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DIGITAL TO ANALOGUE CONVERTERS

A Digital to Analogue converter (DAC) is a device which converts a digital
data input into a corresponding analogue output. This output usually takes the
form of a voltage or current.

1.1

Ideal Output Characteristics

If a unipolar voltage output and normal binary input coding are
assumed, then the ideal transfer function of a linear DAC may be
written as:

Vout = Vs (B1.21 + B2.22 4+ B3.23 4 ..... +B,.2™")
where B; is the most significant bit input (MSB) and B, is the least
significant bit input (LSB). Bits 1 to n can each assume a value of ‘1" or

‘0’. The number of bit inputs a DAC possesses is known as the
RESOLUTION of the converter.

The smallest increment of output voltage is that contributed by the
LSB and is equal to Vgs.2".

The terms ‘MSB’, ‘LSB’ etc., are frequently used interchangeably to
describe either the digital input or the corresponding analogue output.

The maximum output from a DAC is known as full-scale output (Vgsg).

n —
It occurs when all inputs are ‘1" and is equal to Vgg ((22n L )). For

example the maximum output of a 3-bit DAC is J V¢s.

The transfer function graph of an ideal 3-bit DAC is shown in figure 1.
For each of the 8 input codes there exists a discrete analogue output
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Fig. 1. Transfer Characteristic of Ideal 3-bit DAC 1-5



D to A Converters

level, represented by a point on the graph. It should be emphasised
that the transfer characteristic is not a continuous function and it is,
therefore, not strictly correct to join the points with a continuous line,
since this would imply that non-integral input codes and corresponding
levels existed. However, a straight line is often drawn between zero and
full scale to represent the ‘ideal’ transfer function on which all the points
should lie.

Similarly, if the input code of a DAC is incremented using, say, a
binary counter and clock generator, then the analogue output will be a
staircase waveform. DAC transfer functions are frequently drawn as a
staircase, since this is a convenient way of illustrating various errors
that may occur in a DAC. However, such a graph is, strictly speaking, a
plot of analogue output v. time rather than output v. input code.

1.2 Practical DAC Circuits
Figure 2 shows an example of a 3-bit DAC circuit based on a voltage-
switching R-2R ladder network, a technique widely used in Ferranti
converters.
Each 2R element is connected either to O volts or Veg (Vgree) by
transistor switches. Binary weighted voltages are produced at the
output of the R-2R ladder, the value being proportional to the digital
input number.
R R
OUTPUT
g 2R 2R 2R 2R
VFs (VRer)© I I
O
: ] ]
! | |
0 VOLTS  © > - !
I I |
o 5
BIT 3(LSB) BIT 1(MSB)

Fig. 2. 3-bit Voltage Switching DAC
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D to A Converters

For example, it is fairly easy to see that if bit 1 is "1° and bits 2 and 3 are
‘0’ then an output of V¢/, is produced. This is because the resistance
of the ladder looking from the output through the first R is 2R, which
forms a 2:1 attenuator with the 2R in series with the MSB switch.
Output voltages for other input codes can similarly be calculated, and
it can be seen that the ladder may be extended to any number of bits.

The voltage switching ladder technique is used in the ZN426, ZN428
and ZN429 series of D to A converters and also in the ZN425 dual-
purpose A topD/ D to A converter.

D to A Parameters and Definitions
Converter Errors

The ideal DAC assumes that all the resistors are perfectly matched and
that thé switches have zero resistance. In a practical converter this
will not be the case and various errors will occur in the output.

Monotonicity

When the input code of a DAC is increased in 1 LSB steps the analogue
output of the DAC should also increase, staircase fashion. If the output
always increases in this manner then the DAC is said to be monotonic,
i.e. the output is a single-valued function of the input. If, due to errors
in the bit weighting, the output of the DAC decreases at any step, as
shown in figure 3, then the DAC is said to be non-monotonic.
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Fig. 3. Non-monotonic DAC
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1.3.3 Offset (Zero Error)

Assuming unipolar operation and normal binary coding, when the
input code is zero then the DAC output should also be zero. However,
due to package lead resistances and offset voltages in the switches
this will not be the case, and a small output offset may exist. This has
the effect of shifting the transfer function so that it no longer passes
through zero, as shown in figure 4.

1.3.4 Gain Error

If the reference voltage of a DAC is exactly the nominal value then the
transfer characteristics of the converter should follow the ideal straight
line. However, due to imperfections in the converter the transfer
function may diverge from this line, as shown in figure 4. This error is
known as gain error and is the difference between the slope of the
actual transfer characteristic and the slope of the ideal transfer
characteristic.
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Fig. 4. lllustrating Offset and Gain Errors

1.3.5 Linearity Er.ors

Offset and gain errors may be trimmed out so that the end points of the

transfer characteristic lie at zero and Vgso. However, even when this

has been done, some or all of the intermediate points may not lie on

the ‘ideal’ line. These errors, which cannot be trimmed out, are known
1-8 as linearity errors.
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1.3.7

D to A Converters

Non-Linearity (Linearity Error)

This is the maximum amount, given either as a percentage of full scale
or afraction of an LSB, by which any point on the transfer characteristic
deviates from the ideal straight line passing through zero and Vggo.
Non-linearity is illustrated in figure 5. A linearity error within the range
<-4 LSB assures monotonic operation. Note however that the converse
is not true and a DAC may still be monotonic with large linearity errors,
which is also shown by figure 5.

Differential Non-linearity

This is the maximum difference, specified as a fraction of an LSB,
between the actual and ideal size of any one LSB analogue increment.
This can be seen as an error in the step height of a DAC staircase. A
positive value of differential non-linearity means that the step height
is larger than nominal, whilst a negative value means that itis smaller
than nominal. If it is more negative than —1 LSB then the DAC is
non-monotonic. However, positive differential non-linearity may
assume any value and a DAC can still be monotonic, as shown in
figure 5.
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1.3.8

1.3.9

Resolution

As stated earlier, the resolution of a DAC is simply the number of bit
inputs that a DAC possesses, which indicates the smallest analogue
increment that the converter can produce as a fraction of Vgg, e.g. 8
bits = 1 partin 28 (256). Resolution implies nothingaboutthe accuracy
of a DAC, which is defined by linearity and other errors.

Useful Resolution

If an n bit DAC has a differential non-linearity of say —1.5 LSB then
it is non-monotonic. However, if the LSB input is made permanently
‘0’ then the DAC becomes an n—1 bit device with an LSB equal to
twice the original LSB. The differential non-linearity error thus
becomes —0.75 (new) LSB and the device is monotonic at a resolution
of n—1 bits. This is illustrated in figure 6, which shows the transfer
characteristic of a 3-bit DAC that has a useful resolution of 2 bits.

Due to manufacturing tolerances a proportion of n-bit converters will
have only n—1 or n-2 bit useful resolution. In applications not
requiring n —bit useful resolution these reduced resolution versions
offer a significant price advantage. The useful resolution of Ferranti
DACs is guaranteed over their full operating temperature range.
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Fig. 6. Non-monotonic 3-bit DAC With a Useful Resolution of 2 bits
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1.3.10 Settling Time is the time taken after a transition of the input

1.4

code for the output of a DAC to settle to within 44 LSB of its final
value. This varies depending on which bits are being changed. It may
be specified for a change of 1 LSB which generally gives the most
optimistic (fastest) figure. More conservative figures are given by the
most major transition (where the MSB changes in one direction and all
other bits change in the opposite direction, e.g.01111111 to 10000000
or vice versa) or by a change from all bits off to all bits on (00000000 to
11111111) or vice versa.

Bipolar Operation

The discussion so far has been concerned only with DACs producing a
single polarity (usually positive) output voltage. In some applications
a bipolar (both positive and negative) output range may be required.

This can be achieved by adding a negative offset of VZEF to the

analogue output, as shown in figure 7. For all input codes where the
MSB is ‘0’ the output voltage is then negative, and for output codes
where the MSB is ‘1’ the output voltage is positive. Where the input

coding is normally binary but the output voltage is offset by :-ERE
then the input code is referred to as offset binary.

The transfer function of a 3-bit DAC with offset binary coding is shown
in figure 8.
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Fig. 7. Bipolar Operation of a DAC
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8 Bit Monolithic D to A/A to D Converter

FEATURES

® 8, 7 and 6 bit Accuracy

® 0°C to +70°C (ZN425E Series)

® -55°C to +125°C (ZN425J-8)

@® TTL and 5V CMOS Compatible
® Single +5V Supply

@ Settling Time (D to A) 1 usec Typical

@ Conversion Time (A to D) 1 msec typical, using ramp and
compare.

@® Extra Components
D-A :

DESCRIPTION

Required

Reference capacitor (direct
voltage output through
10 kQ typ.)

D-A/A-D CONVERTER

ZNA425 Series

A-D : Comparator, gate, clock

and reference capacitor

The ZN425 is a monolithic 8-bit digital to analogue converter containing an R-2R
ladder network of diffused resistors with precision bipolar switches, and in addition a
counter and a 2.5V precision voltage reference. The counter is a powerful addition
which allows a precision staircase to be generated very simply merely by clocking the

counter.
+Veco—gi
330 Analogue
v R-2R Ladder 14 Output
REF o—
e e TTTTITTT]
Reference i Vocel
T —— nput
ov Switches I 15 REF INPY
1
Bit 8 Bit 1(MSB
Bit70—2 B2 o8
Bit 6 o—2 - Bit 3
Bit S 3 ) Bit 4
Input Select Switch J
elect JTITITITITITIT]d
(High for Coumer) 2 1T 11T
Clock °‘;——‘L Qg 8 Bit Binary Counter O
1 L1 ) D D U U | Counter Reset

(Low to reset)

Fig. 1 — System Diagram

w2
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INTRODUCTION

The ZN425 is an 8-bit dual mode digital to analogue/analogue to digital converter. It contains an
8-bit D to A converter using an advanced design of R-2R ladder network and an array of precision
bipolar switches plus an 8-bit binary counter and a 2.5 volt precision voltage reference all on a single
monolithic chip.

The special design of ladder network results in full 8-bit accuracy using normal diffused resistors.

The use of the on-chip reference voltage is pin optional to retain flexibility. An external fixed or
varying reference may therefore be substituted.

By including on the chip an 8-bit binary counter, analogue to digital conversion can be obtained
simply by adding an external comparator (ZN424P) and clock inhibit gating (ZN7400E).

By simply clocking the counter the ZN425 can be used as a self-contained precision ramp generator.

A logic input select switch is incorporated which determines whether the precision switches accept
the outputs from the binary counter or external digital inputs depending upon whether the control
signal is respectively high or low.

The converter is of the voltage switching type and uses an R-2R resistor ladder network as shown
in Fig. 2.

R(10kA) R L R R Pinle_ Analogue
Output
2R 2R 2R 2R 2R

VRet ! ' -- ’

~ L k] L{,] L (_‘ L

ov -
Bit8 Bit? Bit 2 Bit1
M.S.B. aen

Fig. 2 - The R-2R Ladder Network .

Each 2R element is connected either to OV or Vg by transistor switches specially designed for low
offset voltage (typically 1 millivolt). :

Binary weighted voltages are produced at the output of the R-2R ladder, the value depending on the
digital number applied to the bitinputs.

ORDERING INFORMATION

Operating Temperature| 8-bit Accuracy 7-bit Accuracy 6-bit Accuracy Package
0°C to +70°C ZNA425E-8 ZN425E-7 ZNA425E-6 Plastic
-565°C to +125°C ZN425J-8 — — Ceramic

ABSOLUTE MAXIMUM RATINGS

Supply voltage Vcc .. .. .. +7-0 volts

Max. voltage, logic and Vggg inputs .. .. +5-5volts See note 3

Operating temperature range .. .. .. 0°C to +70°C (ZN425E Series)
-65°C to +125°C (ZN425J-8)

Storage temperature range .. .. -5656°C to +125°C

1-14



ZN425 Series

CHARACTERISTICS (at Tymp = 25°C and Ve = +5 volts unless otherwise specified).

Internal voltage reference

Parameter Symbol | Min. | Typ. | Max. Units Conditions
Output voltage VRer 2-4 |2-55(2-7 | volts I = 7-5 mA (internal)
Slope resistance Rg —_ 2 4 | ohms I = 7-5 mA (internal)
Vrer Temperature coefficient —_— 40 | — | ppm/°C| I = 7-5 mA (internal)

8-Bit D to A Converter and Counter

Note: The internal reference requires a 022 uF stabilising capacitor between pins 1 and 16.

Parameter Symbol | Min. | Typ. | Max. Units Conditions
Resolution 8 — — bits
Accuracy ZN425J-8 8 — — bits VRer Input =
(useful ZN425E-8 8 — — | bits 2to 3V
resolution) ZN425E-7 7 — — bits
ZN425E-6 6 —_ —_ bits
Non-linearity — — | +£0-5| L.S.B. See Note 3
Differential non-linearity — | +0:5| — L.S.B. See Note 6
Settiing time — 1-0 —_ us 1 L.S.B. step
Settling time to 0-5 L.S.B. — 16 ] 2-56 | us All bits ON toOFF
or OFF to ON
Offset voltage ZN425J-8 — 8 12 mV All bits OFF
ZN425E-8 See Note 3
ZN425E-6 »| Vos — 3 8 mV
ZN425E-7
Full scale output 2-545]|2-550|2-555] volts All bits ON
Ext. VREF=2.56V
Full scale temperature coeff. —_ 3 —_ ppm/°C | Ext. VRgg=2'56V
Non-linearity error temp. coeff. — 7-5 — ppm/°C | Relative to F.S.R.
Analogue output resistance Ro — 10 — kQ
External reference voltage 0 — 3:0 | volts
Supply voltage Vee 4-5 — 5-5 | volts See Note 3
Supply current lg —_ 25 35 mA
High level input voltage Vi 20 — — volts See Notes 1 and 2
Low level input voitage ViL — — 0-7 | volts

1—15
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CHARACTERISTICS (continued).
Parameter Symbol | Min. | Typ. | Max. Units Conditions
High level input current lin — — 10 | pA Vce = max.
V= 2-4V
—_ —_ 100 | A ¥?c= ——g 'n%i/x.
Low level input current, I — — |-0-68] mA Ve = max.
bit inputs V,=0-3V
Low level input current, clock | I — — |-0-18]1 mA
reset and input select
High level output current lon - — —40 | A
Low level output current loL — — 16 | mA
High level output voltage Vou 2-4 — — | volts gcg T min.
lioag = —40 A
Low level output voltage VoL — — 0-4 | volts Vee = min,
I,O:, =1-6mA
Maximum counter clock fe 3 5 — | MHz See Note 5
frequency
Reset pulse width tg 200 — — ns See Note 4
Notes:

1.

2,

The Input Select pin (2) must be held low when the bit pins (5, 6, 7,9, 10, 11, 12 and 13) are
driven externally.

To obtain counter outputs on bit pins the Input Select pin (2) should be taken to + V¢ via a
1 kQ resistor.

. The ZN425J differs from the ZN425E in the following respects:

(a) Forthe ZN425J, the maximum linearity error may increase to +1 LSB over the tempera-
tureranges-55°Cto0°Cand +70°Cto +125°C.

(b) Maximum operating voltage. Between 70°C and 125°C the maximum supply voltage is
reduced to 5.0V.

(c) Offset voltage. The difference is due to package lead resistance. This offset will normally
be removed by the setting up procedure, and because the offset temperature coefficient
is low, the specified accuracy will be maintained.

4. The device may be reset by gating from its own counter.

in A/D mode is 300 kHz, see page 1-18

N Fmax

6. Monotonic over full operating temperature range at resolution appropriate to accuracy.

1-16
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<

If Pin 2 is high then the output
equals the Q output of the
corresponding counter. Bits 1-8

To switches

If Pin 2 is low then the output
transistor, Tr1 is held off.

oV e/t

Fig. 3 — Bit Inputs/Outputs
APPLICATIONS
1. 8-bit D to A Converter

The ZN425 gives an analogue voltage output directly from pin 14 therefore the usual current to
voltage converting amplifier is not required. The output voltage drift, due to the temperature
coefficient of the Analogue Output Resistance R,, will be less than 0-004% per °C (or 1 L.S.B./
100°C) if R is chosen to be >650 kQ.

In order to remove the offset voltage and to calibrate the converter a buffer amplifier is necessary.
Fig. 4 shows a typical scheme using the internal reference voltage. To minimise temperature drift in
this and similar applications the source resistance to the inverting input of the operational amplifier
should be approximately 6 k. The calibration procedure is as follows:

i. Set all bits to OFF (low) and adjust R, until V,, = 0-000V.
ii. Set all bits to ON (high) and adjust R, until V., = Nominal full scale reading — 1 L.S.B.

ili. Repeat /. and ji.
e.g. Set F.S.R. to +3:840 volts -1 L.S.B.

= 3-825 volts
(1 LS.B. = % = 15-0 millivolts.)
IOSV
Lo ]
To.nyr
1 16
2 15
—~—43 14— Anal
—4 13—Bit nalogue
6 t
Bit8—s — 12—Bit 2 Outpu
Bit7—6  11—Bit3 6.8k
Bit 6 —{7 10—Bit 4
8 9 Skn E%'.R.
ZN425E Ry
18k
ov
/7;7 -5V AL

Fig. 4 — 8-bit Digital to Analogue Converter
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2. 8-bit Analogue to Digital Converter

A counter type ADC can be constructed by adding a voltage comparator and a latch as in Fig. 5. On
the negative edge of the CONVERT COMMAND pulse (15 p.s minimum) the counter is set to zero
and the STATUS latch to logical 1. On the positive edge the gate is opened, enabling clock pulses to
be fed to the counter input of the ZN425. The minimum negative clock pulse width to the ZN425
is 100 ns. The analogue output of the ZN425 ramps until it equals the voltage on the other input of
the comparator. At this point the comparator output goes low and resets the STATUS latch to
inhibit further clock pulses. The logical 0 from the status latch indicates that the 8 bit digital output
is a valid representation of the analogue input voltage.

A small capacitor of 47 pF is added to the ZN425 output to stop any positive going glitches
prematurely resetting the status latch. This capacitance is in parallel with the ZN425 output
capacitance (20-30 pF) and they form a time constant with the ZN425 output resistance (10 k).
This time constant is the main limit to the maximum clock frequency. With a fast comparator the
clock frequency can be up to 300 kHz. Using the ZN424P as a comparator the clock frequency
should be restricted to 100 kHz. The conversion time varies with the input, being a maximum for
full scale input.

. . . 256
Maximum conversion time = - seconds
clock frequency in Hz

+5V
<
Sikn 3.3 $4Tkn
S
Analogy B3T
ln:u(g 1——| 22pT Set zero
1 e
L—]; 15 ZN4L26P 8
3 "
4 13
5 INSIL A
6
7
8 7] e
IN4L2SE ZN7400E
= 47pF
.8 bit digital output

ov n

6

Status

Convert L_I

Command

47454 Clock

Fig. 5 — 8-bit Analogue to Digital Converter

3. Precision Ramp Generator

The inclusion of an 8-bit binary counter on the chip gives the ZN425 a useful ramp. generator
function. The circuit, Fig. 6 uses the same buffer stages as the D to A converter. The calibration
procedure is also the same. Holding pin 2 low will set all bits to ON and if RESET is taken low with
pin 2 high all the bits are turned OFF. If the end voltages of the ramp are not required to be set

accurately then the buffer stage could be omitted and the voltage ramp will appear directly at pin 14.

1-18
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ItSV
Loroe ]
-1-0-22))F
1 "6
S 2 15
hnlds 14
4 13
—5 12
—16 n
—7 10|
8 9|
o°- ZN425E
Clock Input
ov

HIV -5v 4621

Fig. 6 — Precision Ramp Generator

4. Alternative Output Buffer using the ZLD741

The following circuit, employing the ZLD741 operational amplifier, may be used as the output
buffer for both the 8-bit Digital to Analogue Converter (Fig. 4) and the Precision Ramp Generator

i~ &\
\vig. V).

ZIN42S .
Pin 14

18k
L7637

Fig. 7 — The ZLD741 as Output Buffer

5. Further Applications

Details of a wide range of additional applications, described in the Ferranti publication ‘Appli-
cation Report-ZN425 8-bit A-D/D-A Converter’, are also available.

1-19



ZN425 Series

Ground

Input Select

Counter Reset

BIT7—

BIT 6 —

+VCC -

BIT S —

BIT 4 —

BIT 3—

Clock
Bit 8
Bit 7
Bit 6
+Vee

PIN CONNECTIONS

10 U [] 16 Vaer Output

2] [1 16 Vaer Input

3 E [] 14 Analogue Output
af] []13 Bit1 (M.S.B)
n 712 Bit2

6 [ 11 Bit3

70 110 Bit4

8] (] 9 Bit6

CHIP DIMENSIONS AND LAYOUT
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FERRANTI D-A CONVERTER

semiconductors ZNA426 Series

8 Bit Monolithic D to A Converter .

FEATURES

® 8. 7 and 6-bit Accuracy

@® ZNA426E Series Commercial Temp. Range 0°Cto +70°C
® ZN426J-8 Military Temp. Range -55°C to +125°C

® TTL and 5V CMOS Compatible

® Single +5V Supply

® Settling Time 1 usec. Typical

® Only Reference Capacitor and Resistor required

DESCRIPTION

The ZN426 is a monolithic 8-bit digital to analogue converter containing an R-2R ladder
network of diffused resistors with precision binolar switches and a 2.5V precision

Two usec resxisio eclsio 2paar swiiches ecis:

voltage reference.

14

REFO‘_—‘—_] l
QUTPUT 8
2.5V ——N.C.
REFERENCE & ANALOGUE
R-2R LA R
. 2R LADDE e
OVo
A 5 3 A4 4040
VREFO— | switches |
INPUT
“9 “10“”“12‘03“1 AZAB
$6bébd
BIT 876543 ZBITI(MSB)
DIGITAL INPUTS 5484/

Fig. 1. System Diagram



ZN426 Series

INTRODUCTION

The ZN426 is an 8-bit digital to analogue converter. It contains an advanced design of R-2R ladder
network and an array of precision bipolar switches plus a 2.5 volt precision voltage reference all on a
single monolithic chip.

The special design of ladder network results in full 8-bit accuracy using normal diffused resistors.

The use of the on-chip reference voltage is pin optional to retain flexibility. An external fixed or
varying reference may therefore be substituted. In this case there is no need to supply power to the
internal reference so Rger and Crep can be omitted.

The converter is of the voltage switching type and uses an R-2R resistor ladder network as shown
in Fig. 2.

R(10kn) R R R PIN &
------ ANALOGUE

ouTPUT
SR 2R 2R 2R 2R
VREFINO e . [ —
(PIN 5) L L < VOUTAGE __o L
SWITCHES L
ovoutS , [ . .
(PIN 7) BIT 1
BIT8  BIT7 sz BT G0

Fig. 2. The R-2R Ladder Network

Each 2R element is connected either to OV or Vg by transistor switches specially designed for low
offset voltage (typically 1 millivolt).

Binary weighted voltages are produced at the output of the R-2R ladder. the value depending on the
digital number applied to the bitinputs.

ORDERING INFORMATION

Operating Temperature | 8-bit accuracy 7-bit accuracy 6-bit accuracy Package
Oto +70°C ZN426E-8 ZN426E-7 ZN426E-6 Plastic
-55to +125°C ZN426J-8 — — Ceramic

ABSOLUTE MAXIMUM RATINGS

Supply voltage Ve .. .. . .. .. +7.0 volts
Max. voltage, logic and Vggf inputs .. .. +5.5 volts
Storage temperature range .. .. .. .. =65to +125°C

1—-22
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ELECTRICAL CHARACTERISTICS (V¢ = +5 volts, T, ., = 25°C unless otherwise specified).

Parameter Min. | Typ. | Max. Units Conditions
Converter
Resolution 8 — — bits
Accuracy (useful resolution)
ZN426J-8 8 — — bits Vgeg input
ZN426E-8 =2.0 to 3.0 volts
ZN426E-7 7 — —_ bits
ZN426E-6 6 —_ — bits
Non-linearity — — +0.5 | L.S.B. Note 1
Differential non-linearity — 4+0.5 — L.S.B. Note 2
Settling time to 0.5 L.S.B. — 1.0 — us 1 L.S.B. step
Settling time to 0.5 L.S.B. — 2.0 — us Allbits ON to OFF
or OFF to ON
Offset voltage ZN426J-8 — 5.0 8.0 mV All bits OFF
ZN426E-8 Note 1
ZN426E-7 — 3.0 50 | mV
ZN426E-6
Vs temperature coefficient — 5 - wVv/°C
Full scale output 2.545 | 2.650 | 2.555 | volts All bits ON
Ext. VREF =
2.560V
Full scale temp. coefficient — 3 — ppm/°C | Ext. VRgg =
2.560V
Non-linearity temp. coeff. — 7.5 — ppm/°C | Relative to F.S.R.

Notes:

1. The ZN426J-8 differs from the ZN426E-8 in the following respects:

(a) Forthe ZN426J-8, the maximum linearity error may increase to +-0.4% FSRi.e. -1 LSB over
the temperature ranges —-55°C to 0°C and +-70°C to +125°C.

(b) Offset voltage. The difference is due to package lead resistance. This offset will normally be
removed by the setting up procedure, and because the offset temperature coefficient is low,

the specified accuracy will be maintained.

2. Monotonic over full temperature range at resolution appropriate to accuracy.
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ELECTRICAL CHARACTERISTICS (continued)

Parameter Symbol | Min. | Typ. | Max. Units Conditions
Analogue output resistance R, — 10 — kQ
External reference voltage 0 — 3.0 volts
Supply voltage Vee 4.5 — 55 | Volts
Supply current ls — 5 9 mA
High level input voltage Viu 2.0 — —_ volts
Low level input voltage ViL — — 0.7 volts
High level input current Iin — — 10 pA Vee = max.,
V=24V
— — 100 | uA Ve = max.,
V, = 5.5V
Low level input current hie — — | -0.18 | mA Vee = max.,
V, =03V
Internal Voltage
Reference
Output voltage VREF 2475 | 2.55 | 2.625 | volts Note*
RREF = 390n
Slope resistance Rg — 1 2 ohms Rger = 390Q
Vger temperature coefficient — 40 — ppm/°C | Rrgr = 390Q

Note® The internal reference requires a 1 uF stabilising capacitor between pins 7 and 6 (Cggg)
and a 390Q resistor between pins 14 and 6 (Rggg)-

APPLICATIONS
1. 8-bit D to A Converter

The ZN426 gives an analogue voltage output directly from pin 4 therefore the usual current to
voltage converting amplifier is not required. The output voltage drift, due to the temperature
coefficient of the Analogue Output Resistance R, will be less than 0.004% per °C (or 1 L.S.B./
100°C) if R is chosen to be >650 kQ

In order to remove the offset voltage and to calibrate the converter a buffer amplifier is necessary.
Fig. 3 shows a typical scheme using the internal reference voltage. To minimise temperature drift in
this and similar applications the source resistance to the inverting input of the operational amplifier
should be approximately 6 kQ. The calibration procedure is as follows:

i. Set all bits to OFF (low) and adjust R, until V. = 0.000V.
ji. Setall bitsto ON (high) and adjust R4 until V. = Nominal full scale reading -1 L.S.B.
iii. Repeat /. and ji.
e.g. Set F.S.R. to +3-840 volts -1 L.S.B. = 3-825 volts

3-84

(1LSB. = 256

= 15.0 millivolts.)
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[-t-sv
O-O'l)JF
RREF < 68
, \w
390np Bit 3—1 n
Bit 2—2 1B——8it¢
Bit1—{3 12—8it5
Analogue
2 11— Bit6 Output
5 10}—— Bit7 6.8kn
6 91— Bit8
R
R SN
CREFQ: INL26
T~0}JF
18k
oV

ﬂL -5V s800

Fig. 3. 8-bit Digital to Analogue Converter

Alternative Output Buffer using the ZLD741

The following circuit, employing the ZLD741 operational amplifier, may be used as the output
buffer (Fig. 3).

IN&L26
Pin ¢4

Fig. 4. The ZLD741 as Output Buffer
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PIN CONNECTIONS

Bit31
git2 2 [

(MsBBit1 3 [
Analogue Output & E
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VREF OUT & O]

ov7 [

U j]l. +Vec 5 volts)

113 Bit ¢
[ ]12 BitS
] n Bits
] 10 Bit 7
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105 MIL
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FERRANTI  Cere

semiconductors R

8 Bit Latched Input Monolithic D to A Converter

FEATURES
@ Contains DAC with data latch and on-chip reference.

@® Guaranteed monotonic over the full operating temperature range

® Single +5V supply ® Microprocessor compatible
® TTL and 5V CMOS compatible
® 800 ns settling time @® Complementary to ZN427 A to D Series

@ ZN428E-8 Commercial temperature range 0°Cto +70°C
® ZN428J-8 Military temperature range -65°C to +125°C

GENERAL DESCRIPTION

The ZN428 is a Monolithic 8 bit D to A converter with input latches to facilitate up-
dating from a data bus. The latch is transparent when Enable is LOW and the data is
held when Enable is taken HIGH. The ZN428 also contains a 2.5 volt reference the use
of which is pin optional to retain flexibility. An external fixed or varying reference may
therefore be substituted.

ANALOGUE
VREF OUT &—7——_1; R-2R LADDER 5 ﬂOUTPUT
+2:5V
REF
ANALOGUE l SWITCHES o VREF IN
GROUND 8 3
Vee o0——
+ Ve 10
T DIGITAL ENABLE
GROUND o 3 DATA LATCH Y —o

2| 1] ] 1| 14| 13]12] 11
[} l l [e] <L o [e]

BIT8 7 6 5 4 3 2 BIT1(MSB) 5425/3

Fig. 1 SYSTEM DIAGRAM
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ABSOLUTE MAXIMUM RATINGS

Supply voltage Ve . . .. .. . .. .. +7.0 volts
Max. voltage, logic and Vggg input .. .. . .. .. +Vee
Operating temperature range .. .. .. .. .. .. 0°Cto+70°C (ZN428E-8)
—-55°C to +125°C (ZN428J-8)
Storage temperature range . . . . .. ..-565°C to +125°C
Analogue Ground to Digital Ground .. .. .. .. .. £200mV
ELECTRICAL CHARACTERISTICS (Ve = +5 volts, T,mp = 25°C unless otherwise specified).
Parameter Min. | Typ. | Max. | Units Conditions
Internal Voltage
Reference
Output volt 2.475 | 2.550 | 2.625 It
utput voltage volts gREFf 390,:0
Slope resistance 0.5 2 Q rer=1u
Vrerout T.C. 50 ppm/°C
Reference current 4 15 mA Note 1
D to A Converter
Linearity error +0.5 | LSB 2.0V <Vggr N <3.0V
Differential non-linearity +0.5 LSB
Linearity error T.C. +3 ppm/°C
Differential non-linearity T.C. +6 ppm/°C
Offset voltage 2 5 mV All bits OFF
Offset voltage T.C. +6 uwVv/°C
Full scale output 2.545 | 2.650 | 2.555 External reference
VREF IN = 2.560 VOhS,
Full scale output T.C. 2 ppm/°CjJ all bits ON
Analogue output resistance 4 kQ
External reference voltage 0 3.0 volts
Settling time to 0.5 LSB 800 ns 1 LSB Major Transition
(Note 2)
1.25 us All bits ON to OFF or
OFF to ON (Note 2)
Operating temperature range :
ZN428E-8 0 70 C
ZN428J-8 -55 125 | C
Supply voltage (V¢c) 4.5 5.0 5.5 volts

Note 1 See REFERENCE
Note 2 R_=10MQ, C_ = 10pF.



ELECTRICAL CHARACTERISTICS (continued)

ZN428E-8/J-8

Min. | Typ. | Max. | Units Conditions
Supply current 20 30 mA Note 3
Power consumption 100 mW
Logic
(over specified operating
temperature range)
High level input voltage 2.0
Low level input voltage 0.8
High level input current 60 ©A Vin = 5.5V
VCC = Max
20 pA ViN = 24V
Vee = Max
Low level input current -5 | vA Vin = 0.4V
Vcc = Max
Input Clamp Diode Voltage -1.5 \' Iin = -8 mA
Enable pulse width 100 ns
Data set-up time 150 ns Note 4
Data hold time 10 ns Note 5

Note 3 All inputs HIGH (V, = 3.5 volts).

Note 4 Set up time before Enable goes high.
Note 5 Hold time after Enable goes high.

D to A CONVERTER

The converter is of the voltage switching type and uses an R-2R ladder network as shown in Fig. 2.
Each 2R element is connected to OV or Vger N by transistor voltage switches specially designed
for low offset voltage (<1 millivolt). A binary weighted voltage is produced at the output of the

R-2R ladder.

R(4kn)

R

VREF IN

(PIN 6)

ANALOGUE

Lk.l L&f

VOLTAGE
SWITCHES

GROUND
(PIN 8)

BIT 8 BIT7

R R D TO A OUTPUT
2R 2R
BIT 2 BIT | (MSB)
s823/1

Fig. 2. The R-2R Ladder Network
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Analogue Output = 2;_.:—6 (Vrer 1N —Vos) +Vos
where n is the digital input to the D to A from the data latch.

Vs is a small offset voltage produced by the D to A switch currents flowing through the package
lead resistance. The value of V¢ is tyically 1 mV. This offset will normally be removed by the setting
up procedure (see APPLICATIONS section) and because the offset temperature coefficient is low
(£6 wV/°C) the effect on accuracy is negligible.

- il
! | ANALOGUE
' R(4kn) I QUTPUT
| AN - '5 O
l ]
' :
| n
Ly

I
I ANALOGUE
| ; GROUND
l O
1 :3
L___2N428 __ _ | ss24

Fig. 3. Analogue Output Equivalent Circuit

Fig. 3 shows an equivalent circuit of the output (ignoring Vo). The output resistance R has a
temperature coefficient of +0.2% per °C.

s . . 0.2R .
The gain drift due to this is WR—.: % per °C

RL should be chosen to be as large as possible to make the gain drift small. As an example if R| =
400 kQ then the gain drift due to the T.C. of R for a 100°C change in ambient temperature wil\' be
less tha)n 0.2%. Alternatively the ZN428 can be buffered by an amplifier (see APPLICATIONS
seation).

REFERENCE

(a) Internal Reference

The internal reference is an active band gap circuit which is equivalent to a 2.6 volt Zener
diode with a very low slope impedance (Fig. 4). A resistor (Rggg), should be connected
between + V¢ (pin 10) and pin 7. The recommended value of 390Q will supply a nominal
reference current of (5.0-2.5)/0.39 = 6.4 mA. A stabilising/decoupling capacitor, Cgep =
1 uF is required between pins 7 and 8 for internal reference operation, Vger oyt (Pin 7)
being connected to Vggg |5 (Pin 6).

Up to five ZN428s may be driven from one internal reference (there is no need to reduce Rggg)
This useful feature saves power and gives excellent gain tracking between the converters.

(b) External Reference
If required an external reference voltage ma2y be connected to Vgef (. The slope resistance of
such a reference source should belessthan —n§ Q, where n is the number of converters supplied.

VRger in €an be varied from O to +3 volts for ratiometric operation. The ZN428 is guaranteed
monotonic for Vgee |y above 2 volts.
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Vee +5V o

(PIN 10)
§ RREF
(3904)

VREF oUT

®IN 7)
y CREF
{( (1pF)

5ILS

ANALOGUE
GROUND
(PIN 8)

Fig. 4. Internal Voltage Reference

LOGIC

Input coding is binary for unipolar operation and offset binary for bipolar operation. When the
Enable input is low the data inputs drive the D to A directly. When Enable goes high the input data

word is held in the data latch.
The equivalent circuit for the data and clock inputs is shown in Fig. 5.

The ZN428 is provided with separate analogue and digital ground connections. The circuit will
operate correctly with as much as +200 mV between the two grounds.

-0 Vcc
INPUT %
b
TO INTERNAL
,_d\,v\/b..; LOGIC
DIGITAL
— GROUND

5826

Fig. 5. Equivalent Circuit of All Inputs
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APPLICATIONS

(1) Unipolar D to A Converter

The nominal output range of the ZN428 is 0 to Vzeg | through a 4 kQ resistance. Other output
ranges can readily be obtained by using an external| amplifier.

The general scheme (Fig. 6) is suitable for amplifiers with input bias currents less than 1.5 pA.
The resulting full scale range is given by

R1
Vout FS= (1 + ﬁ) VRer IN = G. VRer IN

The impedance at the inverting input is R1//R2 and for low drift with temperature this parallel
combination should be equal to the ladder resistance (4 kQ). The required nominal values of R1
and R2 aregivenby R1 = 4G kQ and Ry, = 4G/(G-1) kQ.

Using these relationships a table of nominal resistance values for R, and R, can be constructed
for VREF IN= 25 volts.

Output Range G R4 Ry
+5V 2 8kQ 8kQ
+10V 4 16kQ 5.33kQ2

For gain setting R, is adjusted about its nominal value. Practical circuit realisations (including
amplifier stabilising components) for +5V and +10V output ranges are given in Fig. 7.
Settling time for a major transition is 1.5 us typical. .

INPUT DATA
LS$B MSB
I 16
2 15 Ry
ENABLE 3 W R
o 4 1 2
AOUT s b =
1
VRer om? 110. 0 QUTPUT
rs 9_] |
RRef
CREF |
IuF S
+5 VOLTS
£e27

Fig. 6. Unipolar operation — Basic Circuit
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+10V +15V

+2°, RESISTORS
+ o
0-01uF *20 /° POTENTIOMETERS

KRN

FROM ZN 428 FROM ZN 428
OUTPUT(PINS) 4 OUTPUT(PINS) 4
ANALOGUE
OUTPUT
56ka
GAIN
Ska apjust
82kn 56kn
i o
-0V -15V
+5 VOLTS FULL SCALE +10 VOLTS FULL SCALE 572

Fig. 7. Unipolar Operation — Component Values

UNIPOLAR ADJUSTMENT PROCEDURE

(i) Set all bits to OFF (low) with Enable low and adjust zero until VouTt = 0.0000V.
(i) Set all bits ON (high) and adjust gain until Vo, = FS -1 LSB.

UNIPOLAR SETTING UP POINTS

Output Range, +FS LSB FS-1LSB
+10V 39.1 mV 9.9609V

UNIPOLAR LOGIC CODING

Input Code Analogue Output
(Binary) (Nominal value)

1111111 FS —1LSB

11111110 FS - 2LSB

11000000 2 FS

10000001 %+ FS + 1LSB

10000000 FS

01111111 iFS—1LSB

01000000 FS

00000001 1LSB

00000000 0
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(2) Bipolar D to A Converter

For bipolar operation the output from the ZN428 is offset by half full scale by connecting a
resistor R3 between Ve and the inverting input of the buffer amplifier (Fig. 8).

VREF IN

—AAA
@ L5 ouTPUT

FROM ZN 428
ouTPUT(PIN 5) seaq

——

Fig. 8. Bipolar Operation — Basic Circuit

When the digital input to the ZN428 is zero the analogue output is zero and the amplifier
output should be —Full scale. An input of all ones to the D to A will give a ZN428 output of
Vgrer 1N and the amplifier output required is + Full scale. Also, to match the ladder resistance
the parallel combination of Ry, R, and R3 should be 4 kQ.

The nominal values of Ry, R, and R3 which meet these conditions are given by
R, = 8G kQ, R, = 8G/(G-1) kQ and R3 = 8 k(2
where the resultant output range is G Vggg |N-

A bipolar output range of +Vger |n (Which corresponds to the basic unipolar range O to
Vaer 1) is obtained if Ry = Rg = 8 KQand Ry = co.

Assuming that Vgeg |y = 2.5 volts the nominal values of resistors for +-5V and +10V output
ranges are given in the following table :

Output Range G R, R, R3
15V 2 16 kQ 16 kQ 8kQ
+10V 4 32kQ 10.66 kQ 8kQ

Minus full scale (offset) is set by adjusting R4 about its nominal value relative to R3. Plus full
scale (gain) is set by adjusting R, relative to R,.

Practical circuit realisations are given in Fig. 9. Note that in the -5V case R3 has been chosen
as 7.5 kQ (instead of 8.2 kQ) to get a more symmetrical range of adjustment using standard
potentiometers. Settling time for a major transition is 1.5 us typical.
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+10V +15V
+2°|, RESISTGRS - |
0,
0OlF $207/, POTENTIOMETERS 2200 pF
FROM ZN 428 39n FROM ZN 428
OUTPUT(PN 5) NN ANALOGUE OUTPUT (PIN 5) 4
ZN424P S G JLOGLE
3 6 OUTPUT dutPUT
M 7 13kan 27ka
33 pfm
OFF SET OFFSET
Ska ApJusT 10ka apjust
(~FULL SCALE) (-FULL SCALE)
13ka 82kn
75kn GAIN
GAIN
Ska apjusT Ska Apjust
(+FULL SCALE) 4 (+FULL SCALE)

VREFIN  -10V VREF IN -5V
+5 VOLTS FULL SCALE +10 VOLTS FULL SCALE *"°

Fig. 9. Bipolar Operation — Component Values

Bipolar Adjustment Procedure

(1) Setall bits to OFF (low) with Enable low and adjust offset until the amplifier output reads
—Full Scale.

(2) 1Sﬁtsall bits ON (high) and adjust gain until the amplifier output reads + (Full Scale —
B).

BIPOLAR SETTING UP POINTS

Input Range, +FS LSB -FS | +(Fs-1LSB)
+5V 39.1mV | -5.0000V | +4.9609V | 4 o _ 2FS
756
+£10V 781 mV | -10.0000V | +9.9219V

BIPOLAR LOGIC CODING

Input Code ! _Analogue Qutput
(Offset Binary) (Nominal Value)
11111111 +(FS - 1LSB)
11111110 + (FS — 2LSB)
11000000 + 4FS
10000001 +1LSB
10000000 0
01111111 -1LSB
01000000 —4FS
00000001 —(FS-1LSB)
00000000 -FS
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PIN CONNECTIONS

Bit71[ ] U [ Jeeits
Bit82 [ J158BitS
Ne. 3] e Bits

ENABLE 4[| 13 B3

Analogue output SE 312 Bit 2
veer N 6] Jusitimse)
vrer out 7] [ ]10+Vec (+5 volts)
Analogue ground 8 E :] 9 Digital ground
se3

CHIP DIMENSIONS AND LAYOUT

ENABLE — —BIT ¢
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VREF OUT —
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FERRANTI D-A CONVERTER

semiconductors ZN429 Series

Low Cost 8 Bit Monolithic D to A Converter

FEATURES

® 8, 7 and 6-bit Accuracy

©® ZNA429E Series Commercial Temp. Range 0°C to +70°C
©® ZN429J-8 Military Temp. Range  -55°C to +125°C

® TTL and 5V CMOS Compatible

@ Single +5V Supply

@ Settling Time 1 usec. Typical

® Designed for low-cost applications

DESCRIPTION

The ZN429 is a monolithic 8-bit digital to analogue converter containing an R-2R ladder
network of diffused resistors with precision bipolar switches.

) ANALOGUE
R-2R LADDER —0 OUTPUT
OVo-—Z-
L 3404013141
VREF_ s WITCHE
INPUT O SWITCHES
9 1O11H1I211311 {213
[ A 4484843140
000000
BIT 87 6 5 4 3 2BIT1(MSB)
DIGITAL INPUTS 5996

Fig. 1. System Diagram
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INTRODUCTION

The ZN429 is an 8-bit digital to analogue converter. It contains an advanced design of R-2R ladder
network and an array of precision bipolar switches on a single monolithic chip.

The special design of ladder network results in full 8-bit accuracy using normal diffused resistors.

Tht'a:_cogvener is of the voltage switching type and uses an R-2R resistor ladder network as shown
n Fig.

R(10kn) R R R PIN 4
------ ~AAA— ANALOGUE
OuTPUT
2R 2R 2R g 2R 2R
VREF .
INPUT ST T T -~
U T e = T4 L
SWITCHES
ovous, L | L _
Vos BIT8  BIT7 BIT 2 Sga‘ 6000

Fig. 2. The R-2R Ladder Network

Each 2R element is connected either to OV or Vg by transistor switches specially designed for low
offset voltage (typically 1 millivolt).

Binary weighted voltages are produced at the output of the R-2R ladder, the value depending on the
digital number applied to the bitinputs.

é\n external fixed or varying reference is required which should have a slope resistance less than
ohms.

Suggested external reference sources are the ZN404 or one of the ZN458 range. Each ZN404 is
capable of supplying up to five ZN429 circuits and this is increased to ten for the ZN458 range.

ORDERING INFORMATION

Operating Temperature | 8-bit accuracy 7-bit accuracy 6-bit accuracy Package
0to +70°C ZN429E-8 ZN429E-7 ZN429E-6 Plastic
-55 to +125°C ZN429J-8 — — Ceramic

ABSOLUTE MAXIMUM RATINGS

Supply voltage Vge .- .. .. .. +7.0volts
Max. voltage, logic and Vggg mputs .. .. +5.5volts
Storage temperature range . . .. .. .. —b5to+125°C



ZN429 Series

CHARACTERISTICS (at T,,,p, = 25°C and V¢ = +5 volts unless otherwise specified).

Parameter Symbol | Min. | Typ. | Max. Units Conditions
Converter
Resolution 8 — — bits
Accuracy (useful resolution)
ZN429J-8 8 — — bits Vgser input
ZN429E-8 = 2.0to 3.0 volts
ZN429E-7 7 — — bits
ZN429E-6 6 — — bits
Non-linearity — — +0.5 | L.S.B. Note 1
Differential non-linearity — +0.5 — L.S.B. Note 2
Settling time to 0.5 L.S.B. — 1.0 — us 1 L.S.B. step
Settling time to 0.5 L.S.B. — 2.0 — us All bits ON to OFF
or OFF to ON
Offset voltage ZN429J-8 | Vg — 5.0 80 | mV All bits OFF
ZN429E-8 Note 1
ZN429E-7 — 3.0 50 | mV
ZN429E-6
Vos temperature coefficient — 5 — uVv/°C
Full scale output 2.545 | 2.650 | 2.555 | volts All bits ON
Ext. VREF =
2.560V
Full scale temp. coefficient — 3 — ppm/°C | Ext. Vggr=
2.560V
Non-linearity temp. coeff. — 7.5 — ppm/°C | Relativeto F.S.R.

Notes:

1. The ZN429J-8 differs from the ZN429E-8 in the following respects :
(a) FortheZN429J-8, the maximum linearity error may increase to +0.4% FSRi.e. 1 LSB over

the temperature ranges —55°Cto 0°C and +70°C to +125°C.

(b) Offset voltage. The difference is due to package lead resistance. This offset will normally be
removed by the setting up procedure, and because the offset temperature coefficient is low,
the specified accuracy will be maintained.

2. Monotonic over full temperature range at resolution appropriate to accuracy.
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CHARACTERISTICS (continued)

Parameter Symbol | Min. | Typ. | Max. Units Conditions

Analogue output resistance R, — 10 —_ kQ

External reference voltage 0 — 3.0 | volts

Supply voltage Vee 4.5 — 5.5 | volts

Supply current lg — 5 9 mA

High level input voltage Viu 2.0 — — | volts

Low level input voltage ViL — — 0.7 | volts

High level input current hin —_ — 10 ©A Vee = max,,
V, =24V

R A N vt v

Low level input current hie — — |-0.18| mA Vee = max.,

V,= 0.3V

APPLICATIONS
1. 8-bit D to A Converter

The ZN429 gives an analogue voltage output directly from pin 4 therefore the usual current to
voltage converting amplifier is not required. The output voltage drift, due to the temperature
coefficient of the Analogue Output Resistance R,, will be less than 0.004% per °C (or 1 L.S.B./
100°C) if R_is chosen to be >650 kQ

In order to remove the offset voltage and to calibrate the converter a buffer amplifier is necessary.
Fig. 3 shows a typical scheme using the internal reference voltage. To minimise temperature drift in
this and similar applications the source resistance to the inverting input of the operational amplifier
should be approximately 6 kQ. The calibration procedure is as follows :

i. Set all bits to OFF (low) and adjust R, until V. = 0.000V.
ii. Set all bits to ON (high) and adjust R, until V. = Nominal full scale reading —1 L.S.B.
iii. Repeat /. and ii.
e.g. Set F.S.R. to +3.840 volts — 1 L.S.B.

= 3.825 volts
3.84 -
(1 LS.B.= 286 — 15.0 millivolts)
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+5V

A\ )

Bit 3—1 I

Bit2—2 13—Bit¢
Bit1—3 12— Bit 5
. Nf— Bit6
VREF INo— 5 10— Bit7
(2-5V NOMINAL) ncls ol— Birs
7 8 N.C.

ZIN429

Analogue
Output
6.8kn

ov

»

Fig. 3. 8-bit Digital to Analogue Converter

Alternative Output Buffer using the ZLD741

-5V

The following circuit, employing the ZLD741 operational amplifier, may be used as the output

buffer (Fig. 3).

ZN 429
Pin 4

Fig. 4. The ZLD741 as Output Buffer
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PIN CONNECTIONS

Bit3 1 U le +Vce *5 volts)
Bit2 2 [ []13 Bite
mseBit1 3 [ 12 BitS
Analogue Output 4 [ ] Bite
VREF IN 5 D [ ] 10 8it7
NC.6 [ ] 9 sits(se
ov7 [ 8 N.C.

5999

CHIP DIMENSIONS AND LAYOUT

67 MIL
ANALOGUE BIT1
OUTPUT (Mia)
VREFIN=™

—BIT 2
—BIT 3 84 MIL

GND —

N.C e —+Vee

— 4

BIT 8— BIT

BIT 7 BIT6 BITS 22y
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D-A CONVERTER

ZN434

Low Cost 4 Bit D to A Converter

FEATURES

® 4 bit resolution
® Y. LSB linearity
® Voltage output
® 300ns settling time
® TTL and CMOS compatible
® Single + 5V supply
@ On-chip V¢ reference
2

® 0°Cto +70°Cor —40°C to +85°C temperature range.

DESCRIPTION

The ZN 434 is a 4-bit DAC containing an R-2R ladder network of diffused resistors and precision bipolar
switches. An on-chip reference amplifier and attenuator provide a reference voltage of Vcc allowing

the IC to function with no external components.

2

DB, []

] Vee (+5V)

DB 4
Ju BIT
DA

| JGND

N DB, L—_J— /\
DBo E

] Vrer N

] ANALOGUE OUT

ZN 434 SYSTEM DIAGRAM

6566
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ABSOLUTE MAXIMUM RATINGS

Supply Voitage Ve . . . . . .. +7.0 volts
Logic and Vgge inputs .. . . . . .. 0to V¢e

Min Max
Operating Temperature (ZN 434E) . .. .. . o°C +70°C

(ZN 434BE) . - . . —40°C +85°C

Storage Temperature —55°C +125°C

ELECTRICAL CHARACTERISTICS (Vg = +5V, Tomp = 26°C unless otherwise stated)

Parameter Min. Typ. | Max. | Units Conditions
D to A Converter Resolution 4 — — Bits
Linearity error - — {+0.25(LSB 1.5V<Vgerin < 3V
Differential Linearity error — — +0.25| LSB
Linearity error tempco - +3 - ppm/°C
Differential linearity
error tempco — +6 - ppm/°C
Zero error - 3.0 5.0 | mV
Zero error tempco - +6 — |mV/°C
Full-scale output
(V¢ as reference) 2.235 | 2.345 | 2.456 | volts
Full-scale output
(External reference) 0.922 | 0.938 | 0.954 | V, in 1.5V<Vger in < 3V
Full scale tempco - +3 — ppm/°C
Analogue output resistance 1.75 2.5 3.25 |k
Analogue output capacitance —_ 15 — pF
Settling time
to 0.5 LSB — 200 300 |ns Code transition
0000 o 1111
1111 0000
- 100 150 |ns 1 LSB step
Supply voltage +4.5 +5 +5.5 |V
Supply current — 10 15 mA
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Parameter Min. Typ. Max. [Units Conditions
On chip reference amplifier
Output voltage Veex0.97 | Ve |Vgex1.03

2 2 2

Input current — 1 — pA
Offset voltage +10 mV
Input resistance 9 18 27 k
Logic Inputs
High level input
voltage V 2.0 - - \
Lcw level input
voltage V, — - 08 |V
High level input — - 10 LA Vce=5.5V,V,=2.4V
current |y — - 100 A Vee=V,=5.5V
Low level input
current |, - - 180 A Vee=5.5V,V,=0.3V

CIRCUIT DESCRIPTION
D to A Converter

The ZN 434 is a 4 bit DAC consisting of an R-2R ladder of diffused resistors and precision bipolar
switches designed for low offset voltage.

The ladder operates in the voltage switching mode and produces an output voltage
Vour=n_ (Vger n—Vos) + Vos . where n is the digital code set at the bit inputs and Vg is a small offset
16

voltage caused by the supply current flowing through the lead resistance of the ground pin.

On-chip Reference Amplifier
The ZN 434 contains a reference amplifier and attenuator that provide a reference voltage of nom-
inally Ve without any external components. Taking into account the attenuator error, input

2
current and offset voltage of the amplifier and gain error of the DAC the full-scale output will be within
+ % LSB of the nominal value of 0.369 x V.

By maintaining an accurate and stable supply voltage the ZN 434 may thus be used without an exter-
—-—nal reference. Where several ZN 434s are used in a system the Vpgr inputs may be joined together
to improve Vgege matching.

If a reference voltage other than V¢ is required then the on-chip attenuator may be overridden,

2
either by connecting a lower resistance attenuator in parallel or by using an active reference such as

a bandgap reference source.
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8-Bit Multifunction Data Converter

ADVANCE PRODUCT INFORMATION

FEATURES

® Multimode device operates as:
—DAC
—ADC
—Tracking ADC
—Voltage to Frequency Converter
—Ramp and Sawtooth Generator
—Nonlinear Waveform Generator
—Voltage — Controlled Oscillator
— Track-and-Hold Circuit

©® 8-bit Accuracy

® 800ns DAC Settling Time

® On-chip Up/down Counter

® On-chip Clock

® On-chip Voltage Reference

® Single + 5V supply

® Commercial or Military Temperatu

DESCRIPTION

re Range.

DATA CONVERTER

ZN435 E/J

The ZN435 is a versatile, multifunction 8-bit data conversion system. A voltage-output DAC, 8 bit
up/down counter, stable 2.5v bandgap reference and clock generator are contained on a single chip.

V v
REF IN O_ﬁ »ﬁ——o cC
v 25V ANALOGUE
REF OUTOo— 22t 8 BIT DAC >—~T1—°ouwut
DB7
i ! Lot
GROUNDO— 3
DIGITAL INPUTS/
> IS
O
OBo 08
»-[ INPUT SELECT SWITCH
o | TTTTTI]
uPo e UPMSB LSB OSCILLATOR
T2 LOGIC
DOWN o—g ™ {COWN g BIT BINARY CLOCK RC/
MODE 0—z F+{MAX " p/DOWN COUNTER EXTERNAL cLock
e{MIN
|
RESETO I 6567

Fig. 1 SYSTEM DIAGRAM



ZN435

ABSOLUTE MAXIMUM RATINGS

Supply Votage, V¢ +7.0 volts

Max. Voltage, Logic and Vgge inputs Vee

Operating Temperature Range
TYPE Tminl®C) Trmax(®C)
ZNA435E (o] +70
ZN435J —55 +125

Storage Temperature Range

—55°Cto +.125°C

ELECTRICAL CHARACTERISTICS (V¢c= +5V, Vgge=1.56—3.0V T,,,= +25°C unless otherwise

stated).
Parameter Min. Typ. Max. Units Conditions
D TO A CONVERTER
Resolution 8 - - bits
Linearity Error - +0.25| +0.5 L.S.B. T. T T
Differential Linearity Error — +0.25 | %1 L.S.B. min Tamb - Tmax
Zero Error — 3.0 5.0 mV ZN435£AII bits OFF
— 5.0 10.0 mV ZN435J
Settling time to 0.5LSB - 500 - ns All bits OFF to ON or
— 800 — ns vice versa
Full-scale output 2.545| 2.550 | 2.555 \% All bits ON,
Vger=2.56V
Output Resistance — 4 — k
Full-scale Temperature
Coefficient - 4 - ppm/°C Ext Vgge=2.56V
Reference Voltage 0 — 3 \")

1-48
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Parameter Min. Typ. Max. Units Conditions
On-chip Voltage Reference
Output Voltage 2.4 2.59 2.7 \ Rpgr =390 ~
Slope Resistance — 2 4 -~ Crer=220n
Temperature Coefficient of Vgge| — 50 - ppm/°C
Reference Current 4 - 15 mA
Counter (with external clock)
High Level Threshold Voltage
Vi, - - 2.3 v
Low Level Threshold Voltage
Vi 1.7 - - Vv
Maximum Clock Frequency 1 1.5 — MHz
On-chip Clock |
Maximum Frequency 500 i - - ' KHz
Clock Frequency Tempco - | 100 — | ppm/°C
Clock Frequency Spread L 1 % Device to Device using
| ‘ | same R&C
| Clock Resistor 3 | — | 100 k
| Clock Capacitor 100 | — \ — | pF
High Level Threshold Voltage ! !
Vi, — ‘ 46 | — %
Low Level Threshold Voltage | |
Vi - 1.5 - v
Supply Rejection - | 08 | - %IV
Logic Circuits ‘ 1
BIT INPUTS ‘
High Level Input Voltage Vy 20 | - — \Y
Low Level Input Voltage V,, = — i - 0.8 v
High Level Input Current I, - = =100 pA Vin=2.4V
Low Level Input Current |, - | - —220 pA Viy=0.4V
BIT OUTPUTS !
. High Level Output Voltage Vou - | 5.0 B i No Load
. Low Level Output Voltage Vg - . 01 I -
High Level Output Current g 125 | — : - PA | Vour=2.4V
Low Level Output Current lg_ J——B‘O | - | - mA Vour=0.4V
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Parameter Min. Typ. Max. T Units Conditions
CONTROL INPUTS |
High Level Input Voltage V4 2 - - \%
Low Level Input Voltage V,_ — - | 08 V
High Level Input Current | - - | —25 pA Viy=2.4V
Low Level Input Current I, - - —95 HA Viy=0.4V
Reset Pulse Width 200 ns
Power Supply : 1
Supply Voltage 45 | 5 55 | V |
Supply Current - } 35 | 45 | mA Vee=5.5V

GENERAL CIRCUIT OPERATION

The ZN435 incorporates an 8-bit DAC based on a voltage switching R-2R ladder network. The reference
voltage for this ladder may be derived from the on-chip precision bandgap reference, or an external
reference voltage may be supplied.

The ZN435 also contains an 8-bit up/down counter and control logic. The DAC may receive its digital
input data from the counter, the counter outputs being simultaneously available at an 8-bit I/O port.
Alternatively the counter outputs may be inhibited and the 1/O port used to feed data direct to the

DAC inputs.

An on-chip oscillator is provided to drive the clock input of the up-down counter. The on-chip clock

may be overriden by an external clock signal.
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UP/DOWN COUNTER AND CONTROL LOGIC

The counter s a high-speed, synchronous up/down type, whose operation is determined by four control
pins. The functions of the UP, DOWN and RESET inputs are fairly self explanatory. the MODE input
determines the behaviour of the counter at zero and full-scale. When the MODE input is high the counter
will reset to zero if it is clocked past full-scale in the UP direction and will reset to 255 if it is clocked
pastzerointhe DOWN direction. When the MODE input is low the counter will stop on reaching full-scale
or zero.

The normally invalid state of UP and DOWN inputs low simultaneously is also utilised in the ZN435.
With the MODE input high and UP and DOWN inputs low the counter will cycle up and down continuously,
reversing at full-scale and zero. With all three control inputs low the counter outputs are disabled and
the DAC inputs are accessible from the I/o port.

A truth table for the control inputs is given in Table 1.

RESET | MODE | DOWN UpP DIGITAL FUNCTION ANALOGUE WAVEFORM

1 1 1 Counter Stopped.

Count up continuously.

A1

-

Count down continuously.

NN rer

Count up, reverse at F.S.,

VREF/\/\/\
count down, reverse at zero. 0

Counter Stopped.

0] Count up, Stop at F.S.

00— Ve
VREF_\_O

Count down, Stop at zero.

DAC MODE, Counter output
disabled. Counter can still be
| reset by taking reset input
low.

[elNeRNolNe)
(@]

Counter reset. Does not
affect analogue output in
DAC MODE.
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Ve
20kn
Bits 1-8
To switches
counter
ov 4415/1

Fig. 2—BIT INPUTS/OUTPUTS

DATA PORT

One bit of the data port is shown in figure 2. The input/output pin is the junction of the counter output
buffer and the DAC input buffer.

Normally the DAC is driven from the counter and the counter data is also available at the port. However,
when the counter outputs are disabled the output transistors are turned off and the DAC inputs may

ha Aam~acos A Fen s o ata e
be accessed from the data port.

The data port can drive or be driven from B-series CMOS and all TTL families.
CLOCK CIRCUIT

The on-chip clock circuit of the ZN435 is shown in figure 3.

__ 45V
M COMPARATOR
15V ¥ J
o
- | ——"10 nrERNAL
15 LOGIC, COUNTER
c FALLNG EboE
T THRE SHOLD
SWITCH [

’_‘T

Fig. 3 6568
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The frequency of the clock is given by fo = 1 ~ (Hz,~, F)
4R+Cc
Graphs of oscillator frequency versus resistor and capacitor values are given in figure 4.

A 1MHz

|

t CLK

100KHz

\
N

10KHz N

1KHz

100Hz

ARNAN
NN

100pF n 10n 100n T 10u 100u
CT—»

/
/
,1

Fig. 4 6569



ZNA435

The external capacitor Cy is charged via the external resistor Ry to the upper threshold of the
comparator (about +4.5v with V. = + 5V). The comparator turns on the discharge transistor to discharge
Cy and switches its threshold to the lower value of about 1.5V. When the voltage on Cy has fallen
to this level the comparator turns off the discharge transistor and the cycle repeats.

The clock can be overdriven direct from a TTL totem-pole output, as shown in figure 5a. If open collector
or CMOS gates are used then their Vo must be attenuated to below 4.5V, as shown in figures 5b and 5c.

these thresholds the Schmitt trigger delivers clock pulses to the internal logic.

This slightly complicated arrangement has the advantage that the clock can be overdriven without
turning on the discharge transistor, provided the drive voltage Vg level does not exceed 4.5V.

The clock can be overdrivendirect from a TTL totem-pole output, as shown in figure 5a. If open collector
or CMOS gates are used then their Vo, must be attenuated to below 4.5V, as shownin figures 5b and 5c.

l
\
\
|
|
|
|
|
@
a) TOTEM POLE OUTPUT

I
l
[
\
|
|
|
|

b) OPEN COLLECTOR OUTPUT

O

r
4
!
i
1

!

t

|

it
o .
) CMOS ' OUTPUT 6570

Fig. 5. OVERDRIVING
THE CLOCK INPUT
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ANALOGUE CIRCUITS
D TO A CONVERTER

The DAC is of the voltage switching type and uses an R-2R ladder network as shown in figure 6.

R(4K) R R R DTO A OUTPUT
2R R 2R 2R R

VRer N,
(PIN7)

<+— VOLTAGE —s»

SWITCHES
0 vouTs

o—q o ¢
(PIN 9) Nos BT8  BT7 BIT2 BT 1
(MSB) 5569

Fig. 6 R2-R LADDER NETWORK

Each 2R element is connected to either OV or Vgep by transistor voltage switches specially designed
for low offset voltage (=<1 millivolt). A binary weighted voltage is produced at the output of the R-2R ladder.

Vour=_n_ (Vger v —Vos) + Vos
256
where n4s the digital input from the counter or data port.

Vs is a small offset voltage that is produced by the device supply current flowing in the package lead
resistance. The value of Vg is typically 3mV for the ZN435E and 5mV for the ZN435J. This
offset will normally be removed by the setting up procedure and since the offset temperature coefficient

is small the zero drift will be small. The DAC output range can be considered to be O volts to
Vger v With an output resistance R (4k n).

REFERENCE

ON-CHIP REFERENCE
The internal reference is an active bandgap circuit which is equivalent to a 2.5V zener diode with a
very low slope impedance (Fig. 7).
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VCC +5v
(PIN 10)

RREF
(3900)

VRgp OUT
(PIN 8)

== CreF (220n)

GROUND _ 1 5562/1
(PIN 9)

Fig. 7 INTERNAL VOLTAGE REFERENCE

An external resistor (Rpge) should be connected between pins 10 and 17 to bias up the on-chip
reference, whilst a stabilising/decoupling capacitor (Cge) is required between pins 8 and 9.

To use the internal reference Vger gyt (Pin 12) is connected to Vgee y (Pin 10).

The recommended reference resistor of 390-~will supply a nominal reference current of 6.4mA which
is sufficient to drive the reference inputs of up to five ZN435s. Where several ZN435s are used in
a system this useful feature can save up to four resistors and capacitors as well as reducing power
consumption and giving excellent gain tracking.

APPLICATIONS

The applications of the ZN435 are too many and varied to detail in this data sheet. However a few
basic configurations are illustrated.

WAVEFORM GENERATOR

The circuit of a low-frequency waveform generator is illustrated in figure 8.
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0 +5V
4K7 [I] [I]
ADJUST
680K —%
16
15 1
14
ZN435
* TRIANGLE WAVEFORM FREQUENCY 13 ek,
x 2 FOR SAWTOOTH —12
52 " 8
FREQUENCY 10
SELECT 9
001+ 01Hz 1Hz 10Hz 100Hz §1KHz® ANALOGUE
NN OUTPUT
1 i100n ion [in Joop zon| oy
TITIIT T
o OV
Fig. 8 WAVEFORM GENERATOR 6571

This will produce stable, linear, sawtooth and triangle waveforms.

RAMP AND COMPARE A TO D

ONVERTER

A simple ramp and compare A to D converter can be constructed using the ZN435 and an external

comparator, as shown in figure 9.

o — 0 +5V
10K 390
STATUS
17 18
16
L5 1
1%
DIGITAL
13 ZN435 BT
12
n 8
10
RESET/START ~LI™ 5
o127 =]
1N mim wbm (220N
O— TT —o0 OV
Fig. 9 RAMP AND COMPARE ADC 6572
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The counter is set to count up from zero, producing a positive-going ramp at the analogue output.
When the ramp voltage exceeds the analogue input the comparator output will go high, inhibiting the
clock and stopping the counter. The converter can be reset and re-started by applying a low-going

pulse to the reset input.

The basic analogue input range is 0 — Ve , butotherranges canbe accommodated by adding an attenuator

to the comparator input. The comparator offset adjustment can be used for zero adjustment. Note
that in this circuit the mode input is tied low to make the counter stop at full-scale. This prevents the

counter cycling in the event of an overrange input.

TRACKING A TO D CONVERTER

The on-chip up-down counter allows the ZN435 to be configured very simply as a tracking A to D

converter using an external comparator, as shown in figure 10.

GAIN
ADJUST

ZERO
ADJUST

36K

7K5

N

WINDOW

_L—PADJUST

5V

5K
‘;Nz.zz. >

IN914

-}
I C A
ZIN4L24
1%5

220n
-

[ _Loop

J

ZN435

DIGITAL
DATA

Fig. 10 TRACKING ADC

-QOov
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In this circuit two ZN424 op amps are used to make a window comparator. This has a deadband equal
to one LSB of the DAC output (10mV), which is set by adjusting the offset of A1 until its threshold
is 10mV above that of A2.

Whenever the analogue voltage is above the threshold of A1 the counter will count up so that the
DAC output increases to follow the analogue voltage. Whenever the analogue voltage is below the
threshold of A2 the counter will count down to make the DAC follow the analogue voltage. When
the analogue voltage is between the two thresholds the outputs of A1 and A2 will be high and the
counter will be stopped.

The circuit here has an analogue input range of +10V. Other ranges may be accommodated by suitable
choice of input resistors.

Note that in this circuit the mode input is tied low. This causes the counter to stop when full-scale

or zero is reached, i.e. when the analogue input exceeds plus or minus full-scale. Without this feature
the counter would simply cycle continuously.

PIN CONNECTIONS

o8, [1] U 18] Vee
[17] cLock Rre

16 | MODE

[15] own
ZN435 [14] up

DATA
INPUTS/OUTPUTS

FLELF [ FLE

13| RESET
E VREF ouT
DB, [ 8 11] ANALOGUE OUTPUT
GND [ 9 _1_?] VREF IN
6574
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FE RRANTI D-A CONVERTER
semiconductors ZN436E/J

Low Cost 6 Bit Monolithic D to A Converter

FEATURES

® 6-bit Accuracy

® ZN436E Commercial Temp. Range 0°C to +70°C
® ZN436J Military Temp. Range —55°C to + 125°C
® TTL and 5V CMOS Compatible

® Single + 5V Supply

® Settling Time 1 usec. Typical

® Designed for low-cost applications

DESCRIPTION

The ZN436 is a manolithic 6-hit digital to analogue converter containing an R-2R ladder network of

diffused resistors with precision bipolar switches.

R-2R LADDER 4 OSE%STGUE
OVc,g7
T S S N W
VREF 5 SWITCHES
INPUT
1 [12 I3 |1 2 3
4 4 4 4 4 4
O 0 O O O o©
6 5 4 3 2 BIT1 (MSB)
DIGITAL INPUTS

39¢c

Fig. 1. SYSTEM DIAGRAM
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INTRODUCTION

The ZN436 is a 6-bit digital to analogue converter. It contains an advanced design of R-2R ladder network
and an array of precision bipolar switches on a single monolithic chip.

Y
The special design of ladder network results in full 6-bit accuracy using normal diffused resistors.

The converter is of the voltage switching type and uses an R-2R resistor ladder network as shown
in Fig. 2.

R(10kn) R R R PIN &
------ ANALOGUE
OUTPUT
}m 2R 2R 2R 2R
v
INPUT O— ' L aer '
[ T —womee = [ 4 L
SWITCHES
0OVOUTS , | !
Vos DBO DB1 DB4 DB5
MSB 6000

Fig. 2 THE R-2R LADDER NETWORK

Each 2R element is connected either to OV or Vgee by transistor switches specially designed for low
offset voltage (typically 1 millivolt).

Binary weighted voltages are produced at the output of the R-2R ladder, the value depending on the
digital number applied to the bit inputs.

An external fixed or varying reference is required which should have a slope resistance less than 2 ohms.

Suggested external reference sources are the ZN404 or one of the ZN458 range. Each ZN404 is capable
of supplying up to five ZN436 circuits and this is increased to ten for the ZN458 range.
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ORDERING INFORMATION

Operating Temperature | 6-bit accuracy Package
0 to +70°C ZN436E Plastic
—551t0 +125°C ZN436J Ceramic

ABSOLUTE MAXIMUM RATINGS

Supply voltage V¢ . . . +7.0 volts
Max. voltage, logic and Vggg inputs . .. +5.5 volts
Storage temperature range . . .. —551to +125°C

CHARACTERISTICS (at T,,,,=25°C and Vo= + 5 volts unless otherwise specified).

Parameter Symbol| Min. Typ. | Max.| Units Conditions
Converter
Resolution — — bits
Accuracy (useful resolution)
ZN436J 6 — - bits Vger input
=2.0 to 3.0 volts
ZN436E 6 — — bits
Non-linearity - — +0.5| L.S.B. Note 1
Differential non-linearity - +0.5 - L.S.B. Note 2
Settling time to 0.5 L.S.B. - 1.0 — Ms 1 L.S.B. step
Settling time ot 0.5 L.S.B. - 2.0 — Ms All bits ON to OFF
or OFF to ON
Offset voltage ZN436J Vos — 5.0 8.0 mV All bits OFF
Note 1
ZN436E — 3.0 5.0 mV
1" Vgs temperature coefficient — 5 — | uv/ec
Full scale output 2.510 | 2.520 |2.530| volts All bits ON
Ext VREF=
2.560V
Full scale temp. coefficient — 3 — | ppm/°C Ext. Vggr=
2.560V
Non-linearity temp. coeff. - 7.5 — | ppm/°C Relative to F.S.R.

1-63



ZN436E/J

CHARACTERISTICS (continued)

Parameter Symbol| Min. Typ. | Max. | Units Conditions
Analogue output resistance Ro - 10 - k2
External reference voltage ¢} - 3.0 volts
Supply voltage Vee 4.5 - 5.5 volts
Supply current lg. — 5 9 mA
High level input voltage ViH 2.0 — — volts
Low level input voltage Vi — — 0.7 volts
High level input current Vi — — 10 MA Ve =max.,
V,=2.4V
— — 100 HA Vcc =max.,
V,=5.5V
Low level input current n - - —0.18| mA Ve =max.,
V,=0.3V

APPLICATIONS

1. 6-bit D to A Converter

The ZN436 gives an analogue voltage output directly from pin 4 therefore the usual current to voltage
converting amplifier is not required. The output voltage drift, due to the temperature coefficient of
the Analogue Output Resistance R, will be less than 0.004% per °C (or 1 L.S.B./100°C) if R,_is chosen

to be=>650k{2

In order to remove the offset voltage and to calibrate the converter a buffer amplifier is necessary.
Fig. 3 shows a typical scheme using the internal reference voltage. To minimise temperature drift in
this and similar applications the source resistance to the inverting input of the operational amplifier

should be approximately 6k(2. The calibration procedure is as follows:

i. Set all bits to OFF (low) and adjust R, until V,,,=0.000V.
ii. Set all bits to ON (high) and adjust R, until V,,= Nominal full scale reading —1 L.S.B.

iii. Repeat i. and ii.




ZN436E/J

+5V 1
L7k 0-01pF
Set 68.n
4 \\ Zero
Bit 3 1 1 |
-1M
Bit 2—2 B3——Bit4 \ ZRZ ~
Bit 1—3 12— Bit5 ¥ 5 Analogue
u
v 4 1 p— Bitd 3 ZN624P 6 Output
REF INo— 5 10|N.C. 7 8-8kn
(2.5V NOMINAL) N.Cl6 9|N.C. 100pF :L
R1
7 8|N.C. 5k-rkr§,g(.R.
18k
oV
/7L ey 5997

Fig. 3 6-BIT DIGITAL TO ANALOGUE CONVERTER

Alternative Output Buffer using the ZLD741

The following circuit, employing the ZLD741 operational amplifier, ma

(Fig. 3).

IN436
Pin 4

Fig. 4 THE ZLD741 AS OUTPUT BUFFER

y be used as the output buffer



ZN436E/J
PIN CONNECTIONS

BIT 31 I: U :lm +Vee (+5 volts)
BIT 2 ZE j\fﬂ BIT 4
(MSB)BIT 1 3[ j‘l? BITS
Analogue Output LE :]H BIT 6

66596



2. Analogue-to-Digital Converters

Contents
page

Selection Guide 2-3
Orientation 2-5
ZN 425, see D/A
ZN 427 2-17
ZN 432 2-35
ZN 432E 2-45
ZN 433 2-53
ZN 435, see D/A
ZN 440 2-63
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ZN 448 2-75
ZN 449 2-75
ZN 450 2-97
ZNA 116 2-121
ZNA 216 2-135
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2. ANALOGUE TO DIGITAL CONVERTERS

An analogue to digital Converter (ADC) is a device which converts an
analogue input into a corresponding digital output code.
2.1 Ideal Output Characteristics

Assuming a unipolar input voltage and binary coded output, the
transfer function of an ideal n-bit ADC is given by:

VFS (B1.2-1 ”{’” 82.2-2 ‘+ e +Bn.2-n) == Vin :t';'LSB

8
s
L
74 ———
e
//l
6T |-7'—’
\7
71
/
5T i
Vg
4
e
Lt ——
\’
71
s
3t ——
%
sl
/
2+ '_/__l
|/
/1
/
14 '/_l
%
//‘
gt + } + t t +
1 1 3 1 5 3 7
I_‘B 4 8 2 8 4 8 F.S.
—
1
2Ls.B. 6040

Fig. 9. Ideal 3-bit ADC Transfer Characteristic

The transfer function of an ideal 3-bit ADC is shown in figure 9. In this
case there are 8 digital output codes corresponding to the 8 input codes
of a DAC. However, unlike the analogue output of a DAC, the analogue
input of an ADC can vary continuously, which means that each digital
output code, with the exception of 0 and 7, exists over an analogue
increment of 1 LSB. The zero of an ADC is usually trimmed so that the
transitions between codes occur 4+ LSB on either side of the nominal
analogue input for a particular code. For example, the nominal input
for output code 2 is § Ves. The transition from 1 to 2 occurs at % Vg
and the transition from 2 to 3 occurs at % V.

As with a DAC, an ‘ideal’ straight line may be drawn through the
transfer characteristic of an ADC.



A to D Converters

2.2

2.2.1

Practical A to D Conversion Methods

There are many methods of performing an analogue to digital con-
version. Although not all of these methods are used in the current range
of Ferranti A-D converters, they are all, nonetheless, mentioned for the
sake of completeness.

Parallel (Flash) Conversion

In an n-bit parallel converter (Fig. 10) a resistor ladder is used to
generate 2" —1 voltage levels from 1 LSB to (2" —1) x LSB which are
fed to the reference inputs of 2" —1 voltage comparators. The analogue
input signal is fed to the second input of each comparator, and is thus
compared simultaneously with each of the 2" -1 voltage levels. At
the point in the comparator chain where the reference voltage exceeds
the input voltage the comparator outputs will change over from low to
high. The comparator outputs are encoded into whatever digital
output coding is required.

VRer

—oBIT!

>
.
——Y
- Y
ENCODING
LOGIC
| .
1
1
1
|
1]
1
i

F—-o0 BIT n

6041

Fig. 10. Parallel A-D Converter



2.2.2

VIN

A to D Converters

Since the only delays involved in the conversion are the propagation
delay of one comparator plus the logic propagation delays, parallel
converters are very fast and may perform in excess of 10 million
conversions per second. However, due to the large number of
comparators required (63 for a 6-bit converter, 255 for an 8-bit
converter) they are expensive to produce. Applications include digital
video systems, digital storage oscilloscopes and radar data processing.

Staircase and Comparator

In this type of ADC the input code of a DAC is incremented by a binary
counter to give a staircase waveform, as shown in figure 11. This is
compared with the analogue input and when the staircase exceeds the
analogue voltage the comparator output changes state and stops the
clock. The count reached by the binary counter is thus the ADC output
code. This method of A to D conversion is relatively simple and cheap,
but is also relatively slow, requiring 2" —1 clock pulses for a full scale
conversion, where n is the number of bits. This conversion method is
used in the ZN425 series of dual-purpose D-A/A-D converters.

LI

? CLOCK

| CONTROL

»— n-BIT COUNTER
LOGIC

STAIRCASE OQUTPUT

j

]

CONVERSION ]
" START + i-|-|-|-|---©
CONVERSION R o N

I I

FROM ADC : :

|
L
L

- ~END ,
OF i OBIT1
02

+——o0BITn

a

n-BIT DAC

6042

Fig. 11. Staircase (Ramp) and Compare ADC
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2.2.3 Tracking Converters

As its name implies, a tracking converter can follow changing analogue
inputs. The principle operation is similar to that of the staircase and
compare type of converter, but it uses an up/down counter and a
window comparator, as shown in figure 12. When the DAC output is
less than the analogue input the comparator instructs the counter to
count up and the DAC output thus increases. If the DAC output is
greater than the analogue input the comparator causes the counter to
count down, thus decreasing the DAC output. When the DAC output is
equal to the analogue input -+ + LSB, the input is within the "'window’
of the comparator and the counter is stopped. This is illustrated in
figure 13. A tracking converter has speed advantages over a staircase
and compate type, since the counter of the latter type can only count
up, and must therefore be reset between conversions. In the case of a
tracking converter, once it has performed an initial conversion starting
from zero, any subsequent conversions require only that number of
clock pulses necessary to track any increase or decrease in input
voltage.

LI

ﬁT’CLOCK
n-BIT UP-DOWN
COUNTER

l ‘. l oBIT !

—— )

T —o

& -l-|-j----0
DAC OUTPUT R
TRACKING INPUT | e
SIGNAL i °

[ i ¢+—oOBITn

11

n - BIT DAC

6043

Fig. 12. Tracking ADC

As an extreme example consider an analogue input that changes from
Veso to (Veso =1 LSB). The staircase and compare converter will
require 2" -1 clock pulses for the first conversion and 2" -2 clock
pulses for the second conversion. The tracking converter on the other
hand, will require 2" —1 clock pulses for the first conversion but only
one clock pulse for the second conversion. This is illustrated in figure
14.
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Fig. 13. Operation of Tracking ADC
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Fig. 14. Comparison of ramp and compare and tracking ADCs



A to D Converters

2—-10

2.24

In general it can be said that a tracking converter will follow signals
whose rate of change is less than +1 LSB x clock frequency. If this
condition is met there is no need to use a sample-and-hoid circuit on
the analogue input.

A tracking technique is used in the ZN433 series of converters.

Successive Approximation Converters

The operation of a staircase ard compare ADC is analogous'to
weighing, say an 11 gramme weight, on a balance by adding one
gramme weights until the scale tips, which is clearly a very slow
method. A faster procedure, known as successive approximation, uses
weights of 16, 8, 4, 2 and 1 grammes. The 16 gramme weight is tried
first and is discarded because it tips the scale. The 8 gramme weight is
tried next, and is left on the pan. Next the 4 gramme weight is tried and
discarded, and the 2 and 1 gramme weights are tried and retained. The
final result is the sum of the weights remaining on the scale pan, and
the operation has taken 5 ‘cycles’ as opposed to 11 ‘cycles’ for the
staircase and compare method.

The principle of a successive approximation ADC is identical. The
MSB of a DAC is first set to ‘1° and the output is compared to the
analogue input. If it is greater than the input the MSB is reset to ‘0’,
otherwise it is left at “1°. The next bit is then set to ‘1° and the DAC
output is again compared to the analogue input. Again it is either reset
or left at ‘1’ depending on the result of the comparison. This procedure
is repeated for every bit down to the LSB, and the final input code to
the DAC is the output code of the ADC. A successive approximation
cycle is illustrated in figure 15.

20

OUTPUT OF

AD.C's DAC
16

AD.C. OUTPUT CODE

12

\\

ANALOGUE INPUT

0 1 2 3 13 S
—_—
6045 CLOCK PULSE

Fig. 15. Operation of a Successive Approximation ADC
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Successive approximation is used in the ZN427 and ZN432 series of
converters.

2.2.5 Dual Slope Converters

Dual slope integration is one of the slowest methods of A to D
conversion, but it offers high resolution at a modest cost.

A block diagram of a dual-slope converter is shown in figure 16. It
operates in the following manner: Switch S1 is closed by the control
logic, S4 is opened and the input voltage is integrated for n clock
periods, where n is usually the maximum count of the counter. At the

end of this time the integrator output voltage, Vg, is:—\%F£ where T,
is the clock period. This is shown in figure 17.
-VRer VIN *VREF
S3\ S1\ S2\------ T —— -
o |
S4(RESET) !
o 0—' |—-<» !
C I
>4 ~_|CONTROL [*
(;IOMPARATO > LOGIC R COUNTER
i CLOCK

6046

Fig. 16. Dual-Slope ADC

N ~E sl A
i

During this period the polarity of the input signal is detected by the
comparator. At the end of the integration period S1 is opened and,
depending on the polarity of V,,, either S2 or S3 is closed to connect
the integrator to a reference voltage of opposite polarity to V..
The counter is now allowed to count from zero until the integrator
output reaches O volts, when the comparator output changes
state and the counter is stopped. Since the integration is over the
~Veee X T

, where x is the count
RC ©

same voltage range (Vp), Vo =

2—-11
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Fig. 17. Operation of Dual-Siope ADC

reached by the time the integrator output crosses zero. Thus
VinnTo _ Veaeex T
RC RC
Vin.N
Vieer

Since n and Vgzer are both fixed the output count is proportional to
the input voltage. Since both the first and second integrations occur
under identical conditions the converter is unaffected by any long-
term variations in T;, R or C, as demonstrated by the disappearance of
these terms from the final equation. The only factors affecting the
accuracy of the converter are (1) the stability of Vgee (2) the stability of
the ‘on’ resistance of S1 to S3 and (3) drift in the integrator and
comparator op-amps. These effects can be minimised by careful
design.

or X =

Dual slope converters are generally used where high resolution and
low cost are more important than speed, for example in digital
voltmeters.

The ZNA116 and ZNA216 are DVM logic subsystems containing the
clock, counter and all control logic necessary for dual slope converter
or DVM.
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2.3 A to D Parameters and Definitions

2.3.1 A to D Converter Errors

Like DACs, practical ADCs are subject to a number of error sources,
and since most ADCs contain a reference DAC, many of these error
sources are the same for both types of converter.
2.3.2 Quantising Error (Uncertainty)
Quantising error is an ADC specification that has no counterpart in
DAC specifications. For each input code of a DAC there is a unique
analogue output level, but for any ADC output code there is a 1 LSB
range of analogue input levels. It is thus not possible to tell from the
output code the precise value of the analogue input level, there being a
quantising error or uncertainty of ++ LSB. Since all ADCs have this
inherent quantising error the parameter is frequently not quoted in
specifications.
2.3.3 Missing Codes

Missing codes are perhaps best explained by considering the operation
of a staircase and compare type 3-bit ADC which has a non-monotonic
DAC, as shown in figure 18. The reference DAC exhibits non-
monotonicity at input code 4, i.e. step 4 of the staircase decreases.
There is thus no way in which the counter can be stopped at this code.
If the analogue input is less than the DAC output for code 3 then the
comparator will stop the counter before 4 is reached. If the analogue
input is greater than output 3 it must also be greater than output 4, so
the comparator will not change state at code 4.

VEs.
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1 1
2LS8. DIGITAL INPUT
zeRO Y . T L
OFFSET ¢ ' ' 8

Fig. 18. Non-monotonic DAC used in an ADC
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2—14

2.3.4

2.3.5

2.3.6

Output code 4 will thus never appear and is known as a ‘missing’ code.
The transfer function of an ADC with a missing code is shown in
figure 19.

8 r

w
\\ DIGITAL OUTPUT

MISSING CODE
4
3
2
1
ANALOGUE INPUT
0
0 F. S.
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Fig. 19. ADC With Missing Code

Zero Transition

As explained earlier, the zero of an ADC is usually trimmed so that the
output transition from O to 1 occurs at an input level corresponding to

3+ LSB, i.e. 3'-\% However, as supplied the reference DAC of an ADC

I.C. will not have the 4 LSB offset necessary to achieve this. The zero
transition will thus occur at 1 LSB plus the DAC zero error, plus the
comparator offset voltage. These three parameters are frequently
lumped together as the (untrimmed) zero transition of the ADC.

Gain Error

This is the difference between the slope of a line drawn between the
actual zero and full scale transition points and that of a line drawn
through the ideal transition points.

Non-linearity (Linearity Error)

Non-linearity is the maximum amount by which any actual transition
points deviates from the corresponding ideal transition point. It is
specified as a percentage of full-scale or a fraction of an LSB. A
linearity error of less than 44 LSB assures no missing codes.
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2.3.8

2.3.9

A to D Converters

Differential Non-lin