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CIRCUIT CELLAR

fying that the input signal is greater
or less in amplitude than the output
of the D/A converter. If the D/A out-
put is greater than the input signal, a
0 is set as the value of the corre-
sponding output bit. If the D/A output
is less than the input signal, the cir-
cuit sets the corresponding bit to a 1.
The register successively moves to the
next bit (retaining the settings on the
previously tested bits) and performs
the same test. After all the bits have
been tested, the conversion cycle is
complete. An 8-bit successive-approx-
imation A/D converter takes only
eight clock cycles to complete a con-
version.

This one-to-one relationship be-
tween conversion resolution and SAR
clock counts is generally true only for
discrete-component SAR-based A/Ds.
In higher-resolution integrated-circuit
A/D converters, the clock cycle/con-
version bit times are less distinct due
to extensive housekeeping circuitry.
Like many microprocessors with high
clock-crystal frequencies, the actual
system clock is much slower.

THE ADC1205

Figure 5 is the pin-out and block
diagram of the National Semiconduc-
tor ADC1205CC]J 12-bit plus sign A/D
converter chip. It operates on a single
+5-+V logic supply and 5.000-V refer-
ence input to provide a 12-bit conver-

sion on 0- to 5V inputs. With a
1.08-megahertz clock frequency, the
ADCI205 will do 10,000 conversions
per second (108 microseconds per
conversion).

If an additional —5- to —15V sup-
ply is connected to V- (pin 1), the
ADCI1205 will convert —5-to +5-V in-
puts using a thirteenth output bit. This
MSB is the sign bit. It is a logic O for
positive values and logic | for nega-
tive values.

Figure 6 shows the output charac-
teristics of the converter. For O- to 5V
inputs (sign bit=0), the codes range
from binary 0000000000000 to
OI11111111111, respectively. In a 5V
range, each bit represents 0.0012 V,
or 1.2 mV resolution! If the output
of the converter were binary
0000010111100 (hexadecimal 000BC),
this would be (188)*(0.0012)=0.2256
V. Similarly, binary 0110101111000
(hexadecimal 00D78) is +4.1376 V.

Negative inputs are represented in
two's-complement binary. For 0- to
—5¥ inputs (sign bit=1), the codes
range from binary 1111111111111 to
1000000000000, respectively. The
output code for negative values is
represented as the magnitude of the
difference from the unknown input to
—5 V and not its distance from zero.
An output code of 1000010111100
(100BC) is —((5.00)—(188)*(0.0012))=
—4.7744 V. Similarly, 1110101111000
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Figure 6: ADCI1205 output characteristics.
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(10D78) is —((5.00)—(3448)*(0.0012))=
-0.8624 V.

Under computer control, the con-
version is relatively easy. At each
reading, determine the absolute value
of the 12-bit number by multiplying
it by 0.0012 V. If the sign bit is a 0,
add a plus sign to your calculation,
and you have a positive output of that
magnitude. If, on the other hand, the
sign bit is a 1, subtract that value from
5.0 V and append a minus sign. You
can see that watching the sign bit is
important, and this is not as simple
as offset binary.

One further consideration before
presenting the entire schematic is the
concept of single-ended and differen-
tial inputs. There is a significant dif-
ference between them. Most low-cost
multichannel A/D converters have
single-ended inputs.

All converters have a V. and a V.-
input. In a single-ended A/D con-
verter, the V,,- line is connected to
ground. Therefore, all measurements
are referenced to a common ground.
Even if an 8-channel multiplexer
switches inputs to the V.. line, all
readings are referenced to a single
ground, and voltages from two dif-
ferent systems cannot be monitored
simultaneously unless their grounds
are connected. This is often not the
case, and conditions called ground
loops result. Many of you no doubt
remember “smoking” an early-genera-
tion oscilloscope by accidentally view-
ing the hot side of the AC line while
referenced through the line cord to
the other side (even today I still use
an isolation transformer on my
scopes).

Another consideration is trying to
measure voltages that are not neces-
sarily relative to ground. Perhaps
resistor R,. in figure 7 is a thermistor,
and we wish to read the voltage drop
across it to determine temperature. A
single-ended A/D converter could not
be connected directly across R.. if
both the circuit and the A/D converter
have the same ground without short-
ing out one of the resistors. To read
the thermistor, you would have to
separately read the voltages at points
B and C and subtract them. Further-
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more, unless you manually move the
probes, the only way to do it is to in-
crease the number of channels on the
A/D converter. Hence, the prolifera-
tion of multichannel single-ended A/D
converters.

Unfortunately, measurements refer-
enced to ground often contain noise
and power fluctuations from other
components in the circuit. It is far bet-
ter in some applications to simply
measure the voltage between two
points in a circuit irrespective of
ground. Such a measurement is
termed “differential.” For lack of a bet-
ter example, think of this as the two
probes on a digital voltmeter (DVM).
If the meter is battery-operated, it is
completely isolated from ground, and
the two probes measure absolute
potential between them. Only when
the V., probe is physically connected
to the circuit ground are the readings
then single-ended and ground-refer-
enced.

The ADCI1205, while being powered
from ground-referenced power sup-
plies, has analog input lines that are
isolated from ground. These two lines
are like the two probes on the DVM.
In a multichannel single-ended A/D
converter, only the V., line is multi-
plexed. The V., line is attached to
ground. In a differential-input multi-
channel A/D converter, both the V..
and V. lines are multiplexed, and
neither is tied to ground. To read
across R,., the V,,. line is attached to
point B, and the V,,- line is connected
to point C (in industry parlance, V..
is Vi, High and V,,- is V., Low).

The ADCI205 is a 12-bit converter
designed to attach directly to an 8-bit
microcomputer bus. The system com-
municates with the chip as memory-
mapped 1/O through the CS (chip-
select bar) and RD (read bar) WR
(write bar) signals. An additional
STATUS (status bar) line is used as a
signal to start conversion or check
conversion progress.

The 12 bits and sign are read as 2
successive bytes. Data is right-justified
with the most significant byte
presented first (the 4 MSBs of the first
byte all have the value of the sign bit).
A second read to the chip automati-

cally presents the least significant
byte. The three possible interactions
are given in table 1.
Communicating with this chip may
look complicated, but it is much less
so than you might think, especially if
you are operating the converter in
BASIC. | will demonstrate it shortly.

THE BCC-30 16-CHANNEL A/D
CONVERTER BOARD

When you invent things, you get to
name them. | called the BASIC-52
board the BCC-52. Since this A/D con-
verter board is BCC-bus-compatible,

I've decided to call it the BCC-30
(other more appropriate numbers are
unfortunately taken). See photo 1. The
schematic of the BCC-30 is shown in
figure 8.

The configuration of the BCC-30 is
as a bus-compatible peripheral device
to the BCC-52 and the BCC-11 Z8-
based computer/controller rede-
signed from the original presentation
in July 1981. See photo 2. Both units
and a number of expansion boards
I've designed over the years share a
common 44-pin bus sometimes called

(continued)

+4V

Vi HIGH>—] V| +

SINGLE-ENDED
INPUT

ViN HIGH>—] v,y +
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DIFFERENTIAL
INPUT
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Figure 7: Comparison of single-ended versus differential input connections.

CS RD WR STATUS

0 1 1 0
0 0 il 1
QSN0 1 0

Status-word format:

Table 1: The three possible interactions with the AC1205 A/D converter chip.

Reset data-byte counter and start
conversion.

Read data. First byte is sign and 4
MSBs; second byte is 8 LSBs.

Read status word.
Bit 0 — High indicates conversion
Bit 1 — High indicates conversion

Bit 2 — High indicates next byte is

Bit 6 — High indicates conversion

Function

complete and data ready.
complete.

8 LSBs. Low indicates next
byte is sign and 4 MSBs.

still in progress.

JANUARY 1986 « BYTE 111



(41

9861 AYVNNV[ « I LAE

PAVOG 421aaU0) )Y [MuvY-91 0€-DDd Y} Jo wpibvip pwaydS g InJiq

(e)

x <

21

20

- & 0o N

—

A8
AS
Al0

Al5
DS

A/D7
A/D6
A/D5
A/D4
A/D3
A/D2
A/D1
A/DO

. Y7F—e o— BFOO JUMPERS SHOWN ADDRESSED AT B800
512 62— o—¢ BE0O
B 10 +5V +VRerF
3], Ys}—o o—# BDOO 1K 1K T a
valo o—¢BcOO (o 2 )
5161 v3P2 o o—4 8800 1C1 IC1 Ic1 6 |24 00K
4 3 741504 741504 741504
G2A Y2[=>—o o—¢ BAOO AVee DVee
62B i B L 2 El N 5 8l ¢ -
15 6 Vi 10K
Ic3 vol=fo o] 8800
7415138 L o}
cs /1 4
_____ S3oek 10} Vint F=< Vin+
lc2 il Ic1 +12V
| 74L504 (st
| . , | 1 741504 5
AL 0 ica 08 =) vin- =< ViNT, $27K
I 1, 74LS20
| G i)
| RD VRer 5,000V
| - :
STATUS
22K
12 +
IC1 1c8
f\ 74LS04 ADC1205 336-5 10K
A" B C D ADJUST
5 |6 13
— =
5 15shele |9
b 10 2Q 3Q 4Q 5Q 22K
: IC6 1
IC5 7415373 ] 1IN914
781502 11§ TYPICAL
|1 1D 2D 3D 4D 5D OF 4
15| DIR 5 2 [1a13]7 |8 23| <
1) e 6 _ 2] v- »
13} Jasoas |2 2l1ps L J:
12 8 201, +—Fo,u= -12v
:; Z i‘: D3 Aanp |
12
D2
17 3 = DGND
=l Dl >
8lg NE 1600

AVTTED LINDUD




JLAE » 9861 ANVANVI

€1l

()}

+12v TO 1C6
A BEG D
?13 Y Y Y +12V +5V ——— 1
SINGLE—ENDED Vit é_w
CHANNEL
4
#00- +4.7V =12V
= b 6808 $680Q Ay R
= Bl e
— (o p
VHIGH 12 Ic9 5V { -12v —— A
X0 =27
Ik MUXO08 : a5 1N4732 4.7V 1N4732
S0 EN ,fj 11 GND ’
9 Ic2
il e 781504 \®
14 llz IB 1000 |10
AV 7Y o 2 Vin+ (IC8, 3)
SV v i J_
T 1N4001 0.001uF
13 TYPICAL
V+ OF 4 +4.7V
#8 g ; P
3] A -47V
=6 all6
7 A S DIFFERENTIAL
Ylow 12} fc1o +5V [POSS' V- (1
1 MUX08 i . - (1C8, 2)
= s 4K 4 r! Falre e
— EN A
#15 9 1 —] "'Fsl _FI l—
SINGLE ENDED
2 |3 OU; J |-7-| J I—i— A oss.
]
/7'7 l /J7 1008 ALL 4 JUMPERS SWITCHED
-12v IN PARALLEL
CHANNEL # CHANNEL #
SINGLE-ENDED 0 8 1 9 2 10 3 11 4 12 5 13 6 14 15

o¥o

DIFFERENTIAL
L

+
) L ) L J &

GND GND

oo 0000 606 00006 E

)

#0 #1 #2 #3

(& J) L

J L J L

GND

J)

#4 #5 #6

#7

AVTTID LINDUID



CIRCUIT CELLAR

board.

Photo 2: The BCC-30 A/D bo
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ard is bus-compatible with

the BCC-52 controller

board. The BCC-30 A/D prototype and BCC-52 are shown plugged into a backplane
for use together.
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the “Z8 Bus" but more properly called
the MMZ8 bus. Nothing is unique
about the signals on this bus except
perhaps their pin designations. It is a
multiplexed address/data/control bus
primarily oriented to 8-bit computers
(16-bit address and 8-bit data).

The BCC-30 A/D board looks to the
computer as a single address at any
one of 128 predefined (jumper-
selectable) locations. It can be con-
figured either as 16 independent
single-ended-input channels or 8
differential-input channels. Single-
ended or differential operation is
determined by the placement of
jumpers JP1-4 and is therefore not
under program control. The data byte
sent by the computer to the board ad-
dress defines which channel the input
multiplexer is set for.

ICs 2, 3, 4, and 5 decode A8-Al4
address bits to produce CS for the
ADCI205 chip and latch data directed
through buffer IC7 into the multi-
plexer address latch (IC6). The jumper
positions selected in the schematic
locate this address at B800 hexadec-
imal (47104 decimal). The 4 LSBs of
this register control the input multi-
plexer while the fifth bit (b4) sets the
STATUS level control line to the
ADCI205.

Running the A/D board in BASIC is
straightforward and consists of four
sequential operations: set multiplexer
address and reset A/D, start conver-
sion, read most significant byte, and
read least significant byte. While the
status of the A/D is available as an
output, a conversion takes only 100
microseconds and therefore could
never be seen in BASIC (reading the
status will be necessary if you are tak-
ing 10,000 samples/sec in an assem-
bly-language program, however). It is
simple enough to start the conversion
and then go back immediately and
read it since it will always be com-
pleted.

Executing an XBY(47104)=18 in
BASIC will load hexadecimal 12 into
the address latch (the XBY() com-
mand in BASIC-52 is like PEEK and
POKE in other BASICs). This cor-
responds to a multiplexer address of
2 and a status bit set to a logic 1
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(reset). Resetting the status bit starts
the conversion with an XBY(47104) =
2. The 2 bytes are then read as Al =
XBY(47104):A2 = XBY(47104). The
most significant byte/least significant
byte counter automatically incre-
ments on the successive reads. Sum-
marizing, to read channel #2 (board
address B800 hexadecimal), we ex-
ecute code as outlined in figure 9.

Al and A2 can then be combined
to produce the desired output. I refer
you to listing 1 for that procedure.

As mentioned earlier, four jumpers
(JP1-4) decide whether the function of
the A/D is 16-channel single-ended or
8-channel differential. All four
jumpers are moved together, and all
must occupy either the single-ended
or differential jumper positions
together. Each MUXO08 (IC9 and 10)
multiplexer is an 8-channel JFETtype
analog switch. While CMOS (comple-
mentary metal-oxide semiconductor)
switches might function in the circuit
(and be about a tenth the cost), their
[/O-transfer characteristics are not
adequate for a 12-bit converter. The
variations in resistance with input
signal level would surface as measure-
ment errors and instability. JFET multi-
plexers are specifically designed for
this application and have very flat
response Ccurves.

Four bits from the multiplexer ad-
dress latch (IC6) are directed through
the jumpers to the multiplexer control
lines. In the single-ended position, V.-
of the ADCI205 is physically
grounded, and the two MUX08s se-
quentially address 16 input signals
through it to the V,,.. When they are
in the differential position, however,
address line D is disabled, V.- is
removed from ground, and both V..
and V., are switched through the in-
put multiplexers. A differential input
on channel #2, for example, would
have V., high on IC9 pin 6 and V., low
on ICI0 pin 6 (setting channel #10
when using differential mode will
enable channel #2 instead).

The remaining areas worth com-
menting about are the reference
voltage and input protection. For a
12-bit A/D to be worth anything, it
must have a precise, stable reference

voltage for its internal D/A. In the
BCC-30, the 5-V reference is supplied
from an LM336-5 voltage reference
chip. Additional diodes and a trim pot
allow it to be precisely set at 5.000 V
with virtually no temperature drift.
Only a positive reference is required,
even though the converter measures
negative voltages as well.

The only “"gotcha” in using the
ADCI205 is input protection. While it
measures +/— 5V inputs, levels above
or below +/- 5.3 V may damage the
device. One method of protecting the
inputs is through clamping diodes
and current-limiting resistors. Using

these techniques, | have connected
V.. and V,,- to a voltage source that
will shunt damaging inputs away
before they exceed 5.3 V. Unfor-
tunately, if these diodes are con-
nected to +/— 5V, they will not begin
conducting until +5.6 V.and =5.6 V,
respectively (germanium diodes with
similar speed and power capabilities
are much more expensive). 1 have
chosen the least painful alternative by
providing +/— 4.7V Zener-generated
sources to the clamping diodes that

will start conducting at 5.3 V.
Presently, only a 100-ohm series
(continued)

BASIC Command
XBY(47104) = 18

XBY(47104) = 2

A1 = XBY(47104)
A2 = XBY(47104)

Function

Set multiplexer channel #2 and set status
line high to reset A/D converter.

Retain multiplexer channel setting and set
status line low to start conversion.

Read first (most significant) byte.

Read second (least significant) byte.

Figure 9: Series of BASIC-52 statements used to read channel #2 of the BCC-30.

BCC-30.

10 CLEAR

200 IF D1> =240 THEN GOTO 230
210
220 RETURN
230
TWO'S COMPLEMENT
240
250 RETURN

Listing 1: A sample BASIC-52 program to read and display channels O—7 on the

20 REM READ AND DISPLAY A/D CHANNEL 0-7
30 REM  SINGLE-ENDED OR DIFFERENTIAL

40 REM  -5-TO +5-VOLT INPUT
50 REM
60 REM

70  N=47104 : REM BOARD ADDRESS

80  REM STATUS BIT IS B5 — LOGIC 1 IS RESET

9  FORA=0TO7:REM DO ALL CHANNELS 0-7

100  GOSUB 160 : REM READ A CHANNEL

110 NEXT A :REM NEXT CHANNEL

120 PRINT CHR(18),CHR(27)."Y" : REM TERMITE — HOME AND CLEAR SCREEN
130  REM DISPLAY ARRAY HOLDING CHANNEL 0-7 READINGS

140 PRINT USING (#.###),A(0).A(1),A@2).A@3).A(4),A(5)A(B),A(7), "VOLTS"

150  GOTO 20 : REM DO IT ALL AGAIN

160 XBY (N)=A+16 : REM RESET A/D AND SET MULTIPLEXER CHANNEL
170 XBY(N)=A : REM CLEAR STATUS BIT TO READ DATA

180 D1=XBY(N): D2=XBY(N): REM READ 12 BITS AS TWO SUCCESSIVE WORDS
190 R=0.0012207 : REM VOLTS PER COUNT

A(A)=R+((D1+256)+D2) : REM SAVE POSITIVE READING IN ARRAY
D1=255-D1:D2=255-D2 : REM ADJUST D1 & D2 FOR

A(A)= —1+R*((D1+256)+ D2) : REM SAVE NEGATIVE READING IN ARRAY
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