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T
he

operation
o

fthe
currentA

irT
raffic

C
ontrolR

adar
B

eacon
S

ystem
is

illustrated
schem

atically
in

the
figure.

T
he

antenna
used

for
A

T
C

R
B

S
is

typically
m

ounted
above

the
antenna

used
for

the
prim

ary
radar.

Ithas
a

fan
beam

pattern
w

ith
a

horizontal
beam

w
idth

o
f2

to
3

degrees.T
he

scan
rate

o
f

the
antenna

is
4.8

seconds
for

a
sensorused

ata
term

inal
and

10
to

12
seconds

for
an

en
route

radar.
T

w
o

types
o

finterrogations
are

used
for

civiltransponders.
M

ode
A

,
w

hich
has

an
8

m
icrosecond

P
I-P

3
spacing,elicits

a
20.3

m
icrosecond

reply
containing

one
o

f4096
pilot-entered

identity
codes.

M
ode

C
,w

hich
has

a
21

m
icrosecond

P
I-P

3
spacing,elicits

a
sim

ilarreply
containing

the
aircraft's

barom
etric

altitude,referenced
to

standard
atm

ospheric
conditions.

T
he

pw
pose

o
f

the
P

2
pulse

is
described

on
the

follow
ing

figure.
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A
T

C
R

B
S

T
R

A
N

S
M

IT
S

ID
E

L
O

B
E

S
U

P
P

R
E

S
S

IO
N

(S
L

S
)

A
tshortranges,the

signal
strength

m
ay

be
sufficientto

interrogate
transponders

via
leakage

through
the

antenna
sidelobes.

T
o

controlthis
phenom

enon,aircraftin
the

antenna
sidelobes

are
prevented

from
replying

by
a

technique
know

n
as

transm
itsidelobe

suppression.
T

he
P

2
pulse

o
finterrogation

is
transm

itted
on

an
om

ni-directionalantenna
ata

slightly
higher

pow
er

level
than

the
interrogatory

pow
erproduced

by
the

antenna
sidelobes.

T
ransponders

are
designed

to
reply

only
ifthe

received
P

I
pulse

is
greater

than
the

received
P

2
pulse.

T
his

condition
is

notsatisfied
in

the
sidelobes

o
fthe

antenna.
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A
T

C
R

B
S

L
IM

IT
A

T
IO

N
S

W
hile

the
currentA

T
C

R
B

S
s
y
s
~
m

satisfies
operationalrequirem

ents
in

m
ostairspace,lim

itations
to

its
perfonnance

can
be

observed
in

regions
ofhigh

traffic
density

and
high

sensordensity.
T

he
principallim

itations
are

indicated
on

the
figure.

Synchronous
garbling

and
azim

uth
accuracy

considerations
are

described
in

connection
w

ith
the

nexttw
o

figures.
A

description
ofthe

rem
aining

lim
itations

is
as

follow
s:

-
Em

it
T

his
is

the
nam

e
applied

to
replies

received
to

interrogations
from

neighboring
sensors.

T
hese

unw
anted

replies
are

notsynchronized
w

ith
the

localsensor's
interrogations,and

are
thus

received
atrandom

tim
es.

T
he

presence
ofthese

replies
can

interfere
w

ith
the

reception
ofa

w
anted

reply.
H

igh
fruitrates

can
produce

a
detectable

decrease
in

perfonnance.
T

he
use

o
fhigh

pulse
repetition

frequencies
(PR

Fs)
for

sliding
w

indow
detection

contributes
to

this
problem

.

-
O

ver-interrogation
In

a
region

w
ith

m
any

sensors,a
transponderw

illreceive
a

high
rate

ofinterrogations
and

suppressions.
T

hus,a
transponderm

ay
be

unable
to

reply
w

hen
itreceives

an
interrogation

from
the

localsensor.
T

his
condition

is
m

ade
w

orse
by

the
use

ofhigh
PR

F.

-
A

ircraftIdentification
In

m
any

regions
ofthe

w
orld,the

lim
itof4096

differentM
ode

A
codes

is
insufficientto

cover
operationalneeds.

-
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R
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Z
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U
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R
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•
O

V
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R
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T
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R
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A
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•
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SY
N

C
H

R
O

N
O

U
S

G
A

R
B

L
IN

G
O

F
A

T
C

R
B

S
R

E
PL

IE
S

W
hen

tw
o

A
T

C
R

B
S

aircraft(show
n

as
A

and
B

on
the

figure)
are

near
the

sam
e

azim
uth

and
slantrange

from
the

A
T

C
R

B
S

sensor,the
transm

itted
interrogation

elicits
replies

from
both

transponders
ataboutthe

sam
e

tim
e.

T
he

resulting
overlap

ofreply
pulses

can
lead

to
m

issing
or

incorrectly
decoded

replies,w
ith

a
resulting

loss
of-infonnation

on
the

controller's
display.

T
his

condition
persists

until the
aircraftchange

theirrelative
positions.

T
he

reply
overlap

can
therefore

lastfor
m

any
scans,hence

the
nam

e
synchronous

garble.
N

ote
thatthe

aircraftdo
nothave

to
be

close
to

each
otherin

altitude
for

garbling
to

occur.

-
10

-



·
S

Y
N

C
H

R
O

N
O

U
S

G
A

R
B

L
IN

G
O

F
A

T
C

R
B

S
R

E
P

LI
E

S

~
IN

T
E

R
R

O
G

A
T

IO
N

-ll
llo

.-
.......I

1J
l

_

R
E

P
LY

-
_

_
uil

lill
llJ

---J
uu.

Ull
lllll

J
_

-
11

-

4
2

-2
5

4
7



A
Z

IM
U

lli
A

C
C

U
R

A
C

Y

C
urrentA

T
C

R
B

S
sensors

in
the

U
nited

S
tates

detennine
an

aircraft's
azim

uth
b

y
a

technique
called

sliding-w
indow

detection.
T

his
technique

d
e
t
e
~
s

azim
uth

by
centerm

arking
the

series
o

freplies
received

as
the

sensorantenna
beam

scans
pastthe

a
ircra

ft
T

he
beginning

o
f

the
reply

run
length

is
determ

ined
by

a
leading

edge
detector.

T
his

is
accom

plished
by

detecting
the

presence
o

f
"m

"
replies

outo
fthe

previous
"n"

reply
opportunities

(L
e.,the

listening
intervalfollow

ing
an

interrogation).
A

sim
ilartechnique

is
used

for
trailing

edge
detection.

O
nce

the
leading

and
trailing

edges
have

been
detennined,

the
aircraftazim

uth
is

determ
ined

as
the

center
o

fthe
run

length,plus
an

offsetto
accountfor

the
bias

introduced
by

the
edge

detectors.

A
n

accurate
determ

ination
o

faircraftazim
uth

using
a

sliding-w
indow

detectorrequires
thatthe

interval
betw

een
successive

replies
be

relatively
sm

all.
T

ypically,a
P

R
F

o
fapproxim

ately
400/second

is
used.

T
his

P
R

F
produces

the
15

or
m

ore
replies

required
for

sliding
w

indow
beam

splining.
T

his
high

P
R

F
can

interfere
w

ith
the

operation
o

f
neighboring

sensors.

A
second

characteristic
o

fa
sliding-w

indow
beam

spliner
is

its
susceptibility

to
azim

uth
splits.

T
his

occurs
w

hen
interference

o
r

blockage
causes

a
loss

o
freplies

in
the

center
o

freply
run

length.
T

his
causes

the
false

declaration
o

f
a

trailing
edge

follow
ed

by
a

leading
edge

and
results

in
the

declaration
o

ftw
o

targetreports
(from

the
one

aircraft
),neithero

f
w

hich
contains

the
correctazim

uth.
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M
O

N
O

PU
LSETECffim

O
U

E

T
he

M
ode

S
sensor

uses
a

technique
know

n
as

m
onopulse

fordetennining
aircraftazim

uth.
M

onopulse
azim

uth
determ

ination
is

based
upon

the
use

ofan
antenna

thathas
m

ultiple
patterns.

-
Sum

B
eam

.
T

his
is

labelled
L

in
the

figure.
Itis

equivalentto
the

single
m

ain
beam

in
non-m

onopulse
antennas.

-
D

ifference
B

eam
.

T
his

is
labelled

!:J.in
the

figure.
Itis

com
posed

o
ftw

o
lobes

w
ith

a
nullon

antenna
boresight.

W
hen

a
reply

is
received

from
a

targetatanglee
offboresight,itproduces

a
differentsignalam

plitude
outofthe

receivers
associated

w
ith

the
sum

and
difference

beam
s.

T
he

m
onopulse

processor--.PI"oduces
a

signalw
hich

is
a

function
of!:ilL

Le.,the
ratio

o
fthe

signalam
plitudes

in
the

difference
and

sum
channels).

T
hisM

I.value
is

used
to

obtain
the

off-boresight
angie

e
by

reference
to

a
curve&

'L
versus

8
.

T
his

curve
is

detenrIined
by

calibrating
the

sensoragainsta
fixed

transponder
located

near
the

sensor.

T
he

use
ofm

onopulse
m

akes
itpossible

to
estim

ate
azim

uth
foreach

reply
and

therefore
elim

inates
the

principal
m

echanism
that can

cause
an

azim
uth

split

-
1

6
-



M
O

N
O

P
U

L
S

E
T

E
C

H
N

IQ
U

E
•

S
U

M
&
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A
T

C
R

B
S

M
O

N
O

P
U

L
S

E
A

Z
IM

U
T

H
D

E
T

E
R

M
IN

A
T

IO
N

T
he

use
o

fm
onopulse

m
akes

itpossible
to

perfonn
surveillance

o
fA

T
C

R
B

S
at

a
very

low
interrogation

rate.
In

principal,surveillance
could

be
perfonned

o
n

as
little

as
one

M
ode

A
and

one
M

ode
C

reply
opportunity

per
scan.

In
practice.

additionalreplies
are

needed
to

ensure
correctM

ode
A

and
C

code
reception

and
to

suppress
false

alanns.
T

he
M

ode
S

sensor
interrogates

ata
rate

sufficientto
elicittw

o
replies

for
each

A
T

C
R

B
S

m
ode

w
ithin

the
antenna

3
dB

beam
w

idth
(2.4°).

T
his

leads
to

a
P

R
F

o
fapproxim

ately
loo/second.
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M
O

N
O

P
U

L
S

E
D

E
G

A
R

B
L

IN
G

O
F

A
T

C
R

B
S

R
E

P
L

IE
S

A
second

benefito
fm

onopulse
is

in
the

degarbling
o

fA
T

C
R

B
S

replies.
T

he
figure

show
s

tw
o

aircraft(labelled
A

and
B

)
sim

ultaneously
in

the
m

ain
beam

and
near

the
sam

e
slantrange.

T
he

received
signaldata

show
s

an
interleaved

m
ix

o
fcode

pulses
from

the
tw

o
aircraft.

R
eference

to
the

m
onopulse

data
for

each
code

pulse
m

akes
iteasy

to
correctly

sortthe
pulses

into
the

appropriate
reply.

In
the

exam
ple

show
n,the

pulseare
notoverlapped,and

hence
could

have
been

sorted
into

the
correctreplies

based
upon

the
use

o
fpulse

tim
ing

data.
H

ow
ever,m

onopulse
degarbling

w
illcontinue

to
function

in
instances

o
fpulse

overlap
thatcould

notbe
resolved

by
tim

ing
alone.
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M
O

D
E

S
S

U
R

V
E

ilL
A

N
C

E

T
he

principalcharacteristics
o

fM
ode

S
surveillance

are
as

follow
s:

-
S

elective
a
d
d
r
e
s
s
i
n
~
.

M
ode

S
signalfonnats

provide
for

the
selective

interrogation
o

findividualM
ode

S
transponders.

O
ver

16
m

illion
addresses

are
provided,enough

for
each

aircraftin
the

w
orld

to
have

its
ow

n
unique

address.

-
M

onQ
Pulse

D
irection

F
i
n
d
i
n
~
.

T
he

developm
ento

fm
onopulse

w
as

criticalto
M

ode
S,since

selective
addressing

m
akes

it
im

practicalto
use

a
sliding-w

indow
detector.

T
hatis,there

is
insufficientchanneltim

e
to

selectively
interrogate

each
aircraft

15
o

r
m

ore
tim

es.

-
E

rrorD
etection/C

orrection.
T

he
M

ode
S

coding
structure

provides
for

a
high

degree
o

ferrordetection
(less

than
one

undetected
errorin

10 8
m

essages).
In

addition,errorcorrection
is

provided
on

the
dow

nlink.

-
S

ingle
S

urveillance
InterrogationlR

eply
perA

ntenna
S

can.
T

he
use

o
fm

onopulse,togetherw
ith

a
m

ore
capable

m
essage

structure
thatprovides

altitude
and

the
M

ode
S

address
in

a
single

reply,m
akes

itpossible
to

perform
routine

surveillance
w

ith
one

transaction
(L

e.,interrogation/reply)
per

scan.

-
A

daptive
R

einterrogation.
T

he
use

o
fselective

addressing
m

akes
itpossible

to
reinterrogate

an
aircraft

w
hen

necessary,
w

ithoutreceiving
replies

from
allo

f
the

other
aircraftin

the
beam

.
T

his
m

akes
itpossible

to
schedule

a
second

(and
subsequent)

interrogation
to

an
aircraftw

hen
the

expected
reply

w
as

notreceived.
R

einterrogation
can

significantly
im

prove
the

probability
o

fdetecting
an

aircraftthatis
in

a
m

arginalsignalcondition
due,for

exam
ple,to

aircraftbanking.

-
A

ll-C
allA

cquisition.
P

rovision
is

m
ade

for
a

M
ode

S
sensor

to
obtain

the
address

o
fan

aircraftw
ithoutany

prior
know

ledge.
T

his
is

done
by

periodically
transm

itting
an

"all-call"
interrogation.

T
his

interrogation
elicits

replies
from

M
ode

S
aircraftthatare

notcurrently
being

selectively
interrogated.

-
L

ock
O

ut.
O

ncea
M

ode
S

aircraftis
acquired

via
the

all-c,allinterrogation,itis
instructed

to
notreply

(L
e.,to

lock
out)

to
future

allcallinterrogations.
T

his
reduces

the
probability

o
f

synchronously
garbling

all-callreplies.
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B
A

S
IC

M
O

D
E

S
S

U
R

V
E

ilL
A

N
C

E
IN

T
E

R
R

O
O

A
T

IO
N

/R
E

P
L

Y
F

O
R

M
A

T
S

T
he

basic
surveillance

fonnats
are

as
follow

s:

-
A

ll-C
all

Interrogation.
T

his
interrogation

contains
the

sam
e

P
I,n

,
and

P
3

pulses
used

for
A

T
C

R
B

S
interrogations.

A
n

additionalpulse,P
4,labels

this
interrogation

as
originating

from
a

M
ode

S
sensor.

T
he

P
4

pulse
is

notdetected
by

an
A

T
C

R
B

S
transponder,so

itreplies
w

ith
the

appropriate
M

ode
A

or
M

ode
C

reply,depending
on

the
spacing

o
f

the
P

I
and

P
3

pulses.
A

M
ode

S
transponderdetects

the
P

4
pulse

and
replies

w
ith

an
all-callreply

ifitis
notin

a
state

o
f

lo
ck

o
u

t
T

hus
one

interrogation
can

satisfy
both

A
T

C
R

B
S

and
M

ode
S

A
ll-C

all
requirem

ents.
B

ecause
o

f
this

itis
also

referred
to

as
the

M
ode

N
C

iS
A

ll-C
all.

N
ote

thata
M

ode
S

transponder
nevergenerates

an
A

T
C

R
B

S
reply

to
a

M
ode

S
sensor's

M
ode

N
C

iS
A

ll-C
all

interrogation.
T

his
is

im
portantsince

itm
eans

thatthere
is

no
possibility

thata
M

ode
S

aircraftw
illbe

reported
as

both
a

M
ode

S
and

an
A

T
C

R
B

S
aircraft.

-
A

ll-C
allR

eply.
T

he
reply

ofa
l"vtode

S
trfuisponder

to
a
~
.
1
o
d
e

S
A

ll-C
allinterrogation

is
com

posed
largely

ofthe
aircraft's

M
ode

S
address.

T
his

address
is

used
in

subsequentdiscrete
interrogations

to
thataircraft.

-
D

iscrete
Interrogation.

T
his

interrogation
contains

the
M

ode
S

address
o

f
the

aircraftthatis
to

receive
the

interrogation.
It

also
contains

surveillance
and

com
m

unication
controlinfonnation.

-
D

iscrete
R

eply.
T

he
basic

surveillance
reply

to
a

discrete
interrogation

contains
the

aircraftpressure
altitude

code
and

its
M

ode
S

address.
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M
O

D
E

S
E

L
IM

IN
A

T
IO

N
O

F
SY

N
C

H
R

O
N

O
U

S
G

A
R

B
LE

T
he

use
o

fselective
addressing

com
pletely

overcom
es

the
problem

o
fsynchronous

garble.
A

s
before,the

tw
o

aircraftin
the

figure
are

near
the

sam
e

azim
uth

and
slantrange.

T
he

sensor,having
know

ledge
o

fthe
azim

uth
and

range
o

feach
aircraftfrom

the
previous

scan,schedules
an

interrogation
to

one
o

f
the

aircraft
(A

in
the

figure).
It

then
schedules

an
interrogation

to
the

second
aircraft

such
thatboth

the
interrogation

and
reply

for
aircraftB

occur
at

tim
es

thatd
o

notinterfere
w

ith
the

reception
o

f
the

reply
from

aircraftA
.

T
he

scheduling
technique

can
b

e
extended

to
covercases

w
here

three
o

r
m

ore
aircraftare

near
the

sam
e

azim
uth

and
slantrange.

P
rovision

is
also

m
ade

in
the

all-callacquisition
process

to
handle

the
case

o
fsynchronous

garble
o

fA
ll-C

allreplies.
T

his
technique

is
know

n
as

"S
tochastic

A
cquisition."

A
special

all-callinterrogation
is

used
thatinstructs

the
aircraft

to
reply

to
the

all-call
interrogation

w
ith

a
defined

reduced
probability.

T
he

resulting
random

loss
o

freplies
w

illensure
thata

reply
from

exactly
one

o
f

the
garbling

aircraftw
illbe

received
aftera

few
interrogations.

O
nce

acquired,
thataircraftis

locked
outto

further
all-calls.

T
he

process
is

repeated
untilall

aircraftin
the

garbling
setare

acquired.
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A
T

C
R

B
S

-M
O

D
E

S
C

O
M

PA
TIB

D
...ITY

C
om

patibility
betw

een
A

T
C

R
B

S
and

M
ode

S
is

achieved
as

follow
s:

-
M

ode
S

transponders
respond

to
A

T
C

R
B

S
interro&

ations.
A

M
ode

S
equipped

aircraftw
illbe

detected
as

an
A

T
C

R
B

S
aircraft by

a
conventionalA

T
C

R
B

S
sensor.

-
M

ode
S

sensors
interrogate

A
T

C
R

B
S

tran§PO
nders.

A
n

A
T

C
R

B
S

equipped
aircraftw

illbe
detected

and
reported

by
the

M
ode

S
sensor.

-
M

ode
S

operates
on

the
A

T
C

R
B

S
freguencies.

M
ode

S
operates

on
the

sam
e

1030
M

H
z

uplink
and

1090
M

H
z

dow
nlink

used
by

A
T

C
R

B
S.

T
he

use
o

fthe
sam

e
frequencies

greatly
sim

plifies
the

construction
ofa

M
ode

S
sensor

and
transponder,

since
only

one
transm

itterand
receiverare

required.

-
M

ode
S

w
aveform

s
w

ere
desi&

Jled
to

preventm
utual

interference
w

ith
A

T
C

R
B

S.
Specialcare

w
as

required
in

the
design

o
f

the
M

ode
S

w
aveform

s
to

ensure
thatthere

w
ould

be
no

problem
s

ofm
utualinterference

w
ith

A
T

C
R

B
S

signals.
T

his
w

ill
be

described
in

connection
w

ith
the

discussion
o

fthe
M

ode
S

w
aveform

s.
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A
T

C
R

B
S

-
M

O
D

E
S

T
IM

E
S

H
A

R
IN

G

A
M

ode
S

sensorprovides
surveillance

on
both

A
T

C
R

B
S

and
M

ode
S

aircraftby
tim

e-sharing
its

activities.
T

he
figure

show
s

a
typicalM

ode
S

sensortim
e-line,draw

n
approxim

ately
to

scale.
D

uring
the

tim
e

o
fone

beam
dw

ell
(approxim

ately
30

m
s

for
a

term
inal

sensor)
the

M
ode

S
sensor

provides
four

M
ode

N
C

/S
all-callperiods.

T
his

provides
the

interrogation
and

listening
intervals

needed
for

the
required

tw
o

M
ode

A
and

tw
o

M
ode

C
replies.

A
ll-C

allacquisition
o

fM
ode

S
aircraftis

also
perform

ed
during

this
tim

e.

S
elective

M
ode

S
interrogations

are
scheduled

during
the

M
o
d
c
~

S
rollcallperiods.

N
ote

thatthe
use

o
fm

onopulse
for

A
T

C
R

B
S

m
akes

itpossible
to

devote
m

osto
fthe

tim
e

line
to

M
ode

S.
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M
O

D
E

S
A

L
L

-C
A

L
L

IN
T

E
R

R
O

G
A

T
IO

N

T
he

all-callinterrogation
nonnally

used
by

M
ode

S
is

show
n

on
the

figure.
Itis

com
posed

ofthe
sam

e
P

I
and

P3
pulses

used
for

A
T

C
R

B
S

interrogations.
T

he
P4

pulse
identifies

the
interrogation

as
originating

from
a

M
ode

S
sensor.

Ifthe
P4

pulse
is

1.6
JlSec

long,the
interrogation

in
a

M
ode

N
'C

/S
all-eall.

Itelicits
M

ode
N

C
replies

from
A

T
C

R
B

S
transponders

and
M

ode
S

all-callreplies
from

unlocked
M

ode
S

transponders.

Ifthe
P4

pulse
is

0.8
Jlsec

long,the
interrogation

is
a

M
ode

N
C

only
all-call.

Itelicits
M

ode
N

C
replies

from
A

T
C

R
B

S
transponders

and
no

reply
from

M
ode

S
transponders.

It is
used

by
the

M
ode

S
sensorin

connection
w

ith
a

specialM
ode

S-only
all-call

interrogation.
Itis

also
used

by
the

T
raffic

A
lertand

C
ollision

A
voidance

System
(T

C
A

S)
for

surveillance
ofA

T
C

R
B

S
aircraft.

T
C

A
S

acquires
M

ode
S

aircraftpassively
by

listening
for

an
all-eallreply,know

n
as

a
"squitter"

w
hich

is
generated

spontaneously
approxim

ately
once

per
second

by
allM

ode
S

transponders.

T
he

P
2

pulse
is

used
for

sidelobe
suppression

ofthe
M

ode
N

C
and

M
ode

N
c/S

A
ll-C

allinterrogations
in

the
sam

e
m

anneras
for

the
A

T
C

R
B

S
interrogation.
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M
O

D
E

S
A

D
D

R
E

S
S

E
D

IN
T

E
R

R
O

G
A

'fIO
N

A
M

ode
S

interrogation
begins

w
ith

a
tw

o-pulse
pream

ble
follow

ed
by

a
data

block.
T

he
data

block
is

encoded
using

differential
phase

shiftkeying
(D

P
S

K
)

ata
4

m
egabit/second

rate.
A

logical
"one"

is
encoded

as
1800

phase
shift.a

logical
"zero"

as
the

absence
o

fa
phase

sh
ift

D
P

S
K

w
as

selected
because

o
fits

resistance
to

interference.
A

lldata
blocks

begin
w

ith
a

sync
phase

reversal
that

establishes
the

tim
ing

for
the

rem
aining

phase
reversal

positions.
T

he
data

block
is

either
16.25

or
30.25

flSec
long.and

provides
for

either
56

o
r

112
bits

o
fdata.

T
he

tw
crpulse

pream
ble

is
an

im
portantelem

entin
the

reduction
o

fm
utual

interference
w

ith
A

T
C

R
B

S
.

Itis
im

portantthat
A

T
C

R
B

S
transponders

!!Q
lrespond

to
M

ode
S

interrogations.
S

uch
responses

w
ould

produce
A

T
C

R
B

S
replies

that
w

ould
interfere

w
ith

the
reception

o
fM

ode
S

replies.
M

oreover.they
w

ould
be

synchronized
w

ith
the

M
ode

S
reply

and
w

ould
therefore

lead
directly

to
synchronous

garble.
T

ests
w

ith
m

any
A

T
C

R
B

S
transponders

indicated
thatthere

w
ere

no
practicalw

aveform
s

thatw
ere

invisible
to

all
A

T
C

R
B

S
transponders.

T
he

approach
thatw

as
adopted

w
as

to
precede

the
M

ode
S

data
block

w
ith

a
pream

ble
consisting

o
fa

P
I

and
~
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ll.rt.rlA

"
'
~

..
"

"
.il1

,
.
,
.
Q
'
I
'
I
l
r
A
~
"
"
n
o

n
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~
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n
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....io
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.
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...n
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A
C

O
"
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,
c
~

P
U
I
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V
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4
1
4
1
1
1
P
l
l
l
U
U
~
.

•
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l1
"
'U

I"
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''''IV

'-'U
U

J
cu

•
.n

o
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U
C

U
•.,p

v
U

U
u

n
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.......u

"
....

U
AV

6
v

u
n

v
..

p......
VA

"U
p

p
A

""A
V

..
AVA

-'-'

J.lsec.
T

he
data

block
is

sentduring
this

interval,and
is

therefore
notdetected

by
the

A
T

C
R

B
S

transponder.
N

ote
thatit

w
as

the
length

o
fthe

suppression
interval

thatdictated
the

m
axim

um
length

o
fthe

M
ode

S
data

block.

S
idelobe

suppression
(S

L
S

)
is

notrequired
w

ith
a

selective
addressed

M
ode

S
interrogation,since

the
interrogation

is
transm

itted
w

hile
the

addressed
aircraftis

in
the

antenna
m

ain
beam

.
O

ther
M

ode
S

aircraftin
the

antenna
sidelobes

thatreceive
the

interrogation
w

ill
notreply

since
the

interrogation
does

notcontain
their

M
ode

S
address.

H
ow

ever,the
M

ode
S

-only
all-eall

uses
the

M
ode

S
interrogation

w
ave

form
.

T
hus,sidelobe

suppression
is

required,
as

for
any

all-call
type

interrogation.
T

he
P

2
pulse

cannot
be

used
for

SL
S

since
itis

used
in

the
M

ode
S

pream
ble

to
preventA

T
C

R
B

S
replies

to
M

ode
S

interrogations.
SL

S
for

M
ode

S
is

provided
by

an
additionalpulse,

show
n

as
P

5
in

the
figure.

T
his

pulse
is

transm
itted

on
the

om
nipattern

atthe
tim

e
o

f
the

sync
phase

reversal.
T

he
presence

o
f

the
P5

obliterates
the

sync
phase

reversalfor
aircraftin

the
sidelobes.

T
his

m
akes

itim
possible

to
decode

the
interrogation.

N
ote

thatthere
is

no
SL

S
circuitry

in
the

M
ode

S
transponder;

suppression
occurs

through
controlled

interference
to

the
sync

phase
reversal.

S
ince

the
P

5
pulse

is
transm

itted
at

the
sam

e
tim

e
as

the
data

block,a
second

transm
itter

(ofm
uch

low
erduty

cycle
than

the
m

ain
transm

itter)
is

provided
in

the
M

ode
S

sensorfor
this

purpose.
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M
O

D
E

S
R

E
P

L
Y

A
M

ode
S

reply
begins

w
ith

a
four

pulse
pream

ble
follow

ed
by

a
data

block.
T

he
data

block
is

encoded
using

pulse
position

m
odulation

(P
P

M
)

ata
one

m
egabitper

second
rate.

A
logical

"one"
is

encoded
as

the
presence

o
fa

1/2
m

icrosecond
pulse

in
the

fIrst
halfo

fthe
one-m

icrosecond
data

chip
interval.

A
logical

"zero"
is

encoded
as

the
presence

o
fa

1/2
m

icrosecond
pulse

in
the

second
half

o
fthe

one-m
icrosecond

data
chip

interval.
T

he
data

block
is

either5
6

or
112

m
icroseconds

long,thus
providing

either
56

o
r

112
data

bits.

A
one

m
egabitper

second
data

rate
w

as
selected

as
the

highestrate
com

patible
w

ith
a

low
costim

plem
entation

for
the

M
ode

S
transponder.

P
P

M
w

as
selected

to
provide

for
bitinterference

detection
and

to
enhance

m
onopulse

operation.
Interference

o
fa

data
bit

position
can

be
detected

by
com

paring
the

received
energy

in
both

halves
o

f
the

data
chip

interval.
Ifthere

is
no

interference,there
w

ill
be

received
energy

in
only

one
halfo

fthe
interval.

E
nergy

in
both

halves
indicates

thatan
interfering

pulse
w

as
received

atthe
sam

e
tim

e.
P

P
M

enhances
m

onopulse
perform

ance
since

the
data

block
contains

56
(or

112)
bits,independento

fthe
data

content.
T

his
contrasts

to
the

poise
am

plitude
m

odoiation
used

in
A

T
C

R
E

S
in

w
hich

a
m

essage
com

posed
o

falllogicalzeros
does

notcontain
any

data
pulses.

T
he

constantnum
bero

fpulses
in

the
reply

m
akes

itpossible
for

a
m

onopulse
azim

uth
estim

ate
for

the
reply

to
be

based
upon

a
large

num
ber

(e.g.,
16

o
r

32)
o

findividualpulse
azim

uth
m

easurem
ents.

M
utualinterference

w
ith

A
T

C
R

B
S

is
m

anaged
on

the
dow

nlink
through

the
use

o
fa

pream
ble

w
hose

spacing
w

as
selected

such
thatitis

unlikely
to

be
synthesized

by
A

T
C

R
B

S
replies.

T
his

m
inim

izes
the

possibility
thatthe

M
ode

S
reply

processorw
illbe

triggered
by

A
T

C
R

B
S

fruit,
and

hence
be

busy
w

hen
the

elicited
M

ode
S

reply
is

received.
A

second
technique

to
m

anage
m

utualinterference
is

the
use

o
fa

bursterrorcorrecting
technique

thatcan
errorcorrectthe

effects
o

fa
single

A
T

C
R

B
S

fruitreply
thatis

received
atthe

sam
e

tim
e

as
the

M
ode

S
reply.
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M
O

D
E

S
D

A
T

A
L

IN
K

T
he

selective
addressing

provided
by

M
ode

S
provide

a
naturalm

echanism
fora

data
link.

T
he

data
link

capability
o

fM
ode

S
provides

the
capacity

and
perform

ance
required

to
supportairtraffic

services.
T

he
com

m
unications

controlfeatures
o

fthis
link

have
been

designed
to

be
com

patible
w

ith
the

O
pen

System
s

Interconnection
(O

SI)
R

eference
M

odel.

T
he

link
design

provides
for

both
ground-to-air

and
air-to-ground

m
essage

transfers.
A

ir-to-ground
m

essages
m

ay
be

eitherpilot
initiated

orground
initiated.

T
he

latter
type

is
provided

to
efficiently

read
technicalinfonnation

available
on

board
the

aircraft,e.g.,roll
angle

in
supportofturn

indication
for

ground
trackers.

M
essages

sentover
the

M
ode

S
link

benefitfrom
the

high
degree

o
ferrorprotection

provided
in

the
M

ode
S

link
design.

T
echnicalacknow

ledgem
ent o

fthe
delivery

ofa
m

essage
is

provided.
O

n
the

uplink,the
receiptofa

reply
to

an
interrogation

that
delivered

the
m

essage
constitutes

the
technicalacknow

ledgem
ent.

Finally,provision
w

illbe
m

ade
in

allcriticalapplications
for

an
overall

acknow
ledgem

ent to
be

provided
by

the
a.ircTaft

""feW
,indicating

receiptand
acceptance

ofthe
m

essage.
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M
O

D
E

S
D

A
T

A
F

O
R

M
A

T
S

M
ode

S
fonnats

contain
either

5
6

o
r

112
bits.

A
ll

fonnats
contain

a
24

bitaddress/parity
field.

T
hese

tw
o

functions
w

ere
com

bined
into

a
single

field
to

m
inim

ize
channeloverhead

F
o

r
an

interrogation,the
M

ode
S

sensorgenerates
a

24-bitparity
field

from
the

entire
m

essage
(either

56
o

r
112

bits)
and

overlays
this

on
the

address
to

form
the

address/parity
field

W
hen

the
interrogation

is
received

by
the

transponder
itperform

s
a

com
plem

entary
decoding

process.
H

the
m

essage
w

as
received

errorfree,
the

intended
M

ode
S

address
w

ill
be

recovered
from

the
address/parity

field
T

he
addressed

transponder
w

ill
thus

accept
and

process
the

m
essage.

O
ne

o
r

m
ore

errors
anyw

here
in

the
m

essage
w

ill
cause

a
change

in
the

decoded
M

ode
S

address.
In

this
case,the

addressed
transponder

w
ill

notacceptthe
m

essage
since

itappears
to

be
addressed

to
another

transponder.

S
urveillance

fonnats
contain

surveillance
and

com
m

unication
controlinform

ation,and
on

the
dow

nlink
contain

M
ode

C
altitude

or
M

ode
A

identity
codes.

S
urveillance/com

m
unication

fonnats
contain

allo
f

the
fields

o
fa

surveillance
fonnat,plus

an
additional56-bit

m
essage

field.
T

his
perm

its
data

link
and

surveillance
activities

to
take

place
sim

ultaneously.
P

rovision
is

m
ade

in
the

M
ode

S
data

link
A

_
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of,....,.............f
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,
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h
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L
"C
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.n
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Q
"1

"n
1

_
1
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n
~
~
~
!
J
(
I
_
p

n
tiro

U
~
~
J
.
~

I
L

V
lll1

A
u

y
L

V
.IV

U
I.

V
.I.

U
I"

"
J
V

u
.n.•

.I.,I.\.....;,I3
U

.
'"
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.1
.&

.1
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w
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"''&

&
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~...b'-""

""aaw
."J.

L
ongerdata

link
m

essages
are

handled
by

the
com

m
unications

form
ats.

T
he

use
o

fthese
form

ats
provides

for
greater

link
efficiency

in
tw

o
w

ays.
F

irst,the
m

essage
field

is
longer,so

few
er

interrogations
o

r
replies

are
required

for
a

given
m

essage.
S

econd,
the

m
essage

transfers
use

the
E

xtended
L

ength
M

essage
(E

L
M

)
protocol.

T
his

protocol
perm

its
up

to
16

com
m

unication
interrogations

to
be

acknow
ledged

by
a

single
reply,

thus
conserving

channeltim
e.

A
sim

ilarapproach
is

used
for

dow
nlink

E
L

M
s.

T
he

16
eighty-bit

m
essage

fields
provide

a
m

essage
length

o
f

1280
bits.

P
rovision

is
m

ade
in

the
M

ode
S

data
link

design
for

the
linking

o
fup

to
32

o
f

these
m

essages.
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M
O

D
E

S
D

A
T

A
L

IN
K

C
H

A
R

A
C

fE
R

IST
IC

S

T
he

M
ode

S
data

link
offers

characteristics
thatare

w
ellsuited

t:o
the

needs
o

fair
traffic

services.

T
he

association
ofthe

M
ode

S
data

link
w

ith
the

surveillance
function

offers
a

num
berofoperationalbenefits.

C
om

m
unication

can
be

established
w

ith
an

aircraftbased
solely

on
surveillance

detection.
T

hus,a
m

essage
can

be
sentto

an
otherw

ise
unidentified

aircraft.
T

his
is

im
portantfor

safety
services

such
as

m
inim

um
safe

altitude
w

arning
ornotice

ofpenetration
into

controlled
airspace.

Since
the

sam
e

address
is

used
for

both
surveillance

and
com

m
unication,the

possibility
is

elim
inated

ofdirecting
an

intended
m

essage
to

the
w

rong
aircraftdue

to
an

errorin
cross

referencing
the

surveillance
and

com
m

unication
identities.

A
third

operationalbenefitis
that

com
m

unications
coverage

is
assured

w
heneversurveillance

coverage
exists.

T
he

M
ode

S
lin

k
provides

a
high

levelo
fintegrity

to
accidentalorintentionaljam

m
ing

due
to

the
inherentcharacteristics

o
fthe

M
ode

S
grow

ld
station.

C
overage

is
restricted

to
line

ofsight
T

his
lim

its
the

airspace
in

w
hich

the
sensorcan

covertraffic,butalso
lim

its
the

area
in

w
hich

an
interfering

source
can

affectthe
M

ode
S

sensor.
T

his
area

is
further

lim
ited

by
the

use
ofa

narrow
antenna

beam
.

T
hus

a
single

interfering
source

w
ould

norm
ally

preventoperatilon
in

only
a

single
antenna

beam
w

idth.
In

the
w

orstcase,a
single

interfering
source

very
close

to
a

M
ode

S
sensorcould

preventoperation
o

fthatsensor,butw
ould

have
little

effecton
the

operation
of allo

fthe
other

M
ode

S
sensors.

T
hus,the

distributed
nature

o
fM

ode
S

m
akes

ittolerantto
interference.

T
his

naturaltolerance
to

interference
is

im
portantin

a
data

link
intended

forciviluse.
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M
O

D
E

S
E

X
PE

R
IM

E
N

T
A

L
FA

C
IL

IT
Y

T
he

initialvalidation
ofthe

M
ode

S
design

w
as

accom
plished

atthe
M

ode
S

E
xperim

entalFacility
(M

O
D

SE
F)

located
atL

incoln
L

aboratory.
Initially, M

O
D

SE
F

w
as

used
for

link
m

easurem
ents

and
m

onopulse
developm

ent.
Itw

as
laterupgraded

to
be

a
fully

functional
M

ode
S

sensor.

W
hile

validation
atM

O
D

SE
F

w
as

a
necessary

fIrststep,itw
as

notsufficientproofofthe
M

ode
S

surveillance
design

since
the

M
O

D
SE

F
site

does
notexperience

high
traffIc

density,fruit,orthe
presence

ofground
reflections

know
n

as
m

ultipath.
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T
R

A
N

S
P

O
R

T
A

B
L

E
M

E
A

S
U

R
E

M
E

N
T

S
F

A
C

IL
IT

Y
(T

M
F

)

T
he

T
ransportable

M
easurem

ents
F

acility
(T

M
F

)
w

as
constructed

to
obseIV

e
M

ode
S

sensor operation
at F

A
A

sites
that w

ere

know
n

to
provide

environm
ental difficulties.

T
he

T
M

F
includes

its
ow

n
antenna(s), tow

er
and

an
equipm

ent van
that contains

a
transm

itter, a
receiver,

and
digitizing

and

recording
equipm

ent
T

he
antennas

show
n

in
the

figure
are

an
A

S
R

-7
antenna

w
ith

a
m

onopulse
beacon

feed
and

a
m

onopulse-capable

hog-trough
antenna

on
loan

from
the

U
nited

K
ingdom

.
In

operation,1the
T

M
F

transm
its, and

then
digitizes

the
received

video
pulses.

T
his

digitized
inform

ation
w

as
recorded

for
later playback

and
analysis

at L
incoln

L
aboratory.

A
t m

ost sites, the
T

M
F

w
as

operated
as

close
as

possible
to

the
existing

sensor in
order to

experience
sim

ilar
environm

ental

conditions.
In

tw
o

cases, new
off-airport sites

w
ere

selected
to

detem
rine

the
effect o

f im
proved

siting
on

sensor perform
ance.

T
he

figure
show

s
the

T
M

S
at W

ashington's
N

ational
A

irport, w
ith

the
operational A

S
R

in
the

background.
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T
R

A
N

S
P

O
R

T
A

B
L

E
M

E
A

S
U

R
E

M
E

N
T

S
F

A
C

IL
IT

Y
C

fM
F

)
S

IT
E

S

T
he

sites
visited

by
the

T
M

S
are

show
n

on
the

figure.
Initial operation

and
shakedow

n
took

place
at L

incoln
L

aboratory
and

B
oston's

L
ogan

A
irport.

M
easurem

ents
w

ere
then

m
ade

at P
hiladelphia

and
W

ashington
to

experience
the

traffic
and

interference
levels

o
f the

northeast corridor.
T

he
T

M
F

w
as

then
taken

to
L

as
V

egas
to

operate
in

the
significant ground-bounce

m
ultipath

environm
ent

associated
w

ith
that

site.
F

inal T
M

F
m

easurem
ents

w
ere

m
ade

at L
os

A
ngeles

to
experience

the
highest traffic

and
interference

levels
in

the
U

nited
S

tates.
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A
R

T
S

ffM
F

C
O

M
P

A
R

IS
O

N

A
teach

o
f

the
T

M
F

sites,provision
w

as
m

ade
to

perfonn
sim

ultaneous
data

recording
w

ith
the

existing
F

A
A

sensor.
T

his
provided

a
directcom

parison
o

fthe
currentA

utom
ated

R
adarT

erm
inalS

ystem
(A

R
T

S
)

processing
w

ith
the

m
onopulse

processing
provided

by
the

T
M

F
.

A
n

exam
ple

o
fthis

com
parison

is
show

n
in

the
figure

for
data

collected
in

P
hiladelphia

for
an

80
by

80
nauticalm

ile
area.

A
R

T
S

data
is

show
n

on
the

left,T
M

F
data

on
the

right.
E

ach
pointrepresents

an
unsm

oothed
position

reportm
easured

once
each

antenna
scan.

T
he

reduced
m

easurem
enterrors

o
fthe

T
M

F
data

are
readily

apparent
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S
U

R
V

E
IL

L
A

N
C

E
P

E
R

F
O

R
M

A
N

C
E

C
O

M
P

A
R

IS
O

N

A
quantitative

com
parison

o
fthe

average
perfonnance

o
fthe

A
R

T
S

and
T

M
F

for
allthe

T
M

F
sites

is
show

n
on

the
figure

and
confinns

the
greatly

im
proved

qualitative
perform

ance
seen

in
the

previous
figure.

T
he

blip/scan
ratio

is
the

probability
o

fgenerating
a

targetreporton
an

aircrafton
a

given
scan.

W
hen

allaircraftare
considered,

the
blip/scan

ratio
is

seen
to

be
94.6%

for
the

A
R

T
S

and
98.%

for
the

T
M

F
.

T
he

m
ostsignificantdifference

in
blip/scan

perfonnance
is

revealed
w

hen
only

"crossing"
tracks

are
considered.

T
hese

are
cases

w
here

aircraftw
ere

close
enough

together
to

presenta
possible

synchronous
garbling

problem
.

F
or

this
subset o

f
aircraft,the

blip/scan
ratio

for
the

A
R

T
S

dropped
to

86.9%
,w

hile
the

perfonnance
o

f
the

T
M

F
rem

ained
at96.6%

.
T

his
resultclearly

indicated
the

benefito
fm

onopulse
processing

in
resolving

garbled
replies.

M
onopulse

processing
w

as
also

responsible
for

the
substantially

sm
allerm

easured
azim

uth
error o

fthe
T

M
F

(0.05°,
10).

T
he

range
error

w
as

also
reduced

to
24

ftfrom
124

ft
by

im
proved

m
easurem

ento
fthe

reply
tim

e
o

farrival.
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E
N

G
IN

E
E

R
IN

G
M

O
D

E
L

SE
N

SO
R

S

A
m

ajor
step

in
the

validation
ofthe

M
ode

S
design

took
place

in
1975

w
hen

the
FA

A
aw

arded
a

contractto
T

exas
Instrum

ents
for

the
developm

entofthree
engineering

m
odelsensors.

T
hese

w
ere

delivered
to

the
FA

A
T

echnicalC
enterin

1977
for

extensive
field

evaluation.

T
he

figure
show

s
a

draw
ing

ofthe
engineering

m
odelsensor.
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A
IR

C
R

A
F

f
R

E
P

L
Y

A
N

D
IN

T
E

R
F

E
R

E
N

C
E

E
N

V
IR

O
N

M
E

N
T

S
IM

U
L

A
T

O
R

(A
R

IE
S

)

T
he

engineering
m

odel
sensors

w
ere

builtto
dem

onstrate
a

full-capacity
sensor

(400
aircrafttotal,a

peak
o

f
5

0
aircraftin

a
sector

o
f

11
1/2°).

C
apacity

tests
o

f
these

sensors
could

nothave
been

accom
plished

w
ith

real
aircraftbecause

an
aircraftdensity

o
f

this
m

agnitude
did

notexistfor
A

T
C

R
B

S
aircraft,even

in
the

highestdensities
o

fL
os

A
ngeles.

F
urtheronly

a
sm

allnum
bero

fM
ode

S
transponders

w
ere

available.

C
apacity

testing
o

fthe
engineering

m
odelsensors

w
ere

accom
plished

using
a

traffic
sim

ulatorknow
n

as
the

A
ircraftR

eply
and

Interference
E

nvironm
entS

im
ulator(A

R
IE

S
).

T
he

A
R

IE
S

interfaces
w

ith
the

sensor
frontend

atanalog
levels

and
thus

exercises
the

entire
sensor,

notju
stthe

com
puter

subsystem
.

In
operation,the

A
R

IE
S

listens
to

interrogations
from

the
engineering

m
odel,

and
then

inserts
signals

into
the

fronten
d

atthe
tim

e
thatthe

transponderreply
w

ould
have

been
received

from
the

realaircraft.
T

he
A

R
IE

S
also

correctly
sim

ulates
the

m
onopulse

signals
according

to
the

off-boresightangle
o

f
the

sim
ulated

aircraft.
T

his
m

onopulse
sim

ulation
is

accurate
enough

to
perm

itoperation
w

ith
a

m
ix

o
fsim

ulated
and

realaircraft.
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A
R

IE
S

C
A

PA
C

IT
Y

T
E

ST
IN

G

A
principalobjective

o
fthe

M
ode

S
engineering

m
odeldevelopm

entw
as

to
verify

thatM
ode

S
sensoralgorithm

s
could

achieve
the

required
M

ode
S

surveillance
and

com
m

unication
capacity.

C
apacity

testing
w

as
accom

plished
w

ith
the

A
R

IE
S

using
a

traffic
m

odel
thatrepresented

a
future

w
orst-case

scenario
for

the
L

os
A

ngeles
B

asin.

T
he

figure
show

s
a

display
oftraffic

being
processed

by
the

M
ode

S
engineering

m
odelsensorduring

a
capacity

test
A

square
indicated

a
M

ode
S

aircraft,a
circle

an
A

T
C

R
B

S
aircraft.

T
he

totaltraffic
load

is
over300

aircraft,m
osto

fw
hich

are
contained

in
a

90
degree,60

nauticalm
ile

sector.
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pr
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ed
su

rv
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ce
pe

rf
or

m
an

ce
th

ro
ug

h
th

e
us

e
o

f
m

on
op

ul
se

,d
is

cr
et

e
ad

dr
es

si
ng

,a
nd

er
ro

r
pr

ot
ec

ti
on

.
It

in
cl

ud
es

an
in

te
gr

al
da

ta
li

nk
w

hi
ch

pr
ov

id
es

un
iq

ue
be

ne
fi

ts
to

ai
rt

ra
ff

ic
co

nt
ro

l
be

ca
us

e
o

fi
ts

as
so

ci
at

io
n

w
it

h
th

e
su

rv
ei

ll
an

ce
fu

nc
ti

on
an

d
it

s
re

si
st

an
ce

to
in

te
rf

er
en

ce
.

M
od

e
S

te
ch

ni
qu

es
ha

ve
be

en
va

li
da

te
d

th
ro

ug
h

ex
te

ns
iv

e
fi

el
d

m
ea

su
re

m
en

ts
an

d
th

ro
ug

h
th

e
de

ve
lo

pm
en

to
fa

n
en

gi
ne

er
in

g
m

od
el

se
ns

or
.
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