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Introduction

In any process control system, sensor transmitters 

collate data from pressure and temperature to flow and 

level, and relay this information to the programmable 

logic controller (PLC) or distributed control system.

These transmitters depend on the 4mA to 20mA signal 

to transmit data to the controller. Despite the emergence 

of standards such as IO-Link and Profibus, 4mA to 20mA 

offers resiliency over long distances, reliability, immunity 

to noise, and universal compatibility with every PLC 

system.

In this article, I will provide an overview of the 4mA to 

20mA transmitter structure, its operating principles, and 

design alternatives for implementing this transmitter type 

using catalog semiconductor products.

4mA to 20mA transmitter basics

4mA to 20mA transmitters are classified by power and 

number of wires: four, three and two wire. In this article, I 

will focus on the two-wire type.

The two-wire field transmitter in Figure 1 forms a current 

loop by connecting to a field supply and analog input 

module. The first subsystem in the field transmitter is 

the sense subsystem, which connects to the physical 

sensor, conditions its output, and converts the signal 

to a digital code for processing, including linearization 

and calibration. The second subsystem is the transmit 

subsystem, which powers the transmitter by extracting 

power from the loop, sends process data by converting 

the digital signal back to an analog signal, and controls 

the loop current. The transmitter transmits the signal by 

regulating current within the loop, acting as a voltage-

controlled current source.
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Figure 1. Generic two-wire 4mA to 20mA sensor transmitter.
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In Figure 2, an N-channel P-channel N-channel (NPN) 

transistor sources and regulates the current, whose base 

is controlled through an amplifier driven by a digital-

to-analog converter (DAC). A wide input voltage low-

dropout (LDO) regulator powers the different components 

by stepping down the loop voltage to the transmitter 

supply level. You can use a voltage reference if 

the DAC does not have an integrated reference, 

while Highway Addressable Remote Transducer (HART)-

enabled transmitters require a HART modem.

DAC

LDOREF

HART

modem

Rsense

R1

Figure 2. Two-wire 4mA to 20mA transmitter circuit.

The principle of operation is pretty simple: hold both 

inputs of the operational amplifier at virtual local ground. 

Whatever voltage R1 holds, Rsense also holds. With 

proper scaling, Rsense carries a scaled version of the 

R1 current. Given that Rsense current is nearly the 

whole current of the field transmitter (even for the sense 

part, not depicted in Figure 2), the DAC output controls 

the whole transmitter current. The NPN transistor 

and amplifier loop bypass the necessary current to 

complement any current used by the transmitter itself in 

order to achieve the required output current.

4mA to 20mA transmitter design aspects

4mA to 20mA transmitter design considerations include:

• Low-power operation.

• A small footprint.

• Accuracy and low noise over the entire industrial 

temperature range.

• HART protocol support.

• Low cost.

Design performance metrics

There are several transmitter performance metrics to 

evaluate:

Loop Compliance Voltage is the range of the loop 

voltage at which the transmitter is functioning. It is 

mainly determined by LDO limits and affected by series 

elements within the loop, including protection devices. 

The typical loop compliance voltage range is 12V to 36V.

Resolution is the number of distinct current output 

values that the transmitter can generate and is directly 

linked to the DAC native resolution. Commercial 4mA to 

20mA transmitters have resolutions between 12 bits and 

16 bits.

Linearity error is mostly determined by the DAC’s 

integral nonlinearity, which is the maximum error (in least 

significant bits [LSBs]) over the whole output range.

Noise is measured by the root-mean-square (RMS) of 

output noise current. This noise can render some of 

the output level indistinguishable, reducing the effective 

resolution. Effective resolution in this context is a 

measure of noise performance. For 16-bit-resolution 

systems, effective resolution between 13 bits and 15 bits 

is expected, depending on signal bandwidth.

Accuracy measures the deviation of the current output 

from the ideal current value. This includes the RMS sum 

of offset errors, gain errors and nonlinearity error, plus the 

temperature drifts of these values. Total unadjusted error 

indicates the level of inaccuracy.

Dynamic performance includes signal bandwidth and 

transmitter stability. Bandwidth refers to the maximum 

current signal bandwidth that can be transmitted over 

the loop. This bandwidth is determined by the DAC 
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settling time and amplifier circuit bandwidth, as well as 

the transconductance of the bypass transistor. Using 

a degeneration resistor eliminates the dependence on 

variation of the transistor transconductance (gm). Often, 

the amplifier circuit is externally compensated as well. 

Stability is related to the bandwidth of the loop and 

compensation capacitor values. Reducing capacitance 

on critical nodes of the loop will ensure stability. See 

the DAC161S997 data sheet for a detailed analysis of 

loop stability and its requirements. For HART-enabled 

transmitters, reducing the bandwidth with external 

components helps prevent interference with the HART 

signal.

Circuit protection protects the transmitter from abnormal 

conditions such as reverse loop polarity and surge 

events. Reverse polarity is blocked by a diode. If 

operating the transmitter with reverse polarity, use a 

rectifier bridge, as shown in Figure 3. Surge protection 

requires a transient voltage suppressor diode (such as 

the TVS3301) and passive elements to limit current 

during high-voltage events. These protection elements 

require some headroom during operation, and increase 

the minimum compliance voltage.

Loop-

TVS

Loop+

Figure 3. Typical protection section for two-wire transmitter.

Transmitter circuit implementations

The difference between the implementations for the 

block diagram in Figure 2 lies in the integration 

approach. The bypass transistor is always a discrete 

component to enable better thermal management. All 

of the following implementations can support the HART 

protocol by adding a HART modem such as the 

DAC8740H.

Dedicated loop converter

One approach is to use a DAC such as the DAC161S997 

data sheet with an integrated voltage reference and 

output amplifier. This solution consists of the DAC, a 

wide-input-voltage LDO and an NPN transistor, as shown 

in Figure 4. This implementation has 130µA of current 

consumption and excellent accuracy without calibration. 

The DAC161S997 has diagnostic functions to detect 

current-loop errors in case of low supply or high current 

loads, and signals an error-low current below 4mA.

The design is simple, with a few external components 

to ensure loop stability and limit inrush current. This 

approach has a maximum operating temperature of 

105°C.
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Figure 4. Two-wire 4mA to 20mA transmitter using the 
DAC161S997.

Loop transmitter device

Another implementation uses a low-power DAC such as 

the DAC8551, followed by a dedicated loop transmitter 

such as the XTR115 with an integrated LDO, voltage 

reference and output amplifier. This approach minimizes 

noise and has less than 1% gain error.

There are a couple of limitations: the XTR115 operating 

temperature is limited to 85°C, and the integrated LDO 

has a maximum input of 36V. As an alternative, the 

XTR117 comes in a smaller package, consumes lower 

quiescent current, and operates at temperatures as high 

as 125°C. The XTR117’s integrated LDO works up to 

40V. The XTR117 does not integrate a voltage reference, 
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so counting an external reference, the solution becomes 

a three-device solution: an LDO, a DAC and a voltage 

reference, as shown in Figure 5.
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Figure 5. Two-wire 4mA to 20mA transmitter using the XTR117.

MCU integrated DAC

Cost-sensitive applications can employ an MCU with 

analog resources. The MSPM0G MCU enables a 

transmitter stage implementation including an integrated 

12-bit DAC, internal reference and output amplifier. An 

LDO is the only external device needed, as shown in 

Figure 6. Given the implementation of analog functions 

on the MCU’s digital process, they have relatively higher 

power consumption compared to their dedicated analog 

device counterparts. This approach is attractive for 

applications that require 11 bits of effective resolution 

at a very low cost. Using the VREF– pin as an internal 

reference negative pin instead of ground can improve 

performance. Separating the VREF– pin isolates digital 

noise from the analog reference.
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Figure 6. Two-wire 4mA to 20mA transmitter implemented using 
the MSPM0G.

PWM-based DAC

A more generic approach using an MCU (without an 

integrated DAC) is to rely on pulse-width modulation 

(PWM) to generate DAC outputs. A simple PWM DAC 

has a resolution of 10 bits to 12 bits. However, it is 

possible to realize a 16-bit resolution DAC with more 

advanced techniques such as two-path PWM and active 

ripple suppression.

To achieve a high effective resolution, the PWM 

signals are buffered using voltage reference-powered 

logic gates; the MCU needs proper bypassing to 

avoid digital noise injection into the loop current. The 

implementation depicted in Figure 7 is low power, stable 

over temperature, and achieves greater than 13 bits of 

effective resolution at a very low cost.
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Figure 7. Two-wire 4mA to 20mA transmitter implemented using a PWM DAC.
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Stand-alone low power DAC

Using a low-power, stand-alone DAC to realize a 4mA 

to 20 mA transmitter such as the AFE88101 in Figure 8 

achieves the best resolution and linearity performance. 

To reduce power further, a low-power voltage reference 

such as the REF35125 can reduce current down 

to 180µA. Additionally, the AFE88101 has extensive 

diagnostic features, including a 12-bit ADC and a defined 

fail-safe mode.

The AFE881H1 is pin-to-pin compatible with the 

AFE88101, with an integrated HART modem for a 

compact HART-enabled transmitter. The AFE881H1 has 

low current consumption when HART is enabled. A 

HART modem typically consumes 10µA during operation, 

making it the device of choice for low-power, HART-

enabled transmitters. Another feature of the AFE88101 

is compatibility with 1.8V logic to allow low-voltage 

digital operation and reduce power further on the MCU 

input/output side, as well as reducing electromagnetic 

emissions.
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Figure 8. Two-wire 4mA to 20mA transmitter implemented using 
the AFE88101.

A lower-cost variant with the DAC8311 DAC, LDO and 

external low-power reference runs with 130µA of current 

and still achieves reasonable performance.

Implementations Comparison

Table 1 and Table 2 show each of the implementations, their suggested bill of materials (BOM) and their expected 

performance. The performance numbers are based on limited measurements.

MSPM0 DAC12 PWM using M0 XTR117

DAC

LDOREF

MSPM0G

HART

modem

LDOREF

PWM (M0) +FLT

HART

modem

DAC

LDOREF

HART

modem

XTR117

BOM MSPM0G, TPS7B69, DAC8740H TPS7A1601, REF3330, TLV2333, DAC8740H XTR117, DAC8551A, REF3525

Compliance (volts) 40 60 40

Resolution (bits) 12 16 16

Linearity (LSBs) 2 <6 8

Effective resolution (bits) 11 13.4 14

Accuracy 1% full scale, 6uA 1% full scale, 6uA 0.7% full scale, 20uA

Current (μA) 425 240 440

Temperature (°C) 125 125 105

Advantages Low cost Low cost, high resolution, low power high resolution

Table 1. Design options for a 4mA to 20mA transmitter, suggested BOM and performance (MSPM0 DAC12, PWM using M0, XTR117).
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DAC161S997 DAC8311 AFE881H1

DAC

LDOREF

DAC161S997

HART

modem

DAC

LDOREF

DAC8311

DAC

LDOREF

AFE881H1

HART

modem

BOM DAC161S997, TPS7A1601, DAC8740H (1) DAC8311, REF3525, OPA391, TPS7B69, 
DAC8740H

AFE88101 (1), REF35125, OPA391, TPS7A1601

Compliance (volts) 60V 40 60

Resolution (bits) 16 14 16

Linearity (LSBs) 5 4 4

Effective resolution (bits) 13.4 13.4 16

Accuracy 0.01%, 1uA 0.15% 0.07%

Current (μA) 130 130 180 (240 w/intREF)

Temperature (°C) 105 125 125

Compliance (volts) Ultra-low power, high resolution, high accuracy Ultra-low power, low cost high resolution and accuracy, low power, low 
voltage

Table 2. Design options for a 4mA to 20mA transmitter, suggested BOM and performance (DAC161S997, DAC8311, AFE881H1).

(1) The DAC8740 has maximum power-down current of 180µA, and about 300µA when active with a crystal oscillator. The AFE881H1 HART modem, 
however, consumes 10µA on average. Add the corresponding current if enabling HART.

Conclusion

This selection process can help you decide the 

correct implementation when designing a 4mA to 20mA 

transmitter:

• If you are building a safety system, and need the 

highest accuracy and lowest noise performance, or 

looking for a HART-enabled transmitter with power 

below 200µA, the AFE88101 and AFE881H1 should 

be your first choices.

• The DAC161S997 implementation offers the lowest 

possible power and footprint, followed by the 

DAC8311 implementation, followed by the XTR117 

implementation if prioritizing performance over power 

consumption.

• For the lowest cost, choose the MSPM0G 

implementation. If its performance is not satisfactory, 

the next cost-optimized solution would be the PWM 

solution.

Related websites

• 4-20mA Current Loop Transmitter Reference Design

• Dual Sensor Measurement Using Single Current-

Loop with FSK Modulation Reference Design

• 2-wire, 4-20mA Transmitter, EMC/EMI Tested 

Reference Design

• High-Performance 16-bit PWM to 4- to 20-mA DAC 

for Field Transmitters

• Designing High-Performance PWM DACs for Field 

Transmitters

• Ultra-Low-Power, Low-Voltage, 2-Wire, 4- to 20-mA 

Loop Transmitter Using AFE881H1

• Highly Accurate, Loop-Powered, 4mA to 20mA Field 

Transmitter With HART Modem Reference Design

Analog Design Journal

Important Notice: The products and services of Texas Instruments Incorporated and its subsidiaries described herein are sold subject to TI’s standard 
terms and conditions of sale. Customers are advised to obtain the most current and complete information about TI products and services before 
placing orders. TI assumes no liability for applications assistance, customer’s applications or product designs, software performance, or infringement 
of patents. The publication of information regarding any other company’s products or services does not constitute TI’s approval, warranty or 
endorsement thereof.

All trademarks are the property of their respective owners.

© 2024 Texas Instruments Incorporated SLYT847

https://www.ti.com/product/AFE88101
https://www.ti.com/product/AFE881H1
https://www.ti.com/product/DAC161S997
https://www.ti.com/product/DAC8311
https://www.ti.com/product/XTR117
https://www.ti.com/tool/TIDA-00648
https://www.ti.com/tool/TIDA-00483
https://www.ti.com/tool/TIDA-00483
https://www.ti.com/tool/TIPD190
https://www.ti.com/tool/TIPD190
https://www.ti.com/lit/ab/sboa379/sboa379.pdf
https://www.ti.com/lit/ab/sboa379/sboa379.pdf
https://www.ti.com/lit/an/slyt795/slyt795.pdf
https://www.ti.com/lit/an/slyt795/slyt795.pdf
https://www.ti.com/lit/ab/slaae91/slaae91.pdf
https://www.ti.com/lit/ab/slaae91/slaae91.pdf
https://www.ti.com/tool/TIDA-01504
https://www.ti.com/tool/TIDA-01504
https://www.ti.com/lit/pdf/SLYT847


IMPORTANT NOTICE AND DISCLAIMER
TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE 
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS” 
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY 
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD 
PARTY INTELLECTUAL PROPERTY RIGHTS.
These resources are intended for skilled developers designing with TI products. You are solely responsible for (1) selecting the appropriate 
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable 
standards, and any other safety, security, regulatory or other requirements.
These resources are subject to change without notice. TI grants you permission to use these resources only for development of an 
application that uses the TI products described in the resource. Other reproduction and display of these resources is prohibited. No license 
is granted to any other TI intellectual property right or to any third party intellectual property right. TI disclaims responsibility for, and you 
will fully indemnify TI and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these 
resources.
TI’s products are provided subject to TI’s Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with 
such TI products. TI’s provision of these resources does not expand or otherwise alter TI’s applicable warranties or warranty disclaimers for 
TI products.
TI objects to and rejects any additional or different terms you may have proposed. IMPORTANT NOTICE

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2024, Texas Instruments Incorporated

https://www.ti.com/legal/terms-conditions/terms-of-sale.html
https://www.ti.com

	Introduction
	4mA to 20mA transmitter basics
	4mA to 20mA transmitter design aspects
	Design performance metrics
	Transmitter circuit implementations
	Dedicated loop converter
	Loop transmitter device
	MCU integrated DAC
	PWM-based DAC
	Stand-alone low power DAC
	Implementations Comparison
	Conclusion
	Related websites

