ANALOG
DEVICES

8-/10-/12-/14-Bit High Bandwidth
Multiplying DACs with Serial Interface

AD5450/AD34351/AD3452/AD34353

FEATURES

12 MHz multiplying bandwidth

Integral nonlinearity (INL) of +0.25 LSB at 8-bit
8-lead TSOT and MSOP packages

2.5V to 5.5V supply operation

Pin-compatible 8-/10-/12-/14-bit current output DACs
+10V reference input

50 MHz serial interface

2.7 MSPS update rate

Extended temperature range: -40°C to +125°C
4-quadrant multiplication

Power-on reset with brownout detect

<0.4 pA typical current consumption
Guaranteed monotonic

Qualified for automotive applications

APPLICATIONS

Portable battery-powered applications
Waveform generators

Analog processing

Instrumentation applications
Programmable amplifiers and attenuators
Digitally controlled calibration
Programmable filters and oscillators
Composite video

Ultrasound

Gain, offset, and voltage trimming
Qualified for automotive applications

GENERAL DESCRIPTION

The AD5450/AD5451/AD5452/AD5453" are CMOS 8-/10-/12-/
14-bit current output digital-to-analog converters (DACs), respect-
tively. These devices operate from a 2.5 V to 5.5 V power supply,
making them suited to several applications including battery-
powered applications.

As a result of manufacture on a CMOS submicron process, these
DAC:s offer excellent 4-quadrant multiplication characteristics
of up to 12 MHz.

These DACs use a double-buffered, 3-wire serial interface that
is compatible with SPI, QSPI™, MICROWIRE™, and most digital
signal processor (DSP) interface standards. Upon power-up, the
internal shift register and latches are filled with 0s, and the DAC
output is at zero scale.

"U.S. Patent Number 5,689,257.

Rev.H Document Feedback
Information furnished by Analog Devices is believed to be accurate and reliable. However, no
responsibility is assumed by Analog Devices for its use, nor for any infringements of patents or other
rights of third parties that may result fromits use. Spedfications subject to change without notice. No
license is granted by implication or otherwise under any patent or patent rights of Analog Devices.
Trademarks and registered trademarks are the property of their respective owners.

FUNCTIONAL BLOCK DIAGRAM

Vop VREF
) )
J S
R
AD5450/
AD5451/ 8-/10-/12-/14-BIT REF
AD5452/  |8/101214-81] Y lourl
AD5453
POWER-ON
RESET ‘
SYNC CONTROL LOGIC
SCLK AND INPUT SHIFT
SDIN REGISTER g
) g
J
GND
Figure 1.

The applied external reference input voltage (Vrzr) determines
the full-scale output current. These devices can handle +10 V
inputs on the reference, despite operating from a single-supply
power supply of 2.5 V to 5.5 V. An integrated feedback resistor
(Res) provides temperature tracking and full-scale voltage
output when combined with an external current to voltage
precision amplifier.

The AD5450/AD5451/AD5452/AD5453 DACs are available in
small 8-lead TSOT, and the AD5452/AD5453 are also available
in MSOP packages. The AD5453 also comes in 8-lead LFCSP.
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AD5450/AD5451/AD3452/AD5433

SPECIFICATIONS

Vop =2.5V t0 5.5V, Vrer = 10 V. Temperature range for Y version: —40°C to +125°C. All specifications Twi to Tmax, unless otherwise
noted. DC performance measured with OP177 and ac performance measured with AD8038, unless otherwise noted.

Table 1.
Parameter Min Typ Max Unit Test Conditions/Comments
STATIC PERFORMANCE
AD5450
Resolution 8 Bits
Relative Accuracy +0.25 LSB
Differential Nonlinearity +0.5 LSB Guaranteed monotonic
Total Unadjusted Error +0.5 LSB
Gain Error +0.25 LSB
AD5451
Resolution 10 Bits
Relative Accuracy +0.25 LSB
Differential Nonlinearity +0.5 LSB Guaranteed monotonic
Total Unadjusted Error +0.5 LSB
Gain Error +0.25 LSB
AD5452
Resolution 12 Bits
Relative Accuracy +0.5 LSB
Differential Nonlinearity +1 LSB Guaranteed monotonic
Total Unadjusted Error +1 LSB
Gain Error +0.5 LSB
AD5453
Resolution 14 Bits
Relative Accuracy +2 LSB
Differential Nonlinearity -1/+2 LSB Guaranteed monotonic
Total Unadjusted Error +4 LSB
Gain Error +2.5 LSB
Gain Error Temperature Coefficient! +2 ppm FSR/°C
Output Leakage Current +1 nA Data = 0x0000, Ta = 25°C, lour1
+10 nA Data = 0x0000, Ta = —40°C to +125°C, lour1
REFERENCE INPUT!
Reference Input Range +10 \
Vrer Input Resistance 7 9 1 kQ Input resistance, TC = =50 ppm/°C
Rrs Feedback Resistance 7 9 1 kQ Input resistance, TC = =50 ppm/°C
Input Capacitance
Zero-Scale Code 18 22 pF
Full-Scale Code 18 22 pF
DIGITAL INPUTS/OUTPUTS'
Input High Voltage, Vi 2.0 \% Vop=3.6Vto5V
1.7 Vv Vop=25Vto3.6V
Input Low Voltage, Vi. 0.8 Vv Vop=2.7Vto 55V
0.7 Vv Vob=25Vto2.7V
Output High Voltage, Von Voo — 1 \% Vop =4.5V to 5V, Isource = 200 pA
Voo —0.5 Vv Vop =25V t0 3.6V, Isource = 200 pA
Output Low Voltage, Vor 0.4 Vv Voo =4.5Vto 5V, Isink =200 pA
0.4 \' Vobo=2.5V10 3.6V, Isink =200 pA
Input Leakage Current, I +1 nA Ta=25°C
+10 nA Ta=-40°Cto +125°C
Input Capacitance 10 pF
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AD5450/AD35451/AD3452/AD5453

Parameter Min Typ Max Unit Test Conditions/Comments
DYNAMIC PERFORMANCE!
Reference Multiplying BW 12 MHz Vrer = 3.5V, DAC loaded with all 1s
Multiplying Feedthrough Error Vrer = 3.5V, DAC loaded with all Os
72 dB 100 kHz
64 dB 1 MHz
44 dB 10 MHz
Output Voltage Settling Time Vrer = 10V, Rioap = 100 Q; DAC latch alternately
loaded with O0s and 1s
Measured to £1 mV of FS 100 110 ns
Measured to +4 mV of FS 24 40 ns
Measured to 16 mV of FS 16 33 ns
Digital Delay 20 40 ns Interface delay time
10% to 90% Settling Time 10 30 ns Rise and fall times, Vrer = 10V, Rioan = 100 Q
Digital-to-Analog Glitch Impulse 2 nV-s 1 LSB change around major carry, Vrer =0V
Output Capacitance
lout1 13 pF DAC latches loaded with all Os
28 pF DAC latches loaded with all 1s
lout2 18 pF DAC latches loaded with all Os
5 pF DAC latches loaded with all 1s
Digital Feedthrough 0.5 nV-s Feedthrough to DAC output with CS high and
alternate loading of all 0s and all 1s
Analog THD 83 dB Vrer = 3.5V p-p, all 1s loaded, f=1 kHz
Digital THD Clock =1 MHz, Vrer =3.5V
50 kHz four 71 dB
20 kHz four 77 dB
Output Noise Spectral Density 25 nV/vHz At 1 kHz
SFDR Performance (Wide Band) Clock=1MHz, Vrer = 3.5V
50 kHz four 78 dB
20 kHz four 74 dB
SFDR Performance (Narrow Band) Clock=1MHz, Vrer = 3.5V
50 kHz four 87 dB
20 kHz four 85 dB
Intermodulation Distortion 79 dB fi=20kHz, f, =25 kHz, clock =1 MHz, Vrer = 3.5V
POWER REQUIREMENTS
Power Supply Range 2.5 55 \%
lop 0.4 10 MA Ta=—-40°C to +125°C, logic inputs =0V or Vop
0.6 MA Ta=25°C, logic inputs =0V or Voo
Power Supply Sensitivity' 0.001 %/% AVop = £5%

" Guaranteed by design and characterization, not subject to production test.
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AD5450/AD5451/AD3452/AD5433

TIMING CHARACTERISTICS

All input signals are specified with tr = tr = 1 ns (10% to 90% of Vop) and timed from a voltage level of (Vi + Viu)/2. Vop =2.5V t0 5.5V,
Vrer = 10V, temperature range for Y version: —40°C to +125°C. All specifications Tm to Tmax, unless otherwise noted.

Table 2.

Parameter’ Vop=2.5Vto 5.5V Unit Description

fscik 50 MHz max Maximum clock frequency

t 20 ns min SCLK cycle time

t2 8 ns min SCLK high time

ts 8 ns min SCLK low time

ta 8 ns min SYNC falling edge to SCLK active edge setup time

ts 5 ns min Data setup time

te 4.5 ns min Data hold time

t7 5 ns min SYNC rising edge to SCLK active edge

ts 30 ns min Minimum SYNC high time

Update Rate 2.7 MSPS Consists of cycle time, SYNC high time, data setup, and
output voltage settling time

" Guaranteed by design and characterization, not subject to production test.
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Figure 2. Timing Diagram
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AD5450/AD35451/AD3452/AD5453

ABSOLUTE MAXIMUM RATINGS

Transient currents of up to 100 mA do not cause SCR latch-up.

Ta = 25°C, unless otherwise noted.

Table 3.
Parameter Rating
Voo to GND -03Vto+7V
Vrer, Rrs to GND —-12Vto+12V
lour1 to GND -03Vto+7V
Input Current to Any Pin Except Supplies +10 mA
Logic Inputs and Output’ -0.3VtoVop+ 0.3V
Operating Temperature Range, Extended —40°C to +125°C
(Y Version)
Storage Temperature Range —-65°C to +150°C
Junction Temperature 150°C
0:;a Thermal Impedance
8-Lead MSOP 206°C/W
8-Lead TSOT 211°C/W
Lead Temperature, Soldering (10 sec) 300°C
IR Reflow, Peak Temperature (<20 sec) 235°C

Stresses at or above those listed under Absolute Maximum
Ratings may cause permanent damage to the product. This is a
stress rating only; functional operation of the product at these
or any other conditions above those indicated in the operational
section of this specification is not implied. Operation beyond
the maximum operating conditions for extended periods may
affect product reliability.

ESD CAUTION
ESD (electrostatic discharge) sensitive device.
Charged devices and circuit boards can discharge
without detection. Although this product features

patented or proprietary protection circuitry, damage

‘!ﬁ I\ may occur on devices subjected to high energy ESD.
Therefore, proper ESD precautions should be taken to

avoid performance degradation or loss of functionality.

" Overvoltages at SCLK, SYNC, and SDIN are clamped by internal diodes.
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AD5450/AD3451/AD3452/AD3433

PIN CONFIGURATIONS AND FUNCTION DESCRIPTIONS

Res [1] AD5450/ [8]lourt
Veer [2] AD5451/ [7]GND
oLl A% e
SYNC [4] 5] SDIN

Figure 3. 8-Lead TSOT Pin Configuration
loutl [1] (8] Res

onp[z] Apsasy/ [ Veer
scLk [3] AD5453 [&]Vpp

SDIN [4] [ 5] SYNC
Figure 4. 8-Lead MSOP Pin Configuration

04587-003

04587-004

lourl 1P 08 Res
AD5453
GND 2 07 Vger
TOP VIEW
SCLK 3P (Notto Scale) 06 Vpp
SDIN 4p 05 SYNC
NOTES

1. THE EXPOSED PAD MUST BE
CONNECTED TO GROUND.

Figure 5. 8-Lead LFCSP Pin Configuration

04587-205

Table 4. Pin Function Descriptions
Pin No'

TSOT | MSOP | LFCSP | Mnemonic | Description

1 8 8 Rrs DAC Feedback Resistor. Establish voltage output for the DAC by connecting to external
amplifier output.

2 7 7 Vrer DAC Reference Voltage Input.

3 6 6 Voo Positive Power Supply Input. These devices can operate from a supply of 2.5V to 5.5 V.

4 5 5 SYNC Active Low Control Input. This is the frame synchronization signal for the input data. Data is
loaded to the shift register upon the active edge of the following clocks.

5 4 4 SDIN Serial Data Input. Data is clocked into the 16-bit input register upon the active edge of the serial
clock input. By default, in power-up mode data is clocked into the shift register upon the falling
edge of SCLK. The control bits allow the user to change the active edge to a rising edge.

6 3 3 SCLK Serial Clock Input. By default, data is clocked into the input shift register upon the falling edge of
the serial clock input. Alternatively, by means of the serial control bits, the device can be configured
such that data is clocked into the shift register upon the rising edge of SCLK.

7 2 2 GND Ground Pin.

8 1 1 lour1 DAC Current Output.

N/A N/A EPAD EPAD Exposed pad must be connected to ground.

"N/A = not applicable.
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AD5450/AD35451/AD3452/AD5453

TYPICAL PERFORMANCE CHARACTERISTICS
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Figure 6. INL vs. Code (8-Bit DAC)
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Figure 7. INL vs. Code (10-Bit DAC)
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Figure 8. INL vs. Code (12-Bit DAC)
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AD5450/AD5451/AD3452/AD5433

DNL (LSB)

DNL (LSB)

INL (LSB)

1.0

0.8

0.6

0.4

0.2

0 512

2.0

16

12

0.8

0.4

1.00

0.75

0.50

0.25

-0.25

-0.50

-0.75

-1.00
2

Tp=25°C
VRer = 10V

Vpp = 5V

04587-026

2048
CODE

1024 1536 2560 3072

Figure 12. DNL vs. Code (12-Bit DAC)

2584

4096

Ta = 25°C
VRer = 10V

Vpp = 5V

04587-027

0 2048

4096 6144

CODE
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8192 10240 12288 14336 16384

T
Ta=25°C

- Vpp = 5V
AD5452

MAX INL
NN

MIN INL

04587-070

3 4 5 6 7 8
REFERENCE VOLTAGE (V)

Figure 14. INL vs. Reference Voltage

10

DNL (LSB)

TUE (LSB)

TUE (LSB)

Rev. H | Page 9 of 28

2.0 T
Tp = 25°C
15 |~ Vpp =5V
AD5452
1.0
05 MAX DNL
o
MIN DNL
-05
-1.0
-15 g
-2.0 3
2 3 4 5 6 7 8 9 10
REFERENCE VOLTAGE (V)
Figure 15. DNL vs. Reference Voltage
05
Tp =25°C
0.4 | Vgrer = 10V
Vpp =5V
0.3 | AD5450
0.2
01
0 N v S = A
0.1
0.2
-03
04 8
-05 &
0 32 64 96 128 160 192 224 256
CODE
Figure 16. TUE vs. Code (8-Bit DAC)
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Figure 17. TUE vs. Code (10-Bit DAC)




AD5450/AD35451/AD3452/AD5453

1.0

0.8

0.6

0.4

0.2

TUE (LSB)
o

2.0

1.6

12

0.8

0.4

INL (LSB)
o

Tp =25°C

VRee = 10V

Vpp = 5V

-\._\
0 512 1024 1536 2048 2560 3072 2584 4096
CODE
Figure 18. TUE vs. Code (12-Bit DAC)
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Figure 19. TUE vs. Code (14-Bit DAC)
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Figure 20. TUE vs. Reference Voltage
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Figure 22. Gain Error (LSB) vs. Reference Voltage
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TERMINOLOGY

Relative Accuracy (Endpoint Nonlinearity)

A measure of the maximum deviation from a straight line passing
through the endpoints of the DAC transfer function. It is mea-
sured after adjusting for zero and full scale and is normally
expressed in LSBs or as a percentage of the full-scale reading.

Differential Nonlinearity

The difference between the measured change and the ideal 1 LSB
change between any two adjacent codes. A specified differential
nonlinearity of —1 LSB maximum over the operating temperature
range ensures monotonicity.

Gain Error (Full-Scale Error)

A measure of the output error between an ideal DAC and the
actual device output. For these DACs, ideal maximum output is
Vrer — 1 LSB. Gain error of the DACs is adjustable to zero with
external resistance.

Output Leakage Current

The current that flows into the DAC ladder switches when it is
turned off. For the Iourl terminal, it can be measured by loading
all 0s to the DAC and measuring the Iourl current.

Output Capacitance
Capacitance from Iourl to AGND.

Output Current Settling Time

The amount of time it takes for the output to settle to a specified
level for a full-scale input change. For these devices, it is specified
with a 100 Q resistor to ground. The settling time specification
includes the digital delay from the SYNC rising edge to the full-

scale output change.

Digital-to-Analog Glitch Impulse

The amount of charge injected from the digital inputs to the
analog output when the inputs change state. This is normally
specified as the area of the glitch in either pA-s or nV-s, depending
on whether the glitch is measured as a current or voltage signal.

Digital Feedthrough

When the device is not selected, high frequency logic activity
on the device’s digital inputs may be capacitively coupled
through the device and produce noise on the Iour pins. This
noise is coupled from the outputs of the device onto follow on
circuitry. This noise is digital feedthrough.

Multiplying Feedthrough Error

The error due to capacitive feedthrough from the DAC
reference input to the DAC Iourl terminal when all Os are
loaded to the DAC.

Total Harmonic Distortion (THD)

The DAC is driven by an ac reference. The ratio of the rms sum
of the harmonics of the DAC output to the fundamental value is
the THD. Usually only the lower-order harmonics, such as
second to fifth, are included.

JV2 V24V, V2
VI

THD =20 log

Digital Intermodulation Distortion (IMD)

Second-order intermodulation measurements are the relative
magnitudes of the fa and fb tones generated digitally by the
DAC and the second-order products at 2fa — fb and 2fb - fa.

Compliance Voltage Range
The maximum range of (output) terminal voltage for which the
device provides the specified characteristics.

Spurious-Free Dynamic Range (SFDR)

The usable dynamic range of a DAC before spurious noise
interferes or distorts the fundamental signal. SFDR is the
measure of difference in amplitude between the fundamental
and the largest harmonically or nonharmonically related spur
from dc to full Nyquist bandwidth (half the DAC sampling rate
or fs/2). Narrow band SFDR is a measure of SFDR over an
arbitrary window size, in this case 50% of the fundamental.
Digital SFDR is a measure of the usable dynamic range of the
DAC when the signal is a digitally generated sine wave.
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GENERAL DESCRIPTION
DAC SECTION

The AD5450/AD5451/AD5452/AD5453 are 8-/10-/12-/14-bit
current output DACs, respectively, consisting of a segmented
(4-bit) inverting R-2R ladder configuration. A simplified
diagram for the 12-bit AD5452 is shown in Figure 43.

by
[£$

D)
1«

DAC DATA LATCHES $
AND DRIVERS AGND

04587-060

Figure 43. AD5452 Simplified Ladder

The feedback resistor, Res, has a value of R. The value of R is
typically 9 kQ (with a minimum value of 7 kQ) and a maximum
value of 11 kQ). If Iourl is kept at the same potential as GND, a
constant current flows in each ladder leg, regardless of digital
input code. Therefore, the input resistance presented at Vrer is
always constant and nominally of value R. The DAC output
(Iourl) is code dependent, producing various resistances and
capacitances. When choosing the external amplifier, take into
account the variation in impedance generated by the DAC on
the amplifier’s inverting input node.

Access is provided to the Vrer, Res, and Iourl terminals of the
DAC, making the device extremely versatile and allowing it to be
configured in several operating modes; for example, it can provide
a unipolar output or can provide 4-quadrant multiplication in
bipolar mode. Note that a matching switch is used in series with
the internal Res feedback resistor. If users attempt to measure
Res, power must be applied to Vo to achieve continuity.

CIRCUIT OPERATION
Unipolar Mode

Using a single operational amplifier, these devices can easily be
configured to provide a 2-quadrant multiplying operation or a
unipolar output voltage swing, as shown in Figure 44. When an
output amplifier is connected in unipolar mode, the output
voltage is given by

Vour = Y X Veer
where:
D is the fractional representation of the digital word loaded to
the DAC.
D =0to 255 (8-bit AD5450).

=0 to 1023 (10-bit AD5451).

=0 to 4095 (12-bit AD5452).

=0 to 16,383 (14-bit AD5453).
n is the number of bits.

Note that the output voltage polarity is opposite to the Vrer
polarity for dc reference voltages.

AD5450/
AD5451/ lout1 Q -
QVrer  AD5452/ AL —o0

AD5453 Vour =0 TO —~Vger

SYNC SCLK SDIN
O—O

HCONTROLLER
NOTES

1.R1 AND R2 USED ONLY IF GAIN ADJUSTMENT IS REQUIRED.
2.C1 PHASE COMPENSATION (1pF TO 2pF) MAY BE REQUIRED
IF A1 IS A HIGH SPEED AMPLIFIER.

04587-009

Figure 44. Unipolar Mode Operation

These DACs are designed to operate with either negative or
positive reference voltages. The Voo power pin is only used by
the internal digital logic to drive the on and off states of the
DAC switches.

These DACs are designed to accommodate ac reference input
signals in the range of -10 V to +10 V.

With a fixed 10 V reference, the circuit shown in Figure 44 gives
a unipolar 0 V to —10 V output voltage swing. When Vix is an ac
signal, the circuit performs 2-quadrant multiplication.

Table 5 shows the relationship between the digital code and
the expected output voltage for a unipolar operation using the
8-bit AD5450.

Table 5. Unipolar Code Table for the AD5450

Digital Input Analog Output (V)

1M1 111 —Vrer (255/256)

1000 0000 —Vrer (128/256) = —Vrer/2
0000 0001 —Vrer (1/256)

0000 0000 —Vrer (0/256) =0
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Bipolar Mode

In some applications, it may be necessary to generate a full
4-quadrant multiplying operation or a bipolar output swing.
This can be easily accomplished by using another external
amplifier and some external resistors, as shown in Figure 45. In

When Vi is an ac signal, the circuit performs 4-quadrant
multiplication. Table 6 shows the relationship between the
digital code and the expected output voltage for a bipolar

operation using the 8-bit AD5450.

Table 6. Bipolar Code Table for the AD5450

this circuit, the second amplifier, A2, provides a gain of 2. Biasing

the external amplifier with an offset from the reference voltage
results in full 4-quadrant multiplying operation. The transfer
function of this circuit shows that both negative and positive
output voltages are created as the input data (D) is incremented

from Code 0 (Vour = — Vrer) to midscale (Vour — 0 V') to full
scale (Vour = +Vrer).

D
Vour = (VREF x 2,,__1J = Ver

where:
D is the fractional representation of the digital word loaded to
the DAC.
D =0to 255 (8-bit AD5450).
=0 to 1023 (10-bit AD5451).
=0 to 4095 (12-bit AD5452).
n is the resolution of the DAC.

Digital Input Analog Output (V)
1111111 +Vrer (127/128)
1000 0000 0

0000 0001 —Vrer (127/128)
0000 0000 —Vrer (128/128)
Stability

In the I-to-V configuration, the Iour of the DAC and the
inverting node of the operational amplifier must be connected
as close as possible, and proper printed circuit board (PCB)
layout techniques must be employed. Because every code change
corresponds to a step function, gain peaking may occur if the
operational amplifier has limited gain bandwidth product (GBP)
and there is excessive parasitic capacitance at the inverting node.
This parasitic capacitance introduces a pole into the open-loop
response, which can cause ringing or instability in the closed-
loop applications circuit.

An optional compensation capacitor, C1, can be added in parallel
with Res for stability, as shown in Figure 44 and Figure 45. Too
small a value of C1 can produce ringing at the output, and too
large a value can adversely affect the settling time. C1 should be
found empirically, but 1 pF to 2 pF is generally adequate for the
compensation.

R3
20kQ
Voo R2 RS
0 20kQ
Rep c1
AD5450/ R4
VReF AD5451/ lout1 Q - 10kQ
s10v O Y—OVRer  AD5452/ Al W=
AD5453 + +A2 Vout = —Vrer TO +Vrer
— I
v
AGND

NOTES
1.R1 AND R2 USED ONLY IF GAIN ADJUSTMENT IS REQUIRED.

ADJUST R1 FOR Vgyt = 0V WITH CODE 10000000 LOADED TO DAC.
2. MATCHING AND TRACKING IS ESSENTIAL FOR RESISTOR PAIRS

R3 AND R4.
3.C1 PHASE COMPENSATION (1pF TO 2pF) MAY BE REQUIRED
IF A1/A2 IS A HIGH SPEED AMPLIFIER.

04587-010

Figure 45. Bipolar Mode Operation (4-Quadrant Multiplication)
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SINGLE-SUPPLY APPLICATIONS
Voltage Switching Mode

Figure 46 shows these DACs operating in the voltage switching
mode. The reference voltage, Vi, is applied to the Iourl pin, and
the output voltage is available at the Vrer terminal. In this
configuration, a positive reference voltage results in a positive
output voltage, making single-supply operation possible. The
output from the DAC is voltage at a constant impedance (the
DAC ladder resistance); therefore, an operational amplifier is
necessary to buffer the output voltage. The reference input no
longer sees con