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Ry CHAPTER 1

1

[ :

f? OVERVIEW AND SUMMARY

i INTRODUCTION

33

o The Mode S Feacon System 1s a combined secondary surveillance radar

) (beacon) and ground-air-ground data link system capable of providing the

5) . aircraft surveillance and communications necessary to support ATC automation
fg in the dense traffic environments expected in the future., It is capable of
tﬁ common-channel interoperation with the current Air Traffic Control Radar

ti Beacon System (ATCPBS) defined in Fig. I-1, and thus may be implemented at low
Ef user cost over an extended ATCRBS~tc-Mode S transition period. In supporting
:ﬁ ATC automation, Mode S will provide the accurate surveillance needed to

2 support automated decision making, and the reliable communications needed to
{i support data link services. In order to meet these requirements at en route
1504 facilities, Mode S sensors may operate with back-to-back beacon antennas to
o provide twice the beacon data rate available from a standard antenna. When

AR
P U N v SN BN

operating in conjunction with a terminal or enroute digitizer-equipped, ATC
surveillance radai, a Mode S sensor will use the radar returns ecither to
reinforce beacon tracks, or in cases of absence or failure of a transponder,
to provide radar target reports.

prm——- .-

A central Mode S design requirement was assurance that the system couid
be implemgnted in an evolutionary manner. By the time deployment of Mode S
begins, approximately 1988, there wili be on the order of 200,000 aircraft
equipped with ATCRBS transponders, and approximately 500 ground-based
interrogators. Mode S is designed to operate in this environment, and in a way
that would permit the gradual transition to an all-Mode S operation.
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92 : The capability for such a transition has been achieved by providing a

ﬁﬁ high degree of compatihility between Mode S and ATCRBS. Mode S uses the same
i‘ . interrogation and reply frequencies as ATCRBS, and the signal formats have

tj been chosen to permit substantial commonality in hardware. This degree of

A% compatibility permits an economic and smooth transition, in which (a) Mode S
gi interrogators will provide surveillance of ATCRBS-equipped alrcraft, and (b)
ﬁ: Mode S transponders will reply to ATCRBS interrogators.

ﬁ; Thus Mode S equipment, both on the ground and in aircraft, can be

‘3 introduced gradually and coantinue to interoperate with existing systems during
i" an extended transition phase.

o,

o THE MODE S CONCEPT

J"\'

.; The fundamental difference between Modr S and ATCRBS (Ref. 1) is the

fﬂ . manner of addressing aircraft, or selecting which aircraft will respond to an
t; interrogation. 1In ATCRBS, the selection is spatial, i.e, alrcraft within the
o mainbeam of the interrogator respond. As the heam sweeps around, all angles
:‘ ) are interrogated, and all aircraft within line-of-sight of the antenna

f; respond. In Mode S, each aircraft is assigned a unique address code.
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Fig. l-1. Air traffic coantrol radar beacon system (ATCRBS).
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fﬁ Selection of which afrcraft 1is to respond to an interrogation 1Is accomplished
v by including the aircraft's address code in the interrogation. Each such

Ei interrogation is thus directed to a particular aircraft. Narrow-beam antennas
‘f will continue to be used, but primarily for minimizing interference bhetween
iﬂ sensors and as an aid in the determination of aircraft azimuth.

:‘ Two major advantages accrue from thne use of discrete address for

; ;

surveillance. First, an interrogator is now able to limit its interrugation
to only those targets for which it has surveillance responsibility, rather
than to continuously interrogate all targets within line-of~sight. This
prevents survelllance system saturation caused by all transponders responding
to all interrogators within line-of-sight. Secondly, appropriate timing of
interrogations ensures that the responses from aircraft do not overlap,
eliminating the mutual interference which results from the overlapping of
replies from closely spaced a.rcraft (so-called synchronous garble).
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In addition to the iImproved surveillance capability, the use of tue
discrete address 1n interrogations and replies permits the inclusion of
messages to or from a particular alrcraft, thereby providing the basis for a
ground—-air and air-ground digital data link.

MODE S ELEMENTS

L g

o RS S P

.
o

s As 1llustrated in Fig. 1-2, the Mode S system is comprised of the sensors,
trunsponders, and the signals-in-space which form the link betwcen them.

Mode S provides surveillance and ground-air-ground communication service to
air traffic control facilitlies including en route (ARTCC) and terminal (TRACON
and TRACAB).

’ The Mode S link employs signal formats used for ATCRBS, and adds to these
the signal waveforms and message formats necessary to acquire Mode S—equipped
aircraft, and for discretely-addressed survelillance and data link

interrogations and replies. The principal characteristics of the Mode S signal
are as follows: :

Interrogation -

Frequency: 1030 MHz
Modulation: Differential Phase-Shift Keying (DPSK)
Data Rate: 4 Mbps

Reply -
Frequency: 1090 MHz
Modulation: Pulse Position (PPM)
Data Rate: 1 Mbps

Interrogation and Reply -

Data block: 56-bit or 11l2-bit
Parity code: Z24~bit (included in data block)
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A more complete summary of the Mode S signal formats is contained in
Chapter 2.

The Mode S sensor provides surveillance of ATCRBS- and Mode S~equipped
aircraft, and operates as a store and forward communication relay for data
link communication between aircraft and ATC facilities. In addition, the
sensor accepts digitized radar target reports from a collocated radar and
combines these with the beacon reports into a composite surveillance output
stream. When beacon and radar reports occur on the same target, ithe radar
report 1s suppressed and the beacon report tagged as radar-reinforced.
Radar-only output reports are provided on targets that are not bLeacon
equipped.

To discretely interrogate Mode S-equipped aircraft, the sensor maintains
a file of the identity and approximate position of all such aircraft within
its defined area of coverage.

Each sensor's operation is controlled by a presiored map defining its
coverage volume, which may be different in normal cperation and in the event
of various system failures, e.g., tne failure of an adjacent sensor.

In a netted configuration, each sensor may communicate with adjacent
sensors via a ccmmon ATC facility to hand off targets as they pass from cthe
region of one sensor's coverage to that of an adjacent sensor. In acddition, in
regions of overlapping coverage, this intersensor communication may be used to
ascist in the reaquisition of a lost target.

In general, each sensor can provide surveillance and communication
services to several ATC facilities, i.e., all those whose areas of control
responsibility overlap the coverage area of the sensor. The interface between
the sensor and eacn control facilivy comprises a one—way circuit for the
transmission of surveilllance Jdata, both radar and bheacon, and a two—way
circuit for the interchange of data link messages. The latter 1is also used to
transmit various status and control messages between the sensor and the ATC
facility.

The Mode S transponder includes all of the functions of an ATCRBS
transpondar, and adds to these the ability to decude Mode S interrogations and
to format and transmit the appropriate replies. For data link, the transponder
functions primarily as a modem. On receipt of a ground-to-air transmission, it
verifies the correctness of the received message using the error-detecting
code. Once verified, ihe transponder transfers the message contents to one or
more external devices. For a‘r-to-ground messages, the transponder accepts the
message contents from an external input device, and formats and encodes the
data for transmission as part of the reply to a subsequent interrogation.



MODZ 5 SURVEILLAKNCE

The principal features of Mode S surveillance are as follows:

Unique address

All-call acquisition

All-call lockout

Range-ordered roll-call interrogation
Adaptive reinterrogation

Monopulse direction~-finding

Positive handoff

Multisenscr coverage

Each Mode S-equipped aircraft has a permanently assigned unique 24-bit
address. This 24-bit address will be included in all discretely-addressed
interrogations to that aircraft, and in 21l Mode S replies fror that
alircraft.

The Mode S sensor range-orders irterrogations to Mode S—equipped aircraft
in such a way that the replies do not overlap. The use of monopulse direction
finding on the reply perzits the sensor to provide surveillance of
Mode S—equipped aircraft, generally within a single interrogation/reply cycle
per rotation (scan) of the interrugator antenna. If a reply to the
interrogation is not received, or is received but not successfully decoded,
the interrogator has the capability of reinterrogating (several times 1if
necessary) the aircraft during the time the aircraft {s in the antenna beam.

B

In order to be discretely interrogated, an aircraft must ba on the
sensor's roll=-call file, i.e., the sensor must know its address and
approximate positicn. To acquire targets not yet on any sensor's roll-call
file each sensor transmits all-call interrogations. A Mode S-equipped aircraft
will respond to such an interrogation with its unique address, and be added to
the sensor's roll-call file.

Once on the sensor's roll-call file, the Mode S—equipped aircraft may be
locked out from replying to subsequent Mode S all-call interrogations. This
lockout condition is controlled by the Mode S sensor and is transmitted to the
Mode S transponder as part of the Mode S discrete interrogation. The use of
Mode S lock-out eliminates unnecessary all—-call replies and therefore
minimizes interference (particularly all-call synchronous garble) or the
air-to-ground channel.

While Mode S lock-out can minimlze synchronous garble on acquisition, it
cannot eliminate It completely nor is it effective in the case where a Mode S
sensor resumes operation after a period of inactivity and must therefore
acquire many Mode S aircraft simultaneously. These latter cases are handled
by a feature called "the stochastic acquisition mode”. 1In this mode, the
Mode S sensor interrogates garbling aircraft with a special all-call
interrogatioen that instructs them to reply with a specified less-than-unity
reply probability. The resuiting reduced reply rate means that some all—call
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i: replies will be received ungarbled and these aircraft wiil thus be acquired.
f{ Once an alrcraft is acguired it 1s locked out and hence no longer interferes
Ej with the all-call replies from the remaining unacquired aircraft. The process
. is repeated until all airecraft zre acquired.
o The use of Mode S Isckout to minimize interference on all-call replies
e means that provision must be made to hand off tine Mode S address to an
ﬁ: . adjacent site in areas <% multisensor coverage. In a non-netted
EZ c?nfiguration, Mode S aircraft zre handed off to an adjacent sensor using one
o of the follewing techni~ues,
.-\.‘
:?: Site Addressed Locw%nuz, The Mode S transponder can be selectively and
:Q independently lockes sut to all-call interrogations originating from up to
ﬂj 15 different seisor sites. Adjacent sites using different site address

{ numbers are conpletel~v unaffected by the other sites' lockout activity and
; hence can pertorm aczuisition and lockout in a completely autcnomous
:j manner.
2
o4 Cooperative Unlocxing. This technique requires that each site selectively
o unlock alrcraft at surveillance boundaries in order to allow them to be

} acquired by the adjacent sensor's normal all-call interrogations.

o Lockout Override. A special all-call interrogation can be used that
¢' iastructs the ode S transponder to ignore any previous lockout
;C fastructions. Th2 resulting all—call garble is handled by the stochastic
I acquisition mode. *hile offering reduced performance compared to the
f% other alteruativec, tre approach provides a means for sensors with
{{ overlapping coverzge to operate with no site~to-site coordination. Hence
Ry it may be useful for cperation across nctional boundaries.

o Provision has alsc »een made for sensor~to-sensor transmission of the

Os aircraft's address and position where Mode S sensors with overlapping coverage
E} can communicate via a cocommon ATC facility.
o If for any reason an aircraft ceases to receive discretely-addressed
t} interrogations for a period of approximately 18 seconds (corresprnding to a
o few interrogator scans), zny exlsting lockout will lapse so that the aircraft
2 may be reacquired by norzal Mode S acquisition.
Fé In regions of airsyace visible to more than one Mode S sensor, each

o Mode S target will gereralily be simultaneously on the roll-call of at least
o two sensors to provide csntinuity of surveillance and data link service in the
- “event of a link or sensor failure.
i
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ATC255 SURVEILLANCE

the Mode S sensor provides surveillance of ATCRBS alrcraft with quality
better than that of presently operating eauipment. This is important because
of the high density of ATCRBS-equipped aircraft that will be experienced
during the early years of the ATCRBS-to-Mode S transition.

Conventional ATCRBS Azimuth Determination

Conventional ATCRBS processors determine azimuth through a technique
known as a "sliding window detector™ as shown in Fig. 1-3. This azimuth
measurement technique uses a high nulse repetition frequency (PRF) of up to
45C per second 1n order to provide the twelve or more replies needed for
aziruth determination for a terminal sensor. A second characteristic of this
technique 1s that a failure to receive replies in the middle of the reply run
can lead to the dJeclaration of the presence of two targets, neither of wnhich
is at the azimuth of the true target. The phenomenon is known as an “"azimuth
split™.

The ATCRBS Mode of Mode S

The principal characteristics of ATCRBS surveillance provided by a Mode S
sensor are:
e . Monopulie direction finding,
- Reduced interrogation rate,
Improved reply degarbling,
False target identification.

s

The use of mcnopulse on ATCRBS replies eliminates thea disadvantages of
the sliding window detector. Nominally the sensor could operate with only one
reply per ATCRBS mode for each target during one scan of the antenna.
H$wever, this would lead to frequent target report declaraticns due to the
chance reception of the replies (usually referred to as “fruit”) elicited by
adjacent sensors. To reduce this effect, the Mode S sensor is set to a PRF
that produces 4 replies (2 for each of the ATCRBS modes) within the antenna
3—5 beamwidth. Typically, this is about one-third the }RF of a conventional
sensor. This reduction in ATCRBS interrogation rate causes an immedlate and
significant reduction in the ATCRBS interference environment when an ATCRBS
sensor 1s replaced by a Mode S sensor.

A second consequence of the use of monopulse is its ability to aid in the
deceding of synchronously garbled replies from alircraft near the same range
and azimuth. An example of a synchronous garble situation is shown in
Fig. 1-4. The monopulse estimates for each reply pulse rcadily identify the .
reply to which each of the received pulses belong. In the example shown the
pulses themselves are not cverlapped so that pulse timing alone could have
lead to the correct sorting of pulses into replies. Monopulse degarbling
however continues to cperate into reglons of pulse overlap that cculd not be
resolved by pulse timing alone. It therefore reduces the susceptibility of
the ATCRBS mode to synchronous garble.
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A major current problem in ATCRBS is the appearance of false targets due
to refleccion from large objects such es buildings, or hillsides as
1llustrated in Fig. 1-5. The Mode S sensor is programmed to identify and flag
such false targets using both target reply parameters (c.g., Mode-A code) and

LS A R Pin <L ]
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i the pre-stored geometcy of principal reflecting surfaces.
S
N In side~by-side experimental measurements comparing the performance of
S the ATCRBS mode of a Mode S sensor with currently operational ATCRES
e, equipment, it has been shown that the new system provides improvazments in
: range and azimuth accuracies of about 4:1, as well as significant improvement
:{ in target report reliability. A summary of these measurements is given in
o Chapter 6., Details are provided in Ref. 2.
3
;f MODE S DATA LINK
E
Mode S provides both ground-to-air and air-to-ground data link
; capability. Alr-to—ground messages may be either pilot~initiated, e.g., a
0 request for a clearance change or for weather information, or
E ground-initiated, e.g., to read out onboard instrumentation.
:1‘ : .
i The critical nature of many of the messages to be cariied by Mode S
requires a high degree of message integrity; it must be known both at the
- transponder and at the sensor that a message has been received correctly
) before. the transaction can be considered complete. The required message
7 intég;ity is ensured by providing for error detection, and technical
b acknowledgement. .
E Errér—detecting codes are used on both interrogatious and replies to

essentially eliminate the acceptance of a message cortaining an error. When
the presence of an (uncorrectable)* error is detected, the whole transmission
is rejected. Technical acknowledgment of the correct receipt of an uplink
message is achieved by the receipt of a correct reply at the proper time.
Tgchnical acknowledgement for a downlin< message 1s provided by an
acknowledgment included in a subsequent interrogation. If an error had been
detected, no acknowledgment would be received and the message woald be

TeTe et ety
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L

-

T BN ™ TR TN
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S

h The three main classes of messages accommodated by Mode S are:
Survelllance data,
Standard-length message,
Extended-length message.

Surveillance Data
- Surveillance data may be included in a 56-bit Mode S interrogation and

] reply. In an interrogation, this may include a command to lock out the

I:,

y

*The sensor can correct certairn types of error occurring in replies. Since the
transponder has no error—correction capability, an interrogation is only
accepted when it is free of error.
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transponder to all-call interrogatiens. In a reply, this normally includes an
altitude report equivalent tc the ATCRBS Mode-C report. However, either the
ground or the pilet may initiate che inclusion of the ATCRBS Mode A code in
place of the aititude report, e.g., to indicate an emergency condition.

Standard-Length Message

Most Mode S data link transmissions will be handled as one 56-bit
standard-length wmessage included as part of a 112-bit interrogation or reply.
These transmissions include surveillance data in addition to the data link
message, and thus wili generally be used in place of, rather than in addition
to, a 56-bir surveillance interrogation and/or reply. Provision is also nade
for the linking of up to four standard-length message components.

In order to prevent interference between llode S replies from different
aircraft, the control field of each interrogation specifies the length cf the
associated reply. Thus when 2 long reply is needed the interrogator knows in
advance and schedules the proper time the reply should be received and allows
enough time to receive the long replies. When an aircraft-initiated
air-to—ground data link message is to be sent, a code 15 set in the control
field of a reply that requests the interrogator to schedule a long reply in
response to a subsequent interrogation. The long reply, containing the data
link message, is then transmitted when directed by the interrogator.

Extended-length Message

Each standard-length message must be acknowledged before the transmission
of the next one. In order to provide for the more efficient transmission of
longer messages, an extended-length message (ELM) capability is incorpnrated.
Using this, a seguence of up to sixteen 80-bit message segments (within
112~bit transmissions) can be transmitted, either ground-to-air or
air~to-ground, and acknowlcdged with a single reply or interrogation. This
ackncwledgment indicates which, if any, of the message segments were not
received so that only those need be retransmitted. As with the
standard-length message, provision is made for the linking of extended-length
messages.

Extended-length messages do not contain surveillance data and thus cannot
substitute for a surveillance interrogation and/or reply. As in the case of
the air-to-ground standard message, the transponder must request permission to
transmit an air-to~ground ELM, and then does so under interrogator control.

Multisite Operation

The data link protocol for the ground-to-air standard-length message
operates correctly in areas of overlapping sensor coverage without any
requirements for site-to-site coordination. This permits the autonomous
delivery of time—critical tactical messages under any circumstances. The
other protocols, e.g., the air-to-ground standard-iength message and the
extended-length message, require that only one sensor at a time exercise
these protocols for a particular aircraft in order to avoid message loss or
error.
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COVERAGE MANAGEMENT

Mode S5 limits its discrete interrogations te aircraft of interest, i.e.,
to those within a defined coverage volume. This contrasts with ATCRBS in which
all alrcrarft wituin line-of-sight are interrogated. Control of the Mode §
sensor's surveillance and comaunicatious functions is based upon a prestored
map which defines the action of the sensor for the regions of alrspace within
its visibility.

For an isolated sensor (one for which there are no other Mode S sensors
with contiguous or overlapping coverage), the surveillance management

functions are quite simple. They coasist of defining the reglons of airspace
in which:

(a) the sensor provides surveillance and data-link service, and
(b) the sensor locks out Mode S-equipped aircraft from responding
to all-call interrogations,

As Mode S sensors are deployed, multiple coverage will exist at higher
altitudes. Mode S includes a network management function to control the
operation of the Mode S sensors in this environment. Non—netted sensors will
coordinate their survelllance activities using one of the techniques
preiiously described. Data link coordination is effected through
the ube -of multisite coordination features incorporated in the Mode S
transponder. Netted sensours will communicate via a ccmmon ATC facility both
téuﬁaqd off aircraft as they cross survelllance bcundaries, and to assist one
anorher in maintaining continuity of survelllance and data link service.

As in the 1solated sensor case, the basis for network management 1is a mag
prestored at each sensor whicn defines its reponsibilities for aircraft in
each region of airspace. Not only does this map define the actions of the
sdnsor itself, it also designates which adjacent sensors provide coverage of
the same reglon of airspace and defines the location of coverage boundaries.
Non-netted sensors use the map to determine when to use the transponder
multisite coordination features for downlink or ELM transactions as well as to
determine when to initiate periodic Mode S unlocking to enable acquisition by
an adjacent sensor. Netted sensors refer to this map to determine which
adjacent sensor can glve it assistance in maintaining track on a given target,
and when to initiate a handoff of the aircraft to another sensor.

Multiple sensor coverage is exploited in Mode S to assure a continuity oi
both surveillance and data link service. Where such multiple coverage is
avallable, an aircraft is always maintained simultaneously on roll-call by at
least two sensors, thereby providing instantaneous backup in the event of the
failure of one sensor/aircraft link. If for some reason a netted sensor loses
contact with an aircraft, it calls on the adjacent tracking sensor for
assistance in reacquiring the aircraft.
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In nrder to preclude possible ambiguities which can occur when two
sensors simultaneously have an aircraft oa their roll, a single sensor is
normally desigrated primary in each region of airspace. The special functions
which are the responsibility of the primary sensor are:

(a) readout of air-to-ground data-link nmessages,
(b) lockout to Mode S all-calls,
(c) ELM transactions.

The determination of which Mode S sensor is to act as primary for a
particular aircraft is made by the air traffic control facility which has
control responsibility for the aircraft. This is done to ensure that air
initiated data link messages are read out by the sensor connected to the
controlling ATC facility. For uncontrolled aircraft, the Mode S sensors make
the assignment themselves, based on coverage map information.

MODE S /ATC INTERFACE

The Mode S /ATC interface is particularly simple in the case of an
isolated Mode S sensor interacting with a single control facility, e.g., a
sensor at an airport interconnected only with the local TRACON. In this
situaticn the sensor provides surveillance data to the TRACON, and operates as
a relay point for data link messages between sircraft and ATC.

In genera:. Wowever, each sensor is capable of providing surveillance and
communication service for more than one facility, and in turn each control
facility may receive data from moce than one sensor. This capability of
greater connectivity permits contro. facilities to take advantage of multiple
coverage to maintain surveillance and data link service in the event of an
equipment -~ link failure at & particular sersor. Curveillance boundaries
between adjacent sensors are determined primarily by coverage geometry; these
will not be the same as the control boundaries between adjacent ATC
facilities, which are determined by air traffic flow patterns.

OTHER INTERFACES

The Mode S sensor will interface with other external devices and
facilities. These include:

Data Link. In general, the data link processors will use the Mode S
sensor as a communications modem and will therefore use a communications
interface, similar t- ithose employed by the ATC faci!ities. Such
processors will communicate with Mode S sensors via che NAS Interfacility
Communications System (NICS).

Primary Radar. Digitized radar data will be input to the Mcde S sensor
via a special intut porit designated for this purpose, Provision is made
to interface with any of the primary radars planned for use with the
Mode S sensor.
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Militarv Air Defense Commaad. A speclial coanfiguration of the
back-to~-back Mode S sensor will operate at joint use sites. This
configuration will include interfaces to military equipment to permit the
coordinution of beacen surveillance and secure IFF modes of operation. A
specixl surveillance output interface is included to provide the military
ATC focility with data in the proper format.

SYSTEM PERFCHMANCE SUMMARY

Surve’’
{

lance -~

‘5ZIE} = 700 aircraft per sensor

Azijputh accuracy 0.06 deg. (lo), % 0.033° bias

R=nge accuracy 25 feet (lo), * 30 feet bias

Data update {nterval 4 seconds (terminal sensor beacona data)
5 seconds (enroute sensor with
back-to-back antenna)

10 seconds (enroute sensor primary
radar data)

All identified ATC messages
require a few percent of available
capacity.

Il'2livery Reliability > 0.99 in one antenna scan interval
for short tactical messages

lia:lotected error rate <l error in 107 112-bit transmissions

Syste;r koliability -

Fueltiple coverage.

Auteomatic monitoring and network reconfiguration.

Automatic switching to standby sensor channel without loss of
dutabase in case of failure.

Kawote maintenance monitor.
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CHAPTER 2
THE MODE S LINK

SIGNAL WAVEFORMS

There are five signal types used by Mode S for surveillance of ATCR3S-~ and
Mode S~equipped aircraft, and data link communication with Mode S-equipped
aircraft. These are:

(a) The ATCRBS/Mode S all-call interrogation, used for surveillance
of ATCRBS—equipped aircrzft and acquisition of Mode S-equipped
aircraft not already on a sensor's icll-call,

(b) The ATCRBS-only all-call interrogation, used for surveillance of
ATCRBS equipped aircraft in conjunction with the Mode S-only all-call.
It does not elicit a response from Mode S—equipped aircraft.

B Al Sd i Attt S S & i s 4z g

(c) The ATCRBS reply, used by ATCRBS transponders in replying to
ATCRBS and ATCRBS/Mode S all-call interrogations and by Mode S
transponders in replying to ATCRBS interrogators.

4 §d) The Mode S interrogation, used for roll-call surveillance and
. _data-link communication to Mode S—equipped aircraft. It is also used
o for the Mode S—only all—call interrogation format needed for the
" stochastic acquisition mode, site addressed acquisition and lockout
override functions.

(e) The Mode S reply, used by Mode S transponders in response to Mode S
interrogations, ATCRbS/Mode S all-call interrogations and
’ Mode S—only all-call interrogations.

To maximize hardware compatibility between Mode S and ATCRBS, Mode S
interrogations and replies use the same frequencles as are used for ATCRBS
interrogations and replies, i.e., 1030 and 1090 MHz, respectively.

The characteristics of these s.gnal types are summarized in the following
paragraphs, together with the most comnmon Mode S data block formats. A more
detailed descriptiun of the Mode S interrogations and replies is presented in
the Mode S Mational Standard (Ref. 3).

ATCRBS/Mode S and ATCRBS-Only All-Call Interrogations

The ATCRBS/Mode S and ATCRBS-only all-call interrogations are similar to
the corresponding ATCRBS interrogations as defined in the United States National
Standard for ATCRBS (Ref. 4) but with an additional pulse P4 following Pj3
(Fig. 2~1). A P, pulsewidth of 1.6 usec defines the ATCRBS/Mode S all-cail
interrogation, while a P, pulse width of 0.8 usec defines the ATCRBS-—only
all-call interrogation.
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Fig. 2-1. ATCRBS/Mode S all-call irnterrogation.
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An ATCRBS transpoader is unaffected by the presence of the Py pulse. It will
respond with a normal ATCRBS reply. A Mode S transponder will recognize the
interrogation as a Mode S all—call or ATCRBS-only all-call and transmit a Mode S
reply containing its discrete address to the former (it it is not in a lockout
state) and not respond to the latter.

As in ATCRBS, Mode S interrogator sidelobe suppression (SLS or ISLS) is
accomplished by the transmission of a control pulse P; on an SLS control pattern
(usually omni-directional in azimuth). If this pulse 1s received by either an
ATCRBS or Mode S transponder at an amplitude exceeding that of the P} pulse of
the interrogation, the transponder will not reply.

ATCRBS Reply

The ATCRBS reply signal characteristics are as defined in the United
States National Standard for ATCRBS. The signal format is depicted in Fig. 2-2.

Mode S Interrogation

The Mode S interrogation is formed by three pulses, P}, Py and Pg as
illustrated in Fig. 2-3.

Pulses Py and P form the preamble and are spaced 2 us apart. An ATCEBS
transponder that receives this interrogation will interpret the pair as an
ATCRBS sidelobe suppression command and will remain in suppression (35 % 10 jpsec)
during the remainder of the Mode S interrogation. Without such.suppression, the
subsequent Mode S Pg pulse would, with high probability, trigger the ATCRBS
transponder, causing a spurious reply.

The Pg pulse of the Mode S interrogation is either 16.25 or 30.25 us long
and contains the data in the form of DPSK (Differential Phase Shift Keying)
modulaticn at a 4 Mbps rate. The first phase reversal within the P6 pulse is the
synch phase reversal used to start the DPSK decoding process. A phase reversal
of the rf carrler at the beginning of a bitL iuterval represents a binary one
while the absence of such a reversal denotes a binary zero.

The 4 Mbps rate permits transmission of 112-bit interrogations within the
nominal ATCRBS suppression interval. DPSK provides superior interference
immunity, increased fade margin, and greater multipath immunity than pulse
amplitude modulation (PAM). These advantages are realized at a small increment in
trausponder cost.

Transmit sidelobe suppression is accomplished by the transmission of a
control pulse (Pg) on an SLS control pattern. If the control pulse amplitude
received by the transponder exceeds the amplitude of the interrogation, the sync
nhase reversal will be obscured and the interrogation will be rejected. The Pjg
pulse must be used with the Mode S-only all-call interrogation to nrevent
unwanted replies from aircraft in the sidelobes. Witui discrete address
interrogations, transmit SLS is not required to prevent sidelobe replies, as in
general, an aircraft will be interrogated only when in the mainbeam of the
interrogater artenna. However, transmit SLS on discretely-addressed
interrogations minimizes the probability of an ailrcraft erroneously accepting an
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Fig. 2-3. Mode S Interrogation.
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interrogation directed to another aircraft; most such interrogations willi be
received through an interrogator antenna sidelobe, and thus will be rejected by
the transponder without decoding.

Mode S Reply Waveform

A Mode S reply consists of a preamble and a data block containing 56 or 112
pulses. The signal format 1is depicted in Fig. 2-4,

The preamble consists of a series of fcour 0.5 us pulses. The data block
regins 8.0 ps after the leating edge of the first preamble pulse. Binary data
»re transmitted at a 1 MLps data rate using pulse pcsition modulation (FIM) as
soliows: 1in the 1.0 us interval corresponding to each data bit, a 0.5 s
pulse is transmitted in the firsc half of the interval if the data bit {s a 1,
and in the second half of the interval if the data bit is a 0.

Transponder cost considerations limited the choice of reply signal formats
to ones that could be generated by the proven, low-cost, pulsed-cavity
oscillator transmitters currently used in ATCRBS transponders. Within that
constraint, the reply format has been designed to achieve reliable
air-to-ground operation in the presence of heavy ATCRBS interference.

The four-pulse preamble is designed to be easily distinguished from
ATCRBS replies. It can be reliably recognized and used as a source of reply
timing in the presence of one overlapping ATCRBS reply, while at the sawe time
resultiﬁﬁ in a low rate of false alarms arising from multiple ATCRES repiles.

— .

The. chnice of PPM for the data modulation permits reliable bit detection
in the presence of ATCRBS interference. In addition, PPM results in a constant
number of pulses in each reply, assuring sufficient energy for an accurate
monopulse estimate.

Operation at 1 Mbps, in combination with the use of the 24-bit parity check
codiag described below, further enhances downlink reliability by permitting the
correction of any error pattern which can result from a single ATCRBS reply
interfering with the desired Mode S reply.

MODE S SIGNAL CONTENT

Tne information trarsmitted in Mode S interrogatioits and replies is
contained in dats blocks that can carry either 56 or 112 bits of information.
The interrogation data block is formed by the sequence of (DPSK) phase reversals
within Pg, while the reply data block is represented by the pulse position
modulation of the Mode S reply waveform.

Information within each data block 1is encoded in fields, each field
existing for a dedicated purpose. All data blocks contain at least two
essential fields, the format descriptor and the address/parity field. The
format descriptor 1is transmitted at the beginning of each data block while the
address/parity field is transmitted at the end. For different purposes and
missions of the Mode S system, 25 different formats can be used; 8 are
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presently defined as indicated in Figs. 2-5 and 2-6. Mode S field definitions
are provided in Table 2-1 and Appendices A and B. A complete specification of
the Mode S link 1is given in Pef. 3.

ERROR PROTECTION

The 24-bit address/parity field contains the aircraft's 24-bit unique
address code coverlayed on 24 parity check bits generated from the preceding
part of the transmission using a cyclic polynominal code. Figure 2-7
illustrates the downlink encoding process, where the overlaying is
accomplished by a bit-by-bit modulo 2 summation. This combined address/parity
field requires fewer bits than would be needed if address and parity
information were coded separately.

Ln error occurring anywhere in the reception of an interrogation or a
reply will modify the decoded address. On the uplink, the transponder will not
accept the message and will not reply, since the interrogation does not appear
to be addressed to it. On the downlink, the sensor will recognize that an
error has occurred, since the reply does not contain the expected address.,
Because che interrogator knows the address of the transponder replying to a
discrete interrogation, the interrogator can perform a limited amount of
error—correction. The code parameters have been selected to permit the
correction of many error patterns which span no more than 24 bits. In
particular, most bursts of erro-s caused by interference from a
simultaneously-received ATCRBS reply can be corrected.

Details of the Mode S error protection techniques are given in Ref. 16.

ACQUISITION AND LOCKUUT PROTOCOLS

Acquisirion of an aircraft initially occurs as the result of the receipt
of a reply to an all-czall interrogation. This reply, indentified by DF = 11,
contains the 3-bit CA field (used for capsbility reporting as described
later), and the 24-bit AA field that contzins the aircraft's Mode S address.
The AA field is contained within the reply as data and is therefore protected
by the error coding of the PI field., The PI field is encoded by the
transponder using an address known by the sensor. The sensor can therefore
perform the some error detection and correction on the all-call reply as it
does on the roll-call reply.

Once acquired. an aircraft is locked out from replying to subsequent
all-call interrogations to minimize synchronous garble on the air-io-ground
channel.

The interrogation used by the sensor to elicit all-call replies depends
upon the acquisition technique in effect at that site. The acquisition
techniques are as follows.

Non-Selective Acquisition and Lockout

BT ST T8 TR, SR

This form of acquisition uses the ATCRBS/MHode S all-call interrogation
shown in Fig. 2-1. After the address is acquired in the all-call reply,
lockout is achicved by retting a Code ! in the PC fileld of discrete
surveillance interrogations, UF = 4,5,20 or 2!. Once set, the non-selective
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i
Format i
N No.
' UF L
! 0 (0 _0000)-3-(RL:l )=-=-4====(AG:l )~--18~--—(AP:24). .Short Air-Air Survelllance
1 (0 Q00L)-mmm=meeem——— 27 Or 83=m-mmmmemaa— {AP:24)
2 (D 0010)mmmmmmmmmme <27 Or 83=—mmmemm—eeme- (AP:24)
P 3 (T O0IL)—-=mmmrmmmmmm PITYIN & PR— (AP:24)
’ 4 (0 _0100)( PC:3 ) RR:S y("DI:3 )( SD:16 )(_AP:24 ). .Surveillaace, Altitude Reques:
) 5 (0 0101)( PC:3 )( RR:S5 )( DI:3 )( SD:16 )( AP:24 ). .Surveillance, Identity Request
6 (0 0110} ==m==mm=mmmm- 27 or 83=m==-mmmmmaena (&P:24)
i 7 (0 OL11)-=m=om=mmmeee 27 or 83=--=-nmw-= -=---(AP:24) :
‘ 8 (0 L000)-~m=m=mmmmmmm 27 or B3-—===mmmmmoma- (AP: 24) ]
9 (U 100L)=m=m=mmmamen- 27 or 83=—==mm=mmmmoee (AP:24)
10 70 1010)~mmmmmmammm—— 27 or 83==m—=mmmmmmmame (AP:24)
i 11 (0 _10L1)(PR:4 )(Il:34 Y=m=mmmmmam 19=mmmmmeem (AP:24). .Mode 5 Only All-Call
12 (0 1100)~—=======m=mm 27 or Blm—mmmmem——aee (AP:24)
13 (D 1L01)—m=—mmmmmmmem 27 or 33==mmmmmrema——— (AP:24)
*15:‘1671’1‘6) ------------- 27 or B3=——mmm—memmeee (AP:24)
S L N G ) T — 27 or B83-—c—mmmmmmemem (AP:24)
16 (1 _0000)-3-(RL:1 j--5%--(AQ:l )——18——(!U:56)(égizﬁ); .Long Air-Air Surveillance
17 (T GOOL)=mmmmmmmmm e 27 or 83=—mmm-mmemmaee (AP:24) L
18 (1 0010)====—==m=mmmm 27 or B3m—=—m—m=mmmean- (AP:24)
¥ 19 (T O0ID)=-—mmmmmmmmmm 27 or 83———mwmmmmmmee (AP:24)

20 (1 _0100)(PC:3 )(RR:5 )(DI:3 )(SD:16)(MA:56)(AP:24). .Comm—~A, Altitude Request

21 (1 0101)(PC:3 )(3R:S5 )(DI:3 )(SD:16)(MA:56)(AP:24)., .Comm-A, Identity Request

22 (1 0110)-=~==~=-=>mm—- 27 or 83——--—-we—omm—m (AP:24)
P XISy ) PO— 27 of 83mmmmmmmmmmmmm (AP770)
26 (ID)(RC:2 )(XC:5 )¢ 4C: 80 Y(AP:24). .Coma-C (ELM)

Notes: (1) (X\ ) denotes a fleld designated "XX" which is assigned M bits.

(2) ===N=-- denotes free zoding space with N available bits.

. (3) For uplink formats (UF) O through 23 the format number
corresponds to the binary code in the first 5 bits of the
interrogation. Format number 24 is defined as the format
begianing with “11" in the first two bit positions while the

. following three bits vary with the interrogation content.

(4) All formats are shown for completness, although a number of them
are unused. Those formats for which no application is presently
defired, remaln undefined in length. Depending on future assignment
they =may be short (56 bit) or long (112 bit) formats.

Fig. 2-5. Summary of Mode S Uplink Formats.
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No.

DF
0 (0 0000 G 0G00)(VS:1 l)--7----(R1 A)-«--Z—-——(AC 13)(ﬁP 24) . .Short Afr-Alr Survelllance
1 (C 0001 )=~——r—m—=e==—=2] OF B3=wme=s cmwmman= (kP:26)
2 (0 0010)~=~—m=e—on —~27 or 83----wrmemmeeen (AP:70)
3 (0 OOIT) == 27 or 83~———e—m——neee(7P: 34)

4 (0 01005(C FS:3 )( DR:S Y( UM:6 Y( AC:13)(AP:24) . ,Surveillance, Altitude

5 (0 0i0c1)(_ FS:3 )(_ DR:5 X Ud:6 Y( ID:13)(AP:24) . ,Surveillance, Identity

6 (0 0150)-~-=r-m-mmm—m- 27 or B3--=emc—we—e—cs (5P 2%)
7 (0 0111 )~—w~mmmmmmeam 27 or 83-—ommmeom—eeo(AF:24)
8 (0 _1000)--====mmmmmmnm 27 or 83-m—-—mmmee—eem (iP:24)

9 (G IO0T)=mnemmmmmmmm==2] or 83mwcemmmmmnmnem(EF{I0)

10 (0 1010)~-~=-==m—===—27 Or B83~=—-~==co——mu- (XP:24)
11 (0 1011)(C CA:3  )( AA: 204 YJ(PI:24) . .All-Call Reply
12 (0 1100)===m===m=—mmee 27 or B83m———mmmme———— (AP:2%)
13 (0 1101 )~ mmmommmmmee 27 or 83==———————~— (AP:24)
14 (0 1110)-=~-m=-m—mm= —27 or B3————-—————m (AP:24)

15 (0 1i11)==-m==m=======2] Or B3===wm=mme-===m(AD:24)
*»

16 (1 0000)(VS:1)==7==(RI1:b6)==2-=(AC:13)(MV:56)(AP:24) . .Long Adr-Air Survéillance

17 (170001 )—=~=m=mmmmmmmm 27 or B3mem=m—mem——m —(AF:24)
18 (1 0010)mr=mmammmmm——m 27 or Blmm——me— e (AP 24)
19 (1T 0011 )-—-=——memmme 27 or 83—e—e———m———eee(AP:20)

20 (1 _0100)(FS:3 )(DR:5 )(IM:6 )(AC:13){H5:56) (AP:24) . .Comm-B, Altitude

21 (1 O:N1)(FS:3 )(DR:5 )(UM:6 )(ID:)3)(iB:36) (AP:24) . .Comm-B, Idenzity

22 (T 0110)=~=w==mmmm—=—=2] Or BI=—mm————————e (2P:2%)
23 (T OL11)=—=memmmmemeee 27 or 83=—mmemmme—meme(AP:24)
26 (11)=-1--(KE:1 )(¥D:4 )(_ MD: 80 )(AP:24) . .Comm=D (ELM)

Notes: (1) (XX:M) denotes & field designated “XX' which is assigned M bits.

(2) ——--N~-~ denotes free coding space with N available birs.

(3) For downlink formats (DF) C through 23 the format nuaber correspoads .
to the vinary ccde in the first 5 bits of the reply. Forcat number
24 is defined as the fovmat beginning with "11” in the first two bit
positions while the following three bits may vary with the reply
content.

(4) &1 formats are shown for completness, although a number of them
are unused. Those formats for which no application is presently
defined, remain undefined in length. Depending con future assignment
they may be short (56 bit) or long (112 bit) formar=.

@

Fig. 2-6. Summary of Mode S Dowalink Formats.
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Code

AC
AP
AQ
CA
DF
DI
DR
FS
ID
II
KE
MA
MB
MC
MD
MU
MV
NC
ND
PC
PI
PR
RC
RI
RL
RR
SD
UF
UM
VS

Field Name

Address Announced
Altitude Code
Address/Parity
Acquisition
Capability
Downlink Format

TABLE 2-1

MODE § FIELD DESCRIPTIONS

Designator Identification

Downiink Request
Flight Status
Identification

Interrogator Identification

Cortrol, EILM
Message, Comm-—-A
Message, Comm-B
Message, Comm~C
Message, Comm-D
Message, Comn-U
Message, Comm-V
Number, C-segment
Number, D-segment
Protocol
Parity/Interr. Identity
Probability of Reply
Reply Control

Reply Information
Reply Length

Reply Request
Special Designator
Uplink Format
Utility Message
Vertical Status

T
\.
“l\

A L R A ARy
PRI
A \f it

(=}
UUCCCCUCCUCUCUCUCUCUCUUUCUUCBUU

Downlink (D)/Uplink (U) Meaning

aircraft identification in All1-Call reply
alrcraft altitude code

error detection field

part of alr-to-alr protocol

alrcraft report of system capability
downlink descriptor

describes content of SD fleld

aircraft requests permission to send data
aircraft's situation report

equivalent to ATCRBS identity number

site number for multisite features

part of Extended Length Message protocol
message to aircraft

message from aircraft

long nessage segment to alrcraft

‘long massage segment from alrcraft

air-to-air message to aircraft
air-tec-~air message from aircraft

part of ELM protocol

part of ELM protocol

operating commands for the transponder
reports source of interrcgation

used 1in stochastic acquisition mode
part of ELM protocol

ajrcraft status information for TCAS
commands air-to-air reply length
commands detalls of reply

control codes to transpoader

format descriptor

protocol messrge

aircraft status, airborne or on the ground
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32 OR 88 BIT DATA FIELD 24 PARITY CHECK BITS
0110.....10) —=! ENCODER jp—=10100...110

’ ®

24 BIT DISCRETE ADDRESSO10C! . .. 101

o

v

\
ADDRESS/PARITY FIELD 11101, ., .011

L
analtcs ’ - ~ N - NF ]
011T0.....101 11101...011
568 OR 112 BIT INTERROGATION OR REPLY
4 Fig. 2-7. Address/parity field generation.
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lockout state remairs in effect for a period of approximately 18 seronds. It
is refreshed every scan by the sensor to maiantain the aircraft in the
i locked-out state.

Site Addressed Acquisition and Lockout

This form of acquisition uses the Mode S-only all-call interrogation,
Yy UF = 11. The site address of the interrogating site is contained in the II
field, Site addresses of 1 to 15 are vaild (a site address of zero is
interpreted as a non-selective Interrogation). The transponder replies to
this interrogation if it i{s not Iin a state of lockout to that snecific site
address. The transponder has & total of 16 independent lockout timers to
maintalin the lockout state requested by the ground sensors, (i.e, 15 site
addressed and one non selective lockcut timer).

The PI field of an all~-call reply, DF-11l, elicited by a Mode S-only
all-call interrogation is encoded using the site address received in the 11
field. The 4-bit site address 1s used as the low=2st order 4 bits and then
zero-filled to form a 24-bit "Hode S address”. This address is used in the
encoding of the PI field in exactly the same manner as the transponder Mode §
address is used to generate the AP field. Sensors operatiag in the multisite
mode decode all-call replies using their own interrcgator identity code as tic
expected address. All-call fruit replies produced by adjacent interrogators
will not be accepted by the local sensor since they would be encoded using a
different site address. This filtering of all-call replies by site address
eliminates the possibility of extrancous all-call tracks being formed by
Mode S fruit replizs.

P

Site addressed lockout is effected through coding in the SD field. The
DI field defines the data content of the SD field. For DI equal to O, 1 or 7,
the first four bits of the SD field contalin the site address in the IIS
subfield (see Table A-1). Lockout to that address can be controlled by the
sensor by setting the DI field equal to ! or 7 and the LOS subfield equal to
1. Once set, lockout for each site address remains in effect for
approximately 18 seconds unless refreshed by the ground sensor.

When the system is operating in the multisite mode, separate
interrogation of Mode S and ATCRBS targets can be achieved by the use of the
ATCRBS—only All Call, together with the Mode S All-Call, UF=11l.

As the name implies, the Mode S-only all-call interrogation elicits
replies only from Mode S transponders. It is therefore used in conjuncrion
with the ATCRBS-conly all-call interrogation (distinguished by a short P4 pulse
as indicated in Fig. 2-1). This latter interrcnation elicits replies only
fron ATCRBS transponders and therefore ~omplements the Mode S-only all-call so
that ATCRBS and Mecde S transponders reply to at most cne of the
interrogations. This avoids the possibility of having the same aircraft under

- surveillance as both an ATCRBS and a Mcde S aircraft.

The benefit of a shared listening interval can be obtained by pairing the
two all-call interrogations as shown in Fig, 2-8. The spacing between the
interrogations is made to be consistent with the receipt of zero-range ATCKRBS
and Mode S replies by allowing for the 3-microsecond and 128-mlcrosecond
turnaround delays for the ATCRBS and Mode S transponders raespectively. This
allows more than enough time for an ATCRAS transponder to recover from the
sidelobe suppression state caused by the P1-P2 Mode S interrogation preamble,
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TIME PERIOD PROVIDEDC FOR RECOVERY FROM ATCRBS
~—————  SUPPRESSION(V)
(119.76¢2) usec OR 106.76¢2) uSEC)

ATCRBS-ONLY

MODE S-ONLY ALL-CALL ALL=-CALL

e e nt——————e

UL )

- 2.76 | i 82} oR
-] ke l "8YNC PHASE REVERSBAL L'—21(3 3 uSEC I
MSEC
b= 128 useC i
NOTES:
RANGE ZERO FOR MODE 8
1. MAXIMUM SUPPRESSION TiME EQUALS 46 uSEC. AND ATCRBS REPLICS
2. MODE A
3. MODE C

Fig. 2-8. Combined interrogation for site selective acquisition.
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Stochastic Acquisition

This form of acquisition uses the Mcde S-only all-call interrogation,
DF = 11, The defined reply probability is contained in the PR ffeld and
can be selected from the values 1, 1/2, 1/4, 1/8 or 1/16 for codes from O to 4
respectively. The transponder will not reply if a lockout conditicn applies.
Otherwise, the transponder executes a rardom process and replies only if it is
consistent with the defined reply probability. For example, if the
transponder generated a randow number between zero and one, it would only
reply to a PR code 2 1if:

(1) a lockout condition did not apply, and
(2) the generated random number was less than or equal to 0.25C.

This random reply process permits the reception of ungarbled all-call replies
at the expense of additional delay (and additional interrogations) required
for acquisition, The ability to assisn a range of probabilities is intended
to permit relatively vapid automatic reacquisition of worst case traffic
loads. Implementatisa includes the following two modes:

(a) Initial Acquisition Mode - This mode is executed after a period of
Mode S sensor inactivity. It consists of periodic Mode S~only all-call
interrogations (4~6 per beam dwell) followed by a 1istening interval cut to
the gange of interest. These are interspersed with scheduled Mode 3 intervals
to permit discrete interrogation and lockout of Mode S addresses acquired on
the.previous scan. The minimum probability assignment used for this purpose
is a site'adaptation parameter chosen to match tlie Mode S traffic load handled
by this site. The program for reacquisition begins at this lowest probability
level and then moves to higher probability levels after several scans in order
to reduce the overall acquisition time. Aircraft not acquired initially, as
well as all-call garble situwations which “pop=-up” during normal operation, are
hagdled as described in the following paragraph.

(b) Adaptive Acquisiticn Mode - Undecodable Mode S replies received
during the all-call listening interval are tested for range correlation.
Reports formed of 3 or more replies per dwell are interpreted a. evidence of
an all-call synchronous garble occurrence.

I

A trial Mode S track 1s initiated at the approximately range and azimuth of
the correlated repiies. On the next scan, the sensor interrogates using a o
Mode S-only all-call with a specified reply probability of 1/2. With high §$
probability, an ungarbled reply will be received from one of the twn g
transponders in the garble situation during the four or more interrocgation
opportunities, thereby permitting dlscrete interrogation and lockout on the
following scan.

If acquisition 1s not successful the trial track will be dropped uince the
continued garble situation will lead to the initiation of a fresh trial track.
Residual gzarbling caused by more than two aircraft in the initial garble set
will also result in a new trial track. The last aircraft in the garble set
will be acquired by the normal ATCRBS/Mode S all-call process in use at that
site.
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Lockout Override

This form nf acquisition combines features of the site-~addressed and
stochastic acquisition approaches. It uses the Mode S-only all-call, DF = 11,
but employs PR codes 8 through 12 that define reply probabilities of 1, 1/2,
1/4, 1/8, and 1/16 respectively but Instruct the transponder to disregard the
lockout state in making a reply decision. This will of course result in the
continued possibllity of garbled all-call replies since both acquired and
unacquired Mode S aircraft can reply to the all-call interrogations. The
stochastic mode 1s used to handle the resulting garble.

The ATCRBS~only all-call interrogation {s used in conjunction with the
Mode S-only all-call to provide surveillance of ATCRBS alrcraft.

BASIC SURVEILLANCE FROTOCOLS

Interrogation Reply Protocol

Basic roll-call surveillance of Mode S alrcraft is performed using
survelllance or Comm-A interrogations.

A survelllance or Comm-A interrogation (UF = 4 or 20) will elicit a short
surveillance reply with altitude (DF = 4) 1f the value of the RR field of the
interrogation 1s less than l6. If XR is greater than or equal to 16, a UF=4

.or 20 interrogation will elicit a Comm-B reply with altitude (DF = 20). A

similar rule applies to the readout of Mode A code information.

The interrogation/reply protocol for altitude and identity requests is
summarized in Table 2-2.

Alert Protocol

Knowledge of the current value of the transponder Mode A code is
important to the ATC system since (a) the code is used to signal emergency
conditions, and (b) it is needed to 1dentify an alrcraft in handoffs to
non-Mode S facilities. Provision is therefore made to notify the ground
any time that the Mode A code is changed.

Notice of change 1s detected on the ground by receipt of a surveillance
or Comm B reply (DF = 4, 20 or 21) with the FS field containing code value
2,3 or 4. This defines an "alert” condition and results in the sensor
scheduling an additional interrogation using Interrogation UF equals 5 or 21
to cause a readout of the current Mode A value in the elicited reply. A
normal code change will result in the reporting of an alert condition for a
period of approximately 18 seconds. This allowe sufficient time for ground
interrogators to detect the alert condition and to read the Mode A code. If
an emergency Mode A code is used, the alert state will not time out, but will
remain on for the duration of the declared emergency.

In the absence of an alert condition, the surveillance protocol will

routinely elicit altitude and not identity, except on the first scan of a
roll~call interrogation, when both are reguested.
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TABLE 2-2.

SURVEILLANCE EINTERROGATION/REPLY PROTOCOL

PRI N NANND VS F A 0F

DOWHNLINK FORMAT
UPLINK FORMAT PR < 16 RR > 16
4 4 20
&) 5 21
20 4 20
2] 5 21
33
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Special Designator (SD) Protocol

The SD field can be uvsed for special communications or surveillance
protocols. Provision is made for the SD field to be multiplexed for different
uses. The significance of coding in the 5D field is indicated by the DI
fieid. A DI code value of zero means that the SD field is not used. AL
present, only two of the seven significant values of DI have been defined.

DI =1 indicates that the SD field contains multisite and linked Comm-A
informatior. DI = 7 indicates that the SD field contalns multisite lockout
data and a Comm-B extended data readsut request.

STANDARD-LENGTH UPLINK MESSAGE PROTOCOL

Comm~A interrogations (UF = 20 or 21) are used for the ground-to-air
transmission of short “tactical” ATC messages. It is assumed that, before any
such transfer is initiated, the ground system has knowledge (from a previous
capability report) of the Comm~A capability of the addrvessed aircraft and
hence of the set of permissible message types.

Single Segment Comm=A Protocol

The standard uplink message Is transmitted by a Comm—-A interrcgation
(UF = 20 or 21) with the appropriate mess.ge header and message text in the MA
field. The reply will ordinarily be a surveillance reply with altitude unless
some transaction involving an air-to-ground data link transmission is being
carried on simultaneously. Aa acceptable reply received by the interrogator
constitutes an implicit transponder technical acknowiedgement of the
ground~to-alr message. If no reply is rece’'ved, the message is scheduled for
one or more repeat transuissions. The transaction i1s not necessarily
completed with receipt cf an acceptable reply, however, since a pilot
acknowledgement 1s required for some messages.

Linked Comm-A Message Frotocol

Provislon is made for the linking cof up to 4 Comnm-A message compcnents
(received on different interrogatinn/reply cycles) into a single message
entity. For short messages, the linked Comm—-A message protocol is inherently
more efficient than the extended length message (ELM) protocol, since (a)
Comm-A delivery can take place during a surveillance measurement, and (b) no
coordination with adjacent sites 1is required before message delivery. Thus
the linked Comm—A message will be used for messages that are too long for a
single Comm—A segment and whose message delivery requirements cannot be
satisfied by the ELM.

Coding for the 1l’rnking of Comm-A ressage components is contained in the
SD field and is transparent to the tra:sponder. Detecticn and assembly of the
linked Comm—-A message components will be performed by a data link device
interfaced to the transponder. The device will wait until all message
components have been received before releasing the message for further
processing.
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The Comm=~A protocol for single component messages has been designed to be
robust in that no coordination with adjacent sites is required before
delivery. 1In orcer to retain this desirable characteristic, each linked
Comm~A comporent must include the site address in the IIS subfield of the SD
field. This permits the correct assoclation of interleaved components that
may occur when more than one csensor at a time 1s delivering a linked Comm A
message to the same aircraft.

The following protocol for linked Comm-A messages must be observed:
(a) Only one linked Comm-A can be in process for a given site/alrcraft

pair ~ this prevents ambiguities that could lead to garbled and lost :
messages. o

(b) Component one is delivered first - this announces the initiation of
a linked Comm-A message from a particular site number. The avionics
can then wait until the final component is received before
displaying the message. The first component can also serve as a
message cancel for a partially delivered message since the recelipt
of an initial component should clear any previous linked Comm-A o
message for that particular site.

(c) The first compcrer: must be successf{ully delivered before
delivering the rext component — this eliminates the need for any
additional technical acknowledgement other than the reply to the -
interrogation that delivered the component., It also eliminates the -
need for a special message start protocol. ‘

(d) Components two and three (if used) may be delivered in efther order
but must be successfully delivered before delivering the last
conponent - tnis distinction in the coding of these components
(rather than a single code for "intermediate component”) is
necessary. This component numbering prevents errors if a particular
component is delivered more than once due to tha occurcence of a
downlink failure that prevented the sensor from receiving the
technical acknowledgement to a correctly delivered component.

IR
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(e) The final ccmponent is the last component transmitted =~ this
announces the end of a linked Comnm—A transfer. Note that used in
combination with the other codes, this permits the transfer of
linked Comm-A messages with two, three or four components.

T
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(f) The final component must be successfully delivered before beginning
a new linked Comm—A message to the same aircraft = this eliminates
the need for a special message clear protocol.

L o
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5

The resulting message capacity in bits for a linked Comm—-A message is as

LI SR L

follows:
Message - . ;
No. of Components Bits "]
2 1i2 i
3 168 L
4 224 o
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Iinked Comm-A Delivery Example

An example of a linked Comm-A message delivery is presented in Table 2-3.

Ccmm~A Broadcast Messages

Transponders equipped for data link will recognize UF=20 and 21l
interrogations sent to an address of all "ones” as a broadcast Comm-A messagze.
The transponder will receive the Comm—-A nessage contained in the interrogation
but will not generate a reply. Further processing of the message is dependent
upon the information contained in the MA field and the data link equippage ot
, the aircraft.

Corm-A broadcast messages are interded for the transfer of a message of
interest to all Mode § aircraft in the iaterrogator beam. The absence of a
transponder reply means that the sender will not have positive confirmation
that this message was received by a particular aircraft. For this reason,
broadcast messages will generally be used only for information that is
transmitted periodically in order to ensure a high probatility of successful
delivery.

STANDARD-LENGTH DOWNLINK MESSAGE PROTOCOL

The Comm-3 air-to-ground data link carries two kinds of message traffic:

- (a) ground-initiated, for readout of on-board data sources and

* ¢ (b) air-initiated.

~Sround~Initiated Transfer of Comm-B Messages

A ground iInitiated Comm-B message transfer is triggered by a surveillance
or Comm-4 interrogation with an RR code greater than 16. This interrogation
contains an 8-bit message request code called the Comm-B Data Selector (BDS).
For convenience of description, the high order four bits are referred te as

pthe BDS! code and the low order four bits as the BDS2 code. The RR ccde value
minus 16 equals the BDSl value of the message requested by the interrogation.
Thus an RR value of 17 is equivalent to a BDSl value of 1 or "0001™ in binary
form. The BDS2 value of the requested message s assumed to be zero
(i.e.,"0C00") unless it is otherwise specified in the SD field of the
requesting interrogation. When the DI field code equals 7, the SD field
contains an extended data readouf request containing the RRS subiield that
specifies the BDS2 code. Thus an interrogation with RR=19, DI=7 and RRS=5
specifies a message with a BDS1 value of 3 and a BDS2 of 5, (i.e. "DOII
0101").

A ground-initiated Comm-B request triggers an immediate Comm=-B reply with
the MB field containing the requested data., If the aircraft is not equipped
to supply the requested BDS code data, it responds with an MB field of 56
zeros. No acknowledgements are involved in the case of grcund-initiated
Comm-R transactlons; fallure to receive the data correctly on the ground
simply causes a repeat of the request.
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TABLE 2-3 B
EXAMPLE OF A LINKED COMM~A MESSAGE DELIVERY ‘\'
Scenario: Message has three components. 53
P
(a)| (a)| RELEVANT - L
INTERR REPLY FIELDS SIGNIFICANCE i Fo
.
b
e
A ™S Code for first component of linked Comm-A r”*
MA Comm-A message, component 1 :QQ:
SorB - First coamponent technical acknowledgement(b) L
e
A T™S Code for second component of linked Comm-A S
MA Cortn—A message, component 2 s
S { ‘7
Sor B - Second ccmponent technical acknowledgement(b) -
A THS Code for final component of linked Comm-A ?:’
“ ‘ o
MA Comm-A message, component 3 Ff
S or B - Final component technical acknowledgement(b) ﬁ"
Notes: b
(a) S = Surveillance, A = Comm-A, B = Comm~B
(b) Sensor will repeat deliveryv of each component until technical t?
acknowledgement is received. &;;j
T
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An example of a ground-~initiated Comm-B message delivery is presented in
Tabte 2-3,

Air-Initiated Transfer of Comm-B Messazes

An air-initiated Comm-B message could be started by setting up a message
text on some input device and pushing an appropriate "send" button. The
presence of this message causes the DR code of every surveillance or Comm B
reply (DF=4,5,2Z0 or 21) to be set to an appropriate value that indicates an
air-initiated Comm-B message 1is waiting. The protocol used by the sensor to
transfer this message depends upon the operating environment of that sensor.

(a) Non~selective Transfer of Afr~Initiated Comm-B Messages - The
non-selective protocol is used: (1) if the sensor does not have overlapping
coverage with any other Mode S sensor, or (2) if it communicates with its
neighboring sensors to ensure that ornly one sensor at a time is responsible
for Comm-B message transfer. In this case, the sensor transmits a
surveillance or Comm-A inteérrogation with RR=16 (read air-initiated Conm~B)
and either DI#7 (no extended dara readout) or an kRS=0 if DI=7. This
specifies a BDS1 and a BDS2 value of zero, which uniquely defirnes a request to
read an air-inictiated Comm-B message. The transponder responds with the
waiting Comm-B message.

Because of the asymmetry between sensor and transponder (with the sensor
not routinely replying to every air-to-ground transmission), an explicit
ground technical acknowledgement is required. When the air-to-ground message
is successfully received by the sensor, the sensor sets a code value of 4 into
the PC field of the next surveillance or Comm A interrogation. When PC=4
(closeout Comm~B) is received by the transponder and the Comm-B message has
been read at least once, the message is cleared. The transaction s coamplete
when the ground receives the elicited reply, indicating successful receipt of
the closeout Comm-B instruction.

This protocol can result in the receipt of more than one closeout Comm-B
instruction for a particular message 1f the interrogation is received by the
transponder, but the ground does not receive the reply. The absence of the
expected reply will cause the ground to repeat the interrogation at the next
opportunity.

If the transponder has 2 second air-initiated Comm-B message waiting to
be transferred, it indicates its presence to the ground by sending the
appropriate DR code 1n its reply to the message that delivered the closeout
Comm-B acknowledgement to the previous message. Note that the avionics must
not permit a message to be closed out until affrer it has been read at least
once. This prevents the multiple closeouts that can be received due to a .
downlink failure from closing out a second waiting message that has not as yet
been transferred to the ground. The possiblity of downlink failure also
prohibits the sensor from both reading and closing cut a Comm—B message in the
same Interrogation, since multiple delivery of such an interrogation would
certainly result in the loss of an undelivered Corm-B message.
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Scenario: Ground readout of Comnm-B message with BDS1=3 and BDS2=5

TABLE 2-4

EXAMPLE OF GROUND-INITIATED COMM-B DELIVERY

(a) (a)] RELEVANT .
INTERR REPLY FIELDS SIGNIFICANCE
Sor A RR=19(b)| Readout o. Corm-PB with BDS1=3
DI=7 Extended data readout SD field
A "’ RRS=5 BDS2 of requested Comm-B
ecsap L.
B MB Ground-initiated Comm-B message
Notes:

(?) S = Surveillance, A = Comm-A, B = Comm--B

{b) RR code value equals

16 plus the decimal value of BDS1
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An example of a non-selective air-initiated Comm~B message delivery is
presented in Table 2-5.

(b) Multisite Transfer of Air-Initiated Comm B Messages - If it is
possible for more than one sensor to service an air-initiated Comnm-B message
request, the multisite protocol must be used to avoid duplicate message
delivery and possible loss of messages. This loss can occur when (1) a
transponder has more than one alir-initiated message ready for delivery and
(2) the interleaved read and closeout instructions from the nmultiple sites
results in the following sequence. Sensor A has closed out message 1 and has
had a downlink failure in reading message 2. Thic is followed by a closeout
from Sensor B (intending to closeout message 1) that in fact closes out
message 2, which is lost since it has not been successfully read by either
sensor. The multisite protocol handles this problem by allowing any sensor to
read the air-initiated message, but only one reserved site to rerform the
closeout.

When a sensor using the multisite protocol receives a surveillance or
Comm-B reply with a DR code that indicates an air-initiated Comm-B is waiting,
it responds with a surveillance or Comm—-A interrogation with:

RR Code = 16 (Read air initiated Comm-B)

DI Code = 1 (Multisite SD fiecld)

MBS Code = 1 {Comm~B Reservation)

RSS Code = 1 (Report Comm-B reservation status in UM)
IIS Code = sensor site address

L 3

The transponder stores the address of the first site to make such a
reservation and includes this “"reserved” site number in the IIS subfield of
the UM field of its reply. A site that sees its own address in the reply
knows that it has the responsibility for handling the message. A second site
that reads' the Comm—B message before it is cleared (by the first site) will
know that this is a duplicate delivery since the reserved site number is
different from its own site rumber.

The reserved site clears a delivered air-initiated Comm-B message with a
surveillance or Comm=A interrogation with:

DI Code = 1 (Multisite SD field)
MBS Code = 2 (Comm-B close out)
I1IS Code = the sensor site address

The transponder does not clear the message (i. e., set DR=0) urtil a closeout
message is received from the reserved site and the message has been read at
least once.

If the message 1s not closed out by the received site within 18 seconds
(due perhaps to a link fade), the reservation times out and can thus be
reserved by any other sensor that is in contact with the aircraft.

An example of a multisite air~initiated Comm-B message delivery is
presented in Table 2-6.
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-‘BLE 2-5

EXAMPLE GOF NON-SELECTIVE ALR-INITIATED COMM-B DELIVERY

(a) (a)}] RELEVANT]
INTERR REPLY FIELDS SIGNIFICANCE
S or A - -
Sor B Dk=1 Air-initiated Comm—-B waiting
Sor A RR=16 Raquestei BDS1 code equals zero
DR=1(?) Air-initiated Comm-B message waiting
B MB Air-initiated Comm-B message
DI#7 Requested BDS2 code equals zero
or
DI=7 & Requested BDS2 code equals zero
RRS=0
S or A PC=4 Non-selective Comm-B clcseout
S or B | DR=0(c) Comm-B closed out
Notes:

(a) S = Surveillance, A = Conm-A, B = Comm—B

(b) The message has not yet been closed out.

(c) If DR=1 in the reply to an air-initiated Comm-B cancellation, it
indicates the presence of another air-initiated Comm-B message.
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TABLE 2-6
EXAMPLE OF MULTISITE AIR-INITIATED COMM-B DELIVERY

Scenario: Local site interrogator address = 4

(a) (a)] RELEVANT
INTERR REPLY FIELDS SIGNIFICANCE
Sor A - i -
S or B DR=1 Alr-initiated Comm-B waiting
S or A RR=16 Readout of air-initiated Commn-B
DI=1 Multicite SD field
MBS=1 Comm-B reservation
RSS=1 Request for Comm-B reservation status ia UM
11S=4 Local site's interrogator fdentification
A ’.t B DR=1 Alr-initiated Comm—-B waiting
it .'" - IDS=1 Comm-B reservation status is in IIS

118=4(b)| site 4 (the local site) is the reserved site

MB Contalins the air-initiated message
N
S or A DI=! Multisite SD field
MBS=2 Multisite Comm-B closeout
I11S=4 Local site's interrogator identification

S or B | bR=0(¢) | Comm-B closed out (IIS field is also cleared
in the transponder)

Notes:
(a) S = Surveillance, A = Comm-A, B = Comm-B

(b) 1If IIS # 4, the local site is not the reserved site and no further
action is taken on the message.

(c) If DR=1 in the reply to a Comm-B closeout, it indicates the presence of
another air-initiated Comm—B message.

NI Y
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(¢) Alr-Directed Multisite Comm-B Delivery - The multisite Comm-B
protocol makes it possible for an aircraft to route an alr-initiated message
to a particular sensor. This capability 1is lmportant in a multisite
environment since it makes 1t possible for a pilet acknowledgement message to
be routed to the sensor that deliverced the message being acknowledged.

When a Comm-4 m:ssage is delivered, the data link avionics equipment will ;
receive the SD field along with the MA field, and will thus be able to ]
associszte the sending site address (in the IIS subfield) with the Comm-A
message. When a pilot acknowledgemant 1s generated, the data link avionics
equipment will cause the transponder to reserve the message for the desired
site address at the same time that the message is made available for delivery.
Thus, even the initial reply indicating a message waiting (in the DR field)
will show that a reservation alreadv exists for the desired site (in the UM
field). This allows the desired sensor to initiate readout of the message.

Linked Comm-B Messages

The Mode S 1ink protocols accommodate linked Comm-B messages. As for the
uplink case, the transponder is transparent to the linking protocol. A block
of three consecutive BDS coles is reserved for linked Comm—B messages, one
each for components 2 throuyh 4 of the linked Comm~B message. The data link
avionics initiates a linked “omm—-B transfer by sending the first message
component as an air-initiated message. The sensor detects the linking code in
the received Comm~B compcnent and initiates a ground-initiated Comm—B transfer
to read out the other message components. When the sensor has received all of
the Comm-B components, it closes out the air-initiated message that began the
sequence., Receipt of this closeout by the transponder serves as a technical
acknowledgement for the entire linked Comm-~B message. This protocol works
with either the non-selective or multisite delivery protocols. In the latter .
case, the presence of a reservation during the entire delivery process ensures
that all message components are read by the same site.

" Comm~B Broadcast Messagas I 2

The air-initiated Comm-B protocol described above is designed to deliver
a Comm—B message initiated on board an aircraft to a single sensor., Certain
types of messages may require delivery to more than one sensor. In this case

the broadcast Comm-B protocol is used.

The broadcast Comm-B protocol uses the DR field to signal the presence of
a broadcast Comm—B message that is available for delivery. Any sensor in
contact with the transponder may read the message using the same coding as for
an air-initiated Comm-B message. The key differance is that the sensor cannot
clear a broadcast message; the message clears automatically after 18 seconds.
During the period when the message is active, it can be read by every sensor
in contact with the transponder.

Provision is made in the coding of the DR field to distinguish two
different broadcast messages, i.e., broadcast message 1 and broadcast
message 2. The transponder will send successive broadcast messages using
alternate message codes. This permits the sensor to detect a change in a

é
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broadcast message and therefore eliminateés thc need for the sensor to read the
message every scan. Thus, a sensor that his read broadcast message 1 from a
particular transponder on one scan can safely avold reading the same message -
on subsquent scans (until it times out) since the presence of a new broadcast !
message would be indicated by DF=5, i.e., "broadcast message 2 is available”.

Provision is made for an air~initiated Comm-B message to interrupt the
delivery of a broadcast Comm-B message. In this case, the broadcast message
delivery is resumed for the full 18-second period following tae delivery of
the air-initiated message.

EXTENDED LENGTH UPLINK MESSAGE PROTOZOL ij

The Extended-length Message (ELM) protoncol provides for more efficient
transmission of long data link messages by permitting the grouvping of uvp to 16
message segments into a single entity that can be acknowledged by a single ra
reply. Each segment is included in a single Comm-C transmission (UF equals :
24). The limit of 16 segments refers solely to the manner in which the
message is transferred over the link. Longer messages can he accommodated
through the use of a linking indicator within the message header in the first
segment of an ELM,

Basic Ground-to—Air Extended-Length Message Transfer =

Ground-to-Air Extended-Length Messages are tvansmitted using the Comm-C
format with three different reply control codes (RC code = 0, 1l and 2). The
three reply control codes designate an initializing segment, intermediate
segments and a final segment. (Note that the minimum length of a
ground-to-air ELM is two segmwents since the protocol requires at least an
initializing and a final segment)., The transfer of all segments may take ré
place without any intervening air-to-ground replies, as described in the
following paragraphs. In this way, channel loading is minirmized. Message
segments (one per Comm—C interrogation) may be transmitted at a rate up to one
per 50 usec. f(hies minimum spacing is required to permit the resuppression of
ATCRBS transponders. Delivery of the message may take place during a single
scan or over a few scans depending on the length of the m:sssge, the channel
interference level, and the sensor lcading. Normally, sufficient time will be
available within one scan to permit complete delivery of the message.

(a) Initializing Segment Transfer - The extended length message
transaction for an N-segment message (segment numbers O through N-1) is
initiated by a Comm—C interrogation with RC code = 0. The transponder does =
not reply. Receipt of this interrogation {in effect a "dial up") causes the ]
ELM interface within the transponder to initialize its message storage and
bookkeeping registers in preparation for a new ELM transfer. Also delivered .
in the initial interrogation is the text of the final message segment in the -
MC field, and its segment number (N-1) in the NC field. This "last segment
first™ protocol 1s used to inform the transponder of tite length of the 3
message. If an initializing segment 1ic received before the completion of an ) ]
earlier ground-to-air ELM transfer, the effect is to abort the earlier .essage
and replace it with the newer one. If the ELM processor fails to receive an
initializing segment, it will not store any received segments.
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(b) Intemmediate Secgment Transfers — Message delivery proceeds with the
transmission of intermediate segments (any sequence of N-2 segments chosen
from segments N-2 through 0) via Comn-C interrogations with RC code = 1
(intermediate), again delivered without replies. Each message segment is
identified with its segment number in the NC field. The ELM processor stores
each segment in the appropriate storage location based on this nuamber. In
this way, the message processor .eassembles the message, and its bookkeeping
function keeps track of which segments have been received. Intermediate
segments may be delivered in any order, once the ELM processnr has been
initialized with segment N-l. 'If the entire message consists of only twvo
seguents, there will be no intermediate transfers.

(c) Final Segment Transfer - The interrogator transmits the final segment
of a Comm-C interrogation with RC code = 2 (final). Its segment number is in
the NC field and the text is in the MC field as before. This RC code elicits .
a Corm-D format (DF code = 24) with XE zode = 1 (acknowledgment in MD) and a :4
cumulative transponder technical acknowledgement in the MD fizld. The
cunulative transponder Technical Acknowledgement Subfield (TAS) consists of a
bit string (woximum length of 16 bits) that indicates which seguents of the
EL:! have been received. The first bit represents the state of the first (N=0)
segment, etc., with the states defined as; 1 = segment received, and 0 =
segment not received. Thus at all times this field represents the current .
status of segment delivery from the time of ELM initiation. 1If the :
intgrregator does not receive a reply to the Comm—C interrogation containing '
the finil segment, this interrogation is repeated until a reply is
ssccessfully recelved.

If one or more segments of the ELM were not received Ly the transponder,
this fact is indicated by zeros in the correspecuding bit positions in TAS.
The interrogator retransmits the missing segments with RC ccde = 1, except
for the final one which has RC code = 2 to requast an updated TAS. This
process continues untill the ground receives a cumulative TAS indicating that
all segments have been delivered.

When all segments have been received by the transponder, the
interrogator knows that its last transfer was indeed final and cioses out the

transaction.

The ELM processor in the traaspoander transfers the message to the
appropriate output device as soon as it senses the presence of all segments.

Non-Selective Uplink ELM Protocol

The non-selective protocol may be used when only one sensor at a time has
the respunsibility for delivering an uplink ELM message. Using this protocol,
a sensor delivers an uplink ELM as described above and then terminates thz
delivery by sending a PC code = 5 (closeout uplink ELM) in a surveillance or
Comm-A interrogation. '
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Multisite Uplink EIM Frotocol

The multisite uplink ELM protocol is used to coordinate the activities of
multiple sensors so that only one sensor at a time is “"reserved” for uplink
ELM activity. Before beginning an uplink ELM, a sensor uses the multisite
protoccl to obtain a reservation by transmitiing a surveillance or Comm—A
interrogation with:

DI code =1 (Multisi:e SD)

MES code = 1 (Uplink ELM reservation)

RSS code = 2 (Report uplink ELM reservation status in UM)
IIS code = the sensor site address

The transponder reply to this interrogation includes the site address (in IIS
subfield of the UM field) cf the sensor currently reserved for uplink ELM
actlvity. A sensor seeing its own site address as the reserved site will
proceed with the uplink ELM. If a different site is designated as the
reserved site, uplink ELM activity is not initiated this scan and a
reservation request may be attempted again on the following scan.

When the uplink ELM delivery is tomplete, the reserved sensor closes out
the delivery by sending a surveillance or Comm-A interrogation with:

DI code = 1 (Multisite SD)
MES code = 2 (Uplink ELM closeout)
IIS code the sensor site address

The transponder only accepts the closeout if the IIS field in the
interrogation matches the reserved uplink ELM IIS vode stored in the
transponder.

A reservation remains in effect for 18 seconds from the time of last
delivery activity, l.e. the reccervation itself or any segrent delivery or TAS
request. If delivery activity ceases for more than 18 seconds before delivery

- 1s complete, it is assumed that the sensor is no longer in contact and the
reservation is cancelled along with any segments that have been delivered up
to that point. The transponder is than able to grant a reservation to any
other sensor that is currently in contact.

An examplz of a multisite uplink ELM delivery is presented in Table 2-7.

EXTENDED LENGTH DCOWNLINK MESSAGE PROTOCOL

The transfer of an air-to-ground ELM is similar to the ground-to=-air
process. Differences between the two protocols result primarily from the fact
that (1) all channel activity is ground initiated and (2) the transpoader can
reply with longer communications formats only when given specific permission
by the ground. As with the uplink ELM, provision is made for the linking of
downlink ELMs.

Basic Alr-to-Ground Extended Length Message Transfer

2
Air-to—Cround Extended-Length-Messages are transmitted (under ground
control) using the Comm-D reply {(DF=24).
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TABLE 2-7
EXAMPLE OF MULTISITE UPLINK FLM DELIVERY ig
Scenario: Multisite delivery of 3-segment uplink ELM by local site with 1
interrogator address = 6
(a) (a)] RELEVANT]
INTERR REFPLY FIELDS SIGNIFICANCE
S or A DI=1 Multisite SD fleld
MES=] Upliak ELM reservation
RSS§=2 Request for uplink ELM reservation status
in UM
I11S=6 Local site's interrogator identification
S or B IDS=2 Uplink ELM reservation status 1is in IIS i
118=6(b)| site 6 (the local site) 1s the reserved site '
c RC=0 Iﬁ?iializing segment delivery -
NC=2 Announces a 3 segment ELM
MC Segment 3 of uplink ELM
None Reply not elicited by RC=0
C RC=1 Intermediate segment delivery
NC=1 Indicates MC contains segment 2
MC Segment 2 of uplink ELM 1
None Peply not elicited by RC=]
C RC=2 Sepyment delivery and request for technical
acknowledzement
NC=0 Indicates MC contains segment 1
MC Segment 1 of uplink ELM j
- D KE=1 MD contains technical ackrowledgement of
uplink ELM in TAS
tas(c) Technical acknowledgement of segments 1 to 3
T Sor A DI=1 Multisite SD fleld ) ;
MES=2 Multisite uplink ELM closeout 1
11S=6 Local site's interrogator identification
S or B - Technical acknowledgement of closeout command
. Notes:
(a) S = Surveillance, A = Comnm-A, B = Comm-B, C = Comm-C, D = Comm=D
(b) If IIS # 6, the local site is not the reserved site and no further
action is taken this scan. The IIS subfield is in the UM field.
(¢) The sensor will resend any segment not acknowledged by TAS.
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(a) Initialication - An N-s«gment air-to-ground ELM transfer is initiated
by a surveillarce or Comm-B reply containing DR code > 16. The number of
message segments t)y be transfecred is equal to the DR code number minus 15.

Thus a DR code of 21 indicates the presence of a 6-segment downlink ELM
ready for delivery.

(b) Messape Delivery - The interrogator requests the air-ts-ground
transmission ot ELM segments using a single Comm-C transmission with RC code
= 3 (request Comm-D). In this format, the first l6é-bits of the ¥C field form
a special 16-bit Segmeat Request Subfield (SRS), in which thie successive bit
positions correspond to segment numbers O through 15. The designated response
is a series of Comm—D replies cuntaining those message sesments f£or wnich the
corresponding SRS bit is set to one. (The transponder is thus nct told which
segments have been successfully received, but those which are to be
transmitted.) The successive Comm-D replies of the response are transmitted
with a nominal spacing of 136 usec between preambles (16 psec between the end
of a reply and the succeeding preamble.) Although the precise spacing of
segnents in the response is known to the interrogator, each segment is
transmitted as a full Comm-D reply with a prcamble in order to resynchronize
the reply decoder in case the preceding segment is not correctly received.

After the complete response tc the Comm-C interrogation has been
received, another Comm—C interrngation with an updated SRS subfield 1is
transmitted to request segments not yet received (either because they were not
requested in the first response, or because they were received in error). The
transponder replies again with the regquested segments. The cycle is repeated
until &ll segments have been received. As with uplink ELM's this process may
take place within a scan or over several scans. When all segments have been
received, tue cOrplete message 1s transferred to the designated recipient.

Non-Selective Downlink Eil* Protocol

When the non-selective protocol is used, a sensor delivers a downlink ELM
as described above. It then terminates the drlivery by sending a PC code = 6
(closeout downlink ELM) ir 2 surveillance or Comm=-A interrogation. As with
the air-initiated Coma-B message, the transponder will not clear a downlink
ELM unless it has been read out at least ouce. This 1is necessary because
multiple closeouts can be received due to downlirk failure. Without this
read-out requirement a second wsitiag message that has not as yet been
transferred to the ground could be 1nadvertantly cleared.

Multisite Downlink ELM Protocol

When the nultisite downlink ELM protocol is used, a sensor obtains a
reservation before beginning the readout of a downlirk ELM message. This is
done by rransmitting a surveillance or Comm-A interrogation with:

DI code =1 (Multisite SD)

MES code = 3 (Downlink ELM reservation)

RSS code 3 (Report downlink ELM reservation status in UM)
IIS code = the sensor site address
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The transponder reply to this irnterrogation includes the site address (in
the UM field) of the sensor currently reserved for downlink ELM activity. A
sensor seeing its own site address as the reserved site will proceed with the
downlink EIM transfer. If a different site Is designated as the reserved
site, downlink ELM activity 1is rot infitiated on this scan. A new reservation
request may be attempted next scan if the DR code indicates that a dewnlink
ELM message 1s still pnending.

- When the downlink ELM delivery is complete, the reserved sensor closes
out the delivery by sending a surveillance or Comm-A interrogation with:

DI code =1 (Multisite SD:

MES code = 4 (Downlink ELM Closeocut)

I1S code = the sensor site address

The transponder only accepts the closeout if the IIS fleld in the i
interrogation matches the reserved downlink ELM IIS code stored in the
transponder.

A reservation will timeout if 18-seconds pass with no delivery activity.
The transponder is then able to grant a reservation to another site for
transfer of the downlink EiM.

An example of a multisite downlink ELM delivery is presented in
Table 2-8.

Air-Directed Multisite Downlink ELM Delivery

The technique used for air-directe? dcwnlink ELM delivery 1is equivalent
to the air-directed Comm-B protocol described earlier.

MESSAGE PRCTQCOL INDEPENDENCE

The Mode S communication protocols are defined in such a way that the
Comm-A, B, uplink ELM and downlink ELM protocols are ccmpletely independent.
This means that delivery activity for the different message types can bo
freely interleaved without restriction. If the multisite protocol is used, it
is possible for Comm~B, uplink ELM, and downlink ELM reservations to be
granted to three different sites.

CAPABILITY REPORTING

The ground system must know what capability an aircraft has to accept and
provide data linx information. This is accomplished through the reporting of
‘transponder capability.

Capability Report

Basic transponder capability is reported in the CA field of the Mode S
all=-call reply (DF=11). This field inferms the ground system of the
capability categery as follows:
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EXAMPLE OF MULTISITE DOWNLINK ELM DELIVERY

Scenaris: Multisite delivery of 2-segment downlfnk ELM to local site with
interrogator address = 2

(a) (a)| RELEVANTI
INTERR REPLY FIELDS SIGNIFICANCE .
S or A -
S or B | LR=17 Announces presence of Z2-segment downlink ELM
Sor A | DI=1 Multisite SD field
MES=3 Downlink ELM reservation
RSS=3 Request for Comm-D reservation status in UM
I1S=2 Local site's interrogator identification
S or B 1DS=3 Downlink ELM reservation status is in IIS
115=2(b) ite 2 (the local site) is the reserved site
C RC=3 MC contains request for downlink EiM delivery
in SRS
SRS Indicates delivery request for segments 1 and 2
D KE=0(¢) | Downlink ELM in MD
NC=0 Indicates MD conctains segment 1
. MD Segment 1 of downlink ELM
[ 4 3
. . i
=~ .70 kE=0(¢) | Downlink ELM in MD -
i NC=1 Indicates MD contalns segment 2 0
MD Segment 2 of downlink ELM o
;
S or A DI=1 Multisite SD field -
?» MES=4 Multisite downlink ELM closeout -3
11S=2 local site's interrogator identity ?
S or B | DR=0(d) Downlink ELM closed out %%
L
Notes: ff
(a) S = Surveillance, A = Comm-A, B = Comr-B, C = Comm~C, D = Comm=D 3#
[
(b) If IIS # 2, local site is not the reserved site and no further action . E'
is taken on this message. .-
q
(c) 1f all segments are not successfully received, the sensor will send ) o
another SRS requesting redelivery of nissing segment(s). B
(d) 1f DR # O in reply te a downlink ELM closeout, it indicates the presence ;b
of another air-initiated message (either B or downlink ELM depending :
on the value of DR). :
50 5
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CA = G signifies wo data link capability
1 signifies Comm-A/B capability
2 signifies Comm-A/B and uplink ELM capability
3 signifies Coum~A/B, uplink ELM, and downlink ELM capability

For each category of capabiiity, the transponder can handle both the
non-selective and the muitisite modes. Additiorzl details of the specific
transponder capablility for codes 1-3 are obtaired bty reading the transpecnder
Jata linx capability report via a ground-initiated Comm-B message, as
described ia the following section.

A transponder reporting CA code = 2 can handle uplink ElM's. This
includes the ability to transmit the single Cozm-D format required for
technical acknowledgement of the uplink ELM transfer.

A transposander reporting CA code = 3 has the communication capability of
the uplink ELM transpender, and in addition it has the registers and logic to
accept and process downlink extended length cessages, in addition to the
higher duty cycle transmitter needed to send bursts of long Mode S replies.

Data Link Capability Report

A sensor obtains the data link capabilitv report of a transponder so
equipped by sending a ground-initiated Comm—-B request to read out BDS!
code = 1 and BDS2 code = O.

The data link capability report contains details that inform the ground
of the specific data,link capability that currently exists onboard tha
aircraft. This information is given in sufficient detail to unambiguously
define the services that the avionics can handle. The capability is updated
on board the transponder at least every four seconds to ensure that the
reported capability reflects the current status cof the avionics equipment.

The data link capability will normally be read by a sensor immediately
after the aircraft is put on the sensor's roll-call. In addition, any time
that the transponder detects a change in aircraft capability, it causes a
transfer of the data link capability report to the ground as a Comm-B
broadcast message.

ATRCRAFT IDENTIFICATION PROTOCOL

All aircraft esmploy an aircraft identification code for air traffic
control purposes. Some aircraft (usually general aviation) employ the
aircraft registration number that is painted on the aircraft. Other aircraft
{principally those used for air carrier and military flights) employ variable
aircraft identification codes based on the ceozzercial flight number or the
military call sign.
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Mode S transponders with Coum~B capability could automatically
report this aircraft identification data. General aviation ailrcraft couid
permanently report the registration number. Other aircraft could employ a2
pilct input device to allow manual selection of the identification code for
each flight.

A sensor cbtains the alrcraft identification report by sending a
ground-initiated Conm-B request to read out BDSl code = 2 and BDS2 cecde = C.
If the aircraft icdentification ccde is changed in flight, the ground is
notified by delivery of the aircraft identification message using the Comm-B
broadcast protocol.

UTILITY MESSAGE PROTOCOL

The function of the UM field has been previously described in connectiun
with the multisite communications protocnls. If the content of the UM field #
in a reply 1s not specified by the interrogation, the UM field contains the o

site number reserved for multisite Comn~B or downlink ELM activicy (if any). %
If both message protocols are in use, the reporting of the Comm-E reserved 4

site takes precedence over the reporting of the downlink FLM reserved site.

The specific activity (Comm=B or downlink ELM) being reported is defined
by the IDS subfield (of the UM field). This is followed by the IIS subfield
that gives the site number of the reserved site.

The voluntary reporting of reserved B and downlink ELM sites eliminates
unnecessary attempts by other sensors to transfer a message if a reservation
has already been granted.
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THE MODE S SENSOR

The Mode S sensor performs surveillance of Mode S- and ATCRBS—equipped
aircraft within its assigned area of coverage, and acts as a communication
relay for data-link messages between Mode S-equipped aircraft and air traffic
control facilities. In addition, the sensor may accept digiral target revorts
from a collocated radar, and merge these into a common surveillance output
stream, correlating the radar and beacon reports when both exist on the same
target.
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The sensor interfaces with the airborne transponders via the RF link, and
(when netted) with adjacent sensors and ATC facilities via low-baud-rate
digital communication circuits.
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The functional architecture of the sensor is illustrated in Fig. 3-l.
Most sensor functions are conveniently categorized according to the time scale
cn which they operate, as follows:

(a) Those that involve the generation and processing of signals, and
therefore operate on a microsecond time scale; e.g.:

L e T

modulator/transmitter
multichannel receiver

A ." Mode S and ATCRBS reply processors

. ow v,
N

B

«=(b) Those that involve channel transactions, and operate cn a
millisecond time scale commnsurate with the dwell time of the
interrogator antenna on a target; e.g.:

iy g et S

channel management
ATCRBS reply correlation

s lichni

Cau

¢ {c) Those that are paced by the antenna scan time, and therefore operate
cn a time scale on the order of a second; e.g.:

surveillance processing
data link processing :
network management Lo
performance moaitoring

R e T I R e N T

Two additional function:l elements, which do not fall into the above cate-—
gories, are the antenna system and the clock.

The remainder of this chapter describes each of these functions in turn, T
ard their major interactions. Because of iis-s3ntral importance to overall 2' %
sensor cperation, channel management is considered first, followed by those .
functions responsible for the generation and processing of channel signals, o
and finally those involved in surveillance and data link message distribution R
and multisensor network coordination. : a
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CHANNEL MANAGEMENT

Channel managerent regulates all activity cn the RF channel through
control of the modulator/transmicter and the ATCRBS and Mode S reply processors.
Its principal function is the s:heduling of ATCRBS and Mode S interrogations.

“hen confizured for back-to-back antenna operation, channel management -
separately schedules interrogations for each antenna face, and ccntrols
switching between the faces.

Ao s BN

To provide surveillance of both ATCRBS-and Mode S-e¢quipped aircraft wich
minimal mutual interference, the RF channel 1s time~shared between the all-caill
modes and the roll-call mode as {llustrated Iin Fig. 3-2.

ATCRBS and All-Call Scheduling

ATCRBS interrogations are scheduled at the beginning of an ATCRBS period
as determined by a site adaptation input that defines the sensor time line. To
reduce the incidence of fruit and second-time—around target reports,; these
interrogations can be pseudo-randomly jittered from the n~ainal interrogation
time.

In any of the above modes, a range of ATCRBS interrcgatiocn rates can te
accommodated. In order to provide a maximum of channel time for roll-call
activity, the sensor has been designed for a nominal ATCRBS rate of two
interrcgations per nmode, e.g., A,C,A,C per beam dwell.

S R Y e e, muy W K R P TRRM L & ey o RERM o7y
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Following each ATCRBS interrogation, the sensor processes ATCRBS regiles
for an interval corresponding to the maximum desired coverage range at the
current antenna azimuth. When the desired coverage range is short, initiation of
the subsequent Mcde S interval may be deiayed to allow replies from longer-range
ATCRBS targets to "ring out” so that they do not interfere with roll-call
replies in the following roll-call interval.

In order to coanserve channel time, Mode S all-call acquisition 1is also
performed during the ATCRBS listening pericd. Replies from unacquired Mode S
and ATCRBS aircraft may be elicited one of two ways:

(a) Through use of the ATCRBS/Mode S all-call interrogation,

(b) By using a Mode S-only all-call interrogation followed by an
ATCRBS~only all-call interrogation.

The latter approach must be used with the site addressed acquisition,
stochastic acquisitici, and lockout override functions because the coding for
these functions is contained in format Ur=1l, the Mode S~only All-Call.
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Mode S Roll—Call Scheduling

Scheduling of Mode S roll call interrogations and replies occurs under the
following principal ground rules:

(a) Mode S interrogations are addressed only to aircralt within the
antenna beam.

(b) Channel time 1is allocated to each Mode S interrcgation and reply
based upon a prediction of alrcraft range.

(¢) Mode S surveillance and data link procedures may require more
than one interrogation to each aircraft. Therefore, the sensor is
able to reinterrogate an aircraft while it remains in the beam.

The sensor maintalns an active target list, comprising those Mode S alrcraft
that are within the antenna beam, and makes repeated passes through this list,
scheduling discretely~addressed Mode S interrogations and replies on a
nonconflicting basis. A single aircraft may appear on one or more of the
resulting schedules of interrogations and replies, so that multiple surveillance
and communication tasks can be accomplished. In the case of a fallure to recelve
a reply, the capability for repeated scheduling of interrogations to an aircraft
provides a high overall survelllance/ communication reliability.

The principal elements of Mode S roll-call scheduling are illustrated in
Fig. 2-3. The intervals of time devoted to Mode S roll-call activity are called

" Mode S periods. During a Mode S period, one or more rcll-call schedules are

produced. A schedule 1s a set of interrogation and reply times that allows the
sensor to carry out one interrogation-reply pair per aircraft to som2 or all of
the alrcraft on the active target list without providing a second tramnsaction to
any alrcraft. The interrogations are timed so that ronoverlapping blccks of
channel time are assigned to each individeval interrogation and reply. If
insufffcient time is avallable to schedule all aircraft on the list, the time is
allocated to aircraft according to a preassigned transaction priority.

Roll-call scheduling begins with the first (longest range) aircraft on the
list, scheduling an interrogation at the assigned start time of the schedule;
next, the expected reply arrival time {s computed and a suitable listening
period provided. Subsequent aircraft are scheduled by placinz their reply
listening periods 1in sequence and computing the corresponding interrogation
times. A cycle is completed when the next interrogation, 1f so scheduled, would
overlap the first reply. This interrogation is deferred to start a new cycle.

Several types of transactions must be efficiently combined in forming a
Mode S schedule. Since the aircraft on the active target list are In various
stages of completion, with respect to Mode S activity, each may require a
different kind of transaction. Figure 3-4(a) illustrates a typical cycle
comprised of long and short interrogations, coupled with long and short
replies.

The cycles shown in Figs. 3-4(b) and 3-4(c) 1llustrate the inclusion of
downlink and uplink ELM transactions.
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Channel Management Organization

The five subfunctions which comprise channel management are (a) channel
control, (b) transaction preparation, (c) target list update, (d) roll=-call
scheduling, and (.) transaction update,

The data flow between these subfunctions, and their interfaces with other
sensor functions, are 1llustrated in Fig. 3-5.

Interfaces: “hannel management recelves inputs from survelillance pro-
cessing, data~link processing, and network management. Survelllance processing
provides channel management with the predicted position (azimuth and range) of
Mode S alrcraft. Data link processing provides organized lists of pending uplink
messages for each Mode S afrcraft. Network management coantrols the track state
to define the kinds of service, both surveillance and communication, to be
afforded each alrcraft.

Channel management has control cver the modulator/transmitter unit and the
Mode S and ATCRBS reply processors. Channel management communicates with these
units by generating 1nterrogation and reply control commands and by receiving
Mode S reply data blocks. When an aircraft leaves the beam, a record of channel
activity and downlink message content 1is passed on to the surveillance
processing, data link processing, and network management functions.

Channel Control: Channel control monitors the system real-time clock and
the antenna poliiting direction, assuring that all ATCRBS and Mode S activities
take place at the proper time and in the proper sequence. The other four channel
management subfunctions are periodically activated by channel control. In
addition, channel control regulates the flow of control commands to the
modulator/transmitter and to the reply processors, and it directs the transferv
of Mode S'reply data blocks from the Mode S reply processor to channel
management., In the back-to-back configuration, commands to the modulator/
transmitter include an antenna face designation.

Transaction Preparation: At regular intervals, channel control directs
transaction preparation to provide a list of aircraft about to enter the beam.
For the back-to-back configuration, there are two such lists, corresponding to
the two beams. Transaction preparation consults the surveillance file which
contains predicted position, the pending uplink message data placed there by
data link processing, and control information generated by network managemeiat.
If uplink messages and/or downlink message requests are pending for an aircraft
entering the beam, transaction preparation will determine the number and type of
transactions required to accemplish these tasks.
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Transaction preparation creates a list of data blocks, one for each new
alrcrafr, contafning a complete specification of the required set of
transactions needed.to accomplish all pending survelllance and communication
tasks,

Tavget list Update: An active target list is updated regularly by the
target list update subiunction. The entries on this list are the data blocks
which have been formulated by the transaction r-:paration subfunction. Data
blocks on new targets, supplied by transacticn ,.reparation, are merged into the
list, vhile old targets, either leaving the beam or completely serviced, are
removed.,

In order to facilitate the computation of a non-conflicting scheduie of
interrogations and replies, an active target list 1s arranged in order of
decreasirg target range. This ordering is maintained each time the list is
zodified. In the back-to-back configuration, two active target lists are
maintained.

Roll-call Scheduling: As directed by channel control, roll-call schedullinug
operates on the contents of an active target list to produce Mode S schedules
according tu the procedures described earlier. If iasufficient time remains fcr
a complete schedule (i.e., one tramnsaction per aircraft on the active target
Iist) then the available time is allocated based on ‘ransaction priority as
follows:

Level 1 - Interrogations for altitude, ATCRBS ID, and high prilority
Comm—-A/Comn—-B messages.

Level 2 - High priority uplink ELM's

Level 3 - Addftional (low priority)} Comm—A/Comm-B
messay s.

Level 4 - 4yplink ELM's

Level 5 - Down'ink ELM's,

The outputs’bf roll-call scheduling are Mode S interrogaticn control blocks
specifying interrogation time, power level, and data-block contents, and reply
control blocks specifying expected reply time and address.

Transaction LUpdate: If a target enters the beam with several transactions
to be carried out, these transacticng will normally take place on successive
schedules. The transaction update function examines each reply and, if the
transaction was successful, modifies the target's data block so that the next
pending transaction will be carried out in the subsequent schedule. If the
transaction was unsuccessful, it will be repeated in the next schedule, and the
next pending transaction delayed to a later scheduie. Finally, transaction

‘update indicates the completion of targets for which no further transactions are

pending.

: LRI

. .

,.

. mmiemee e

q

RIS UTTIMME 3 e 2 8 e e emtemme v cicamn b g - e

g,




TR N IR

-

CLOCK

Each Mode S sensor is equipped with a "time~of-day™ clock that peralts
precisely~timed cosordination of activities at different sensors. Site~to-site
synchronization of + 2.5 milliseconds 1s re2quired for utilization of multi-site
surveillance data.

System time 1is continuously available to the modulator/transmitter, ilode §
and ATCKBS reply processors, and channel managerent. In addition, the sensor
clock provides timing reierences for the generation of both Mode S and ATCRBS
interrogation waveforms, and the democdulaticn of replies.

MODULATOR/TRANSHMITTER

The modulator/transmitter (Fig. 3-6) accepts digital control inputs from
channel management aad generates the requisite RF interrogation signals. For
each interrogation to be transmitted, the control inputs specify the mode, the
transmission time (with 1/16 us resolution), and, for a Mode S interrogation,
the contents of the cata blcck prior to encoding. The modulator generates the
sequence of parity check bits and combines them with the spenified discrete
address.

Mode S interrcgations may be transmitted at low or high power {(nominally
100 or 800 watts respectively) under control of channel management. ATCRES
transmit power 1s site-adaptable with nominal values of 300 watts for a terminal

sensor and 800 watts for an enroute sensor.

An auxiliary transmitter is required for the generation of the SLS con-
trol pulses, since the Mode S SLS pulse (Ps5) is transmitted simultaneously with
the Mode S interrogation.

ANTENNA SYSTEM

The Mode S sensor employs a rotating fan-beam antenna having a sum (L)
pattern and a difference (&) pattern (Fig. 3-7a). The interrogation is
transmitted, and the reply received, on the sum pattern; the reply is aiso
recelived on the difference pattern, and the ratio of the amplitudes of the
signals received on the difference and sum patterns (Fig. 3-7b) is used to
estimate the off-boresight angle of the target, i.e., the angilar difference
between the target position and the antenna pointing angle.

In addition to the sum and difference patterns, the antenna system in-
cludes an SLS control pattern. This pattern is used for the transmission f
the Py and Pg sidelobe suppression pulses. It 1is also used on receive, where
comparison of the amplitudes cf the same signal received on the sum pattern
and the control pattern permits rejection of signals received via a sidelobe
of the sum pattern. ‘

To perform its function, the gain of th: SLS control pattern exceeds that
of the sum pattern in all directions except those corresponding to the main
beam of the sum pattern, 1.e., It should "cover” the sidelobes of the sum
pattern. :
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Historically a separate antenna has been used to generate the SLS control iy
pattern which has nearly constant gain as a function of azimuth, {.e., is g
onmidirectional {n azimuth; the control pattern is thus referred to as the
omni () pattern. However, other control pattern characteristics are employed
such as that associated with an SLS antenna designed as an "integral” part of
the sum and difference antenna. Generally this approach employs an auxillary
control pattern radiator in the rearward direction to ensure adequate coverage
of the sum backlobes.
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Antenna Configuration

The Mode S antenna system mzy elther stand alcne, mounted on its own
pedestal, or it may share a pedestal with a radar sensor. The latter will
normally be the case when a Mode S and radar are collocated.

A

- .Z«,.',aif =,

L)

When sharing a pedestal with a radar antenna, the Mode S antenna may employ
a completely separate radiating structure, mounted, for examnle, above the radar
antenna. On slowly rotating radar antennas (long-range air route surveillance
radars which rotate at 5 to 6 rpm), tack-to-back Mode S antennas may be used to
realize a data update rate :wice that of the host radar.

o mae— e

) Sur gy

The back-to-back antennas may be mounted atop the collocated radar
antenna 1f space permits. If space is restricted, such as in a radome, tne
forward antenna may be chin-mounted on the radar f=ed support boom with the
rearward anfenna mounted at approximately the same height un the backside of the
radar antenna.

o A e
S TR

Some en route interrogators operate jointly for the benefi%t of both the FAA
and the Military Air Defense Command. In this situation the antennas and
associated microwave signal paths may be configured to allow the military
exclusive use of one antenna (the front face) for their Moda2 4 surveillance b |
purposes when requested. Each such military requast would generally encompass an
azimuth wedge of from 10 to 30 degrees within a single scan. The enroute Mode S
update racte, would of course, revert to one-half of the normal rate during this
interval.

A block diagram of the configuration of a Mode S sensor and military

Interrogator operating jointly is shown in Fig. 3-8. -

Azimuth Pattern Characteristics ;
The choice of azimuth beamwidth 1is constrained by two conflicting '?

requirements. A broad beam results n a higher target capacity, i.e., the sensor

can provide discrete-address surveillance and data-link service to a larger

number of alrcraft (see Chapter 5). A narrow beam provides higher azimuth i 1

measurement accuracy. The most generally useful range of 3—dB azimuth beamwidth
for the Mode S sensor appears to be 2.4 to 4 degrees.

Both sum and difference patterns rust have low amplitude azimuth
sidelobes to minimize the effects of sidelobe interference on reply detecticn
and monopulse azimuth estimation.
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Elevation Pattern Characteristics

A rapid cutoff of the antenna patterns at the horizon 1s desirable to
minimize the energy incident on, &nd reflected by, the ground, and thereby

Lo .

(a) decrease the magnitude of lobing; and
(b) reduce the error introduced in the azimuth mcasurement due to
off-axis multipath signals.

While the specific requirements on lower adze cutoff are highly site—dependent,
a cutoff rate of approximately 2 dB per dzgree appears adequate for most typlcal
site environments.

Above the horizon, the Mode S sensor must provide coverage to elevation
angles of 30 to 40 degrees. Current beacor sensors use antennas having
relatively constant gain with elevation angle (termed sector beams); used with
sensitivity-time control (STC), this minimizes the dynamic range requirements
of the receiver. A more tapered pattern (intermediate between the sector beam
and the cosecant-squared pattern {requently used in radar applications} is
preferred for Mode S. The tapered pattern has greater gaiu near the horizon,
providing a higher fade margin for long-range, low-elevation angle targets.

Its lower gain at high elevation angles is balanced by the reduced range of
aircraft at those elevations.

T T et e e I e s

Each of the above patctern characteristics 1s typified in Figs. 3-9(a) s
and 3-9(b). Figure 3-9(a) illustrates the measured elevation pattern of a -
representative Mode S five—-foot open array designed for constant galn with
elevation angle. Figure 3-%(b) illustrates the mecasured elevation pattern of
a five-foot open array with a more nearly cosecant-squared characteristic as a
function of elevation angle. Both antennas have a sharp lower edge cutoff.
The peak-+of-beam gain of the tapered pattern antenna is approximately 3-4 dB
greater than that of the constant gain antenna (not shown in figures).
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MULTICHANNEL RECEIVER

The multichannel receiver accepts the three RF signals from the sum,
difference, and omni (control) patterns of the antenna system, and produces
three outputs for use by the ATCRBS and Mode S reply processors. These outputs
are: 3

(a) log & - the log amplitude of the sum pattern signal; =
(b) log @ - the log amplitude of the omni pattern; and ’
(c) £(A/Z)- a bipolar videc signal proportional tc the ratio of the

amplitudes of the difference and sum pattern signals. .

The log I signal is the "principal” recelver output, used for the
detection of reply pulses. Comparison of the amplitudes cf the log I and log @
signals indicates whether a pulse detected in the log I output was received
via the mainlobe (log I >T* + log i) or via a sidelobe (log I <T* + log 92, of

i

*4 preset threshold.
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five-foot open-array antennas.
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the sum pattern. The digiti:ed value of the f(A/L) signal from each received
pulse 1s compared with a prestored antenna/receiver calibration curve to
provide an estimate of the angle of arrival of the signal relative to the
antenna boresight.

Figure 3-10 is a block diagram of a possible realization of the
mult{-channel receiver. The figure fllustrates tha use of the so-called
“"half-angle monopulse processor” to generate a f(A/L) output which is
unambiguons (i.e., single—valued) over the full range of values of A/I
approximately according to the relationship:

£(a/%) = 2 tan~l (A/I).

The half-angle monopulse processcr provides a highly accurate and stable
calibration characteristic over a wide range of input signal amplitudes.

MODE S REPLY PROCESSIN

Mode S reply processing operates on the multi-channel receiver outputs to
detect and decode Mode S all-call and roll-call replies, and to generate an
estimate of aircraft range and azimuth from each detected reply. The principal
steps in Hode S reply processing are depicted in Fig. 3-1l.

Preamble Detection

Mgd& S replies are detected on the basis of the four~pulse preamble
waveform preceding the reply data block. Tte preamble detector provides
accurate time—wf-arrival estimation for aircraft ranging and for synchronization
of message bit processing and reply decodiag.

In the case of rerlies to roll-call irterrogations, channel management
provides to the preamble detector an estimate of expected reply time and an
uncertainty window. A reply 1s accepted only if its preamble is detected
with®n this window#. Since the reply processor cannot start decoding a new
reply when it is still decoding an earlier one, the use of this window
minimizes the probability that the reply decoder will miss the desired reply
due to Mode S fruit.

Message Bit Processing

Message bit processing operates on sampled video waveforms to produce a
sequence of demodulated message bits, and a confidence bit (high or low) for
each demodulated message bit.

Since a message bit 1s transmitted as a pulse in one of two possible
positions, depending on whether :he bit value is a O or a 1, bit decisions are
based primarily on the relativ* amplitudes of the signals received in these
two pulse preitions. A sidelobe flag 1s used to help resolve ambiguous
situations shich a signal is received in both pulse positions.
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Fig. 3~-11. Mode S reply processing.
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Bit decisions are indicated as high confidence only when a mainbean :
signal appears in one pulse position, and either no sigral or a sgidelohe
signal appears in the other.

Message Decoding and Error Correction

Message decoding uses the parity check cods to detect errors in the L
demndulated mnessage. Since the parity check tits for roll-call replies are ’
combinea with the transponder address, the decoder must kpmow the expected . j
address (supplied by channel management) 1in order to perform error detecticn. :

Whenever a decoded reply contains errors, error correction is attempted .
if the total number of low-ccnfidence bits in the reply does not exceed a
preset threshold. The use of this threshold minimizes the possibility of
erroneously “correcting™ a reply that contains a very large number cf errors.
Error correction will te successful only if:

(a) all errors are confined within a span of 24 contiguous bits, and
(b) all errors occur in bits flagged as lew confidence.

Garbling by a siugle strong ATCRBS reply, which can result in bit decision
errors spanning no more than 24 bits, usually results in a correctable error
pattern. Thus, with hizh probability the Mode S date block will be correctly
decoded unless it 1s garbled by more than cne strong ATCRBS reply.
& -
- ATCRBS FEPLY PROCESSGING

The ATCRBS processing sutsystem has been designed to produce accurate, ;
reliable target repovrts at low interrogation rates in order to maximize the ;
channel time available for the roll-call mode of operation. Monopnulse '
informatiun is used both to determine target azimuth and to assist in the .
decoding of overlapped replies. Sidelobe fruit replies are detected and rejected
by RBomparison of the signal amplitudes received on the sum and omni patterns. ;
ATCRBS Mcdes A and C replies are processed, and the extracted codes included !
in the target report.

"

ATCRBS reply processing takes place in three successive steps (Fig. 3-12):
{a) Reply decodirz operates on the three video ou:puts of the .
multichannel receiver to detect ATCRBS replies, and, for each ;
detected reply, provides an estimate of target range, azimuth, code
and code conflidemnce.

(b) Reply correlation attempts to combine all replies received
from an aircrarft during one interrogator antenna scan into a single
target report containing target range, azimuth, code and code :
confidence for each mode (A,C) in which the target responded.

(¢) Report-to-track correlation edits, and corrects as necessary,
target reporte by comparing them with a track file generated from
reports recelved on previous scans. This step assists in the :
elimination cf mainbeam fruit, the flagging of false targets, and i
the correction cf missing and garbled code pulses.
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Fig. 3-12. ATCRBS reply processing.
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The first two steps are described in the remainder of this section. The
final step, report-to-track correlation, is discussed in a later section on
surveillance processing.

Reply Decoding

The major elements of ATCRBS reply decoding are illustrated in Fig. 3-13.

Video Dlgitization: provides a digital represencation of pulses whose
widths are within an acceptable range. This representation includes leading
edge location, a monopulse sample, and a sidelobe rflag. Overly long pulses are
assumed to have resulted from an overlapping of pulses frcm two replies, and
pseudoleading edges are inserted tased on the observed trailing edge
position.

A monopulse sample is produced for zach pulse of acceptable width, except
for pulses whi ‘h are overlapped encugh to result %‘n garbled monopulse
samples,

Bracket Detection: 18 based on the detection of two pulses In the leading
edge data stream that have the appropriate spacing (~ 20.3 us). Bracket pulse
pairs for which both pulses are flagged as sidelobe pulses arce not declared,
and thus sidelobe replies ere not decoded.

Garble Sensing and Phantom Elimination: Garble sensing is based con the
time separation of two detected bracket pairs that would result in
overlapping pulse decode regions for the two replies. The incorrect
declaration of a bracket pair made up of pulses from two garbling repiies is
termed a "phantom.”™ Phantoms produced by two garbling replies will be
correctly eliminated if no additicnal garbling reply occurs for 20.3 us.

Code Extraction: Code extracticn is inftiated by the declaration of a
bracket pair thzt Jefines the possible information pulse locations. Information
pulses are associated wich a reply (bracket pair) on the basis of thelr leading
edge location relative to the bracket pair and their monopulse sample values
relative to a monopulse reference. The initial monopulse reference is the
monopulse sample of the first framing pulse, except when that pulse is in a
possible garble region of an earlier reply or is labelled as sidelobte. If the
first framing pulse is not suitable, the monopulse sample of the second framing
pulse 1is used as the moncpulse reference. If that pulse is also not suitable,
the reply is rejected.

Each information pulse decision is accompanied by a confidence bit (high/
low confidence). A pulse is deccded as high coriidence, '1', if it falls
within one of the acceptable pulse decoding regions of the reply being decoded
and its monopulse sample correlates with the monopulse teference of that reply
and not with any garbling reply (if any). A pulse position 1is decoded as high
confidence, '0O', if no pulse 1= detected in its decode region and no pulse
leading edge Is detected 1In the sauple position just ahead of this decode
region.
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Fig. 3~13. ATCRBS reply decoding.




Monopulse Estimation: Each pulse which liee within a valid information
pulse position of a detected reply and which correlates with tne monopulse
reference of that reply is used to update the reference by averaging the
reference value and the sample value. Tae monopulse estimate for a decoded
ATCRBS reply is the final value of the monopulse reference for the reply at the
time the F; pulse has been processed. in order to avoid an erronecus monopulse
estimate because of a bad reference sample at the start of pulse decoding, an
ATCRBS monopulse estimate is not declared unless it includes at least two
monopulse samples.

Ek ply Correlation

The function of reply correlaticn is to combine all replies received from a
transponder in one scan Into a single target report. Each reply received from
reply processing is correlated (compared) in range, azimuth and high-confidence
code pulses with existing target report files. If a reply does not correlate
with any existing target report file, a new file i1s started with the veply.

Code correlatiocu is done by comparing only high—confidence code positions
of a reply with the high-confidence code pcsitions of the code estimate
contained in the tacget report file. This code estimate (Mode A or C) is
updated by forming a unew estimate consisting of the composite of the current
file code estimate and the high confidence code positions of the correlating
reply. Likewise, the composite confidence bit sequence for each reply mode is
updated by adding to the high confidence positions in the target report file any
new high confidence pusitions in the correlating reply.

The azimuth estimate provided in a target report consists of the azimuth
estimate of the reply closest to boresight when replies are received only on
one side of boresight, or the average of the azimuths of the two replies which
straddle boresight.

SURVEILLANCE PROCESSING

Surveillance processing maintains target files on all ATCRBS, Mode S, and
radar-only aircraft within the sensor's coverage volume. Its principal
functions are:

(a) To predict next-scan position of Mode S aircraft for interrogation
scheduling;

(b) To edit and correct ATCRBS target reports based upon data from
previous scans;

(c) To perform radar/beacon correlation of target reports from a
collocated radar;
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(d) To filter radar-only target reports based upon data {:om previous
scans;

{(e) To dissemlnate composite ATCRBS/radar, ~ode S /radar and radar-only
surveillance data to ATC users.

The data flow between the principal elements of survelllance processing
is 1llustrated in Fig. 3-l1l4.

Mode S Surveillance Processing

Mode S surveillance processing (Fig. 3-15) operates on the set of Mode S
replies received from an aircraft during a scan to produce a target report on
that aircraft and a prediction of its position on the next scan.

A single Mode S repert for a given address is selected to represent the
surveillance data for each track. Many replies with the came address may be
present, either because of multiple roll-calls for data-link activity or because
this aircraft is just being acquired and has answered an all-call. The report
selection process includes finding the reply that is near beam center to
maximize azimuthal accuracy, and also finding the reply at shortest range to
exclude false (reflected) targets.

The Mode S all-call reports whose addresses 4o not match an existing track
are examined in the track initiation process to determine 1f an address match
can be made with uncorrelated reports held over frorc the previous scan. When
a match 1s found, a test for false track due to reflection 1s made; 1if the
test 1s nejaiive, a newlv-initiated track is entered into the surveillance
file. The still-unmatched reports are saved for one scan and are also used in
radar correlation.

The occurence of synchronous garble of Mode S all-call replies is signified
by the receipt of two or more undecodable all—-call replies at a coansistent
range during a beam dwell., When this condition is detected, an acquisition
track Is initiated at the range and azimuth of the detected reply. Channel
management will then schedule stochastic Mode S-only all-call interrogations for
this track when 1t appears on the active target list. If a successful reply
i8 received, the aircraft will then be discretely incerrogated and locked out
to rcmove it from the garbling set. Acquisition tracks are only retained for
one scan since continued garbling will resulf in generation of a fresh
acquisition track each scan.

Finally, all Mode S reports that match with tracks, and radar reports that
correlate with coasted tracks, (i.e., tracks that were not matched to a Mode S
report this scan), are used to updace and project the Mode £ track ahead one
scan. This new projection is used by channel management to deteimine when to
schedule the next roll-czll interrogation to the aircraft.
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ATCRBS Surveillance Processing

ATCRBS surveillance processing (Fig. 3~16) edits, and corrects as ‘
necessary, ATCRBS target reports by comparing reports received on the current i
scan with target tracks derived from reports received on previous scans. Editing
includes eliminating residual fruit replies which may have been passed by the
ATCRBS reply correlator, and flagging reports suspected of being due to
reflections, f.e., false targets. When target reports correlate with an existing
track, missinz or low-coufidence code bits may be corrected by insertion of the
corresponding bits from the track file.

‘ The lack of a unique identity code as part cf each ATCRBS reply (as opposed
to Mode S repiies) makes necessary a report-to-track correlation function as
the first step in ATCRBS surveillance processing. Report-to-track correlation is
based upon the several attributes of the report. A report is said to be
associated with a track if it falls within a specified range, aziauth, altitude
association interval. Then, 1f only one ATICRBS report associates with a single
track, that report/tracl: pair is declared correlated. For those cases where more
than one report associates with a track, or more than one track assoclates with
a report, or both, report and track correlations are based upon the following
factors:

(a) code match
(b) number of replies in the report
(c) altitude match
. (d) track maturity
®. - {(e) distance parameter.
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- Dﬁring track update, a special code situation is sensed. If the Mode A

code of the report does not match the code of the track, it is assumed ti.at a
code change has been made in the aircraft and a transition situation is noted.
After three scans of consistent new code, the track file code 1is updated.

ATCRBS fruit are discarded by rejection of all reports that do not
# correlate with a track and which are comprised of a single Mode A reply, a
single Mnde C reply, or two replies - one Mode A and one Mode C.

The test for determining whether a report is false (i.e., due to a
reflection) is initiated by comparing the ATCRBS report azimuth with a stored
table of reflections zones. If the reoort {s in one of the reflection zones,
then an image location 1s calculated and compared against known tr:cks. If a
known track with matching altitude and Mode A code could have caused the report,
the report and any track started from it will be tagged as potenti:zlly false.
Each scan thereafter, the false track is examined to see if it continues to
satisfy the "false track™ criteria.
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RADAR REPORTS CORRELATED WITH COASTED TRACKS

ORAl
CCRRELATED REPLATS
— COASTED TRACKS
REPORT TO
ATCRBS TRACK TRACK REPORTS USED 1O TO RADAR/BEACON
REPORTS CORRELATION UPDATF INITIATE NEW TRACKS CORAELATION
UNCORRELATED
REPORIS

FALSE TARGET

FLAGGING
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"

-
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Fig. 3-16. ATCRBS surveillance processing.
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Radar/Beacon Correlaticn

The last step in beacon survelllance processing prior to data dissemination
is the comparison of radar reports from a collocated radar with the result of
Mode S and ATCRBS report processing.

A radar report correlates wirh a beacon report or track if it satisries
certain distance criteria. When a radar report and a beacon report correlate,
t' 2 beacon report Is sald to be radar reinforced. When a radar report correlates
Wi Y a beacon track for which no beacon report was received during the current
scan, the track is updated using the radar report, and a radar substitution
report is disseminated. :

Radar Surveillance Processing

Radar surveillance processing (Fig. 3-17) compares curr:nt scan rader
reports with those received on previous scans in order to filter out reports
representing false alarms from clutter, birds, automobiles, or other svsiem
2ffects. Only radar reports not correlating with beacon reports or tracks
enter into this process, thus preveutiug two tracks from peing created for one
aircraft. Only radar reports correlating with existing radar tracks are
output, thereby preventing a high false alarm rate from affecting
surveillance 1link throughput.

Since radar ceports have neither an identity code nor an altitude, both
the report-to-track correlation and track initiation procedures are more
subject to errcr than with ATCRBS reports. The process of association !s
essentially one of range and azimuth testing, although the presence of doppler
velocity in an MTD radar system provides another, although weak, association
attribute. ’

T> overccme the higher false alarm rate and lack of correlation criteria,
radar tracking 1s more cautious than the ATCRBS version. In particular:

(a) more reports are required to initiate a track,

(b) reports are flagged in certaln site~dependent areas
known to contaln roads or severe clutter,

(c) wore smoothing is employed in the prediction equations.

Surveillance Data Output

At the completion of survelllance processing there are several :lasses of
reports to be disseminated. These zre:

(a) beacon, radar reinforced;

(b) beacon, not radar reinforced; .

(¢) radar correlated with coasted beacon tracks; and
(d) correlated radar.
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CORRELATED REPORTS TO DATA DISSEMINATION

LEFTOVER ! REZPORT
RADAR O-s={ T1C TRACK r=] TRACK UPDATE
REPORTS CC Y-ELATION
)
¥
RADAR
SURVERLANCE
1 FRE
FALSE ALARM §
FLYERING
REPORTS NOT TRACK UNCORRELATED REFOARTS
CORRELATED TO TRACKS INTIATION
A
v i
i

\\ LAST SCAN‘\
UNCORRELATED

| / J
* /  REPORTS

Fig. 3-17. Radar surveillance processing.
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Reports are selecied for dissemination to connected ATC facilities through
the use of a site adaptible dissemination map. 7This dissemination map defines
the areas of interest for each ATC facility in terms of a minimun and maximum
range and altitude for each 11 1/4° azimuth sector.

DATA LINK PROCESSING

Data link processing rcgulates the flow of messages on the air-ground link.
This 1s accomplished through the maintenance of a file, called the active
message list, which contains a record of all of the pending communications
activities., Entries in this file are organized by Mode S address and are used by
channel managemert to determine the number and type of interrogatlons and
replies to schedule for an aircraft when it is available in the antenna

main~beam.

As shown in Fig. 3-18, the two major subfunctions of data link processing
operate to update the active message list. Input processing handles messages
received from ground users of Mode S and in general is involved with additjons
of ground-to-air messages to the active message list. Output processing examines
the transaction record prepared by channel managemeat. The transaction record
together with reply message contents indicate which communication activities are
complete and which, if any, transponders are requesting an air-to-ground message
transfer.

Input Processing (Fig, 3-19)

Communic&tion messages (Ref. 6) are received from the ATC interrface. Ibn
order to be considered for Jdelivery during the current scan, a wme:sscie must be
received by the sensor at least two sectors (22 1/2°) ahead cf the azimuth at
which the addressed aircraft will enter the antenna beam. A test is made to
determine the status of the addressed Mode S aircraft in the local surveillance
file, If the Mode 5 aircraft 1s not coantalned in the file, an immediate message
reject notice 1s generated and sent to the message originator. If the Mode S
aircraft is in the file but has not replied to interrogations for one or more
scans, Tequests for uplink delivery will be accepted but the sender will be
issued a message delay notice. The message type is detected and the active
message list is updated. is upuating takes place according to an implicit and
a user—defined priority. The implicit structure of data link processing and
channel management places downlink extended length messages at a lower priority
than the storter, staudard wmessages or uplink ELM's. Further priority
assignment can be made by the ATC authority. If a message is flagged as
priority, then it enters the active message list for the addressed aircraft
ahead of any pending lcw priority messages of the same category.

Output Processing (Fig, -3-20)

Mode S replies from the current scan are checked for an indication of
successful uplink messiage delivery and for requests for new air-to-~ground
message transfers. Downlink messages included in the replies are dztected,
flagged as complete, and routed to intended recipients as indicated by
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Fig. 3-18. Data-Link processing.
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- : crossing-or a track state change. Either of these events will cause contres

information stored in the active message list (for ground-initfated messages),
ov to all appropriate ground facilities (for plloc-initiated mezssages). In the
latter case, the dicssemination rules depend on the character of the downlink

message (as defined in a message definition subfield) and on aircraft position.
The final tacsk involves updating the list to reflect additions and cowmpleticrs 4
this scan, and the generation of delivery notices.

t

NETWORK MANAGEMENT

Network management provides for continuity of surveillance and data lirk
services in situations where adjacent sensors have overlapping coverage. Whan
netted, Mode S sensors exchange surveillance data tc hand off targets between
sensors and to malntain surveillance continuity and rapid target reacquisitior 4
in the event of a temporary link interruption. This multicensor zoordination ..z
directed by the network management function, operating under ti:e control of tu:
sensor coverage map. 1

An overall block diagram of the network management functisn is presented .1
Fig. 3-21. Once each scan, each Mode S frack 1s processed by coverage
coordination to determine if a boundary crossing has occurred. For non-nette:
sensors, this event will cause the coverage coordination function to manage =
Mode S lockout scatus in order to permit acquisiticn via all-call
interrogations. In the case of netted sensors, a check is made for a boundars

t

message handling to initiate a sequence of messages. The former results in s
flow. of track deta to the sensor whose boundary was crossed; the latter resulizs
in a request, or cancellation of a previous request, for surveillance data zc
£f111 in during a link interruption. Control message handling aiso processes
network rontrol messages from adjacent sensors and ATC facilities and retricus:
or stores data in the survelllance file as required.

The Coverage Map L4

The extent and type of coverage to be provided by each sensor 1is ’
controlled by a data file known as the sensor coverage map. In geaeral, two ]
major boundaries are defimed by this map;

(a) the maximum range at which the sensor is to provide
surveillance coverage, and
(b) the area where the sensor 1is assigned primary respoasi>ility
(for uncontrolled aivcraft only). o

The coverage map 1s Iimplemsated in a p - 6 grid as shown in Fig. 3-22. For ea::

element of ithe grid, termed a cell, a sensor priority list is specified, wich

a lower altitude cutoff defined for each sansor. The position cf a srnsor in

the list specifies 1its surveillance function in that cell; primary, s.condarv,

or backup. Sensor coverage boundaries are tnus defined by a change in sensnc

ordering bhetween adjacent cells. For each cortrolled aircraft, z message frecu

ATC facility assigning primary or secondary status has the effect of

overriding the map designation. )
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In the event of a sensor failure, that sensor is flagged as inactive,
effectively deleting it from the sensor priority list. 1In this way the primary
and secondary coverage areas of active sensors are automatically enlarged to
take over (to the extent posslblej the area formerly serviced by the falled
sensor. In the event of failure of sensor-to-sensor commuaicatioas for a netted
sensor, the sensor affected is temporarily treated as non-—connected. That {is,
alrcraft are unlocked to Mode S all-call interrogations at the surveillance
boundaries of this sensor in order to permit acquisition by its normal all-call

interrogations.

Coverage Coordinaticn

Figure 3-23 1llustrates the elements of the coverage coordination
subfunction. The current position of the track is used to determine the present
cell index. If the cell index has wnot changed since the last scan, and no
fatlure/recovery of an adjacent sensor has occurred, no further action on
coverage assignment is done. Otherwise, the sensor priority list for this cell
is retrieved from the coverage map, deleting thcse sensors that the performance
monitoring function has declared to be in a falled state, Tnre resulting sensor
assignment i{s compared to the previous assignment (stored as part of the track
record) to detect the occurrence of a boundary crossing. If one is detected,
the actlon depends ®upon whether or not the sensor is netted to adjacent

Senscrs.

Netted Configuration

In configurations where the local and adjacent sensors commuriicate via a
common ATC facility, an Indication 1s passed to control message handling to
initiate the appropriate sequence of messages.

The present track state is then compared to the previous state to detect
the beginning or end of a link interruption. Again, an indication 1s passed to
control message handling to begin or terminate the flow of adjacent sensor data.
An additional check 1s made to determine if the track was just initiated as a
result of the local sensor's zll-call interrogations. If so, survelllance data
on this track is disseminated to the other assigned sensor(s) in the cell by
control message handling, using the same message sequence as for a surveillance

boundary crossing.

Where the new cell data indicate a primary/secondary status different from
the one in effect for an uncontrolled alrcraft, a primary coordination message
exchange is Initlated. A typical primary coordination exchange involves a local
sensor initating a request for primary assignment to an adjacent sensor when an
alrcraft first enters the local sensor's primary coverage area. If the adjacent
sensor has not as yet acquired the track then it will respond with a "primary
approved” message. If the adjacent sensor has the aircraft in track and
assigned primary (due to the overlapping primary assignment needed for
continuous primary coverage) then it will send a “"primary dicapproved” message.
The coordination is completed when the adjacgnt sensor's map no longer indicates
primary status for this aircraft. The adjacent sensor sends a request for
secondary asslgnment to the local sensor and assigns itself secondary when an
"accept primary” response 1s received.

92



P

LR LI R <S8

-l * -" —l

1

USSR T

Btk e

[

PSS

s

FINCI
AP

3

,
2
Yeta

f

R
I

.

* S“.:r‘

cii® R Y v e el

.

S el .
» Al e Tk

»

ke

v
2'a’sa’a

PPT JA AN

FITINN

gt ARl 2 Nt s

LN

i

Fr e T T T T T T T T T T Y

CUPRENT A3SmsENT |
| UPDATE )
1mack |
! RECOMD L a
! fy~ati 8 !
MOON @ .
H LOCTK-OUT
! f Vomveniamcs
S 1 . A RO~OF P &
COmpArE ogriIcT )
SURVERLANGE DETENMINE | g [LALT 1Y B PREQENTY TO |l  gouBEDARY M
me CELL mOEX ceLL uet raLvIoUs cn | caca uatiom
ASERINMENT I
agco i cournoL
I | [TYy e
' HANOL 309
| Lo
BTER TP TION
| SEwsom 1D FOM 32308 . hd
PERFORMANCE GR Cona FAILURE crezk cHack ) RICOYRRY
HONITORING 1 TRACK sTATE STATS CHANGE s et
e P R I
—
\ » NITTI® CwERORS OSLY

COVERAGE kAP

Fig. 3-23. Coverage coordination.
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Certain events cause a sequence of messages to be exchanged between Mode S
sensors. These events, and the resulting messages, are listed in Table 3-l.

Messages on ATCRBS targets are lirited to an exchange of track data on

" request for Mode-~C equipped alrcraft. The sequence of ATCRBS control messages

used to establish this exchange is similar to that shown in Table 3-1 for the
Mode S track state change event.

Non—netted Configuration

T LT - '4 N
LR R W S

In configurations in which an adjacent assigned sensor does not communicate
with the local sensor (either permanently or temporarily because of
communications failure), it 1s necessaryv to provide another means of
surveillance handoff. This can be accozplished by using site-addressed all-call
interrogations or, alternatively, by intermittently unlocking each Mode S
aircraft to all-call interrogations for a few scans. The piarameters for a cycle
of unlock and lock periods for the latter approiach are chesen so as to minimize
possible interference while providing adeguate opportunities for z2cquisition.
Communication coordination for either configuratinn is haudled by the
transpogdgr multisite communicaticns features.

el
TABLE 3-1
CONTROL MESSAGE HANDLING
Event Message Sequence To/From
Surveillance Handoff Send Data Start to The New Active
Send Track Data to Sensor in the Cell
Recelve Cancel Request fronm
Send Data Stop to
Track State Change Send Data Request to The Other Active
.Send Data Start from Sensor(s) 1in the
Recelve Track Data from Cell
Send Cancel Request to
Receive Data Stop from
All-Call Acquisition Send Data Start to The Other Active
: Send Track Data to Sensor(s) 1in the
Receive Cancel Request from Cell
Send Data Stop to
Primary/Secondary Send Request for Primary/ The Other Active
Coordination (for Secondary Assignment to Sensor(s) 1in the
uncontrolled alrcraft) Receive Primary Approved/ Cell *

D.sapproved/Accepted from
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PERFORMANCE MONITORING
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The abilitv of the sensor to perform {ts surveillance and communication
tasks Is continuvously checked by the performance monitoring function
(Fig, 3-24). Three categories of checks are performed:

LA

(a) Overall checks for proper surveillance and data-link operation.

(b) Internal checks on the status of the sensor hardware and software.

(c) External checks on the status of adjacent sensors (when netted) and
their ability to provide the local sensor with correct surveillance
data.
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The results of these checks are evaluated once per scan to determine the
status of the sensor, Possible status conditicens are:

»

Tay
o

)
U

(a} Normal operation (condition green) =~ no abnormal indications.

{(b) Marginal operation (condition yellow) - operational but
becoring marginal.

(c) Falled state (condi“ion red) - sensor operation ceases.

NS
FaPagr SRl WY

‘

Declared sensor status {s reported once per scan to the ATC {interface aloag
with condition codes that define the reason(s) for the yellow or red
condition. A siuplified version of this message indicating only the declared
congdition is sent to all netted adjacent sensors.

P

Ll ket

P

;:: The sensor performance monitoring function interfaces with the TAA's
i}: remote maintenance monitoring subsystem (RMMS). The RMMS also receives the
PR sensor status c2ssage and, in addition, has the capabiliity of remotely
"'3 controlling sensor functions such as initial lecading and start up, parameter
o modification and the switching of redundant elements.
jj: Calibration Performance Monitoring Equipment (CPME)
'"t The CPME 1s a transponder-like device, several of which are deployed in
J close proximity to each sensor.
Ad
o CPME's serve as the basis for the overall operational surveillance checks
bj by providing replies from "alrcraft”™ with known identification and position
Y (range, aziwmuth, altitude). Overall operational communication checks are
i performed by locp tests with the CPME. In these tests an uplink test message
i delivered to the CPME causes it to initiate a downlink message with the same
7 text as contained in the uplink message.
el
i: The ability to obtaln survelllance data from an adjacent aetted sensor is
A4 also checked using the CPME. In this case, the local senscor recuests data on
‘2Q the CPME of an adjacent sensor. Data recelved in response to the request are '
1 : checked against the stored data to verify correct delivery.
A \
r’ MESSAGE ROUTING “MANAGEMENT \,
o5 .
iﬁ Message handling between sensor functiqns and the external interfaces is
A performed by the sensor message routing management function. The principal
g flow of messages Is from the external interface to the local network
e management, performance monitoring and data link procegsing functions.
R Additional tasks are performed on outgolng messages, particularly to support
‘-ﬁf requirements of data link users not connected to ATC facilities.
o
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Fig. 3-24. Performance monitoring.
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CHAPTER 4

THE MODE S TRANSPONDER

LR P Y
{

The Mode S transponder receives and decodes ATCRBS and Mode S
interrogations, recognizing which Mode S interrogations are addressed to it*.
Based upon the type of interrogation, and the contents of the control field in
the Mode S interrogation, the transponder formats and transmits the appropriate
v ATCRBS cr Mode 5 reply. As in the case of an ATCRBS transponder, inputs from an
encoding altimeter are required for altitude reporting.

PR

a

For data link transactions, both standard and ELM, the transponder acts
as a modem. Uplink messages, once verified**, are passed on to external

PAE SRR P

¥

: display devices. Downlink messages are accepted from external message input

; devices, encoded by the addition of parity check bits, and transmitted. The

A transponder dces not interpret or modify in any way the contents of such

: messages.

4

3 By keeping most data link functions external to the transponder, the

g complexity and cost of the basic transponder can be kept at the minimum

§ required for its survelllance functions. The additional costs associated with
3 the dat® 1ink functions are incurred only by users desiring those services.

) #kode S transponderz may be equipped with a standard message interface,

- providing outputs to standard message input/output devices. Only transponders
- used in Iinstallations with data link deviczs will need the additional logic and
B control functions required for accepting and transmitting extended-length
:q me3sages.

ﬁ The? Piiot iInterface -~ Controls and Indicators

S

Figure 4-1 depicts the contrels and indicators of a Mode S transponder as
they might be arranged on the front panel of a general aviation transponder.
(The same functions would be provided for an air carrier transponder, but as
part of a remotely-mounted control head.) All normal ATCRBS controls and
indicators are retained, including:

4C96 code selector
Ident button

ATCRBS reply indicator
Power switch

S ) AR R
T a et 62T L L piiaom 2" Y

*Each Mode S transponder must be able to recognize the discrete address set into
it, and the address used in Mode S-only all-call interrogations and one-way,
broadcast transmissions.

**Recognition of its address is implicit verification that the contents of the
interrogation were correctly decoded.
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In the "ON" position of the power switch, altitude reports are included
in Mode C and Mode S replies. A "NO ALT” position is included to inhibit
altitude reporting in both Mode C and Mode S.

Each time the pillot changes the transponder's 4096 code an alert code is
automatically set in the next Mode S reply. The interrogator then reads out the
new code which possibly could report an emergency condition. This scheme
allows the 4096 code to be used for limited alr-to-ground communication. The
alert code is transmitted to the ground for 18 seconds unless the 4096 code set
by the pilot indicates an emergency, in which case the alert persists until the
emergency code is removed by the pillot.

Performance Characteristics

The performance characteristics of a Mode S transponder are similar to
those of an ATCRBS transponder designed fer the same class of service. In fact,
when operating in the ATCRBS mode (receiving and replying to ATCRBS
interrogations), the Mode S transponder conforms to all requirements of the
ATCRBS transponder Technical Standard Order. Power output and sensitivity
requirements for Mode S transponders are as follows:

Max. altitude < 15000 ft

Max. speed < 175 kt All Other Aircraft
Minimum Power Output 18,5 - dBW 721 dBW
Maximum Power Output 27 dBW 27 dBW
Sensitivity =74 3 dBm =74 £3 dBm

The values for sensitivity and power are measured at the antenna end of
the cable between the transponder and antenna.

Two important performance characteristics peculiar to the Mode S
transponder are:

(a) The Mode S reply delay (the time between the sync phase reversal in the
Mode S interrogation and the beginning of the reply) 1is 128 ps. This
provides sufficient time for t.e transfer of the message contents of
the interrcgation to an external device before beginning transmission
of the reply.

(b) In order to enhance Mode 5 link reliability in the presence of
interference from ATCRBS interrogators, the Mode S transponder 1s
required to recover 1its sensitivity for Mode S5 interrogations rapidly
following the receipt of an ATCRBS PI-P2 suppression pail-, and to
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decode Mode S interrogations in the presence of interfering pulses
whose amplitudes are at least 6 dB below that of the Mode S
interrogation.

Block Diagram

The principal elements of the Mode S transponder, and their
interconnection, are depicted in Fig. 4-2. Many elements are similar or
identical to the corresvonding elements of an ATCRBS transponder, In
particular, the RF units, comprising the receiver, transmitter, and modulator,
are essentially identical to the corresponding ATCRBS units.

Diversitz

All aircraft types exhibit nulls in certain directions in their transponder
antenna patterns due to alrframe shielding. While these nulls are generally
confined to angles above the norizon, and thus do not seriously affect the
ground~to-air link when the aircraft is in straight and level flight, thejy can
cause degradation of the link when the aircraft is in other flight attitudes.
These nulls can cause fallure of the air-to-air link used by airborne collision
avoidirce systems,

. 1t Oorder to mainrtain adequate link reltability, 1large aircraft may
be equipped with a diversity transponder. Two antennas located so that at least
one 1s visible from any direction, are connected to the transponder. Probably
the simplest form of the diversity transponder is one that employs two
receivers, sel=ction logic, and a switch to connect the transmitter to either
antenna (Fig. 4-3). The selection logic examines the interrogation as received
on each antenna, selects the stronger signal and switches the transmission to
thd corresponding antenna for the reply.

Data Link Interfaces

Mode S transponders used for data link transactions may have two tvpes of
interfaces.

Standard-Length Message interface: A transponder with this interface is
capable of transfering data in both directions using the Comm—~A and the Comm-B
formats. Hence, the interface must also be capable of supporting all of the
requirements of the Comm-B air-to-ground message protocol. One feature of this
protocol 1s that it requires the transponder to reply to an interrrogation with
data that {s designated or selected by the contents of that interrogation.

This requirement can be met in either of two ways:

a. The transponder can be designed to buffer the content of the air-
to-ground data link messages internally, or

b. The transponder can be equipped with a data interface that trans-
fers the contents of an interrogation out of the transponder before
the reply is generated so that these contents can be used by an ex-
ternal device to select the appropriate data for inclusion in the

reply.
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o CHAPTER 5

i N PERFORMANCE

;{ To adequately support an increasingly automated air traffic control system,
& Mode S must provide reliable and accurate surveillance and data link

) communication for large numbers of ailrcraft. This chapter summarizes three

L

particularly important aspects of Mcde S performance: 1link reliability in the
presence of interference and fading, the azimuth measurement accuracy achievable
with off-boresight monopulse, and the target capacity of a sensor using

[t agr A

P roll-call interrogation.
¥

< LINK RELIABILITY

vi'

The term link reliability is used to denote the probability of a successful
link transaction cuch as a surveillance updatz or delivery of a Jata link

APl S0

¥
; message. Limitations on link reliability are primarily due to interference and
ol fading. This section summarizes these effects, illustrating the link

4 reliability achievable under various typical conditions.

., x,
.o

Link Power Budget

Table 5-1 gives Mode S link power budgets for an aircraft at 50 nml range
and 0.5° elevation angle, and using a typical antenna for a terminal
interrogator. Two uplink power modes are shown. Most interrogations are
transnitted at low power to minimize uplink interference. In the high power
mode the uplink and downlink have essentially equal fade allowances, and this
equality coutinues to hold at all cther ranges and elevation aungles.

BN VAl

. .
s w" e

v .

Interrogator Antenna lobing

PR e

The character and magnitude cf ground-reflection-induced vertical lobing
for interrogator antennas having different rates of lower—edge cutoff are
illustrated in Fig. 5-i, The figure compares the performance of (1) the antenna
used with the Mode S Experimental Facility (MODSEF) at Lincoln Laboratory,

=l
¥

g

o

RS

o (2) an ASR-7 antenna fitted with an SSR feed and (3) the conventional
5 "hogtrough™ antenna. Vertical lobing depends on, among other things, the extent

'

of flat ground in the vicinity of the antenna; the case represented in Fig. 5-1
is moderately severe iIin this respect, although not unusual. Oscillatory
behavior of the pattern is evident, with the worst fades occurring at about i
in elevation. Moderate changes in antenna height will shift the frequency -of
this oscillation within approximately the same envelope. The smaller null-depth
of an antenna having a vertical pattern with sharp lower-edge cutoff is evident
(Refs. 6 and 10).

o

(-4

RSN - 2.4

3
A
3}
-

Afrcraft Antenna Fading

* Installed aircraft antenna fading in free space is {llustrated in Fig. 5-2,
based on scale model measurzments (Refs., 7, 12, 13, 14, 15). Each curve shows
the probability of fade greater than a given magnitude for a particular type
aircraft in a particular phase of flight (level or turning). The data in this
figure are shown in separate plots according to whether or not the aircraft are
equipred with antenna diversity and whether or not they are in straight or
turning flight.

105




R P RETUEE g

PRI e e TRy m p g e e a e O

MODE S LINK PGWER BUDGET (TERMINAL SENSCR)

TABLE 5-1

‘ s S o
L e B VWY P IS S T U AL

UPLINK
PARAMETER HIGH POWER LOW POWER DOWNLINK
MODE MODE
Transmitter Power 59 dBm 50 dBm 57 dBm

v
il
2: Coupling loss, -1 dB
;) Sensor to Antenna
i 3
:'.-I Couplinyg Loss, - -3 dB
-i Transponder to Antenna
v Peak 21 dB
[“ Ground
2 Antenrna Slevation
%} Gain Factor (0.5 deg.) -5 dB
k} Aircraft Antenna Gain (nom) 0 dB
;3 free-space (50 nmi) -132 dB -132 dB -132.5 dB
A
o Path Loss
& Atmospheric -0.5 dB -0.5 dB -0.5 dB
”
ﬁ Received Power -61.5 dBm -70.5 dBm -64 dBm
E Minimum Triggering level ~77 dBa ~77 dBn -79 dBm
(V': :
H
2 Nominal Margin 15.5 dB 6.5 dB 15 dB
"N
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Fig. 5~1. Vertical lobing.

107

\.-mmv. PLAC RV SR LR LB R AT ALAT A LA ARR EALREIAT - SRR ALNESE A SLALRENS. 30 S0 SLARRLNT,

SAARTALE LR AL P LR Yt A S 3



WV

AR SRR, C%

]
1
i
-
§
.
—l
I

5 S
it
i
i
-
L

/,
!/
|
!
|
4 7 {
I
/’
RSt

lﬂﬂ”“ﬂh R e B -
St

7
;
{
I

1
.
LAY
A [ I B
7
Ji
ANTINRA GarN CITH DIVERZITY DO

~ G

Al

.
e
NN U

AT ]

]
_f
=37
‘J/
0
s

BLE LRI,

AIRZRASY
o
[T 2N

[ CEVEL FLIGHY

i Al dode s NITUD U 1l 8 VORIV YV U WU WAE IO IT N s W 'YVUU -
. B

108
N

PTEyRva
LAARGE

—— = a— LX 2}
Alrcraft antenna fading.

v
Y A

-

PASLRE

Fig. 5-2.

MRCEAFT ARTINPL GAIN - WITHOUT DIVERSITY OB

>

LANCLEI R ORI S

z‘,s.'.“mr.mmm'mm»sr. Wiy

LIVEL PFLIGHT
TURKING FLIGHT

Mk
'

F
F
b
-
-

A

ALITIEVRO¥E DAILVINWND

» e P . . B T e A A AT BTN Y Y AT Y e , W - » - -
e TP ERL 2 LA T N S PRI SR U A PUARAALIE Ak V0 A I i BT Lol St s YN 2 T e M o T L ST

DY T WA BN s Y Yy w g s 4 - 4 e e = o -

B R T oy o K a8 1, 1., e



It is evident that there are substartlal differences among various alrcraft
types, and for the system to be tolerant to those aircraft-to—-ailrcraft
differences and still provide useful levels of link reliability, it 1is
necessary to have at least 10 dB power margin just for aircraft antenna
fading.

Interferance Effects

Interference effects on link reliability are 1llustrated in Fig. 5-3. This
figure shows miss probablility for a single interrogation/reply versus received
signal power level with and without {nterference. A heavy ATCRBS interference
environment is assumed, representative of the Iinterrogator and traffic dersities
predicted for the Northeastern United States in the mid-1980's time period.

At nominzl received power levels, the round~trip miss probability due to
interference is only a few percent., However, link fades, when they occur, cause
power to drop and miss probability to rise substantially. For example, when
recelived power drops to a. few dB above the "minlmum triggering level™, roundtrip
miss probability increases to about 40% (the bulk of this increase being due to
the large amount of interference that exceeds a signal of this amplitude).

% gince to a good approximaticn the occurrence of interference is
independent from one try to the next, the ability to mzke multiple attempts in
tire~ event of.a miss (adaptive reinterrogation) can substantially reduce its
effect. The residual miss probability of a maximum of five tries is shown 1in
Fig. 5-3. The miss probability with interference is now approcximately the
same as without, i.e., with noise alone. With adaptive reinterrogation,
therefore, link reliability is determined by fade statistics rather than
interference statistics; to a good approximation, the link reliabllity is the
pxobability that fading is no worse than the link margin (Refs. 8 and 9).

Furthermore, since reinterrogations, if any, are transmitted in the high-power
KR mode, it follows that link reliahbility 1s determined almost entirely by the
W link budget in the high-pswer mode.
&;% Net Lina Reliability
i'!h b
#i: Combining fade statistics with the available link margin leads to an
py: estimate of link reliability in varicus cases. 1In the example considered above
Ty (Table 5-1), at 50 nmi and 0.5 deg. elevation, the nominal margin is 15 dB,
E i which nmust be sufficleat to offset adverse deviations due to vertical lobing,
:3:: aircraft antenna fading, transponder sensitivity deviations, etc. Allowing 7 4B
?c for vertical lobing and transponder parameters, the remaining 8 dB when applied

to the "typical” aircraft characteristic (shown as a dotted line in Fig. 5-2)
results in a link reliability of about 99% for straight flight, non-diversity.
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3 Similar calculations have been carried out for numerous values of range and
j - altitude, leading to the results shown in Fig. 5-4. These calculations are more
.;hi elaborate than the simple calculations given above: the model includes a

}ﬁm population of transponder powers and sensitivities (over the tolerance ranges
R |
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given in Chapter 4), statistical representation of vertical lobing, and a m=ix of
turning and stralght flying aircraft. The two-scan link reliablility plotted was
adopted because it is a more useful figure of merit for characterization of a
Mode S sensor due to the following: {1) in-#urning situations the geometry is
continually changing with time, the result being that it 1s somewhat unlikely for
a mlss to occur for two scans in succession; (2) in most contexts, the adverse
consequences of a single missed scan are not severe relative to the consequences
of two missed scans In succession.

Results are given in Fig. 5-4 separately for diversity equipped aircraft
and non-diversity alrcrait. DNote that performance degrades at longer ranges,
but a useful level of performance 1s maintained out to about 100 nmi even for
the terminal sensor. In the case of an enroute sensor, anteana gailn is
typically 4 dB more than the example considered here, and thus comparable levels
of link reliability are provided out to ranges greater by a factor of about 1l.6.

In summary, reliable link operation 1is possible in a severe interference
environment, the level of reliability being set primarily by fade statistics.

MONCPULSE PERFORMANCE

AAsdescribed in Chapter 3, the monopulse recelver-processor makes an
estimaite of the off-boresight angle for each received pulse of the ATCRBS or

. Mode S reply, and then combinas the individual measurements to provide a single

estimate for the whole reply.
The four major sources of error in the monopulse estimate are:
(a) receiver noise,
(b) processor inaccuracy.
¥ {c¢) variation with elevatfon anglie, and

(d) multipath and interference.

Receiver Noise

PP F e

The effect of recelver noise on rms azimuth error is illustrated in
Fig. 5~5 for an interrogator antenna having a A/Z beamwidth of 4°, i.e., A/C
=1 at * 2° off-boresight. For pulse signal-to-noise ratio (SNR) as low as 20
dB, a few dB above the operating threshold of the interrogator receiver, the
rms azimuth error on each pulse is less than 0.2°, Averaging over N pulses 1In
a Mode S reply, or in one or more ATCRBS repliet from the same target, will
reduce the noise-induced rms error of the overall measurement by ¥N. Note that
the azimuth error for a given signal-to—noise ratio increases relatively
slowly with off-boresight angle out to A/L = 1, more rapidly for larger off-
boresight angles.
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Processor Inaccuracy

Thz monopulse recelver-processor must operate over approximately a 60—-dB
input signal range and must accowmmodate a *3 MHz variation in the center
frequency of replies. While the processor can be precisely calibrated, and this 3
calibration maintained by closed-loop technigues, for any one cperating point
(signal and frequency), some variation in off-boresight estimate will occur as
the parameters of the received signals deviate from this calibration polint. A&s
in the case of receiver noise, the errors due to those effects increase with
off-boresight angle, gradually out to A/I = 1, and more rapidly thereafter,
With careful design, practical monopulse processors can be realized which
exhibit processor-induced errors substantially less than 1/40 beamwidth (0.1°
for a 4° beamwidth) averaged over the range of expected received signal
amplitude and frequency.

Variation with Elevation Angle

The monopulse receiver—~processor measures A/L and translates this into an
estimate of the off-boresight angle according to a prestored calibration curve
for the antenna. The calibration curve 1s strictly valid only at the elevation
angle at which 1t was measured, typically one or two degrees above the horizon.
For targets at relatively high elevation angles (15° and above), a change in the
slope of A/L versus off-boresight angle can cause slgnificant errors in the
off-boresight angle measurement for targets near the beam edge. However, since
such high elevation angles can occur only for relatively short-range targets,
the resulting cross-range error 1s small. Thus, it Is not necessary to
compensate measurements on such targets for the measurement error resulting from
their high elevation angle. :

Multipath and Interference

Interfering signals overlaying the pulses Iin the desired reply can cause
significant error in the monopulse estimate even 1if their amplitude 1is
substantially less than that of the reply. Such interference may arise from
replies, generated by other transponders, which are received in the mainlobe or
sidelobes of the interrogator antenna, or from the desired signal arriving by
one or more alternate paths.

The most important multipath effect 1is reflection from the terrain btetween
the interrogator and transponder. If this terrain is essentially flat, it will
not effect the apparent angle-of-arrival of the signal but can affect its
amplitude. A reduction in received amplitude due to an apparent null can lead
to an Increased error in the monopulse estimate due to other causes, for
example, recelver noise.

If the terrain causing the reflection is tilted, the composite signal
arriving at the interrogtor antenna will appear to come from a different
direction than the actual target azimuth. 1In this case, the azimuth estimate .
will depend on the relative amplitude and phase of the multipath signal, as
shown in Fig. 5-6 for the case of a target on-boresight and the reflector
(interference) a half beamwidth off-boresight. For a given amplitude of
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interference, the error is largest when the reflected (interference) signal is
out-of-phase with the direct signal. For this worst case of out—of-jhase
interfereace, the error as a function of the relative azi:ruth of the
interference is shown 1in Fig. 5-7 for an interference/tarzet amplitude ratio of
0.5. Errors from multipath are minimized by narrowing the azimuth beamwidth of
the interrogator antenna and sharpening the !>wer edge of the antenna beam,
thereby minimizing the amplitude of the sign 1ls recelved from the terrain
reflections.

The magnitude and frequency of occurrence of reflectisu-induced errors
are highly site~dependent. Particularly troublesome sites may require
resiting of the antenna and/or specilal antenna configurations to provide
adequate perfo-mance. (Note that the magnitude of reflection-induced errors
using monopulse direction finding is comparable to those of the sliding-window
detector/estimator used 1n current ATCRBS interrogatcrs, 2ef. 11}.

Overlapping signals from other transponders (fruit) produce singie-pulse
aziwmuth errors similar to those caused by multipath. Lzrze interfering signals
will cause correspondingly large errors in the azimuth estimate. However,
unlike multipath interference, fruit interference will te f{ncoherent from
pulse-to-pulse, and in general will not affect all pulses of a replyv. The maln
protection against such Interference 1s to sense its preseznce (the confidence
flag) and eliminate that particular nmeasurement from the computation of the
azimuth estimate for the reply. The relatively small errors caused by weak
interference can be treated as additional receiver noils:, and averaged out over
a sequence of received pulses.

CAPACITY

The capacity of a Mode S sensor is most generally defined ar the number of
aircraft to which a sensor can provide discrete—address surveillance and
data link service. With this broad definition, capacity -depends not only on

needed for each aircraft and the azimuth distribution, sr bunching, of
aircraft around the sensor.

A simpler definition of capacity, and one providing a more easily
interpreted point of reference, is the number of transactions (interrogation/
reply pairs) a sensor can make per degree of azimuth. ¥sfing this definition,
analysis and simulation of the Mode S interrogation scheduling algorithm have
led to the following expression for capacity in terms of the sensor operating
parameters:

Ny
n = 18.5 [T - 360 g—(ZR/c + ty)]
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whera:
n = number of transactions per degree
R = operating range
T = interrogator antenna scan period
6 = interrogator antenna beamwidth
Ny = nunber of ATCRES interrogations per beamwidth
ta = ATCRBS listening period
c = speed of light

Figure 5-8 presents plots of capacizyv vs. interrogator antenna beanwidth for
various values of operatirg range. Typical values are used for scan time

(4 seconds) and ATCRBS interrogaticas per beamwidth (four). Except on the
longest (200 nni) range, the ATCRES listening interval was set at 2 ms to allow
time for ATCRBS replies from distant targets (outside the oper:*ing rangej to
ring out before the beginring of tte roll-call periods.

The very large capacity of the Mode S sensor is evident from these curves.
For anticipated interrogator antenna beamwidths (2.4° - 4°) and coerating
range, the channel can accommodate =cre than 40 calls per degree, a number
fully sufficient to accommodate expected sensor loading, including effects of
azimuth bunching and multiple interrogations to each aircraft.
»
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CHAPTER 6
SUKVEILLANCE PERFORMANCE VALIDATION
Initial validation of the Mode S design was performed at the Mode S
Experimental Facility (MODSEF, Fig. 6-1) located on a hill adjacent to Lincoln
Laboratory. The MODSEF is a flexible beacon test fucility that is capable of

performeing Mode S and ATCRBS processing functions.

FIELD MEASUREMENTS FROGRAM

While vaiidation at MODSEF was a necessary first step, it was not
sufficient to validate the Mode S design since MODSEY is a very benign site in
terms of problems frequently encountered at operational sites such as high
traffic density, fruit, multipath and false target reflectors. For this
reason, a Transportable Measurements Facility was built and operated at a
number of sites acress the United States.

The TYF, described in Fig. 6-2 and is basically the "front—end”™ of the
Mode § séngor. including a choice of two antennas, a transeitter and a
receiver. The output of the receiver is (lgitized video, which in an actual
sensor W3uld be interfaced with the ATCk3S and Mode S reply processors. 1in
the TMF, this digitized video is recorded, along with timing and other
information., The TMF data thus recorded at the operational site location was
returned to Lincoln Laboratory for data reduction and evalution. This
included playback of the recorded digitized video through simulated ATCRBS and
Mode S reply processors, The resulting target reports were then operated upon
the surkeillance processing routines. Analysis of the outputs of these
progrars served to validate and characterize Mode S design performance.

The TMF was operated in problem areas that offer high traffic densities
and unusual siting difficulties (Ref. 2). A list of selected sites along with
the rationale for site selection 1s presented in Fiz. 6-3. In addition,
measuresents were also made at Salt Lake City, Utah to aid in the selection of
a new ATCR3S sensor site and at wWarwick Rhode Island as part of a multisensor
experiment with the MODSEF. The complete set of TMF locations 1Is shown in
Fig. 6-3.

Experiments conducted at each site generally included data collection for
a period of 20 minutes to one hour. 1In all, a total of over 350 experiments
were run 3t the collection of THF sites.

At each of the operational sites, the TMF was positioned near the
euxisting SSR sensor in order to experie-_e similar environmental conditions.
4. each of these sites, several experiments were run with simultaneous data
racording performed at the existing Automated Radar Terminal System (ARTS).
The resulting set of data provided the opportunity to obtain a side-by-side
comparison of the ATCRBS mode of Mode S with the conventional ARTS processor.
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- EXPERIMENTAL RESULTS
:} Results tvplcal of ARTS/Mode S ATCRB3S mode comparison are shown in
{3 Fig. 6-5 and Fig. 6-6. Each figure shows a dot corresponding to the

- unsmoothed, measured position of & single target report, hence the sequence of
S dots represent the flight paths of afircraft. A comparison of the figures

Qj readily shows the improved positlional accuracy and track continuity of Mcde S
iy ATCRBS nmode versus conveational processing. The improvement 1s most obvious

in the case of crossing tracks.

Figures 6 through 7 show a quantitative comparison of surveillance
performance representing an average of typical data for each of the following
sites: Boston, Washington, D.C., Philadephia, Los Angeles, Salt Lake clcy and
Las Vegas. The quantities compared are defined as followus:

R
v

Blip/Scan Ratio - the probablility of generating a target report during
one scan., .

-

A
P

. g T TT——

No Altitude ~ the percentage of Mode C reports that did not contain a

v Valld altitude.

i“:

E! No Code - the percentage of Mode A reports that did not contain a valid
;f code.

- -

F: Range Error - the standard deviation from a second order polynominal fit
{' to a sliding sequence of range measurement points, centered on the report
) being evaluated. The error is calculated only for established

straight-line tracks at elevation angles between 0.5 and 40 degrees and
at ranges between 2 and 45 nmi.

7, T
PO

R
)

Azimuth Error - suxze as range error, but in the azimuth dimension.

[ et
el et

SUMMARY

These results indicate that both range and azimuth accuracles applicable
to Mcde S or ATCRBS survelllance are 4 times better than those provided by
current terminal ATCRBS equipment. Blip/scan ratio for monopulse ATCRBS is
987 or better, and remains high in crossing track situations where the
performance of existing equipment 1s observed to degrade. Significantly, this
improvement in ATCRBS performance was accomplished with 1/4 the PRF of the
present equipnments.
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COMPREHENSIVE INDEX OF FIELDS
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Bit Numbering and Sequence.

The bits are numbered in order of their transmission, beginning with
bit 1, If numerical values are encoded by groups (fields) of bits then the
bit transmitted first is the most significant bit (MSB) unless otherwise

fweml 7

E stated.

A TE

Kj Fields.

I:’A 3

Ej Information 1s coded in fields which consist of at least one bit. The

B decimal equivalent of the binary code formed by the bit sequence within a

FJ field is used as the designator of tle field function or command. As an

%{ example, the 5-bit UF field {s used to designate the uplink format typs., The

}3 surveillance interrogation with idenrity is designated by a UF code of 001l0l.

?: Since 00101y = 519, this format is designated as UF=5.

o

> (a) Essential Fields - Each Moé~ S transmission contalns two essential
i fields: Omne describing the format and the other a 24-bit field which contains
) either the address or the interrogator identity overlald on parity. The

]

a'n’a

format descriptor is the field at the beginning of the transmission and the
24-bit field always occurs at the end of the transmission. The formats are
described by the UF (Uplink Format) or DF (Downlink Format) descriptors.

o

e

P S T4 ey

(b) Mission Fields - The remaining coding space is used to transmit the
nission fields. For specific missions, a specific set of fields is prescribed.
Mission fields have two-letter designators.

"(c) Subfields ~ Subfields may appear within mission fields. Subfilelds
are labeled with three-letter designators.

L 'J.L.a.p.

«

KT s ia

Field Descriptions.

‘lﬁ—'ﬁwwﬁ"\'ﬁ"‘v Y
~ .

?, The filelds are described in aiphabetical order in the follcwing
T paragraphs. An index is provided in Table A-l.
[N
‘} 1. AA Address, Announced.
o |
w5 This 24-bit (9-32) downlink field contains the aircraft address in the clear
Qﬁ and is used in DF=11, the all-call reply.
]
P 2. AC Altitude Code.
(1
ﬁj This 13-bit (20-32) downlink field contains the altitude code and is used in
QJ formats DF= 0,4,16 and 20. If the M-bit (26) 1s zero, the pattern of
}: ref 4, 2.7.13.2.5, 1s used in the remaining bits in the sequence: Cl, Al, C2,
Ve @ A2, C4, A4, M, Bl, zero, B2, D2, B4, D4, Zero is transmitted in each of the
N 13 bits 1f altitude information is not available. If the M-~bit (26) is set to
!i “one”, metric altitude is contained in this field.
e A-1
N0
K,
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;; TABLE A-1

Fl

' FIELD INDEX

H

5

2

2

a

; Bits Formats

2 Sub U=Up

. Ref.|Field|Field Nanme No,.{Positions| D=Down

% 1 AA Address Announced 24 9-32 D

5 2 AC Altitude Code 13 20~-32 D

E 3 AP Address/Parity 24 33-56 u/D

g 24] 89-112

7 4 AG Acguisition 1 14 U

é S CA Capability 3 6-8 D

) 6 DF Downlink Format 5 1-5 D

5 7 DI Designator Identification 3 14-16 U

3 8 DR Downlink Request 5 9-13 D

E 9 | FS Flight Status 3 6-8 D

; 10 |*ID Identification 13} 20-32 D

3 11 .} II-| Interrogator Indentification 41 10-13 U

N 12 . KE Control ELM 1 4 D

2 13 MA Message, Comm-A 56 33-88 U

E 14 B Message, Conm-3B 56 33-88 D

» 8 14.1 AIS | Mrcraft Identification Subfield 48 41-88 D

f 15 MC Message, Comm-C 30 9-88 i)

- 15.1 SRS Segment Request Subfield (RC=3) 16 9-24 1]

: 16% MD Message, Comum-D 80 9-88 D

Y 16.1 TAS | Transmission Acknowledgement Subfield 16 17-32 D

(KE=1)

g 17 MU Message, Comm-U 56 33-88 1]

o 18 MV Message, Comm=~V 56 33-88 D

£ 19 NC Number, C-Segment 4 5-8 U

b 20 ND Number, D-Segnent 4 5-8 D

; 21 e Protocol 3 6-8 U
22 PI Parity/Intervcgator Identity 24 33-5¢0 D

M 23 ' PR Probability of Reply 4 6-9 U

2 24 RC Reply Control 2 3,4 1]

{ 25 RI Reply Information 4 14-17 D
26 RL Reply Length 1 9 U
27 RR Reply Request 5 9-13 U
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TABLE A-1 (Continued)

Bits Formais
Sub U=Up
Ref,.,{Field|Field Name No.jPositions| D=Cown
28 SD Speclal Designator 16 17~-32 U
28.1 I1S Interrougator Identification Subfield 4 17~20 U
(DI=0, 1 or 7)
28.2 LOS Lockout Subfield (DI=l or 7) 1 26 U
28.3 MBS | Multisite Comr-B Subfleld (DI=1) 2 21,22 U
28.4 MES Multisite ELM Subfield (DI=1) 3 23-25 U
28.5 RRS Reply Request Subfield (DI=7) 4 21-24 U
28.6 RSS Reservation Status Subfield (DI=1) 2 27,28 U
28.7! T™S Tactical Message Subfield (DI=1 or 7) 4 29-32 U
29 JF Uplink Format 5 1-5 U
30 UM Utility Mcssage 6 14~19 D
30.1 IDS Identifier Designator Subfield 2 18,19 n
30.2 11S Interrogator Jdentification Subfield 4 14~17 D
1 VS Vertical Status 1 6 D
s
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3. AP Address/Parity.

This 24-bit field (33-56 or 89-112) contains parity overlaid on the address
and appears at the end of all transmissions on both uplink aad downlink with
the exception of format DF=11l.

4. AQ Acquisition, Special.

.This l-bit field (14) d:xsignates formats UP=0, 16 as acquisition transmissions
and is repeated as received by the transporder in bit 14 of the RI field of -
DF= 0, 16.

5. CA Capability.

This 3-bit (6-8) downlink field revorts transponder capability and is used in
DF=11, the all-call reply. The codes are:

= No data link capability report available

= Comm A/B and data link capability report available

= Comm A/B, uplink ELM, and data link capability report available

= Comm A/B, uplink ELHM, downlink ELM, and data link capability
repcert available

§:7'= Not assigned

W N O

6. DF Downlink Forwat.

Sl

This field is the transmission descriptor in all downlink formats and is coded
according to Fig. 2-b.

7. DI Designator, Identification.

This B-bit (14-16) uplink field identifies the ccding contained in the SD
field in formats UF=4, 5, 20, Z2l. The codes are:

= SD not used except for IIS

= SD contains multisite information

%t assigned

= SD contains extended data readout request

2~

~N o C
L]

8. DR Downlink Request.

This 5-bit (9-13) dowmnliak field is used to request extraction of downlirnk
messages from tne transponder by the interrogator and appears in formats
DF= 4, 5, 20, 21. The codes are:

= No downlink request

o
1 = Request to send Comm-B message ’
2-3 = Reserved for TCAS
4 = Comm-B broadcast message 1l available
5 = Comm=-B broadcast message 2 available
6-7 = Reserved for TCAS
8-i5 = Mot assigned
16=31 = (used for downlink ELM protocol)

Codes 1=-15 take precedence over codes 16-31.
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9, FS Flight Status.

This 2-bit (6~8) downlink fleld reports the flight status of the aircraft and
is used in formats DF= 4, 5, 23, 21. The codes are:

Code Alert SPI Alrborne Cn~the-Ground
0 no no yes no

1 no no no yes

2 yes no ves no

3 yes no no yes

4 yes yes either

5 no yes elther

6 and 7 are not assigned

10. ID Identification, 4096 code.

This 13-bit (20-32) dowalink field in DF = 5,21 contains the "4096~
identification ccde reporting the numbers set by the pilot.

11, 1I Interrogator identification.

This 4-bit (10-13) uplink fileld identifies the intercongator and appears 1in
UF=11, the Mode S-~c¢nly all-call. The sae information also may appear in
the IIS subflelds of the SD and UM flelds.

12. KE Control, ELM.

This 1-bit (4) downlink field defines the content of the ND and MD fields in
Comm-D replies, DF=24, If KE=0, MD {s part of an ELM reply; 1f KE=], MD
contains the acknowledgement for an uplink ELM.

13. MA Message, Conm-A.

This 56-bit (33~88) uplink field contains messages directed to the alrcraft
and is part of Comm-A interrogations, UF=20, 2l.

14, MB Message, Comm-B.

This 56-bit (33-88) downlink field contains messages to be transmitted to the
interrogator aad is part of the Comm-B replies DF=20, 21.

14,1 AIS Afrcraft Identification Subfield in MB,

If a surveillance or Comm~A interrogation (UF=4, 5, 20, 21) contains RR=18 and
DI other than 7, che transponder will report its aircraft identification
number in the 48-bit (41-88) AILS subfield of MB.

15, MC Message, Coma—C.

This 80-bit (9-88) uplink field contains one segment of a sequence of segments
transmitted to the transponder in the ELM (extended length message) mode. It
may also contain a command to deliver MD segments for a downlink ELM. MC is
part of UF=24.
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15.1. SRS Segment Request Subfield in M..

If a Comn~C interiogation (UF=24) contains RC=3 it also contains a list of
segnent requests in the 16-bit (9-24) SRS subfield. Starting with bit 9,
whlch denotes the first segment, each of the bits is set to one 1if the
transmission of the correspoanding segment 18 requested.

16. MD Message, Comm-D.

This 89-bit (9-88) downlink field contains one segment of a sequence of
segments transmitted by the transponder in the ELM (extended length message)
mode., It way also contain a summary of received MC segments of an uplink ELM.
MD is part of DF=24.

16.i. TAS Transmission Acknowledgement Subfield ia MD.

This 16~bit (17-32) subfield of the MD field reports the segments received so
far in a Comm-C sequence. Starting with bit 17, which denotes segment number
zero, each of the bits is set to one 1f the corresponding segment of the
sequence has been received. TAS appears in MD 1f KE=! in the same reply.

17. MU Message, Comm U.

This 56-bit (33-88) uplink field contains information used in air-to-air
exchanges and 1s part of the long speciil surveillance interrogation UF=16,.
This message fleld does not use the Corm—-A protocol.

18. Message, Conm—V.

This 56-bit (33-83) downlink field contains information used in air-to-air
exchanges and is part of the long special surveillance reply DF=16, This
message field does not use the Comm-B protocol.

19. NC Number of C-Segment.

This 4-bit (5-8) uplink field gives the number of a segmwent transmitted in an
uplink ELM and is part of a Comm~C interrcgation, UF=24.

20. ND Humber of D-Segment.

This &4-bit (5-8) downlink field gives the numter of a segment transmitted in a
downlink ELM and is part of a Comm-D reply, DF=24,
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21. PC Protouol.

This 3-bit (6-8) uplink field contains operating commands to the transponder
and 1s part of surveillance and Comm-A interrogations UF=4, 5, 20, 21. The
codes are:

= Mo changes in transponder state
Non-Selective all-czll lockovt
Not assigned

Mot assigned

Comm-B closeout

= Uplink ELM closeout

= Downlink ELY closeout

Not assigned

NN PN - O
A

22. PI Parity/Interrogator Identity.

This 24-bit (33-56) downlink field contains the parity overlaid on the
interrogator's identity code. PI is part of the reply to the Mode 35~only
ail—-call, DF=ll.

23. PR Probability of Reply.
v -

This b-pig (6-9) uplink field contains commands to the transponder which
specify the probabllity of reply to the Mode S-only all-call interrogation
UF=11 that contains the (R. A command to disregard any lockout state can also
be given. The assigned codes are as follows:

0 = Reply with probability =1
1 = Reply with probability = 1/2
$# 2 = Reply with probability = 1/4
3 = Reply with probability = 1/8
4 = Reply with probability = 1/16
5,6,7 = Do not reply
8 = Disregard lockout, reply with probability =1
9 = Disregard lockout, reply with probability = 1/2
10 = Disregard lockcut, reply with probability = 1/4
11 = Disregard lockout, reply with probability = 1/8
12 = Disregard lockout, reply with probability = 1/16
13,14,15 = Do not reply

On receipt of a Mode S-only all-call containing a PR code of 1~4 or 9-12,

the transponder executes a random process and makes a reply decisicn for this
interrogation in accordance with the commanded probability. The random
occurrence of replies enables the interrogator to acquire closely spaced
aircraft whose replies would otherwise synchronously. garble each other.

24. RC Reply Control.

This 2-bit (3,4) uplink field designates the transmitted segment as initial,
intermediate or final if valued at 0,1,2 respectively. RC=3 is used to
request Cora-D downlink action by the transponder. RC is part of the Comm~C
interrogation, UF=24,
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25. PRI, Reply Inforration Air-to-Air,

This 4~bit (14-17) downlink field zppears in the spe:ial surveillance replies
DF=0,16 and reports afrspeed capablility and type of reply to the interrogating
aircraft, The coding 1s as follows:

0-7 = Codes 1indicate that this 1s
non-acquisition interrogation.

the reply to an alr-to-air

8-15 = Codes indicate that this 1s an acquisition reply .
8 = No maximum airspeed data available
S = Airspeed is up to 75 knots
10 = Airspeed is between 75 and 150 knots
11 = Airspeed 1is between 150 and 300 knots
12 = Airspeed is between 300 and 600 knots
13 = Alrspeed 1{s between 600 and 1200 knots
14 = Airspeed i5 more than 1200 knots.
15 = Not assigned

B3it 14 of this field replicates the AQ bit of the interrogation
the coding scheme above.

resulting in

26. RL Reply length.

This 1-bit (9) uplink fleld in UF=0,16 commands a reply in DF=0 if

and a reply in DF=16 if set to 1.

set to O

27. RR Reply Request.

This 5-bit (9-13) uplink field contains length and content of the reply
requested by the interrogation. RR is part of the surveillance and Comm-A
interrogations UF=4, 5, 20, 21, The codes are outlined in the table below:

RR Code Penly Length MB Content

0-15 Short ————
16 Long Air initiated Comm-B
17 Long Data Link Capability
18 Long Aircraft ID

19-31 Long Not assigned

If the first bit of the RR code 1s a one, the last four bits of the 5-bit RR
code, if transformed into their decimal equivalent, designate the number
(BDS1) of tha requested source, BDS2 is assumed to be zero if not specified
(by D1=7 and RRS).

28. SD Special Designator.

This 16-bit (17-32) uplink field can contain control codes affecting

transponder protocol and is part of surveillance and Comm—A interrogations

UF=4, 5, 20, 21. The content of this field is specified by the DI field.
@
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The structure of the SD field for D.=]1 and DI=7 is shown in Table A-~2.

238.1. 1IS Interrcgator Identification Suhfield in SD.

This 4-bit subfield (17-20) appears in the SD fields for DI=0, 1 or 7. IIS {is
the interrogator identification. For a given interrogator, the same code is
used for IIS and II.

28.2. LOS Lockout Subficld in SD.

This 1-bit subfield (26) appears in the SD fieid 1f the DI code =1 or 7 from
the interrogator indicated in IIS of the same interrogation. If set to 1 LOS
initiates a multisite all=-call lockout to Mode S-only all-calls (UF=11). 1If
LCS is set to “"0", no change in lockout state is commanded.

28.3. MBS Multisite Cowum~B Subfield in SD.

1. It is

This 2-bit subfield (21,22) appears in the SD field if DI code
used in the multisite Comm-B protocol as follows:

No Comm=B action
Comm—-B reservation
Comm—B cleseout

N - O
[}

28.4. MES Multisite ELM Subfield in SD.

This 3-bit (23-25) subfield appears in tﬁe SD field 1if DI code = 1. It Is
used in the nultisite ELM protocols as follows:

4

No ELM action

= Uplink ELM reservation

Uplink ELM closeout

Downlink ELM reservation

= Downlink ELM closeout

= Uplink ELM reservation and downlink ELM closeout
= Uplink ELM closeout and downlink ELM reservation
Uplink ELM and downlink ELM closeouts

NN ESWN - O

28.5 RRS Reply Request Subfield in SD.

This 4-bit (21-24) uplink subfield in SD gives the BDS2 code of a requested
Comn-B reply if DI code = 7.

28.6 RSS Reservation Status Subfield in SD

This 2-bit (27,28) subfield appears in the SD field if DI = l. It requests
the transponder to report its reservation status in the UM field as folliows:

No request

= Report Comm-B reservation status in UM

= Report uplink ELM reservation status in UM

= Report downlink ELM reservation status in UM

W —-Oo
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STRUCTURE OF SPECIAL DESIGNATOR (SD) FIELD

Structure of SD if DI=]

Position |[No. of Bits| Subfield Name Significance
17-20 4 IIS Interrogator identification{ Identification of Interrogating Site
21-22 2 MBS Multisite Comm-B Reserve/Closeout Multisite Comm-~B
23~25 3 MES Multisite ELM Reserve/Closeout Multisite ELM
26 1 LOS Lockout Multisite Lockcut Control
27-28 2 RSS Reservatioa Status Reservation Status Request
29-32 4 ™S Tactical Message Comm-A Linking

Structure of SD if DI=7

Position [No. of Bits| Subftield Name Significance
17-20 4 11S Interrogator Identification; Ideprtification of Interrogating Site
21-24 4 RRS JReply Request Spezifies BDS2 Code of Requested MB
Megsages
25 1 Not assigned
26 1 LOS Lockout Multisite Lockout Control
27-28 2 Not assigned
29-32 4 ™S Tactical Message Comm~A Linking




29. UF Uplirnk Format.

This field is the transmission descriptor in all uplink formats and is coded
according to Fig. 2-5.

30, UM Utility Meszace

This 6-bit (14-19) downlink field in DF= 4, 5, 20, 21 contains control and
status information. The structure of the UM field is shown in Table A-3.

30.1 1DS Identification Designator Subfield in UM.

This 2-bit (18-19) subfield of the UM field reports the type of reservation
made by the interrogator identified in ILS. Assigned coding is:

= no information availabdble

= Comm~B reservation active

= Uplink ELM reservation active
Downlink ELM reservation active

]

WNr—-O
H

30.2 118, Interrogator Identification Sufield in UM.

This 4~bit (14-17) subfield of the UM field reports the identity of the
interrogator that has “made a rmultisite reservation.

31. VS Vertical Status.

This 1-bit (6} downlirk field in DPF=0, 16 indicates (when set to zero) that
the aircraft is airborne and indicates (when set “o one) that the aircraft is
on the ground.
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TABLE A-3
STRUCTURE OF UTILITY MESSAGE (UM) FIELD

Structure of UM

Position [No. of Bits;, Subfield Name Significance
14-17 4 11s Interrogator Identification | *Reserved Site No. for Multisite
Protocols
18-19 2 IDS Interrogation Designator *Regervation Type — Comm B,
Uplink ELM, or Cownlink ELM

* If DI=1 and RSS # O:

UM content 1is specified by uplink RSS code.

Otherwise, if Multisite Comm-B or Downlink ELM Active:

UM contains Comm~B reservation status (if active) or else Downlink ELM reservation Status

Otherwise, 1if Multisite Comm—B and Downlink ELM are Inactive:

UM field contains all zeros.




APPENDIX B

SIGNIZICANCE OF INTERROGATICN AND REPLY FIELDS

Table Format
B-1 Mode S-Only Al1-Call Interrogation
‘¢ B=2 All1-Call Reply
B-3 Surveillance and Comm-A Interrogation
B-4 Surveillance and Comm-~B Reply
B-5 Comm—C Interrongation
B-6 Comm-D Reply
B-7 Air-Air Surveillance Interrogation
B-8 Air-Air Surveillance Reply
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TABLE B-!

SIGNIFICANCE OF MODE S-ONLY ALL-CALL INTERROGATION FIELDS

Field Significance

Uplink Format @ Identifies interrogation as a Mode S-only all-call format
(UF)

Probability ® Specifies the probability to be used in generating a reply
(PR)

@ Used by the stochastic acquisition and lockout override modes

3

Interrogator ® Contains the site number of the interrogating site
Indentification
(I1) ® Used in conjunction with multisite lockout
Address/Parity ® Error detection ccding combined with the "all ones™ all-call
(AP) address
2
B-2
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TABLE B-2

SIGNIFICANCE OF ALL~CALL REPLY FIELDS

-“»*w" ,V\'u '\"-4 -v\.-v
: SNt "v

Field Significance
Downlink Format ® Identifies reply as an all-call reply
(DF)
Capability @ Indicates communications capability of the transpoander as:
(CA)

None (CA=0)

Standard message uplink and downlink (CA=l)

Standard message plus uplink ELM (CA=2)

Standard plus uplink and downlink ELM (CA=3)

¢ Indicates presence of data link capability reporting

(CA=1,2 or 3)
Addressed © Contains the aircraft's 24-bit Mode S address
Announced

(AA)
Parity/ ¢ Combines error detection and the site
Interrogator number of the interrogator that elicited the reply
Identity
¢ Site number equals zero 1f non-gselective interrogation ies used
~
5 B-3
-y-\..-\rgw.’;\«hv---.r- AR AL At \-l"q,_‘!"\( ‘(' LR C) SR LTI '.. .“'~

:\fn*$

'V \"

T
y \"P DTN

b "&m\&ﬂm&ﬁ J‘-.!h o Lm-m{ﬂ-./mu M‘:&mﬂﬁ-ﬂh‘ M'fz kY M l.u ‘.K

\,.
P

1143



TABLE 3~3

SIGNIFICANCE OF SURVEILLANCE AND COMM-A INTERROGATION FIELDS

Field ' Significance
Uplink Format ® Identifies interrogation as survelllance (UF=4,5) or
(UF) Comm=-A (UF=20,2i) format

T AT LT PR Y R MY L TS T AN T W Y I )

® Indicates whether reply should contain altitude (UF=4,20)
or ATCRBS code (UF=5,21)

E Protocol ® Controls non-selective lockout
‘ (PC)
® (Clears non-selective Comm-B and ELM message transactions

Reply Request @ Indicates whether the reply will be short (RR<16) or long
(RIp) . (RR>16)

» .
» e Tl o

Specifies BDS1 code of requested Comm~B message

Designator 1D @ Indicates the structure of the SD field

(p1)
$
® Contalns coding used for:
~ Multisite lockout and communications protocols
' Special
Designator ~ Specification of the BDS2 code (if non-zero) of a requested
(SD) Conm—B message

- Linking of Comm—-A messages

Comm—~A Message|{ ® The 56-bit uplink message
(MA)

Address/Parity ® Combined error detection and, Mode S address coding
(AP)
9 Zero address defines Comm—-A broadcast
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TABLE 3-4%

SIGNIFICANCE OF SURVEILLANCE AND COMM-B REPLY F1ELDS

Fileld Significance o
' 2
Downlink Format o Identifies reply as surveillance (DF=4,5) or Comm-B (DF=20,21) ‘
(DF) :
® Indicates whether reply contains altitude (DF=4,20) or ATCRBS ;
code (DF=5,21)
!
© Indicates alert status of aircraft 1if
- ATCRBS code 1s changed (alert condition will Zime out)
Flight — ATCRDS code is an emergency code (alert condition will
Status persist)
(F8)
® Indicates if pilct has activated the transponder SPI button
¢ Indicates whether the aircraft 1is airborne or on the ground
Pownlink e Indicates presence of walting air-initisted Comm-B or downlink
Request extended length message
(bR)
Utilicy ¢ Identifies reserved site for multisite Comm-B, uplink ELM, or
Message downlink ELM protocols
(uM)
Altitude Code ¢ Altitude coded in 100-foot or 25-foot Increments
(AC)
Identification| © Aircraft 4096 ATCRBS code
(ID)
Comm-B Message|{ © The 56-bit downlink message
(MB)
Address/Parity! © Combined error detection and Mode S address coding
(AP)
o
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TABLE B-5

SIGNIFICANCE OF COMM-~C INTERROGATICN FILELDS

Flield

Significauce

Uplink Format
(UF)

Identifies interrogation as a Cozn-C format

ReplyACﬁntrol

Indicates initializarion of an uplink ELM (RC=0)

~ MC contain firal segment and NC segment number to indicate
message length

= Instructs transponder not to respond to this interrogation

Indicates intermediate segment of uplink ELM (KC=l)

- MC contains intermediate segment
~ Iastructs transponder not to reply to thils interrogation

(RC)
- Indicates segment Jdelivery with techrnical acknowledgement
request (RC=2)
= MC contains message segment
= Instructrn transponder to reply with Comm~D format with MD
containing technical acknowledgement of uplink ELM
¥ delivery
Indicates request for downlink ELM segments as indicated in
segment request subfield of MC field (RC=3)
Number, Ideatifies the cegment number of the uplink ELM seguent
C Segment ceatained in the MC field
(1C)

Messagc Cowmn-C
(MC)

The B80-bit uplink Comm~C message

Address/Parity
(AP)

Comoined error detection and- Mode S address coding
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SIGNIFICANCE OF COM-D REPLY FIELDS

Field Significance
Downlink Format ® Identifies veply as a Comz-D format
(DF) . B . - -
© 1Indicates that ND and MD are part of a downlink ELM (KE=0)
Control, ELM
(XE) ® Indicates that 4D contains acknowledgement feor an upiink ELM
(KE=1)
Nunmber, »
D-Segment @ Ildentifies the segment number of the downlink ELM segment
(ND) centained in the MD field
Message, Coum-~D{ ® The 80-bit dowvmlink Comm-~D messagz:
(D)
Address/Parity| e

(ap)

Combined error detection and Mode S address coding




TABLE B-7

SIGRIFICANCE OF AIR-AIR SURVEILLANCE TINTERROGATION FIELDS

Fleld

Significance

Uplink Format
(UF)

Identifies interrogation as a short (UF=0) or long (UF=16)'
special surveiliance fornat

Peply Length

Indicates whether the transponder 18 to reply with a

(RL) short (RL=0) or long (RL=}) specifal surveilllance reply
Aaquisitioﬁ Indicates 1f this is an air-to-air acquisition interrogation
(AQ) (AQ=1) or a non-acquisition interrogation (AQ=0)

Conrrols the contents of the RI field of the elicited reply

Hessage Comz U
(Mu)

The S56-bit ressage froo the CAS aircraft to the interrogated
alrcraft (present 1f UF=16)

Address/Parity
(AP)

Combined error detection and Mode S address coding
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‘TABLE B-8

SICNIFICANCE OF AIR-~AIR SURVEILLANCE REFPLY FIELDS

Field

Signi€icance

Downlink Format
(te)

® Identifies the reply as a short (DF=0) or long (DF=16)
special survelllance reply

Vertical Status

© Indicates whether the aircraft is azirborns (VS=0) or on

(vs) - the ground (VS=1) ’ ’
£ > .
Eﬁbly 9 Contains maximum airspeed data for &n acquisiticn
Inforrmation reply (RI>7)
(RT)

6 Contains CAS data for a non-acquisition reply (RIK7)

Altikude Code
(AC)

® Altitude coded in 100-foot or 25~foot increments

Hessage, Comm V
(1v) :

@ The 56~bit message from the replying aircraft to the CAS
aircraft (CAS present if DF=]6)

Address/Parity
(AF)

@ Combined error detection and Mode S address coding
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