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ERRATA

This errata provides guidance for proper implementation of the HART FSK Physica Layer with respect
to the requirements for Carrier Stop/Carrier Decay timing, time from Carrier On to Start of First
Character, and time from Last Character to Carrier Off. Requirements for these parameters were
inadvertently ommitted or rlaxed in HCF_SPEC-54, Revison 8.1 and unfortunately, were not
discovered prior to the specification relesse.

Device designers should use the following requirements for these parameters. FSK Physica Layer
Specification Revison 8.2 will correctly state the requirements listed below and incorporate
requirements important for the desgn of HART modem chips.

Carrier Stop/Carrier Decay Timing Requirements

Carrier Stop and Decay Timing in Revison 8.1 was inadvertently made less redtrictive than Revison
8.0, taking time away from the Data Link Layer. The proper requirements for these parameters are as
follows

Change from Changeto
Carrier Stop Time 5 bit times 3 bit times
(RTS dissassertion to below 80mV)
Carrier Decay Time Change from Changeto
(RTS dissassartion to carrier below maximum 15 bit times 6 bit times

acceptable noise amplitude)

Character Start/Stop Requirements

Timing with respect to ‘ characters was inadvertently omitted from Revison 8.0, but the Physica Layer
can not alow unmodulated carrier or trailing ‘dribble’ bitsbytes. Therefore, the requirements of
Physica Layer Specification Revison 7.2 are reindated as follows. (Note: definition has been modified
to include Carrier Stop and Start time requirements)

Time from RTS assartion to First Character gart hit: 5 bit times

Time from Last Character to Carrier OFF: 11 bit times
(carrier below maximum acceptable noise amplitude)
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Preface

Revision 8.1 of the HART Physical Layer Specification (HCF_SPEC-54) has evolved from several
previously released revisions (7.0, 7.1, 7.2., and 8.0). Revisions 8.0 and 8.1 differ from prior revisions
in the following ways:

Device Names

New terms were developed to more closely represent the unique electrical properties of
devices. References to ‘slaves’ and ‘masters’ throughout this document are now made only
when describing devices with respect to the Data Link Layer.

Connection Types
Additional device connection types are permitted within a HART network.

Device Topologies
New HART network topologies have been incorporated to support the new device types.

Document Format
The document was reformatted to align more closely with IEC/ISO specifications.

A summary of changes is listed in Annex C of this document. Revision 8.1 differs from revision 8.0
as follows:

1. The upper impedance limit of a low impedance devices was adjusted frorf2 1400
600Q

2. Carrier Decay timing requirements were added.
3. Carrier Start/Stop transient requirements were tightened.

4. Section 7 was reformatted to improve definitions and relationships between the analog
and digital signaling spectrum.

5. Methods in Section 7.5.3 for Calculating Single-Pair Cable Length were revised.

This standard was developed by the HART Communication Foundation Physical Layer Working
Group. The intent of this specification is to define the electrical properties of HART devices and net-
works, to facilitate the design of related products.

Revision 8.1, Release Date: August 24, 1999 Page 11 of 88
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I ntroduction

The HART Protocol is a transaction-oriented communication service for process control devices.
Designed to augment traditional 4-20 mA analog signaling, HART communicating devices provide
relatively low-bandwidth, moderate response-time communication in industrial environments. Appli-
cations include remote process variable interrogation, parameter setting, and diagnostics.

HART digital signaling is an extension of conventional analog signaling. Using 1200 bps binary
phase-continuous Frequency-Shift-Keying (FSK), a high frequency current is superimposed on a
low-frequency (typically 4-20 mA) analog current. The two signals share much of the same hardware
but differ in frequency. HART communicating devices signal with either current or voltage, and all
signaling appears as voltage when sensed across a low impedance.

For purposes of convenience, communicating device are described in terms of Data Link and Physical
Layers according to the OSl 7-Layer Communication Model [see Related Documents]. The Data
Link Layer primarily specifies the HART protocol, while the Physical Layer specifies the signaling
method, signal voltages, device impedances, and media. However, as regards hardware or software,
no clear boundary exists between layers. Effectively, the division into layers should be viewed as a
division into functions.

The Data Link Layer requires specific services of the Physical Layer. These services are described
fully inthe Data Link Layer Specification (HCF_SPEC-81).

The Physical Layer commonly uses twisted-pair copper cable as its medium and provides solely digi-
tal or simultaneous digital and analog communication. Maximum communication distances vary
depending on network construction and environmental conditions. The Physical Layer requirements
for HART communication are the focus of this document. An representation of the relationship
between the HART protocol communications layers (including firmware and hardware) is given in
Figure 1.

MICROPROCESSOR

PROTOCOL
DATA LINK LAY ER -&—® DATA MESSAGES
ERROR CONTROL
UART
‘ SIGNAL VOLTAGES
MODEM PHYSICAL LAYER -&—® FREQUENCIES
‘ CABLES
MEDIA

Figurel. Datalink Layer and Physical Layer Relationship
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1 SCOPE

The HART Physical Layer Specification provides information necessary to construct and use HART
networks and devices. This document is devised to:

1. Promote interoperability among HART devices.
2. Supply guidelines for acceptable communication under a variety of conditions.

3. Provide guidelines for minimization of interference to and from 4-20 mA signaling.

2 NORMATIVE REFERENCES

2.1 Related HART Documents

1. HART Physical Layer Test Procedure, HCF_TEST-2.
2. HART DataLink Layer Specification, HCF_SPEC-81.

2.2 Related Communication Documents

1. ISO 7498-1984, Open Systems Interconnection — Basic Reference Model.

2. Bell System Technical Reference, PUB 41212, “Data Sets 202S and 202T Interface
Specification,” July, 1976.

3. Appendix to Bell System Technical Reference, PUB 41004, “Data Communications Using
Voiceband Private Line Channels,” October, 1973.

2.3 Other Related Documents

The HART protocol does not require compliance to the documents listed below. However, many
HART devices are designed and tested to meet the requirements.

1. EN 50 081-1, European Standard, Electromagnetic Compatibility
2. EN 50 081-2, European Standard, Electromagnetic Compatibility
3. EN 50 082-1, European Standard, Electromagnetic Compatibility
4. EN 50 082-2, European Standard, Electromagnetic Compatibility

Revision 8.1, Release Date: August 24, 1999 Page 14 of 88
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3 DEFINITIONS

Analog Controller

Analog Signaling

Analog Signaling

Spectrum

Analog Test Filter

Barrier

Cable Capacitance Per
Unit Length

Carrier Decay Time

A conventional controller designed for use with only 4-20 mA sig-
naling that meets all requirements of a current input device or
current output device.

A low freguency signal (usualy 4-20 mA) sent to or originating
from afield device.

The frequencies from DC to 25 Hz (with -40 dB per decade above
25 Hz).

A filter (HCF_TOOL-32) designed to define the amount of energy a
digital signaling device may generate from assertion or removal of
its carrier (see Section 7.3.2.1) in the analog signaling spectrum.

Intrinsically safe barrier. When both supply and return side barriers
are used, the term ‘barrier’ also applies to the combination.

The capacitance per unit length of cable, measured at 1 kHz from
one conductor (not including shield) to all others (including shield)
combined. For networks comprised of more than one type or gauge
of cable, the highest capacitance value of any cable type or gauge is
used to determine this value.

Time from the disassertion of RTS until the carrier drops to an
amplitude within the range of allowable noise (see Figure 2 below).

RTS

A = Carrier Decay Time B = Maximum Acceptable Noise Amplitude

Figure2. Carrier Decay Time
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Carrier Sart Time

Carrier Sop Time

Current Sense Resistor

Delay Distortion

Digital Signaling

Time from the assertion of RTS until the carrier reaches an accept-
able amplitude (see Figure 3 below).

RTS

\

A =Carrier Start Time B = Minimum Acceptable Amplitude

Figure3. Carrier Start Time

Time from the disassertion of RTS until the carrier dropsto an unac-
ceptable amplitude. Thisisillustrated in Figure 4 below.

] RTS

A

JI

A = Carrier Stop Time B = Minimum Acceptable Amplitude

Figure4. Carrier Sop Time

A resistor that may be used to convert analog current signal to a
voltage signal.

The difference in time delays of sine waves of different frequencies
when observing the time delay through a network or circuit.

Communication of information via the 1200 bps FSK HART signal.
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Digital Signaling
Spectrum

Digital Test Filter

Extended Frequency
Band

Field Device

Frame

The frequencies from 500 Hz to 10 kHz (with -40 dB per decade
below 500 Hz and -20 dB per decade above 10 kHz).

The purpose of the Digital Test Filter (HCF_TOOL-31) is to define
by the means of a filter, the amount of energy an analog signaling
device may generate in the digital signaling spectrum.

The range of frequencies from 500 Hz to 10 kHz that include the
normal frequency band plus some guard band.

A signaling element that usually resides in the process area and not
in the control room. A field device may have any of the following
properties. generate or receive an analog signal in addition to adigi-
tal signal; signal digitally by modulating current or voltage; loop
powered or independently powered; source current, sink current, or
be DC isolated from the loop.

The complete transmission of a given signaling element from start
of carrier to end of carrier.

A frame consists of a preamble and message. Each frameissent asa
sequence of bytes using asynchronous character format. This format
IS most commonly used in data communication over voice-grade
telephone lines. Each device signalsin turn by applying its carrier to
the medium for the full duration of its frame. Between frames there
issilence (see Figure 5).

SILENCE

FRAMES
/

N

PREAMBLE MESSAGE

Figure5. HART Digital Signaling Frames
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Frame (Continued)

Ground

Junction

M essage

Multi-Dropped Networ k

Networ k

Network Power Supply

The bit sequence within a character is one start bit (0), 8 data bits,
one parity bit (odd), and one stop bit (1) as shown below in Figure 6.
The parity will be true (1) if number of 1's in the data byte is even.

PARITY BIT PARITY BIT (1)
START BIT (0) (1 0r0) START BIT (0) /
DATA BITS STOPBIT (1 DATA BITS STOPBIT (1)
( (Lsoros)) { / @ \ [ @irs) \//
l | l |
O Locic ‘o
MESSAGE FORMAT 5 ogicr  PREAMBLE FORMAT

(Shown between other Messages). LOGIC 0 or 1 (Shown between other preambles)

Figure 6. HART Byte For mat

A thorough discussion of messages and the time between frames is
given in the Data Link Layer Specification (HCF_SPEC-81).

A connection to the surface of the earth or to conduits or pipes that
are so connected, or to the safety bus bar or “0 volt rail” to which IS
barriers are connected. Ground may or may not be the same as net-
work power supply common.

Any splice of two cables or any attachment point of another cable or
of a field device to an existing cable.

The information-bearing part of a frame. Everything except the pre-
amble part of the frame.

A Data Link Layer term for a network with more than one Slave
Device.

A single pair of cabled wires and the attached signaling and non-
signaling elements. This definition also applies to single current
loops. An installation using multiple-pair wire and a common
network power supply is said to consisnafltiple networks.

A source that supplies operating power directly to a network.
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Network Resistance

Non-Signaling Element

Normal Frequency Band

Point-to-Point Networ k

Preamble

Primary Master

Secondary Master

Signaling Element

Silence

Slave

Theresistance or real part of the impedance of a network. Calculated
as the paralel combination of the impedance of all parallel devices
on the network. Usually dominated by one low impedance device.

Any fundamental item of network hardware, such as a network
power supply, that does not signal.

The range of frequencies from 950 Hz to 2500 Hz used for digital
signaling.

A DataLink Layer term for a network with one slave device.

A sequence of hexadecimal FF characters preceding the message of
each frame for the purpose of synchronization. Part of the message-
detect pattern. The HART protocol requires a minimum of five (5)
preambles and a maximum of twenty (20) preambles.

A Data Link Layer term for a signaling element that initiates com-
munication with one or more dave devices. This function is
typically provided by the I/O card of a control system but could, the-
oretically, reside in any signaling element.

A DataLink Layer term for a signaling element that initiates com-
munication with one or more slave devices by means of an
arbitration process defined in the Data Link Layer Specification.

Any device that communicates digital information on a HART net-
work by modulating current or voltage at its network terminals.

The state of a signaling element that is not transmitting or the state
of the network when no carrier is present.

A Data Link Layer term for a device that responds to a primary or
secondary master.
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4 SYMBOLSAND ABBREVIATIONS

AWG American Wire Gage

Cpoev Device Capacitance

Cig Capacitance Terminal to Ground
Cit Capacitance Terminal to Terminal
Cx Equivalent Device Capacitance

DUT Device Under Test

EMI Electro Magnetic Interference

FSK Frequency Shift Keying

HART  Highway Addressable Remote Transducer
HCF HART Communication Foundation

Kc Cable Capacitance Per Unit Length

RMS Root Mean Square

Rp Parallel Network Resistance
Rig Resistance Terminal to Ground
Ryt Resistance Terminal to Terminal
Ry Equivaent Device Resistance

RTS Request to Send

UART  Universal Asynchronous Receiver Transmitter

Revision 8.1, Release Date: August 24, 1999 Page 20 of 88



HART Communication Foundation Document Number: HCF_SPEC-54
FSK Physical Layer Specification

5 PHYSICAL DEVICE TYPES

This section categorizes and specifies the properties of various physical connections to HART net-
works. In many cases, HART devices are capable of operating in more than one mode or exhibit
characteristics of more than one connection type by changes in configuration. Therefore, this section
isNOT intended to categorize products but rather connection types.

The primary distinction between devices isimpedance level. All signaling elements can be classified
as either low impedance or high impedance devices. Further distinctions are made on the basis of con-
nection type and associated characteristics.

Frequently throughout this specification, reference will be made to devices by connection type or
impedance class alone. A thorough discussion of physical parameters for all device typesis the topic
of Section 7, Common Characteristics of All Device Types.

5.1 Low Impedance Devices

Low impedance devices are typically signaling elements intended to receive analog current signaling
or serve as the master for a multi-drop network. DC power considerations require current receivers
(such as a controller analog input device or an actuator) be very low impedance at analog signaling
frequencies. It isimpractical for devices of this type to also have high impedance at HART frequen-
cies. Since the maximum allowable cable length is provided with a low impedance, it is most
convenient to make this device the dominant low impedance of the network.

For maximum compatibility with preexisting equipment, low impedance devices must have an
impedance of 230 Q - 600 Q within the normal frequency band (950 Hz - 2500 Hz). However,
designing devicesto function at either extremeis unwise. At the low end of the range, theloop haslit-
tle tolerance for parallel resistance. At the high end, the loop has less tolerance for wiring capacitance.
Wire length calculations and specifications of other devices will serve as guides for designers to
establish practical impedance.

To prevent signal distortion, the impedance of these devices is required to be ‘flat’ (i.e., the imped-
ance remains within = 3 dB of a constant value over the extended frequency band).

5.2 High Impedance Devices

High impedance devices control current, either as a means of analog signaling or at a fixed level in a
multi-drop environment. In either case, these devices are naturally high impedance since accurate
current control is high impedance by definition. By default, all devices that do not qualify as low
impedance devices (23D - 600Q) fall into the class of high impedance.
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Generaly, high impedance devices should be designed to have as high an impedance as practical
within other design constraints. High impedance will allow the most devices to be connected in paral-
lel without attenuating the HART signal. Transmitters, for example, usually have impedances >100
kQ within the normal frequency band of 950 Hz - 2500 Hz. This allows several to be placed on a
multi-drop network without appreciably reducing the signal. The exception to this convention is the
secondary device type which has a minimum impedance of 5 kQ.

It may be physically possible to design a functional transmitter with impedance as low as 1 kQ under
limited conditions. However, such a device would probably not be suitable in amulti-drop application
and would certainly not function with even a single device whose impedance is in the lesser end of
the low impedance range.

5.3 Device Connection Types

Communicating devices on aHART network may be of the following connection types. Any particu-
lar device may exhibit characteristics of more than one of these connection types.

Current Input (Formerly Primary Master)!

Current Output (Formerly Type C field device)
Voltage Input (New)

Voltage Output (Formerly Voltage Mode slave device)
Secondary (Formerly Secondary Master)

Transmitter (Formerly Type A or B slave device)
Actuator (New)

Non-DC Isolated Bus Device (Formerly Type A slave in multi-drop mode)

© © N o o ~ 0w bdPRF

DC Isolated Bus Device (Formerly Type D field device).

All network devices (with the exception of some non-communicating devices) must be described and
specified according to their connection to both wires of the loop. Every device instruction manual is
expected to identify the connection types for which the device can be configured. For each connection
type, manuals should also detail the characteristics and parameters listed in Table 1 below.

1. Former terms are referenced from those used in revision 7.2 of this document.
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Table 1. Device Connection Characteristics

Characteristic

Parameters

1. DCisolated from ground

Minimum Ry and maximum Cy; under worst-
case conditions of an unbalanced network.

2. Not DC isolated from ground

Minimum Ry and maximum C;; as normally
connected and a description of the ground
reference.

3. Devicesthat draw DC from loop

The amount of current drawn and the mini-
mum  terminal  voltage a  which
communication is physically possible.

4. Devices that source DC to loop

The limitations on sourced current and volt-
age and the maximum load voltage at which
communication is physically possible.

5. Devices that signal with analog
current

Current limitations and termina voltage
requirements.

6. Low impedance devices

Both minimum and maximum impedance
magnitudes in the HART normal frequency
band (950 Hz - 2500 Hz).

5.3.1 Current Input (Formerly Primary Masterl)

Current input devices (including sense resistor) have low impedance and are often not isolated from
ground. The most common example of a current input device is the controller connection for an ana-

log input loop (a loop with acommon 4 - 20 mA transmitter as the field device).

Current input devices may incorporate the network power supply and provide DC power to the loop.
They may aternatively rely on an external power supply. These devices will generally include inter-
nal current sense resistors or specify an externally connected sense resistor. In either case, the
impedance of a current input device should be specified to include the current sense resistor. For a
given device, if arange of sense resistance is specified, the device parameters should be specified asa

function of the sense resistor value.

1. Former type name from revision 7.2
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5.3.2 Current Output (Formerly Type C Field Devicel)

Current output devices are high impedance and always provide the analog signal to the loop. Usually
these devices are not isolated from ground. Examples of current output devices are the controller con-
nection for an analog output loop (aloop with acommon 4 - 20 mA actuator or positioner asthe field
device) or a separately-powered field device that sources current to the loop rather than sinking it
from the loop.

Current output devices may source current to the network by incorporating the network power supply,
or they may connect in series with an external power supply and simply control the loop current.

5.3.3 Voltage Input (New)

Voltage input devices do not provide DC power to the loop, have a high impedance, and may or may
not be isolated from ground. Examples are the controller connection for an analog input loop where
the analog signal is voltage (e.g., from a voltage output transmitter) or a separately powered output
device that accepts voltage as its analog input signal rather than current.

In order for thistype of device to function, the DC impedance needs to be high enough that resistance
in the loop does not introduce an error on the voltage signal. Because of the high DC impedance, volt-
age input devices are assumed to be high HART impedance as well.

5.3.4 Voltage Output (Formerly Voltage Mode Slave Device)

Voltage output devices do not provide DC power to the loop and are low impedance. They may or
may not be isolated from ground. By controlling DC voltage, voltage output devices are assumed to
be low impedance for HART signaling.

The most common example of this HART device is a 3-wire voltage output transmitter. Another
example is a controller designed to drive a separately powered field device. A network with analog
voltage signaling cannot carry DC power since this causes voltage drop in loop wiring and an unac-
ceptable error in the analog signal.

5.35 Secondary (Formerly Secondary Masterl)

Secondary devices are always DC isolated from the current loop and high impedance. Any device that
isintended as a removable connection, that is not required for communication on the loop, and is not
included in the wire length calculations is considered a secondary device. The most common example
of aHART secondary device is ahandheld terminal or other type of temporary connection.

1. Former type name from revision 7.2
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Network analysis calculations assume the presence of a secondary device on the network. Devices
that do not qualify as secondary devices, but are intended for use as such, must be included in the net-
work analysis calculations.

5.3.6 Transmitter (Formerly Type A or B slave device!)

Transmitters draw DC current from the loop, vary the amount of current drawn as a means of analog
signaling, are DC isolated from ground, and are high impedance. Examples of thisHART device type
are 2-wire transmitters or separately powered transmitters with loop interface that draw DC from the
loop. The HART Protocol does not distinguish between devices that present the same electrical prop-
erties to the loop.

5.3.7 Actuator (New)

Actuators draw DC power from the loop at a current level determined by the current sourcing device.
These devices are always DC isolated from ground and low impedance. The most common examples
of actuators are 2-wire devices that receive an analog signal via4 - 20 mA loop current supplied by a
controller. A separately powered device with aloop interface that accepts DC from the loop like a 2-
wire transmitter would also fall into this category.

5.3.8 Non -DC Isolated Bus Device (Formerly Type A slave in multi-drop mode?)

Non-DC isolated bus devices normally draw a constant DC current from the loop but are not required
to derive their power from the loop. They are usually DC isolated from ground and are usually high
impedance. The most common example of this HART device is a 2-wire transmitter when in a fixed
current mode.

5.3.9 DC Isolated Bus Device (Formerly Type D Field Devicel)

This device type includes independently-powered devices that connect to the loop for digital commu-
nication only. DC isolated bus devices will normally have high impedance. DC isolated bus devices
may exist on any loop, including loops with analog signaling, since they do not effect the analog sig-
nal. Loops may be constructed with only thistype of device, that is, loops with no DC current flowing
atall.

1. Former type name from revision 7.2
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6 NETWORK CONFIGURATION RULES

The rules outlined in this section are intended to regulate the physical properties of networks and
ensure reliable signal transmission. These rules permit combinations and configurations of hardware
not permitted by the Data Link Layer Specification or that may be prone to failure under DC power.

6.1 Definitions of Elements

Networks will consist of cable, communicating devices and hon-communicating devices as specified
In other sections of this document.

6.2 Combination of Elements

The following rules govern the combinations of elements on aHART network:

6.2.1

6.2.2

6.2.3

6.2.4

6.2.5

Rule Number 1

A network must have at least one, typically only one, low impedance device. The combined
parallel impedance of all connected devices must fall in the range of 170 Q - 600 Q.

Rule Number 2
A network must have no more than one analog signaling device.

Rule Number 3

A network may have up to 16 devices® as allowed by the DC power limitations, the cable
length cal culation and the noise requirement.

Rule Number 4
Only one secondary deviceis allowed.

Rule Number 5

The cable length must be less than or equal to the maximum allowed by the cable length
calculation (or graphical chart interpretation) for the combination of elements connected.

1. The maximum of 16 devicesis derived by the noise calculation. A network may be constructed with more

than 16 devices provided it meets the noise calculations of this specification. Network that exceed the limits
defined by the noise calculation may have degraded communication performance.
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6.3 Example Topologies

6.3.1 Point to Point Current Input

@

Current + + _
I nput Transmitter

(integra
power supply)

Secondary

(b)

Power + +
Supply Transmitter

Secondary

Current -
I nput

Misc. Hardware (i.e. meter)

C
© Current + + _
I nput Transmitter

(integra
power supply)

Secondary

Figure7. Point to Point Current I nput Topology
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6.3.2 Point to Point Current Output

@

Current + +

Output Actuator
(Integral

power supply)

Secondary

(b)

Power + +
Supply Actuator

Secondary

Current
Output

(Sink) +

(©)

Power + +

Supply _ Actuator
(Voltage Boosting)

Secondary

Current +
Output

(Source) -

Figure 8. Point to Point Current Output Topology
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6.3.3 Multi-drop

@ Current N + Non-DC
Input |solated
(integra _ _ BusDevice(s)
power supply)

Secondary
" DCIsolated
Bus Device(s)
(b)
Power + + Non-DC
Supply —W\ Isol ated
3 _ BusDevice(s)
Secondary
" DCIsolated
Bus Device(s)
(©
+
—A\N\ DC Isolated
Bus Device(s)
Secondary
" DCIsolated
Bus Device(s)

Figure 9. Multi-drop Topology
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6.3.4 Multi-drop with Analog Signaling

@

(b)

Current

I nput

(integral
power supply)

Transmitter

Current
Output

(integra
power supply)

Secondary

DC Isolated
Bus Device(s)

Figure 10. Multi-drop with Analog Signaling Topology

Actuator

Secondary

DC Isolated
Bus Device(s)
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6.3.5 Series Connection

@ Current * + +
Input Transmitter
(integra _ _
power supply)
Secondary
Note: Communications

+ *
will occur with all devices Actuator
only if Secondary is
connected across the High -
Impedance device.

Figure 11. Series Connection Topology
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(b) *

Power + ‘/\/\/\/ +

Supply | Transmitter

Note: Communications
will occur with all devices Secondary + *
only if Secondary is connected Actuator

across one of the devices,
and not across the sense resistor. -

(©
Current + +
Output Actuator *
(integral _
power supply)

o Secondary

Note: Communications + *

will occur with all devices Actuator

only if Secondary is connected

across the Current Output, -

and not across an Actuator.

(d)
Power WV .
Supply Transmitter

Note: Non-communicating
Actuator isamiscellaneous Secondary +  Non-
series impedance.

Communicating
— Actuator

* Denotes impedance matching required to achieve optimum signaling lengths.
Impedance matching is determined by anayzing the network according to section
7.5.3 for each low impedance device with the other low impedance device consid-
ered as series impedance.

Figure 11. Series Connection Topology (continued)
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7 COMMON CHARACTERISTICSOF ALL DEVICE TYPES

Common characteristics are electrical requirements, test parameters, and cable limitations imposed
on al devices. Adherence to the listed specifications will insure that al conforming devices on a
HART network will properly communicate and not interfere with other devices.

7.1 Digital Signaling Requirements

The requirements for digital signaling have been defined to ensure digital communication under spec-
ified conditionsis reliable and does not significantly interfere with analog signaling.

7.1.1 Digital Signaling Spectrum

The digital signaling spectrum is defined as the frequencies from 500 Hz to 10 kHz (with -40dB per
decade below 500 Hz and -20 dB per decade above 10 kHz). Thisis represented in Figure 12 below:

Signaling Spectrum
-

Signal -40 dB/dec -20 dB/dec
Attenuation

Fregquency 500 Hz 10 kHz

Figure12. Digital Signaling Spectrum

All digital signaling devices are required to limit the amount of energy emitted during carrier start/
stop within the analog signaling spectrum (Section 7.3.2.1). In addition, spurious energy outside the
digital signaling spectrum may interfere with analog signaling, create crosstalk or produce other
undesirable effects. Even though devices are not required nor tested for spurious energy outside the
digital signaling spectrum, they should be checked in order to avoid the above mentioned effects.

7.1.2 Digital Signaling Char acteristics

The HART protocol uses 1200 bps binary phase-continuous Frequency-Shift-Keying (FSK) to super-
impose digital communications on to a 4-20 mA current loop. Devices signal with either current or
voltage; all signaling appears as voltage when sensed across a low impedance. Phase-continuous fre-
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guency-shift-keying requires the phase angle of the mark (1200 Hz = binary 1) and the space (2200
Hz = binary 0) to remain continuous at the 1200 Hz bit boundaries as shown below in Figure 13.

1200 Hz

Figure 13. Example of Phase-Continuous Frequency-Shift-Keying

Other signaling requirements ar

1200 Hz 1200 Hz 1200 Hz

e contained in Table 2.
Table 2. Signal Timing

Modulated HART Signal
1200 Hz Mark 2200 Hz Space 1200 Hz Mark 1200 Hz Mark 2200 Hz Space
1 1 1 1 1

1200 Hz

Parameters Limits
Bit Rate (bps) 1200 + 1%
Mark (logic 1) frequency 1200 Hz + 1%
Space (logic 0) frequency 2200Hz + 1%

Carrier Start Time

5 bit times max.

Carrier Stop Time

5 bit times max.

Carrier Decay Time

15 bit times max.

Time from Carrier ON to
Carrier Detect Assertion

6 bit times max. (note 1)

Carrier Detect Di

Time from Carrier OFF to

sassertion

6 bit times max. (note 1)

Note 1: Devices produced prior to release of Revision 8.0 Physical Layer
Specification may have up to 30 bit times.
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7.1.3 Transmitted Waveform

The transmitted waveform is defined in Figure 14 as shown across the required test load. With the
signaling element adjusted to emit either 1200 Hz or 2200 Hz tones, the signal must remain within the
region indicated. This effectively specifies the signal amplitude, rise-time, overshoot, and droop (see
Table 3). The waveform must be DC balanced as shown below in Figure 14.

Vmax 2

Vmin
*

1000 V/S - 4000 V/s

/ |-

v ' » 75us

< P 200 ps
1200 HzTransmit Waveshape Limits

0.417 +£ 0.021 ms

A
2000 V/S- 4000 V/s
A
Vmax
0.227 £ 0.011 ms
75 us *
v ./ Waveforms
< 100 s are DC balanced
2200 HzTransmit Waveshape Limits
Figure 14. Transmit Waveform Limits
Table 3. Transmit Amplitude Limits
Impedance Vmin./; Vmax.;
Characteristics Minimum Amplitude | Maximum Amplitude st ezt
Low Impedance 400 mVpp 800 mVpp 1000 Q + 1%
High Impedance 400 mVpp 600 mVpp (note 1) 500 Q = 1%

Note 1. Allowable to be 800 mVpp into test load if it is< 800 mVpp into 1 kQ test load.
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7.1.4 Recever Characteristics

The receiver characteristics are common for all devices and given in Table 4 below.

Table 4. Common Receiver Requirements

Par ameter Conditions Limits
Amplitude of HART signal at 120 mVpp
which Carrier Detect must be
asserted
Amplitude of HART command at 80 mVpp

which Carrier Detect must not be
asserted

Receive Signal Range

High Impedance Devices
Low Impedance Devices

120 - 1500 mVpp
120 - 800 mVpp

Error Rate Signal level 200 mV p-p, Added 1in 10,000 max
Gaussian Noise of constant density
of 163 microvolt/root Hz over the
extended frequency band, Pseudo-
random bit sequence
Out-of-Band Interference withno | 0 Hz -500 Hz See Figure 15 for
degradation in receiver 10kHz - 1 MHz interference limits
performance
In-Band common mode Interfer- Extended Frequency Band 0.2 Vpp max
ence with no degradation in 500 Hz - 10 kHz
receiver performance
Below-Band common mode Inter- | 47 Hz - 500 Hz 2 Vpp Max

ference with no degradation in
receiver performance

The common mode requirements listed in Table 4 apply only to those devices that have all inputs
floating with respect to ground.
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Signal Amplitude

16 Vpp*
11Vpp
Slope =
- 40 dB/decade
Slope =
55 mVipp 20 B/ decade
|29 | 500 | | | |
1 10 100 1k 10k 100k 1M
Frequency in Hz

* The maximum signal amplitude for low impedance devices with afixed impedance will be
the impedance value x 16 mA.. For a system with a 250 Q impedance, the maximum signal
amplitude will be 4.0 V.

Figure 15. Receiver Out-of-Band Interference Limit (Peak-to-Peak Volts)

7.2 Analog Signaling Requirements

While no attempt is made within this specification to define analog signaling, a clear distinction is
made between the analog signaling spectrum and the digital signaling spectrum in order to ensure sig-
naling in one domain does not interfere with signaling in the other.

7.2.1 Analog Signaling Spectrum

The analog signaling spectrum is defined as the frequencies from DC to 25 Hz (with -40 dB per
decade above 25 Hz). Thisis graphically represented by Figure 16 below:

Anaog Signaling Spectrum
Sgnd & - -40 dB/dec
Attenuation
DC 25Hz Frequency

Figure 16. Analog Signaling Spectrum

Devices which generate analog signaling are required to limit the effects of this signal within the dig-
ital signaling spectrum.

Revision 8.1, Release Date: August 24, 1999 Page 37 of 88



HART Communication Foundation Document Number: HCF_SPEC-54
FSK Physical Layer Specification

7.2.2 Analog Signaling Interference on Digital Signaling

The analog output signal generated by an analog signaling device (i.e., transmitter or current output
device) must not interfere with the communications signal. A device is considered to meet this
requirement if its worst-case current signaling waveform does not produce any instantaneous peak
voltages above 15 mV at the output of the filter! when applied to the specified test load and filtered
through the digital test filter defined in Section 7.4.3.

In addition, the device must be capable of successful communication (bit error rate < 1 in 10,000)
during worst-case analog signaling with the recelved HART signal attenuated to 130 mVpp
amplitude.

7.2.3 Analog Input Recommendations

It isimportant for analog input devices, such as current inputs and actuators, to filter the analog signal
with alow-pass filter within the analog signaling spectrum defined above, to avoid interference from
digital signaling.

7.3 Other Characteristics
7.3.1 Device lmpedance

7.3.1.1 High Impedance Devices

Characteristics recommended for high impedance devices (with the exception of the secondary
device given in section 7.4.1.1) over the normal frequency band are given in Table 5 below.

Table 5. High Impedance Device Electrical Characteristics

Parameter Condition Limits
Device Capacitance, Cy Receive 5000 pF (recommended max.)
Device Resistance, Ry Receive 100 kQ (recommended min.)

The recommended parameter limits are normally not included in this normative section, but are
included here so that device designers can optimize their designs for longer cable lengths. To aid loop
commissioning and multi-drop loop reliability, polarized devices are strenuously recommended to
correspond to these values when reverse-connected. | ndependently-powered devices should also have
these limits when not powered.

1. The 15 mV assumes a filter with unity gain.
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7.3.1.2 Low Impedance Devices

The impedance of low impedance devices over the normal frequency band must remain within the
limits given in Table 6 below.

Table 6. Low Impedance Device Electrical Characteristics

Parameters Condition Limits (notes 1, 2, and 3)
Impedance Magnitude, Receive only 230 Q to 600 Q
terminal-to-terminal
I mpedance Magnitude, Sending only Sending impedance may not exceed
terminal-to-terminal the receive-only impedance.

Note 1: Thereisno 1 kQ test load for sending and receiving impedance specifications.

Note 2: Sending impedance and receiving impedances DO INCLUDE THE DEVICE'S CURRENT SENSE
IMPEDANCE (typically a 25 resistor).

Note 3: Impedance must not vary by more than + 3 dB over the extended frequency band (500Hz to 10 kHz).

7.3.1.3 Secondary Device Impedance
Secondary device requirements given in Table 7 below apply over the normal frequency band.

Table 7. Secondary Device Electrical Characteristics

Parameter Condition Limits
Impedance Magnitude, Receive only 5kQ min.
terminal-to-terminal
Real part of impedance, Sending (note 1)
terminal-to-terminal
Imaginary part of impedance, | Sending (note 1)
terminal-to-terminal

(note 2)
Capacitance, Sending or Receive 250 pF max.
terminal-to-ground
Resistance, Sending or Receive 100 kQmin.

terminal-to-ground

Note 1: Sending Impedance may not exceed the receive-only impedance.

Note 2: Meeting the waveform characteristics satisfies the transmit reactance requirements.
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The requirements noted in Table 7 also apply for polarized units with the unit connected backwards,
with or without power applied.

7.3.2 Interferenceto Analog Signaling

7321 Carrier Start/Stop

To prevent interference to analog signaling, the carrier start/stop transients are recommended to decay
fast enough that when the signaling waveform, using a 250 Q test load, is passed through a 2-pole 25
Hz low-pass Butterworth filter (refer to the analog test filter defined in Section 7.4.2) the output of the
filter does not exceed 10 mV at any timel. This does not apply to the application or removal of a net-
work connection (i.e., temporarily connecting a secondary master to a network).

7.3.2.2 Occasional Secondary Connection Transients

A disruption to analog signaling may occur upon connection/disconnection of a secondary deviceto a
network. Any resultant disruption must not exceed a peak effect of 1% of span (160 uA), averaged
over a 10 ms period.

7.3.2.3 Cyclic Connection Transients

A disruption may occur when a secondary device or alow impedance deviceis cyclically connected/
disconnected to a HART network. This type of cyclic connection is common when communications
are multiplexed onto the network. Any transient that results from the cyclic connection must meet the
analog signaling interference requirements outlined in Section 7.2.2 and the transient levels outlined
in Section 7.3.2.1.

7.3.3 Output During Silence (I nterference on Digital Signaling)

During silence the element output voltage, averaged over 1 second or more, must contain not more
than 2.2 millivolt RM S of combined broadband and correlated noise in the extended frequency band
as shown below in Figure 17. For devices capable of analog signaling, the requirement shall apply
with it adjusted to produce a constant analog output current.

1. Thisrequirement is tighter than all previous HART Physical Layer specifications. Whileitis highly
recommended that all new designs meet the stated requirement, compliance with only the old requirement is
acceptable. See Caution in Appendix A. The previous requirement was. The average voltage, averaged over a
period of 10 ms, following application or removal of the carrier, must be less than 50 mV. During thistimethe
transient must decay to less than half of its starting value.
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707
+20 dB/dec
138
V RMS'
m -40 dB/dec
2.2
47Hz 63Hz 500 Hz 10 kHz 3.2 MHz
Frequency

Note: For sinusoidal noise Vpp = 2.8 x VRMS
For white noise Vpp 06 x VRMS

Figure 17. Allowable Output Noise

7.4 Test Requirements

741 Test Loads

Test loads are required when testing a device for conformance to the HART Physical Layer Specifica-
tion. Unless otherwise indicated, the presence of thistest load is assumed and all specified parameters
are measured across the test load. The appropriate physical connection of the test load will vary with
device type. In most cases, the test load is purely resistive and part of the DC current path. In the case
of analog signaling devices such as transmitters and current output devices, the test load may aso
serve as the current sense impedance.

In some cases, it may be necessary to prevent DC current flow through the test load. When thisis nec-
essary, a 100 microfarad DC blocking capacitor may be placed in series with test load and the
specified parameters may then be measured across the series combination of the capacitor and test
load resistor. For example, thiswould be required for avoltage input or voltage output device where a
purely resistive test |oad would cause abnormal DC current flow.
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Thetest load value for all device types are shown below in Table 8.
Table 8. Device Test L oads

Device Type Device | mpedance Test Load Resistance
Current Input Low 1000 Q = 1%
Current Output High 500 Q £ 1%
Voltage Input High 500 Q + 1%
Voltage Output Low 1000 Q * 1%
Secondary High 500 Q £ 1%
Transmitter High 500 Q £ 1%
Actuator Low 1000 Q = 1%
Non-DC Isolated Bus High 500 Q + 1%
Device Low 1000 Q * 1%
DC Isolated Bus Device High 500 Q £ 1%

Low 1000 Q = 1%

Example test |oad topologies are shown below in Figure 18.

Power + + Transmitter Transmitter
Supply | 500Q Example
TestLoad
Current + + Actuator
Output Actuator
Example
_ 100 uF 1000Q | _

Test Load

Figure 18. Example Test Load Topologies
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7.4.2 Analog Test Filter

The purpose of the analog test filter HCF_TOOL-32, is to define the amount of energy a digital sig-
naling device may generate from assertion or removal of its carrier (see Section 7.3.2.1) in the analog
signaling spectrum. The low-pass analog test filter is specified to have a response within the analog
signaling spectrum specified in Section 7.2.1.

7.4.3 Digital Test Filter

The purpose of the digital test filter HCF_TOOL-31, is to define the amount of energy an analog sig-
naling device may generate in the digital signaling spectrum. The digital test filter is specified to have
aflat response within the digital signaling spectrum specified in Section 7.1.1.

7.5 CableCharacteristicsand Lengths

75.1 CableTypes

Cable must be one or more single-twisted pair shielded or multiple-twisted pair with overall shield.
Single and multiple-pair may be combined in a given network provided all the devices at one end
(typically the DCS end) of the multi-pair cable share a common shield or chassis ground, and the
overall shield is connected to this ground. Unshielded cable may be used if it is demonstrated that
ambient noise or crosstalk does not effect communication.

7.5.2 Recommended Minimum Conductor Size (Diameter)
Below 5000 ft. total length: #24 AWG (0.51 millimeter diameter).

Above 5000 ft. (single pair) total length: #20 AWG (0.81 millimeter diameter).

7.5.3 Calculated Single-Pair Length

The maximum length of cable per HART network is dependent on the characteristics of the devices
connected to the network and the characteristics of the cable to be used.

To determine the maximum length of HART networks, Figure 19 through Figure 23 graphically esti-
mate cable length based on the device and cable parameters as defined below. Figure 19 gives adirect
unit length for the most common HART network, a single device used in conjunction with a 250 Q
current sense resistor, and without a miscellaneous series impedance. Figure 20 through Figure 23
indicate the total allowable cable capacitance, from which a cable length can be calculated, for HART
networks that contain multiple devices and no Miscellaneous Series Impedance. For HART networks
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that contain a Miscellaneous Series Impedance, additional graphs similar to those shown in Figures
20-23 are contained in Annex B. For all cable length estimates, the following parameters are required:

1.

Parallel Device Capacitance: The summation of the Cy values of all connected devices.
Refer to the Physical Layer Test Specification (HCF_TEST-2) for the method of determin-
ing the Cy value of adevice.

Parallel Device Resistance: The parallel combination of the Ry values of al connected
devices. Refer to the Physical Layer Test Specification for the method of determining the
Ry value of a device. Typically there is only one low impedance device in the network
(e.g., the DCS current sense resistor in a Transmitter loop) and it dominates this value. If
al high-impedance devices on the network have input resistance =100 kQ (the recom-
mended minimum), their effect on the parallel device resistance will be negligible and the
Ry of the single low-impedance device may be used for the Parallel Device Resistance
value.

Miscellaneous Series Impedance: The miscellaneous seriesimpedance value for a network
Is the sum of the maximum impedance (between 500 Hz and 10 kHz) of all devices con-
nected in series between two communicating devices. A typical non-intrinsically safe loop
will have no miscellaneous series impedance. Passive IS barriers and current indicators
are examples of such devices. Note: Series topologies, such as field devices with PID
capability or split-ranged Actuator devices, are analyzed by treating one of the field
devices as a miscellaneous series resistance while analyzing the network for the other.

Cable capacitance per unit length: (feet or meters) The capacitance from one conductor to
all other conductors (including the shield if shielded). Thisvalue is usualy available from
cable manufacturer.

Cable resistance per unit length: (feet or meters). This value should be available from the
cable manufacturer. Table 14 in Annex B contains the resistance values of some common
copper wire sizes. The resistance per unit length isfor asingle wire but the length calcul a-
tions and charts take into account the resistance of both wires.

In a HART network, long cable lengths are possible when the dominant low impedance device is
approximately 250 Q, low capacitance good-quality cable is used, and each high impedance device
has alow input capacitance (less than 5000 pF) and a high input resistance (greater than 100 kQ).
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75.3.1 Example Cable Length Calculations

Example 1. Single Device, Parallel Network Resistance = 250 Q

Device Capacitance: 5000 pF
Cable Capacitance: 55 pF/ft.
Cable Resistance: 0.015 Q/ft. (22 AWG)

From Figure 19, using cable capacitance (Cyx) of 55 pF/unit length and resistance (Ry) of
0.015 Q/unit length, a direct reading of the corresponding length on the y-axis is
approximately 3300 feet (unit length of feet from above parameters).

Example 2. Multiple Device Network

Given parameters:
Device Capacitance: Cpgyx = 5,000 pF, Cpgyy = 10,000, Cpogyz 10,000 pF
Device Resistance: Rpgyx = Rpevy = Rpeyz =100 kQ
Total Device Capacitance = 5,000 + 10,000 + 10,000 = 25,000 pF
Low Impedance Device Resistance = 250 Q
Cable Capacitance: 400 pF/m
Cable Resistance: 0.0368 Q/m (0.800 mm)

Calculated parameters:
Cable Capacitance/Resistance = 400 / 0.0368 = 10,869

Combined Paralel Resistance = 250 Q (use Low Impedance Device value since high
impedance devices are = 100 kQ).

The cable capacitance/resistance ratio is rounded to the nearest value of 1000, 2000, 5000, or
10000, corresponding to the graphs in Figure 20 through Figure 23. For the above example,
theratio is closest to 10000, which correlates to Figure 23.

From Figure 23, using an Rp of 250 Q and Total device Capacitance of 25,000 pF, the
allowable cable capacitance derived from the y-axis is 200,000 pF.

The maximum allowable cable length is calculated by dividing the alowable cable
capacitance by the capacitance (per unit length) of the cable listed above. In this example, the
maximum allowable cable length is (200,000 pF) / (400pF/m) = 500 m.

Example 3. Multiple device network with 100 Q Miscellaneous Series |mpedance
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All parameters are the same as Example 2 except a series impedance of 100 Q is assumed.

Instead of using Figure 23, you would use Figure 51 in Annex B. An R, of 250 Q and total
device capacitance of 25000 pF yield the allowable cable capacitance derived from the y-axis
is 145,000 pF.

The maximum allowable cable length is calculated by dividing the alowable cable
capacitance by the capacitance (per unit length) of the cable listed above. In this example, the
maximum allowable cable length is (145,000 pF) / (400pF/m) = 363 m.

7.5.3.2 Interpolation of Graphs

When the system parameters are between values shown in the charts, it is up to the user to interpolate
between the values shown.

754 Maximum Multi-Pair Length

If multi-pair cable is used with single-pair cable to form a network, the total length of cable in this
network is determined as the LEAST of the following values:

1. 5000 ft. (1500 meter)
2. Thelength as determined by following Section 7.5.3.

3. Thelength as determined by following Section 7.5.3 with the parallel network resistance
isthe largest value of any HART network in the multi-pair cable.
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Allowable cable length for single-device networks with
5000 pF device capacitance and 250 ohm network resistance
(No miscellaneous series impedance)
8000 | |

Cable Capacitance:

—
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Figure19. Length Graph - Single Device Networ k
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Allowable Cable Capacitance for cable with
Capacitance (pF) / Resistance (ohms) = 1000.
(No series impedance)

140000 : :
. Total Device Capacitance:
S 120000 A 5000
5 —m— 25000
% o y T A0
o 80000 | - 75000\.
L —~
—= LL
=3 o / \\\
o /y / T/ \o\ B
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a 40000
: [
o
pre 20000
0
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Rp (Combined Parallel Resistance, ohms)
Figure 20. Length Graph, Capacitance/Resistance Ratio = 1000
Allowable Cable Capacitance for cable with
Capacitance (pF) / Resistance (ohms) = 2000.
(No series impedance)
160000 : :
o Total Device Capacitance:
% 140000 \.\ —e— 5000
S 120000 —m— 25000
S 100000 /. —e— 75000
% E 80000 / ///‘ // \‘\
S~ \l\
; 60000 //E/ /r/ I—
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Rp (Combined Parallel Resistance, ohms)
Figure 21. Length Graph, Capacitance/Resistance Ratio = 2000
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Allowable Cable Capacitance for cable with
Capacitance (pF) / Resistance (ohms) = 5000.
(No series impedance)
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Figure 22. Length Graph, Capacitance/Resistance Ratio = 5000
Allowable Cable Capacitance for cable with
Capacitance (pF) / Resistance (ohms) = 10000.
(No series impedance)
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Rp (Combined Parallel Resistance, ohms)

Figure 23. Length Graph, Capacitance/Resistance Ratio = 10000
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8 NON-COMMUNICATING NETWORK DEVICES

8.1 Network Power Supply

The network power supply provides DC power to the network. Any fuses, current limit resistances or
supply resistances that are normally part of or used with the network power supply are assumed to be
contained in the power supply. The network power supply requirements are stated in Table 9 and
shown as a function of frequency in Figure 24 below.

Table 9. Network Power Supply Char acteristics

Parameter Condition Limits

Ripple All rated loads, 47 Hz to 63 Hz 138 mV RMS
All rated loads, 94 Hz to 126 Hz 35mV RMS

Noise All rated loads, 2.2mV RMS max.
Extended Frequency Band (note 1)

Noise All rated loads, Within limits shown below
Outside Extended Frequency Band in Figure 24

Impedance All rated loads, 10 Q max.

Magnitude Extended Frequency Band

Note 1: It is permitted to combine the allowed noise of the Master with the allowed noise of the network
power supply, that together they do not exceed the RSS (Root Sum Square) value of 3.1 mV RMS.

707
+20 dB/dec
138
V RMS'
mv RMS 40 dB/dec
22
47Hz 63Hz 500 Hz 10 kHz 3.2 MHz
Frequency
Note: For sinusoidal noise Vpp =2.8 X VRMS
For white noise Vpp 06 x VRMS

Figure 24. Power Supply Ripple
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In intrinsically safe applications, the network power supply voltage and barrier shall be chosen and
operated such that an AC voltage of up to 1.4 volt p-p may be superimposed onto the DC at the haz-

ardous (network) side of the barrier.

8.1.1 Power Distribution and Barriers
The network power supply is generally located at the current input device and can be connected as

illustrated in Figure 25 below

Current
- Input -
power _—— to network
to — ‘ ‘
other ——_ .
networks /\/\/W
to cable shid q
7 No Barrier
suppl
Current baﬂ? ery
B Input (
power ~__ \;li
to —— return  to network
other — ‘ ’ barrier
networks — /\/\/W
to cable slji ed
7 Supply and Return Barriers
suppl
Current baErFi) e)r/
B Input \/\/W (]
potvger — ‘ ’ \;\ to network
other -
networks — .
B — to cable shielg
J7 Supply Barrier

Figure 25. Network Power Supply Connections
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When a network power supply is not used, the power supply in any of the configurations of Figure 25
Is removed and replaced with an impedance not exceeding the permitted power supply impedance of
Section 8.1. A single network power supply may power more than one network, provided that it is
connected to multiple networks as shown in Figure 25.

Device types which require power from sources other than the network may be powered by twisted
pairs in the same multi-pair cable that carries signal pairs, provided that variations in current con-
sumption of these devicesis within the limitsimposed in Section 7.2.2.

8.1.2 Shielding and Grounding

Figure 26 shows the preferred grounding schemes. The cable shield must be grounded at one point
only. This is usualy done in the control room at or near the source of loop power. However, the
ground connection may alternatively occur in a junction box or other suitable location in the field
area. Care must be taken to avoid an inadvertent connection of grounded metal objectsto the shield.

Current
Input / Output j:g

Device
Junction Box
1 Grounding and Shielding
— Without Barriers
Supply .
Barrier — DFés:ge
Current
Input / Output :é—j)\_)(L ] [
Device Return —
Barrier |- Junction Box
p— Grounding and Shielding
- With Barriers

Figure 26. Grounding and Shielding

Multiple networks that share a common connection should be grounded at the respective primary
master or analog controller.

A cable shield is usually left open (unconnected) at a field device. Alternatively, the shield may be
connected to the field device housing or the internal shield surrounding the device’s circuits under
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either of the following conditions:. (1) the device housing or the internal shield must be isolated from
ground, or (2) the connection of shield to ground isthe only point in the network at which the shieldis
grounded.

For junctions not located at a signaling element, the shields of all cables brought to the junction are
usually connected. To surround otherwise exposed wiring, cable shields may be connected to junction
boxes and wiring panelsif the junction boxes or panels are isolated from ground or if the connection
to ground is the only point at which the network shield is grounded.

Other grounding and shielding arrangements may be used if the coupling and RFI/EMI do not inter-
fere with HART digital signaling.

8.2 Barriers

The requirements of barrier impedance facing the hazardous side(s) is given in Table 10. The safe
side(s) are assumed to be connected to the silent primary master (or analog controller), and the master
and barrier combination is assumed to be operating normally.

Table 10. Barrier Impedance Requirements

Par ameter Condition Limits

Real Part of Impedance | Extended Frequency Band, Barrier | 230 Q to 600 Q
and Master powered or biased for
nominal operating conditions

Imaginary Part of Same as above -350 Q to +350 Q
Impedance
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The attenuation and delay distortion of a barrier must within the limits defined in Table 11 below.

Table 11. Barrier Attenuation and Delay Requirements

Parameter Conditions Limits
Output Voltage Hazardous Frequency Band, Test 185 mVpp min.
Side to Safe Side, first test circuit of Figure 27A 800 mV pp max.
Output Voltage Hazardous Frequency Band, Test 135 mVpp min.

Side to Safe Side, second test circuit of Figure 27B 400 mV pp max.

Output Voltage Safe Side to Frequency Band, Test 270 mVpp min.
Hazardous Side circuit of Figure 27C 400 mV pp max.

Delay Distortion Frequency Band, Each | 50 ps max.
of above test circuits

hazardous safe
10k 1% side side
" ;
8.0V p-p 10 pF 5% barrier
signal or 250 Q 1% = Vo
generator barriers
— 1] 1]
*
(A)

*  Polarities should be established and bias sources or power supplies added according to the
particular barrier being tested.

Figure 27A. Barrier Test Circuit
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hazardous safe
100 O 1% sde side
= .
04V p-p 10 uF 5% barrier
signa or 250 Q 1%~ VO
generator barriers
— | 1]1] 1
(B) ’

*  Polarities should be established and bias sources or power supplies added according to the
particular barrier being tested.

Figure 27B. Barrier Test Circuits

hazardous safe
side side
100 Q 1%
+
Vo —

i 04V p-

~ 0.13 UF 5% barrier A, Sondl "
barriers generator

— | 11|

*

(©

* Polarities should be established and bias sources or power supplies added according to the
particular barrier being tested.

Figure27C. Barrier Test Circuits

8.3 Miscellaneous Hardware

Miscellaneous hardware may be connected in series with a field device or in parallel with field
devices according to function. Miscellaneous hardware may not be connected in series with a network
power supply so that it becomes a common element to two or more networks which share the same
power supply. Miscellaneous hardware may not be connected between the network and ground. A
network may accommodate more than one component of miscellaneous hardware provided that the

electrical characteristics of the combined devices are within the limits given in Table 13.
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Table 12. Miscellaneous Har dwar e Char acteristics

Parameter Conditions Limits

Capacitance to Ground Extended Frequency Band | 1000 pF max.
recommended

Resistance to Ground Extended Frequency Band | 100 kQ min.
Impedance If Extended Frequency Band | 100 Q max.
Series Connected recommended (note 1)
Series Impedance Extended Frequency Band + 5 Q per ms max.
Rate of Change
Impedance If Extended Frequency Band | 10 kQ min.
Parallel Connected recommended (note 2)
Parallel Impedance Extended Frequency Band + 5 kQ per ms max.
Rate of Change
Broadband or Correlated Extended Frequency Band, | 2.2 mV RMS max. averaged
Noise or Interference 500 Q load over 1 second or more

Note 1: The maximum impedance magnitude (in the extended frequency band) of series-connected
miscellaneous hardware must be included as series resistance in the network length

determination.

Note 2:  The minimum impedance magnitude (in the extended frequency band) of parallel connected
miscellaneous hardware must be included as parallel resistance in the network length

determination.

The above recommended parameter limits are normally not included in the normative section, but are

included here so that system designers can optimize their networks for longer cable lengths.
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ANNEX A. DISCUSSION AND DERIVATION OF SPECIFICATIONS

In the following annex, an attempt is made to explain or to show how the parameters were derived in

the body of the specification. Sections labelled A-x.x refers to corresponding sections of the specifi-

cation. For example, A-5.3 corresponds to paragraph 5.3, “Device Connection Types” on page 22 and
explains the characteristics of different device types.

A - 53 DeviceConnection Types

The device connection types are intended to differentiate between devices connections as necessar
to be able to apply network configuration rules. The references to device types in Revision 7.2 of the
Physical Layer Specification are intended to make it easier for those familiar with 7.2 to understand
the new definitions.

The requirements for publishing certain parameters of device connections come from the need for this
information to facilitate the network length calculation, and also to facilitate DC voltage/power anal-
ysis for HART loops.

Characteristics:

1. The worst-case unbalanced network must be considered when determining these
parameters because most HART networks are unbalanced, and the lower impedance to
ground could exist on either the high or low side of the network. If a device has a lower
impedance to ground on one side than the other, and that device is connected to a
network where the other side has a low impedance to ground, the device will exhibit a
low terminal-terminal impedance as a result. To prevent this from causing application
problems, the lowest value must be published as the device’s parameter.

Since these devices are isolated from grouggafd Gy can be considered negligible.

2.  Generally there will only be one device on a network that is not DC isolated from ground.
The nature of the connection to ground must be understood to analyze networks from the
imbalance standpoint as well as to determine the applicability of certain 1.S barriers. In
some cases, knowing the nature of ground connections may allow the connection of more
than one grounded device to a network.

3,4. Itis important that the manufacturers specify DC voltage and the current requirements at
the levels where communication parameters are valid, and NOT merely the levels at which
the instruments begin to operate. For example, a transmitter manufacturer should not just
specify the voltage at which the transmitter starts to control the current, but rather a value
that allows the current to be modulated in response to process changes and as a means of
communication.

5. Itis important for devices that signal with analog current to publish the limits of the
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current output so the loop voltage analysis can be done at the extremes. It is clearly
possible to construct aloop that will work at 20 mA, but will saturate and not work at 22
mA. The analysis of the loop must be done to insure that communications are still possible
in power wind-up conditions.

6. Itisnot aregquirement that a Low Impedance device have a pure resistive impedance. In
some cases the impedance can be quite complex. For reasons stated in paragraph 6, it is
requested that all manufactures will list their minimum and maximum impedance
magnitude in the HART Extended Frequency Band.

A - 6.2 Combination of Elements

Multi-Dropped Networks are restricted to Digital Signaling (with the exception of 1 analog signaling
device per Rule Number 2) to prevent interference between Field Instruments. However, irrespective
of interference, a combination of Analog Signaling and Multi-dropped Digital Signaling is not atypi-
cal network configuration. The table shows that a Point-to-Point Network need not have either a
Primary or Secondary Master. This situation would exist, for example, when only an Analog Control-
ler is used, the single Field Instrument having been programmed by a Secondary Master that was
subsequently disconnected.

The number of Field Instrumentsis restricted to no more than 15 to avoid excessive noise from other-
wise silent Signaling Elements.

A - 6.21 RuleNumber 1

Since the network length is maximized at about 250 Q due to the time constant (capacitive roll-off
restrictions), it will be advantageous for low impedance devices to be near that, and two such devices
in parallel would create too low of a network impedance for adequate signal amplitude. However, to
offer design flexibility, the section is written to allow multiple low-impedance devices as long as the
parallel combination gets no lower than the specified minimum.

The minimum value of 170 Q is derived from the length calculation. Having the combined parallel
impedance of devices on anetwork being aslow as 170 Q will result in ausable cable length of O feet.
It is recommended that the combined impedance should be near 250 Q for networks requiring longer
cable lengths.

A - 6.2.2 RuleNumber 2

Since analog signaling is a form of interference to digital signaling, and since the low frequency
rejection requirements of receivers were derived assuming the signal of one source, more than one
source in paralel cannot be allowed without more restrictive filter requirements.

Revision 8.1, Release Date: August 24, 1999 Page 58 of 88



HART Communication Foundation Document Number: HCF_SPEC-54
FSK Physical Layer Specification

A - 6.2.3 RuleNumber 3

Thisisthe provision for multi-dropping. The restrictions are self explanatory.

A - 6.24 RuleNumber 4

Thisisthe provision for a handheld secondary master. Since the user islikely to only consider the per-
manently installed equipment when planning his networks, and since the precedent has been set for
ignoring this device, and since multiple devices have already been designed to meet these require-
ments, it makes sense to uniquely specify it. It is possible to construct networks with 2 physical
devices of this type, but at least one of the devices must be treated as an isolated bus device and
included in the network calculations. The limit of one is driven solely by the fact that only one such
deviceis assumed in the calculations.

A - 6.25 RuleNumber 5

It is appropriate to remind the user that the cable length and combinations of devices are interrelated.
The allowable length is determined by the impedance of the devices connected as well as by the cable
properties.

A - 6.3 Example Topologies

The exampl e topol ogies show the more common network configurations and are not intended to limit
other new and unique applications.

When creating a Network, one must be careful not to violate any of the Network Configuration Rules
outlined in Section 6.

Network topologies are possible that do not violate any of the Network Configuration Rules and yet
may not allow HART communications between all devices on the Network.

A - 7.1.2 Digital Signaling Characteristics

A 1% tolerance on bit rate means that the last bit in each 11-bit character can be skewed by approxi-
mately 22% of one bit time between transmitting and receiving devices. Equipment designers are
advised that some UARTSs may not be compatible with this much skew.

Time from Carrier On/Off to Carrier Detect Assertion/Disassertion was decreased from the previous
Physical Layer Revision 7.2 of 30 bit times to 6 bit times to rectify a timing issue in the Data Link
Layer with Secondary Masters and Bursting Devices. With the commercially available HART
modems today, the 6 bit time specification is easily met.
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A - 7.1.3 Transmitted Waveform

The specification for transmitted waveform effectively provides:

1. A risetimerequirement to limit coupling.

2. Anupper limit on signal strength, also to limit coupling.

3. A lower limit on signal strength, to insure sufficient received signal.

4. A shape requirement to insure that the full signal power spectrum is being transmitted.

The waveform is measured ‘DC balanced’ such that the waveform is not simply placed in the specifi-
cation envelope for the ‘best fit'. The oscilloscope measurement would be made by first referencing
ground as the x axis and then recording the measurement with input AC coupled.

With revision 8.0, the transmit amplitude was increased to 800 mVpp to relax the waveform require-
ments for low impedance devices. Having a larger waveform envelope will enable low impedance
devices that are capacitvely coupled to use lower value capacitors. Analysis did show a negligible
impact on generated noise and crosstalk.

A - 7.1.4 Receiver Characteristics

The 120 mVpp minimum receive signal is derived as follows. The minimum Field Instrument signal
current (Digital Signaling only) is 0.8 mApp. This applied to the worst case Network, having a 65
microsecond time constant, using as a minimum a Low Impedance Device @f yiglils a voltage
magnitude of 130 mVpp (0.707 x 0.8 mApp x Z3P A 10 mVpp margin subtracted from this leaves
120 mVpp.

The 1500 mVpp maximum receive signal is specified to ensure backwards compatibility and prevent
signal clipping, for devices which may be installed into networks with higher impedances (sometimes
due to long cable lengths) that may produce Digital Signaling of this magnitude.

The 1500 mVpp requirement is necessary to maintain backward compatibility with older HART net-
works that use a sense impedance of X200

The bit-error-rate requirement of Table 4 is included to insure that receiver circuitry does not degrade
the communication beyond what should be possible, based on the theory of non-coherent demodula-
tion of phase-continuous FSK. To achieve an error rate of 1 error in 10,000 requires a signal-to-noise
ratio of 12 dB. With 1 dB of margin added to account for distortions in the receive circuits, this is 13
dB. With the added 1 dB, the error rate of 1 in 10,000 becomes very easy to meet. Therefore, the test
is designed to be quite conservative.
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If the input signal is 200 mV p-p, then the noise level is 15.88 mV RMS. Over the Extended Fre-
guency Band, the required noise density is therefore 163 microvolt/root Hz. The Frequency Band,
which contains the HART signals and extends from 950 Hz to 2500 Hz is considerably smaller than
the Extended Frequency Band of 500 Hz to 10 kHz. The test noise level is purposely specified over
the larger band so that an even better signal-to-noise ratio can be achieved using relatively ssimple fil-
tering of part of the noise band. That is, a filter should include the 950 Hz to 2500 Hz band and
exclude part of the 500 Hz to 10 kHz band.

Figure 15 represents the minimum interference that the receiver must tolerate.

The 16 volt maximum signal is derived as follows: The maximum combined cable resistance and
Barrier impedance is limited to about 400 Q , since it is impractical to use long cable lengths when
Barriers are used. The 400 Q combined with a maximum Network Impedance of 600 Q, yields 1000
Q. A worst case square wave from a Field Instrument will be 16 mApp. This, applied to the 1000 Q,
gives 16 Vpp.

The 55 mVpp (9.2 mV RMS noise x 6; where 6 is the approximate conversion from RMS noise to
maximum combined p-p noise) asymptote corresponds to the expected maximum combined noise or
interference in the Extended Frequency Band.

The receive filter can compromise receiver performance if it introduces too much delay distortion.
The usual curefor this, without using delay equalizers, isto begin thefilter roll-off far from the signal
band edge. The filter is therefore a compromise between the need for small bandwidth to exclude
noise and large bandwidth to prevent delay distortion. The delay distortion is usually only a concern
at the lower side (950 Hz) of the band.

One of the primary functions of the receive filter is to regject the low frequency Analog Signaling and
prevent it from compromising digital reception. In addition, high frequency components should also
be attenuated to prevent interference above the Extended Frequency Band. To insure proper receiver
operation, it is generally sufficient to attenuate out-of-band interference to alevel of 0.1 (-20 dB) or
less of the minimum receive signal. The minimum received signal is 130 mVpp. Therefore, the
receive filter should attenuate out-of-band interference to less than 13 mVpp referred to the element
network terminals. The out-of-band interference can be quite large asindicated in Figure 24. The rec-
ommended receive filter is a band-pass with the lower band edge being a 3-pole Butterworth with a
400 Hz cutoff frequency and the upper band edge being a single pole with a 2.5 kHz cutoff frequency
as shown in Figure 28 below.
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Figure 28. Receive Band-Pass Filter

A - 7.2.1 Analog Signaling Spectrum

Anaog Signaling is limited to a 25 Hz bandwidth to prevent interference to the digital receiver. This
bandwidth could be increased at the cost of raising the receive filter cutoff frequency. The 25 Hz cut-
off frequency and the choice of receive filter given below represent a satisfactory compromise
between the desire for fast Analog Signaling response and acceptable received digital signals. Simu-
lations using a 16 mA p-p square wave (the worst possible process variable signal) have shown that
the filter combination is satisfactory to prevent interference with Digital Signaling.

A - 7.2.2 Analog Signaling I nterference on Digital Signaling

The derivation of the old limits was based on mathematical analysis showing that 9.2 mV RMS of

noise from asingle source was allowable. From that, a26mV limit for asingle interfering frequency

was determined. Since a “single interfering frequency” implies a sinusoidal waveform, and current
output waveforms are not usually sinusoidal, the limit was difficult to apply.

Given the fact that HART receivers typically have a bandpass filter similar to the HART filter speci-
fied for this test, and that they begin the demodulation process with simple hysteretic threshold
detection of the zero crossings of the HART waveform, it appears that the peak voltage of the filtered
waveform is a good measure of the ability of the interference to disrupt communications.

For these reasons, this specification presents the limit in easily interpreted and measured terms of
peak voltage out of a known filter. To be consistent with the old claim that a 2-pole filter at 25 Hz was
adequate, (known to have been tested successfully) the limit of this specification is set at 15 mVpeak,
just above the level that would result from full-scale signaling through the 2-pole 25 Hz filter. Figure
29 illustrates this example.
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Figure 29. Output from HART filter with filtered 16 mA square wave input (500 Q load)

For additional comparison, a 26 mVpp (52 uApp) 2.5 kHz sine wave would produce a HART filter
output of 12.12 mV peak.

The additional requirement that the device be capable of successful communication (bit error rate < 1
in 10,000) during worst-case analog signaling with the received HART signal attenuated to 130
mVpp amplitude, is stated to ensure that the design has allowed for worst-case signaling in its own
sending and receiving circuits.

A - 7.3.1.1 High Impedance Devices

The recommended minimum values for these devices are intended to maximize the potential for long
cables and multi-drop networks. It should not be difficult for the designer to meet these valuesin a
traditional 2-wire transmitter design. These values were requirements in the Rev. 7.2 Physical Layer
spec, but were relaxed to recommendations to allow innovative designs of High Impedance devices
for which other design features may make the recommendations difficult or less important to meet.

The Terminal-to-Ground capacitance limitation is necessary to preserve isolation between a Field
Instrument and ground, to prevent the formation of ground loops and other undesired signal paths.
Since HART networks normally have alow impedance to ground at one point (usually a property of
the control system connection or the power source for the network, and usually unbalanced) the pres-
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ence of alow impedance to ground in any other device such asafield device would be just as much of
aload to signalling as terminal to terminal loads.

Over the Extended Freguency Band, a High Impedance Device can be modeled as resistance, capaci-
tance, and inductance combinations as shown below in Figure 30.

N N
O O
terminas %
O terminals
O
ground
(case)

Figure 30. High Impedance Device Models

A - 7.3.1.2 Low Impedance Devices
The impedance requirements of section, along with the transmitted signal requirements of section
7.1.3, are intended to satisfy 6 conditions:

1. Provide acontrolled, but relatively broad, range of resistance across which Anaog
Signaling and Digital Signaling voltages can be developed in response to the signaling
currents from Field Instruments.

2. Provide adequate signal to the Network when transmitting.
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3. Prevent excessive Network signals when transmitting, which could possibly lead to
excessive master-to-master coupling.

4. Preserve quality (bandwidth) of both the transmitted and received signal.
5. Provide flexibility in signal coupling.
6. Provideall of the above with or without a Barrier.

Note: Impedance Magnitude is the resultant of the Real and the Imaginary |mpedances.The previous
Revision 7.2 specified both the Real and the Imaginary requirements on the transmit signal. Revision
8.0 simplified conformance testing by specifying the Impedance Magnitude. By default, if a device
satisfies the waveform and Impedance Magnitude requirements, it meets the previously specified
Real and Imaginary |mpedances.

The Primary Master or Analog Controller will usualy incorporate a Current Sense Resistor and may
AC couple the Digital Signal. To allow maximum flexibility, there is no specification of how this
should be done.

The bandwidth during receive is adequately addressed through the requirements on cable length and
Network Resistance. The bandwidth requirement during transmit is automatically satisfied by requir-
ing the transmit resistance to be less than or equal to the receive resistance.

Excessive signals applied to long lengths of multi-pair cable can cause unacceptable master-to-master
coupling. The excessive signals are prevented through a combination of transmitted waveform
requirements and the impedance requirements.

The Low Impedance Device impedance specification permits flexible arrangements for sensing both
Anaog Signaling and Digital Signaling. The circuit of Figure 31, for example, develops an Analog
Signal for a chart recorder across the series loop impedance 250 Q and 10 uF combination, afiltered
Analog Signal (1-5 volt) for an A/D converter across the 250 Q in parallel with the 20 kQ resistor and
10 pF capacitor, and aHART Digital Signal across the 250 Q resistor.

Revision 8.1, Release Date: August 24, 1999 Page 65 of 88



HART Communication Foundation Document Number: HCF_SPEC-54
FSK Physical Layer Specification

Misc. to chart recorder
Series ' 10uF ) Master
Element —
~ » to HART circuits
SN\ — 20KQ
250 Q ——/\V\/>——— to A/D converter
network Current i
< 250 Q Sense ~ 10 HF
Resistor
- . common

Over the Extended Frequency Band, Low Impedance Devices can be modeled as impedance combi-

Figure 31. Primary Master Signal Sensing Arrangement

nations as shown below in Figure 32.

Send Impedance = ((Send Z || Receive Z) + Coupling Z) || Sense Impedance

Over the Extended Frequency Band, Secondary Devices can be modeled as impedance combinations

Figure 32. Low I mpedance Device M odel

as shown below in Figure 33.
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Send Impedance = (Send Z || Receive Z) + Coupling Z
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Figure 33. Secondary Device M odel

A - 7.3.1.3 Secondary Device Impedance

A secondary device by definition istemporarily connected. The impedance requirements are intended

to simply keep it's effect at or below the level assumed in the network length formulas, so the user
need not take any Secondary device separately into account in a network analysis. With the imped-
ance magnitude above the 8 kninimum, the reactive component will not significantly affect the
network properties.

A - 7.3.2 Interferenceto Analog Signaling

In previous specifications, a figure has been provided which depicted the analog output frequency
spectrum limits as having a maximum amplitude of 16 mApp (full-scale 4 - 20 mA signaling) and a
40 dB/decade roll-off starting at 25 Hz. The Rev. 7.2 Physical Layer Specification further stipulated
that a 2-pole analog filter with poles at 25 Hz was sufficient to limit the frequency spectrum of a 16
mMA square wave so it would not interfere with communications.

The initial release of Rev 8.0 of this document contained stated limits of 924 mA/s slew rate and 52
UA step size, in addition to the analog signaling bandwidth diagram. Those stated limits are not suffi-
cient to guarantee that an analog output meets the bandwidth limitations; other parameters such as
reversal characteristics and update rate affect the bandwidth and hence the results. The present spec
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fication omits reference to those limits to avoid misleading the reader to conclude that they are
sufficient.

The additional requirement that the device be capable of successful communication (bit error rate < 1
in 10,000) during worst-case analog signaling with the received HART signal attenuated to 130
mVpp amplitude, is stated to ensure that the design has allowed for worst-case signaling in its own
sending and receiving circuits.

A- 7.321Carrier Sart/Sop

For the purposes of this specification, the worst-case analog signal input, in terms of transient suscep-
tibility, is assumed to be one with a 2-pole 25 Hz low-pass filter on the analog signal. It is aso
assumed that the current sense resistance for such current receiving devices is 250 Q . With these
assumptions, it is desired to keep the worst-case effect of a transient below 0.25% of the analog sig-
nal. A 4 - 20 mA signal through a 250 Q resistance generates a signal of 4 V. 0.25% of 4 V is0.010
V. This limit represents a compromise between practicality of implementation and minimized impact
on process control.

Recognizing that this specification is tighter than in previous HART Physical Layer Specifications,
the footnote to this section provides an allowance for devices to exceed the new recommended limit,
if designed with a modem that makes compliance impractical, or if designed prior to release of this
specification.

CAUTION: The old specification made an erroneous claim that its limit would keep analog signa
interference by transients to less than 0.025%. Simulation has shown that the old limit could allow up
to 0.75% momentary effects to get through the assumed worst-case input filtering. Compliance with
the tighter specification is highly recommended in order to keep the potential for interference to ana-
log signalling at a reasonable minimum.

Derivation of the 0.75% possible effect from the old limit:

The old specification (revision 8.0) had 2 normative requirements. (1) The average voltage of the
transient over 10 ms shall not exceed 50 mV; (2) The transient shall decay to half or less of its original
value within 10 ms.

The second requirement (decay to half initial value) trandates to a 14.4 ms maximum time constant of
the decay. It was determined that with this slow of a decay, the initial transient value had to be 69.3
mV or less.

For the other worst-case, it was assumed the maximum value of an on/off transient would be half of
the maximum signal value (which is now 800 mV) or 400 mV. With a 400 mV starting point, the
decay time constant had to be no longer than 1.25 ms to meet the old specification.
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For an intermediate example, a 0.116V initial value with a 5 ms time constant also just met the
requirements.

These 3 transients were simulated and fed into a5 Hz low-pass filter as mentioned in the old specifi-
cation appendix, and it was found that the output of the filter was about 16 mV in one case and about
14 mV in the other. (Not 2 mV as claimed by the old appendix.)

Given that the transient could be coming from a voltage signalling device, and that the sense imped-
ancein aloop isnormally 250 Q or smaller, 16 mV islikely to be 0.4% of span.

The same transients were also simulated into a 2-pole 25 Hz filter instead of the single-pole 5 Hz.
Given that controllers are getting faster, and given that the HART specsidentify this asthe analog sig-
nalling spectrum, it was thought that this is actually more realistic than the single-pole. In that case,
one of the allowable transients produced as much as a 30 mV filter output... that's 0.75% of span.

A - 7.3.2.3 Cyclic Connection Transients

To prevent interference from the connection or disconnection of a Current Input or Secondary device,
the device should not be capable of sinking or sourcing a significant amount of current to cause inter-
ference with analog signaling. A common cause of sinking current is a device that uses too large of a
coupling capacitor unto the network without limiting the current flow into it.

A - 7.3.3 Output During Silence (Interference on Digital Signaling)

The received Digital Signal will normally be corrupted by some amount of noise, coupling, and pos-
sibly Analog Signaling (which includes so-called process noise). The noise consists of Network
Power Supply noise, illumination of the HART cable by EMI, and the noise generated by each of the
“silent” Signaling Elements.

Noise from silent Signaling Elements can either be broadband random noise or correlated noise exist-
ing at a few discrete frequencies. The combined noise would be measured, for example, by an
oscilloscope preceded by a filter passing only the Extended Frequency Band. The assumption that
correlated noise from various devices will add in RMS fashion is strictly true only when there is no
frequency and phase relationship between noises from different devices. The alternative is to assume
that there is a relationship and to force the noises to be added linearly. This, however, would be unre-
alistic and would lead to exceedingly small values for the noise specification.

In a Point-to-Point Network, Analog Signaling interference can be present, whereas broadband or
correlated noise from a large number of silent devices usually will not be. In a Multi-Dropped Net-
work, broadband noise from a large number of silent devices may be present. With coupling and EMI
added there are clearly too many possible combinations of noise and interference to consider each one
separately.
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Instead, a reasonable approach is to assume that each type of noise or interference by itself should
yield a signal-to-noise ratio of no less than 14 dB. Additionally, Analog Signaling interference and
noise in Multi-Dropped Networks should not be simultaneously included. These assumptions produce
3 sources:

1. Anaog Signaling Interference or Multi-Dropped silent device noise.
2. EMI.
3. Coupling.

The minimum signal at the Primary Master or Analog Controller is known to be 130 mV p-p or about
46 mV RMS. If the noise from silent devices and the Network Power Supply is to be 14 dB below
this, there can be no more than 9.2 mV RMS of noise. If thisis divided equally among 17 possible
Signaling Elements and one Network Power Supply, then each source should be under 2.2 mV RMS.

A Transmitter signals as a current source. Therefore its noise is a current. The 2.2 mV of acceptable
noise per element divided by the 500 Q test load yields 4.4 uA RMS.

By stating that the noise of silent devices applies over the Extended Frequency Band, the require-
ments on receiver circuits are reduced. Simpler filtering is possible, compared with the case in which
the same amount of noise is specified over a smaller band.

A- 741 Test Loads

It is recommended that all devices be tested for conformance to the specification under worse case
test load conditions.

For example, a high impedance device may have a conformant waveform with a 500 Q load, but in
reality when connected to a 250 Q current sense resistor may have a waveform with distortion and/or
attenuated amplitude. Any nonconformance in waveshape may effect the distance aHART device can
reliably communicate.

Asitispointed out in section 7.4.1, it may be necessary to add a series 100 uF capacitor to the resis-
tive test load to DC block any current through the test load that may upset the operating parameters of
the device under test.

In some cases it may be appropriate to place the test load in series with the test device rather than
across the device’s terminals.
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A- 751 CableTypes

If single-pair and multiple-pair cables are mixed in a given Network, there should be only a single
length of multi-pair. This single length of multi-pair should connect to the Primary Masters. This fol-
lows conventional practice in which a multi-pair home run cable connects a controller to a junction
box in the field area, and a single-pair cable connects each Field Instrument to the junction box.

A - 752 Recommended Minimum Conductor Size (Diameter)

The size (gauge) specification hasto do with Field Instrument Analog Signaling voltage. This voltage
Is developed at the Field Instrument terminals due to the analog current variation multiplied by the
sum of the Network Resistance and cable resistance. As the conductor diameter becomes smaller,
cable resistance goes up, leading to excessive voltage variation at the Field Instrument terminals due
to Analog Signaling. Excessive voltage variation can interfere with digital signal reception (Section
7.3.2).

The Network Resistance is specified elsewhere to be 600 Q or less. It is desirable to keep the cable
resistance small compared to this. A 5000 ft. (1500 meter) length of #24 cable will have a resistance
of about 260 Q (both halves of pair included), which is sufficiently small. A 10,000 ft. (3000 meter)
length of #20 has less than 260 Q.

A - 753 Calculated Single-Pair Length
Variables

Rp Pardlel Network Resistance.

The parallel combination of the Rx values of all connected devices whether signaling or not
(including parallel-connected miscellaneous impedances).

Rg Series Network Resistance.

The series combination (simple addition) of all series resistances in the network including
wiring resistance, Barrier resistance, and miscellaneous other series resistances.

Cp Device Capacitance

The parallel combination (ssmple addition) of the Cx values of al network devices i.e. the
worst-case Ct-t of all connections to the loop whether they communicate or not (including
parallel-connected miscellaneous impedances).
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Cyw Wiring Capacitance
The sum of al the capacitance of all the wire connected to the loop.
Cn  Network Capacitance

The parallel combination (ssmple addition) of all network capacitances including device
capacitances, wiring capacitances, and miscellaneous capacitances.

Limitsimposed by the 65 pusrule

Figure 34 below depicts the limits on capacitance in a HART loop due to the 65 psrule, i.e. that the
network resistance multiplied by the total network capacitance shall not produce a time constant
longer than 65 ps. Thisrule isintended to keep the time constant of the network above the signaling
frequencies such that there is not a significant distortion of the signal nor a significant attenuation of
the higher signaling frequency (2200 Hz) due to network capacitance. If we assume that this require-
ment isto be met at all points on the network, not just at the lowest impedance point, we must add any
series network resistances to the combined parallel resistances to determine the R to be used for the
time constant. Similarly, we add all the parallel capacitances (all individual devices + wiring capaci-
tance) to determine if the network is within the specified limit. Note that the formula subtracts 0.0032
from the total allowable capacitance to take into account the connection of a Secondary Device. The
specification limiting the capacitance of a Secondary device is the 5 kQ min. impedance magnitude.
For the purposes of this rule, the parallel resistance of the Secondary device is assumed to be high
enough that it’s effect is negligible.

The formula for determination of the allowable Network Capacitance is:

65 0
Cn(UF) < TRe + RS 0.0032-

Note that the allowable network capacitance cannot be directly converted to allowable length because
wiring adds series resistance as well as capacitance. This will be discussed in a later section.
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Figure 34. 65 us Rule Capacitance limits

Limitsimposed by the minimum amplitude with current signaling

1000 1100

It is necessary for the amplitude of the HART signal to stay above 120 mV at all devices for proper
reception. The length calculations are derived from an assumed minimum of 130 mV to allow a 10
mV margin for unanticipated effects. One way for HART devices to generate the HART signal isto
modulate the loop current. This is most common in the case of devices that also control the analog
current i.e. acommon transmitter. The worst-case combination of network resistancesin the case of a

current signaling deviceis as shown below in Figure 35:

| R .
| Series Resistance }7

Current Signaling Lumped Parallel 5KQ
Device Capacitance Secondary Device

Parallel Network
Resistance (Receiver)

Figure 35. Wor st-Case Combination of Network Resistances; Current Signaling
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If the parallel network resistance is greater than about 230 Q , the 65 ps rule will keep the capacitance
small enough to assure adequate signal amplitude at all points on the network. However, if the paral-
lel network resistance is smaller than 230 Q the 65 us rule allows capacitance values that would
produce inadequate signal amplitude at the low impedance point on the network. Figure 36 depicts
the capacitance limits produced by the amplitude requirement given the network above and the Rp
and Rs values shown. Note that the formula and the chart take into account the presence of a Second-
ary device so the user need not include that in his Parallel Resistance calculation.

The formulafor determination of the allowable Network Capacitanceis:
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Figure 36. Signal Amplitude Capacitance Limits, Current Source

Limitsimposed by the minimum amplitude with voltage signaling

As stated earlier, it is necessary for the amplitude of the HART signal to stay above 120 mV at all
devices for proper reception. The length calculations are derived from an assumed minimum of 130
mV to allow a 10 mV margin for unanticipated effects. Another way for HART devices to generate
the HART signal isto modulate the loop voltage. The worst-case combination of network resistances
in the case of avoltage signaling device is as shown below in Figure 37:
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Figure 37. Wor st-Case Combination of Networ k Resistances; Voltage Signaling

If the series network resistance is less than about 350 Q , or the parallel network resistance is greater
than about 250 Q , the other rules will keep the capacitance small enough to assure adequate signal
amplitude at all points on the network. However, if the series network resistance is larger than 350 Q,
the parallel resistance and capacitance limits will be affected. Figure 38 below depicts the resistance
and capacitance limits produced by the amplitude requirement given the network above.

The formulafor determination of the allowable Network Capacitanceis:

CN < 63.662 x /\/

946r nl 1, 1
R [Rs Re 50000

1,.1¢f

Revision 8.1, Release Date: August 24, 1999

Page 75 of 88



HART Communication Foundation Document Number: HCF_SPEC-54
FSK Physical Layer Specification

0.300 T T T T T T
I Series Resistance = 350 Q | | |
r | | | | | |
0250 | if [a——r . 4000 1 SR L]
o L | | | | | |
E) [ | | | | | |
® 0.200 | | [t 4500 [ Lo S L Lo
g % A
= | | | | | |
8 - I I I I I I
s 0150 +--—-—Ff+{+-f-/1-———---1—————- - - - - = - ——-=-= ------ -
8 ’ 500 Q | | | | |
o [ | | | | |
€ 0100 f----fof A fq Fo---- Po----  ERREEE - - Fe-- - P
= | | | | | |
IS | | | | | |
< 0050 fo A f o S S S o i ]
1 1 1 1 1 1
1 1 1 1 1 1
0.000 } }

Signal Amplitude (Vsource) Capacitance limits
as a function of Parallel Network Resistance
and Series Resistance

100 500 600 700 800 900 1000 1100

Parallel Network Resistance (Ohms)

Figure 38. Signal Amplitude Capacitance Limits; Voltage Source

Network Length Deter mination

The three formulas just presented give a result of allowable capacitance on the network assuming
resistance values. Unfortunately, allowable capacitance is not enough for a direct length determina-
tion because cable also has series resistance. It is possible to iteratively determine the allowable
length from network parameters as follows:

1
2.

Use the formulas to determine an allowable capacitance.
Subtract the capacitance of connected devices Cd.

Assume the remaining capacitance is cable and cal culate the length from known cable
parameters.

Determine the resistance of that length from cable parameters.
Assume that resistance is present as a series resistance and go back to 1.

Repeat the iteration until the change between iterationsisinsignificant.
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This would be a very tedious process. To prevent the user from having to do this, a number of such
iterative cal culations were done with known values to produce the charts shown in Figure 19 through
Figure 23 in Section 7.5.3, and additional charts showing the effects of miscellaneous series resis-
tance in Figure 39 through Figure 51 in Annex B.

While the assumptions that have gone into the cal culations are worst-case and therefore conservative,

they also perhaps oversmplify the effects of reactive components. One should not expect that the

cable length at which communications stop working will exactly match what’'s predicted with this
method, but rather that this provides a general guideline for the user to follow when choosing cable
types and planning HART networks.

A- 81 Network Power Supply

In practice the Network Power Supply and Analog or Primary Master may be contained on the same
circuit card. For clarity in defining the various parts of the HART Network, they are shown as
separate.

The requirement that the Barrier and Network Power Supply allow for superposition of a 1.4 volt p-p
signal is necessary to prevent the Barrier zener diodes from being biased on by the superimposed
HART signal. This might happen for example if the transmitter Analog Signaling current were to
drop to 4 mA in a system with a supply-side Current Sense Resistance, or increase to 23 mA in a sys-
tem with a return-side Current Sense Resistance. The value is derived as follows:

Primary and Secondary Masters signal as voltage sources. Their maximum output is specified as 0.6
volt p-p. The most voltage that they can superimpose on the Network Power Supply voltage is 0.3
volt. Field Instruments signal as current sources, with 1.2 mA p-p maximum current. We require that
the Current Sense Resistance be not more tha®@60therefore, the Field Instrument can superim-

pose at most 0.66 volt peak on to the Network Power Supply voltage. The specified value of 0.7 volt
peak is the larger of the master versus Field Instrument signals or 0.66 volt with a small margin
added.

The 0.66 volt is actually an upper limit. Elsewhere it is required that the Network Resistance, can'’t
exceed 60@ . This implies that, with a Barrier present, the Current Sense Resistance must be under
600Q . Therefore, 0.66 volt peak cannot be produced by the signal.

The 0.7 volt peak value is a compromise between ease of specification and keeping the voltage as
small as possible. A variety of special cases, each requiring a separate analysis, would otherwise
result. With the combined Barrier and Network Power Supply requirements presented in this way,
users can continue to use DC calculations to determine acceptable loop voltage drops.
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A - 8.1.2 Shielding and Grounding

The requirement for single point Grounding of the shield is to avoid pickup of magnetically coupled
interference, which tends to be easily coupled at HART signaling frequencies.

A- 82 Barriers

When a Barrier is present, the impedance presented to the Network will depend on both the Barrier
and on the master attached to the safe (non-Network) side of the Barrier. For example, the end-to-end
resistance of a passive, conventional zener barrier may increase if the master resistance is decreased
so that the total remains under 600 Q. In cases where the Barrier and master are supplied by different
vendors, these vendors may find it useful to publish lists of compatible combinations.

For transmission from hazardous side to safe side, there are two tests for attenuation. This establishes
the capability of the Barrier to transmit signals from either a Field Instrument or a Secondary Master
to the Primary Master.

A - 83 MiscellaneousHardware

Connection of additional hardware in series with the Network Power Supply must be avoided. Too
high an impedance in series with a power supply that serves multiple Networks can otherwise result
in interference between Networks.
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ANNEX B. WIRE RESISTANCE TABLE

The following Table provides the resistance of copper wire for various AWG sizes. The associated
wire resistance is used in the length calculations and is described in Section 7.5.3.

Table 13. Wire Resistance Table

WireSize | Resistance/ | Resistance/ || WireSize | Resistance/
(AWG) ft. meter (mm?) meter
16 0.0040 Q 0.013Q 0.5 0.0368 Q
17 0.0050 Q 0.016 Q 0.75 0.0265 Q
18 0.0064 Q 0.021 Q 1.0 0.0184 Q
19 0.0080 Q 0.026 Q 15 0.0123 Q
20 0.010 Q 0.032 Q
21 0.013Q 0.042 Q
22 0.016 Q 0.052 Q
23 0.020 Q 0.066 Q
24 0.026 Q 0.085 Q
25 0.032 Q 0.10Q
26 0.041 Q 0.13Q
27 0.051 Q 017 Q
28 0.065 Q 021 Q
29 0.082 Q 0.27 Q
30 0.100 Q 0.33Q
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B1. Additional Cable Length Graphs
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Figure 39. Capacitance/Resistance = 1000; 100 Q Series Resistance
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Figure 40. Capacitance/Resistance = 1000; 200 Q Series Resistance
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Allowable Cable Capacitance for cable with
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Figure 41. Capacitance/Resistance = 1000; 300 Q Series Resistance
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Figure 43. Capacitance/Resistance = 2000; 100 Q Series Resistance
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Figure 44. Capacitance/Resistance = 2000; 200 Q Series Resistance
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Figure 45. Capacitance/Resistance = 2000; 300 Q Series Resistance
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Figure 46. Capacitance/Resistance = 2000; 400 Q Series Resistance
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Figure 47. Capacitance/Resistance = 5000; 100 Q Series Resistance
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Figure 48. Capacitance/Resistance = 50000; 200 Q Series Resistance
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Figure 49. Capacitance/Resistance = 5000; 300 Q Series Resistance
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Figure 50. Capacitance/Resistance = 5000; 400 Q Series Resistance
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Figure 51. Capacitance/Resistance = 10000; 100 Q Series Resistance
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Figure 52. Capacitance/Resistance = 10000; 200 Q Series Resistance
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Figure 53. Capacitance/Resistance = 10000; 300 Q Series Resistance
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Figure 54. Capacitance/Resistance = 10000; 400 Q Series Resistance
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ANNEX C. DOCUMENT REVISION HISTORY

C1. Changesfrom Rev 8.0to Rev 8.1

1

10.

11.

12.
13.
14.
15.

Clarified and improved entire specification. Change bars not used since document
restructuring is too signifincant to allow electronic comparison.

Clarified and improved the Definitions section.
Standardized engineering units throughout document.

Reformatted section 5. The paragraphs relating to Low Impedance and High Impedance
Devices was moved to the begining of Section 5.

In paragraph 5.1 - Lowered impedance of low impedance devices (upper limit) from 1100
ohmsto 600 ohms. All figures, tables, and cal culations were changed to reflect the 600-
ohm value. (Paragraph 5.2 in Revision 8.0)

In Table 2 - Added Carrier Decay time requirement.
Rearranged paragraph order of Section 7.

In paragraph 7.1 - Defined Analog and Digital Signaling spectrums and their effectson
each other with regardsto transients.

In paragraph 7.1.3 - Add DC balancing to transmit waveform. (Paragraph 7.2 in Revision
8.0)

Tightened carrier start/stop transient requirementsin paragraph 7.3.2.1. The Specification
allowsthe use of the previously specified requirement for those devices unable to meet the
more restrictive specification. (Paragraph 7.6.1 in Revision 8.0)

Revised methods in Section 7.5.3 for Calculating Single-Pair Cable Length. (Paragraph
7.7 in Revision 8.0)

In paragraphs 7.4.2 and 7.4.3 - Defined Analog and Digital Test Filters.
In paragraph 8.1 - Corrected errorsin power supply ripple. (Paragraph 8.1 in Revision 8.1
Revised Figure 28 to match filter requirements of 20C15 modem.

Improved specification derivations in appendix.
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