
sources over that bandwidth. 

Minimization of total noise requires an understanding of the 
mechanisms involved in each of the five generators_ First, the 
white noise mechanisms, thermal and shot, are discussed, 
foil owed by the low frequency noise mechanisms, flicker and 
popcorn. 

THERMAL NOISE 

Thermal (Johnson)1 noisel is a white noise voltage generated 
by random movement of thermally-charged carriers in a resis­
tance; in op amp circuits this is the type of noise produced by 
the source resistances in series with each input. Its rms value 
over a given bandwidth is calculated by: 

Where: k 
T 

Boltzmann's constant = 1.38 x·1O-23 joulesl" K 
Absolute. temperature, 0 Kelvin 

R Resistance in ohms 
fH = Upper frequency limit in Hertz 
fL = Lower frequency limit in Hertz 

At room temperature Eq_ 15 simplifies to: 

To minimize thermal noise (Etl and Et2) from RSl and R!S2, 
large source resistors and excessive system. bandwidth should 
be avoided. 

Thermal noise is also generated inside the op amp, principally 
from rbb', the base·spreading resistances in the input stage 
transistors. These noises are included in EN, the total equiva­
lent input voltage noise generator. 

SHOT NOISE 

Shot noise (Schottky noise) is a white noise current associated 
with the fact that current flow is actually a movement of 
discrete charged particles (electrons). In Figure 8, INl and IN2' 
above the l/f frequency, are shot noise currents which are 
related to the amplifier's DC input bias currents: 

17) Ish = -J 2q IBIAS (fH - fLl 

Where: Ish = RMS shot noise value in amps 
q = Charge of an electron = 1.59 x 10-19 

IBIAS = Bias current in amps 
fH = Upper frequency limit in Hertz 
fL = Lower frequency limit in Hertz 

At room temperature Eq. 17 simplifies to: 

18) Ish = 5.64 x 10-10 ..JI BIAS (fH - fL) 
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Shot noise currents also flow in the input stage emitter 
dynamic resistances (re). producing input noise voltages. These 
voltages, along with the rbb' thermal noise, make up the white 
noise portion of EN, the total equivalent input noise voltage 
generator. 

FLICKER NOISE 

In limited bandwidth applications, flicker (1ff) noise is the 
most critical noise source. An op amp designer minimizes 
flicker noise by keeping current noise components in the input 
and second stages from contributing to input voltag~ noise. 
Eq. 19 illustrates this relationship; 

19) 
in second stage 

en input 
gm first stage 

Another critical factor is corner frequency. For minimum noise 
the current and voltage noise corner frequencies must be low; 
this is crucial. As shown in Figure 9, low noise corner frequen­
cies distinguish low noise op amps from ordinary industry· 
standllrd 741 types. 
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FIGURE 9 
NOISE VOLTAGE COMPARISON 

The photograph in Figure 10, taken using the test circuit of 
Figure 11, illustrates the flicker noise performance of the 
OP-07. This device demonstrates proper attention to low 
noise circuit design and wafer processing and achieves a 
remarkable 0.35~V peak to peak input voltage noise in the 
0.1 Hz to 10Hz bandwidth. 

POPCORN NOISE 

Popcorn noise (burst noise) is a momentary change in input 
bias current usually occurring below 100Hz, and is caused by 
imperfect semiconductor surf~ce conditions incurred during 
wafer' I processing .. Precision Monolithics minimizes this 
problem through careful surface treatment, general cleanliness, 
and a special three-step process known as "Triple Passivation_" 

FIGURE 10 
OP-07 LOW FREQUENCY NOISE 

loon 
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loon 

2.SMn 

INPUT REFERRED NOISE- 25~~OO· 52~~~: ·200nV/cm 

FIGURE 11 
LOW FREQUENCY NOISE TEST CIRCUIT 

To pegin the process, a specially treated thermal ,silicon dioxide 
layer is grown. This protects the junctions and also attracts 
a,ny residual ionic impurities to the top surface of the oxide, 
where they are held fixed. Next, a layer of silicon nitride is 
applied to prevent the entry of any potential contamination 
or impurities. The third step is the thick glass overcoat which 
leaves only the bonding pads exposed. A cutaway view of a 
finished device is shown in Figure 12. 

PRECISION MONOLITHICS 
TRIPLE PASSIVATEOTM 

INTEGRATED CIRCUIT PROCESS 

FIGURE 12 
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Op amp manufacturers face a difficult decision in dealing with. 
popcorn noise. Through careful low noise processing, it can be 
eliminated from almost all devices; alternatively, the processing 
may be relaxed, and finished devices must be. individually 
tested for this parameter:. Special noise testing takes valuable 
labor time, addssignificilnt .amouhts .to manufacturing cost, 
and ultimately increases. the ·price a customer has to pay. At 
Precision Monolithi~s the low noise process alternative is used 
to manufacture high volumes of cost;effective low noise 

op amps. 

TOTAL NOISE CALCULATION 

With data sheet curves and specifications, and a knowledge of 
sour~e. resistance values, total input-referred noise may be 
calculated for a given application. To illustrate the method, 
noise information from the Precision Monolithics OP-07 
data sheet is reproduced in. Figure 13. The first step is to 
determine the currenf and voltage nciise corner frequencies so 
that the EN and IN terms of Eq. 14 may be calculated using 
Eq. 12 and 13. 

CORNER FREQUENCY DETERMINATION 

In the input spot noise versus frequency curves of Figure 13, 
it may be seen that voltage noise (Rs = 0) begins to rise at 
about 10Hz. Lines projected from the horizontal (white noise) 
portion and sloped (flicker noise) portion intersect at 6 Hz, the 
voltage noise corner frequency (fee). In the center curve, 
excluding thermal noise from the source resistance, current 
noise multiplied by 200 Kn is plotted as a voltage noise. 
Lines projected from the horizontal portion and sloped por­
tions intersect at 60 Hz, the current noise corner frequency (f ci)' 

ELECTRICAL CHARACTERISTICS 

Eq. 12 and 13 also require en and in for calculation of EN and 

IN. To find en and in, use the data sheet specification a 
decade or more above the respective corner frequencies; 
in this case en is 9.6nV I...;HZ (1000Hz), and in is 

0.12pA/y'HZ (1000 Hz). 
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FIGURE 13A 
INPUT SPOT NOISE VOLTAGE VS FREQUENCY 

OP-07 ULTRA-LOW OFFSET VOL TAGE OP-AMP 

OP-07A OP-07 

These specif.ications. apply for V s = ± 15V, T A = 2SoC, unless otherwise noted. 

Parameter Symbol Test Conditions Min Typ Max Min Typ Max Units 

Input Noise Voltage" enp_p O.1Hz to.10Hz -- 0.35 0.6 -- 0.35 0.6 /IV p.p 

fo = ,10Hz -- 10.3 18.0 -- 10.3 18.0 
Input Noise Voltage Density en '0 . 100Hz -- 10.0 13.0 -- 10.0 13.0 nviVHz 

fo = 1000Hz -- 9.6 11.0 -- 9.6 11.0 

I "pul Noise Current inp.p a.1Hz to 10Hz -- 14 30 -- 14 30 pAp-p 

fo =.10Hz -- 0.32 0.80 -- 0.32 0.80 
Input Noise Current Densitv 'n fo = 100Hz -- 0.14 0.23 -- 0.14 0.23 pANHz 

fo = 1000Hz -- 0.12 0.17 -- 0.12 0.17 

Input Offset Voltage V o• -- 10 25 -- 30 75 p.V 

Long Term Input Off.set Voltage Stability VoslTime -- 0.2 1.0 - 0.2 1.0 /lVIMo 

Input Offset Current 
'o• -- 0.3 2.0. -- 0.4 2.8 nA 

Input Bias ~urrent· 'B· -- t.7 12.0 -- 11.0 ±:l.0 nA 

INPUT NOISEVOLJ"AGE (enp_pl 
The peak to peak noise voltage in a specified frequency band. 

INPUT NOISE CURRENT Hnp_pl 
The peak to peak noise current in a specified frequency band. 

INPUT NOISE VOLTAGE DENSITY (8nl INPUT NOISE CURRENT DENSITY linl 
The rms noise voltage in a 1 Hz band surrounding a specified value of The 1ms noise current in a 1 Hz band. surrounding a specified value 
frequency. of frequency. 

FIGURE 1. 
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BANDWIDTH OF INTEREST 

To be summed correctly, each of the five noise quantities must 
be expressed over the same bandwidth, fH-fL. At thi~ time, 
assume fH to be the highest frequency component that must 
be amplified without distortion. Note that en, in, corner fre· 
quencies and bandwidth are independent of actual circuit 
component values. When doing noise calculations for a large 
number of circuits using the same op amp, these numbers 
only have to be calculated once. 
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FIGURE 14A 
NOISE ANALYSIS CIRCUIT 

FIGURE 14B 
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NOISE ANALYSIS EQUIVALENT CI RCUIT 

EO 

TYPICAL APPLICATION EXAMPLE 

Figure 14Ashows atypical Xl0 gain stage with a 10Kn source. 
resistance. In Figure 148, the circuit is redrawn to show five 
noise voltage sources. To evaluate total input-rllferred noise, 
the values of each of the five sources must be determined. 

Using Eq. 16: Et 

Et1 1.28 x 10-10 -v'(900n)(100Hz) = .04pVrms 

Et2 1.28 X 10-10 -Y(10Kn)(100Hz) = .128pVrms 

Next, calculate IN using Eq. 13: 

~ 100Hz 
.12pA 60In--- + 100-.0001 

.0001 Hz 

3.66pArms 

and: 

IN1"RS1 = 3 .. 66 pA (900n) = .0033pVrms 

IN2"RS2 = 3.66pA (10Kn) = .0366pVrms 

Finally, EN from Eq. 12: 

~ 100Hz 
= 9.,6nV 61n --- + 100 - .0001 

.0001 Hz 

.130pVrms 

Substituting in Eq. 14: 

0.19pVrms 

Total input-referred noise = 1.14pV peak to peak (.0001 Hz to 
100Hz)_ 
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741 CALCULATION EXAMPLE 

The preceding calculation determined total noise in a given 
bandwidth using a low noise op amp. To place this level of 
performance into perspective, a calculation using the industry· 
standard 7410p amp in the circuit of Figure 14 is useful. Once 
again the starting point is corner frequency determination, 
using the data sheet curves of Figure 15: fee = 200 Hz; fci = 
2KHz; en ~ 20nV/YHz; in = .5pA/YHz. 

Using these corner frequencies and noise magnitudes, EN and 
IN are calculated to be 1 ~Vrms and 83pArms respectively. 
Multiplying this noise current by the source resistance gives 
terms 2 and 3 of Eq. 14 as shown below: 

14)ENT(fH - fLl= -JEN2+ IN12 RS12+ IN22 RS22+E+12 + E+22 

Substituting in Eq. 14: 

= ,J(1~V)2 + ('075~V)2 + (.83~V)2,+ (.04~V)2 + (.128~V)2 
= 1.3~Vrms 
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FIGURE 15A 
INPUT NOISE VOLTAGE AS A FU",CTION OF FREQUENCY 

Total input·referred noise = 7.8~V peak to peak (.0001 Hz to 
100Hz). 

This is ,6.8 times that of the low noise op amp example. 

The calculation examples illustrate three rules for minimizing 
noise in operational amplifier applications: 

RULE 1. Use an op amp with low corner frequencies. 

RULE 2. Keep source resistances as low as possible. 

RULE 3. Limit circuit bandwidth to signal bandwidth. 
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BANDWIDTH 

Effective circuit bandwidth must not be much greater than 
signal bandwidth or amplification of undesirable high frequency 
noise components will occur. Throughout the preceding cal­

culations, an assumption of "bandwidth-of-interest" was made, 
while in actual application the amplifier's bandwidth must be 
considered. 
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FIGURE 16A 
OPEN LOOP FREQUENCY RESPONSE 
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FIGURE 168 
CLOSED LOOP RESPONSE FOR VARIOUS 

GAIN CONFIGURATIONS 

than required, and output filtering, such as in Figure 17, could 
be used. As an alternate to output filtering, an illtegrating 
capacitor may be connected across the feedback resistor. 
Bandwidth may also be limited in some applications by Over­

compensating an externally-compensated low noise op amp, 

such as the 555725. 
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FIGURE 17 
OUTPUT FILTERING 
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MISCELLANEOUS NOISE MINIMIZATION METHODS 

Certain other noise mechanisms merit consideration: Use 
metal film resistors; carbon resistors exhibit "excess noise," 
with both l/f and white noise content being related to DC 
applied voltage. The use of balanced source resistors, while 
sometimes good for DC error purposes, will increase noise; 
the balancing resistor is not required for op amps such as the 

OP-07, since los"" lB' Keep noise in its proper per­
spective; minimize it without introducing additional DC errors. 
Use low noise op amps with overall DC specifications that will 
satisfy the application. 

SUMMARY 

A summary of the major points to consider is as follows: 

1) Minimize externally generated noise, 

2) Choose an amplifier with low 1/ f noise corner frequencies. 
3) Limit the circuit bandwidth to signal bandwidth. 
4) Eliminate excessive resistance in the input circuit. 

CONCLUSION 

Recent improvements in IC op amp DC specifications have 
made noise an important error consideration. From data sheet 
information and source resistance values, total input-referred 
noise over a given bandwidth can be easily calculated. Total 
noise can be minimized by a thorough understanding of the 

In Figure 16, the OP-07 frequency response curves show 
a roll off of 2OdB/decade; integration of the area under the 
curve will show the effective circuit noise bandwidth to be 
1.57 times the 3dB bandwidth. In most closed-loop gain 
configurations, the amplifier's bandwidth may be greater various noise-generation mechanisms_ 
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LOW COST, HIGH SPEED ANALOG-TO-DIGITAL CONVERSION WITH THE DAC-08 

by 
Donn Soderquist & John Schoeff 

Today's fast computer and microprocessor-controlled systems 
frequently require AID converters which will complete a 
conversion in one cycle time. 

Until now, these high speed AID converters have been expen· 
sive and difficult to build. Most designers have therefore 
chosen to purchase modular AID converters typically ranging 
in price 'from $100 to $400. This application note describes 
three less costly AID designs, with total conversion times of 
4J,Lsec, 2J,Lsec, and 1J,Lsec. These designs are implemented with 
the DAC-08, a recently announced high speed monolithic 
Digital-to·Analog converter. A discussion of basic successive 
approximation is given, followed by practical circuit designs. 

SUCCESSIVE APPROXIMATION AID ADVANTAGES 

Successive approximation AID conversion is the most popular 
choice in many systems today because it achieves high con­
version rates at very low cost. Other methods, such as 
Tracking (Servo) or Staircase (Ramp), require up to "2n " dock 
cycles per conversion, where "n" is the number of bits of 
resolution, while successive approximation requires only "n+1" 
clock cycles. Finally, a designer can easily construct his AID 
with readily available standard IC's. 

FLOW DIAGRAM FOR 3 BIT SUCCESSIVE 
APPROXIMATION AID CONVERSION 

FIGURE 1 

BASIC SUCCESSIVE APPROXIMATION AID CONVERSION 

A successive approximation AID converter operates by com· 
paring the an<llog input to a series of "trial" conversions; the 
first trial compares the input to the value of the most 
significant bit (MSB) or approximately half of full scale. Fig. 1 
shows the progression of trials for a 3-bit converter. If the 
input is greater than the MSB value, the MSB is retained and 
the converter moves on to "trying" the next most significant 

. bit, or approximately three·quarters full scale. if the input had 
been less than the MSB, the logic would have turned the 
MSB off before going on to the next most significant bit, or 
one·quarter full scale. This "branching" continues until each 
successively smaller bit has been tried, with the entire process 
taking "n" trials. 

To implement the logic for the successive approximation 
algorithm, a configuration similar to Fig. 2 may be employed, 
wherein a start command places a "one" in the first bit of a 
shift register. This sets the first latch to "one" and turns on 
the DAC's MSB. If the comparator output remains low, the 
"one" will remain in the latch; if not, the latch will be reset 
to zero before the next bit trial begins. The next clock cycle 
causes the shift register to place a "one" in the second bit, 
and a similar process continues till all bits have been tried. 
After ,the last bit's trial, the end-of-conversionloutput'changes 
state indicating the parallel data is ready to be used. 
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CURRENT COMPARISON AID INPUT 
FIGURE 3 

CURRENT COMPARISON 

The previous discussion indicated that the function of the 
comparator was to. perform a comparison between the analog 
input voltage and the output voltage of the DAC. Higher 
speed conversions may be achieved by using the output of a 
fast current output DAC directly. This may be implemented 
as shown in Fig. 3, where the. comp.arator examine.s the polarity 
of (VIN-IDACR IN ). Current comparison' eliminates the need 
for a current·to·voltage converting: op amp which is by far 
the slowest element in most D/ A converters. 

DYNAMIC CONSIDERATIONS 

The time required to complete an 8 bit successive approximation 
A/D conversion is determined by the length of 8 trials and 
their associated comparator decisions, plus one clock cycle. 
To minimi2:e these periods, three dynamic considerations 
must be made: 

1. DAC output current settling time to ±1/2LSB. 

2. Comparator propagation delay with the available overdrive. 

3. Logic propagation delay ·and setup time requirements. 

For example, with a 500nsec DAC, a 500nsec comparator, 
and100nsec of logic delay, each of these cycles would require 
1.1j.1sec. An 8 bit conversion would ·take 9 clock periods, or 
10j.lsec. To design a fast A/D, each of these delays must be 
made as short as possible. In the next few paragraph;, 
practical methods of minimizing these delays are discussed. 

LOGIC 
INPUT 

2.4 v-

0.4 V­

OUTPUT. -1I2LSg:! 
SETTLING + 112 LSB-

oil bils switched ON 

50 nsec/division 

SETTLING TIME FIXTURE OF FIGURE 5 

i FS = 2mA RL = I K n 
112 LSB =4}'A 

\ 
OUTPUT SETTLING TIME 

FIGURE 4 

DAC CURRENT SETTLING TIME 

The DAC· 08 is a low cost monolithic current output 
DAC with 85nse.c full scale settling time and is ideal for use 
in high speed A/D converter designs. The internal· logic switch 
design enables propagatron delays of 35nsec for each of the 
8 bits. Settling time of the LSB to within ±1/2LSB of final 
value is therefore 35nsec, with each successively more signifi· 
cant bit taking progressively longer. The MSB settles in 
85nsec; it is the dominant factor of full scale settling time. 
This performance is .illustrated in the scope photo of Fig. 4, 
taken at the output of the test circuit of Fig. 5. 

A major factor affecting settling time is the RC time constant 
formed by the load resistance (Rd and the DAC output 
capacitance (Co) plus any stray capacitance present at the 
summing [lode. Settling to within ±1/2LSB at 8 bits (±.2% 
full scale) requires 6.2 RC time constants. For the DAC· 
08, the oui:put capacitance is 15pF; as a result the output RC 
time constant is a major factor influencing settling time when 
RL is greater than 500n and dominates when RL exceeds 
900n. 

This situation produces difficult requirements. Optimum DAC 
settling time occurs when RL S 500n, but for full scale 
currents of 2mA, 1/2LSB is only 4j.1A. Thus, with a 500n 
equivalent resistance, the voltage at the DAC output cor­
responding to 1/2LSB is only 2mV and is inadequate for high 
speed operation of many comparators. For this reason, RL is 
usually larger than 5oon, which is a necessary compromise 
between D~C settling time and comparator input overdrive 
requirements. 
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COMPARATOR CONSIDERATIONS 
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All comparators respond fastest to large differential input 
voltages (high overdrive). This phenomenon is shown in Fig. 6, 
a graph of response time vs. input voltage for the Precision 
MoilOlithics' CMP·01. This low cost comparator provides 
DC characteristics compatible with 10 and 12 bit AID 
converters and has adequate speed for 4j.Lse¢ 8 bit converters. 

RESPONSE TIME FOR IOOmV STEP AND 
VARIOUS INPUT OVERDRIVES 

I 'g' " -4 

01~ -\ " -. ~~~V-
(Ds,.v 

-,; '~: 1m~1ftV-

NO .... ' 
VS-j:15V 
TA"2S-C -
Rs·~C 

I 

I 
120 240 '60 

ItUPONSE TIME IIISEC) 

RESPONSE TIME FOR 100mV STEP 
AND VARIOUS INPUT OVERDRIVES 

FIGURE 6 

For 2/lsec and 1j.Lsec designs, the AM686 was selected. It 
provides 12nsec propagation delay with 2.5mV overdrive, 
Schottky TIL outputs, and DC"input specifications adequate 
for an 8 bit AID. Ultra-high speed r~quires considerable 
power. Maximum supply currents a"re 42mA from the +5V 
supply and 34mA from the -5V supply. " 

., ., ., 

-15V +ISV 

.4E1Wl •• •• a, 
•• 

SERIAL 
OUTPUT 

START 

CONVERSION 
COMPLETE 

14131211 6 S 4 :5 
1 

TTL CLOCK INPUT 0------.1 
2.25 MHZ 

ANALOG 
INPUT 

OTO+l0V 

CONNECT -START- TO ·CONVERSION 
COMPLETE- FOR CONTINUOUS CON­
VERSIONS. 

3 IC LOW COST AID CONVERTER 
FIGURE 7 

LOGIC CONSIDERATIONS 

A single DIP package, the AM2502 Successive Approximation 
Register, contains the logic for 8 bit AID converters operating 
at 2/lsec or greater conversion times. (Detailed descriptions 
of AID's constructed with the AM2502· and Precision Mono· 
lithicsDAC's are contained in AN-11, available upon request.) 
A 1j.LSec AID requires special logic design using Schottky TTL 
and will be described in the detailed circuit description. 

PRACTICAL 31C AID'S 

When the required conversion time is ;;;. 2j.Lsec, the DAC-08's 
fast settling time enables very simple and low cost designs. 
A 4j.Lsec design "is shown in Fig. 7. At additional cost and 
increased power dissipation, changing the comparator to an 
AM686 results in a 2/lsec AID. Every nanosecond counts in a 
1j.Lsec AID, and the circuit-necessarily increases in complexity. 
However, with the DAC·08, Schottky TTL logic, and atten­
tion to layout, a 1j.Lsec AID can be constructed at low cost. 
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FIGURE 10 

ANALOG DESIGN 

The DAC ·OB AQ, is useful in this design for several, 
reasons. Its output full scale current is guaranteed to be 
1.992mA ±B~A, when a 10.000V reference is connected to 
a 5.000Kn resistor in series with pin 14. In this design, the 
5Kn is split to allow bypassing without capacitively loading 
the 10 volt source., For slightly higher speed, the total 
resistance may be reduced to 2.5Kn, thereby increasing 10 
full ,scale to 3.9B4mA, allowing a lower sum node resistance 
and lower RC time constant. (The DAC itself does not settle 
faster at 4mA full scale, current.) The DAC ·OBA maxi· 
mum 'nonlinearity of ±0.1% full scale enables faster settling 
time to within ±1/2LSB (±0.2% full scale) for each bit trial 
than would be the case using a DAC with ±0.2% nonlinearity. 
Using the ±0.2%, nonlinearity DAC·OBorDAC·OBE provides 
cost savings at an overall increase in conversion time. Both 
true and complementary current outputs are provided, 
and their summation is always Ifull scale. In this design, ~ is 
connected to the analog input. Since 10 + i6 is constant, and 
,10 flows in R3" the DC input current is constant. Holding the 
AID input current constant reduces buffer amplifier output 
impedance requirements. The buffer amplifier used in this 
application must have sufficient bandwidth to hold V 
constant during a l~c AID conversion. IN 

CALIBRATION AND ACCURACY 

In many applications calibration is not required. With a 
10.000V reference and ±0.15% tolerance resistors, the worst 
case full scale error is ±O. The zero scale error is totally 
dependent upon comparator input offset voltage and input' 
bias current, and, in most cases, it may be tolerated. If the 
errors are not tolerable, then the following calibration pro· 
cedure may be used. 

Calibration of the AID is done first at zero scale, then at full 
scale. The zero transition is set by R4, a resistor connected to 
the +10 volt reference. For 10V full scale, the'- desired 
transition point between a code of 0000 0000 and 0000 0001 
is at +20mV (+1/2LSB). With an ideal comparator, R4 would 
be 2.56Mn (10 voltsI3.9~A). Since comparators are less than 
ideal, R4 must also cancel out the comparator's input offset 
errors. With +20mV applied at the analog i~put and using a low 
clock rate, select R4 to cause the output code to fluctuate 
between 0000 0000 and 0000 0001. (Do not install a pot for 
R2 or R4 since it will increase capacitance and inductance at 
the sum node.) Full scale is calibrated by applying +9.940V 
to the analog input and trimming R2 until the output code 
fluctuates I between 1111 1110 and 1111 1111. Alter· 
natively, the reference voltage source may be adjusted for 
the same effect. This will be a small adjustment due to the 
CAC· OBA 's tight output' full scale current relationship 
with the reference voltage. Once calibrated, accuracy is a 
function of temperature·induced drifts only. 

1&-49 



177nsecr-
13 MHz 
INPUT 

CP1 

CP2 

CP2 ___ ~ 

3 

1* 

1* 

9D-Q~ ______________________________ ~ 

10A-_D __________________________________ --------

* DECISION 
TIMING WAVEFORMS WITH ZERO VOLTS INPUT 

FIGURE 9 

A TYPICAL CONVERSION CYCLE 

A conversion is initiated by a high level at the Start input 
when the input 13MHz clock makes a low to high transition. 
Approximately 9nsec later, the control logic generates a clear 
and reset pulse (Strobe), which causes several events: the 8 
output flip·flops are cleared except for the MSB flip-flop 1 
which is set to a "one"; both shift registers are cleared; the 
OAC has Bit 1 turned on, all others are off. The conditions 
for the first trial at half scale are now established. 

As the OAC output settles, the comparator continuously 
examines the polarity at its non-inverting input. For this 
case, with zero volts at the Analog Input, the comparator 
finds a negative voltage present; its output therefore is low. 
This low is applied to the "0" inputs of all 8 output flip-flops. 
Recall that 74S74 flip-flop outputs won't change until they 
are clocked by a positive transition attheir.CP inputs. At the 
time labeled 1 on the CPl waveform, the reset and clear 
pulse, Strobe, returns high. 

Shift Register No. 1 waits for a positive-going transition of 
CP2. At 2 time CP2 goes high, transferring a "one" from 
9A-0 to 9B-0; 9B-0 goes low, setting 2-0 high and clocking 
the comparator's "zero" into the Bit 1. flip-flop. The other 6 
flip-flops do nothing, because they are not clocked. Bit 1 's 
answer is now latched, and Bit 2, 1/4 full scale, is being tried. 
The process continues with the shift register causing each bit 
to be tried from Bit 2 to Bit 8. After the Bit 8 decision, the 
EOC output goes high, indicating that the answer in parallel 
format is available at the 8 bit outputs. 

OUTPUT INTERFACING 

In continuous conversion operation, ·the most common con­
nection, EOC is connected to the Start input. While the 
answer is available whenever EOC is high, it is convenient 
to use the positive-going edge of the Strobe output as a clock 
for two 74S175 quad "0" flip-flops used as an 8 bit storage 
latch. Since Strobe goes high before another conversion cycle 
begins, there is ample setup time for the latch; the answer 
has been steady for over 35nsec. 
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OVERAll DESIGN 

Due to the bit settling time range of the OAC-08 from 
85nsec for Bit 1 to 35nsec for Bit 8, progressively decreasing 
trial-and-decision periods would be ideaL Practically, such a 
timing sequence is difficult to generate at low cost, so a 
compromise was made: The first four bits allow 160nsec 
for each trial-and-decision, while the last four bits allow 80nsec_ 
This may be seen in the waveforms of Fig_ 9_ The timing 
sequence ,is generated by shifting a "one" through two shift 
registers with in-phase clocks, one at 6.5MHz derived from 
the other at 13M Hz. 

Standard 74 Schottky TTL logic was selected for speed, 
compatibility with the AM686 comparator, ready availability, 
and price. 

A useful characteristic of the OAC-08 is its capability 
to directly interface with all popular logic families including 
TTL, CMOS, and ECL. For this design the DAC-08's 
logic control pin (pin 1) is grounded to provide the proper 
TTL logic threshold. A design utilizing ECl could provide 
slightly faster conversion time at increased power consumption. 

lOGIC,OESIGN 

The primary logic design element is the 74S series positive­
edge-triggered "D" flip-flop; This type of flip-flop is useful in 
AID designs because of several properties: 

1. The propagation delay from Set to Q going high is only 
3nsec. 

2. The information on the D input is transferred to the 
Q output only at a positive-going edge of CPo 

3. Changes at the 0 input (comparator settling changes) are 
ignored when CP is in a steady state. 

74S74 dual "0" flip-flops are used for the 8 output latches 
and for the control logic, and 74S175 quad "0" flip-flops 
are used for the two shift registers. 

Flip-flops 2 through 8 in the simplified schematic (Fig. 8) 
perform two functions. 'Typical operation can be understood 
by examining the operation of flip:flop 2. When set by an 
input from Shift Register No.1, the Q output of flip-flop 
No. 2 goes high, which starts the trial of bit 2 and acts as a 
clock for flip-flop 1 i transferring the comparator's output state, 
which is the result of trial 1, to Q of flip-flop 1. This basic 
connection, using the beginning of a new trial to clock the 
previous bit trial, is used on all 8 output flip-flops. The start 
of each bit trial is precisely coincident with clocking of the 
previous bit answer; so no time is wasted, and logic delays 
are reduced to setup times only. 
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PRINTED CIF!CUIT BOARD LAYOUT RULES 

For AID designs generally, and high speed designs in particular, 
layout is important. Some of the more important rules are 
listed below: 

1. Digital ground must be separated from analog ground; they 
must meet at only one common point. 

2. Digital traces should not cross or be routed near sensitive 
analog areas; this is especially important near the sum node. 

3. With Schottky TTL logic, the digital ground and Vcc 
traces should be large and contain provisions for generous 
bYpassing. 

4. The trace from the DAC output to comparator input (sum 
node) should be short, and it should be guarded by analog 
ground. 

5. All analog.components should be located as close as possible 
to the edge connector ~o that the input analog traces will 
be short. 

6. The comparator's outputs should be routed away from its 
inputs, to minimize capacitive coupling and possible 
oscillation. 

SYSTEM CONSIDERATIONS 

Typical system connections are shown in Figure 11. Digital 
grounds and analog grounds meet at one poil'lt only keeping 
large power supply return currents away from the sensitive 
analog ground portion of the AID system. Start is connected to 
EOC for continuous conversions, and Strobe is used to clock 
the parallel answer into an output register at the end of each 
conversion. 

CONCLUSION 

The DAC·08 high speed monolithic DIA converter greatly 
simplifies construction of high speed AID converters. Designs 
using only three IC's achieve 2J..1sec and 4J..1sec conversions, 
and 1J..1sec conversions can be attained with additional logic. 
Techniques have been presented which allow the user to 
construct low cost, high speed AID converters. 
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DAC-08 APPLICATIONS COLLECTION 

by 
John Schoeff & Donn Soderquist 

There has been a trend in recent years toward providing totally 
dedicated Digital-to-Analog Converters with limited applica­
tions versatility. This application note describes a new type of 
monolithic DAC designed for an extremely broad range of 
applications. the Precision Monolithics DAC-OB. 

to provide total applications flexibility. Principal among them 
are: dual complementary. true current outputs; universal logic 
inputs capable of interfacing with any I.ogic family; B5 nsec 
settling time; high speed multiplying capability; and finally. 
the ability to use any standard system power supply voltages. 
A description of these features is given followed by specific 
applications using each feature. Several unique design features of this low cost DAC combine 

• HIGH SPEED 
MULTIPLYING 
REFERENCE 
INPUT 

• CMOS, TTL, DTL, HTL, ECL, PMOS 
COMPATIBLE 21'A LOGIC INPUTS 

• B5 NSEC SETTLING 
TIME TO:t 1/2 LSB 

• DUAL COMPLEMENTARY 
OUTPUTS WITH 
-IOV TO+1BV 
VOLTAGE 
COMPLIANCE 

• :t4.5V TO :tIBV • EXTERNAL 

33m~ AT:t5V ~g~~E:x~~lJ~N 
BANDWIDTH 

• ADJUSTABLE LOGIC 
INPUT THRESHOLD 
VTH=VLC+l.4V 

THE FLEXIBLE D/A CONVERTER 
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OUTPUT 
HIGH VOLTAGE COMPLIANCE CURRENT OUTPUTS 

Many older current:output DAC's actually have resistive out­
plltswhich ·must be terminated in a virtual ground. TheDAC­
DB, however, is a true digitally·controlled current source with 
an output impedance typically exceeding 20 megohms. 

Its outputs can swing between -10V and +lBV with little or 
no effect on full scale current or linearity. Some of the appli­
cations that require high output voltage compliance include: 

1) Precise current trans\'f1ission over long distances. 

2) Programmable current sources. 

3) Analog meter movement dfiving. 

4) Resistive termination for a voltage output without an op 
amp. 

5) Capacitive termination for digitally-controlled integrators. 

6) Inductive termination with balanced transformers, trans­
ducers and headsets. 

MSB LS8 
81 B2 83 84 85 86 87 B8 

tREF 
.~.OOOmA 14 

DAC-OB 

BI B2 83 848~ 86 B7 Be 
FULL SCALE 1 1 1 1 1 1 1 1 
FULL SCALE-LSS 1 1 1 1 1 1.1 0 

HALF SCALE +LS8 1 0 o 0 0 o 0 1 
HALF SCALE 1 0 o 0 o 0 0 0 
HALF SCALE -LSB 0 1 1 1 1 1 1 1 

ZERO SCALE +LSB o 0 o 0 0 o 0 
ZERO SCALE o 0 o 0 0 0 0 

EO 

Eo 

lOrnA lOrnA EO EO 
1.992 .000 -9.960 .000 
1.984 ,008 -9.920 -.040 

1,008 .984 -5.040 -4.920 
1.000 .992 -~.OOO -4,960 
.992 1.000 -4.960 -5.000 

.008 1.9B4 -.040 -9.920 

.000 1.992 .000 -9.960 

BASIC UNIPOLAR NEGATIVE OPERATION 

+1.0 

OUTPUT VOLTAGE COMPLIANCE VS. TEMPERATURE 

2.8 

2. 4 

0 2. 

6 

2 

O. 8 

O. 4 

0_ 

All bits ON 

TA" T min 10 T mOK 

V-- -15V. V-=-SV. IREF=2mA 

I I 
I 

IREF"lmA-

J. 
I I 

IREPO.2mA 

I ~ 
- - - - - -14 12 10 8 6 4 2 0 2 4. 6 B 10 12 14 16 18 

OUTPUT VOLTAGE Ivolls) 

OUTPUT CURRENT VS. OUTPUT VOLTAGE 
(OUTPUT VOLTAGE COMPLIANCEI 

IREF 
oZ.OOOmA 

14 DAC-OB 

81 82 83 B4 85 86 87 Be ~ 
pas FULL SCALE 1 1 1 1 1 1 1 1 -9.920 +10.000 
POS FULL SCALE-LS8 1 1 1 1 1 1 1 0 -9.840 + 9.920 

ZERO SCALE+LS8 0 o 0 0 o 0 -0.080 + 0.160 
ZERO SCALE 0 o 0 0 o 0 0.000 + 0.080 
ZERO SCALE-LSS 0 1 1 1 1 1 1 1 +O.OBO 0.000 

NEG FULL SCALE+LSB o 0 o 0 0 o 0 1 +9.920 -9.840 
NEG FULL SCALE o 0 o 0 0 0 0 0 + 10.000 - 9.920 

BASIC BIPOLAR OUTPUT OPERATION 

-
81 82 838485·8687 Be . EO 

pas FULL SCAL.E 1 1 1 1 1 I 1 I +9.920 
POS FUL.L SCALE-LSB 1 1 1 I 1 1 1 0 +9.140 

(+) ZERO SCALE 1 0 00 o 0 0 0 +0.040 

(-) ZERO SCALE o 1 1 1 1 1 1 1 -O.Q40 

NEG FULL SCAL[+LSB o o· o 0 0 o 0 1 -9.840 
NEG FULL SCALE o 0 00 0 00 0 -9,920 

• PROVIDES ISOLATION FROM GROUND lOOPS 
• SYMMETRICAL tlOV OUTPUT 
• US!FUl WITHIN SYSTEMS 8ETWEEN BOARDS 
• TRUE COMPLEMENTARY/DIFFERENTIAL CURRENT TRANSMISSION 
• HIGH SPEED ANALOG SIGNAL TRANSMISSION 

HIGH NOISE IMMUNITY CURRENT 
TO VOLTAGE CONVERSION 



DUAL COMPLEMENTARY OUTPUTS 

Conventional DAC's have a single output, so they cannot drive 
balanced loads and are limited to a single input code polarity. 
The DAC-OB was designed to overcome these limitations 

Input coding of positive binary or ·complementary binary is 
obtained by a choice of outputs, 10 for positive-true or 10 for 
negative-true. In many applications both are used either 
independently or in combination. Dual complementary outputs· 
allow some very unusual and useful DAe applications: 

1) CRT display driving without transformers. 

2) Differential transducer control systems. 

3) Differential line driving. 

4) High speed waveform generation .. TRUE AND COMPLEMENTARY OUTPUT OPERATION 

5) Digitally controlled offset nulling cit op amps. 

TRANSOUCER: 
STRAIN. 
PRESSURE 
TEMPERAT\IIE 

OAe-os. 

+t20VDC 

• FULL"DlFFERENTIAL DRIVE LOWERS POWER SUPPLY VOLTAGE 
• ELIMINATES INVERTING AMPLIFIERS AND TRANSFORMERS 
.eINDEPENDENT. BEAM CENTERING CONTROLS 

SERIAL 
INPUT 

CRT DISPLAY DRIVER 

"y" INPUT 

CAe-DB 

·BRIDGE TRANSDUCER CONTROL SYSTEM WITH 
FULL DIFFERENTIAL INPUT 

16-66 

• FULLY OIFFERENTIAl INPUT 
• ELIMINATES INSTRUMENTATION AMPL.IFIER -LOW COST 
• DIGITALLY CONTROLLED SYSTEM ZEROING 
• HIGH CONIJERSlOtol SPEED 
• EXCELLENT COMMON MODE R[.JECTKlN 

PAftAL.LEL OUTPUT SERIAL 
OUTPUT 



OUTPUT 

DUAL COMPLEMENTARY OUTPUTS . 

DIGITAL INPUTS 

256nA " 
VREF o--_'W'",.-<H 

-15V 

• OAe OUTPUT IS InA PER STEP 
• REPLACES HULLING POTENTIOMETER" 
• WORKS WITH op-o~ .O:P-05, SS.S7~5 
• Vos ~ULLED BELOW NOISE LEVEL 

DIGITALLY CONTROLLED 
OFFSET NULLING 

.HIGH SPEED 

Sub-microsecond ~ettling times are common incurrent-output 
DAC's_ Many DAC's settle in 500 nsec; 300 nsec is not 
unusual. But 85 nsec settling time for a low cost DAC is 
exceptional, and this characteristic aliolNs use of the DAC-08 
in formerly difficult and expensive-tei-build applications: 

'OIITUIIft"\\.o':7V ~L 
,(lit TuJlN°,ON'.v.:·o:r V 

-IS'" 
TOo.U,T.-

SETTLING TIME MEASUREMENT CIRCUIT 

VREF DIGITAL INPUT 

• BIPOLAR OUTPUT WITH OFFSET BINARY COOING 
_PROVIDES DC ISOl.ATION BETWEEN SOURCE AND LOAD 
• HIGH VOLTAGE OUTPUT CAPABILITY 
• USEFUL WITH PULSE OR SINE WINE REfERENCE INPUT 
• USEFUL WITH PUIoSE OR SINE FUNCTION DIGITAL INPUT 

BALANCED TRANSFORMER DRIVE 

1) 1 Ilsec, 21lsec and 41lsec A/D's_ (These are completely' 
described in AN-16, available upon request) 

2) 15 MHz "T:racking A/D"s_ 

3) ECl compatible applications_ 

4) Video displays requiring a low-glitch DAC_ 

5) Radar pulse height analysis sytems. 

LOGIC 
INPUT 

2.4.V-

0.4 V­

OUTPUT' -.12 LSB­
SETTLING 0-

+ 112 LSB" 

all bits switched ON 

50 nsec/dlvlsion 

IFS = 2mA RL = IKn 
112 LSB = 4,.A 

FULL SCALE SETTLING TIME 



HIGH SPEED 
CLOCK INPUf 

SWITCH CONDITIONS 

31C LOW·COST AIO CONVERTER 

+5V 

+15V 

... 
Mseo---,-----------...J 

5'+1 SI-I 
UNIPOLAR POSITIVE + GND 
UHIPOt.AA NEGATIVE GNO 
BIPOLAR tlOVfS 

NOTESI I. 81POLAR OUtPUT IS S'MMtTRICAL AROUHD ZERO, ADJuSTABLE PEAK TO PEM 
AMPL.ITUDE. 

z. FOR TRIANGLE WAVE, COUNT UP TO fULL, REVt:ME AND COUNT DOWH. 

1. fOR POSI'IVE·OOINa SAWTOOTH, COUNT UP TO FULL, CLEAR, REPEAT. 

",FOR NEGATIVE-GOING SAWTOOTH, COUNT DOwN, CLEAR, HoEP£AT. 

5, fOR OTHER WAVEFORMS. USE A ROM PROGRAMMED WITH THE DlSUlED fUNCTION. 

I. =P?fl~JJi::fE~IME PERMITS WAVE~OR" PERIOD Of 2!U ,.nc, OR )' KHz 

HIGH SPEED WAVEFORM GENERATOR 

ANALOG 0 TO + 10 VoLTS 
INPUT 

LSBo---+_---~----+_----+_--~--~-~----~~---~---~-_, 

: I 
L ___________ ~ __ ~-------~---------J 

GATED 
6.~MHz 
CLOCK 

CP2 

SIMPLIFIED SCHEMATIC 11'sec AID 
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LOGIC INPUTS 

ADJUSTABLE INPUT LOGIC THRESHOLD 

Most DAC's have TTL or CMOS compatible inputs which 
require complicated interfaces for use with ECl, PMOS, 
NMOS or HTL logic. By contrast, the DAC-08, with typical 
logic input current of 2jJ.A and an adjustable input logic 

. threshold, interfaces easily with any logic family in use today. 
The logic input threshold is l.4V positive with respect to 
pin 1; for TTL pin lis therefore grounded; for other families 
pin 1 is connected as shown in the interfacing figure_ 
An adjustable threshold and a -10V to +18V input range 
greatly simplify syStem design especially with other-than­
TTL logic: 

13Kn 

TTL,DTL 
VTH=+1.4V 

8.08 

.... r··· -
EeL 

"A"..----f "-,......-r 
3Kfl 

39Kn 

8.2Kn 

-5.2V 

2N_ 

TOPIN' 
V LC 

1) ECl applications without level translators. 

2) Direct interfaces with Hi-Z RAM outputs. 

3) CMOS applications without static discharge considera­
tions. 

4) HTL or HNI L applications witl10ut level translators. 

5) System size, weight, and cost reductions. 

VTH = VLC +1.4 V 

+15 V CMOS. HTL. HNIL 
VTW + 7.6 V 

CMOS. HTL. NMOS 

V+ 

20Kn 

"A" ..... -'---={ 

20Kn 

L----'--_-.....J+ -
INTERFACING WITH VARIOUS LOGIC FAMILIES 

1&-&8 



v. v-

...n..n.. 
CMOS DATA INPUT 

CMOS DIFFERENTIAL LINE DRIVER/RECEIVER 

BIT e 
LOGIC INPUT 

2.4V-

O.4V­
OV-

e,.A-
lOUT 0-

I , 

I 
I , , 

1.0 ;; 
! 
.... i 0.8 

a 
s 0.6 

~ 
o 

0.' 

0.2 

o 

, I , , 
IREF-2.0mA 

Y---15V 

y, 

. - -, ~_LL5ofs 
·50 nsec/division 

LSB SWITCHING 

B1 

B2 

B3 

(V-.-5V B' 

'M B5 

- - - --12. 10 aD 6.0 -4.0 2.0 a 2.0 4.0 6.0 8.0 10 12 14 16 Ie 
LOGIC INPUT VOLTAGE holtsl . 

NOTE: Bl THROUGH 88 HAVE IDENTICAL TRANSFER CHARACTERISTICS, 
BITS ARE FULLY SWITCHED, WITH LESS THAN lIZ LSB ERROR. AT 
LESS THAN :tIOOmV FROM ACTUAL THRESHOLD. THESE SWITCH­
ING POINTS ARE GUARANTEED TO LIE BETWEEN 0.8 AND 2.0 
VOLTS OVER THE OPERATING TEMPERATURE RANGE IVLC"O.OVI. 

BIT TRANSFER CHARACTERISTICS 

'1&-&9 

2.0 

1 •• 

.1. • 
1.4 

... 
~ I. 2 

u 
~I.O , 

% 

::t"'O. • 
o . 6 

o. • 
o. 2 

0 

0 

0 

'00 

'00 

'00 

200 

100 

-50 

r---.. 
.......... 

"""-

+50 
TEMPERATURE, ·C 

+100 

VTH - V LC VS. TEMPERATURE 

~ ILSS·6InA 

N 

+150 

1LSt"T.8I'A 

II 
.05 .01.02 .05 D., 0.2 0.5 1.0 2.0 5.0 10 

IFS. OUTPUT FULL SCALE CURRENT " ...... 1 

LSB PROPAGATION DELAY VS.I FS 

o I 2. 

~ 12 -10 -8.0 -6.0 -4.0 -2.0 0 2.0 4.0 6.0 aD 10 12 14 16 18 
LOGIC INPUT VOLTAGE (vollll' 

LOGIC INPUT CURRENT VS. INPUT VO.LTAGE 



REFERENCE INPUTS 

MULTIPLYING CAPABILITY 

Fixed internal references are included in many DAC's, but 
they limit the user to non-multiplying, single polarity reference 
applications and do not allow a single system reference. To 
ach ieve the design goals of low cost and total applications 
flexibility, the OAC-Oa uses an external reference. Positive or 
negative references may be applied over a wide common mode 
voltage range. In addition, the full scale current is matched to 
the reference current eliminating calibration in most applica­
tions. 

~o 

4.0 

1.0 

IFS ~ :ti::EF • ~~~ 
10 + iO • Irs FOR ALL 
LOGIC STATES 

FOR FIXED REFERENCE, TTL 
OPERATION, TYPICAL VALUES 
ARE: 

YREF' +IO.OOOV 
RREP ~ S.aOOK 

A,S:; RREF 
Cc ·O,OI ... F 

vLc a v (GROUND) 

BASIC POSITIVE REFERENCE OPERATION 

TA" Tmin '0 Tmol ~~ITFOR 
V-0-15V r--r- ALL BITS "HIGH" 

/" 
/ 

/" 
/ 

V ',}IMIT FOR 
V-I -511. 

V 
V 

V 
0 1.0 2.0 30 4.0 5.0 

IREF. REFERENCE CURRENT (mAl 

FULL SCALE CURRENT VS.REFERENCE CURRENT 
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1) Digitally controlled full scale calibration. 

2) a x a multiplication of 2 digital words. 

3) Digital Attenuators/Programmable gain amplifiers. 

4) Modem transmitters to 1 MHz. 

5) Remote shutdown and party line DAC applications. 

2 .• 

2. 4 

0 

6 

2 
o. • 
o. 4 

NOlE I. RREF SETS IFS: RI5 IS FOR 
BIAS CURRENT CANCELLATION. 

BASIC NEGATIVE REFERENCE OPERATION 

TA" Tmin,lO fmc. 

V-I -15V V-I -5 II 1I+"+15y 

I I IREF"2mA 

I 'REF"lmA 

I 
IRL'2m~1 

0 
-14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 16 

V,5. REFERENCE COMMON MOOE VOLTAGE Iyolls) 

NOTE: POSITIVE COMMON MOOE RANGE IS ALWAYS (11+1-1.5 V 

REFERENCE AMP COMMON MOOE RANGE 



• IREF !: PEAK NEGATIVE SWING OF liN 

• AC VOLTAGE TO DIFFERENTIA\. CURRENT CONVERSION 
• DC TO INH, I14PUT RANGE 
• OUTPUT DRIVES TWISTt:D PAIA DIRECTLY 
• CMOS COMPATIBLE 

• +VREF MUST BE ABOVE PEAK POSITIVE SWING OF VIN 

ACCOMODATING BIPOL.p.R REFERENCES MODEM TRANSMITTER 

'0 

.. FAST-as NSEC PLUS OP AMP SETTLING TIME 
• ANY LOGIC FANILY fOR WOAO "A" OR ~B" 
• BiPOlAR OUTPUT 
• ELIMINATES SEVERAL LOGIC PACKAGES 

~IOV 
----.;;;:rOV 

-IOV 

INPUT 

" 10KA 

NOTES;' t. RI-RZ-R3 

2.R4-RS 
3. EODCTOZOKHZ=:tSV 
4.EO DCTOIOKHZ=:tIOV 

DIGITAL ADDITION OR SUBTRACTION 
WITH ANALOG OUTPUT 

DC-COUPLED DIGITAL ATTENUATOR/ 
PROGRAMMABLE GAIN AMPLIFIER 

., 
WORD "A" 
FULL SCALE 
DIGITAL INPUT 

Y 

.IFS IS THE PRODUCT OF 2 DIGITAL INPUT WORDS 

WORD"" 
DIGITAL INPUTS 

• MAY BE USED AS A ad DIGITAL MULTIPLIER WITH ANALOG oiJrPUT 
• ELIMINATES DAC AFTE" DIGITAL MULTIPLICATION 
• FUNCTIONS WITH ANY LOGIC FAMILY 
• NOTE: LIMIT WORD "8" INPUT RISE AND FALL TIMES TO 200NSEC MINIM\.IiI 

DIGITALLY CONTROLLED FULL SCALE CALIBRATION IMUL TIPLlE.RI 
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POWER SUPPLIES 

POWER SUPPLY REQUIREMENTS 

The DAC·08 works with ±4.5V to ±18V supplies allowing 
use with all standard digital and analog system supply voltages 
plus most battery voltages. With only 33mW of power dissi· 
pation at ±5V and 85nsec settling time, it has a lower speed 
power product than CMOS DAC's. Power dissipation is almost 
constant over temperature, and bypassing is accomplished 
with 0.01 pF capacitors-no large electrolytics are required. 
These power supply requirements allow: 

1) Battery operation. 

2) Use of unregulated or poorly regulated power supplies. 

3) Use in space·limited areas due to small bypass capacitors. 

4) Use in constant power dissipation applications. 

5) Common digital and analog power supplies. 

B.O r---,---,---r--'---'--"T'"-;'-'-T""-'-""--' 
ALL BITS "HIGH" OR "LOW~ 

7.0 f----i--j--+--+--+-+--I---+--+----I 
1-

6.0 1--+":=F~=:j:::=I:==:I==+=+=+---l 

5.01--If--/---t--+-,--+-+--j---t---t--I 

4.0f-'--f--j--+--+--+-+-+-+---l---I 

3.0 I--t---I---t--+--+-+--j-~-t-~-t--I 
1+ 

2.01---l-~=~=t==i=:::j:==:I==I:=+---I 

1.01--If--/--+--t-+--j---j---t--t---I 

°0~~2.~0-~4.~0~6~.0~~B~.0-~1~0-~12~~14~~16--,~B-~20 
V+, POSITIVE POWER SUPPLY (Vdel 

POWER SUPPLY CURRENT VS. V+ 
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8.0 
ALL BITS "HIGH" OR "LOW" 

7.0 
V-·-15V 1-

6.0 
{lIEF =2.0mA 

5.0 

4.0 

3.0 
V+-+15V 1+ 

2.0 

1.0 

-50 +50 +-100 + 50 
TEMPERATURE (ec) 

POWER SUPPLY CURRENT VS. TEMPERATURE 

8.0 

BITS MAY BE "HIGH"OR ''Low'' 
7.0 

1- WITH IREF"2mA 

6.0 

'.0 
I-WITH IREF'lmA 

4.0 
I I 

3.0 I-WITH 'REF :O.2mA 

2. 0 
\.. 
~I+ 

1.0 

-2.0 -4.0 -6.0 -8.0 -10 -12 -14 -16 -18 -20 
V-, NEGATIVE POWER SUPPLY (Vdc) 

POWER SUPPLY CURRENT VS. V-



OTHER APPLICATIONS 

MICROPROCESSOR APPLICATIONS 

The -ability to use J1 P power supply voltages and the ability 
to interface with any logic family make the DAC-OB especially 
useful in J1P applications: 

1) Tracking AID converters. 

2) Successive approximation AID converters. 

3) Direct drive from Hi-Z MOS RAM outputs. 

By programming the ROM's with the successive approxima­
tion or the tracking AID algorithm, all of the logic for AID 
conversion is contained in the J1P. This is a very inexpensive 
approach, since there is no need for the usual AID conversion 
logic packages. 

OTHER APPLICATIONS: The following list summarizes 
just a few of the many applications for this flexible DAC. 
Consult the factory for further information. 

AID CONVERTERS 

Tracking (Servo) 
Successive Approximation 
Ramp (Staircase) 
Microprocessor Controlled 
Ratiometric (Bridge Balancing) 

TEST SYSTEMS 

Transistor Tester (Force IB and Ie) 
Resistor Matching (Use both outputs) 
Programmable Power Supplies 
Programmable Pulse Generators 
Programmable Current Source 
Function Generators (ROM Drive) 

ARITHlltlETIC OPERATIONS 

Analog Division by a Digital Word 
Analog Quotient of Two Digital Words 
Analog Product of Two Digital Words-Squaring 
Addition and Subtraction with Analog Output 
Magnitude Comparison of Two Digital Words 
Digital Quotient of Two Analog Variables 
Arithmetic Operations with Words from Different 

Logic Families 

DATA 
BUS 

'i"S.ODOV 

2.5KJl 

2.5KJl 

"\" = COUNT UP, "0'" COUNT DOWN 

DIGITAL OUTPUT 

+5V -15V 

• USEFUL FOR ENCODING DC INPUTS 
• ELIMINATES UP/DOWN COUNTERS 
• ANSWER CONTINUOUSLY AVAILABLE 
• LOW POWER CONSUMPTION 
eHI·Z INPUT 

OK" 

• RAM OUTPUTS MAY BE USED IN PLACE Of TTL I/O 

MICROPROCESSOR CONTROLLED 
TRACKING AID CONVERTER 

GRAPHICS AND DISPLAYS 

Polar to Rectangular Conversion 
CRT Character Generation 
Chart Recorder Driver 
CRT Display Driver 

DATA TRANSMISSION 

Modem Transmitter 
Differential Line Driver 
Party Line MUltiplexing of Analog Signals 
Multi-level 2-Wire Data Transmission 
Secure Communications (Constant Power Dissipation) 

CONTROL SYSTEMS 

Reference Level Generator for Setpoint Controllers 
Positive Peak Detector 
Negative Peak Detector 
Disc Drive Head Positioner 
Microfilm Head Positioner 

AUDIO SYSTEMS 

Digital AVC and Reverberation 
Music Distribution 
o rgan Tone Generator 
Audio Tracking AID 

CONCLUSION 

High voltage compliance complementary current outputs, 
universal logic inputs and multiplying capability make the 
Precision Monolithics DAC-08 the most versatile monolithic 
high speed DAC available today. 
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PACKAGE 

H 
J 
K 

L 
M 
N 

y 

a 
x 
w 

AVAILABLE PACKAGES 

DESCRIPTION 

6 Pin TO-78 
8 Pin TO-99 

10 Pin TO-100 

10 Pin Hermetic Flatpack 
14 Pin Hermetic Flatpack 
24 Pin Hermetic Flatpack 

14 Pin Hermetic Dip 
16 Pin Hermetic Dip 
18 Pin Hermetic Dip 
40 Pin Hermetic Dip 



PACKAGE PRODUCT CHART 

PRODUCT AVAILABILITY 

DEVICE PACKAGE DEVICE PACKAGE 

OP-Ol 
OP-02 
OP-04 
OP-05 
OP-07 
OP-l0 
OP-14 
555725 
555741 
555747 
SS51458 
5551558 
PM725 
PM741 
PM747 
PM1458 
PM1558 

MECHANICAL DIMENSIONS - DIP'S 

J,Y,L 
J,Y 
K,Y 
J,Y,L 
J,Y,L 
Y 
J 
J,Y,L 
J,Y 
K,Y,M 
J 

J,Y 
J,Y 
K,Y 
J 

n 
.3U 
.220 

CMP-Ol J,Y 
CMP-02 J,Y 

MAT-Ol H 

REF-Ol J 
REF-02 J 

DAC-01 Y 
DAC-02 X 
DAC:03 X 
DAC-04 X 
DAC-08 Q 

DAC-76 X 
DAC-l00 Q,N 
555140BA Q 

555150BA Q 

AD-02 W 

• LEADS WITHIN .OO~ RAOius OF 
TRUE POSITION ITP) AT GAUGE 
PLANE 

U r--r--r-r..-r--r--r-r'--'-'-'--,-'I 

.325 

.290 
I 

------1 
GAUGE PLANE 

.015 I 

SEATlNGjLAPI1E 
BASEJLANE 

MIN /1 

" " 
-l-t " 

-r- -// r--0--15· 
:858 p I 

TYP .015 -Ii I I 
.008 -'/- /'t--.300TP.---+1 

14 PIN HERMETIC DUAL-IN-LINE (YI 

I 

" 
" I' 
" " " I~ 

• LEADS WITHIN .005 RADIUS OF 
TRUE POSITION (TPIAT GAUGE 
PLANE 

I GAUGE PLANE 

I SEATINGjLANE 
i BASEJLANE , 
I .015 I 
I MIN I 

I " :5--1.. " 
" " -r- ->i'/ 

.030 1/ 
, .000 ,U 

TYP,023 II TYP,-gJi-..jf.-
.OI4~ !+-

16 PIN HERMETIC DUAL-IN-LINE (QI 

18·' 

~.300 TP.---.j 



[::~:::::IJ 
I· . ..••• .1 

.100 ." 

-LEADS WlTHlN.OO5 ..... OIUS OF 
TRUE "POSInON (TPJ AT GAUGE ..... 

NOTE: CONFIGURATION MolY 
VlIII't'$LI'*TL'I' 

= . ~ 
I .... ]_ ~~ ... '=:l/::::: w . ... . . .1 I;' . I 

, . . 
" " " \\ .. 
" \I 

t·' 

=. ____ .. ---1 I _. _. _ +1- -#~L~_". 
L-I I J l· .050 II· t- -
~TP"~ .. . no::: .. TY':~~l~ ~.aoo Ty.~:-Ji I--"'T"-.I 

. "1 
~.. Jj 

. iii iii i i j iii j i· iii I ] iii iii i I I I i I 
i " , iii iii I .. . 

2.010 L-~~---:---u.o I' 

.. UAOS WITHIN .005 RAOIUS OF 
TAUE POSITION I TP1 AT GAUGE 
PLANE 

~ -.~- ~ . ~ t~::fJ/ •. \ 
.100 I J L ~ -;: 0"-". .,' . ...:i.....- I. =,: i'~ 

~.~~ no;g: TTP:~l:~ ~ T"iJ~-Jf-I. .6'OT>" . .1 

40 PIN HERMETIC DUAL-IN-LINE (WI 

s:: 
m 
n 
:J: » z 
n 
l> .-
C 

~ 
m 
Z 
(I) 

i5 z 
(I) 

I 
C 
~ 
(I) 

n 
0 
Z 
-I 
Z 
C 
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MECHANICAL DIMENSIONS - CANS 

mm 
.021 TypJ l.­
.018 

• LEADS WITHIN .007 RADIUS OF TRUE POSITION (TPI AT GAUGE PLANE 

:=DIA:j 
-I 

.000'~~m-Tnr+r-r'-r'r.LIIII :I,g 
IIAX_ 1 

. 'LEADS WITHIN .007 RADius Of' 'l"RUE POSITION 'TP) 

TO·78 (HI 

.500 
IIIN 

1 

TO·99 (JI 

·1 m 
.OIITYP II . 
.01& -toI.~ 

INSULATING 
STANDOFF 

"LEADS WITHIN .OOT RADIUS OF TRUE POSITION 'TP) AT GAUGE PLANE 

TO·100(KI 



MECHANICAL DIMENSIONS - FLATPACKS 

1:----
.300 

L_ ---.~T"T""TT""T"I 

.Q~ 

1 
.300* 

j 
D D .350 

.150 
---*-

I I I .050 * UOOS 

.b%g 1=+ = = = = = = +=~ 

~~~;Il ~1'-------.600·--------+I.1 :gg~ 
PLANE 

• LEAD AND BODY IRREGULARITIES PERMITTED IN THIS ZONE 
- LEADS WITHIN .005 RADIUS OF TRUE POSITION ITPI 

24 PIN HERMETIC FLATPACK (N) 

--t----:~~g ----<·-rl· .... :I~ 1 

'~ 

~--~---n--~ ~~ 
.085 
.050 ~ 

+=~~. ili~~~~I:~j~~~~: 
~~ ft 
.003 .025 TYP. 

14 PIN HERMETI·C FLATPACK (M) 

16-4 

.300 /I"IUI) 
.200 n'l 

U.'r-r-r-T-T-~ 

l .050 

:b~~ 1= =..;= =) t .or 
17k- .~. .oo-;T 
BASE a .300 . .003 

~E~~~G ... 200·· . 

• LEAD IRREGULARITIES PERMITTED ·111 THIS ZONE 
.. LEADS WITHIN 005 RADIUS OF TRUE rOSITION CTPI 

10 PIN HERMETIC FLATPACK (L) 
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EAST 

3375 Park Ave. 
Wantagh NY 11793 
(516) 785-3331 

PMI REGIONAL OFFICES 

CENTRAL WEST 

605 E. Algonquin Rd - Suite 250G 
Arlington Heights IL 60005 

1200 Quail Street - Suite 215 
Newport Beach, CA 92660 
(714) 752-1760 (312) 437-6697 

NORTH AMERICAN REPRESENTATIVES 

ARGUS SALES 
1050 E. Southern - Suite C5 
P.O. Box 26819 
Tempe AZ 85282 
(602) 967·8709 
lWX 910-950-1940 

A BLUMENBERG ASSOC. 
P.O. Box 8936 
Detroit M I 48237 
(313) 557-1934 
lWX 810-224-4852 

A BLUMENBERG ASSOC. 
2910 Willa Drive 
St. Joseph MI 49085 
(616) 983-0481 

W A BROWN COMPONENTS 
1314 Buford St. NW 
HuntsvilieiAL 35801 
(205) 539-4411 
lWX 810-850-0140 (Orlando) 

W A BROWN COMPONENTS 
3083F Colqnial Way 
Chamblee GA 30341 
(404) 455-0405 

W A BROWN COMPONENTS 
P.O. Box 19407 
201 Loft Lane 
Raleigh NC 27609 
(919) 781·9426 

COM-SALE 
235 Bear Hill Road 
Waltham MA 02154 
(617) 890-0011 

COM-SALE 
633 Williams 
Wallingford CT 06492 
(203) 269-7964 

COMSTRAND INC. 
6279 University Ave. NE 
Minneapolis MN 55432 
(612) 571-0000 
lWX 910-576-0924 

COMSTRAND INC. 
4213 Dalewood Ave SE 
Cedar Rapids IA 52403 
(319) 363-7495 
lWX 910-576-0924 



NORTH AMERICAN REPRESENTATIVES (CONT'O) 

DYNE-A-MARK SJI SUMER INC. 
1001 NW 62nd Street Mike Jewett 11430 W. Bluemound Road 

Suite 107 P.O. Box 14548 Milwaukee WI 53226 
Ft. Lauderdale FL 33309 Portland OR 97214 (414) 259-9060 
(305) 771-6501 (503) 224-0344 
(305) 944-503.1 (Miami) TECHNICAL REPRESENTATIVES INC. 

TWX 510-956-9872 DEL STEFFEN & ASSOC. 300 Brooks Drive 

DYNE-A-MARK 
653 Alpha Drive - Suite 33 Suite 108 

405 S. Aurora Ave. 
Cleveland OH 44143 Hazelwood MO 63042 

P.O. Box6117 
(216) 461-8333 (314) 731-5200 

Clearwater FL 33518 
TWX 810-427-9272 TWX 910-762-0618 

(813) 441-4702 
DEL STEFFEN & ASSOC. TECHNICAL REPRESENTATIVES INC. 

TWX 810-866-0438 
1201 E. David Road 801 Clairborne 

IHRIG ASSOC INC. Dayton OH 45429 Olathe KS 66061 

6410 Woodwind Drive (513) 293-3145 (913) 782-1177 

Indianapolis IN 46217 TWX 910-749-6412 

(317) 783-7630 DEL STEFFEN & ASSOC. 
111 Sherwood Drive THORSON COMPANY 

J-SOUARE MARKETING INC. Lexington OH 44904 2201 San Pedro Drive NE 
11 Montgomery Place (419) 884-2313 Bldg 2, Suite 107 
P_O. Box 103 Albuquerque NM 87110 
Jericho NY 11753 STEMLER ASSOC INC. (505) 265·5655 
(516) 433-5330 6707 Whitestone Road TWX 910-989·1174 

ONTEC ASSOC. Baltimore MD 2,1207 

474 Thurston Road (301) 944-8262 THORSON COMPANY 

Rochester NY 14619 TWX 710·862·9166 5290 Yale Circle 

(716) 464-8636 or Denver CO 80222 

464-0122 STEMLER ASSOC INC. (303) 759·0809 

TWX·510-253-3841 206 N. Washington Street TWX 910·931·0429 
Alexandria VA 22314 

OELER & MENELAIDES INC. (703) 548-7818 THRESUM ASSOC, 
777 S. Central Expressway 1901 Old Middlefield Way - Ste 16 
Suite 2C STEMLER ASSOC INC. Mt, View CA 94040 
Richardson TX 75080 P,O. Box 287 (415) 965-9180 
(214) 234·6334 Cherry Hill NJ 08002 TWX 910-379-6617 
TWX 910·867-4745 (609) 966-4070 

OELER & MENELAIDES INC. RFO LIMITED 

6065 Hillcroft - Ste 502 (77036) STEMLER ASSOC INC. P.O. Box 262 

P.O. Box 35428 P.O. Box 204 Port Credit Postal Station 

Houston TX 77035 
Blue BeliPA 19422 Mississauga, Ontario, CANADA L5G 4L8 

(713) 772-0730 (215) 644-3477 (416) 626-1445 

SJI SUMER INC. RFO LIMITED 
626 Alaska Street 5050 Newport Drive P.O. Box 213 
Seattle WA 98108 Rolling Meadows IL 60008 Dollard Des Oreaux 
(206) 624-9020 (312) 394·4900 Ouebec, CANADA 
TWX 910-444·2212 TWX 910·687·0764 (514) 626-8324 



INTERNATIONAL REPRESENTATIVES 

EUROPEAN HEADQUARTERS: BOURNS AG, BAARERSTRASSE 8 
ZUG, SWITZERLAND, 

AUSTRIA 
Ing. Otto Folger 
Graf Starhemberggasse 45 
Vienna 
Phone 0222 - 656 23 64 
TELEX 76588 

BELGIUM 
Bourns (Belgium) N.V. 
\. R.C., Rogierplein 13 
Brussels 
Phone 02 - 218 2005 
TELEX 23217 

DENMARK 
E. Friis-Mikkelsen A/S 
Krogshojvej 51 
Bagsvaerd-Copenhagen 
Phone 01 - 98 63 33 
TELEX 22350 

FINLAND 
Oy Chester Ab 
Kupulantie 1 # 
Helsinki 51 
Phone 90 - 735 774 
TELEX 122217 

FRANCE 
Ohmic S.A. 
21-23, Rue Des Ardennes 
Paris 
Phone 01 - 2039633 
TELEX 230008 

GERMANY 
Bourns GmbH 
Eberhardstrasse 63 
Stuttgart 1 
Phone 0711 - 24 29 36 
TELEX 721556 

GREECE 
M.N. Kourakos 
29-33, Tsimi,ski Street 
Athens 706 
Phone 638 - 747637 

JAPAN 
Toyo Trading Co., Ltd. 
P.O. Box 5014 International 
Tokyo,Japan 
Phone 279-0771 
Telex 222-2973 

PHONE 042-23-22-42 
TELEX 78 722 

IRAN 
Berkeh Company Ltd. 
20, Salm Street 
Roosevelt Avenue 
Teheran 
Phone 831 564 
TELEX 212956 

ISRAEL 
Rapac Electronics Ltd. 
15, Karl Herbst Street 
Tel Aviv 
Phone 023 - 477115 
TELEX 33528 

ITALY 
Technic S.R.L. 
Piazza Firence, 19 
Milan 
Phone 02 - 32 56 88 

NETHERLANDS 
Bourns (Nederland) B.V. 
Goudriaankade 1 
The Hague 
Phone 070 - 88 93 18 
TELEX 32023 

NORWAY 
, A/S Kjell Bakke 

Nygt 48 
Strommen 
Phone 02 - 71 1872 
TELEX 19407 

PORTUGAL 
Telectra S.A.R.L. 

, Rua Rodrigo Da Fonseca, 103" 
Lisbon 1 
Phone 119 - 68 60 72 
TELEX 1598 

SOUTH AFRICA 
Associated Electronics (Pty) Ltd. 
P.O. Box 31094 
Braamfontein - Johannesburg 
Phone 724 5395 
TELEX 438432 

INDIA 
Fegu, Inc. 

SOUTH AMERICA 
Intectra 
1950 Colony St. 

SPAIN 
Hispano Electronica S.A. 
Comandante Zorita 8 
Madrid 20 
Phone 01 - 233 1601 
TELEX 22404 

SWEDEN 
Ab Elektroutensilier 
Akers Runo 
Phone 0764 20 110 
TELEX 10912 

SWITZERLAND 
Bourns (Schweiz) Ag 
Baarerstrasse 8 
Zug 
Phone 042 - 23 22 42 
TELEX 18722 

TURKEY 
Nuekleer Elektronik Ltd., 
Fevzi Cakmak, Sokak 33/3 
Yenisehir, Ankara 
Phone 1872 70 
TELEX 42 229 

UNITED KINGDOM 
Bourns (Trimpot) Ltd. 
Hodford House 
17/27 High Street 
Hounslow, Middlesex 
Phone 01 - 572 6531 
TELEX 264485 

YUGOSLAVIA 
Unitrade-Podravka 
Marinkoviceva 1 
Zagreb 
Phone 041 - 44,80 55 
TELEX 21169 

EASTERN EUROPE 
Eltrans 
Nordbahnstrasse 44/15 
Vienna 
Phone 0222 - 24 71 37 
TELEX 15011 

AUSTRALIA 
Cerna 
21 Chandos St. 260 Sheridan Ave. 

,Palo Alto, CA 94306 
Phone (415) 493-1788 

Mountain View, CA 94043 
Phone (415) 967-8818 

P.O. Box 578 
Crows Nest, NSW 2065 
Australia 
Telex 22846 
Phone 439-4655 



Preci sion Monolithics Incorporated 
1500 Space Park Drive, San ta Clara, CA 95050===================:;;~ 
(408) 246-9222. TWX 910-338-0528. 

L.... ____ @·CableMONO. 


