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OVERVIEW

This report describes the hardware design of the TCAS Experimental Units
(TEU's) constructed by Lincoln Laboratory to support the design and validation
of the Traffic Alert and Collision Avoidance System (TCAS) for the FAA.
Section 1.0 presents an overview of the operation of the TEU's, in crder to
glve some context for the hardware design. References are given to mote
extensive descriptions of the TCAS system operation and software design.
Section 2.0 constitutes the bulk of the report, and is a detailed description
of the TEU hardware design.

alel

The purpose of this description is to document the design Jdetalls of the e
‘ equipment which was used to develop and validate the signal proucessing
techniques and algorithms which appear in the TCAS 11 Minimum Operational Ny
Performance Stacndard [Ref. 6], the TCAS National Standird {Ref. 8] and variocus }:
technical reports listed in the references, A second purpose is to provide e
desizn guidance to potential TCAS II manufacturers, in the form of a detailed &:

description of a feasible design with documented performance. Finally, this
document is a manual for future use and maintenance of the TEU's.
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1.0 INTRODUCTION

N 1.1 Purpose

- This document describes the hardware design of the TCAS
Experimental Units (TEU's) built by Lincoln Lahoratory for the Federal
Aviation Administration. These are experimental versions of TCAS (Traffic
Alert and Collision Avoidance System), a system designed to alert pilots to
nearby transponder-equipped aircraft and to assist them in avoiding
collisions.

The purpose in constructing the TEU's was to demonstrate a complete TCAS
system that integrated the solutions to the many technical problems in areas
ranging from elimination of multipath interference on the air-air link, to the
modeling of aircraft trajectories and selection of appropriate commands, to
the design of an appropriate interface between TCAS and the pilot. During the
development process new problems were discovered and solutions developed,
leading to the evolution of a large body of experience which is reflected 1in
tge’stanQards that have heen developed for commercial TCAS equipment.
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are carried on all commercial and many general aviation aircraft. TCAS
interrogates both the Alr Traffic Control Radar Beacon System (ALUKHS)
transponders that are the current standatrd transponders and also the Mode S
transponders that will begin to be installed over the next decade. When
interrogated these transponders reply (at 1090 MHz) after a fixed “turnaround”
time. This allows the range to be determined. The reply contains data bits
(12 for ATCRBS, 56 or 112 for Mode S). If the appropriate interrogation type
is sent, the dacra in the reply contains a coded form of the aircraft's
altitude. Some ATCRBS-equipped aircraf: are not equipped with encoding
altimeters, and thelr reply to an altitude interrogation is all zeros. Not
all aircraft are equipped with transponders, and unequipped aircraft are not
seen by the TCAS ecquipment.

TCAS interrogates (at 1030 MHz) the radar beacons or transponders that %
i

o .
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From the measured range and encoded altitude in the replies TCAS derives
rarfe rate and altitude rate, and begins to track the other aircraft. If the
track indicates that the other eircraft will pass too close to own aircraft
within a short period of time (approximately 30 seconds, but this depends on
the setting of the pilot's sensitivity level switch, own altitude, and
sensitivity level commands sent from the ground) TCAS issues commands to the
pilot. These may be either positive commands (climb, dive) or negative
commands (don't climb, don't descend, don't climb faster than 1000 feet per
minute, etc.), They are displayed as indicator lights on a modified
Instantaneous Vertical Speed Indicator (IVSI), Positive commands light
climb/dive arrows. Negative commands light yellow indicators around the
periphery of the IVSI that act as speed limits. The pilot is advised to kecep
the IVSI needle out of the yellow regions.
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TCAS units equipped to measure the bearing to other aircraft (also called
the angle-of-arvival of the transponder reply, or AODA) can generate traffic
advisory displays In a plan-view format. The aircraft displayed are normally
limited to those within 5-10 nmi of own aircraft and 1n a band of alritudes
within a few thousand feet of own altitude. This capabhility assists pilots in
visually acquiring nearby aircraft. On the basis of visual information, they
may then maneuver to avold the need for collision avoldance commands, and may
mateuver horizontally. The traffic advisory display also allows a pilot to
betLter understand the local traffic situation, and therefore any commands that
might be issued by the TCAS unit. It 1is able to display the hearing and range
to non-sltitude-reporting aircraft. TCAS cannot generate commands to avoid
these alircraft due to the lack of altitude information, but can assist the
pllot in visual acquisition if they happen to be nearly co-altitude,

e AT S T el o BT, N, AR RN I el

The interrogation/reply link 1is complicated by several conditions. Both
the interrogations and replies may be reflected from the ground. This is
termed "multipath”™. It can cause a number of effects, including self-garbling
of replies and false targets. Another problem with the link is that rvreplies
may overlap or garhle. Garbling may be duc to two or more aircraft being at
the same range (synchronous garble) or due tn replies which are responses to
other interrogators, including ground interrogators. This 1s asynchronous
garble, more usually called "fruit”.

To divide up the ATCRBS aircraft population and reduce syunchronous
karble, especially wheu the TCAS unit uses an omni-directional antenna as do
the TEU's, a technique called "whisper-shout"” is used. 1Instead of a single
interrogation, a series of interrogations are sent at {ncreasing power levels.
Each interrogation except the first is immediately preceeded by a suppression
pulse pair spaced 2usec apart at a slightly lower (1-3 dB) power than the
preceding interrogation. This suppressioun pulse pair causes ATCRBS
transponders not to reply. The effect of this sequence is that the ATCRBS
population 1{s divided up based on link power margin. An ATCRBS transponder
will typically reply to only two or threc interrogations in the sequence. The
: lower powered interrogations will not be seen (will be below the transponder's
threshold level). The suppression pulse pair preceeding the higher powered
interrogations will suppress the transponder. At intermediate powers, the
interrogation pulse pair will be above the transponder threshold but the
suppression pair will be below threshold and the transponder will reply.
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Multipath and truit effects are eliminated by both hardware and software
techuiques. The primary hardware technigque {s 2 Dynamic Minimum Thresh: 14
Level (DMTL) which adjusts the receiver threshold such that the current reply
is 6-9 dB above threshold. Multipath and fruit replies will usually be below
thiz level and will not be seen by the receiver. Stronger fruit replies may
capture the DMTL, however, and cause desired replies to be lost. This happens
rerely, however, and the software Lracking alzocithms casily track through
such missese.

Software technigques for dealing with multipath, fruit and other link
problems are described in Ref. 1.
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Mode S transponders are not affected by synchronous garble. Each
transpouder 1s interrogated {udividually by name (Mode S address), in coutrast
to the anonymous interrogations of ATCRBS. However, this introduces the
problem of initi1ally finding out what Mode S addresses are in the vicinity.
This is done by passively listening to Mode S replies during times when
nelither ATCRBS nor Mude S survelllance is being performed. These replies may
be replies to ground interrogators, replies to other TCAS alrcraft or may be
Mode S "squitter” replies which the transponder is required to emit once per
second {f L 1s not bhcing {ntetrogated.

For a more detailed TCAS summary see Ret. 2. References 3 and 4 give
detailed technical discussions of the TCAS system design and validation. The
ATCRBS surveillance algoritbtms used in the TEU correspond closely to those in
Ref. 1, although that document contains som> improved methods for tracking
non-altitude-reporting aircraft and some other imp-ovements that have not been
incorporated in the flight s ftware as of this date. The Mode S software
demonstrated in the TEU corresponds, with the exce-tion of recent refinements,
to the software de cribed in Ref. 5. Reference b, Volume 2 describes the
coliision avoidance algorithms currently specififed for TCAS. The algorithms
in use in the TEU's as of this date are the earlier ones o[ Kef. 7 plus
certain revisions made as flight experience was yalned. References 6 and 8
ar— the standards developed for commercial TCAS installations.
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TCAS EQUIPMONT

2.1

Hajor System Elements

The major components of a TCAS Experimecntel Unit (FEU) are shown in
2.1-1. These components are:

A transmitter/receiver unit which generates interrogations at 1030 MHz
and receives replies at 1090 MHz. The transmitter/receiver unit is
capable, under computer control, of using either an antenna mounted on
top of the aircraft or one mounted on the t,ttom. A reply log video
signal 1s produced which 1is passed to the video pulse quantizer (VPQ)
{in the digital process‘ng charsis. In the version of the TEY which
provides bearing information (i.e., angle-of-arrival data) the
receiver processes two signals from each antenna. The reply bearing
information is contained in the relative phase of these two signals.
In addition to log video, the AOA receiver produces two outputs called
SINE and CUSINE which are passed to the angle processor in the digital
processing chassis.

A digital processing chassis. As shown in Fig. 2.1-2, this contains:

A modulation control unit (MCU) to control the transmitter aund
reply processors.

- A video pulse quantizer (VPQ) and video digitizer which process
the log video veturned from the receiver and provide several
quantized signals to the reply prucessors.

- An ATCRBS reply processor.
- 4 Mode S reply processor.

- An optional Mode S transponder interface. which provides for
alr-air and air-ground communication usinyg the Mode S data link.

— An optional angle-of-arrival (AOA) processor. This replaces the
Mode S transponder iuterface (they are mutnally excliusive due only
to card slot limitations). In conjunction with an appropriate AOA
receiver and antennas this provides the reply processors with
information on the direction from which a reply was received.

~ A Gerneral Purpose 1/0 (GPI1O) interface. This provides a datla
channel or direct memory access interface (i.e., one where data
transfers take place independently of the software, once
initiated) for the MCU, reply processors, ard Mode S transponder

-

- 1@V . FwitwP




ALY ATFUITRTATVAL RATAR T A

ANINSIOI OMNNYL
vivQ ony

[ RYoT¥1 Tale]

¥MOLYN 340 A3 L

$IOMINDOD Ony
$AY WO 10d

4

b,

»2232 0o

42080739
v.v0
30QdUINYD

BLANINOWNOD NIL wO'YA

Y Rt ™ o i T " T " e e s L 1T . £ O B B Wi —— et R

LRI T ]

V1INV (NOU4
LEFU T, ol

£6C 5y

ALL T EPY

ZCZ s

I33AT] *

S5 Lbe]
NOIBNYL X3
oNn n0Y

AV 9RO Doy

HOLME
13A3
ALALINIS

|
|
I

eCe sy

HOSE3J0ud Qv

—

u30N0aSaval

£N8 0/ M0u

SIBBYHD

AYWBIQ ISA

19/ 13A3) AMAILISNIS

ONSSIDCud
IVLNO

/987 WDMINGD 1SN

~

VIMNRUNY BOLLOS

12/ 2NWWAYO

% 300m
(M3ILEAS YOV M INISIud LON) H
— wiidmidw
0L/ IBNULIY 3WNEE 30¢ ONJOINI

VYNNILNY 9O L

SNA NOIGE 30440 EDMNAY

CINILiME ¥IAUICEBT LDINNOD O
036N OSI¥Y Io¥ BINID 383HI 340N

YuNILNY RO LLOE

1€/ 3GNLLTY BYQYY

T ETNPTES

[ (9300081 Tvnadixd) sax

k.

LEPEL TR1j
wvavay

YRNILINY YOY ROL1108
|

WO YOV) INSOD '

{AIN0O YOV) ING

03aA BOY

76/ TOBINOD B31LNENYY.

snd 0/ MI0Y

H3ILNamOd
UIE WI0Y

wiNID38
IMILUNENYSL

YuK3IiNY BOLIOE

L

-

Y
-

ALLEPLL Y 1* F S -

VHNILNY YOV 90U

v




RO.WM 170 BUS

5

PRESSUAE ALTUDE/ 10/

RADAR A_l,YﬂUD{ 131
T GENERAL PURPOSE 11O NTERFACE NSTATY LEVEL /87
[— FTLL] <
W8l CONTROL 7187 (48V)
L 1K Q! Y
| PO AANGE WINDOW
' CONTROL /11! CLOSED
ey
: 3
1 8 AVIONCS SUPPAEAION BUS .
" ~7
onat YRANSMITTE » CONTROL /8/ Y
T MODULATION VPO CONTROL /8
) CONTROL UNITY ATCARS/MODE S
L (Mey) 0 .
[ RANQE I\_J_I
PANOE BTROBES /2/ unP DML VOEO PULBE Loa
MEAPCONTROL /30/ CO?H‘_NEL QUANTER VvIOEC
ARP CONTROL /6/ 1
. cac i
1 I ’l
A B e 2 3
’ | Ll
~ ATCRBE REPLY ALE
al le PHOCESSOR ate
~ = (ARP) f——— VDEQ DWTZER
hid -~ a0v
! i’ ARP AOA CONTROL /28: 1
8 2 AOA D_€1A IALN 1 “
£l |z B
& 3 RIBITIZER DIgITIZER
L { cLotK CLOCx
| ’ CCMTROL
I 3 H—— ' H
MOOL § REPLY J
: PROCEBBOR
l (M5AP;
)
AOA DATA 716/ AOA PAOCEBSON
MBAPF AOA CONTADL /6.
*r— -
R
;5 gl
A
A OMA |I’ & !
(=3
L I ”l °
——{ wooER
_— TRANSSONDER
1 arearace
[T AOA DIOMQER
Moo
vo
-
COIMNE ¢
REAL TOME
cLocH OATALNX 72/
R
8001 LOAL ’_-
AOM P
4 P‘j
,
| I i AN
. e
ROLN VO BUs P
L]
FIG 7 1 -2 DNITAL PROCESSINO UHASIR COMPONENTS ANC WNTERCOMMEC TIONS
Te
6 B
-y
R Ty - ® e . » - - ..V
D T S - D S T T S gt S TS S P T N L R N S PR
o S SCNCCARE SN AP AN SN N A BRSNS RN




interface. It also provides a programmed I/0 interface (which
requires explicit programming to transfer each word) for the
encoding altimerer, the radar altimeter, the sensitivity level
switch, and the IVSI display.

- A real-time clock
- A boot load ROM for initial system loading from a tape cartridge.

An encoding altimeter, which provides altituds data both to the TEU
processor and to the transponder.

A Mode S transponder, which provides surveillance replies to both
ground interrogators and other TCAS interrogators and also provides
data 1link capabilities which are used for air-air and air-ground
communication.

An Instantaneous Vertical Speed Indicator (IVSL) modified to display
collision avoldance commands.

A sensitivity level control switch, which allows the pilot to control
the “"sensitivity” of the TEU by selecting among several settings of
parameters in the collision avoidance logic.

A microprocessor controlled CRT display, the Airborne Intelligent
Display (AID), used to display traffic advisories to the pilot. Both
tabular alphanumeric and plan view display formats have been used.
The display 1s a modified color weather radar display, and remains

able to perform weather radar functions. For more detall, see
Ref, 12.

Devices used for software debugging and data extraction:
~ A standard keyboard/printer.
-~ A cartridge data recorder for program loading and data recording.
- A time-of-day (TOD) clock f.r time tagging the extracted data.
An optional radar altimeter,
A ROLM 1650 computer with 32768 words of memcry and a l-psec memory
cycle time. The full TEU software system requires more than this
amount of memory. Therefore, the Mode S survelillance software 1is
normally not loaded.,
A ROLM 1650 1/0 expansion chassis, with CPU front panel. This
provides for the usual CPU manual controls used for debugging, as well
as additional I/0 interface slots for interfaces to the

kevbhoard/printer, cartridge Jdata recorder, time-of-day clock, and the
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© An auxiliary interface box (not shown in Fig. 2.1-1) which can be
substituted for the I/0 expansion chassis. It provides all the
functions of the I/0 expansion chassis except for the CPU front panel
and the keyboard/printer interface. It 1s used with TEU's whose sole
purpose is data taking and not software or hardware debugging.

The operation of the components of the transmitter/receiver and of the
digital processing chassis will be discussed in the following sections. The
other TEU componenzs will be discussed only to the extent rejuired to explain
the operation of the transmitter/receiver and the digital processing chassis.

2.2 Modulation Control Unit

2.2.1 Function

The Modulation Control Unit (MCU) is the interface by which the CPU
controls the transmission of interrogations and the processing of replies.
The CPU transfers a block of control information to the MCU via the data
channel to initiate a trausmit/receive operation. The MCU then generates the
appropriate control and timing signals for the transmitter, video pulse
quantizer, angle~of-arrival processor, and ATCRBS and Mode S reply processors.
The MCU also accepts range strobes from the ATCRBRS and Mode S reply processors
and uses these to latch the current range clock value for use by these
processors. At the end of the interrogation listening window, it sends a
range gate close pulse to the GPIO interface, triggering cthe range gate close
interrupt. A final MCU function 18 to prevent the transmitter duty cycle from
exceeding 3afe limits. It does this by ignoring any modulation requests that
occur too soon after a previous transmission. A 2-msec interval 1s required
after ATCRBS transmissions and a l6-msec interval following Mode $
transmissions,

2.2.2 Programming

Tne MCU's operation 1s controlled by means of 10-word command blocks
transferred from the CPU via the GPI0O data channel interface. GPI0O data
channel programming 18 discussed in greater detail in Section 2.9. The
software must first determine whether the MCU 1is ready to receive a command.
This 13 done by reading the GPIO status via a DIB Llnstruction. Note that the
MCU does not have to be the selected GPIO device in order to read the MCU
gtatus. The status word returned contains two MCU status bits. If the MCU
Ready (MR) bit (bit 1) 1s 1, the MCU is ready to receive a command block.
However, 1f the command block specifies an interrogation, as opposed to a
squitter listening function, the Modulation Enabled (ME) bit (bit 0) must also
be | or else the MCU will not modulate the transmitter,

Before transferring the command block, any GP1O data channel transfer in
progrese must be terminated and the GPIO device address must be set to route
data channel transfers to the MCU., Then the data channel buffer address and
word count are initialized and a START pulse 1s issued to initiate the
transfer. The seftware must then walt until the transfer is complete. This
i1s signalled by the setting of DONE, clearing of BUSY, and the jgeneration of
an Interrupt from device 7. The 1/0 skip instructions can be used to test

8




BUSY or DONE, or the interrupt can be used to trigger further processing.
Given the short transfer time, and the fact that the GPIU channel must be
reallocated immediately to one of the reply processors, it 1s usuaily best for
the software to idle using an I/0 skip instruction and with the device 7
interrupt disabled until the transfer 1s complete.

The format of the 10-word command block is shown in Fig. 2.2-1, slong
with an explanation of each of the fields.

2.2.3 Operation

2.2.3.1 Summarz

An overall MCU block diagram 1is provided by Fig. 2.2-2, When the GPIO
data transfer 1is started by the software, this 1is signalled over the BUSY line !
to the MCU controller. The controller then goes through a series of states V
which transfer the 10 command words from the CPU memory and locad them into ;
appropriate MCU registers. The listening window (first word) is loaded into
the range counter, the second and third words into the two control registers,
and words 4 through 10 are loaded into the Mode S data buffer memory.

When the command block transfer is completed the MCU controller issues a
START pulse., This initiates the MCU command processing as well as being sent
to the ATCRBS and Mode S reply processors. The START pulse initlalizes the
range counter, which begins incrementing once every 125 ns. The range window
counter also starts incrementing at this rate starting from the initial
listening window value. Finally, the mode decoder and sequence generator also

is initialized and 1ts interval timing counter begins incrementing at the same
8-MHz rate.

The control registers hold all the data regarding the nature of the
interrogation and the type of reply processing required. Some of this data
directly affects control lines to other devices. The mode information is v
decoded to create other external control signals and also to control the ;
sequence generator, which provides time-varying signals. For Mode §
interrogations, the sequence generator in turn controls the Mode S data buffer !
and DPSK generator which generates the DPSK data modulation signal for the
transmitter and provides _he MODE S ADDRESS data to thte Mode S reply
processor.

The suppression logic places the AVIONICS SUPPRESSION BUS in the
suppressed state (+28 volts) at the START pulse of any interrogation.
Squitter listening mode does not cause suppression. The bus is held in the
suppressed state until either the interrogation is completed or the listening
window cloges. Selection between these two modes 1s done by software via the g
SC bit of the MCU control block (Fig. 2.2-1).

When the range window counter counts up to zero, the RANGE WINDOW closes
and the RANGE WINDOW CLOSED pulse 1s sent to the GPIO interface, causing an
intervupt of the CPU, This terminates reply processing. However, the range
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WORD 1 LISTENING INTERVAL
2 SC | "MTL CONTROL _[///7///777//71777/17///\®B _[////1//1111117]
3 INTERROGATION PWR SUPPRESSION PWR | MCU MODE 1D [///
4 1 16
S 17 Mode S UPLINK DATA 32
6 33 48
7 49 56| 64
8 65 80
9 81 96
10 | 97 112
LISTENING INTERVAL Receiver listening interval in 2's complement format.
LSB {increment = 125 ns. The listening window must be
set longer than the nominal listening range to
account for various hardware delays. An additional
87 usec should be allowed in ATCRBS modes, and an
additional 230 psec in Mode S.
SC Suppression control.

0 = the external avionics suppression line will be
held in the "suppress” (+28V) state for the
duration of the listening window.

1 = the external avionlics suppression line will be
held in the “suppress” state from TPT to the
end of the interrogation (approximately
30 usec).

MTL CONTROL Minimum threshold level contro! for the VPQ. LSB
increment = 2 dB.
0 = =77 dBm referred to the TEU
15 = =47 dBm  antenna input port
PB Phantom rejection control for the ATCRBS reply

processor. A phantom 1s a false reply created due to
the accidental spacing of code and/or framing pulses
of two real replies.

0 = Accept all replies
1 = Reject all phantoms

Fig. 2.2-1. MCU conatrol block format.




DEFINITION OF FIELDS (Continued)

FIELD

SIGNIFICANCE

INTEF.ROGATION PWR

SUPPRESSION PWR

MCU MODE

MODE S UPLINK DATA

Fig.

Transmitter power attenuator control for the P1-P3-P4
interrogation pulses, LSB inrcrement =1 dB.

0 = 31~-dB Attenuation
31 = 0-dB Attenuation.

The nominal power at the

transmitter output connector is +57 dBm in this

case.

Transmitter power attenuator
suppresslion pulse pair. LSB

0 = 31-dB Attenuation
31 = 0-dB Attenuation

MCU mode select.

Diversity Switch Control

= Top Antenna

1
0 Bottom Antenna

control for S1 S2
{ncrement = 1 d8.

0000 Mode A, P4, no suppression
0001 Mode C, P4, nc suppression
0010 Mode A, P4, suppression
0011 Mode C, P4, suppression
o01CO0 Mode A, No P4, no suppression
0101 Mode C, No P4, no suppression
0110 Mode A, No P4, suppression
0111 Mode C, No P4, suppression
1000 Long Mode S

1001 Short Mode S

1010 Squitter Listening

1011 Unused

1100 Unused

1101 Unused

1110 Unused

1111 Terminate squitter listening

Data and address for the Mode S modes. The last 56
bits of this field are ignored for short Mode S
transmissions., This entire field is ignored for
ATCRBS and squitter listening modes but it must be

supplied.

2.2-1. MCU control block format (Cont'd).
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counter contlnues to count, timing out elther 2 msec (for an ATCRBS
interrogation) or 16 msec (for a Mode S interrogation) at which point
MODULATION ENABLED is asserted. At that point both MCU status bits will
indicate that the MCU is ready for another interrogation command.

-

When the command block indicates squitter listening mode, a slightly
different procedure is followed. The sequence generator is not activated,
since no transmission is sent. Similarly, the range and range window counters k
are not started. The RANGE WINDOW is opened at the START pulse. The
ATCRBS/Mode S line indicates Mode S, but the SQ line indicates to the Mode S b
reply processor that squitter reply processing is desired, This disables the
Mode S address checking logic 1n the Mode S reply procesgsor. The AVIONICS
SUPPRESSION BUS is left in the unsuppressed state.

oo .

y ®-

In squitter mode the RANGE WINDOW remains open, as the range window g
counter is not incrementing. Therefore, to stop squitter listening and close }
the range window a new MCU control block must be output by the software with 1
the "stop squitter listening” mode. This must be done prior to sending any i
command block that generates an interrogation., This also allows the Mode S
reply processor to terminate properly. <

3
2.2.3.2 MCU Controller §.

The MCU controller is & standard state controller. The outputs and the f .

next state are determined by the inputs and the current state. A PROM
provides the translation from input/current state to output/ne. t state, A
v.2ister {s used to latch the next state. A block diagram of the controller
18 shown in Fig. 2.2-3 and a state diagram for the controller is shovn in J
Fig., 2.2-4. At power-on, the controller is initialized to state 0, from which :
it {mmediately passes to state 1 after issuing a RESET. It waits in state 1l ’
until the conditions fo' a data channel transfer are satisfied. It then

1ssues a RESET and begi.s the transfer. 1In state 3 it {ssues the DEVICE DONE M
pulse to request a word transfer frowm the GPIO interface, It waits in state 4 |
until the resulting DCHO signal {s received, at which point it enters state 5 A

to read the data. It then returns to state 3 for the next word, or, if the
lagt word has been transferred, it goes to state 6 which issues the START ‘-
pulse to initiate the Iinterrogation. An auxillary word count register is

used by the coatroller to route the data channel words to the appropriate i
registers, This 18 incremented in state 3. Note that the WRITE signal £
generated in state 5 deoes not control the loading of registers. Its only
function {s to increment the Mode S data butfer's write address reglster at
the appropriate times, As can be seen in Fig, 2,2-3, WRITE is gated by

.
LOAD4-10 to pruduce the WAR signal that increments the address counter. -
2.2.3.3 Mode Decoder and Sequerce Generator '
Figure 2.2-5 13 a block diagram of the mode decoder and sequence
generator, The node decoder is a PROM which generates control signals based

on the current mode value as received from the MCU control registers. The
sequence genecrator consists of a sequence counter, some PROMs which store the
various _iuing signals, multiplexers for selecting the desired signals, and
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latches for synchronizing and holding the outputs. The sequeuce counter is
loaded at the START pulse, if modulation of the transmitter is allowed. It
counts at an 8-MHz rate through a 64-usec sequence. At the end of this time,
the MCU READY signal becomes true, and disables the counter. The counter
output is used to address the PROMs, which gencrate the signals shown.
Particular signals are seleccted by the multiplexers based on control sipnels
from the mode decodevr. The MOD LENGTH signal determines the length of the PAM
modulation, and therefore whether or not the P4 pulse, present in all the
ATCRBS PAM outputs from the PROMs, wlll be output or inhibited at the
miltiplexer. The MOD GATE signal is required by the transmitter before
modulation 1s initiated. The circuit shown assures that MOD GATE goes high
one clock before PAM, and stays high until one clock after PAM goes low.

Figure 2.2-6 shows the timing of the various PROM outputs. The timing
shown 1s at the output of the sequence rROMs. The relative timing of some
signals changes before their point of use due to differing numbers of delaying
flip—flops along their peths.

2.2.3.4 Mode S Mata Buffer and DPSK Generator

Figure 2.2-7 is a block diagram c¢f this portion of the MCU. When the MCU
controlier initiates the transfer of a 10-word command block over the data
channel, it pulses the RESET line, setting the bufter address register to its
initial state. As words 4 through 10 of the command block are transferred,
L0AD4-10 {c pulsed by the MCU controller as cach wsrd is available oo the DAlA
lines. After each LOAD4-10 pulse, a WAR pulse is sent which allows the buffer
address register to increment by one. In this way, ali the Mode S data bits
are loaded intc the buffer memory. These words are loaded into the buffer
memory whether or not the control block's mode field indicates a Mode S
interrogation.

Next, unless the mode field of the MCU control block selected squitter
listening, the sequence genervator will cupply the various control signals for
the DPSK modulation. Sce Fig. 2.2-6 for the timing of these signals.

The sequence begins witn the arrival of simultaneous CLEAR and SHIFT REG CLK
pulses. CLEAR puts the output of the Adr/Msy multiplexer in a hish imvedance
state, allowing the pull-up resistor on the output to drive the input to the
toggle flip—flop high., GSHIF1T REG CLK is never used directly as a clocking
signal, but rather always enables either the svstem's 8-MHz CLOCK signal, or
its complement CLOCK. In this case, it allows the tuggle tlip—flop to clock,
toggling its output and causing a phase shift. This is the svne phace
reversdal of the Mode S UPSK mcdulation. The analog timivy adjustment celay is
used to precisely align the DPSK phase shifts relative to the PAM moduiaticn,

The CLFAF pulsc also resets the buffer address register to its initial
value and, a1t .r . 2ne ciack delay, clears the tapped shift register used for
the Mode S p. -1y cncoding function, .
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The SHIFT/LOAD and SHIFT REG CLK signals then control the operation of
the parallel/serial converter, the parity generation circuitry, the Mode S
address shift register and the DPSK toggle flip~flcp in a straightforward
manner. During the message part of the Mode S transmission (the first 32 bits
for a short message, or 88 bits for a long Mode S interrogation) the output of
the parallel-to-serial converter directly drives the DPSK toggle flip-tlo..
It also feeds into the parity encoding process as one of the inputs of the
modulo—-2 summing circuit, the output of which feeds into the tapped shift
register.

During the address portion of the transmission, the DPSK toggle flip-flop
is driven by the output of the modulo-2 summing circuit, which provides the
encoded Mode S address overlald (modulo-2 summed with) the parity code
developed during the message portion of the transmission. The output of the

parallel-to-serial converter 1s directly routed to the input of the tapped
shift register.,

For detalled informaticn on the design of the Mode S uplink message
encoder and on the properties of the code, please refer to Ref. 10.

During the address portion of the message, the output of the
parallel-to-serial converter 1is also shifted directly into the Mode S address
register. It is held there until the next MCU transmission. The Mode S
ADDRESS output is used by the Mode S reply processor to determine if a reply
i3 from the interrogated transponder.

Note that the DPSK modulation signal 1{s generated for any MCU control
block except for those specifying squitter listening. For ATCRBS
interrogations, however, the PAM signal to the transmitter 1s not present
(except possibly for the P4 pulse) during the DPSK modulation, and so no
waveform is transmitted. DNPSK modulation during the P4 pulse does not affect
any of the uses of the P4 pulse.

2.2.3.5 Range Counter

The range counter circuitry (Fig. 2.2-8) actually involves two counters.
The first provides the system's 8-MHz range clock, and the second counts out
the range window specified by the software in the first word of the MCU
control block.,

The range window counter 1is loaded from the data bus at the LOAD-1 signal
generated by the MCU controller. The value loaded is the two's complement of
the desired range window interval, and has an LSB of 125 nsec. On receipt of
a START pulse while the MCU mode is other than SQUITTER LISTENING, the two J-K
flip—flops will be cleared. 1In addition, if MUD ENABLE is true, the range
clock 1is initialized. The initial value loaded depends on whether an ATCRBS

20




(((((((( 4 - g e B - A
MRLNOD JONYY 8- 2T DU
.—.90.. ovo'
IA
FoNvY oL viv0
FINA L0 ANN0D e
"~ I780710 MOGHMM F0NYY
— Ve = Ve
MOCMM FOHYY N
€ o ¢ Sl
T MOMNN. J0NVY LINX 1° < O MLLUNOS
_. M

€ ] »
A ALER: =] <
iwvie

w0103
IqQ3
oNQY I

) S—
12/ €360¥4E IDNVY

TMYNE L0
AM0D TVl
avo

HOLYY 00T (£-0) LNNOD TILUBE

(9-%) LNOS VMU

(91-8) LINOD ViLme

—

§ J300n/88M2LY




or a Mode § rrarsmission 1s being sent. The values loaded are such that the
range clock oveviitows 2 msec after the START pulse for an ATCRBS interrogation
and 16 msec after the START pulse for a Mode S interrogation.

The clearing of the flip-flops opens the RANGE WINDOW. This also enables
the range window counter. When this counter overflows, it sets its associated
flip-flop, thereby closing the RANGE WINDOW. It also generates the RANGE
WINDOW CLOSED pulse which goes to the GPIUO circuitry and triggers an interrupt
of the computer.

In the case of squitter listening, the flip-flops do not clear at the
START pulse. Instead, the SO signal opens the RANGE WINDOW. This signal must
be removed, by issuing @ "Stop Squitter Listening” command bhlock to the MCU,
in order to close tlie RANGE WINDOW.

The least significant bits of the range clock are sampled into the range
latch when an appropriate RANGE STROBE arrives. Those bits are all 0 at the

START pulse, and count time in 125-nsec increments froam that pulse.

2.2.3.6 Suppression logic

Figure 2.2-9 shows the avionics suppression _.ccuit. The SUPPRESSION
SELECT 1ine, which {s controlled via the SC bit i. tlie MCLU control block,
determines whether the MOD LENGTH or XMIT RANGE WIND. &4 sigaai drives the
suppression bus, 1f MOD LENGTH 1is selected, supprescion ends at the end of
the interrogation. If XMIT RANGE WINDOW is selected, suppression lasts for
the entire listening window.

While these were the two options supplied in the TEU for experimental
purposes, it has since been determined that an intermediate suppression length
18 best., Suppressing the other on-board avionics serves two purposes:

a) It prevents the Mode S transponder from replying to ice own snip's
TCAS in.<orrogations by suppressing the transponder during the
interrogation.

b) Tt prevents the transponder from replying to interrogations reflected
from the ground after trensmission from own TCAS. This is

accomplished by extending the suppression #nto the listening window. -
Suppressing for the entire listening window is an extreme form of
this.

Suppressing for the entire listening window has the advantage that it prevents
all replies from own ship's transponder during the listening window, aud so
eliminates this powerful interference source. However, in an operational TCAS
it would unacceptably reduce the transponder's round reliability as seen by
ground interrogators. Therefore a shorter suppression interval has been
chosen for operational TCAS systems that prevents responses as in (a) and (b)
above, but does allow for the possibility that the transponder might reply to
a ground {ntetrrogator such that 1t interferes with a TCAS listening interval.
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2.3 Transmitter/Receiver

In this section, the TEU transmitter/receiver circuitry for a non-AOA TEU
{3 described. The additional circuitry required for AOA neasurements is
discussed in Section 2.7.

The TEU transmitter/receiver, Fig. 2.3-1, contains the following
functional subunits:

a) Microwave signal source

b) Transmitter chain

¢) Antenna interface and transmitter monitor
d) Receiver chain

All of the power supplies necessary to power the RF unit are housed in
the TEU Digital Processor assembly.

2.3.1 Microwave Signal Source (1030 MHz)

A phase-locked, temperature controlled crystal oscillator, stabilized to
within * 0.0005% of the noninal frejuency, and a solid state multiplier chain
generate the L-band transmitted carrier frequency. The output pnwer level of
the oscillator multiplier chain is high enough to permit the insertion of an
L-band circulator and a 10-dB pad between the generator and the output ports
to the transmitter and receiver. The 1sclation, and the use of an absorptive
rather than a reflective pulse amplitude modulation (PAM) switch, provide the
carrier frequency stability required by the TCAS National Standard.

The microwave source 1s enclosed in a shielded enclosure to minimize
leakage. This i{s important becsause of the possibility of interference with
the operation of the co-located airborne transponder whose receiver is tuned
to the same frequency (1030 MHz).

The same 1030-!Hz frequency source 1s used to drive the transmitter and
to provide the receiver's local oscillator, so one-half of the microwave
source output power is directed to the transmitter chain, and the other half
is directed to the "L” port of the recelver's down-converter. The latter,
mixed with the transponder's reply frequency (1090 MHz), generates the 60-MHz
intermediate frequency (IF). “

2.3¢2 Trausmitter Chaln

The transmitter chain (Fig. 2.3-2) consists of

a. DPSK and PAM modulators
bs Microwave power module
c. Digitral attenuator

d. Bandpass filter
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2.3.2.1 PAM/DPSK Modulators

Two types of modulators are required: a pulse amplitude modulator (PAM),
and a differeatial phase-shift keyed (DPSK) modulatcr. The PAM modulator
determines the duration of the transmitted microwave pulse., It consists of an
absorptive type switch with an off/on ratio of 110 dB.

The DPSK modulator consists of a double balanced mixer and a video
driver. The microwave signal is fed to the "L" port and a bipolar signal is
fed to the "I" port. As long as the video signal magnitude is larger than
zero the microwave signal is transmitted from the "L” to the "“R" port.
However, to minimize insertion loss, the "I" port 1is driven at approximately
20 mw. Every time the polarity of the video signal at the "I" port 1is changed
the phase of the microwave signal at the "R” port is reversed.

Since the bandwidth of the double-balanced mixer is large relative to the
system's bhandwidth, the DPSK traunsitiorn 1s determined by the rise-time of the
driver's video pulse and by the bandwidth of the system. The TCAS National
Standard requires that these transitions be completed within 80 nanoseconds,
10 degrees to 170 degrees.

2.3.2.2 Microwave Power Module

The microwave module consists of five electron tubes providing a 47—dB
power gain at 1030 MHz. The first three stages are gated while the last two
are R¥~driven. 'The output power ¢t the L-band amplifier chain can be adjusted
trom 1- to 2-KW peak by setting the magnitude of the high voltage, and by
setting filament voltages for optimum electron emission consistent with
specified tube life. The maximum microwave power required at the input of the
power module 1s +16 dBm (40 mw), resulting in an available power gain of
47 dB.

The power module is energized by the aircraft's 28-volt source; a
DC-to-DC inverter 1is used to provide both heater and high voltages. Because
vacuum tubes have a tendency to arc, stored energy (L = 1/2 CV2) is limited by
limiting the value of the capacitor to that needed to satisfy microwave pulse
rise-time requirements. A pulse-mcdulated, current-limited, power supply
provides the required energy and assures that the maximum pulse droop 1is
within I-dB. 1In the event that an arc occurs, or the pulse width is extended
beyond 30+ sec, or the PRF is accidentally increased to a rate unsafe for the
tubes to handle, the power supply automatically shuts off, resuming ocperation
when safe conditions are re—established.

Typical performance of the transmitter 1s shown in Fig. 2.3-3 which
illustrates a transition of the DPSK modulation., The upper waveform indicates
the input to the 1-kW amplifier, and the lower waveform the output of the
amplifier., The horizontal scale is 50 ranosecond/cm. It can be seen that the
bandwidth of the transmitter 1is adequate to achieve the time 1limit allowed by
the National Standard for 180° DPSK phase reversals.




HOR. 50 NANOSEC /cm.

Fig. 2.3-3. Power module response to DPSK transition.




2.3.2.3 Digitel Attenuator

The full output of the microwave power module is passed through a 5-bit
digital attenuator, providing a least significant bit attenuation change of
1 dB and most significant bit attenuation change of 16 dB, is attenuator
passes l-Kw peak power, 2-watts average, and provides 32 values of attenuation
in 1-dB steps. Maximum insertion loss is 1.5 dB; switching time is 1.0
microsecond. A 5-bit digital switch driver is provided with the attenuatore.

Since the attenuator is a cold switching unit, it must not be switched
while microwave energy 1s passing through it. The digital control system
assures that this is so. In addition, an interlock is included to ensure that

. critical supply voltages (plus 5 volts and minus 100 volts) are present before
high microwave power is applied to the attenuator. This interlock
is shown in Fig. 2.3-4.

2.3.2.4 Bandpass Filter

This filter is centered at 1030 MHz, has a bandwidth of 20 MHz, an
insertion loss of 0.5 dB, and provides 60-~dB (with respect to band-center peak
power ) attenuation at the receive frequency (1090 Muz,)

2,3.3 Antenna Interface and Transmitter Monitor

The antenna interface and transmitter monitor consists of the following
components:

a) A 4-port circulator. This device acts as diplexer, connecting
transmitter, receiver and antennas, It provides 40-dB isolation
between transmitter and receiver.

b) A transmitter monitor coupler and detector. A 30-dB RF coupler

terminated with a diode detector permits monitoving the transmitter on
an oscilloscope.

c¢) A diversity switch, This solid-state SPDT switch cornnects either the
top-or bottom—-mounted antenna, as commanded by the computer software.
It will handle l-Kw peak power, 2-w tts average, and provides 20-dB
inter-chaanel isolation. Switching time is 10 microseconds,

d) Two antenna low pass filters. These low pass filters prevent the
radiation of harmonics generated by the diversity switch.

The TEU antennas are standard quarter-wave monopole stubs, with an
approximetely omni-directional radiation pattern in the horizontal plane.

2.3.4 Recelver Chain

The receiver chain (Fig. 2.3-5) consists of:

a) A receiver input limiter. This is a reflective-type device used for
receiver input protection. It can withstand 1-kW peak pulses
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at a duty cycle of 0.2%, and will limit with a maximum cw leakage
of 306 mw and maximum spike leakage of 100 mw.

b) A preselector filter. This filter is centered at
1090 MHz, has a bandwidth of 20 MHz, and provides 40—~dB rejection to
unwanted signals at the transmitter frequency (1030 MHz.)

¢) A preamplifier. This 1090-MHz solid state amplifier has a noise
figure of 2.5 dB, a power gain of 27 dB, and dynamic range of
approximately 86 dB., Its 1-dB compression point occurs at an
input level of + 12 dBm.

d) An image filter. This filter has a bandwidth of 120 MHz and au
inserrion loss of 0.6 dB. 1Its primary purpose is to reject image .
frequencies.

e) A down-converter., The insertion loss of the down-convercter is 6 dB
when + 7-dBn local osciilator power is injected to the L-port. The
unit can withstand up to 400 ow at room temperature (50 mw at 100°C).
The 1—dB compression point occurs when the signal power level at the
L-port 1s | mw.

f) An IF amplifier. This auplifier provides 15~dB of gain. Its noise
figure is 5 dB, which contributes an insignificant amount af noise
to the system's front-end noise power level.

g) A 60-MHz 1F filter, This filter has a signal bandwidtih of 10 MHz and
establishes the receiver bandwidth. It is a S5-pole Bessel filter
adjusted to maintain phase for all frequencies within its 3-dB
bandwidth. Its insertion loss is 2 dB. A 6-pole filter was used
prior to the interference tests |Ref. 9] and may still be in some
units,

h) A log amplifier. The 60-MHz signal is further amplified and
video—detected using a miniature log amplifier. Its center
frequ_ncy is 60 MHz and bandwidth 1s 20 MHz; rise-time is 50 msec.
Over an Input range of -70 to 0 dBm its output rises from 0.2 to
2 volts into 93 ohms. This represents a transfer characteristic of
25.7 mv/dB., The detected output video is fed to the receiver video
monitor and the video pulse quantizer (VPQ).

Design of the receiver is based on the power budget and assuwptions give,
in Table 2.3-1. (For more information on TCAS alir-to-air power budgets see
Ref. l1). Receiver video perforwance is dewonstirated in Fig. 2.3-6a,b,c.

This figure indicates a typical receiver log video response for the first two
pulses of a Mode S reply preamhle at -46 dBm.

2.4 Video Pulse Quantizer

The Video Pulse Quantizer (VPQ) processes receiver log video pulses ta
produce quantized slope and signal strength, and a Mode 5 chip amplitude
comparison signal. The VPQ is designed to produre, ir conjunction with the
pulse digitizer described in Section Z.5.2, eaccurate time-of-arrival and pulse
width estimates of all received pulses over the full dynamic range of the

receiver, where pulse width and time-of-arrival are defined at the -6 dB
points,
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TABLE 2,3-1

AIR-70-AIR LINK POWER CALCULATION UNDER NOMINAL CONDITIONS AND
AT A RANGE OF 10 NMI.

INTERROGATION REPLY
ITEM UNITS LINK (1030 MHZ) LINK (1090 MHZ)

le Transmitter Power dBo 57 57
2. Transmitter Cabling Loss dB 3 3
3. Trancoitter Mismatch Loss dB 0 0
4, Transmitter Antenna Gain J dB 0 0
5. Free Space Path Loss r- dB 118 118.5
6. Receiving Antenna Gain | dB 0 0
7. Receiving Mismatch Loss dB 0 0
€., Receiving Cabling Lloss _-dB | 3 3
9. Recelived Power dBm l -67 -67+3
i0s MTL 1Bm =77 -77
lle Nominal Margin (One Way) 18 10 [ 9.5
12, Nominal Margin (Two Way) L ds 9.5

Notes:

Items 3 and 7, mismatch losses, refer to the differences, 1f any, that
result when cables are attached to the antennas as compared with
connectiorns to perfectly matched loacs., The noninal value is
arbitrarily taken to be 0 dB.

Items 4 and 6 - the nominal value of aircraft antenna gain 1s arbitrarily
taken to be 0 dE.

Item 5, free space path loss = 20 log(4 R/A) where R = range and
A = wavelength.

Item 9, received power equals the suin of {tems 1, 4 and 6 minus the sum of
items 2, 3, 5, 7, and 8.

Item 10, MTL, denotes Minimum Triggering Level.
Item 11, nominal margin (one wav) equals item 9 rinus item 110, The small
difference origpinates in free space path loss which {5 sliglily different

at the two trequencies.

Item 12, nominal margin (two way) is the lesser of the twe values in ftem 1.
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A simplified block diagram of the VPQ is shown in Fig. 2.4-1. Received
log video pulses are amplified by Al tc produce a 40 wmv/aB sensitivity at the
Al output. Slope detection is realized by subtracting a delayed version of the
reply pulse (125-ns delay) from an undelayed version. As shown in Fig. 2.4-2,
slope thresholds may be defined (48 dB per usec) such that the outputs from
comparators A6 and A7 contain edges which have fixed time relationships with
the leading and trailing log video 6-dB points, independent of signal
amplitude.

The log video signal strength 1s quantized by A8 by comparing the output
of Al against a threshold level. The threshold is determined by either the
fixed minimum threshold level (MTL) or the dynamic minimum threshold level
(OMTL) circuitry. These are both negative voltages, and the most negative is
selected by the analog OR ({mplemented with diodes) as the threshold.

The MTL level is determined by a minimum MTL adjustment and a software
controlled MTL setting., The minimum MTL is established to give 90% probability
of successfully detecting ATCRBS bracket pairs at aa input level of ~77 dBm at
the TEU receiver input port. It is adjusted by the potentiometer at the input
tc A4. The software may increase the MTL above this level (reduce the
sensitivity) in 2-dB (80-mv) steps via the MTL control bits in the MCU control
block. These control a D-to-A converter to bias the MTIL voltage.

Dynamic MTL is provided to reduce the effect of multipath - low level
frult replies. 1t does this by raising the threshold level duri. a reply so
that reply pulses will still be above the threshold but multipath due to that
reply will normally be below the threshold. Of course, it is possible for
multipath to be nearly as strong as the direct signal under some circumstances.
DMTL cannot protect against such strong reflections.

DMTL is activated when the output of Al exceeds the current quantized
video threshold by 12 dB (480 mv). This is adjusted by means of the
potentiometer at the input to A9. This triggers a timing network, Fig. 2.4-3.
The track—-and-hold module is forced into track mode (it may or may not have
been holding a previous sample). 500 nsec afterward, it is set to hold mode.
Since the input to the track-and-hold is delayed by 300 nsec, the signal level
held is that 200 nsec following the point that triggered the DMIL.,

Simultaneous with the signal level being held, a retriggerable one=shot 1s
triggered. When processing ATCRBS replies, a 24-usec interval is timed,
corresponding to a reply length. At the end of this interval the
track-and-hold is restored to track mode. When processing Mode S replies, a
71 sec interval is timed, corresponding to the Mode S preamble length. At the
end of this interval the track—-and-hold is restored to track mode unless in the
mean time the Mode S reply processor has detected a Mode S preamble. If so, it
triggers another timing one-shot via the MSRP DMTL CONTROL line, and this keeps
the track-and-hold in hold mode for an additional 120 wscc, corresponding to
the length of a long Mode S reply plus an allowance for the multipath to die
outs This two-step DMTL process for Mode S prevents ATCRBS fruit from
triggering the DMTL for long intervals, which would desensitize the reply
processing for Mode S.
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—6 dB

(126 ne)

DELAYED PULSE
.{—6 dB
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NEGATIVE SLOPE

NEGATIVE SLOPE LEADING EDGE
DEFINES LOG VIDEO TRAILING EDGE

\POSITNESLOPE TRALNG EDGE
DEFRNES LOG VIDEO LEADING EDGE

Fig. 2.4-2. vPQ Waveforms,

37




yomieu Bujwil UNG OdA €-v'C Bid

Q34300 8L
3943 Oiusiy
378YHIOOILLIN-NON
10H8-i 038N 021

Hv3an
Hv3ano

MIOVHL/TTIOH

Q34300iylL
3603 ONITVd
378vH30OIHLIY
40H8~-4 J38n ¢

Hvio

Q3u3o0iL
30643 ONIMVY
318vU3001813Y

10HG-1 J360 ¢

TJOHLINOD UNQ JUSKW

7
™~

|

a3430014l

3003 BNIGYIT
ERTLEEDLTE T
10HB-1 D3gu 009

$ 300N/ 888OLY

/\

H300I4L s

q1Ma

/

38




The held signal level is then reduced in level by 9 dB (360 mv) for ATCRBS
and 6 dB (240 mv) for Mode S. This 1s done by summing it with the output of a
D-to—A converter. The inputs to the D-to-A converter come from one of two DIP
switches selected by the multiplexor. The resulting threshold behavior {is
shown in Fig. 2.4-4 for ATCRBS and Fig. 2.4-5 for Mode S. In these figures the
threshold is shown as a positive going signal to allow direct comparison with
the input level.

Since the 7— sec and 24— sec one-shots are retriggerable, it is nossible
for the DMTL to be retriggered during these intervals if another pulse comes
along which 1s at least 12 dB above the new threshold (in other words, at least -
3 dB above a pulse which triggered ATCRBS mode DMTL, or 6 dB above a pulse N N
walich triggered Mode S DMTL}. The advantage of this is that low level fruit
v:plies or other interference sources cannot capture the DMTL and prevent it
from functioning properly when a stronger desired reply comes along.

A disadvantage of DMTUL is that strong fruit replies or other interference
sources can prevent detection of weaker desired replies. It would normally
also be true that strong desired replies (replies to TEU interrogations) would
prevent detection of weaker overlapping ones. The use of the whisper-shout
interrogation technique, however, tends to assure that all desired replies have
about the same signal strength,

Decoding of the Mode S pulse position modulation (PPM) is provided for by
the chip amplitude comparison (CAC) circuitry. Each 1- sec Mode S bit position
is divided into two 500 nsec “chips”. 1If the signal level in the first of
these 1s greater than the level in the second a 1 is declared, and otherwise a
0 1s declared.

2.5 Video Digitizer and ATCRBS Reply Processor

2.5.1 General Description

The ATCRBS reply processor detects ATCRBS replies, decodes their
associated code pulses, and determines reply range. The processor also detects

and eliminates phantom replies, and checks for the presence of overlapping code .
pulses belonging to other replies.

A block diagram of the ATCRBS reply processor is shown in Fig. 2.5-1. X
First, video data is digitized and used to find the leading edges of reply b
pulses. The Positive Slope (PS), Negative Slope (NS), and Quantized Video (QV) ;
signals from the Video Pulse Quantizer (VPQ) are digitized to produce Actual
Leading Edge (ALE), Actual Trailing Edge (ATE), and Sampled Quantized Video
(SQV). 1If reply pulses overlap, they may be merged into a single wide pulse
and the embedded leading edges will be missed., The leading edge generator
tests the measured width of the SQV to determine if it exceeds the width of a
standard ATCRBS pulse* and indicates if one or more leading edges have not been

*A standard ATCRBS pulse width is 450 100 ns. It therefore is sampled by
between 2 and 5 clock pulse intervals, i.e., two ta five 12l-ns periods (12
sanples per each l.45-microsecond 1nterpulse period).
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Fig. 2.6-1 ATCRBS reply processor block diagram.
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detected. The leading edge generator thean inserts additional leading edges at
approximately the correct positions so as to form a sum leading edge (T LE)
pulse stream. The remainder of the ATCRBS reply processing works solely from
this leading edge pulse stream.

The ATCRBS framing pulses (F1-F2) are detected by delaying the I LE pulses
by 20.3 usec and comparing the delayed and undelayed I LE pulse streams for the
simultaneous occurrence of a pulse on each line. When this condition occurs,
the reply controller activates an idle reply decoder to process the
corresponding reply pulses. Four independent decoders are employed so that up -
to four overlapping replies may Le simultaneously decoded.

The reply processor contains logic to detect and eliminate phantom
replies. A phantom reply 1is defined as a false reply whose Fl pulse is a
valid code pulse or framing pulse of one reply and whose F2 pulse is a valid
code or framing pulse of another reply. Figure 2.5-2 shows an example of two
replies which are separated in time so that an Al pulse of the earlier reply
and a B4 pulse of the second reply are separated by the standard framing pulse
palir spacing. The ATCRBS processor may be set to eliminate the phantom reply
resulting from these two interfering replies. The reply processor does not
eliminate £2-SPI phantoms (Fig. 2.5-2) whose framing pulses recult from the
spacing of the C2 and SP1l pulses of a real reply. The elimination of phantoms
is based on the assumptioa that no actual F1-F2 bracket pairs occur at the
phantom pulse pnsitions, The reply processor is alsoc capable of flagging, but
not eliminating, phantoms. The selection of phantom elimination or phantom
flagging mode 1s made by the software and controlled via the PB bit of the MCU
control block (Fig. 2.2-1).

As shown in Figure 2.5-2, overlappning replies may garble some of each
other's code positions. The four reply decoderr transmit global garble flags
to each other indicating those time positions which belong to the reply they
are processing. Note that the presence of a global garble flag only indicates
that a reply decoder considers that time to be a valid code pulse position,
not that a leading edge pulse was detected at that peosition. Thus the A2 bit
of reply 1 will be flagped as being garbled due to the presence of the Fl of
reply 2, but so will bits C4 through D4. Similarly, all bit positions of
reply 2 through B2 will be flagged as garbled bits.

Phantom replies interact with the garble flagging logic to cause some bit
positions to he mislabeled. This 1s due to the fact that phantoms are not
eliminated until the second of the two real replies is detected. Until that
time they are assigned tov a decoder and can generate garble flags. These
flags are not removed once the phantom is detected. Thus, in Fig. 2.5-2, bit
positinns Al and C2 of reply ! will be flagged as garbled even though no real
reply 1s present to garble them.

When a reply 1is ready from the decoder, the reply assembler will forward
12 code bits, 12 garble bits, range, and status flags to the computer. The
format is as shown in Fig. 2.5-3. The modified format used by TEUs with AOA
is given in Section 2.7,
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Fig. 2.5-3

Buffer overflow bit. It is set ("1") when the buffer
is full (contains four replies) and a decoder has a
reply ready to be transferred to the buffer. This
latter reply will be discarded. The OV bit is reset
when the condition is reported to the CPU via the
next reply placed into the buffer after the overflow
condition clears.

Insufficient decoders bit. Thigs bit is set ("1") if
a bracket is detected during a period when all four
decoders are busy. It is reset when the condition is
reported to the CPU via the first of the four
replies-in-prccess that is transferred to the CPU.

Phantom bit. It is set ("1") when this reply 1s a
potential phantom. If phantom elimination is
enabled, a reply with the P bit set i3 not an actual
phantom but did overlap with an earlier reply such
that it was declared a potential phantom. If 1t had
satisfied the overlap conditions with a later reply
and been declared a phantom it would have been
eliminated. If phantom elimination 1is turned off, a
reply with the P bit set may be an actual phantom as
well as a potential phantom,

ATCRBS data bits.

Garble bit for each ATCRBS data bit.

Mode of interrogation. 1=A, 0=C.

Round trip time plus transponder delay plus processor
hardware delay. (LSB 125 ns). (Range count — 636.0)

multiplied by 0.0101144 gives true range in nautical
miles.

+ ATCRBS reply processor data format.




2.5.2 Video Digitizer

The digitizer accepts slope and quantized video information from the VPQ
and generates Actual Leading Edges, Actual Trailing Edges, and Sampled
Quantized Video for the ATCRBS reply processor and Sampled Quantized Video for
the Mode S reply processor. The digitizer clock, which determines the
campling rate, is run at 8.27 MHz in the ATCRBS mode and 8.00 MHz for Mode S.
The mode 1is controlled by the CS-0 signal from the Mode S reply processor, as
shown in Fig. 2.5-4.

The digitizer, shown in simplified form in Fig. 2.5-5, ectablishes actual
leading edges whenever PS makes a 1+ 0 transition and QV=1. This defines the
leading edge of the log video pulse.

Trailing edges are defined in several ways 1in order to account for garble

situations. See Fig. 2.5-6. Note that Mode S replies evoke a sixtLh trailing
edge case not used in ATCRBS processing.

The generation of SQV for a single ungarbled pulse is shown in
Fig. 2.5-7. The width of SQV matches the width of the log video pulse at the
3- to 6~dB width. Variations will occur due to variations in the reply
frequency which affect the pulse response of the receiver IF filter,

2.5.3 Pseudo Leading Edge Generation and Short Pulse Rejection

Overlapping replies will generate pulses having widths different than the
standard code pulse width {(2-5 samples at 121 nanoseconds per sample). To
reject narrow pulses and to estimate the leading edge positions of pulses that

have been combined In the TEU receiver, the logic shown in Fig. 2.5-8 is
used.

The first pulse processing step eliminates narrow pulses having widths
less than two samples. AOA units require the elimination of pulses narrower
than three samples (see Section 2.7.4). Next, Counter-1 is used to
artificially inject a pseudo leading edge four sample positions prior to the
end of all pulses having widths greater than or equal to 6. See Fig. 2.5-9.

The rest of the logic in Fig. 2.5-8 analyzes pulses to determine whether
extra leading edges need to be inserted (see Figs. 2.5-9 and 2.5-10).

A summary of the rules for pseudo and extra leading edge generation
follows. When a leading edge declaration (ALE) 1s followed by a trailing edge
declaration (ATE), PW is used to denote thelir separation in terms of sample
intervals. LW 1s used to denote the spacing between two successively declared
ALE's (no intervening ATE's) in terms of sample intervals.

(a) If PW =1 then the assocliated ALE shall not be
represented in the L LE data stream.




AR R W o /at W o W Dy W W I W AN WU T W WS Wy T W Ty TeTaTad e TiFa” 2T SR ELA T K fe N dd 7 By RJSEVEAF 5

} J Q1 — Q2
—> —1°
% J X —C} K & j
g [827
cs-0 —4¢
( FROM MOCE 8
REPLY PROCESSOR l L
8.0 MHZ - DIGITIZER
CLOCK
8.27 MHZ -+ —
J Q3 J Qe t—
K K Q4 —
&) DIGITIZER CLOCK BWITCHING CONTROLLER
€3-0 2 J) 8.27 j\} 2
@ 9 /]
o 1 / ]
| K !
I
|
] L
Q3 — '
| i
: |
{
L |
Qs | ' . I
I b
8.0 OFF 8.27 | OFF 8.0

b) CLOCK 5WiTliiNG TIMING

FIGURL: 7.6-4 CIGITIZER CLOCK CONTROL
46




"§BHOLY HOd ZHW 228 o160y sszbig g-g'z B4
LV ONY § 300N 504
_ ZHM 00°8 LV G3%2010 WY
. $d014~di14 Y3ZILDIQ 3HL :Z ILON

-
_ ®)
'9-~9°2 3HNDId 0L H3I3W L_l
8431131 38YD 3003 ONIUVHL L 3LON SN
! (198N ’ , 28Nl 35016 IMLYO3N
” po | % (0)SN (1)8N
[ — U‘
. — =
. . @ \ _
' ")
. NOW WO
. ®) \_
Ar § 300K/ SEHOLY
. -
$ 300N HO3 IT1BVNI AD
) a a a —<
. ®) (0)AD K2)A0
. Ny &—~4—— o O3CGIA Q32ILNVNO
) 3043 ONIUIYYL L (1)AD
: IYNLOY
r
: pY
; 2 —
’
p — ,
g ADS A\I&I [} r { W
‘ 03atA w@sal ° kosal © [rsal © o
T Q3ZILNVAD Q3 dNYS 34035 3ALUSOd
r
<
; e I N
/ 3903 ONI
Y IVHLOY AION nows
y

MOTNIM 3JDNYY

LA LR A o

ot st RIS SN B PR S




L BN R

TR B T ARARVTALE. A Yt d ATV a e R TE e Y e

SNOILIANOD 3903 ONITIvdL 9-§°¢ 3HNOI

un
L=(2)6d b=(1)8N |y
k (9)
t=(0)SN
AINO 8 wao:s\.\
0=(i~)SN
N— un

1=(2)SN

$=(1)SN

+=(0)SN

O=(}-)SN

I

X070 ¥3aziuea

e e e e e s mamanm—a v A A ", -

—t

(Y]

"~ ANEENe e § 3 1.,

0=(2)AD
- an
L={L)SN
)
1= {0)SN
4 1
O=(t-)SN
N ,
?.:z,o./ U
Q)
:.65..1/
Sl
T 1
Os(1-)SN
ou§>”/ [
L f o
v =

N

33070 H3ZILBIQ

S RS UCAACLER Yy N, O TN YA S ACNY

NNES ] T




LOG VIDEO
DELAYED BY
126 n8EC

-

N\

N
AN
N N\

N

P4

MTL

LOG VIDEO

POS SLOPE

NEG SLOPE

QUANTIZED VIDEO

-

DIGITIZER CLOCK f

llllll ﬁllllllllllllllli
||||| gull.l -t -
%-:

I
3 =
Qo ~ L -~ -~
o N ~N o~ ~
0 ~ ~ ~

@0 172 >

© 0 o z o
W
w o

-
z <

T

ALE

F—— —-
— e —— e —

>

-

o &

zZ <

e .

£

2 o

o £

CA

”~~

Q

-

F - — — ~—

ATE
sQv

FIGURE 2.5-7 DIGITIZER TIMING

49




HOLVHINID 3903 ONIAVI vHiY3 OGNV OQN3Sd 8-5'¢ 34NnOid

IIOAI

O

o

—(C

H3L N4 HIG