
↘ Despite the long-predicted 
demise of the 4- to 20-mA cur-

rent loop, this analog interface is still 
the most common method of connect-
ing current-loop sources to a sensing 
circuit. This interface requires the con-
version of a voltage signal—typically, 1 
to 5V—to a 4- to 20-mA output. 
Stringent accuracy requirements dictate 
the use of either expensive precision 
resistors or a trimming potentiometer to 
calibrate out the initial error of less pre-
cise devices to meet the design goals. 

Neither technique is optimal in 
today’s surface-mounted, automatic-test-
equipment-driven production environ-
ment. It’s difficult to get precise resistors  
in surface-mount packages, and  
trimming potentiometers require 
human intervention, a requirement that 

is incompatible with production goals.
The Linear Technology LT5400 

quad matched resistor network helps 
to solve these issues in a simple circuit 
that requires no trim adjustments but 
achieves a total error of less than 0.2% 
(Figure 1). The circuit uses two ampli-
fier stages to exploit the unique match-
ing characteristics of the LT5400. The 
first stage applies a 1 to 5V output—typi-
cally, from a DAC—to the noninvert-
ing input of op amp IC1A. This voltage 
sets the current through R1 to exactly 
VIN/R1 through FET Q2. The same cur-
rent is pulled down through R2, so the 
voltage at the bottom of R2 is the 24V 
loop supply minus the input voltage.

This portion of the circuit has three 
main error sources: the matching of R1
and R2, IC1A’s offset voltage, and Q2’s 

leakage. The exact values of R1 and R2
are not critical, but they must exactly 
match each other. The LT5400A grade 
achieves this goal with ±0.01% error. 
The LT1490A has less-than-700-μV 
offset voltage over 0 to 70°C. This volt-
age contributes 0.07% error at an input 
voltage of 1V. The NDS7002A has a 
leakage current of 10 nA, although 
it is usually much less. This leakage  

Convert 1 to 5V signal 
to 4- to 20-mA output
Thomas Mosteller, Linear Technology Corp 

DIs Inside
47 Linearize optical distance 
sensors with a voltage-to- 
frequency converter

50 Use a transistor as a heater

51 Monitor circuit conserves 
battery energy

▶To see and comment on  
all of EDN’s Design Ideas, visit 
www.edn.com/designideas.

readerS SOLVe deSIGN PrOBLeMS
designideas

46  EDN  |  April 19, 2012 [ www.edn.com ]

EDN DI5273 Fig 1.eps    DIANE

−

+

Q2

Q1

R5
100

R4
100

R3
250

IC1B
½LT1490A

C2
220 pF

C1
220 pF

D1
IN4148

D2
IN4148

R6
22IC1A

½LT1490A
NDS7002A

V+

V−

24V
LOOP

R1
10k

¼LT5400

R2
10k

¼LT5400

1 TO 5V
INPUT

−

+

1 μF

24V LOOP
SUPPLY

24V LOOP
SUPPLY

IRF9Z24S

4- TO 20-mA
OUT

Figure 1 Precision matched resistors provide accurate voltage-to-current conversion.



current represents an error of 0.001%.
The second stage holds the voltage on 

R3 equal to the voltage on R2 by pulling 
current through Q1. Because the voltage 
across R2 equals the input voltage, the 
current through Q1 is exactly the input 
voltage divided by R3. By using a preci-
sion 250Ω current shunt for R3, the cur-
rent accurately tracks the input voltage.

The error sources for the second stage 
are R3’s value, IC1B’s offset voltage, and 
Q1’s leakage current. Resistor R3 directly 
sets the output current, so its value is 
crucial to the precision of the circuit. 
This circuit takes advantage of the com-
monly used 250Ω current-loop-comple-
tion shunt resistor. The Riedon SF-2 part 
in the figure has 0.1% initial accuracy 

and low temperature drift. As in the first 
stage, offset voltage contributes no more 
than 0.07% error. Q1 has less than 100-
nA leakage, yielding a maximum error 
of 0.0025%.

Total output error is better than 0.2% 
without any trimming. Current-sensing 
resistor R3 is the dominant source of 
error. If you use a higher-quality device, 
such as the Vishay PLT series, you can 
achieve an accuracy of 0.1%. Current-
loop outputs are subject to considerable 
stresses in use. Diodes D1 and D2 from 
the output to the 24V loop supply and 
ground help protect Q1; R6 provides some 
isolation. You can achieve more isolation 
by increasing the value of R6, with the 
trade-off of some compliance voltage at 

the output. If the maximum output-volt-
age requirement is less than 10V, you can 
increase R6’s value to 100Ω, affording 
even more isolation from output stress. 
If your design requires increased protec-
tion, you can fit a transient-voltage sup-
pressor to the output with some loss of 
accuracy due to leakage current.

This design uses only two of the 
four matched resistors in the LT5400 
package. You can use the other two for 
other circuit functions, such as a preci-
sion inverter, or another 4- to 20-mA 
converter. Alternatively, you can place 
the other resistors in parallel with R1
and R2. This approach lowers the resis-
tor’s statistical error contribution by the 
square root of two.EDN

↘ A popular series of inexpensive 
distance sensors integrates an 

infrared emitting diode, a linear 
charge-coupled-device array, and a 
signal-processing circuit in one unit. 
The output is a dc voltage, VS, that 
depends on the distance, D, in a non-
linear manner (Figure 1). 

To improve linearity, the manufac-
turer suggests using the relationship 
between the output voltage and the 
inverse value of the distance (Figure 2). 
You can use the curve-fitting utility of 
Excel software to calculate two or three 

coefficients of this alternative relation-
ship, and a microcontroller can then 
use the coefficients to calculate distance 
from VS. The calculation requires float-
ing-point arithmetic, which results in 
a large amount of machine-language 
code, a difficulty for many microcon-
trollers due to their limited memory size.

This Design Idea describes a way to 
present the sensor response with better 
linearity and a circuit that eliminates 
the need for complex calculations to 
find the distance. The built-and-tested 
unit uses the Sharp GP2D120 sensor 

(Reference 1), which measures distanc-
es of 4 to 30 cm (40 to 300 mm). This 
sensor is currently out of production but 
may be available through some sources. 
If not, a similar but untested replace-
ment is the Sharp GP2Y0A21YK0F 
(Reference 2), which measures dis-
tances of 10 to 80 cm (100 to 800 mm).

Figure 3  shows the linearity 
improvement you gain by using the 
inverse value of the voltage, VS, versus 
distance. Figure 4 shows the circuit that 
provides a linear relationship between 
distance and another variable. The key 
component is a voltage-to-frequency 
converter, such as the AD654, between 
the sensor and the microcontroller 
(references 3 and 4). The sensor’s 
response is 1/VS=aD+b, where a and b 
are coefficients. The VFC has a linear 

Linearize optical distance sensors 
with a voltage-to-frequency converter
Jordan Dimitrov, Toronto, ON, Canada
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Figure 1 The analog voltage directly  
from the sensor is not linear with the  
distance.

Figure 2 Plotting the voltage against  
the inverse of the distance improves the 
linearity.

Figure 3 The new way of presenting the 
inverse of the sensor voltage against the 
distance provides the best linearity.
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