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Introduction

This amendment of IEEE Std 802.15.4-2006 specifies alternate physical layers (PHYs) in addition to the
PHYs specified in the base standard. These alternative PHYs are as follows:

— Ultra-wide band (UWB) PHY at frequencies of 3 GHz to 5 GHz, 6 GHz to 10 GHz, and less than
1 GHz 

— Chirp spread spectrum (CSS) PHY at 2450 MHz

The UWB PHY supports an over-the-air mandatory data rate of 851 kb/s with optional data rates of 110kb/s,
6.81 Mb/s, and 27.24 Mb/s. The CSS PHY supports an over-the-air data rate of 1000 kb/s and optionally
250kb/s. The PHY chosen depends on local regulations, application, and user preference.

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for
errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/
interp/index.html.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying
patents for which a license may be required by an IEEE standard or for conducting inquiries into the legal
validity or scope of those patents that are brought to its attention. A patent holder has filed a statement of
assurance that it will grant licenses under these rights without compensation or under reasonable rates and
nondiscriminatory, reasonable terms and conditions to all applications desiring to obtain such licenses. The
IEEE makes no representation as to the reasonableness of rates and/or terms and conditions of the license
agreements offered by patent holders. Further information may be obtained from the IEEE Standard
Department.

This introduction is not part of IEEE Std 802.15.4a-2007, IEEE Standard for Information Technology—Telecom-
munications and Information Exchange Between Systems—Local and Metropolitan Area Networks—Specific
Requirements—Part 15.4: Wireless Medium Access Control (MAC) and Physical Layer (PHY) Specifications for
Low-Rate Wireless Personal Area Networks (LR-WPANS)—Amendment 1: Addition of Alternate PHYs.
iv Copyright © 2007 IEEE. All rights reserved.
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IEEE Standard for 
Information technology— 

Telecommunications and information 
exchange between systems— 

Local and metropolitan area networks— 
Specific requirements

Part 15.4: Wireless Medium Access Control (MAC) 
and Physical Layer (PHY) Specifications for 
Low-Rate Wireless Personal Area Networks 
(WPANs)

Amendment 1: Add Alternate PHYs
EDITORIAL NOTE—The editing instructions contained in this amendment define how to merge the material contained
therein into the existing base standard and its amendments to form the comprehensive standard.

The editing instructions are shown in bold italic. Four editing instructions are used: change, delete, insert, and replace.
Change is used to make corrections in existing text or tables. The editing instruction specifies the location of the change
and describes what is being changed by using strikethrough (to remove old material) and underscore (to add new mate-
rial). Delete removes existing material. Insert adds new material without disturbing the existing material. Insertions may
require renumbering. If so, renumbering instructions are given in the editing instruction. Replace is used to make
changes in figures or equations by removing the existing figure or equation and replacing it with a new one. Editorial
notes will not be carried over into future editions because the changes will be incorporated into the base standard

1. Overview

1.2 Scope

Insert the following new paragraph at the end of 1.2:

In addition, alternative physical layers (PHYs) for data communication devices with precision ranging,
extended range, and enhanced robustness and mobility are specified.

1.3 Purpose

Insert the following new paragraph at the end of 1.3:

This standard also provides an international standard for an ultra-low complexity, ultra-low cost, ultra-low
power consumption alternate PHY for IEEE Std 802.15.4™ (comparable to the goals for IEEE Std 802.15.4-
2003). To satisfy an evolutionary set of industrial and consumer requirements for wireless personal area
network (WPAN) communications, the precision ranging capability will be accurate to one meter or better,
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and the communication range, robustness, and mobility improved over IEEE Std 802.15.4-2003. The
requirements to support coexisting networks of sensors, controllers, and logistic and peripheral devices in
multiple compliant co-located systems are addressed.

3. Definitions

Insert the following new definition alphabetically into Clause 3:

3.6a burst: A group of ultra-wide band (UWB) pulses occurring at consecutive chip periods.

3.6b chirp: Linear frequency sweep (frequency may either increase or decrease).

3.6c chirp symbol: One subchirp sequence followed by a time gap.

3.6d complex channel: A combination of a channel [radio frequency (RF) center frequency] and a code that
applies to ultra-wide band (UWB) and chirp spread spectrum (CSS) physical layer (PHY) types. For UWB,
code is a ternary code sequence, and for CSS, a subchirp sequence. 

3.16a hybrid modulation: The modulation used in the ultra-wide band (UWB) physical layer (PHY) that
combines both binary phase-shift keying (BPSK) and pulse position modulation (PPM) so that both coherent
and noncoherent receivers can be used to demodulate the signal.

3.24a mean pulse repetition frequency (PRF): The total number of pulses within a symbol divided by the
symbol duration.

3.32a peak pulse repetition frequency (PRF): The maximum rate at which a ultra-wide band (UWB)
physical layer (PHY) emits pulses.

3.37a ranging-capable device (RDEV): A device containing an implementation capable of supporting
ranging. As a practical matter, it means that a ultra-wide band (UWB) device supports the ranging counter.

3.37b ranging counter: An abstraction used to characterize the behavior of a ranging-capable device
(RDEV) as it produces ranging counter values.

3.37c ranging figure of merit (FoM): A single octet that expresses the quality of a ranging measurement.

3.37d ranging frame (RFRAME): A ultra-wide band (UWB) frame having the ranging bit set in the
physical layer (PHY) header (PHR). 

3.37e ranging marker (RMARKER): The first ultra-wide band (UWB) pulse of the first bit of the physical
layer (PHY) header (PHR) of a ranging frame (RFRAME).

3.41a solver: The node in a ranging network that computes relative positions from timestamp reports.

3.41b subband: The frequency band that can be either lower or upper half of the total occupied band.

3.41c subchirp: The chirp signal with amplitude shaping that occupies one of the two subbands.

3.41d subchirp sequence: A sequence of four subchirps.

4. Acronyms and abbreviations

Insert the following abbreviations alphabetically into Clause 4:

ADC analog-to-digital converter
AF activity factor
AGC automatic gain control
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AM amplitude modulation
AWN affected wireless network
BPM burst position modulation
COOK chaotic on-off keying
CoU chirp on UWB
CS continuous spectrum
CSK chirp-shift keying (The phases of subsequent chirps are modulated.)
CSS chirp spread spectrum
DAA detect and avoid
DEMUX de-multiplexer
DPS dynamic preamble selection
DQCSK differential quadrature chirp-shift keying 

(The phases of subsequent chirps are modulated with DQPSK values.)
DQPSK differential quadrature phase-shift keying
ERP extended rate PHY conforming to Clause 19 of IEEE Std 802.11™-2007
FBWA fixed broadband wireless access
FEC forward error correction
FoM figure of merit
GDOP geometric dilution of precision
HR/DSSS High Rate direct sequence spread spectrum (see Clause 18 of IEEE Std 802.11-2007)
IWN interfering wireless network
LCP linear combination of pulses
LFSR linear feedback shift register
LOS line-of-sight
NLOS non-line-of-sight
PLL phase-locked loop
PPM pulse position modulation
PRBS pseudo-random binary sequence
PRF pulse repetition frequency
RDEV ranging-capable device
RFRAME ranging frame 
RMARKER ranging marker
RSSI receive signal strength indicator
SDS-TWR symmetric double-sided two-way ranging
SOP simultaneously operating piconets
U-NII unlicensed national information infrastructure
UWB ultra-wide band

5. General description

5.1 Introduction

Change the following items in the dashed list of 5.1 as shown:

— Over-the-air data rates of 851 kb/s, 250 kb/s, 110 kb/s, 40 kb/s, and 20 kb/s
— Carrier sense multiple access with collision avoidance (CSMA-CA) or ALOHA [ultra-wide band

(UWB)] channel access
— 16 channels in the 2450 MHz band, 30 channels in the 915 MHz band, and 3 channels in the

868 MHz band, 14 overlapping chirp spread spectrum (CSS) channels in the 2450 MHz band, and
16 channels in three UWB bands (500 MHz and 3.1 GHz to 10.6 GHz).

Insert the following new paragraph at the end of 5.1:

In addition, two optional PHYs are specified. A UWB PHY with optional ranging is one option while a CSS
PHY operating in the 2450 MHz band is the second. 
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5.4 Architecture

5.4.1 Physical layer (PHY)

Change the third paragraph in 5.4.1 as shown:

The features of the PHY are activation and deactivation of the radio transceiver, energy detection (ED), link
quality indication (LQI), channel selection, clear channel assessment (CCA), and transmitting as well as
receiving packets across the physical medium. The optional UWB PHY also has the optional feature of
precision ranging. The radio operates at one or more of the following unlicensed bands:

— 868–868.6 MHz (e.g., Europe)

— 902–928 MHz (e.g., North America)

— 2400–2483.5 MHz (worldwide)

— 3100–10 600 MHz (UWB varies by region)

Insert the following new text at the end of 5.4.1:

Low-rate WPANs (LR-WPANs) can operate in multiple independent license-free bands. A LR-WPAN
device can be implemented in a single band or multiple bands, but in each band implemented it supports the
mandatory channel set for that band to ensure interoperability for devices that share a common band. For
UWB devices, there are three independent bands: the sub-gigahertz band (250–750 MHz), the low band
(3.1–5 GHz), and the high band (6–10.6 GHz). Each UWB band has a single mandatory channel, and
devices in each band operate independently of the other band. Devices in the three different UWB bands use
the same bandwidths and chipping rates to simplify design and implementation, with each band having
different performance and regulatory constraints in different regions of the world. The three different UWB
bands provide flexibility to allow LR-WPAN devices to operate in different regions as the UWB regulations
are defined and updated over time.

The specification for UWB LR-WPAN devices also incorporates a number of optional enhancements to
potentially improve performance, reduce power consumption, or enhance coexistence characteristics. These
optional enhancements

— Do not compromise the existing LR-WPAN model so that all devices operating in a common band
will always be able to interoperate with a single default mandatory mode.

— Do not raise the baseline complexity for compliant devices, but recognize that some LR-WPAN
applications or implementations may need enhanced performance or coexistence capabilities while
still maintaining full interoperability.

— Provide the capability to UWB LR-WPAN devices to operate under a wider range of radio frequency
(RF) channel conditions while still providing robust performance and precision ranging.

In general, the mechanisms for managing enhancement options and modes are out of scope for this standard
to ensure maximal flexibility while still supporting interoperability.

CSS is a spread spectrum system that is similar to both direct sequence spread spectrum (DSSS) and UWB
and offers some significant properties in addition to these systems due to the different modulation methods.

A chirp is a linear frequency modulated pulse. It could be thought of as sweeping the band at a very high
speed. The type of CSS system defined for this standard uses patterns of smaller chirps, or “subchirps,” to
build one larger chirp symbol. This allows multiple networks to use the same frequency channel
simultaneously and also offers more robust performance. This CSS system also uses differential quadrature
phase-shift keying (DQPSK) modulation to further enhance performance.
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The channel plan for the 2450 MHz CSS was chosen to be identical to that of IEEE 802.11 High Rate (HR)/
DSSS and IEEE 802.11 extended rate PHY (ERP) systems in order to enhance coexistence. This channel
plan offers primary nonoverlapping channels and secondary partially overlapping channels, which vary by
regulatory region. Since CSS can benefit more fully from more spectrum, CSS did not use the narrower
channels used by 2450 MHz DSSS.

Insert after 5.4.1 the following new subclauses (5.4.1.1 through 5.4.1.3):

5.4.1.1 Advantages of the UWB PHY for LR-WPAN

The UWB LR-WPAN specification is designed to provide robust performance for LR-WPAN applications
while leveraging the unique capability of UWB waveforms to support precision ranging between devices.
The UWB PHY design is intended to make use of the wide bands of spectrum being made available for
UWB operation around the world. This spectrum, combined with advances in low-cost and low-power
process technology, enables the implementation of LR-WPAN devices that can provide enhanced resistance
to multipath fading for robust performance with very low transmit power.

5.4.1.2 Advantages of the CSS (2450 MHz) PHY for LR-WPAN

The CSS LR-WPAN specification is designed to provide robust performance for LR-WPAN applications
while leveraging the unique capability of CSS waveforms to support long-range links or to support links to
mobile devices moving at higher speeds. The CSS PHY is intended to take advantage of the global
deployability of the 2450 MHz band due to favorable regulations, both indoors and out, while offering
enhanced robustness, range, and mobility. In addition to the robustness mechanisms described in 5.5, the
properties of CSS give LR-WPAN devices enhanced immunity to multipath fading and extended range for
robust performance with very low transmit power.

Two data rates are specified for CSS in order to offer implementers the flexibility to select the rate and
properties best suited for their applications, as the following guidelines illustrate:

— The lower/coded rate would be appropriate in quiet additive white Gaussian noise (AWGN) and
high multipath environments.

— The higher rate would be appropriate for low-energy consumption and burst interference
environments.

5.4.1.3 UWB band coexistence

LR-WPAN devices using UWB bands operate in spectrum different from other PHYs that use unlicensed
spectrum. For this reason, it is important that UWB LR-WPAN devices provide good coexistence
performance with respect to other systems using spectrum overlaid by the UWB bands. Due to these special
considerations, a number of extra features have been included with the UWB PHY design to support
coexistence with other spectrum users as well as with other UWB systems.

The UWB PHY provides the following coexistence features:
— Low power spectral density (PSD) in accordance with regulations for UWB in different parts of the

world, including unprecedented low out-of-band emission requirements.
— Multiple bands and operating frequencies within each band to allow devices the option to avoid

bands that might be in use or otherwise unavailable.
— Optional modes to operate with shorter symbol timing to minimize emissions and channel occupancy

when applications and channel conditions allow.
— Specific commands that provide a basic framework to allow higher layers to control the radio for

coexistence functions and possible interference mitigation.
— Optional spectral control features based on pulse shaping to allow enhanced coexistence with other

spectrum users. 
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Further details of these coexistence features and the expected potential impact of UWB LR-WPAN devices
is included in Annex E. 

5.5 Functional overview

Change the text of 5.5 as shown:

A brief overview of the general functions of a LR-WPAN is given in 5.5.1 through 5.5.65.5.8 and includes
information on the superframe structure, the data transfer model, the frame structure, improving probability
of successful delivery, robustness, power consumption considerations, precision ranging, and security.

5.5.1 Superframe structure

Change the next to last sentence of the first paragraph in 5.5.1 as shown:

Any device wishing to communicate during the contention access period (CAP) between two beacons
competes with other devices using a slotted CSMA-CA or ALOHA mechanism, as appropriate.

5.5.2 Data transfer model

5.5.2.1 Data transfer to a coordinator

Change the text of 5.5.2.1 as shown (the figures remain unchanged):

When a device wishes to transfer data to a coordinator in a beacon-enabled PAN, it first listens for the
network beacon. When the beacon is found, the device synchronizes to the superframe structure. At the
appropriate time, the device transmits its data frame, using slotted CSMA-CA or ALOHA, as appropriate, to
the coordinator. The coordinator may acknowledge the successful reception of the data by transmitting an
optional acknowledgment frame. This sequence is summarized in Figure 6.

When a device wishes to transfer data in a nonbeacon-enabled PAN, it simply transmits its data frame, using
unslotted CSMA-CA or ALOHA, as appropriate, to the coordinator. The coordinator acknowledges the
successful reception of the data by transmitting an optional acknowledgment frame. The transaction is now
complete. This sequence is summarized in Figure 7.

5.5.2.2 Data transfer from a coordinator

Change the text of 5.5.2.2 as shown (the figures remain unchanged):

When the coordinator wishes to transfer data to a device in a beacon-enabled PAN, it indicates in the
network beacon that the data message is pending. The device periodically listens to the network beacon and,
if a message is pending, transmits a MAC command requesting the data, using slotted CSMA-CA or
ALOHA, as appropriate. The coordinator acknowledges the successful reception of the data request by
transmitting an acknowledgment frame. The pending data frame is then sent using slotted CSMA-CA or
ALOHA, as appropriate, or, if possible, immediately after the acknowledgment (see 7.5.6.3). The device
may acknowledge the successful reception of the data by transmitting an optional acknowledgment frame.
The transaction is now complete. Upon successful completion of the data transaction, the message is
removed from the list of pending messages in the beacon. This sequence is summarized in Figure 8.

When a coordinator wishes to transfer data to a device in a nonbeacon-enabled PAN, it stores the data for the
appropriate device to make contact and request the data. A device may make contact by transmitting a MAC
command requesting the data, using unslotted CSMA-CA or ALOHA, as appropriate, to its coordinator at
an application-defined rate. The coordinator acknowledges the successful reception of the data request by
6 Copyright © 2007 IEEE. All rights reserved.
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transmitting an acknowledgment frame. If a data frame is pending, the coordinator transmits the data frame,
using unslotted CSMA-CA or ALOHA, as appropriate, to the device. If a data frame is not pending, the
coordinator indicates this fact either in the acknolwedgment frame following the data request or in a data
frame with a zero-length payload (see 7.5.6.3). If requested, the device acknowledges the successful
reception of the data frame by transmitting an acknowledgment frame. This sequence is summarized in
Figure 9.

5.5.2.3 Peer-to-peer data transfers

Change the text of 5.5.2.3 as shown:

In a peer-to-peer personal area network (PAN), every device may communicate with every other device in
its radio sphere of influence. In order to do this effectively, the devices wishing to communicate will need to
either receive constantly or synchronize with each other. In the former case, the device can simply transmit
its data using unslotted CSMA-CA or ALOHA, as appropriate. In the latter case, other measures need to be
taken in order to achieve synchronization. Such measures are beyond the scope of this standard.

5.5.4 Improving probability of successful delivery

Insert between 5.5.4.1 and 5.5.4.2 the following new subclause (5.5.4.1a):

5.5.4.1a ALOHA mechanism for the UWB device

In the ALOHA protocol, a device transmits when it desires to transmit without sensing the medium or
waiting for a specific time slot. The ALOHA mechanism is appropriate for lightly loaded networks since the
probability of collision is reasonably small if the probability of clear channel is sufficiently large. In addition
to the benefits of sparse node distribution diminishing the mutual interference, the UWB PHY provides a
large amount of processing gain so that even two simultaneous transmissions that do collide may both result
in a successful packet transfer.

Insert after 5.5.4.3 the following new subclause (5.5.4.4):

5.5.4.4 Enhanced robustness features for the UWB PHY

The UWB PHY was specifically designed to provide enhanced robustness for LR-WPAN applications. This
enhanced robustness is a result of several PHY features:

— Extremely wide bandwidth characteristics (UWB) that can provide very robust performance under
harsh multipath and interference conditions

— Concatenated forward error correction (FEC) system to provide flexible and robust performance
under harsh multipath conditions

— Optional UWB pulse control features to provide improved performance under some channel
conditions while supporting reliable communications and precision ranging capabilities

5.5.5 Power consumption considerations

Insert after 5.5.5 the following new subclause (5.5.5.1):

5.5.5.1 Additional power saving features provided by the UWB PHY

In addition to the power saving features of the LR-WPAN system, the UWB PHY also provides a hybrid
modulation that enables very simple, noncoherent receiver architectures to further minimize power
consumption and implementation complexity.
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5.5.6 Security

Insert after 5.5.6 the following new subclauses (5.5.7 through 5.5.8.4):

5.5.7 General overview of ranging

Ranging is an optional capability that has additional options within it. Ranging capability is achieved
through support of a number of specific PHY capabilities as well as defined MAC behaviors and protocols.
The key protocol in ranging is a two-way frame exchange that is presented as a sequence of individual steps
in 5.5.7.1. Another ranging approach, which the standard does not preclude, is one-way position awareness,
and this is noted briefly in 5.5.7.2. The single most critical device capability for ranging is the ranging
counter, which is described in 5.5.7.3. Another essential capability for ranging is the determination of the
arrival time of a signal at the device receiver, and this is discussed in 5.5.7.4. When performing ranging
computations, there are several significant sources of error to be managed. One of the sources of error is the
relative frequency offset of the crystals in the devices performing ranging, and management of this error
source is described in 5.5.7.5. Another significant potential source of error in ranging is internal propagation
paths, and the management of that error source is discussed in 5.5.7.6. To manage ranging at the application
solver layer, it is necessary for the PHY to make an estimate of the quality of each individual ranging
measurement. The quality information is carried from the PHY to the application with the ranging figure of
merit (FoM) discussed in 5.5.7.7. This standard supports private ranging, described in 5.5.7.8, which is an
optional mode for enhancing the integrity of ranging traffic in the face of a disruptive hostile device.

5.5.7.1 Two-way ranging

UWB devices that have implemented optional ranging support are called ranging-capable devices (RDEVs).
UWB PHYs have a bit in the PHY header (PHR) called the ranging bit, which is set by the transmitting
PHY for frames used in ranging, and the bit serves to signal the receiver that this particular frame is intended
for ranging. A UWB frame with the ranging bit set in the PHR is called a ranging frame (RFRAME). There
is nothing else (beyond the ranging bit set in the PHR) that makes an RFRAME unique. RFRAMEs can
carry data, RFRAMEs can be acknowledgments, and RFRAMEs do not even (for the case of one-way
ranging) necessarily require an acknowledgment. As far as ranging is concerned, the critical instant in a
frame is the first pulse of the PHR. The first pulse of the PHR is the ranging marker (RMARKER). This
standard is primarily structured to support the two-way time-of-flight computation of distance between two
RDEVs. The overview of two-way ranging is shown in Figure D1.4 (in Annex D1). The figures of this
subclause describe the two-way ranging sequence step by step. Figure 13a shows the complete sequence for
two-way ranging. This sequence is disassembled and presented step by step in Figure 13b, Figure 13c, and
Figure 13d.

In Figure 13b, the bottom half of the sequence is light gray so the reader can focus on the first frame of the
two-way exchange. This RFRAME is sent from the originating device to the responding device. A ranging
counter start value is captured in the originator device upon the RMARKER departure from the originator,
and a ranging counter start value is captured in the responding device upon RMARKER arrival at the
responder. The RFRAME has the acknowledge request bit set in the MAC header. In the most general case,
the counter in the responder PHY may have already started running when a previous RFRAME arrived, but
the previous RFRAME was not intended for this device and thus did not get an acknowledge from this
device. In the figures, the counter activity is labeled “start/snapshot” from the PHY perspective. For the
PHY, the counter function is “start” for the first arriving frame and “snapshot” for subsequent frames.
Snapshot means that the value of the counter is captured and stored at the instant of the snapshot, but the
counter continues to count as if snapshot had not happened. The responder PHY initiates
PD-DATA.indication primitives with counter snapshot values for all arriving RFRAMEs. The responder
MAC discards the snapshot values that are for RFRAMEs not intended for the responder device. At the end
of the first frame transmission in Figure 13b, the counters are running in both devices.
8 Copyright © 2007 IEEE. All rights reserved.
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Figure 13a—The complete two-way ranging exchange

Figure 13b—The first frame of the two-way exchange
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In Figure 13c, the top half of the sequence is light gray so the reader can focus on the second RFRAME of
the two-way exchange. This RFRAME is an acknowledgment sent from the responding device to the
originating device. The ranging counter stop value is snapshot in the responding device upon RMARKER
departure from the responder. The responder PHY is now in transmit mode, and the counter is still running.
Because the PHY is in transmit mode, it will not be receiving any frames or taking any counter snapshots.
Leaving the counter running in the responder at this point in the algorithmic flow only serves to deplete the
battery of a mobile device. For overview purposes, in Figure 13a, Figure 13b, Figure 13c, and Figure 13d,
the counter action is labeled stop, not because it really is stopped (it is not), but because the algorithmic flow
is done with it and because it will appear to the application as if it has stopped because it will generate no
more snapshots. The counter stop value in the originator device is snapshot and saved upon RMARKER
arrival at the originator. The originator MAC verifies that the frame was from the responder and ultimately
the application will then stop the counter with a MLME-RX-ENABLE.request/PLME-SET-TRX-
STATE.request primitive pair. The originator PHY is in receive mode; therefore, until the counter is
stopped, that PHY will continue to generate PD-DATA.indication primitives for all future arriving
RFRAMEs. 

Figure 13c—The second frame of the two-way exchange
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In Figure 13d, both frame transmissions are light gray to call the reader’s attention to the ranging counter in
each of the devices after the exchange is complete. When the application in the responding device learned
that the acknowledgment had been sent, it stopped the ranging counter in the PHY. When the application at
the originator device discovered that the acknowledgment frame was for the originator device, it stopped the
counter in the PHY. Thus in Figure 13d, all the counters have stopped, and the values are located in the
respective devices. 

The discussion above in this subclause risks confusion because it includes the general case of arriving
frames not intended for the devices in the figures. That behavior is important for algorithmic robustness, but
for understanding basic ranging, it is a distraction. In Figure 13d, the ranging pair holds two different sets of
counter values, with a start value and a stop value in each set. Along the way, the application may have
discarded counter snapshots due to frames destined for other devices; but in any case, what remains at the
end of the exchange are pairs of counter values that when subtracted represent the elapsed times between the
arrival and departure of the intended frames.

At the system state represented by Figure 13d, the necessary information required to compute the range
between the devices is known. However, the information is still distributed in the system; and before the
ranging computation can be accomplished, the data are brought to a common compute node. The difference
of the counter start and stop values in the originator device represents the total elapsed time from the
departure of the first message to the arrival of the acknowledgment. The difference of the counter start and
stop values in the responder represents the total elapsed time from arrival of the data message to the
departure of the acknowledgment. After these values are all brought together at a common compute node,
they are subtracted, the difference is divided by 2, and the time of flight (and thus the inferred range) is
known.

While management of the ultimate disposition of the counter values is outside the scope of this standard, the
most immediately obvious resolution is for the application at the responder device to send the counter value

Figure 13d—The devices after the two-way exchange
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to the originator device in a data frame. The originator device started the exchange; therefore, it might be
assumed that it is the point at which the application desires to have the range information. The responder
device was just in radio contact with the originator device; therefore, a communication channel is very likely
to be available. 

The obvious solution suggested in the previous paragraph is often the wrong solution. This standard
supports applications that bring a large number of ranging measurements together at a single computation
device, and there the application solves not just for the ranges between individual devices but also the two-
or three-dimensional relative location of the devices. A discussion of typical activities at a central compute
node is included in Annex D1. 

5.5.7.2 Position awareness through one-way transmissions

The primary intent of the ranging support in this standard is to support ranging through two-way time-of-
flight measurements. To establish that capability, this standard defines a whole suite of capabilities and
behaviors by which two-way ranging is enabled. The capabilities required to accomplish one-way ranging
are sufficiently similar that this standard allows operation in that mode as well. The form of one-way
ranging allowed by this standard is described as “Mode 2” in D1.4.2. One-way ranging requires an
infrastructure of RDEVs and some means to establish a common notion of time across those devices. The
protocol to establish the common notion of time is outside the scope of this standard. What this standard
does provide is a bit in the PHR (which any UWB device can optionally set), and this bit serves to signal an
RDEV (in this example, it will be an infrastructure RDEV) that location awareness is desired. To operate in
a one-way environment, any UWB device (not necessarily an RDEV) simply sends a frame having an
appropriate preamble length, the ranging bit set in the PHR (making the frame an RFRAME), and the
acknowledge bit off in the MAC header. As described in 5.5.7.1, after the PHY counter is running in an
infrastructure RDEV, the PHY initiates a PD-DATA.indication for all arriving RFRAMEs. The MAC in the
infrastructure RDEV does not send an acknowledgment when the acknowledge request bit is off, but rather
initiates an MCPS-DATA.indication primitive to the next higher layer. By this mechanism, the application
acquires a list of counter values representing arrival times of all one-way ranging messages received at all
infrastructure devices. As with the case of two-way ranging, nothing useful can happen with the lists of
counter values until they are brought together at a common compute node; and as with two-way ranging,
that bringing together activity is beyond the scope of this standard. After the counter values have been
brought together, the computation of the relative locations proceeds as shown in D1.4.2. 

5.5.7.2.1 Processing sequential arriving RFRAMEs

Subclause 5.5.7.2 says that the PHY will initiate a PD-DATA.indication for all arriving RFRAMEs. That
can be thought of as a great goal; and if the RFRAMEs arrive infrequently, it is a very achievable goal.
However, the PHY does not get to choose how quickly a sequence of RFRAMEs might arrive; and in real
world applications, the RFRAMEs may arrive more quickly than the PHY can deal with them. The
processing time for an RFRAME is very dependent on the implementation of the PHY. While the PHY has
no control over the inter-arrival time of RFRAMEs, the application very well might. The application can
discover the RFRAME processing time by reading the PHY PAN information base (PIB) attribute
phyRFRAMEProcessingTime. The intended use of this attribute is that if an application discovers the
processing capabilities of the devices in the network it can structure the traffic so that devices are not
overrun. The PIB value is a single octet and the least significant bit (LSB) nominally represents 4 ms. In
other words, the maximum value is a nominal second. The only purpose is to help prevent overruns;
therefore, there is no need for high precision in expressing this value. 

5.5.7.3 The ranging counter 

At the most fundamental level, ranging capability as described in this standard is enabled by the ranging
counter shown in the center boxes of Figure 13a. The ranging counter has the capability of assigning values
to the precise instant that RMARKERS are transmitted and received from the device. Once that counter and
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the ability for it to precisely snapshot a timestamp are in place, then conceptually, the computation of the
time of flight is simple. 

The ranging counter, which is a key to an RDEV, is a set of behavioral properties and capabilities of the
RDEV that produce ranging counter values in response to PHY primitives and events at the device antenna. 

An actual physical counter that exhibits the behavior attributed to the “ranging counter” does not need to
exist in any PHY implementation. The ranging counter described is simply an abstraction that is used to
specify the required PHY behavior. For example, in the case of a freshly asserted PLME-SET-TRX-STATE
with parameter RX_WITH_RANGING_ON, the ranging counter is specified in 6.2.2.7.3 to start counting
from 0x00000001 upon the arrival at the antenna of the first pulse of the header of the first arriving PHY
protocol data unit (PPDU) for which the ranging bit is asserted in the header. A literal implementation of
that counter would require a prediction machine that could somehow pre-know the contents of a bit in the
PHR that has not yet arrived. 

The LSB of the ranging counter represents a time interval so small that an actual physical counter would
have to run at a nominal 64 GHz to produce values with the required resolution. It is unlikely that a device
intended for low-cost battery-powered operation would implement a counter running at 64 GHz. 

The lack of an actual physical realization does not in any way preclude the use of the ranging counter as an
abstraction in this standard to visualize and specify the behavior of an RDEV. From an algorithmic and
computational viewpoint, the RDEV will appear to an application as if it possesses a 64 GHz counter with
the ability to start and stop based on the state of bits before they arrive. 

The implementation of the ranging counter is beyond the scope of this standard; however, the following
ideas are suggested:

— Take snapshots of the counter at every event when counter value might be required and then discard
unneeded snapshots after the future becomes known.

— Do not build a 64 GHz counter, but rather generate the less significant bits of the ranging counter
values using computational techniques like those described in D1.2.

5.5.7.4 Accounting for signal arrival time 

This standard specifies that the start counter values represent the time of arrival of the first pulse of the first
symbol of the header of a PPDU. That necessary task is not trivial when the signal arrives in a channel with
significant multipath. The first pulse of the header arrives at the antenna once for every multipath reflection
in the environment. In addition, the first pulse also arrives off the reflections of the reflections in the
environment. The result is that in an indoor environment, the “first pulse” can seem to arrive a multitude of
different times. Accurate ranging requires discriminating the leading edge of the cluster of signal arrivals
that accounts for the first pulse of the header. The technique for achieving this discrimination is beyond the
scope of this standard, but it is helpful to discuss a typical approach. In a typical approach, the counter value
is snapshot relative to a position on the arriving waveform where the PHY-tracking loop has achieved and is
(hopefully) maintaining a “signal lock spot.” Then the offset from the lock spot to the leading edge of the
pulse energy is determined. After a time offset from the UWB signal lock spot to the leading edge of the
energy cluster is found, the rest is very straight-forward: that offset is just subtracted from the counter value
exactly as the other correction factors are. The time offset to the leading edge is discovered by sampling the
energy ahead of the acquisition lock spot over multiple different offsets to discover the earliest point with
discernable energy. To achieve the required precision, the sample values in the vicinity of the leading edge
could be further refined using techniques like those shown in D1.2. For those computations (and other
techniques, generally known as up-sampling), it is critical that the noise in the samples be well suppressed.
This standard supports this leading edge activity by allowing a long as well as a very long acquisition
preamble keeping the signal steady and data free for a protracted time.
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The necessary characterization of the channel multipath response is generically called a channel sounding.
The techniques that accomplish that task can be numerically intense. This standard does not preclude the
system designer accomplishing that task in the PHY. However, this standard provides a sounding
mechanism [involving both MAC sublayer management entity (MLME) and physical layer management
entity (PLME) primitives]. This allows the PHY to present raw data to a higher layer should the PHY lack
significant computational capability and the system designer wishes to employ numerically intensive
channel sounding algorithms. The raw data can then be moved to whatever device has sufficient
computational resources to support the desired algorithms. The primitives supplied are very simple and
assume that both the MAC and the application are well behaved and give priority attention to sounding
activities. For example, the primitives do not include tags to associate a particular sounding with a particular
packet. The application is responsible for making sure that sounding activities are conducted in a timely way
so that the sounding information is associated with the last packet received. The actual handling of the raw
data after the sounding operation facilitates uploading to a next higher layer is beyond the scope of this
standard.

5.5.7.4.1 Leading edge search during the acquisition preamble 

Upon acquisition of the signal, the PHY is not aware of how much time remains in the preamble before the
delimiter. A reasonable goal is to do the best possible job of bracketing the leading edge with whatever time
is available and then reporting how well the leading edge was bracketed by way of the ranging FoM. In a
typical implementation, if the delimiter arrives very quickly after the acquisition threshold was satisfied,
then the leading edge equipment will still be using coarse steps to characterize the energy. The PHY will
make the best judgment it can about the leading edge based on the coarse steps and then report a FoM value
appropriate for coarse steps. If the leading edge search engine has ample time before the delimiter arrives,
then not only can it have progressed to using a very fine search step, but it can also have integrated many
samples to drive down the noise in the computation. In this case, the correction representing the leading edge
offset is applied to the counter value (and it might have been the very same correction value as was applied
in the previous case when the search time was short), but this time the FoM value is reported for a very small
characterization bin and very high confidence that the leading edge truly was in that bin. Again note that the
counter value returned with a good FoM can have the same value as the counter value returned with a bad
FoM, i.e., the counter value is independent of the FoM.

5.5.7.4.2 FoM for bad times

If the PHY performs a short leading edge search (as will happen after recovering from an acquisition false
alarm, for example), it still makes its best guess for a leading edge correction and goes on with the ranging
algorithm. Even when the final counter value represents a known error-prone measurement, the PHY should
not return a FoM of zero. Zero means “no FoM,” which is neither correct nor useful. An appropriate FoM to
report for the most error-prone cases is 0x79. That value decodes to tell the application that even if the other
RDEV calculated its half of the measurement perfectly, given the expected error just due to this RDEV’s
measurement alone, the PHY is 80% confident that the computed range will be wrong by more than 2 m.

5.5.7.4.3 Other opportunities for leading edge search refinement 

The previous discussion was framed as if all channel characterization had to stop upon the arrival of the
delimiter. In fact, PHYs can do additional things after the delimiter to further refine the estimate of the
leading edge offset. The optional UWB CCA pulses described in 6.8a.14 (if used) offer additional
opportunities to look at the signal in a known state after the delimiter. A very sophisticated PHY may
perform additional characterization during the time that data are on the air if the algorithm designer is
willing to “back out” the effects of the data after demodulation (and thus after the data are “known”). From
the application’s point of view, all the application sees for the difference between a very capable PHY and a
sloppy, mediocre PHY is a difference in the FoM values being reported.
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5.5.7.4.4 Managing the preamble length for leading edge search

One of the most distinguishing traits of ranging UWB radio transmissions is the long preambles. This
standard allows the application to specify preambles that are either 1024 or 4096 symbol repetitions long.
The selection is a function of the channel multipath, the signal-to-noise ratio (SNR) in the link, and the
capability of the receiving PHY. It is theoretically possible that a very capable PHY that does leading edge
refinement using the data could do ranging accurately with a preamble that is 16 symbols long. It is also
possible (likely, in fact) that a PHY with a poorly designed search engine will not do a good job in heavy
multipath even with a 4096 symbol preamble. The upper layers are responsible for picking the preamble
length. It is suggested that the application start ranging operations using the 1024 symbol preamble and keep
a history of how the FoMs are reported. The FoMs are the critical feedback information that tells the
application how the various PHYs are doing, and the application can make future adjustments to the
preamble length based on that history.

5.5.7.4.5 PHY deferral of the computations for leading edge search 

As discussed in 5.5.7.4, this standard provides a mechanism to optionally allow the PHY to pass the
computational burden of leading edge processing to a higher layer. If the computations are not done in the
PHY, then the value in the timestamp report for RangingCounterStart is not corrected for the leading edge.
The RangingFOM is used to signal this condition to the higher layer, which will have to compute a
correction based on data acquired using the sounding primitives. See 6.8a.15.3. The higher layer issues a
MLME-SOUNDING.request primitive, which in turn causes a PLME-SOUNDING.request primitive. The
associated MLME- and PLME-SOUNDING.confirm responses return a list SoundingPoints where each
SoundingPoint is a pair of integers representing data taken by the PHY at time offsets from the point on the
waveform represented by the uncorrected value in RangingCounterStart. A time of zero in the list designates
an amplitude value taken at the point indicated by RangingCounterStart. Positive time values indicate
amplitudes that occurred earlier in time than the zero point. The LSB of a time value represents 1/128 of a
chip time at the mandatory chipping rate of 499.2 MHz. The amplitude values do not represent any
particular voltage. They are only meaningful in a relative sense and in the context of each other. The values
are linear (not logarithmic). The amplitude values are all consistent with each other. For example, it is
acceptable for an automatic gain control (AGC) circuit to change the gain during the measurement of the
amplitudes, if the numbers are corrected so that the effect of the gain change is removed and the numbers
returned in a SOUNDING.confirm primitive are the values that would have been measured had the gain
been perfectly stable and unchanged for all measurements. The list of measurements returned by the
SOUNDING.confirm primitive begins with the size of the list. The maximum size that can be represented is
65 K value pairs. That large value is only because a single octet would not be adequate to represent lists
larger than 255 pairs. In practical systems, lists larger than 255 pairs can occur. Two octets would be the
next choice to represent the list size, but that does not mean that lists approaching 65K pairs would be
appropriate. There is no particular acceptable or unacceptable list size. Generally, a larger list is superior:
see 5.5.7.4.1. In the case where the PHY is deferring the leading edge computation to an upper layer, the
PHY does not assign a FoM to the timestamp report. That does not mean that a FoM is unneeded by
algorithms at the higher layers; it just means that the PHY will not be the source. In cases where the PHY
defers computation, the upper layer will typically compute a FoM for itself based on the size and quality of
the list returned with the SOUNDING.confirm primitive.

5.5.7.4.6 PHY deferral of the computations for self-calibration

As discussed in 5.5.7.4.4, the sounding primitives provide a mechanism to offload from the PHY the
computational burden of analyzing a channel sounding for the leading edge of an arriving signal. A very
similar problem arises in the self-calibration of a ranging UWB PHY. One excellent technique for self-
calibration is the “sounding” of a loopback path in the radio. In this technique, the PHY actually transmits to
itself through reflections associated with the transmission path (like a transmit/receive switch or the antenna
itself). When using this technique, the issue comes up again that it can be computationally intense to
discover the moment of arrival of the (often small) amplitude disturbances associated with elements in the
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path to the antenna. Implementers may choose to achieve this computational effort in the PHY. In an
alternate implementation, the sounding mechanism can be used to offload this computational burden to a
higher layer. When performing a sounding for leading edge computation, the instant associated with time
zero is the point associated with signal tracking. Sounding for calibration is slightly different in that the time
associated with zero is the launching of the pulse event from logic at the level of the ranging counter. 

5.5.7.5 Management of crystal offsets 

The numbers that will be subtracted in the range computation will typically represent times on the order of
5 ms. The time of flight for a 10 m link is about 30 ns. The expected difference of the counter values will be
twice the time of flight, or something like 60 ns, in this example. 

When a subtraction of values representing 5 ms is supposed to yield a meaningful answer on the order of
60 ns, even small percentage errors in the relative measurement of the 5 ms numbers yield large errors in the
difference. The root cause of these errors is the fact that each of the individual 5 ms measurements was made
with different crystals in different devices. 

The crystals’ oscillators in different devices may generate frequency errors of 20 ppm. A 20 ppm error in a
5 ms number can account for 100 ns. This 100 ns error is disconcerting considering the 60 ns time-of-flight
result. 

Management of the errors due to crystal differences is essential to ranging. Correcting for a crystal
difference algebraically at the time of the subtraction computation is straight-forward if the difference is
precisely known. The crux of the problem is to determine the crystal difference. 

The mechanisms to characterize the crystal difference will be present and functioning in typical UWB PHY
implementations. This crystal characterization equipment is the signal tracking loop in the receiver. A UWB
pulse occupying 500 MHz has a nominal envelope width of 2 ns. The receiver tracking loop in a UWB PHY
will stay “locked on” to this envelope for the duration of a packet. In the case of ranging packets, this will
typically amount to milliseconds. In actual practice, the tracking loop will hold the sampling point on the
envelope much tighter than 2 ns; therefore, by the end of the transmission the tracking loop has the
information to hold its sample point steady (with respect to its local crystal) on the received signal (which is
sourced by the other devices crystal). In other words, by the end of the packet, the tracking loop has exactly
measured the crystal difference. This crystal difference is the very thing necessary to correct the values in
the ranging computation. 

5.5.7.5.1 Characterizing crystal offsets with digital tracking loops

For a digital tracking loop, the most convenient way to express the crystal difference is with two numbers. A
tracking interval number is the total number of units during which the signal was tracked, and a tracking
offset number is a count of the number of times the tracking loop had to add or drop a unit to hold the sample
point steady on the incoming signal. If the other oscillator frequency was lower than the tracking loops local
oscillator, then the tracking loop would be adding units to hold the sample point steady. The tracking offset
is simply a count and a sign bit. All numbers are expressed from the local device’s point of view; therefore,
positive counts are characterizing crystals in the other device that are running slower (so the receiver was
adding time units to match it) and negative numbers characterize faster crystals in the other device (so the
receiver was dropping local units to keep up). The offset is thus a signed magnitude integer (not the twos-
complement number that might be expected). The actual units (generally called “parts”) that are called out in
the count are whatever units happen to be convenient for a given PHY implementation. Since the numbers
are used only as a ratio, the type of unit need not be specified as long as the numbers express the same unit.
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5.5.7.5.2 Characterizing crystal offsets with analog tracking loops

PHYs that use analog phase-locked loops (PLLs) to track the received signal do not lend themselves as
directly to the expression of the tracking offsets as counts. However, the PLL steady-state error signal is still
a direct measure of the crystal offset. The analog PLL-based PHY can convert the PLL error signal to a
number [for example, with an analog-to-digital converter (ADC)], put that result in the offset count field
(taking care to get the sign bit correct), and put a convenient scaling number (like a million) into the total
tracking interval field so that the ratio again expresses the difference of the crystals from the local
oscillator’s point of view. 

5.5.7.5.3 Characterizing crystal offsets with different tracking loops

The use of the receiver’s tracking loop to characterize the crystal offset is convenient for some PHY
implementations, but it is not required for compliance. In fact, RDEVs are not required to support crystal
characterization at all. If two RDEVs are involved in a ranging exchange and only one of them is supporting
crystal characterization, all the information needed for a good ranging computation is available. (If both
RDEVs support crystal characterization, they will get the same ratio with opposite sign; therefore, there is
little new information.) 

If neither RDEV supports crystal characterization, the application puts more traffic on the air to support
ranging. For this situation, the application does the measurement twice. The first time is simply the normal
exchange. On the second measurement, the roles are reversed. The device that was the originator on the first
measurement is the responder for the second measurement, and likewise the responder on the first
measurement becomes the originator for the second measurement. Then the application does the range
computation twice. Because neither measurement provided for correcting for crystal offsets, the answers for
both measurements are likely to be totally wrong. But, the computations did involve the same crystals so the
error in the measurements is the same. Because the application reversed the measurement sequence between
the two measurements, the answers have errors with opposite sign. The bottom line is that while the two
individual answers are both hopelessly inaccurate by themselves, the average of the two individual answers
will be exactly correct. A further refinement of this technique is called symmetric double-sided two-way
ranging (SDS-TWR) and is discussed in D1.3.2. The refinement shown in Annex D1 seeks greater
efficiency by combining the two independent measurements into a single stream with the originator sending
an acknowledgment for the responder’s acknowledgment. While the “acknowledge for an acknowledge”
approach is absolutely sound mathematically for ranging and the additional efficiency is tempting, the
“acknowledge for an acknowledge” message sequence construct is beyond the scope of this standard.

5.5.7.5.4 Size of units

As introduced in 5.5.7.5.1, the units of measurement in the crystal characterization ratio are not rigidly
defined in this standard to allow vendors the freedom to choose a value that works well with their PHY
implementation. Design freedom is good, but to ensure at least a minimum level of ranging accuracy, this
standard insists on a value that allows the ratio to express individual parts per million of oscillator
difference. When the ranging computation is done for typical packet sizes and turnaround times, the desired
answer will typically only be tens of parts per million compared to the numbers being subtracted. It is in this
context that this standard calls for using the nominal 500 MHz chip time (nominally 2 ns) as the largest
acceptable unit for the crystal characterization numbers. While an implementation using this value will be
compliant, it would typically yield ranging errors on the order of a meter due to poor crystal
characterization. To achieve reduced ranging errors, it is recommended that smaller units for crystal
characterization be used since this translates directly to reduced errors in the ranging computation. When
both RDEVs of a two-way ranging exchange are supporting crystal characterization, the application has a
choice of which set of numbers will be used to make the correction. The ranging application would be wise
to manage the reality that different devices might present different quality results for the crystal
characterization.
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The LSB of the ranging counter caps the highest ranging accuracy that can be achieved by compliant devices
(which use the straight-forward two-way ranging techniques described here). The LSB represents a nominal
16 ps, which corresponds to about half a centimeter of flight for energy in free space. 

5.5.7.6 Accounting for internal propagation paths 

Subclause 5.5.7.3 introduced the ranging counter for measuring events at the device antenna very precisely.
It is understood that an actual implementation will not be trivial. Typically the device’s PHY will have a
counter somewhere in the digital section, multiple correction values stored in registers, and some arithmetic
hardware to apply the correction values. The end result of all this is that it appears (from the numbers
reported) that the PHY has a counter that is somehow magically positioned right at the antenna of the device
and is taking snapshots of the counter values for events as they happen right at the antenna. That is important
because the computation is supposed to be for the time of flight through the air, not through some impedance
matching network feeding an antenna. Subtracting the correcting values for internal propagation times is not
hard. What is hard is actually knowing the values of the internal propagation times. This standard provides a
CALIBRATE mechanism (involving both MLME and PLME primitives) that allows an application to cause
a PHY (at a time that the application chooses) to invoke whatever capability that the PHY might have to
characterize the internal propagation times of the PHY. Inclusion of a device capability for antenna
loopback with an associated self-calibration algorithm is encouraged, but beyond the scope of this standard.
A defensively written ranging application can maintain tables of correction factors at the computation nodes
where the table entries are individually associated with the unique devices it is using for ranging. In this
way, the application can compensate (after the fact) for devices in the ranging environment that may have
done a poor job of self-calibration.

5.5.7.6.1 PIB attributes for internal propagation paths 

This standard provides a defined place to go to for the correction factors characterizing the delays of the
internal propagation paths. There are two separate PHY PIB attributes that separately cover the transmit and
receive paths. The LSB of these values represents 1/128 of a chip time at the mandatory chipping rate of
499.2 MHz. This time interval represents about half a centimeter of travel at the speed of light and is the
same size as used throughout the ranging computations. The intended use of these PIB attributes is for them
to be written by the application at a time of the application’s choosing and for the values to stay with the
device until rewritten. One possible way for the application to learn what values to write to the PIB attributes
is to invoke the CALIBRATE primitives. This standard does not mandate that the CALIBRATE primitives
must be used. The standard simply makes them available for use, if desired.

5.5.7.6.2 Support for self-calibration and one-way ranging 

As discussed in 5.5.7.2, this standard does not preclude position awareness through one-way ranging.
Successful one-way ranging requires that the internal propagation paths to the transmit antenna and from the
receive antenna be accounted for separately. The PHY PIB attribute phyTx_RMARKER_Offset represents
the time from the internal ranging counter reference to the transmit antenna. Likewise, the PHY PIB
attribute phyRx_RMARKER_Offset represents the time from the receive antenna to the internal ranging
counter reference.

5.5.7.6.3 Use of the calibrate primitives

The CALIBRATE.confirm primitives return either the values that are correct for the RMARKER offsets, if
the PHY takes care of all computations itself, or the status COMPUTATION_NEEDED. The actual
implementation of the self-calibration could be as simple as returning hardwired values for the RMARKER
offsets. In this situation, the hardwired values would be selected by the vendor at the time of device
manufacture to represent a best guess of what the offsets might ultimately be. Alternatively, the self-
calibrate implementation might involve a full channel sounding of a loopback path and a sophisticated
pattern-matching algorithm to determine from the sounding waveform when an internally generated pulse
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reflected back from an antenna. In either of the two scenarios above, the status COMPUTATION_NEEDED
would not be used because either (in the first case) the calibrate implementation was so crude that there was
nothing to do, or (in the second case) the calibrate implementation was so sophisticated that the PHY took
care of all of the computations without assistance.

It is a property of the algorithms that a node which only does ranging transmissions within a one-way
infastructure-based ranging application need not support calibration in any form.

5.5.7.6.4 Use of the COMPUTATION_NEEDED status

Subclause 5.5.7.6.2 described two extreme implementations of PHY self-calibration. This standard supports
a reasonable middle ground implementation where the PHY does a channel sounding of a loopback path
using the same hardware resources as normally used for leading edge scanning, but then the PHY defers the
actual computations associated with the channel sounding to a higher layer. As discussed in 5.5.7.4.5, the
computations associated with processing a channel sounding can be numerically intense and may well be
beyond the resources of a particular PHY implementation.

When the higher layer receives a status of COMPUTATION_NEEDED in response to a
CALIBRATE.request primitive, the higher layer will then use the sounding primitives (see 5.5.7.4.6) to get
a list of SoundingPoints from the PHY. The higher layer will then process the SoundingPoints to determine
the values of the RMARKER offsets.

5.5.7.7 Timestamp reports

Subclause 5.5.7.1 introduced the two ranging counter values (start and stop). Subclause 5.5.7.4 introduced
the ranging FoM value. Subclause 5.5.7.5 introduced the two values that (as a ratio) characterize the crystal
offsets. All of these values (five in all) characterize a single ranging measurement. The five individual
numbers that characterize a measurement are referred to in a group as a timestamp report. It then takes (at
least) two timestamp reports to do a time-of-flight computation. There are a total of 16 octets in a timestamp
report. The numbers in a single timestamp report have meaning in the context of each other. As such, they
are generated by the PHY as a set and not split apart during subsequent data handling. 

5.5.7.7.1 Presentation of timestamp reports

Subclause 5.5.7.7 described the timestamp report. It should be noted that these reports will occur at
seemingly nonintuitive times in the actual primitives and the message sequence charts. For example, a
timestamp report is included in the PD-DATA.confirm primitive. When the PD-DATA.confirm primitive is
used following an initial transmission, the elements of the timestamp report are not all known. However,
when the PD-DATA.confirm primitive is used following an acknowledgment in a ranging message
sequence, all of the elements are known. Likewise, the PD-DATA.indication primitive includes a timestamp
report, but when the PD-DATA.indication primitive is used in response to the initial reception of the first
message of a ranging message sequence, not all of the elements of the timestamp report are known.
However, when the PD-DATA.indication primitive is used following reception of the acknowledgment
message, all of the elements are known.

5.5.7.7.2 Start and stop times in the timestamp report

The timestamp report as both a start time and a stop time with 4 octets for each. This may appear to be
counter intuitive since either start or stop number by itself is useless and that the only real utility for the
numbers is in their difference. A different strategy would be to have the PHY do arithmetic on the pair of
numbers and present only the difference in the timestamp report. In this standard, the numbers are handled
separately by the PHY to allow ranging by PHY implementations having few arithmetic or logic resources.
Another reason is to allow an infrastructure node in a one-way ranging environment to issue a new
timestamp report for each arriving RFRAME without being concerned about when the “start time” was.
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5.5.7.8 Private ranging

It is important to note that for some applications of this standard, the range information will be the critical
deliverable information for the entire system. As such, it is reasonable to protect this information as well as
safeguard the integrity of the ranging traffic itself.

5.5.7.8.1 Simple encryption of the timestamp reports

As discussed in 5.5.7.1, at the end of the two-way exchange, half of the information necessary for the range
computation is in each of two devices. Either half, by itself, is useless to the desired ranging application as
well as to any undesired hostile device. When the two halves of the information are brought together, the
range is computed by simple arithmetic. The single most critical and effective thing that an application can
do to keep hostile devices from learning range information is encrypting the time reports whenever they are
being transmitted. There is no problem doing this, as the reports are moved after the time-critical ranging
exchange is complete and there is nothing time critical about movement of the timestamp reports.

5.5.7.8.2 Dynamic preamble selection (DPS)

It is anticipated that typical ranging traffic will take place using the normal channel codes and preambles in
regular network use. Therefore, even if the time reports are encrypted and a hostile device is denied
knowledge of the ranges, a hostile device can monitor traffic and listen for long preambles. It can then turn
on its transmitter, spoof the acknowledgment transmission, and generally disrupt the ranging traffic. This
hostile behavior creates a race between the hostile device and the legitimate responder, but the hostile device
can expect to win the race because the legitimate responder will be parsing the MAC header to discover
whether an acknowledgment is appropriate before it starts transmitting. To defeat this spoof attack, this
standard offers the DPS option, where RDEVs are allowed to move their long preamble RFRAMEs to codes
that are altogether different from the codes in normal use. Furthermore, the different preambles are
precoordinated using encrypted messages so that the hostile device is denied knowledge of the preambles
that will be used. And finally, there are no retries allowed with these preambles so that a “jam and spoof the
retry” attack will also be defeated. 

When the DPS option is invoked by the devices that support it, the hazard is created where if the two-way
ranging packet is not received as expected, the devices waiting and listening for special unique length 127
preambles will have become lost. To render this hazard safe, this standard provides for an additional
timeout, DPSIndexDuration, which is used whenever DPS is used to ensure that devices at risk of becoming
lost are always returned to an interoperable state. See 7.5.7a.3.

DPS provides no additional ranging capability beyond resistance to attacks by hostile nodes. PHYs that do
not implement DPS do not be give up any one-way or two-way ranging capabilities.

5.5.8 Management of UWB options

The UWB PHY is designed to address a broad spectrum of applications; and as a result, the specification of
the UWB PHY includes a rich set of optional modes and operational configurations. An overview of the
optional modes and behaviors is given in 5.5.8.1. Having a rich set of options does not preclude the cost-
effective devices discussed in 5.5.8.2. A very rigid framework of option management rules (see Table 23
and 6.4.2) govern the use of optional modes in a way that ensures interoperability of UWB devices
conforming to this standard. An overview of the rules is given in 5.5.8.3. The optional low data rate is
handled differently from the other rates and is discussed in 5.5.8.4.
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5.5.8.1 Overview of UWB options

The UWB PHY allows for operation using possibilities selected from lists of the following variables:
— Center frequencies 
— Bandwidths occupied 
— Pulse repetition frequencies (PRFs)
— Chipping rates 
— Data rates 
— Preamble codes 
— FEC options (no FEC, or Reed-Solomon only, or convolutional only, or Reed-Solomon with

convolutional)
— Waveforms 
— CCA mode (on or off)
— Preamble symbol lengths 
— Ranging 
— Private ranging 

Clearly the richness of the menu above enables PHYs that support an exceptionally broad set of service
conditions. However, a fundamental goal of this standard is low cost; and if a standard is to mean anything,
interoperation of compliant devices is crucial. The rich menu might seem a contradiction to both these
important goals. The enablement of low-cost devices is discussed in 5.5.8.2. The interoperability of
compliant devices is assured through the rules in 5.5.8.3.

5.5.8.2 Modes and options for low-cost UWB devices

The low-cost imperative of this standard is met through the fact that only a small subset of the combinations
of capabilities represent mandatory modes.

A UWB PHY is required to be able to turn on and off a bit in the PHR in response to a single, specific
primitive attribute. That single bit in the header is the only required ranging “support” for a UWB PHY.
What that bit achieves is the ability of that simple device to have its location determined (if some higher
level application turns the bit on) when it is in the operational range of an infrastructure of UWB PHYs that
have implemented optional support for ranging and are running an application supporting one-way ranging
(see 5.5.7.2).

A compliant UWB PHY need support only the following:
— One single band (see 6.8a.11.1)
— One mandatory center frequency (see Table 39i in 6.8a.11.1)
— One mandatory data rate (see 6.8a.7.1)
— One mandatory bandwidth (see 6.8a.11.1)
— One mandatory pulse shape (see 6.8a.12.1)
— One chipping rate (see Table 39a in 6.8a.4)

The compliant PHY does have to support two preamble codes, but needs to use only one mandatory
preamble symbol length. No special support for CCA (see 6.9.9) is required, nor is support for FEC required
when receiving (see 6.8a.10).

For interoperability, this standard does require all UWB PHYs to both transmit and receive using both a
nominal 16 Mpulse/s as well as a 4 Mpulse/s PRF, but a PHY is not required to transmit with the same
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power level at 4 Mpulse/s as it does at 16 Mpulse/s. Therefore, it is not necessary to build any large voltage
swing output drivers. Low-cost devices are additionally enabled by signal modulation, which is designed to
be received by devices that do not sample coherently.

A compliant UWB device need support FEC only when transmitting frames. Encoding for transmission is
straight-forward (see 6.8a.10). While it is noted that decoding FEC in the receiver may be costly and power
consuming, it should be further noted that this behavior does not need to be supported. The FEC codes are
designed to be “systematic”; in other words, the receiver is free to toss aside the redundant bits and do no
error correction at all.

5.5.8.3 Rules for use of UWB modes and options

The UWB PHY specification allows operation in any of three bands: 
— A sub-gigahertz band
— A low band, which is roughly between the 2.45 GHz industrial, scientific, and medical (ISM) band

and the 5 GHz unlicensed national information infrastructure (U-NII) band
— A high band, which is above the U-NII band

The implementer is free to choose either one or several of the bands to be supported by an implementation.
Within a band, there is only one mandatory channel. 

There are five UWB waveforms supported by this standard. However, all beacon frames are transmitted
using the mandatory waveform, and a PAN is allowed to use an optional waveform (for nonbeacon traffic)
only after it is determined by a coordinator that all devices associated to the PAN are capable of supporting
the optional waveform. Even after a PAN has transitioned its traffic to an optional waveform, new devices
can learn about the PAN’s existence from the beacon frames. If a new device is allowed to join a PAN that is
using a nonmandatory waveform and the new device is not capable of supporting that nonmandatory
waveform, the entire PAN is returned by the controller to the mandatory waveform. The capabilities of an
individual PHY are determined by reading the PHY PIB. The mechanism for communicating PHY
capabilities between devices is accomplished by layers above the MAC sublayer and is beyond the scope of
this standard. The rationale for the decision to allow or disallow a device to join a network (based on the
device’s capabilities or any other reason) is out of scope of this standard.

The optional UWB CCA signaling mode described in 6.8a.14 is strictly a signaling mode. It is not associated
with the use of any particular waveform. The UWB CCA mode can be optionally used (or not) with either
the mandatory waveform or any of the optional waveforms. However, the impact on interoperability of the
UWB CCA signaling mode is the same as if it were an optional waveform. In other words, devices using the
CCA mode cannot communicate with devices that are not using the CCA mode. The guiding philosophy of
the UWB PHY in this standard is that while signaling options are provided and allowed in homogenous
networks, interoperability concerns always take precedence. To maintain interoperability, CCA signaling is
treated as if it were an optional waveform. Use of optional CCA signaling is restricted by the same
“homogenous network” rules as optional waveforms in the preceding paragraph. 

Devices in a PAN are allowed to use optional data rates when communicating with each other, but the
network beacon broadcasts at the mandatory data rate. 

UWB PHYs need not implement the low data rate; however, a well-designed device that does not implement
the low data rate can still survive gracefully if it finds itself in the operational vicinity of devices that are
using the low data rate. Graceful survival is easily accomplished because each of the first two symbols of the
low-data-rate header are identical to the single symbol used in the mandatory-data-rate header. A second
delimiter detection indicates to a PHY that low-data-rate devices are operating nearby. A device not
supporting the low data rate can keep its delimiter detector running while it is attempting to demodulate the
PHR. If the delimiter detector triggers during what was expected to be the PHR, the mandatory-only receiver
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can know that the packet is coming in at the (unsupported) low data rate and just give up and save power.
Less graceful behavior involves demodulation of the extended low-data-rate delimiter as if it were the PHR
and having checksums fail and wasting power. Other than wasting some power, no harm is done: The frame
was not intended for the device not supporting low data rate. 

5.5.8.4 The optional low data rate

This standard supports an optional low data rate of 110 kb/s to enable long links or provide high processing
gain to cost-effective PHYs that might need the extra help. For the mandatory as well as the optional higher
data rates, the PHR is transmitted at the mandatory data rate. The definition of the data rate for the rest of the
PPDU is carried in the data rate subfield of the PHR (see 6.8a.7). That cannot work for the low data rate. The
low-data-rate frame announces itself to the receiver by use of the extended delimiter (see Figure 27d in
6.8a.6). In frames transmitted using the low data rate, the PHR is also transmitted at the low data rate, and
the PHY has the opportunity to demodulate the data rate subfield in the header to verify what it already
learned by detecting the extended preamble.
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6. PHY specification

6.1 General requirements and definitions

Insert the following item at the end of the dashed list in 6.1:

— Precision ranging for UWB PHYs

Insert the following paragraph at the end of 6.1:

In further additions to the rates supported in IEEE Std 802.15.4-2006, two high-data-rate PHYs have been
added. They are CSS operating in the 2.4 GHz band and UWB operating both in the sub-gigahertz band and
the 3–10 GHz band.

6.1.1 Operating frequency range

Change Table 1 (the entire table is not shown) as indicated:1

Change the third sentence in the third paragraph in 6.1.1 as shown:

IEEE 802.15.4 and IEEE 802.15.4a dDevices conforming to this standard shall also comply with specific
regional legislation.

Table 1—Frequency bands and data rates

PHY 
(MHz)

Frequency 
band 

(MHz)

Spreading parameters Data parameters

Chip rate 
(kchip/s) Modulation Bit rate 

(kb/s)
Symbol rate 
(ksymbol/s) Symbols

2450 DSSS 2400–2483.5 2000 O-QPSK 250 62.5 16-ary 
Orthogonal

UWB 
sub-gigahertz 

(optional) 
(see note)

250–750 See 
6.8a.11.1

2450 CSS
(optional) 
(see note)

2400–2483.5 See 6.5a.2 250 166.667
(see 6.5a.5.2)

See 6.5a.2 1000 166.667
(see 6.5a.5.2)

UWB low band 
(optional) 
(see note)

3244–4742 See 6.8a.11.1

UWB high band 
(optional) 
(see note)

5944–10 234 See 6.8a.11.1

NOTE—UWB PHYs may operate in one or more of three distinct bands: sub-gigahertz, low band, and high band. 
IEEE 802.15.4a UWB device types and CSS PHY types are options to IEEE Std 802.15.4-2006.

1Notes in text, tables, and figures are given for information only and do not contain requirements needed to implement this standard.
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6.1.2 Channel assignments

Change the first sentence in 6.1.2 as shown:

The introduction of the “868/915 MHz band (optional) amplitude shift keying (ASK) PHY specifications”
and “868/915 MHz band (optional) O-QPSK PHY specifications” several optional PHY types operating in
several frequency bands results in ….

6.1.2.1 Channel numbering

Insert the following new sentence at the end of the last paragraph in 6.1.2.1:

An exception to this is the UWB PHY where specific mandatory and optional behaviors are as defined in
6.8a.11.1.

Insert after 6.1.2.1 the following new subclauses (6.1.2.1a and 6.1.2.1b):

6.1.2.1a Channel numbering for CSS PHY

A total of 14 frequency channels, numbered 0 to 13, are available across the 2.4 GHz band (see Table 1a).
Different subsets of these frequency channels are available in different regions of the world. In North
America and Europe, three frequency channels can be selected so that the nonoverlapping frequency
channels are used.

Table 1a—Center frequencies of CSS

Frequency channel 
number

Frequency
(MHz)

0 2412

1 2417

2 2422

3 2427

4 2432

5 2437

6 2442

7 2447

8 2452

9 2457

10 2462

11 2467

12 2472

13 2484
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A channel frequency defines the center frequency of each band for CSS.

Fc = 2412 + 5(k – 1) in megahertz, for k = 1, 2, ..., 13

Fc = 2484 in megahertz, for k = 14

where
k is the band number

Fourteen different frequency bands in combination with four different subchirp sequences form a set of
14 × 4 = 56 complex channels.

6.1.2.1b Channel numbering for UWB PHY

Sixteen channels, divided into three bands, are defined for the UWB PHY (see Table 1b). A compliant UWB
device shall be capable of transmitting in at least one of three specified bands. A UWB device that
implements the sub-gigahertz band shall implement channel 0. A UWB device that implements the low band
shall support channel 3. The remaining low-band channels are optional. A UWB device that implements the
high band shall support channel 9. The remaining high-band channels are optional.

Table 1b—UWB PHY channel frequencies

Channel number Center frequency 
(MHz) UWB band/mandatory

0 499.2 Sub-gigahertz

1 3494.4 Low band

2 3993.6 Low band

3 4492.8 Low band mandatory

4 3993.6 Low band

5 6489.6 High band

6 6988.8 High band

7 6489.6 High band

8 7488.0 High band

9 7987.2 High band mandatory

10 8486.4 High band

11 7987.2 High band

12 8985.6 High band

13 9484.8 High band

14 9984.0 High band

15 9484.8 High band
Copyright © 2007 IEEE. All rights reserved. 27
uthorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 01:33:50 UTC from IEEE Xplore.  Restrictions apply. 

ails: IEEE 802.15.4a-2007

http://www.avadocuments.com/doc/ieee-802-15-4a-2007
http://www.avadocuments.com/doc/ieee-802-15-4a-2007


IEEE
Std 802.15.4a-2007 PART 15.4: WIRELESS MAC AND PHY SPECIFICATIONS FOR LR-WPANs

A

Full document det
6.1.2.2 Channel pages

Change Table 2 (the entire table is not shown) as indicated:

6.1.3 Minimum long interframe spacing (LIFS) and short interframe spacing (SIFS) periods

Insert the following new rows at the end of Table 3: 

6.1.5 Transmit power

Insert the following new sentence at the end of the paragraph in 6.1.5:

For UWB PHYs, the parameter phyTransmitPower refers to the total power transmitted across the entire
occupied bandwidth (not the dBm/MHz usually found in regulations).

Table 2—Channel page and channel number

Channel 
page 

(decimal)

Channel page 
(binary) 

(b31,b30,b29,b28,b27)

Channel 
number(s) 
(decimal)

Channel number description

3 00011 0–13 Channels for CSS PHY

4 00100 0 Channel 0 is sub-gigahertz band for UWB PHY

1–4 Channels 1 to 4 are low band for UWB PHY

5–15 Channels 5 to 15 are high band for UWB PHY

35–31 00011–1111 Reserved Reserved

Table 3—Minimum LIFS and SIFS period

PHY macMinLIFSPeriod macMinSIFSPeriod Units

2400–2483.5 MHz CSS 40 12 Symbols

UWB 40 12 Preamble symbols 
(see note)

NOTE—For the UWB PHY only, the IFS and SIFS periods are measured in units of preamble symbols for a 
preamble code length of 31. The actual time that this value represents depends on the PRF in use and the channel. 
See Table 39b (in 6.8a.5). UWB PHY preamble parameters in 6.8a.4 for these values.
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6.2 PHY service specifications

6.2.1 PHY data service

6.2.1.1 PD-DATA.request

6.2.1.1.1 Semantics of the service primitive

Insert the following new parameters at the end of the list in 6.2.1.1.1 (before the closing parenthesis): 

UWBPRF,
Ranging,
UWBPreambleSymbolRepetitions,
DataRate

Insert the following new rows at the end of Table 6:

Table 6—PD-DATA.request parameters

Name Type Valid range Description

UWBPRF Enumeration PRF_OFF, 
NOMINAL_ 4_M, 
NOMINAL_16_M, 
NOMINAL_64_M

The pulse repetition value of the 
transmitted PPDU. Non-UWB PHYs 
use a value of PRF_OFF. 

Ranging Enumeration NON_RANGING, 
ALL_RANGING, 
PHY_HEADER_
ONLY

A value of NON_RANGING 
indicates that ranging is not to be used 
with the PHY service data unit 
(PSDU) to be transmitted. A value of 
ALL_RANGING denotes ranging 
operations for this PSDU using both 
the ranging bit set to one in the PHR 
and counter operation enabled. A 
value of PHY_HEADER_ONLY 
denotes ranging operations for this 
PSDU using only the ranging bit in 
the PHR set to one. A value of 
NON_RANGING is used for 
non-UWB PHYs.

UWBPreambleSymbolRepetitions Enumeration PSR_0, PSR_16, 
PSR_64, 
PSR_1024, 
PSR_4096

The preamble symbol repetitions of 
the UWB PHY frame to be 
transmitted by the PHY entity. 
PSR_16 indicates 16 preamble 
symbols are transmitted, PSR_64 
indicates 64 preamble symbols are 
transmitted, and so on. A value of 
PSR_0 is used for non-UWB PHYs.
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6.2.1.1.3 Effect on receipt

Insert the following new paragraph at the end of 6.2.1.1.3:

If the PD-DATA.request primitive is received by a ranging-capable PHY with Ranging parameter equal to
ALL_RANGING, then the ranging counter will begin counting from 0x00000001 as RMARKER leaves the
transmit antenna. 

6.2.1.2 PD-DATA.confirm

6.2.1.2.1 Semantics of the service primitive

Insert the following new parameters at the end of the list in 6.2.1.2.1 (before the closing parenthesis):

RangingReceived,
RangingCounterStart,
RangingCounterStop,
RangingTrackingInterval,
RangingOffset,
RangingFOM

Change Table 7 as shown:

DataRate Enumeration DATA_RATE_0,
DATA_RATE_1,
DATA_RATE_2,
DATA_RATE_3,
DATA_RATE_4

The data rate of the PHY frame to be 
transmitted by the PHY entity. A 
value of DATA_RATE_0 is used with 
a non-UWB or non-CSS PHY. A 
value of DATA_RATE_1 or 
DATA_RATE_2 is used with CSS 
PHYs (DATA_RATE_1 corresponds 
to 250 kb/s rate and 2 corresponds to 
DATA_RATE_2 Mb/s rate). 
DATA_RATE_1 through 
DATA_RATE_4 is used with UWB 
PHYs. See 6.8a.7.1 for UWB rate 
definitions.

Table 7—PD-DATA.confirm parameters

Name Type Valid range Description

status Enumeration SUCCESS, 
RX_ON, 
TRX_OFF, or 
BUSY_TX, or 
UNSUPPORTED
_PRF
UNSUPPORTED
_RANGING

The result of the request to transmit a 
packet. A value of UNSUPPORTED_PRF 
indicates that the PHY is not capable of 
transmitting at the requested PRF. A value 
of UNSUPPORTED_RANGING is 
returned if the PHY does not implement a 
ranging counter. 

Table 6—PD-DATA.request parameters  (continued)

Name Type Valid range Description
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RangingReceived Boolean TRUE or FALSE A value of FALSE indicates that ranging is 
either not supported in a UWB PHY or not 
to be indicated for the PSDU received. A 
value of TRUE denotes ranging operations 
requested for this PSDU. A value of FALSE 
is used for non-UWB PHYs.

RangingCounterStart Unsigned 
Integer

0x00000000– 
0xFFFFFFFF

A 4-octet count of the time units 
corresponding to an RMARKER at the 
antenna at the beginning of a ranging 
exchange. A value of x00000000 is used if 
ranging is not supported or not enabled or 
this is not a UWB PHY. The value 
x00000000 is also used if the counter is not 
used for this PPDU. See 6.8a.15.1.

RangingCounterStop Unsigned 
Integer

0x00000000– 
0xFFFFFFFF

A 4-octet count of the time units 
corresponding to an RMARKER at the 
antenna at the end of a ranging exchange. A 
value of x00000000 is used if ranging is not 
supported or not enabled or this is not a 
UWB PHY. The value x00000000 is also 
used if the counter is not used for this 
PPDU. See 6.8a.15.1.

RangingTrackingInterval Unsigned 
integer

0x00000000– 
0xFFFFFFFF

A 4-octet count of the time units in a 
message exchange over which the tracking 
offset was measured. If tracking-based 
crystal characterization is not supported or 
this is not a UWB PHY, a value of 
x00000000 is used. See 6.8a.15.2.2

RangingOffset Signed 
Magnitude 
Integer

0x000000– 
0x0FFFFF

3-octet count of the time units slipped or 
advanced by the radio tracking system over 
the course of the entire tracking interval. 
The top 4 bits are reserved and set to zero. 
The most significant of the active bits is the 
sign bit. See 6.8a.15.2.1.

RangingFOM Integer 0x00–0x7F One-octet FoM characterizing the ranging 
measurement. The most significant bit 
(MSB) is reserved and is zero. The 
remaining 7 bits are used in three subfields: 
Confidence Level, Confidence Interval, and 
Confidence Interval Scaling Factor. See 
6.8a.15.3.

Table 7—PD-DATA.confirm parameters  (continued)

Name Type Valid range Description
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6.2.1.3 PD-DATA.indication

6.2.1.3.1 Semantics of the service primitive

Insert the following new parameters at the end of the list in 6.2.1.3.1 (before the closing parenthesis):

UWBPRF,

UWBPreambleSymbolRepetitions,

DataRate,

RangingReceived,

RangingCounterStart,

RangingCounterStop,

RangingTrackingInterval,

RangingOffset,

RangingFOM

Insert the following new rows at the end of Table 8:

Table 8—PD-DATA.indication parameters

Name Type Valid range Description

UWBPRF Enumeration OFF, 
NOMINAL_4_M, 
NOMINAL_16_M, 
NOMINAL_64_M

The pulse repetition value of the received 
PPDU. Non-UWB PHYs use a value of OFF.

UWBPreamble-
SymbolRepetitions

Enumeration PSR_0, PSR_16, 
PSR_64, 
PSR_1024, 
PSR_4096

The preamble symbol repetitions of the UWB 
PHY frame received by the PHY entity. 
PSR_16 indicates 16 preamble symbols, 
PSR_64 indicates 64 preamble symbols, and 
so on. A value of PSR_0 is used for non-UWB 
PHYs.

DataRate Enumeration DATA_RATE_0, 
DATA_RATE_1, 
DATA_RATE_2, 
DATA_RATE_3, 
DATA_RATE_4

The data rate of the PHY frame to be 
transmitted by the PHY entity. A value of 
DATA_RATE_0 is used with a non-UWB or 
non-CSS PHY. A value of DATA_RATE_1 or 
DATA_RATE_2 is used with CSS PHYs 
(DATA_RATE_1 corresponds to 250 kb/s rate 
and 2 corresponds to DATA_RATE_2 Mb/s 
rate). DATA_RATE_1 though 
DATA_RATE_4 is used with UWB PHYs 
(DATA_RATE_1 corresponds to 110 kb/s rate 
and DATA_RATE_4 corresponds to highest 
rate allowed for the current channel and PRF). 
See 6.8a.7.1 for UWB rate definitions.

RangingReceived Boolean TRUE or FALSE A value of FALSE indicates that ranging is 
either not supported in a UWB PHY or not to 
be used for the PSDU received. A value of 
TRUE denotes ranging operations requested 
for this PSDU. A value of FALSE is used for 
non-UWB PHYs.
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6.2.2 PHY management service

Insert the following new rows at the end of Table 9:

RangingCounterStart Unsigned 
Integer

0x00000000– 
0xFFFFFFFF

A 4-octet count of the time units 
corresponding to an RMARKER at the 
antenna at the beginning of a ranging 
exchange. A value of x00000000 is used if 
ranging is not supported or not enabled or this 
is not a UWB PHY. The value x00000000 is 
also used if the counter is not used for this 
PPDU. See 6.8a.15.1.

RangingCounterStop Unsigned 
Integer

0x00000000– 
0xFFFFFFFF

A 4-octet count of the time units 
corresponding to an RMARKER at the 
antenna at the end of a ranging exchange. A 
value of x00000000 is used if ranging is not 
supported or not enabled or this is not a UWB 
PHY. The value x00000000 is also used if the 
counter is not used for this PPDU. See 
6.8a.15.1.

RangingTracking-
Interval

Unsigned 
Integer

0x00000000– 
0xFFFFFFFF

A 4-octet count of the time units in a message 
exchange over which the tracking offset was 
measured. If tracking-based crystal 
characterization is not supported or this is not 
a UWB PHY, a value of x00000000 is used. 
See 6.8a.15.2.2.

RangingOffset Signed 
Magnitude 
Integer

0x000000–
0x0FFFFF

A 3-octet count of the time units slipped or 
advanced by the radio tracking system over the 
course of the entire tracking interval. The top 
4 bits are reserved and set to zero. The most 
significant of the active bits is the sign bit. See 
6.8a.15.2.1.

RangingFOM Integer 0x00–0x7F A 1-octet FoM characterizing the ranging 
measurement. The MSB is reserved and is 
zero. The remaining 7 bits are used in three 
subfields: Confidence Level, Confidence 
Interval, and Confidence Interval Scaling 
Factor. See 6.8a.15.3.

Table 9—PLME-SAP primitives

PLME-SAP primitive Request Confirm

PLME-DPS 6.2.2.11 6.2.2.12

PLME-SOUNDING 6.2.2.13 6.2.2.14

PLME-CALIBRATE 6.2.2.15 6.2.2.16

Table 8—PD-DATA.indication parameters  (continued)

Name Type Valid range Description
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6.2.2.4 PLME-ED.confirm

6.2.2.4.1 Semantics of the service primitive

Change the second row of Table 11 as shown:

6.2.2.7 PLME-SET-TRX-STATE.request

Change the third item in the dashed list in the first paragraph of 6.2.2.7 as shown:

— Receiver enabled (RX_ON) and for ranging receivers, Receiver and ranging enabled
(RX_WITH_RANGING_ON)

6.2.2.7.1 Semantics of the service primitive

Change Table 14 as shown:

6.2.2.7.3 Effect on receipt

Insert the following new paragraphs at the end of 6.2.2.7.3:

For RDEV devices, RX_ON is extended with RX_WITH_RANGING_ON. If RX_ON is selected, then the
receiver state is changed, but the ranging counter is not enabled. Behavior of the receiver when
RX_WITH_RANGING_ON is selected is as described for RX_ON in the preceding paragraph. What is
unique about RX_WITH_RANGING_ON is how it affects the ranging counter.

If RX_WITH_RANGING_ON is selected and the ranging counter is not already counting, the ranging
counter begins counting from 0x00000001 upon the arrival at the receive antenna of the RMARKER of the
next RFRAME. If the ranging counter is already counting when RX_WITH_RANGING_ON is asserted,
then there is no effect. In this case, the counter continues counting from wherever it was. While the counter
is counting, the PHY will capture the value of the counter upon the arrival at the receive antenna of the
RMARKER of all RFRAMEs. 

Table 11—PLME-ED.confirm parameters

Name Type Valid range Description

EnergyLevel Integer or 
List of Integers

0x00–0xFF ED level for the current channel. If status is set 
to SUCCESS, this is the ED level for the 
current channel. or, for UWB PHY types, a list 
of ED levels of size phyUWBScanBinsPer-
Channel. If status is not SUCCESS, this 
parameter is meaningless. Otherwise, the 
value of this parameter will be ignored.

Table 14—PLME-SET-TRX-STATE.request parameters

Name Type Valid range Description

Status Enumeration RX_ON, TRX_OFF, 
FORCE_TRX_OFF, or TX_ON, 
RX_WITH_RANGING_ON

The new state in which to configure 
the transceiver. The value of 
RX_WITH_RANGING_ON is 
present only for UWB PHYs.
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