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The circuit shown in Figure 1 is a configurable 4 mA-to-20 mA
loop-powered transmitter based on an industry-leading
micropower instrumentation amplifier. Total unadjusted error
is less than 1%. It can be configured with a single switch as
either a transmitter (Figure 1) that converts a differential input
voltage into a current output, or as a receiver (Figure 5) that
converts a 4 mA-to-20 mA current input to a voltage output.
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Figure 1. Robust Loop Powered Configurable Transmitter Circuit with 4 mA-to-20 mA Output
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The design is optimized for precision, low noise and low power
industrial process control applications. The circuit can accept
0V to5Vor0Vto10V input range as a transmitter. As a
receiver it can provide 0.2 V to 2.3 V or 0.2 V to 4.8 V output
range compatible with ADCs using 2.5 V or 5 V references. The
supply voltage can range from 12 V to 36 V as a transmitter and
7V t0 36 V as a receiver.

Since the circuit is configurable, a single hardware design can be
used as a backup for both transmitter and receiver at the same
time, minimizing customer inventory requirements.

CIRCUIT DESCRIPTION

The circuit features the AD8420, an instrumentation amplifier
based on an indirect current feedback architecture. Because of
this architecture, the AD8420 has excellent input and output
characteristics. Unlike conventional instrumentation amplifiers,
the AD8420 can easily amplify signals at or even slightly below
ground without requiring dual supplies. The AD8420 has rail-
to-rail output voltage swing that is completely independent of
the input common-mode voltage. This exempts the AD8420
from the restrictions caused by interaction between the
common-mode input and output voltage associated with most
conventional instrumentation amplifier architectures. The
flexible input and output characteristics, together with
micropower consumption (80 pA maximum for 0 V input) and
wide supply range, make the AD8420 ideal for flexible low
power industrial applications.

Transmitter Configuration

Figure 1 shows the simplified schematic for the 4mA-to-20mA
transmitter configuration. The circuit only consumes around

1 mA of current, which makes it suitable for loop-powered
applications. The transmitter has input ranges of 0 V to 5 V and
0 V to 10 V, which can be selected using Jumper P3. The input
voltage range is then scaled down to 0.195 V to 0.990 V range
since the differential input voltage of AD8420 is limited to
maximum of 1 V.

The input to the AD8420 has a differential mode noise filter
(40 kQ/3.3 nF) with a 1.2 kHz bandwidth and a common-mode
noise filter (20 kQ)/330 pF) with a 24 kHz bandwidth.

The indirect current feedback architecture of AD8420 forces the
differential input voltage of the amplifier to appear between its
FB and REF pins. The transistor Q1 then translates the 0.195 V
t0 0.990 V range into 3.9 mA to 19.8 mA flowing through the
R9 50 () sense resistor.

The current through the R9 sense resistor includes the circuit
current and the Q1 current, but not the AD8420 current, Iamp.

The unique architecture of the AD8420 makes its supply
current predictable from 100 pA to 200 pA for a 0.195 V to
0.990 V input applied between +IN and —IN. This supply
current will add to the current through R9, bringing the total
output loop current to 4 mA-to-20 mA. Therefore, the total
current in the loop is given by the equation:

I LOOP I AMP +1 R9

In order for the circuit to operate properly, the total circuit
supply voltage must be greater than 7 V to provide sufficient
headroom for the ADRO2 voltage reference.

Vioorsuprry > 7 V + RioadlLoop(maz)
For Rioor of 250 Q,
Vioorsuerry > 7 V + (250 Q)(20 mA)
Therefore,
VioopsuppLy > 12V
The loop supply voltage is also limited to 36 V maximum.

An advantage of AD8420 is its high impedance reference pin
that eliminates the need for an additional op-amp to drive it,
thus, saving power, cost and space in the transmitter circuit.

It is important for proper loop operation that the circuit board
ground and the loop ground are not connected except for the
R9, 50 ) sense resistor.

Selection of Scaling Resistors

The differential input voltage range of AD8420 is limited to
maximum of +1V. Hence, to be able to accept higher industrial
input voltage range, the circuit makes use of a scaling resistor
network to translate the 0 Vto 5 V or 0 V to 10 V input into
0.195 V to 0.990 V. The following equations use nodal analysis
to obtain the values for R1, R2, R3, and R4 in the circuit:

VIN 0 —0.195V_|_VREF -0.195V 0.195V (1)
R1 R2 R5
VIN . —0.990 V +VREF -0.990V 0.990V )
R1 R2 R5
where:
Veer=5V
R5=1KkQ

For 0 V to 5 V input range, Equation 1 and Equation 2 lead to
Equation 3 and Equation 4, respectively.

0V-0195V 5V-0195V 0195V 3)
R1 R2 1kQ

5V-0990V 5V -0990V 0990V (4)
R1 R2 1kQ

Solving for R1 and R2 using Equation 3 and Equation 4:
R1=5044 O
R2 =20564 Q)

For 0 V to 10 V input range, Equation 1 and Equation 2 results
to Equation 5 and Equation 6, respectively.

0V—0.195V+5V—O.195V:0.195V (5)
R3 R4 1kQ

10V—O.990V+5V—O.990V _ 0.990V (6)
R3 R4 1kQ
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Again, solving for the corresponding scaling resistors:
R3=11088 O
R4 =22603 Q)

In the practical circuit, the nearest EIA standard 0.1% resistor
values must be chosen, resulting in fixed offset error. The
resistors supplied with the EVAL-CN0314-EB1Z board are as
follows:

RI =5050 Q2 and R2 = 20500 Q
R3=11000 Q and R4 = 22600 Q

With these values supplied with the board, the offset errors due
to the resistor values can be computed using the following
equations:

For 0 V to 5 V inputs, VREF = 5 V, R1 = 5.05 kQ), R2 = 20.5 kQ,
and R5 =1kQ.

Offset Error (%FSR) =

Total Transmitter Circuit Accuracy

A good approximation of the total error contributed by the
resistor tolerances is to assume that each of the critical resistors
contributes equally to the total error. The four critical resistors
are R1 or R3, R2 or R4, R5 and R9. Worst-case tolerance build
up of 0.1% resistors yield a total resistor error of 0.4% maximum. If
rss errors are assumed, the total rss error is 0.1V4 = 0.2%.

The maximum and rss errors due to the active components in
the system using the A grade for AD8420 and B grade for levels
of ADRO2 are shown in the table below.

Table 1. Errors Due to Active Components

Error Component Error ErrorValue | Error %FSR
AD8420-A Offset 250 pv 0.03%
ADRO02-B Offset 0.06% 0.015%

RSS FS Error 0.034%
Max FS Error 0.045%

Adding the worst case resistor tolerance error of 0.4% to the

(R1)(R2)( Rs)(V'N+VREF ]

RL R2
[(R1)(R2)+(R2)(R5)+(R1)(R5)]500

—1Q1(ideal)

x100%

16 mA

@)
Offset Error (%FSR) = 0.078% at VIN =0 V; IQ1 = 3.9 mA
Offset Error (%FSR) = —0.033% at VIN =5 V;IQ1 = 19.8 mA

Consequently, for 0 V to 10 V inputs, VREF =5 V, R3 = 11 kQ,
R4 =22.6kQ, and R5 = 1 kQ:

Offset Error (%FSR) =
(R3)(R4)( R5)[VIN+VREF]
R3 R4
[(R3)(R4)+(R4)(R5)+(R3)(R5)]50Q

16 mA

—1Q1(ideal)
x100%

(8)
Offset Error (%FSR) = —0.013% at VIN=0V; IQI =3.9 mA
Offset Error (%FSR) = 0.718% at VIN =10 V; IQI = 19.8 mA

To minimize this offset error, it is also possible to use
combination of two 0.1% values to come closer to the calculated
resistor values.

worst-case errors due to the offsets of active components yields:
Full Scale Error = 0.4% + 0.045% = 0.445%

These errors assume that ideal resistors were selected and the
errors resulted from their tolerances.

Actual error data from the circuit is shown in Figure 3 and
Figure 4 with a loop supply = 25 V. The total output error
(%FSR) is calculated by taking the difference between the
measured output current and the ideal output current, dividing
by the FSR (16 mA), and multiplying the result by 100.

0.10

0.05 \

N

AN

TOTAL ERROR (%FSR)
5
o
(5]

0 05 10 15 20 25 30 35 40 45 50
VOLTAGE INPUT (V)

11284-002

Figure 2. Total Transmitter Error (% FSR) vs. Input Voltage (0 V to 5 V Range)
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0.7 Receiver Configuration

0.6 // The simplified receiver configuration is illustrated in Figure 4.

o5 pd The receiver circuit translates the current signal into a voltage
3 ) / g level that is compatible with most single-ended input ADCs
£ 04 /‘ operating on either 2.5 V or 5 V references.
8 e
R:: 0.3 7
R )
5 ~
" 0.1 / /

0 ==
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Figure 3. Total Transmitter Error (% FSR) vs. Input Voltage (0 V to10 V Range)
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Figure 4. Simplified Schematic for 4 mA-to-20 mA Receiver Configuration
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Resistor R6 is used to sense the 4 mA-to-20 mA signal and
convert it into a 0.2 V to 1 V input voltage to the amplifier. The
input voltage is then reflected across the FB and REF pins of the
amplifier. Unlike most direct-gain receivers with an output
voltage range of 1 V to 5V, the circuit uses the ADRO02 together
with gain and scaling resistors to provide an output of 0.2 V to
4.8 V. This maximizes the input dynamic range of ADCs with

5 V references. The extra headroom ensures linearity across the
entire input signal range. The receiver circuit can also be
configured using Jumper P4 to give an output 0of 0.2 V to 2.3V
for ADC:s that use 2.5 V references.

The key advantage of AD8420 for this application is that it can
sense the current near ground without exceeding the input
range or running into common-mode restrictions, unlike many
other single supply instrumentation amplifiers. Additionally,
the AD8420 provides gain and level shifting capability so that it
does not waste ADC input range as would be the case with
simple resistive dividers.

Selection of Gain and Scaling Resistors

The gain of the AD8420 is usually set by the ratio of two
resistors (R11 and R10). However, the circuit utilizes ADR02 to
take advantage of the extra 20% of the range that is wasted with
direct gain on the low side. The equations below show how to
get the value of the gain and scaling resistors for the desired
output voltage ranges.

VOUT,,, —0.200 V +VREF -0.200V  0.200V

R11 R12 R10 9)

VOUT,,, -1V VREF-1V 1V
+ =—
R11 R12 R10 (10)

where:
VREF=5V
R1I0=1kQ

For 0.2 V to 2.3 V output range:
0.2V—O.200V+5V—0.200V:O.ZOOV (11)
R11 R12 1kQ
23V-1V 5V-1V 1V
R11 i R12 _@ (12)

This gives us resistor values of
RI11=1560 Q)
R12=24000 Q
For 0.2 V to 4.8 V output range,
0.2V—0.200V+5V—0.200V:O.ZOOV (13)
R13 R14 1kQ
4.8V—1V+5V—1V 1V
R13 R14 _@ (14)

Thus,
RI13=4560Q
R14 =24000 Q

The resistor supplied on the circuit board is the value nearest
EIA standard 0.1% resistor that is obtainable from and available
with the suppliers. Thus, actual values of the resistor supplied
on the board are as follows:

R11 =1580 Q and R12 = 23700 Q
R13 =4530 Q) and R14 = 24300 Q)

With these values supplied with the board, the offset errors due
to the resistor values are as follows:

Fora 0.2 V to 2.3 V output range, VREF =5V, R11 = 1580 Q,
R12 =23700 O, and R10 = 1 kQ.

Offset Error (%FSR) =

VFB[1+R11—R11J—VREF [RHJ—VOUUDEAL

R10 R12 R12 «100%
VOUTiMAX _VOUTiMIN
(15)
Offset Error (%FSR) = —0.190% at VFB = 0.2 V; Vour_ipraL
=02V

Offset Error (%FSR) = 0.635% at VFB = 1 V; Vour_ipgaL =

23V

Fora 0.2V to 4.8 V output range, VREF =5V, R13 = 4530 Q,
R14 = 24300 Q, and R10 = 1 kQ.

Offset Error (%FSR) =
R13 R13 R13
VFB[1+ —]—VREF [J —Vour_ioea
R10 R14 R14 «100%
VOUTiMAX _VOUTiMIN
(16)
Offset Error (%FSR) = 0.243% at VFB = 0.2 V; Vour ipear =
02V
Offset Error (%FSR) = —0.341% at VFB = 1 V; Vour mpeaL =
48V

It is also possible to use combination of two 0.1% values to
come closer to the calculated values minimize this offset error.

Total Receiver Circuit Accuracy

A good approximation of the total error contributed by the
resistor tolerances is to assume that each of the critical resistors
contributes equally to the total error. The four critical resistors
are R11 or R13, R12 or R14, R6 and R10. Worst-case tolerance
build up of 0.1% resistors yield a total resistor error of 0.4%
maximum. If rss errors are assumed, the total rss error is

0.1V4 = 0.2%.
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The maximum and rss errors due to the active components in 02
the system using the A grade for AD8420 and B grade for levels 01 \\
of ADRO2 are shown in the table below. \
o
Table 2. Errors Due to Active Components ﬁ
Error Component Error ErrorValue | Error % FSR § ot
ADRO02-B Offset | 0.06% 0.01% g 02
AD8420-A Offset 250 pv 0.01% 2 03
AD8420-A Gain 0.05% 0.05% 5 \
RSS FS Offset 0.014% —0.4
RSS FS Gain 0.05% 05 \‘
RSS FS Error 0.064% A
Max FS Offset 0.02% 002 4 6 8 10 12 14 16 18 2 g
Max FS Gain 0.05% CURRENT INPUT (mA) §
Max FS Error 0.07% Figure 6. Total Receiver Error (%FSR) vs. Input Voltage (4 mA-to-20 mA
Range) for 0.2 V to 4.8 V Output Range
Adding the worst case resistor tolerance error of 0.4% to the A design support package for the EVAL-CN0314-EB1Z
worst-case errors due to the active components yields: transmitter/receiver board including complete schematics, bill
Full Scale Error = 0.4% + 0.07% = 0.47% of materials, and layout files, can be found at

These errors assume that ideal resistors were selected, and the http://www.analog.com/CN0314-DesignSupport.

errors resulted from their tolerances.

COMMON VARIATIONS

The circuit is proven to work with good stability and accuracy
with component values shown. Other voltage references and in-
amp can be used in this configuration for other various

Actual error data for the receiver circuit is shown in Figure 5
and Figure 6 with Vcc = 25 V. The total output error (% FSR) is
calculated by taking the difference between the measured
output voltage and the ideal output current, dividing by the FSR

of the output voltage, and multiplying the result by 100. applications for this circuit.

The AD8237, a micropower, zero drift, true rail-to-rail
0.4 instrumentation amplifier can also be used for low supply

voltage versions of this circuit configuration.

©
w

/ The ADR4550, high precision, low power, low noise voltage
s 02 // references can be used to replace the ADRO2 for a low voltage
£ / supply applications.
s o1
-
E o e
<
5 S

nERyd

y

0 2 4 6 8 10 12 14 16 18 20
CURRENT INPUT (mA)

11284-005

Figure 5. Total Receiver Error (%FSR) vs. Input Current (4 mA-to-20 mA
Range) for 0.2 V to 2.3 V Output Range
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CIRCUIT EVALUATION AND TEST
Equipment Required
e EVAL-CNO0314-EB1Z evaluation board
o Agilent E3631A dual dc power supply or equivalent
¢ Yokogawa 2000 precision dc power supply or equivalent
o Agilent 3458 precision multimeter or equivalent

Test Setup Configuration and Tests

The circuit was tested using the test setup shown in Figure 7
and Figure 8. The Agilent 3631A was set to 25 V to serve as the
power supply of the board. The Agilent 3458 multimeter was
used to measure the actual current or voltage output of the
evaluation board. A photo of the EVAL-CN0314-EB1Z is shown
in Figure 9.

For the test setup of the transmitter configuration (Figure 8), a
Yokogawa 2000 precision dc source was used to generate a 0 V
to 5V or 0V to 10 V differential input ranges. The S1 switch
must be placed in the “V-I” position to configure the circuit as a
transmitter

POWER SUPPLY

v+ P21
PRECISION P51 vout
VOLTAGE
SOURCE com

) p2-2

CURRENT METER
com

EVAL-CN0314-EB1Z

P5-2

11284-007

Figure 7. Functional Block Diagram of Test Setup for the Transmitter

For the test setup of the receiver configuration (Figure 9), a
second EVAL-CN0314-EB1Z was used to produce a 4 mA-to-
20 mA input current. A precision current source can be used if
desired. The S1 switch must be placed in the “I-V” position to
configure the circuit as a receiver.

POWER SUPPLY

P5-1 vouTt

P5-2 COM

EVAL-CN0314-EB1Z
VOLTAGE METER

vouTt \'

CURRENT lour P1-1
SOURCE J

P12 com com

11284-008

Figure 8. Functional Block Diagram of Test Setup for the Receiver

|GND a:pRE
L wnRS
BRI
I mR4
L WAZ
a1

11284-009

Vw1 RANGE. (@

Figure 9. Photo of EVAL-CN0314-EB1Z Board

Switch and Jumper Settings for 4 mA-to-20 mA Transmitter

For the transmit configuration shown in Figure 1, Switch S1
should be put in the “V-I” position. Jumper P3 should be put in
the “0-10V” position for an input range of 0 V to 10 V, and in
the “0-5V” position for an input range of 0 V to 5 V. See also
the photo of the evaluation board in Figure 9.

Switch and Jumper Settings for 4 mA-to-20 mA Receiver

For the receiver configuration shown in Figure 4, Switch S1
should be put in the “I-V” position. Jumper P4 should be put in
the “0.2-2.3V” position for an output voltage of 0.2 V to 2.3 V,
and in the “0.2-4.8V” position for an output voltage of 0.2 V to
4.8 V. See also the photo of the evaluation board in Figure 9.
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LEARN MORE

CN-0314 Design Support Package:
http://www.analog.com/CN0314-DesignSupport
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Analog Devices.
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