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How to Design an Inexpensive HART Transmitter

Thomas Kugelstadt

ABSTRACT
This application report provides details for designing an inexpensive HART transmitter.

Process measurement and control devices can communicate via the conventional 4- to 20-mA current
loop by utilizing the highway addressable remote transducer (HART) protocol. This protocol uses
frequency-shift keying (FSK) with the frequencies of 1200 Hz and 2200 Hz. Here one 1200-Hz cycle
represents a logic 1, while two 2200-Hz cycles represent a logic 0. Because the average value of the FSK
waveform is always zero, the analog 4- to 20-mA signal is not affected.

Ideally, the FSK signal consists of sine waves of the two frequencies superimposed onto the DC
measurement signal. However, generating phase-continuous FSK sine waves is a rather complex matter.
Therefore, in order to simplify the generation of HART signal waveforms, the physical layer of the HART
specification defines parametric limits into which the amplitude, shape, and slew rate of a more

generalized waveform must fall. In this case, a trapezoidal waveform, with the limiting values detailed in

Figure 1, suits this application well.

PARAMETER MINIMUM | MAXIMUM
Vpp 04V 06V
Ipp 0.8 mA 1.2mA
Slew Rate at 1200Hz | | V/mS
2mA/ms 4V/ms
8 mA/ms
Slew Rate at 2200 Hz 2V/ms
4 mA/ms

One 1200-Hz cycle = Logic 1

Two 2200-Hz cycles = Logic 0
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Figure 1. Minimum and Maximum Values of Trapezoidal HART Current Waveform
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The HART transmitter in Figure 2 provides a simple and inexpensive solution that generates a trapezoidal
HART waveform, superimposes it onto a variable DC level, and subsequently converts the resulting output
voltage into the loop current.
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Figure 2. Low-Cost HART Transmitter

The HART FSK signal, commonly generated by a local microcontroller unit (MCU), is applied to the input
of a first NAND gate, G1. A second output of the MCU'’s general purpose 1/O port serves as an active-high
ENABLE signal. G1 controls two further NAND gates, G2 and G3, whose outputs connect together via
high-impedance voltage dividers, R; and R,.

A second voltage divider, consisting of R, and R, splits the 5-V supply into a reference voltage of Ve =
VCC/2, or 2.5 V. As long as ENABLE is low, G2's output is low and G3'’s output is high. Due to high-
impedance loading, the NAND outputs provide rail-to-rail capability; and, with R; = R,, the input voltage at
Al’s non-inverting input, V,, is also 2.5 V.

When ENABLE is taken high, the outputs of G2 and G3 toggle in phase with each other, thus creating a
small square wave at V, that swings symmetrically about Vg.. The peak-to-peak amplitude of V is given
in Equation 1:
R
Vinpp)y = Vs X —
P Rs + RylIR; (1)

where Vg is the positive 5-V supply, and R, || R, is the parallel combination of R, and R,.

Inserting the resistor values from Figure 2 into the preceding equation yields an input-voltage swing of
Vinery = 200 mV, making V,y swing between 2.4 and 2.6 V. When V, rises to 2.6 V, Al’s output goes
immediately into positive saturation and charges C, via R; and R,. The actual HART voltage on C; (Vyyar7)
rises linearly until it reaches 2.6 V. At this point, amplifier A1 rapidly exits saturation and acts as a voltage
follower, thus holding V& at 2.6 V. When V,, decreases to 2.4 V, Al’s output goes into negative
saturation and discharges C, via R; and R,. V urr then ramps down linearly until it reaches 2.4 V, at which
point A1 comes out of saturation and again acts as a voltage follower, holding V.gr at 2.4 V.

The resulting trapezoidal waveform is equal in amplitude to V,y and swings symmetrically about Vgg.. Its
slew rate is determined by:

VSAT - VHART
v _1__ Re+Ry
dt C3 C3 (2)

where Vg, is the positive or negative output-saturation voltage of Al.
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Because the AC content of V,urr is small compared to Vgar, Viarr Can be approximated by its quiescent
level, Vgee. Also, Al’s rail-to-rail-output capability in combination with the high-impedance loading through
R; yields output saturation levels of 5 V and 0 V. Given that R; is much smaller than R, the preceding
expression simplifies to:

dV _ #Veer

If the component values for R; and C, from Figure 2 are inserted, the trapezoid’s slew rate results in £1.25
V/ms.

Scaling the peak-to-peak amplitude of Vrr (200 mV) to a HART peak-to-peak current signal of 1 mA
makes the voltage slew rate of 1.25-V/ms equivalent to a current slew rate of 6.25 mA/ms in the HART
current signal, which perfectly fits within the given limits of Figure 1.

R, is required to isolate Al’'s output from the large capacitive load, C,, in order to maintain closed-loop
stability. The required value depends on Al's unity-gain bandwidth, f;, and the values of R; and C,. A
good approximation for R is accomplished with:

1+ 1+ 81 x fr x Rg x Cg
[ 2n xfp x Cq 4

Al must have a reasonably wide frequency response and be able to slew significantly faster than the
HART trapezoid. The OPA2374, a low-cost dual operational amplifier from Texas Instruments (TI),
provides a sufficiently fast slew rate of 5 V/us and a unity-gain bandwidth of f; = 6.5 MHz. In addition, the
amplifier outputs have rail-to-rail drive capability with a typical quiescent current of 585 pA per amplifier.

The second amplifier, A2, superimposes the HART signal onto a variable DC voltage, V.. The voltage at
A2’'s output, Vg, becomes:

Vout =| Y 10 4y —2
ouT [ REF X Rs + Ry DC X

®)
Making Rg to R,; equal in value simplifies this equation to:
VOUT = VREF + VDC - VHART' (6)

Because V, .zt consists of a 200-mV trapezoid swinging symmetrically about Vgee, the output of A2
contains only the small HART waveform riding on the variable DC level. Feeding Vo into TI's XTR115
voltage-to-current converter makes each 200 mV of V. equivalent to 1 mA of current. Thus, varying Vpc
from 0.8 V to 4.0 V is equivalent to a 4- to 20-mA current range.

Resistors Rg to R,; should be large enough to minimize the loading effects on C;’s charging current but
not so large as to introduce errors through A2’s input-offset current. Well-matched resistor values remove
Vrer €ntirely from Vg7 S0 that Vot = Ve £ 100 mV. Therefore, a mismatch in R, and R, or variations in
the voltage supply have little effect on Vq;'s DC content.

The XTR115 is a two-wire, precision, current-output converter that transmits analog 4- to 20-mA signals
over an industry-standard current loop. The device provides accurate current scaling as well as functions
for limiting output current. Its on-chip 5-V voltage regulator is used to power the external circuitry. To
ensure control of the output current, Iy, the current-return pin, lzer, serves as a local ground and senses
any current used in the external circuitry. Its input stage has a current gain of 100, which is set by the two
laser-trimmed gain resistors, Rg, and Rg,:

. R
Gain =1+ =21
G2 ()
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Therefore, an input current, 1, produces an output current, Iy, equal to I, x 100. With the voltage
potential at I, being 0 (referenced to Ix;), the resistor value required to convert an input voltage into a
defined output current is calculated with:

R|N :m:thain
v lout 8)
Converting the 200-mV,, HART voltage into a 1-mA current thus requires an input resistance of:
1mA 9)

In addition, R,y defines the input-voltage range for a 4- to 20-mA current range with:
Rin % lout_min 20 kQ x 4 mA

\Y in = = =08V
DG _min Gain 100 (10)
and
Rin % IOUT_max 20 kQ x 20 mA
VDC_max = : = =4V
Gain 100 (11)
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Conclusion

Simple operational-amplifier circuits can be used to design a low-cost HART transmitter for the

conventional 4- to 20-mA current loop.

Figure 3 shows the signal voltages at various test points during a HART transmission for a DC input of 2
V. Resistor matching in the difference amplifier, A2, removes the V- component in the output signal.
Thus, deviations in the reference voltage have no impact on Vg ;. The output signal therefore swings

symmetrically around the 2-V DC input.
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Figure 3. Signal Voltages of the HART Transmitter’s Signal Path
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Texas Instruments Incorporated and its subsidiaries (TI) reserve 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 JESDA48, latest
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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 are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl 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
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TI does not warrant or represent that any license, either express or implied, is granted under 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 Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

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 which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in 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 Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl 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
which have not been so designated is solely at the Buyer's risk, and that 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, Tl will not be responsible for any failure to meet ISO/TS16949.
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