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Introduction

Many industrial automation and process control 

solutions require precision sensing of multiple  

process or control variables. Such variables include 

temperature, load, force, light intensity, motion,  

position and voltage. TI’s newest family of embedded 

microcontrollers (MCUs), the MSP430i20xx series, 

provides for up to 4 integrated 24-bit sigma-delta 

analog-to-digital converters (ADC) with low per-

channel power conversion. The sensor output can 

be sensed directly via a differential input program-

mable gain amplifier (PGA) prior to the 24-bit ADC. 

The PGA provides for a high impedance buffer 

with unity gain or a software-defined gain of up 

to 16. In line-powered solutions, used commonly 

in industrial applications, the multi-channel ADC 

solution provides for simultaneous monitoring of 

multiple sensors without exceeding system current 

thresholds defined by the communication loop. It 

also enables extended battery life in multi-channel 

battery-powered sensing applications. This pa-

per will review line-powered solutions configured 

as a 2-wire transmitter, where the communica-

tion loop provides power to the system and as a 

3-wire and 4-wire transmitter, where power to the 

system is independent to the communication loop. 

The MSP430i20xx family of MCUs provides support 

for these configurations up to operating free-air  

temperatures of 105 degrees Celsius. 
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W H I T E  P A P E R

Industrial transmitter design
The vast majority of industrial automation and sensor solutions still rely on line-powered solutions 

[1]. Ease of use, reliable transfer of data over long distances, low susceptibility to noise and low 

cost make this solution ideal for robust industrial solutions.  These solutions provide both power 

to the system and the communication path between the sensor and the gateway. In this case, the 

system consists of a voltage-controlled current source modulating the loop current in response 

to sensor signal outputs. The modulated current typically runs from 4mA to 20mA where the 

minimum range value of the sensor is represented by 4mA and the maximum range value of the 

sensor output is represented by 20mA. The linear region between these two end points represents 

intermediate values for the sensor output. 

Figure 1 shows a typical configuration of the voltage-controlled current source. The current through 

the loop is governed by the current divider circuit defined by R6 and R7 and the reference current 

through R5. Given the communication loop is based on a current value, the accuracy of the signal 

is not impacted by the voltage drop in the interconnecting wire. Thus, the distance between the 

transmitter and the receiver can be up to thousands of meters [1]. In this case, the transmitter 

does not source the current. Current is drawn by an external voltage source connected to its output 

terminals. This translates to an additional advantage in that the communication loop provides 

power to the transmitter itself. Given that the minimum allowed measurement value is defined by 

the 4mA threshold, the entire system current for the transmitter solution needs to be below this 

cut-off point, typically below 3.5mA. Thus, margin is available for alarm low readings.

Figure 1. Schematic of a voltage-controlled current source 



A current loop transmitter is comprised of a sensor, sensor interface, microcontroller and a voltage-controlled 

current source (or current DAC). A block diagram of a typical transmitter is shown in Figure 2. In the case of the 

MSP430i20xx family of MCUs, the sensor signal can be sensed directly through the differential inputs of the 

24-bit sigma-delta ADCs. Biasing of the current driver for the voltage-controlled current source can be achieved 

through a pulse width modulated (PWM) signal with the appropriate duty cycle and filtering requirements. The 

16-bit timer module can be used to make an adjustable PWM signal with a theoretical accuracy of up to 16 bits 

[2]. This output signal of varying duty cycle can then be routed through a low pass filter designed to only allow a 

DC voltage source from its output. This filter is designed in a way so the cutoff frequency is lower than the PWM 

frequency, thus ensuring the monotonicity of the voltage output. 

As mentioned earlier, the transmitter can either be powered through the communication loop via a 2-wire imple-

mentation or through a separate powered line not associated directly with the 4-20mA current loop, typically 

classified as a 3-wire or 4-wire solution. In both cases, a low-dropout (LDO) regulator steps down the current 

loop supply voltage to power the transmitter. Figure 3 offers a view of both a 2-wire and 3-wire solution. In the 

2-wire solution it is important to maintain a current threshold below the 3.5mA in order to ensure the minimum 

transmitted measurement value of 4mA is achieved with margin for alarm low levels.
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Figure 2:  Block diagram of a current loop transmitter 

Figure 3:  Block diagrams of 2-wire and 3-wire current loops

Current loop 
solutions
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A number of advanced industrial market segments use high-performance acquisition systems with multiple  

channels to manage information on a near real-time basis from accurate industrial sensors. Typical examples 

include uninterruptible power supplies, industrial power meters/monitors, vibration and waveform analysis, 

instrumentation and control systems and data acquisition systems that measure such real-world parameters as 

temperature, pressure, light intensity, fluid flow and force. The differential input of the onboard PGA interfaced 

directly to the 24-bit sigma-delta ADC enables direct, high-precision sensing of the sensor signal.  Additionally, the 

converters are based on second-order sigma-delta modulators and digital decimation filters. The decimation filters 

are SINC3 comb-type filters with a selectable oversampling ratio of up to 256 [2].  There are up to four indepen-

dent 24-bit sigma-delta ADCs in MSP430i20xx MCUs. This allows up to four sensor interfaces to enable simultaneous 

sampling of multiple industrial automation or process parameters. Each of the channels consumes an average of 

only 200µA during conversion [3]. In comparison, other solutions are typically between 0.5mA to 1.0mA per chan-

nel. This low per-channel current flow on MSP430i20xx MCUs provides for simultaneous sensor sampling even 

under the stringent threshold requirements of a 2-wire current loop architecture. 

Table 1 provides a comparison of the AC and DC conversion resolution of the 4-channel, 24-bit SD24 module on 

the MSP430i20xx family of MCUs. As is shown, the DC performance of the MSP430i20xx SD24 exceeds 16  

effective bits across a majority of the PGA gain settings. This metric is sufficient for more than 0.5µA accuracy in  

a 4-20 mA current loop solution. Additional test data is provided in Figure 3.

Sensor interface

Parameter PGA Gain Vcc Typ. Unit

SINAD*

1 3V 89 dB

2 89

4 87

8 83

16 77

DC ENOB (internal resistor)

1 3V 16.71 bits

2 16.58

4 16.71

8 16.09

16 15.03

DC ENOB (external resistor)

1 3V 16.07 bits

2 16.07

4 16.00

8 15.64

16 15.14

Table 1: Comparison of the AC and DC conversion resolution of the 4-channel, 24-bit SD24 
module on MSP430i20xx devices. * As specified in the MSP430i20xx Data Sheet.
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The DC analysis data shown in Figure 3 and presented in Table 1 was acquired by a standard method of short-

ing the differential input of the SD24 and finding the standard deviation of a large sum of data. More explicitly, a 

code example was written to store 256 samples of 24-bit values in a block of RAM, which was then downloaded 

through TI’s Code Composer Studio™ IDE to a text file. To calculate the ENOB for AC data, a simple formula incor-

porating the SINAD is used. This formula states that ENOB = (SINAD – 1.76dB)/6.02dB. For DC data, the standard 

deviation of the data is taken, from which ENOB can be calculated as ENOB = N – log2(σ). In this equation, N 

stands for the number of bits the converter provides, while σ is the standard deviation of the data [4].

The MSP430i20xx family of MCUs with up to four 24-bit sigma-delta ADCs is ideally suited for high-precision  

industrial sensing applications. The low per-channel ADC power efficiency enables simultaneous sampling of  

multiple high-precision sensor outputs without exceeding current threshold levels defined by many 2-wire industrial 

current loop solutions. It’s also an ideal fit for many multi-sensor battery-powered applications.
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Figure 3. DC analysis of MSP430i20xx SD24 performance
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