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1 Design Summary
The primary objective is to design a single-supply (5 V), 8-channel, analog input module. This design can
be used to measure bipolar voltage ranges of ±10 V, ±5 V, and ±2.5 V, unipolar voltage ranges of 0 V to
5 V and 0 V to 10 V, a bipolar current range of ±20 mA, and a unipolar current range of 4 mA to 20 mA.
The design also has a provision to measure temperature using resistance temperature detectors (RTDs).
The key specifications of the design are:
• System supply voltage: 5.5 V dc to 40 V dc
• ADC supply voltage (AVDD): 5 V dc
• Digital supply voltage (DVDD): 3.3 V dc
• Response time (for the ADC): 2 µs
• System input signal:

– Voltage inputs: ±10 V, ±5 V, ±2.5 V, 0 V to 5 V, 0 V to 10 V
– Current inputs: 4 mA to 20 mA, ±20-mA dc current
– Temperature input: Pt100 RTD (a 200-Ω potentiometer is used to simulate an RTD).

The design goals and performance are summarized in Table 1. The measured ac performance for voltage
inputs (±10 V) is illustrated in Figure 1.

Table 1. Comparison of Design Goal, Simulation, and Measured Performance

SIMULATED,
PARAMETER GOAL CALCULATED MEASURED

VOLTAGE INPUTS
Total error (% FSR), ±0.1% ±0.056% 0.042%without calibration For voltage ranges of ±10 V
Calibrated error ±0.05% — 0.002%
CURRENT INPUTS
Total error (% FSR), ±0.15% ±0.122% 0.028%without calibration For current ranges of ±20 mA
Calibrated error ±0.05% — 0.007%
TEMPERATURE INPUT
Total error (°C), ±2°C ±1.56°C 1.4°Cwithout calibration For temperature ranges of –40°C to 160°C
Calibrated error ±0.5°C — 0.38°C
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Figure 1. Transfer Characteristics for the ±10-V Voltage Input Range

2 Theory of Operation

2.1 Overview of the Programmable Logic Controller (PLC)
The PLC is a programmable logic controller used to control industrial processes and machines. A basic
PLC system consists of an analog input module, a CPU, and an analog output module. The analog input
module interfaces with sensors (pressure, temperature, flow, and so forth) and converts the analog sensor
output into digital. The CPU processes these digital values and provides a digital output that is converted
by the analog output module for the actuators to control the industrial process. An example block diagram
for the PLC is shown in Figure 2.

Figure 2. Example Block Diagram for the PLC

The input for the analog input module can be as small as 10 mV from temperature sensors and can be as
high as ±10 V from actuator controllers. The analog input module consists of a signal-conditioning circuit
for filtering and amplification (or attenuation) of input signals, an ADC for conversion of analog signals into
digital, and a circuit for isolation from the CPU and power-supply circuit.
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The outputs of the analog output module are either the voltage outputs of ±10 V, ±5 V, 0 V to 10 V, and
0 V to 5 V for controlling the relays and actuators or are current outputs of ±20 mA, 0 mA to 20 mA, and
4 mA to 20 mA for process control. The analog output module consists of a digital-to-analog converter
(DAC) for converting digital values from the CPU to analog, a signal-conditioning circuit to bring the output
of the DAC to the desired voltage or current output range, and an isolation circuit for isolation from the
CPU and power-supply circuit.

2.2 Analog Input Module
This TI Design discusses the design of a single-supply analog input module for the PLC. The key
requirements for the analog input module for the PLC are high-voltage inputs and high-input impedance.
Typically, a resolution of 12 to 16 bits with an overall accuracy of 0.1% to 0.2% is required for the analog
input modules. Figure 3 shows the block diagram for the analog input module.

Figure 3. Block Diagram for the Analog Input Module

2.3 Considerations for Selecting the Architecture of the Analog Input Module
The analog input module for the PLC is generally used to measure the output of pressure sensors,
rotatory encoders, proximity switches, temperature sensors, and so forth. These sensors are installed in
the field to measure process variables (such as temperature, pressure, flow, and so forth) and the output
of these sensors is either voltage or current output. Design the analog input module to measure the
voltage and current outputs from these senors.

A 24-V power bus is generally available for powering the analog input module. The 24-V field power bus
can typically vary from 20 V to 30 V and can have transients up to 42 V. The noise or ripple on a 24-V bus
can potentially couple in to input through the AFE or through the ADC. Therefore, an AFE and an ADC
with high PSRR are preferred for the analog input module and a low-noise converter or linear regulator
with transient immunity up to 42 V is used for powering analog input modules.

With the increasing number of input channels per module, the power and space available per channel is
reduced. The analog input module for the PLC must measure an input voltage of ±10 V and a traditional
AFE requires a bipolar supply (±15 V or ±12 V) to measure a signal of ±10 V. To generate a bipolar
supply, an additional power converter is required. The additional power converter increases the power and
space requirements of the analog input module. An AFE and ADC operating on a single supply (for
example, 5 V) eliminates the need for an additional power converter and helps in reducing the space and
power requirements for the analog input module.

System design goals (such as response time, resolution, accuracy, power consumption, and size) decide
the architecture for the analog input module.
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The processing cycle for a conventional PLC system is shown in Figure 4.

Figure 4. PLC Process Cycle

2.3.1 Scan Time
Scan time is the time difference between two consecutive readings that the PLC controller takes from a
particular analog input channel. Scan time is typically the sum of response times of individual blocks of the
PLC system. Scan time is generally in the order from a few milliseconds to 100 milliseconds. As the
throughput per channel of the analog input module decreases, the scan time achieved for the PLC system
increases.

2.3.2 Architectures for Analog Input Module
There can be two architectures for designing the analog input module for a PLC:
• Simultaneous sampling with a separate ADC for each channel.

Simultaneous sampling is useful in systems that require signals to be sampled at the same instant.
Because a separate ADC is used for each channel, the throughput (samples per second) from each
channel is equal to the throughput of the ADC and the total throughput achieved from this architecture
is the sum of the throughput of the ADCs on each channel. Power measurement is a common
application in simultaneous sampling. Current and voltage signals are simultaneously sampled for
calculating power. Simultaneous sampling requires an ADC for each channel, which leads to larger
circuit size and higher power consumption.

• Single ADC with multiplexed inputs.
A single ADC with multiplexed inputs samples the signal on each channel one by one in a sequence.
The total throughput achieved from this architecture is the throughput of the ADC. The throughput of
the ADC is divided among all the channels and the throughput per channel gets reduced. This
architecture requires one ADC, one multiplexer, and multiple AFEs. This architecture generally has
lower power and smaller circuit size than a simultaneous sampling architecture.

The second architecture is selected for this design report for its lower power consumption and smaller
solution size. Because the throughput per channel in the second architecture with a single ADC gets
reduced, an ADC with higher throughput is required to meet the scan time requirement. A SAR ADC with
a sufficient throughput (> 100 kSPS, typically) is able to meet the scan time requirement of a typical PLC
system.
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2.4 Design Considerations for Voltage Inputs
The key requirement for the voltage inputs of an analog input module for the PLC is that they must accept
voltage ranges of ±10 V, ±5 V, and ±2.5 V. Because the analog input module has a single ADC for all the
input ranges, a programable gain amplifier (PGA) is required to scale and level shift the signals to the
analog input ranges of the ADC. The PGA also scales the input signals to within the supply voltage and
makes the operation of the analog input module possible on a single supply. Figure 5 provides the
simplified circuit of a PGA and Equation 1 gives the dc transfer function of a PGA.

Figure 5. Simplified Circuit for a PGA

where:
• V1, V2 are input voltages to the PGA, and
• Vb is the bias voltage to level shift the output of the PGA. (1)

The ADC output code can be calculated from Equation 2:

where
• VFSR is full-scale input range of the ADC and
• N is the resolution of the ADC. (2)
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2.5 Design Considerations for the Current Inputs
In industrial process control, analog 4-mA to 20-mA and ±20-mA inputs are widely used for measuring
process variables such as pressure and temperature. The benefits of the current loop are that the
accuracy of the signal is not affected by voltage drops in interconnecting wiring. Even if there is significant
voltage drop resulting from the wire resistance, the current-loop transmitter maintains the proper current
up to its maximum voltage capability. A precision resistor is required to convert the current into voltage so
that it can be measured by an ADC. The value of the precision resistor can be calculated from Equation 3.

where
• VFSR is the full-scale input range of the ADC,
• IS-max is the full-scale value of the current, and
• VFSR is the full-scale input of the ADC. (3)

A simplified circuit for current measurements is shown in Figure 6. The dc transfer function for current
input is stated in Equation 4 and the ADC output code can be calculated from Equation 5.

Figure 6. Simplified Circuit for Current Measurements

where:
• VFSR is the full-scale input range of the ADC,
• IS is the full-scale current, and
• Rs is the sense resistor for measuring current. (4)

where
• VFSR is the full-scale input range of the ADC and
• N is the resolution of the ADC. (5)

Process variables such as pressure and temperature are nearly static in nature. The dc specifications
(gain error, offset error, and INL error) of the analog input module become critical in designing the analog
input module for measuring these variables. Gain error, offset error, and INL error contribute to the overall
accuracy of the analog input module. As an example, the current output (±20 mA) from a pressure sensor
must be measured with an accuracy of 20 µA for an overall accuracy of ±0.1% of the analog input module.
For dc (static) conditions, the major portion of error is contributed by the gain error, the offset error, and
INL. Total error for static conditions is calculated as the root of sum of squares of gain error, offset error,
and INL.
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2.6 Design Considerations for the Temperature Input
RTDs are sensors that are used to measure temperature by correlating resistance of the element with the
temperature. According to the IEC751/ITS-90 standard, the resistance of a platinum resistance
temperature detector can be derived from Equation 6.

(6)

A simplified schematic for temperature measurement using an RTD is shown in Figure 7.

Figure 7. Simplified Schematic for Temperature Measurement using an RTD

A current source is required for exciting the RTD. A low-noise, low-offset, and low-drift operational
amplifier is required to make a precise current source for exciting the RTD. The value of ISET is kept at
1 mA to limit the self-heating of the RTD. The excitation current can be derived from Equation 7.

(7)

A low-noise, high-input impedance instrumentation amplifier is required to amplify the voltage across the
RTD. The gain required for this stage can be derived from Equation 8.

where:
• ISET is the excitation current for the RTD,
• RRTD-MAX is the maximum resistance of the RTD for the selected temperature range, and
• VFSR is the full-scale input range of the ADC. (8)

Equation 9 states the dc transfer function for the instrumentation amplifier stage:

where
• GINA is the gain of the instrumentation amplifier (9)

For the temperature range of –40°C to 160°C:
RRTD-MIN = 84.27 Ω at T = –40°C.
RRTD-MAX = 161.05 Ω at T = 160°C.
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Because the analog input module is designed to operate on a single supply, the output of the
instrumentation amplifier can only swing between 0 V and the supply voltage (AVDD). An ADC with a
single-ended input and full-scale input range less than the AVDD supply is required for temperature
measurement in this analog module.

The output of the instrumentation gain stage covers only a fraction of the full-scale input range of the
ADC. Therefore, the output of the instrumentation gain stage must be level shifted and amplified to match
the full-scale input range of the ADC. Equation 10 states the dc transfer function for this stage.

where:
• VOPA is the output voltage of the operational amplifier and
• VINA is the output voltage of the instrumentation amplifier. (10)

Equation 11 states the complete transfer equation for the temperature input and the ADC output code for
the temperature input can be calculated from Equation 12.

(11)

(12)

The REF / 2 voltage is generated by a resistor divider from the VREF voltage and buffered with an
operational amplifier to provide a low-impedance REF / 2 source for driving the inverting input of the ADC
driver. Figure 8 provides the schematic for the REF / 2 source.

Figure 8. Schematic for the REF / 2 Source

The design considerations for driving a SAR ADC can be found in section 2 of TI Design TIDU181.
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2.6.1 Noise Analysis
The last stage for the circuit illustrated in Figure 7 is a level shift and ADC driver stage. The operational
amplifier is configured for a differential input and a single-ended output. The total integrated noise at the
output of the operational amplifier configured as a differential amplifier can be estimated by Equation 13.

where:
• VAMP-NOISE is the total integrated RMS noise at the output of the operational amplifier,
• In is the white current noise specification of the operational amplifier (A/√Hz),
• Vn is the white voltage noise specification of the operational amplifier (V/√Hz),
• EINAOUT is the total noise at the output of the instrumentation amplifier (V RMS),
• EREF/2 is the total noise at the REF / 2 output (VRMS),
• V1/f_AMP_PP is the flicker noise specification of the operational amplifier specified as peak-to-peak noise (VPP),

and
• ENB is the effective noise bandwidth.

(13)

Details for noise analysis in operational amplifiers can be found in application report SLVA043.

For an ADC with an input range of VFSR, the RMS value of the input-referred noise can be found from the
specified value of SNR in the data sheet by using Equation 14.

where:
• Vn_ADC_RMS is the RMS noise at the input of the ADC and
• VFSR is the full-scale input range of the ADC. (14)

The total noise for a temperature measurement system is the root sum square (RSS) of the noise at the
output of the amplifier and the input-referred noise of the ADC. The system noise for a temperature input
can be calculated using Equation 15.

(15)
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3 Component Selection

3.1 Selection of ADC
The analog input module requires a SAR ADC with multiplexed inputs, a programable input voltage range
on each input, and high input impedance. The ADC must be capable of accepting input ranges of ±10V,
±5 V, 0 V to 5 V, and 0 V to 2.5 V and must include an integrated reference. The ADC must have a
throughput greater than 500 kSPS to achieve a response time of 2 µs. The gain error, offset error, and
INL of the ADC must be less than 0.05% FSR to achieve an overall accuracy of 0.1%.

With all these requirements, the ADS8688 is found to be suitable for this design. Each channel of the
ADS8688 can be programmed to any of the above voltage ranges by programming the registers of the
device. The ADS8688 also provides a constant input impedance of 1 MΩ for channels AIN_0P to AIN_7P.
The auxiliary channel of the ADS8688 with a single-ended input range of VREF makes the device suitable
for temperature input.

3.2 Voltage Inputs
The ADS8688 can directly accept voltage inputs of ±10.24 V, ±5.12 V, ±2.56 V, 0 V to 10.24 V, and 0 V to
5.12 V. Any additional components are not required for voltage inputs.

3.3 Current Inputs
A precision resistor is required to convert the current into voltage. The input range selected for current
measurements is ±5.12 V for a ±20-mA current input. A lower input range is selected to provide headroom
for the voltage drop across connecting wires and to provide flexibility in selecting the voltage supply for the
current-loop transmitter. According to Equation 3, the value of the precision resistance for the current input
of ±20 mA and 4 mA to 20 mA comes out to be 256 Ω. The tolerance of the current-sensing resistor
directly affects the gain error in current measurement, and thus a 0.1%, 249-Ω resistor is used for sensing
current for current inputs.

3.4 Temperature Input
An ADC with a single-ended input and full-scale input range less than the AVDD supply is required for the
temperature input in a single-supply analog module. Therefore, the auxiliary channel of the ADS8688 is
selected for the temperature input because this channel has a full-scale input range of VREF (4.096 V).

3.4.1 Current Source
The key specifications for the amplifier for the current source are low noise, low offset, and low drift. The
amplifier must be able to provide an output current of 1 mA. The OPA376 amplifier is a low-noise amplifier
with outstanding dc precision and ac performance. The OPA376 offers a low offset voltage (25 µV, max),
low noise (7.5 nV/√Hz), and low drift (2 µV/°C max). These features make the device suitable for a
precision current source. The value of RSET can be calculated by Equation 7 as 2.048 kΩ.

A 2-kΩ (0.1%) resistor is selected for RSET.
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3.4.2 Instrumentation Gain Stage
The key requirements for this stage are low noise, low offset, low offset drift, and single-supply operation.

The INA333 has low offset (25 µV), excellent offset voltage drift (0.1 µV/°C), low noise density
(50 nV/√Hz), and can operate from a single supply. The INA333 has auto calibration techniques that
ensure precision over the industrial temperature range. These features make the INA333 ideal for
temperature measurement applications using RTDs.

The gain required for the instrumentation stage can be calculated from Equation 8. The selected
temperature range is –40°C to 160°C. RRTD-MAX = 161.05 Ω at T = 160°C. GINA = 25.46 V/V.

The value for the gain-setting resistor for the INA333 can be calculated by Equation 16.
RG = 100 kΩ / (GINA – 1) (16)

A 4.12-kΩ (0.1%) resistor is selected for RG.

3.4.3 REF / 2 Source
The key specifications for the amplifier for the REF / 2 source are low noise, low offset, and low drift. The
OPA376 amplifier is a low-noise amplifier with outstanding dc precision and ac performance. The OPA376
offers a low offset voltage (25 µV, max), low noise (7.5 nV/√Hz), and low drift (2 µV/°C max).

3.4.4 Level Shift and ADC Driver Stage
The gain required for the level shift and ADC driver stage can be found by Equation 10 with VOPA = VREF
and VINA = VREF. The gain for this stage is estimated to be 2 V/V. The tolerance of resistors R2 and R1 for
setting gain contribute to the gain error. R2 and R1 are selected to be 4.02 kΩ and 2.00 kΩ, respectively,
with a tolerance of 0.1%. The amplifier is selected to be the OPA320, RFLT to be 50 Ω, and CFLT to be 3 nF,
as per the design guidelines provided in section 2 of TI Design TIDU181.

Using Equation 13, the total noise at the output of the ADC driver configured as a differential amplifier is
estimated to be:

VAMP-NOISE = 32.2 µV RMS with:
• IN = 0.6 fA/√Hz, EN = 8.5 nV/√Hz, and V1/f_AMP_PP = 2.8 µVPP for the OPA320.
• R2 = 4.02 kΩ, R1 = 2 kΩ, and T = 298 K.
• ENB = 0.8333 MHz for RFLT = 50 Ω and CFLT = 3 nF.
• EINA-OUT = 5.49 µV RMS and EREF/2 = 7.188 µV RMS from simulation results in Section 4.1.4 and

Section 4.1.5.

Using Equation 14, the input-referred noise for the auxiliary channel of the ADS8688 is calculated to be
57.3 µVrms.

With Equation 15, the total system noise for the temperature input is estimated to be 65.7 µVrms.
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4 Simulation and Circuit Performance Calculations

4.1 TINA-TI Simulation

4.1.1 DC Transfer Characteristics for Voltage inputs
The TINA-TI schematic shown in Figure 9 is used to simulate the dc transfer characteristics. The input
range is selected by setting the voltage for the MODE pin. A dc voltage source is connected at the analog
inputs of the ADS8688 model for simulating the voltage output. Figure 10 provides the simulation result for
dc transfer characteristics for a voltage range of ±10 V.

Figure 9. TINA-TI Schematic for the ADS8688 with Voltage Inputs

Figure 10. TINA-TI Simulation Result: DC Transfer Characteristics for Voltage Inputs
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4.1.2 DC Transfer Characteristics for Current Inputs
The TINA-TI schematic shown in Figure 11 is used to simulate the dc transfer characteristics. The model
of the ADS8688 in TINA-TI is used with a current-sense resistance for simulation. The input range is
selected by setting the voltage for the MODE pin. A dc current source is connected at the analog inputs of
the ADS8688 model for simulating the current-loop output.

Figure 11. TINA-TI Schematic for the ADS8688 with Current Inputs

Figure 12 shows the dc transfer characteristics for the circuit illustrated in Figure 11 for current range of
±20 mA.

Figure 12. TINA-TI Simulation Result: DC Transfer Characteristics for Current Inputs
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4.1.3 DC Transfer Characteristics for Temperature Inputs
The TINA-TI schematics illustrated in Figure 13 and Figure 15 are used to check the dc transfer
characteristics for stages of temperature input. Figure 14 and Figure 16 illustrate the simulation results.
DC transfer characteristics are plotted for an RTD resistance of 85 Ω to 161 Ω. DC transfer characteristics
are simulated to check for saturation of the output when the output reaches close to the supply rails. The
ideal gain for this stage is also calculated from the dc transfer characteristics.

Figure 13. TINA-TI Schematic for the RTD Current Source and Instrumentation Amplifier

Figure 14. TINA-TI Simulation Result:
DC Transfer Characteristics for the RTD Current Source and Instrumentation Amplifier

The ideal gain for this stage is calculated as ΔVINA / ΔR-RTD. The gain for this stage is calculated to be
25.875 mV/Ω.
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Figure 15. TINA-TI Schematic for the Level Shift and ADC Driver Stage

Figure 16. TINA-TI Simulation Result:
DC Transfer Characteristics for the Level Shift and ADC Driver Stage

The ideal gain for this stage is calculated as ΔVADC / ΔVINA. The gain for this stage is estimated to be
2.0099 V/V.

The total gain for the temperature input is the multiplication of the gain of the two stages. The total gain is
calculated to be 52.006 mV/Ω.
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4.1.4 Noise Simulation for the REF / 2 Source
Figure 17 shows the TINA-TI schematic for the REF / 2 source and Figure 18 provides the total noise
(Vrms) at the output of the REF / 2 source.

Figure 17. TINA-TI Schematic for the REF / 2 Source

Figure 18. Total Noise at the Output of the REF / 2 Source
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4.1.5 Noise Simulation for the Instrumentation Amplifier Stage
Figure 19 shows the TINA-TI™ for the current source and the INA333. The noise at the output of the
INA333 is simulated in TINA-TI to get the total system noise for the temperature input. Figure 20 provides
the total noise at the output of INA333. A low-pass RC filter is placed at the output of the INA333 to limit
noise.

Figure 19. TINA-TI Schematic for the Current Source and the INA333

Figure 20. Total Noise at the Output of the INA333
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4.2 Circuit Performance Calculations
The total error is calculated for voltage, current, and temperature inputs in the sections below.

4.2.1 Analyzing Total Error for Voltage Inputs

Table 2. Total Error for Voltage Inputs

Calculated ErrorError Source Error Contributed (%FSR) Comments (% FSR)
Gain error contributed by the PGA and Gain error is specified as ±0.05%FSRGEADC_PGA% ±0.05%ADC for the ADS8688.

Offset error is specified as ±0.75 mV
Offset error contributed by the ADC for the ADS8688.(Rf / Ri × OEADC_PGA) / VFSR% ±0.004%and PGA Rf / Ri is the gain of the PGA.

VFSR = VREF.
Ref_error is the error in the initial

Gain error contributed by the initial voltage of the reference.Ref_error / VREF% ±0.024%accuracy of the reference Ref_error is specified as ±1 mV for the
ADS8688.

INL is specified as ±2 LSB for theINL contributed by the ADC and PGA INLADC_PGA / (2N)% ±0.003%ADS8688.
Total Error (Root of Sum of Squares) ±0.056%

For the voltage input range of ±10 V, the input range of ±10.24 V is selected for the ADS8688. The PGA
has a gain (Rf / Ri) of 0.2 for the input range of ±10.24 V.

4.2.2 Analyzing Total Error for Current Inputs

Table 3. Total Error Analysis for Current Inputs

Calculated ErrorError Source Error Contributed (%FSR) Comments (%FSR)
Gain error caused by tolerance of the t is the tolerance of the sense resistor.t% ±0.1%sense resistor, Rs t = 0.1%.

IIN is the current into the pin of theGain error caused by input impedance IIN / IS% PGA, ±0.04%of the PGA (1)
IS is the full-scale input current.

Gain error contributed by the PGA and Gain error is specified as ±0.05% FSRGEADC_PGA% ±0.05%ADC for the ADS8688.
Offset error caused by current from the

Offset error caused by input PGA pins when Is = 0.(Rf / Ri × IIN x RS) / VFSR% ±0.012%impedance of the PGA (1) Rf / Ri is the gain of the PGA.
VFSR = VREF.

Offset error contributed by the ADC Offset error is specified as ±1 mV for(Rf / Ri × OEADC_PGA) / VFSR% ±0.0097%and PGA the ADS8688. VFSR = VREF.
Ref_error is the error in initial voltage

Gain error contributed by initial of the reference.Ref_error / VREF % ±0.024%accuracy of the reference Ref_error is specified as ±1 mV for the
ADS8688.

INL is specified as ±2 LSB for theINL contributed by the ADC and PGA INLADC_PGA / (2N)% ±0.003%ADS8688.
Total Error (Root of Sum of Squares) ±0.122%

(1) IIN can be calculated from the equation given in the Electrical Characteristics table in the ADS8688 data sheet (SBAS582).

For the current input range of ±20 mA, the input range of ±5.12 V is selected for the ADS8688. The PGA
has a gain (Rf / Ri) of 0.4 for the input range of ±5.12 V.
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4.2.3 Analyzing Total Error for Temperature Inputs

Table 4. Total Error Analysis for Temperature Inputs

Calculated ErrorError Source Error Contributed (%FSR) Comments (%FSR)
Errors in the REF / 2 Source

Offset error is specified as 25 µV forOffset error of the operational amplifier OEOPA / (VREF / 2)% ±0.0012%the OPA376.
Ref_error is the error in the initial

voltage of the reference.Reference error Ref_error / VREF% ±0.024%Ref_error is specified as ±1 mV for the
ADS8688.

t is the tolerance of the resistors.Tolerance of resistors (1) t / √2% ±0.7%t = 1%.
Errors in the Current Source

t is the tolerance of the resistor forTolerance of RS t% ±0.1%setting the RTD current. t = 0.1%.
Offset error is specified as 25 µV forOffset error of the operational amplifier OEOPA / (VREF / 2)% ±0.0012%the OPA376.

Errors in the Level Shift and ADC Driver
Offset error is specified as 150 µV forOffset error of the operational amplifier OEOPA / (VREF / 2)% ±0.007%the OPA320.

Tolerance of gain setting resistors t is the tolerance of the resistors√2 t% ±0.14%R1, R2 (2) R1, R2. t = 0.1%.
Errors in the AUX Channel of the ADS8688

Offset error is specified as 10 mV for
Offset error OEADC / VFSR% the AUX channel of the ADS8688. ±0.24%

VFSR = VREF.
Gain error is specified as 0.2 % for theGain error GEADC% ±0.2%AUX channel of the ADS8688.
INL is specified as ±4 LSB for the AUXINL INLADC / (2N)% ±0.006%channel of the ADS8688.

±0.78% orTotal Error (Root of Sum of Squares) ±1.56°C
(1) See Section 10.1.
(2) See Section 10.2.

For the temperature input, the auxiliary channel of the ADS8688 is used. For the temperature input range
of –40°C to 160°C, the full-scale input range is 200°C.
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5 PCB Design
The printed circuit board (PCB) schematic and bill of materials can be found in Section 10.

Use a ground plane underneath the device and partition the PCB into analog and digital sections. Avoid
crossing digital lines with the analog signal path and keep the analog input signals and the reference input
signals away from noise sources. In this board layout, the analog input and reference signals are routed
on the top layer of the board and the digital connections are routed on the bottom of the board.

The power sources to the ADS8688 must be clean and well-bypassed. Avoid placing vias between the
AVDD and DVDD pins and the bypass capacitors. Connect all the ground pins to the ground plane using
short, low-impedance paths.

There are two decoupling capacitors used for the REFCAP pin. The first is a small 1-µF ceramic capacitor
placed close to the device pins for decoupling the high-frequency signals and the second is a 22-µF
ceramic capacitor to provide the charge required by the reference circuit of the ADS8688. Both of these
capacitors must be directly connected to the pins of the device without any vias between the pins and the
capacitors.

The PCB layout for this design is shown in Figure 21.

5.1 PCB Layout

Figure 21. PCB Layout
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6 Verification and Measured Performance
The measurement results for verification of this TI Precision Design are listed in this section.

6.1 Measured Performance for Voltage Inputs
The performance for the voltage inputs is measured by providing dc voltage from –10 V to 10 V and
capturing the output code of the ADS8688. With Rf / Ri = 0.2, Vb = 2.048 V, VFSR = 4.096 V, and N = 16,
for an input range of ±10.24 V in the ADS8688, Equation 2 can be simplified as Equation 17:

(17)

Figure 22 and Figure 23 provide the transfer characteristics and total error for voltage input. The total error
is calculated as the difference between the expected output code obtained from Equation 17 and the
measured output code. The reference and offset of the ADS8688 are calibrated to obtain the calibrated
total error.

Figure 22. Transfer Characteristics for Voltage Inputs
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Max total error without calibration = –0.042%, max total error with calibration = 0.002%

Figure 23. Total Error for Voltage Inputs

6.2 Measured Performance for Current Inputs
The performance for the current inputs is measured by providing dc current from –20 mA to 20 mA and
capturing the output code of the ADS8688. With Rf / Ri = 0.4 V, Vb = 2.048 V, VFSR = 4.096 V, and N = 16
for an input range of ±5.12 V in the ADS8688, Equation 5 can be simplified as Equation 18:

(18)

Figure 24 and Figure 25 provide the transfer characteristics and total error for current input. The total error
is calculated as difference between the expected output code obtained from Equation 18 and the
measured output code. The reference of the ADS8688 and current sense resistor (RS) are calibrated to
obtain the calibrated total error.
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Figure 24. Transfer Characteristics for Current Input

Max total error without calibration = –0.028%, max total error with calibration = –0.007%

Figure 25. Total Error for Current Input
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6.3 Measured Performance for the Temperature Input
The performance for the temperature input is measured by connecting a potentiometer of 200 Ω in place
of a Pt100 RTD and varying the resistance from 85 Ω to 160 Ω. With R2 / R1 = 2.01 V, GINA = 25.27 V/V,
VFSR = 4.096 V, and N = 16 for an input range of 0 V to 4.096 V for the AUX channel in the ADS8688,
Equation 2 can be simplified as Equation 19:

(19)

Figure 26 and Figure 27 provide the transfer characteristics and total error for temperature input. The total
error is calculated as the difference between the expected output code obtained from Equation 19 and the
measured output code. The REF / 2 source and the current source are calibrated to obtain the calibrated
total error.

Figure 26. Transfer Characteristics for Temperature Input
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Max total error without calibration = –1.4°C, max total error with calibration = 0.38°C

Figure 27. Total Error for Temperature Input

The system noise for the temperature input is measured by capturing 32768 samples for an input close to
mid scale. Figure 28 shows the histogram of samples captured. The system noise is calculated using the
sigma of the codes and LSB size. The system noise is found to be 57.5 µVrms.

Sigma = 0.92, mean code = 32325.78, peak code = 32326

Figure 28. DC Histogram for the Temperature Input
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7 Modifications

7.1 Improving the Temperature Drift
The temperature drift can be improved by using an external reference for the ADS8688 and a zero-drift
operational amplifier for the REF / 2 source and current source. Table 5 and Table 6 provide suggestions
for an external reference and alternative operational amplifier for the current source and REF / 2 source.

Table 5. External Reference for the ADS8688

NOISE (µVPP) MAX TEMPERATURE DRIFTREFERENCE INITIAL ACCURACY (%) (F = 0.1 Hz to 10 Hz) (ppm/°C)
REF5040I ±0.05 12 3

Table 6. Alternative Operational Amplifier for the Current Source and REF/2 Source

NOISE (µVPP) MAX OFFSET VOLTAGEALTERNATIVE OP AMP MAX OFFSET VOLTAGE (µV) (F = 0.1 Hz to 10 Hz) DRIFT (µV/°C)
OPA378 50 0.4 0.25

7.2 Increasing the Temperature Range for Temperature Input
The components selected for this design are based on the design goals outlined at the beginning of the
design process. The temperature input is designed for a Pt100 RTD for a temperature range of –40°C to
160°C. The temperature input can be optimized for a complete temperature range of –200°C to 850°C by
changing the circuit for the temperature input as per the schematic shown in Figure 29. Table 7 provides
the value of RG for a temperature range of –200°C to 850°C.

Figure 29. Schematic for the Temperature Input for the Range of –200°C to 850°C

Table 7. Selecting Different Temperature Ranges for the Temperature Input

MINIMUM MAXIMUMS.NO. RRTD-MIN RRTD-MAX RGTEMPERATURE TEMPERATURE
1. –200°C 18.52 Ω 850°C 390.48 Ω 11 kΩ
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10 Appendix

10.1 Error Due to Tolerance of Resistors in REF / 2 Source
The transfer function for the circuit shown in Figure 30 can be calculated as Equation 20.

Figure 30. REF / 2 Source Circuit Diagram

where
• t1 and t2 are the tolerance of individual resistors. (20)

Equation 20 is simplified in the following steps:

(21)

(22)

(23)

Because t1 and t2 << 1, the maximum value of tolerance is or .

The R.S.S value of tolerance is or .
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10.2 Errors Due to Tolerance of Resistors in Level Shift and ADC Driver

The transfer function for the circuit shown in Figure 31 can be calculated as Equation 24.

Figure 31. Level Shift and ADC Driver Circuit Diagram

where
• t1 and t2 are the tolerance of individual resistors. (24)

Equation 24 is simplified in the following steps:

where
• R2 = 2R, R1 = R. (25)

(26)

Because t1 and t2 << 1, the maximum value of tolerance is or .

R.S.S value of tolerance is or .
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10.3 Electrical Schematic and Bill of Materials
The electrical schematic and bill of materials for this design are respectively shown in Figure 32 and
Table 8.

Figure 32. Electrical Schematic
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Table 8. Bill of Materials
PackageDesignator Quantity Value Description PartNumber ManufacturerReference

!PCB 1 Printed Circuit Board 6580143 Any

CAP, CERM, 0.1uF, 25V,C1, C2, C3, C6, C7 5 0.1uF 0603 06033C104JAT2AAVX AVX+/-5%, X7R, 0603

CAP, CERM, 220pF,C4 1 220pF 0603 06031C221KAT2A AVX100V, +/-10%, X7R, 0603

CAP, CERM, 10uF, 10V,C17 1 10uF 0603 C1608X5R1A106M TDK+/-20%, X5R, 0603

CAP, CERM, 1uF, 10V,C24 1 1uF 0603 C0603C105K8PACTU Kemet+/-10%, X5R, 0603

CAP, CERM, 10uF, 6.3V,C5 1 10uF 0603 C0603C106M9PACTU Kemet+/-20%, X5R, 0603

CAP, CERM, 22uF, 16V,C8 1 22uF 1210 C3225X7R1C226M TDK+/-20%, X7R, 1210

CAP, CERM, 1uF, 16V,C9, C63 2 1uF 0603 C1608X7R1C105K TDK+/-10%, X7R, 0603

CAP, CERM, 1uF, 16V,C10 1 1uF 0603 C0603C105K4PACTU Kemet+/-10%, X5R, 0603

CAP, CERM, 3000pF,
C11 1 3000pF 50V, +/-5%, C0G/NP0, 0603 GRM1885C1H302JA01D MuRata

0603

CAP, 10000pF, 0603,C26 1 0.01uF 0603 C1608C0G1H103J080AA TDK5%, 50V, C0G

C12, C13, C14,
C15, C18, C19, 8 NI Capacitor Not Installed 0603 NA NA

C20, C21

CAP, CERM, 0.022uF,C16 1 0.022uF 0603 C0603C223K3RACTU Kemet25V, +/-10%, X7R, 0603

CAP, CERM, 2.2uF, 16V,C25 1 2.2uF 0805 C0805C225K4RACTU Kemet+/-10%, X7R, 0805

CAP, CERM, 10uF, 10V,C62 1 10uF 0805 GRM21BR71A106KE51L MuRata+/-10%, X7R, 0805

CAP, CERM, 0.1uF, 50V,C64 1 0.1uF 0603 06035C104KAT2A AVX+/-10%, X7R, 0603

LTST- Diode. LED, Red, 2.1-V,D1 1 0805 LTST-C170UKT Lite OnC170UKT 14.2-mcd, 20ma, 0805

Diode, Schottky, 30V,D9 1 30V SOT-23 BAT54C-7-F Diodes Inc.0.2A, SOT-23

FID1, FID2, FID3, Fiducial mark. There is6 Fiducial N/A N/AFID4, FID5, FID6 nothing to buy or mount.

Bumpon, Hemisphere, TransparentH1, H2, H3, H4 4 SJ-5303 (CLEAR) 3M0.44 X 0.20, Clear Bumpon

Header, TH, 100mil, 4x1,
J1 1 Gold plated, 230 mil 4x1 Header TSW-104-07-G-S Samtec

above insulator

J2, J3, J4, J5, J6, Header, TH, 100mil, 2x1,
J7, J9, J10, J15, 12 Gold plated, 230 mil 2x1 Header TSW-102-07-G-S Samtec

J16, J21, J22 above insulator

Header, TH, 100mil, 4x2,
J8, J11 2 Gold plated, 230 mil 4x2 Header TSW-104-07-G-D Samtec

above insulator

Conn Micro HighReceptacle, Micro High Speed Socket ERF8-025-01-L-D-RA-L-J19 1 Speed Socket Strip, Samtec, Inc.Strip SKT 50 TR0.8mm, 25x2, R/A, SMT POS 0.8mm, RA

SD Memory CardJ20 1 N/A 502570-0893 MolexConnector

Terminal Block, 6A, On-ShoreJ32 1 7.0x8.2x6.5mm ED555/2DS3.5mm Pitch, 2-Pos, TH Technology

RES, 100k ohm, 1%,R2, R4 2 100k 0603 ERJ-3EKF1003V Panasonic0.1W, 0603

RES, 0 ohm, 5%, 0.1W,R3 1 0 0603 CRCW06030000Z0EA Vishay-Dale0603
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Table 8. Bill of Materials (continued)
PackageDesignator Quantity Value Description PartNumber ManufacturerReference

RES, 499 ohm, 0.1%,R6, R8 2 499 0402 CRCW0402499RFKED Vishay-Dale0.063W, 0402

RES, 4.02k ohm, 0.1%,R9, R22 2 4.02k 0402 RT0402BRD074K02L Yageo0.063W, 0402

R10, R14, R16,
R86, R87, R88, RES, 49.9 ohm, 1%,11 49.9 0402 CRCW040249R9FKED Vishay-DaleR89, R90, R91, 0.063W, 0402

R93, R128

RES, 2.00k ohm, 0.1%,R5, R11, R21 3 2.00k 0603 RT0603BRD072KL Yageo0.1W, 0603

RES, 47k ohm, 5%,R13, R15, R18 3 47k 0402 CRCW040247K0JNED Vishay-Dale0.063W, 0402

RES, 4.12k ohm, 0.1%,R19 1 4.12k 0603 RT0603BRD074K12L Yageo0.1W, 0603

R23, R24, R25,
R26, R27, R28,
R29, R30, R31, RES, 0 ohm, 5%, 0.1W,16 0 0402 CRCW06030000Z0EA Vishay-DaleR32, R34, R35, 0603
R37, R38, R40,

R41

R33, R36, R39, RES, 249 ohm, 0.1%,R42, R43, R44, 8 249 0603 RG1608P-2490-B-T5 Susumu Co Ltd0.1W, 0603R45, R46

R47, R48, R92, RES, 0 ohm, 5%,6 0 0402 RC0402JR-070RL Yageo AmericaR97, R101, R104 0.063W, 0402

R79, R80, R81, RES, 10.0k ohm, 1%,R82, R83, R84, 7 10.0k 0402 CRCW040210K0FKED Vishay-Dale0.063W, 0402R85

R7, R94, R95,
R96, R98, R99, 10 NI Resistor, Uninstalled 0402 NI NIR100, R102, R103,

R107

SanDisk MicroSD Card,SD1 1 N/A SDSDQ-002G SanDisk2GB

SH-J2, SH-J3, SH- Shunt, 100mil, Gold3 1x2 Shunt 969102-0000-DA 3MJ4 plated, Black

Low-Noise, Low
Quiescent Current,

U1, U4 2 Precision Operational DBV0005A OPA376AIDBV Texas Instruments
Amplifier e-trim Series,

DBV0005A

16 bit 500KSPS 8U2 1 TSSOP-38 ADS8688IDBT TIChannel SAR ADC

IC, Precision, 20MHz,OPA320AIDBU3 1 0.9pA, Low-Noise, RRIO, SOT23-5 OPA320AIDBVR TIVR CMOS Op-Amp

Micro-Power (50mA),
Zerø-Drift, Rail-to-RailU5 1 DGK0008A INA333AIDGK Texas InstrumentsOut Instrumentation

Amplifier

U11 1 AT24C02B IC, 2K, Serial EEPROM SO-8 AT24C02B Atmel

High-Voltage Ultralow-Iq
U13 1 Low-Dropout Regulator, DGN0008D TPS7A6650QDGNRQ1 Texas Instruments

DGN0008D

33TIDU291A–May 2015–Revised July 2015 Single-Supply Analog Input Module Reference Design with 16-Bit, 8-Channel
ADC for PLCSubmit Documentation Feedback

Copyright © 2015, Texas Instruments Incorporated

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU291A


Revision History www.ti.com

Revision History

Changes from Original (May 2015) to A Revision ........................................................................................................... Page

• Added text reference for Figure 20 .................................................................................................... 18
• Added footnotes to Table 4............................................................................................................. 20
• Changed figure numbers to correct ones in second paragraph of Measured Performance for Current Inputs section.... 23
• Added column headers to first column of Table 5 and Table 6 ................................................................... 27
• Added text reference for Table 7 ...................................................................................................... 27
• Added Error Due to Tolerance of Resistors in REF / 2 Source section .......................................................... 29
• Added Errors Due to Tolerance of Resistors in Level Shift and ADC Driver section ........................................... 30

NOTE: Page numbers for previous revisions may differ from page numbers in the current version.

34 Revision History TIDU291A–May 2015–Revised July 2015
Submit Documentation Feedback

Copyright © 2015, Texas Instruments Incorporated

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU291A


IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate TI semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.
TI reference designs have been created using standard laboratory conditions and engineering practices. TI has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. TI may make
corrections, enhancements, improvements and other changes to its reference designs.
Buyers are authorized to use TI reference designs with the TI component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which TI components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from TI under the patents or other intellectual property of TI.
TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.
TI reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESD46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI’s terms and conditions of sale supplied at the time of order acknowledgment.
TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI’s terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent TI
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.
TI assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.
Reproduction of significant portions of TI information in TI data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.
Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify TI and its representatives against any damages arising out of the use of any TI components in
Buyer’s safety-critical applications.
In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI’s goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.
No TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.
Only those TI components that TI has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.
TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, TI will not be responsible for any failure to meet ISO/TS16949.IMPORTANT NOTICE

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2015, Texas Instruments Incorporated


	Single-Supply Analog Input Module Reference Design with 16-Bit, 8-Channel ADC for PLC
	1 Design Summary
	2 Theory of Operation
	2.1 Overview of the Programmable Logic Controller (PLC)
	2.2 Analog Input Module
	2.3 Considerations for Selecting the Architecture of the Analog Input Module
	2.3.1 Scan Time
	2.3.2 Architectures for Analog Input Module

	2.4 Design Considerations for Voltage Inputs
	2.5 Design Considerations for the Current Inputs
	2.6 Design Considerations for the Temperature Input
	2.6.1 Noise Analysis


	3 Component Selection
	3.1 Selection of ADC
	3.2 Voltage Inputs
	3.3 Current Inputs
	3.4 Temperature Input
	3.4.1 Current Source
	3.4.2 Instrumentation Gain Stage
	3.4.3 REF / 2 Source
	3.4.4 Level Shift and ADC Driver Stage


	4 Simulation and Circuit Performance Calculations
	4.1 TINA-TI Simulation
	4.1.1 DC Transfer Characteristics for Voltage inputs
	4.1.2 DC Transfer Characteristics for Current Inputs
	4.1.3 DC Transfer Characteristics for Temperature Inputs
	4.1.4 Noise Simulation for the REF / 2 Source
	4.1.5 Noise Simulation for the Instrumentation Amplifier Stage

	4.2 Circuit Performance Calculations
	4.2.1 Analyzing Total Error for Voltage Inputs
	4.2.2 Analyzing Total Error for Current Inputs
	4.2.3 Analyzing Total Error for Temperature Inputs


	5 PCB Design
	5.1 PCB Layout

	6 Verification and Measured Performance
	6.1 Measured Performance for Voltage Inputs
	6.2  Measured Performance for Current Inputs
	6.3 Measured Performance for the Temperature Input

	7 Modifications
	7.1 Improving the Temperature Drift
	7.2 Increasing the Temperature Range for Temperature Input

	8 About the Author
	9 References and Acknowledgments
	10 Appendix
	10.1 Error Due to Tolerance of Resistors in REF / 2 Source
	10.2 Errors Due to Tolerance of Resistors in Level Shift and ADC Driver
	10.3 Electrical Schematic and Bill of Materials


	Revision History
	Important Notice

