ANALOG
DEVICES

CMOS

13-Bit Monolithic A/D Converter

AD7550

FEATURES
Resolution: 13 Bits, 2's Complement
Relative Accuracy: *1/2LSB
“*Quad Slope'’ Precision
Gain Drift: 1ppm/°C

Offset Drift: 1ppm/°C
Microprocessor Compatible
Ratiometric

Overrange Flag

Very Low Power Dissipation
TTL/CMOS Compatible

CMOS Monolithic Construction

GENERAL DESCRIPTION

The AD7550 is a 13-bit (2's complement) monolithic CMOS
analog-to-digital converter on a 118 x 125 mil die packaged
in a 40-pin ceramic DIP. Outstanding accuracy and stability
(1ppm/°C) is obtained due to its revolutionary integrating
technique, called “Quad Slope” (Analog Devices patent
No. 3872466). This convetsion consists of four slopes of
integration as opposed to the traditional dual slope and
provides much higher precision.

The AD7550 parallel output data lines have three-state logic
and are microprocessor compatible through the use of two
enable lines which control the lower eight LSB’s (low byte
enable) and the five MBS’s (high byte enable). An overrange
flag is also available which together with the BUSY and
BUSY flags can be interrogated through the STATUS
ENABLE providing easy microprocessor interface.

The AD7550 conversion time is about 40ms with a 1MHz
clock. Clock can be externally controlled or internally gen-
erated by simply connecting a capacitor to the clock pin. A
positive start pulse can be self-generated by having a capacitor
on the start pin or can be externally applied. '

PACKAGE IDENTIFICATION!
Suffix “D’’ — Ceramic DIP (D40A)

NOTE
!See Section 19 for package outline information.
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For most applications, the AD7550 needs only three resistors,
one capacitor, and a reference voltage since the integrating
amplifier, comparator, switches and digital logic are all on

the CMOS chip.

A wide range of power supply voltages (+5V to £12V) with
minuscule current requirements make the AD7550 ideal for
low power and/or battery operated applications. Selection
of the logic (V) supply voltage (+5V to Vpp) provides
direct TTL or CMOS interface on the digital input/output
lines.

The AD7550 uses a high density CMOS process featuring
double layer metal and silicon nitride passivation to ensure
high reliability and long-term stability.
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SPECIFI CAT|0NS (VDD = +12V, Vs = -5V, V¢ = +8V, VREF1 = +4.25V unless otherwise noted)!

OVER SPECIFIED

PARAMETER TA = +25°C TEMPERATURE RANGE TEST CONDITIONS
ACCURACY
Resolution 13 Bits 2's Comp min
Relative Accuracy +1LSB max 11 LSB max fCLK = 500kHz, R, = 1M%,
Gain Error *+1LSB max €y = 0.01yuF, IRJCT Voltage
Gain Error Drift 1ppm/°C typ Adjusted to VREF1 20.6%
Offset Error $0.5LSB max 2
Offset Error Drift 1ppm/°C typ
ANALOG INPUTS
AIN Input Resistance? RIMS min
VgEerp Input Resistance? R1MQ min
Vgrera Leakage Current 10pA typ
DIGITAL INPUTS
CIN, LBEN, HBEN, STEN
ViNL +0,.8V max +0.8V max Vee = +5V
VINH +2.4V min +2.4V min
VinL +1.2V max +1.2V max Voo = +12V
ViNH +10.8V min +10.8V min
Ives InH 5nA typ
START
ViNL +0.8V max +0,8V max Ve = +5V 10 Vi
ViNH +3.0V min +3.0V min
IvL -1HA typ Vgg = +5V to Vp, BUSY = Low
Ik +150uA typ Vec = +5V oV, BUSY = High
CLOCK
VINL +0.8V max +0.8V max Veg = +5V
VINH +3V min +3V min
VinL +1.2V max +1.2V max Ve = +12V
ViNH +10.8V min +10.8V min
INnL ~-100uA typ VIN = ViNL: Voe = +5V to +12V
IINH +100uA typ VIN = VINH: Voo = +5V to +12V
DIGITAL OUTPUTS
VoutL +0.5V max +0.8V max Vee = +5V, gy = 1.6mA
VouTH +2.4V min +2.4V min Voo = +5V, lsourcg = 40uA
VourtL +1.2V max +1.2V max Vee = +12V, Igpyg = 1.6mA
VoutH +10.8V min +10.8V min Veac = +12V, oygeg = 0.6mA
Capacitance (Floating State) 5pF typ
{(OVRG, BUSY, BUSY,
and DB0O-DB12
I kg (Floating State) *5nA typ Ve = +5V o +12V
(OVRG, BUSY, BUSY, Vour = OV and V¢
and DBO—-DB12)
DYNAMIC PERFORMANCE
90ms typ VineLk) = 0 to +3V,
feLk = 500kHz
Conversion Time v o v
=0 to +3V,
40ms typ IN(CLK)

STEN, HBEN, LBEN
Propagation

Delay ton. torr

External STRT
Pulse Duration

250ns typ, 500ns max

800ns min

fCLK = 1MHz

V|N{(STEN, HBEN, LBEN)
0 to +3V

VIN(STRT) =010 +3V

POWER SUPPLIES
Vpp Range
Vgg Range
Vce Range
b
Isg
lec

+10V min, +12V max
=%V min, -12V max
+5V min, Vpp, max
0.6mA typ, 2mA max
0.3mA typ, 2mA max
0.06mA typ, 2mA max

ferk = 1MHz

NOTES
! Full Scale Voltage = tVREF) + 2.125.

v
I The equivalent input circuit is the integrator resistor R 1 (1M min, 10M§? max) in series with a voltage source

For VREF] = +4.25V, FS voltage is £ 2,000V,

Specifications subject to change without notice.
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ORDERING INFORMATION

i

Model Temperature Range Package
AD7550BD —25°C to +85°C Ceramic
CAUTION:

1. The digital control inputs are zener protected; however,
permanent damage may occur on unconnected units
under high energy electrostatic fields. Keep unused
units in conductive foam at all times. Prior to pulling
the devices from the conductive foam, ground the
foam to deplete any accumulated charge.

2. V¢ should never exceed Vp, by more than 0.4V,
especially during power ON or OFF sequencing.

ABSOLUTE MAXIMUM RATINGS
!

Vpp 0AGND . ..ot oV, +14V
VpptoDGND .. ... oV, +14V
Vggto AGND. . ... ..ot 0V, -14V
VggtoDGND. ... ...t 0V, -14V
AGNDtoDGND. ... .................... 0V, +14V
VectoDGND ... oV, Vpp
VREFL «  « + + v oot Vss» Vbp
VREF2: + + v+ v v v vmeee e AGND, V5,
AIN Vsss Vbp
IRIN . oot Vsss Vpp
1323 [y WA AGND, Vp
19:0] U Vss Vbp
Digital Input Voltage

HBEN, LBEN, STEN, G . .. . .. DGND, (DGND +27V)

CLK,START . ... ..veienaann., DGND, Vg
Digital Output Voltage

DBO-DB12, OVRG, BUSY, BUSY, Cyy1 . . . DGND, V¢
Power Dissipation (Package)

UPpto+50°C ..ot v e 1000mW
Derates above +50°Cby. . ............... 10mw/°C
Storage TeMpErature . . .. ............ -65°Cto +150°C
Operating Temperature. . . ... .......... -25°C to +85°C
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PIN FUNCTION DESCRIPTION

PIN MNEMONIC

1 NC

2 IRJCT
3 vREFl
4 IRIN
5 AIN

6 IROUT
7 Vgers
8 AGND
7 Vss

10 NC

11 NG

12 NC

13 NC

14 STRT
15 CLK
16 Gour
17 Gy

18  HBEN
19 LBEN
20 DGND
21  DBO
22 DBl
23 DB2
24 DB3
25 DB4
26 DB5
27 DB6
28' DB7
29 DB8
30 DB9
31 DB10O
32 DBI1}
33  DBI12
34 OVRG
35 BUSY
36 BUSY
37 STEN
38 NC

39 Ve
40 vpp

DESCRIPTICN

No Connection
IntegratoR JunCTion. Summing junction (negative input) of integrating amplifier.
Voltage REFerence Input ]
IntegratoR INpur. External integrator input R is connected between IRJCT and IRIN.
Analog INput. Unknown analog input voltage to be measured, Fullscale AIN equals VREr/2-125.
IntegratoR OUTpur. External integrating capacitor C; is connected berween IROUT and IR]JCT.
Voltage REFerence + 2 Input
Analog GrouND
Negative Supply (-5V to -12V)
No Connection
No Connection
No Connection
No Connection
STaRT Conversion. When STRT goes to a Logic ““1,” the AD7550’s digitat logic is set up and
BUSY is latched “high.” When STRT returns “low,” conversion begins in synchronization with
CLK. Reinitiating STRT during conversion causes a conversion restart. STRT can be driven from
an external logic source or can be programmed for continuous conversion by connecting an
external capacitor between STRT and DGND. An externally applied STRT command must be
a positive pulse of at least 800 nanoscconds to ensure proper set-up of the AD7550 logic.
CLocK Input. The CLK can be driven from external logic, or can be programmed for internal
oscillation by connecting an external capacitor berween CLK and DGND.
Count OUT provides 2 number (N) of gated clock pulses given by:

N=[AIN_ 512541 4096

\Y
REF1
Count IN is the input to the output counter. 2's complement binary data appears on the DBO

through DB12 output tines (if the HBEN and LBEN enable lines are “high") if Cour s con-
nected to .

High Byte ENable is the three-state logic enable input for the DB8-DB12 dara outputs. When
HBEN is low, the DB8—DB12 outputs are floating. When HBEN is “high,” digital data appears
on the data lines.

Low Byte ENable is the three-state logic enable for DBO—DB7. When LBEN is “low,” DBO—
DB7 are floating. When “high,” digital data appears on the data lines.

Digitai GrouND is the ground return for all digital logic and the comparator.

Data Bit O (least significant bit)

?

CODE: 2's Complement

'

Data Bit 12 (most significant bit)

OVerRange indicates a Logic “‘1” if AIN exceeds plus or minus full scale by at least 1/2 LSB.
OVRG is a three-state output and floats until STEN is addressed with a Logic “1”,

Not BUSY. BUSY indicates whether conversion is complete or in progress. BUSY is a three-
state output which floats until STEN is addressed with a Logic “1.” When addressed, BUSY
will indicate either a “‘1" (conversion complete) or a “0" (conversion in progress).

BUSY indicates conversion status. BUSY is a three-state output which floats until STEN is
addressed with a Logic *1.” When addressed, BUSY indicates a “0" (conversion complete) or a
*“1" (conversion in progress).

STatus ENable is the three-state control input for BUSY, BUSY, and OVRG.

No Connection

Logic Supply. Digital inputs and outputs are TTL compatible if Vce = +5V, CMOS compatible
for Ve = +10V to Vpp.

Positive Supply +10V to +12V,
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PRINCIPLES OF OPERATION
BASIC OPERATION

The essence of the quad slope technique is best explained
through Figures 1 and 2.

SW3 SWO
AIN 0—G — oo
SW2 Vs c1
VREF10—O —i
Sw1 R1
AGND 0—3 04— { - COMPARATOR
0s
VREF2 O— + TO CONTROL LOGIC

Vs = VREF2 + Vos * lsias R1+ i xgswo R1

AGND

Figure 1. Quad Slope integrator Circuit

The inputs AGND (analog ground), VRgr1 and AIN (analog
input) are applied in sequence to an integrator (Figure 1),
creating four slopes (phases 1 through 4, Figure 2) at the
VREF1

2 ’
but if not, will create an error count ‘‘n” that will be mini-
mized by the “quad-slope”’ conversion process. VRgF1 and

VRrEF2 must be positive voltages.

integrator output. Voltage Vg is ideally equal to

The equivalent integrator input voltages and their integration
times are shown in Table I.

TABLE 1.
INTEGRATOR EQUIVALENT INPUT VOLTAGES

AND INTEGRATION TIMES

where:
t = The CLK period
n = System error count
K1 = A fixed count equal to 4352 counts
Kg = A fixed count equal to 17408 counts (K3 = 4K1)
K3 = A fixed count equal to 25600 counts
N = Digital output count corresponding to the analog input
voltage, AIN

PHASE 0
After the start pulse is applied, switch SW2 is closed (all other

switches open) and the integrator output is ramped to compar-

ator zero crossing. Phase O can be considered the reset phase

of the converter, and always has a duration tg = R1C1 (integra-

tor time constant). Upon zero crossing, counters Ky and K
are started, switch SW2 is opened and SW1 is clesed.

PHASE 1

Phase 1 integrates (AGND — Vg) for a fixed period of time
(by counter K;) equal to t1 = Kjt. At the end of phase 1,
switch SW1 is opened and SW2 is closed.

PHASE 2

The integrator input is switched to (Vggr1 — Vs) and the
output ramps down until zero crossing is achieved. The integra-
tion time t3 = (K] + n)t includes the error count “n” due to
offsets, etc. At the end of phase 2, switch SW2 is opened, SW3

is closed, and a third counter (K3) is started.

PHASE 3

Phase 3 integrates the analog input (AIN — Vg) until counter
K3 counts 4K t. At this ime SW3 is opened and SW2 is
closed again.

Phase Input Voltage Integradon Time
PHASE 4
1 AGND—-Vg t; = Kt Phase 4 integrates (VRgF1 — V$) and the comparator output
2 VREF1~Vs ty = (K; +nt ramps down until zero crossing once again is achieved. Since
3 AIN—V 2K the comparator always approaches zero crossing from the
s ty = (2K;-nh same slope, propagation delay is constant and hysteresis effect
4 VREF1—Vs ty = (K3- 2Ky + n -2N)t is eliminated.
NOTE: Idesally Vg = VREF2 = 1/2 VREF1
IASE O PHASE 1 PHASE 2 PHASE 3 PHASE 4 PHASE &
N
NOTES / N
Tom oLy
’TIIE} RIODS SHOWN IN BOLD ARE / \
UNAFEECTED BY n SINCE THEY ARE & \
DETERMINED BY COUNTERS K1, K2, <
OR Kj. .\’0/ \
ks = LOGIC 1. iF STEN = 0, BUSY, Ly
AND OVRG ARE IN FLOATING ;}/
STATE. ,? ‘\’s N N
3/ N
\ 4 b ‘\4‘-“‘/ N\ N
oy / € g N
ks N /N
” \;
Kyt
Kot = 4Kt
Kat (NOTES 1 AND 2)
9= tz = (K2 - 2Ky -nht
R C. 1y = Kyt =Ky +akt u=iZK; -nit 1¢ = (Kg - 2Ky 0= 2N e 2N [y
STRT tg = {34308 + nit + R, C,, (NOTE 1}
"IN %00na, MIN
) con- INTEGRATOR
pet— VERTE RESET
(m g‘m ) ?‘L‘:——E@ Reser CONVERSION (4 SLOPES) ——

TQTALIZE
COUNT

Figure 2. Quad Slope Timing Diagram
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The time t5 between the phase 4 zero crossing and the termin-
ation of counter K3 is considered equal to 2N counts. N, the
number of counts at the Gy terminal, is obtained by a di-
vide-by-two counter stage. This reduces “jitter”” effect. Bar-
ring third (and higher) order effects, it can be proven that:

(EQN 1)
AIN K N N
S TS| IR IO Y (AL .[&,,P (1 + 2a) —02} ‘2K,
VREFL 2 Vet VREFL
\ AN

B o~
ideal transfer function €rror term
where:
a= 2Vs—VREF1
VREF1

The ideal case assumes:

AGND = 0V
V,
Vg = ——R—E‘zil—, therefore a= 0

Then (EQN 1) simplifies to:

AIN
VREF1

N = + 8704 + 4096 (EQN 2)

or

N < AN

= - 4096 + 4096
VEs

(EQN 3)

where:

VREF1

V = f ll i =
Fs = full scale input voltage 2.125

The parallel output (DBO-DB12) of the AD7550 represents
the number N in binary 2’s complement coding when the
Cour Pin is connected to the Cpy pin (see Table II).

TABLE 11
OUTPUT CODING (Bipolar 2’s Complement)

Analog Input N Parallel Digital Output
(Note 1) (Note 2) (Note 3)

OVRG DBI12 DBO
+QOverrange - 1 0 1111 1111 1111
+VFS (1-2712) 8191 0 0 1111 1111 1111
+VF§ (2712 4097 0 0 000000060 0001
0 4096 0 0 0000 000C 0000
-VFS (2712 4095 0 1 11111111 1111
-VFS§ 0 0 1 0000 0000 0000
~Overrange - 1 1 0000 0000 000O
Notes REF1
1 Vrs* 3125

2 N = number of counts at CoyT pin
3 Cour strapped to CyN; LBEN, HBEN and STEN = Logic 1

ERROR ANALYSIS

Equation 1 shows that only @ and AGND gencrate error terms.

Their impact can be analyzed as follows:
Case 1: AGND=0,a#0

Error sources such as capacitor-leakage (11.) and op
amp offset (e) cause & to be different from zero.

VOL.1, 10-124 ANALOG-TO-DIGITAL CONVERTERS

Case 2:

Under this condition,
2(e+ 1 Ry)
o= LRy
VREFI

where 1] Ry is the equivalent error voltage generated
by leakage Iy,

The evaluation of this error term is best demonstrated
through the following example:

Assume:

€= 5mV, I = SnA, Ry = 1M and Vggp, = 4.25V.

Then:
a=47x1073
and:
N= ﬁ -1|x8704+12800- | AN -1]x22.xx10‘°x8704
REF1 VREF1
Nl J
—

error term Ne
Therefore, the error count N, is as follows:

For AIN = -Vgg: Ne = 0.28 counts = 0,28LSB
AIN = 0: Ne = 0.19 counts = 0.19LSB
AIN = +Vig: Ng = 0.09 counts = 0.09LSB

The above example shows the strong reduction of
the circuit errors because of the a? term in (EQN 1).
Another consequence of this effect is that N, is
always positive, regardless of the polarity of the cir-
cuit errors.

AGND#0,a=0
When AGND is different from the signal ground, then

this error will come through on a first-order basis.
Indeed:

N=vAIN -1|-8704+ 12800 - AN _;|. AGND
REF1 VREF1 VREF1
yl

g
error term Ne

The following example demonstrates the impact
of AGND.

Let AGND = 1mV and Vggpp, = 4.25V.

For AIN = -Vgg, then Ne = 3.01 counts
AIN = 0, then N¢ = 2.05 counts
AIN = + Vg, then Ng = 1.08 counts

Therefore, ground loops should be minimized
because a 330uV difference between AGND and
signal ground will cause 1 count (1 LSB) of error
when the analog input is at minus fuil scale. An
optimized ground system is shown in Figure 7.



OPERATING GUIDELINES where:

The following steps, in conjunction with Figure 3, explain the tSTRT = STRT pulse duration
calculations of the component values required for proper R1C1 = Integrator Time Constant
operation. fcLK = CLK Frequency
1. DETERMINATION OF VRgF1 For example, if VEgp) = 4.25V, Ry = 1M, Cq = 4,000pF
and CLK = 1MHz, the conversion time (not including
When the full scale voltage requirement (VFS) has been tsTry> Which is normally only microseconds in duration)
ascertained, the reference voltage can be calculated by: is approximately 40 milliseconds.

Veepy = 2:125 (Vgs)

. . 5. EXTERNAL OR AUTO STRT OPERATION
VRgF1 Must be positive for proper operation.

The STRT pin can be driven externally, or with the addition

2. SELECTION OF C3 (INTERNAL CLOCK OPERATION) of C2, made to self-start.
For internal clock operation, connect capacitor Cj to the
clock pin as shown in Figure 3. The clock frequency versus The size of C determines the length of time from end of
capacitor C3 is shown in Figure 4. conversion until 2 new conversion is initiated. This is the

L. “‘data valid” time and is given by:
The clock frequency must be limited to 1.3MHz for proper

operation. 6
tpay = (1.7 x 108Q) C, + 20us
3. SELECTION OF INTEGRATOR COMPONENTS (R) ]
AND Cy) When first applying power to the AD7550, a 0V to Vp,
positive pulse (power up restart) is required at the STRT
To ensure that the integrator’s output doesn’t saturate to terminal to initiate auto STRT operation.

its bound (Vpp) during the phase (3) integration cycle,
the integrator time constant (R;C,) should be approxi-

mately equal to: 6. INITIAL CALIBRATION

M= R.Cy = VrEeF: (9 X 103) Trim R4 (Figure 3) so that pin 2 (IRJCT) equals 1/2 Vg
Tl E fck (Vop 4V) $0.6%. When measuring the voltage on IRJCT, apply a Logic

*1” to the STRT terminal.

The integrator components Rq and C1 can be selected by
referring to Figure 5 and/or Figure 6. Figure 5 plots the time
constant (R1Cy) versus clock frequency for different refer-

ence voltages. Figure 6 is a direct plot of the required Cj +5V 10
versus foy g for Ry values of 1MS2 and 10MS2. A STEN LBEN HBEN BUSY BUSY
. i"nn ivss T"cc IE'DI ‘I T T T
R, can be a standard 10% resistor, but must be selected w 5 3 2 3 18 18 3% 35 o
between 1M to 10MQ. 5 1 ﬂﬂo-u%
. . 3 cLk €3 YPGND
The integrating capacitor *“‘C1’’ must be a low leakage, low 15
dielectric absorption type such as teflon, polystyrene or 7 AD7SS0 OVAG DGND
polypropylene. To minimize noise, the outside foil of Cq LLL
must be connected to IRgy. H
21 [Pegy

- 8 4 2 6 16 17
AGND IRIN IRICT IROUT Cout G
4. CONVERSION TIME
R1 (]

As shown in Figure 2, the conversion time is independent of
the analog input voltage AIN, and is given by:

34306 Figure 3. Operation Diagram
teonvert = ISTRT + +R1Cy
fcLk
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APPLICATION HINTS

When operating at f; | greater than 500kHz, the following
steps are recommended to minimize errors due to noise
coupling (see Figure 7).

1.

Decouple AIN (pin 5), Vgrgry (pin 3) and VRgFs (pin 7)
through 0.01uF to signal ground.

. Signal ground must be located as close to pin 8 (AGND)

as possible.

. Keep the lead lengths of Rq and Cj toward pin 2 (IRJCT)

as short as possible. In addition, both components should
lie over the analog ground plane. If Cq has an outside foil,
connect it to pin 6 (IROUT), not pin 2.

. Hold the data bit enables (HBEN, LBEN) in the 0 state

during conversion. This is easily accomplished by tying
STEN to the 1 state and driving HBEN and LBEN with
BUSY" This prevents the DBO through DB12 outputs from
coupling noise into the integrator during the phase 1—4
active integration periods.

AIN
5 40 o
VReF
3
:EI: VREF1
=]
0.01 0?041
AN A2 v AD7550
@ REF2 "
R3
[+:]
01
R4
8
SIGNAL — 7
GROUND

Figure 7. Ground System



