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Acronyms
\Y] microvolt
AFTRCC Aerospace and Flight Test Radio Coordinating Council
AM amplitude modulation
AMT aeronautical mobile telemetry
ARTM Advanced Range Telemetry
ASM attached synchronization marker
AWGN additive white Gaussian noise
BPSK binary phase shift keying
BEP bit error probability
BER bit error rate
Bi « bi-phase
BSS BroadcastingSatellite Service
CPM continuous phase modulation
CCSDS Consulatve Committee for Space Data Systems
dB decibel
dBc decibels relative to the carrier
dBi decibels isotropic
dBm decibels referenced to one milliwatt
dBW decibels relative to one watt
DoD Department of Defense
DQE data quality encapsulation
DQM data quality metric
EESS Earth ExploratiorSatellite Services
EIRP effective isotropic radiated power
FCC Federal Communications Commission
FEC forward error correction
FM frequency modulation
FQPSK Feherds Quadrature Phase Shift Keyin
Hz hertz
IF intermediate frequency
I/N interferenceto-noise ratio
1/Q in-phase/quadratiweomponent
IPC interference protection criteria
IRIG Inter-Range Instrumentation Group
IT™ Irregular Terrain Model
kHz kilohertz
LDPC low-density paritycheck
L-R Longley-Rice
LTE Long-Term Evolution
Mbps megabits per second
MC4EB Military Command, Control, Communications, and Computers Executive
Board
MHz megahertz
MIL-STD Military Standard
MSK minimum shift keying
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NRZ-L nonreturnto-zerclevel

NTIA National Telecommunications and Information Administration
OOBE out-of-band emission

OQPSK offset quadrature phase shift keying
PAPR peakto-averagepowerratio

PCM pulse code modulation

PFD power flux density

PM phasanodulation

PSD power spectral density

QPSK quadrature phase shift keying

RCC Range Commanders Council

RF radio frequency

RLC resistorinductorcapacitor

RNRZ randomized nometurnto-zero

SAW surface acoustic wave

SDARS Satellite Digital Audio Radio Service
SHF superhigh frequency

STC spacetime code

SOQPSK shaped offset quadrature phase shift keying
UHF ultra-high frequency

US&P United States and Possessions
VCO voltagecontrolled ositlator

VHF very-high frequency

WCS Wireless Communication Service
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CHAPTER 2

Transmitter and Receiver Systems

2.1 Radio Frequency Standards for Telemetry

These standards provide the criteria to determine equipment and frequency use
requirements and are intended to ensure efficient and interfefreraese of the radio frequency
(RF) spectrumThese standards also provide a common framework for sharing data and
providing support for test operations between ranfiesRF spectrum is a limited natural
resource; therefore, efficient use of available spectrum is mandit@gdition, susceptibility to
interference must be minimize8ystems not conforming to these standards require justification
upon application for frequen@ssignmety and the use of such systems is highly discouraged
The standards contained herein are derived from the National Telecommunications and
Il nformati on Administrationds (NTI A) Manual
Frequency Managemeht.

2.2 Bands
The bands used for telemetry are describethble2-1.

Table 2-1. Telemetry FrequencyAllocations

Frequency Unofficial Refer
Range (MHz) | Designation Comments to:
14351525 Lower L-band | Telemetry primary service (part of mobile service) in 2.2.1

USA
22002290 Lower Sband | Telemetry ceprimary service in USA 2.2.2
23102360 Upper Sband | Wireless Communications Service (WCS) and 2.2.3

BroadcastingSatellite Service (BSSyare primary
servicesTelemetryis asecondary service e USA
for federal users only in 2312820 MHz and 2345

2360 MHz.
23602395 Upper Sband | Telemetry primary service in USA 2.2.3
44004940 Lower Gband | See Paragraph?2.4 2.2.4
50915150 Middle C-band | See Paragraph?2.5 2.2.5
59256700 Upper Gband | See Paragraph?2.6 2.2.6

The 180-1850 MHz band (unofficially callefupper L-band) can also be used for
telemetry at many test rangedthough it is not explicitly listed as a telemetry band in the NTIA
Table of Frequency AllocatiorfSThe mobile service is a primary service in th8 21850 MHz
band and telemetry is a part of the mobile sensoece the 180-1850 MHz band is not
considered a standard telemetry band per this document, potential users must coordinate, in
advance, with the individual range(s) and ensure use dbdhig can be supported at the subject

I National Telecommunications and Information Administratidi@nual of Regulations and Procedures for
Federal Radio Frequency Managem@nt.S e p t e mBupersed2diby January 2021 editi@ptrievedl? July
2024 Available athttps://www.ntia.doc.gov/files/ntia/publications/manual_sep 2015.pdf

2 Code of Federal Regulations, Table of Frequency Allocations, title 47, sec. 2.106.
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range and that it will meet their technical requirememiile these band designations are
common in telemetry parlance, they may have no specific meaning to anyorielksestry
assignments are made for testinganned and unmanned aircraft, for missiles, space, land, and
sea test vehicles, and for rocket sleds and systems carried on sucheddstry assignments
are also made for testing major components of the aforementioned systems.

2.2.1 Allocation of the Lower EBand (1435 to 1535 MHz)

This band is allocated in the United StedasPossession8JS&P) for government and
nongovernmental aeronautical telemetry use on a sharedasi8erospace and Flight Test
Radio Coordinating CoundfAFTRCC)works with the government Aag-requency
Coordinatoronthe noagovernmental use of this bankthe frequencies in this range will be
assigned for aeronautical telemetry and associated rexoote! operatiorfsfor testing of
manned or unmanned aircraft, missiles, rocket sleds, and other vehicles or their major
componentsAuthorized usage includes telemetry associated with launching and reentry into the
earth's atmosphere as well as any incidental orbiting prior to reentry of manned or unmanned
vehicles undergoing flight testghe following frequencies are shared with flight telemetering
mobile stations1444.5, 1453.5, 1501.5, 1515a5d1524.5MHz. The frequency range 1435 to
1525 MHz is allocated for the exclusive use of aeronautical telemetry in the United States of
America.

2.2.2 Allocation of the Lower S8and (2200 to 2300 MHZz)
No provision is made in this band for the flight testing of manned aircratft.

2.2.2.1 2200 to 2290 MHz

These frequencies are shared equally by the United States Government's fixed, mobile,
space research, space opierg and the Earth ExploratieBatellite ServiceEESS) and include
telemetry associated with launch vehicles, missiles, upper atmosphere research rockets, and
space vehicles regardless of their trajectories.

2.2.2.2 2290 to 2300 MHz
Allocations in this range are for the space research service (deep space only) on a shared
basis with the fixed and mobile (except aeronautical mobile) services.

2.2.3 Allocation of the Upper $8and (2310 to 2395 MHz)

This band is allocated to the fixed, mobile, radiolocation,B®8in the United States of
America Government and nongovernmental telemetry users glatiens ofthis band chiefly
23602390 MHz,in amanner similar to that of the-hand Telemetry assignments are made for
flight-testing of manned or unmanned aircraft, missiles, space vehicles, or their major
components.

2.2.3.1 2310 to 2360 MHz

These frequencies have been reallocated and were auctioned by the Federal
Communications CommissidirCC)in April 1997. TheWCSis the primary service in the
frequencies 2302320 MHz and 2342360 MHz

3 A telemetry system as defined here is not critical to the operational (tactical) function of the system.
4The word used for remoteontrol operations in this bandtelecommand
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2.2.3.2 2360 to 2395 MHz
The nobile service (including aeronautical telemetry) is a primary service in this band.

2.2.4 Allocation of the Lower éBand (4400 to 4940 MHz)

Telemetry is an operation that is currerglipwed under the mobile service allocation.
Bi-directional telemetry network systems should be operated in the upper part of this band from
48804940 MHz. Se€hapter 27Subsection 27.3.1.2 for more information.

2.2.5 Allocation of the Middle EBand (5091 to 5150 MHz)
Telemetry is an operation that is currently allowed under the mobile service allocation.

2.2.6 Allocation of the Upper éBand (5925 to 6700 MHz)

This band is not currently allocated as a government. Jdredprocess of incorporating
federal government use of aeronautical telemetry operations into the NTIA Table of Frequency
Allocations for this band has been initiated but not yet completed.

2.3  Telemetry Transmitter Systems

Telemetry requirements for air, space, and ground systems are accommodated in the
appropriate bands as describe&éttion2.2

2.3.1 Center Frequency Tolerance

Unless otherwise dictated by a particular application, the frequency tolerance for a
telemetry transmitter shall be +0.002f the transmitter's assigned center frequency
Transmitter designs shall control transient frequency errors associated with startup and power
interruptions During the first second after twonm, the transmitter output frequency shall be
within the occupied bandwidth of the modulated signal at any time when the transmitter output
power exceeds 125 deci bwatt@&Bm)BeBveent and ®esecendc ed t o
after initial turnon, the transmitter frequency shall remain within twice the specified limits for
the assigned radio frequendfter 5 seconds, the standard frequency tolerance is applicable for
any and al |l operations where the transmitter
field strength greater than 320 microvolts [uV]/meter at a distance of 30 meters from the
transmitting antenna in any directiorpecific uses may dictate tolerances more stringpant t
those stated.

2.3.2 Output Power
Emitted power levels shall always be limited to the minimum required for the application

The output power shall not exceed 25 waie effective isotropic radiated power (EIRP) shall
not exceed 25 watts.

2.3.3 Modulation

The modulations used for aeronautical telemetry, whether analog or digital, have been
constant amplitude modulations. Such modulations carry all their information in the phase or
instantaneous frequency. Because no information is carried in the ampgRiugewer

5 An exemption from this EIRP limit will be considered; however, systems with EIRP levels greater than 25 watts
will be considered nonstandard systems and will require additional coordination with affected test ranges.
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amplifiers may operate in full saturation (the most pegféicient mode of operation) and the
information is not corrupted by amplitude variations due to transmission.

The standard method for the transmission of digital information is continuous phase
modulation (CPM). The three standard modulations are variations of CPM. These three
modulations are called pulse code modulation/frequency modulation (PCM/FM), Shaped Offse
Quadrature Phase Shift Keying version TG (SOQH®, and Advanced Range Telemetry
CPM (ARTM CPM). Because the characteristics of each are described in CPM terms, this
section begins with a technical description of CPM.

2.3.3.1 Continuous Phase Modulation
The combination of Equatior$sl, 2-2, and2-3 define CPM. A carrier signal can be
defined as

[0 0 QHEEAD No 21
nNo ¢A QnRo W 2.2
Ao "6 Q6 2-3

whereAc is the constant carrier amplitudeis the carrier frequency (in Hertz), am)
is the timevarying phase that carries the information. The phase is given by EqR&javhere
i indexes the data symbotls,is the modulation index applied to thtéh data symboll] is thei-
th data symbolJsis the symbol time (the reciprocal of the symbol rate),t)ds the phase
response. The timiategral of a frequency pulggt) defines the phase response, as shown in
Equation2-3.

The length of the frequency pulgé) is an integer multiple of the symbol tiriig, that is,
the frequency pulse spans an integer number of symbols. The number of symbols spanned by the
frequency pulse is denoted bylf L=1, then the modulated carrier is calfatl responseCPM.
If L>1, then the modulated carrier is calfgttial responsé€CPM. Partial response frequency
pulses produce smoother, more gradual phase transitions that reduce the bandwidth of the
modulated carrier.

The convention in CPM is to scale the amplitude of the frequency pulse so that it has an
area 1/2. As a consequence of this phase resp@t)seay be expressed as

i T 0O T

no . QQom o 0Y 2.4
1P
v pAq o 0vY

Equation2-4 shows that the phase respoqggg lasts forever.

A CPM signal may be created using an FM modulator in the arrangement shown in
Figure2-1.
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The diagram illustrates a conceptual method for generating the frequency pulse train that
uses a filter whose impulse response is the frequency gijssd whose input is a train of
p &appliedftor e qu e nc

weighted

Figure2-1.
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thei-th data symboall is given by

A Conceptual CPM Modulator

functi ons. The
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In words, the digital modulation index is two times the peak frequency deviation divided

by the symbol rate.

In summary CPM is defined by the set of parameters listédle2-2.

Table 2-2. CPM Parameters
Name Symbol Description
alphabet U the symbols used to carry digital information

frequency pulse

a(®)

frequency pulse with spdnsymbol times

modulation index(es) h

the symbol rate

the ratio of the peato-peak frequency deviation tg

All three waveforms, PCM/FM, SOQPSKG, and ARTMCPM, may all be described
using these parameters.

Because the phase respogé#lasts forever, CPM is a modulation with memory.
Consequently, the optimum detector finds the syrsbqluiencéhat best matches the received

signal. In CPM, théthsymbolUa dv ance s
afterL symbol times. The cumulative contribution of the phase changes is called the phase state

and, due to the moduld ~ nat

number of phase states. During any symbol interval, the CPMfavavées compétely defined

t he phase

ure of phase and

ohfU radisins

t he fi

by the phase state and thal previous symbols. During any symbol interval, the CPM
waveform is completely defined by the phase state and ilhgrevious symbols, as the phase
state and ther 1 previous symbols comprise the CPM state. The set of possible CPM states

forms a finite state machine. Adding the time dimension to the state transitions produces a trellis.
The optimum detector, in the maximum likelihood sense, searches the trelis foPM state
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sequence that most closely matches the received signal. The most commonly used search
algorithm is called the Viterbi algorithm.

2.3.3.2 PCM/FM
This modulation has been in use since the 1970s and thus is used in a large number of
legacy systems. The CPM parameterauftfiiteredPCM/FM are

p DE AEO

oGl A 2-6
1 o ‘DE AEO
Q hATQ 2-7
p s
Q6 W T O Y 2-8

n | OEAOxEOA

When it was adopted, PCM/FM was generated using the technology available. In place of
t he Aicmpewlt e s Kgurb21paaikcuitithat created a noaturnto-zero level (NRZ
L) waveform from the bits was used. The FM modulator was usually a valtegeolled
oscillator (VCO).

To reduce the bandwidth of the modulated carrier, a smoother frequency pulse is
required. This pulse was created by applying apass filter, called a premodulation filter, to
the NRZL pulse train. The filter was usually a mypole linear phase fitawh os e T3 dB <cor
frequency was 0.7 times the bit rate. The concept is illustratéid ume 2-2.

bits 2 s(t)
create FM
NRZ-L _ modulator

pre-modulation filter
(low-pass filter)

yAWER
vV Vv

Figure2-2. PCM/FM Modulator Using a Preodulation Filter

Y
Y

The end result is a frequency pulse that is defined as the output of premodulation filter in
response to the frequency puigsé) in Equation2-8. The most common continuctise filter
with linear phase is the Bessel filter. The parametersltered PCM/FM are

p @DE AEO

o DE AEO 29
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0 P IO 2-10
v “ W ) W (‘)
p O 0 =y O T moy P
Q0O o 2-11
pie ., O . 0Y 0
I'tH 0 — O —
o N N P N

for anevenordered Bessel filter and

I b—p Q 7 6 6 6 T T P
Qo . 2-12
::b" - 7 q 7 0 . 07Y 0
o ° x5 ° 7V P
for an oddordered Bessel filter, where
0Q . . -
T 0 R GhEf BED Do
w 2-13
Wi Qe S wéf I8 dw
bis the 1T3dB corner frequency relative to the
® CA T 2-14

and whereA is a constant chosen to normalize the aregtpto the standard value of 1/2. The
parameter® hid b5 hA T JA for orders 4 8 are listed imable2-3.

Table 2-3. Parameters for the Bessel Filtered NRZ Frequency Puls

Fourth-order Bessel filter N=2)

n Cn an ¥n dn (deg)

1 1.321405 10.995209 1.257106 126.547182

2 4.049108 11.370068 0.410250 178.794227
Fifth -order Bessel filter N=2)

n Cn an ¥n dn (deg)

0 8.594891 11.502316 0.717910 1152.010950

1 1.261186 10.957677 1.471124 60.587298

2 5.568066 11.380877 0.717910 1152.010950
Sixth-order Bessel filter (N=3)

n Cn an ¥n dn (deg)

1 1.174080 10.930657 1.661863 13.657188

2-7
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2 7.027081 11.381858 0.971472 138.041767

3 15.136528 | 11.571490 0.320896 174.465371
Seventhorder Bessel filter N=3)

n Cn an ¥n dn (deg)

0 32.675401 | 11.684368 0.589245 1146.065944

1 1.070723 10.909868 1.836451 166.775408

2 8.331228 11.378903 1.191567 70.220403

3 23.598522 | 11.612039 0.589245 1146.065944
Eighth-order Bessel filter (N=4)

n Cn an ¥n dh (rads)

1 0.959732 10.892870 1.998326 1129.100317

2 9.414294 11.373841 1.388357 3.883967

3 33.701870 | 11.636939 0.822796 144.350081

4 60.742083 | 11.757408 0.272868 172.170321

A plot of the frequency pulses is showrFigure2-3. The frequency pulses spana3
symbol times. Consequently, filtered PCM/FM is a partial response CPM. The frequency pulses
are more similar than they are different. The different delays shown in the figure are due to the
increasing (and more linear) group delay as the order of theeB#ter increases.

4-th order
= = = 5-th order | -
. 6-th order
% ———— 7-th order | -
o - 8-th order
=2
=
"‘)}
H .
g
=
jon
3 4
f=)
0 0.5 1 1.5 2 2.5 3
/T,

Figure2-3.  Frequency Pulse Shapes Generated by Filtering an NRZ Pulse Shape

In legacy transmitters based only on continutioe processing, the peak frequency
deviation needed to be carefully measured and was set by hand. Modern modulators often use
discretetime processing to create sampled versions of the waveforms and do eofrsuffthis
problem.

The optimum detector is the trelmsed detector described in Subseclidh3.1
However, the technology of the day could not perform the computations required to implement
optimum detection. Consequently, the most common detectors in use from the early 1970s to the
early 2000s were based on limidiscriminators to produce a noiggrsion of the waveform

2-8
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Q
o0 Q0 O 2.15

The limiterdiscriminator output was connected to a timing pHask-loop circuit
(commonly called a bit synchronizer) to recover the clock and underlying bit sequence. As
technology advanced, optimum detection based on a trellis search became feasiblerH
optimum detection requires the modulation index to be predis€ly/, which can be difficult to
achieve using legacy modulators as described above. Thelesksl detectors currently
available accommodate small variations in the modulatiorxiatithe cost of modest reductions
in detection efficiency.

2.3.3.3 SOQPSKTG

This modulation was introduced to this standard in 2004 as a more bandfficignt
alternative to PCM/FM. It is a partial response CPM with a constrained ternary alphabet. The
frequency pulse is a spectral raism$ine pulse windowed by a modified teorg raiseecosine
function. The CPM parameters of SOQR¥& are

pi@D E ArE O

! o 2 9 © 2-17
C
N ThAIQ 2-18
qﬂilé#ﬁﬁWOE%gp
Qo M CY w8 4y 2-19
Il NS O AO ! 0
L Ty ¢ <Y
where the windowv(t) is
P DICYs Y
'y 0 v
N =< Y
\ P pP~. - CY " N w .

U O - - -
g CA e oV Y DICYS Y Y 2-20
1P
o T VICYS Y Y

Equation2-17i s a precoder
symbols in the set {17T1,0,+1}. The ternary
precoder is discussed below in the context of detection. A new bit occurslegegonds. The
precoder produces a new ternary symbol eV¥gieconds.

The SOQPSKTG frequency pulse is illustrated kigure2-4.
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frequency pulse g(t)

t/ T,
Figure2-4.  The Frequency Pulse for SOQPIK5

Observe that the independent time variable in the ploti¥ 0 1Y and follows
from the way the frequency pulse is defined in Equat®h8 and2-20. The frequency pulse is
not really noncausal; the mathematical expressions are more convenient when the time variable
is centered at zero. The frequency pulse spaBdit times. The constaAtin Equation2-19is
chosen to normalize the areagff) to the standard value of 1/2:

"06°06 g 221

There are four other parameters in Equata8 and2-20that define the frequency
pulse:MB h'YR'Y. Adjusting these parameters produces a todfleetween spectral efficiency
and detection efficiency. Th@G version of SOQPSK is defined by the parameters listed in
Table2-4.

Table 2-4. SOQPSK-TG Parameters

Parameter ] B T2 T
Value 0.70 1.25 1.5 0.5

The frequency pulse is a complicated pulse shape that é&asibt approximated by
applying a continuouime low-pass filter to an NRZ pulse train. Consequently, most
transmitters use sophisticated digital signal processing techniques to generate atulsrrete
version of the input to the FM modulator.

2-10
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The optimum detector is the trelimsed detector described in Subseciidh3.land a
number of reducedomplexity versions with very good performance have been devetdped.
When SOQPSKIG was adopted, its interoperability with offset QPSK (OQPSK) was an
important consideration. It is well known that CPM with a binary alphabet andwbtis
closely related to OQPSKThis relationship is illustrated by the eye diagrams formed by the
inphase and quadrature components of SOQPSHllustrated inFigure2-5. In this plot, the
equivalent OQPSkymbol timeTs = 2Ty is used for the time axis. The figure shows that
sampling the inphase and quadrature components of SOQBSK the instants corresponding
to the maximum eye openings can be used to recover the data. Note that the time instants for the
inphase and quadrtae components are offset By2 relative to each other.

inphase

quadrature

time (s)

Figure2-5. Eye Diagrams for the Inphase (Top) and Quadrature (Bottom) Components
of SOQPSKTG

For a generic CPM with a binary alphabet &r8, the relationship to OQPSK follows
from the fact that each binary symbol changes
cumulative phase memory in CPM, the phase state must be tracked to recover the data. The

5Mark Geoghegan @il mpl ement ati on and Perfor mance PReadindsbfs f or T
the International Telemetering Conferentas Vegas, NYOctober 2001.

"Perrins, E. antl. Rice A Redaeamgldexi ty Approach to | terlBEEi ve Detect.i
Transactions on Communicatignsl 55, no. 7, pp 1354362, July 2007.

8P.Laurent fiExact and Approxi mate Construction of Digital F
Modul at ed P UEEE Easactidn®dh )Comimunicationsl. 34, no. 2, pp. 15060, February 1986.
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precoder in Equatio®-17 removes the cumulative phase memory from SOQFPSkand

permits symbagby-symbol detection using an OQPSK detector with a detection filter in place of
a matched filteP:1° The precoder converts the phaséft normally associated with a CPM

symbol to arabsolutephase as in OQPSK.

The benefits of the precoder (symigtsymbol detection) are achieved at the cost of a
90° phase ambiguity exists in the recovered carrier phase reference when using decision directed
techniques. To allow correct detection in the presence of the 90° guhasguity, differential
encoding is applied to the bits prior to the precoder given by EquatiGnThe differential
encodel! operates on user bit pair® o to produce a pair of differentially encoded bits

1 h . The differential encoding operation is defined by
1@ sl 222
1 w S

where the bits awdwt herprs$ i§theoBpilearsekclusivadru e s o
operation, and [ is the logical complement gf . The corresponding differential decoder
must be applied to the bit decisions at the detector output. The differential decoder operates on
pairs of differential encoded bits H to produce a pair of user bit® o . The

differential decoder is defined by

o sl 2-23
W 1 S
A block diagram illustrating the inclusion of the differential encoder in an SOQRSK
modulator is shown ifigure2-6.

bits differential d; bits-to- a; precoder a;
—> > symbol > (binary to [——> |
encoder . |
mapping tenary) !
|
1
I
I
' s(t
| create - freqlLlllzlécy - FM ©)
impulses pg(t) modulator

Figure2-6.  Block Diagram of an SOQPSKG Modulator Showing the Placement of
the Differential Encoder

®Mark Geoghegan i Opt i mal Li near [Peoteedingsiofthe Inerhatich®) TeleiBefering | n
ConferenceSan Diego, CA, October 2002.

WE Perrins AFEC Systems f or IBEETransaxtionsiorcAzrospateandbieetronicySysms
vol 49, no. 4, pp 234Q352, October 2013.

11 A more detailed description of the differential encoder and decoding, including some encoding and decoding
examples, is found iAppendix 2B.
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There is an alternative descripttéf SOQPSKTG based on a longer frequency pulse
but eliminates the need for the precoder (EquaidB) (and the resulting constrained ternary
alphabet) and the differential encoder (Equafi€ip).

2.3.3.4 ARTM CPM

This modulation was introduced to this standard in 2007 as a more banéfficignt
alternative to SOQPSKG. It is a partial response CPM with a quaternary alphabet, two
alternating modulation indexes, and a temporal ratesthe frequency pulse. Thé®l
parameters of ARTM CPM are

1 v ohphphoAAAT OATE b@5e01 2-24
. 7 ¢ ‘A OAIT
2 T G AA 225
p ~ .. GAO . .
00 (p'_'Yp Al %,,7 m 0 oY 2.26
Tt i OEAOxEOAS8

Table 2-5. ARTM CPM Dibit to
Symbol Mapping

Input Dibit & ho Symbol iva
00 13
01 11
10 +1
11 +3

Because the symbols are quaternary, two bits (cakkity define a symbol. A new bit
is input everyTy seconds. A quaternary symbol is output eviery 2T, seconds. A plot of the
frequency pulse is shown Figure2-7. The frequency pulse spalrs3 symbol times and has
area 1/2.

2perrins, E.an. Rice fAUni fication of Si d®Pmroeédinddofdhe Intsrnafionoal SOQP SK. ¢

Telemetering Conferenc&lendale, AZ, 88 November 2018.

2-13
DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE



Telemetry Standards, RCC Standaf®-24R1 Chapter 2, January 2025

frequency pulse g(t)

0 0.5 1 1.5 2 2.5 3
t/T;

Figure2-7.  The Frequency Pulse for ARTM CPM

The frequency pulse could be approximated by applying a contifiinedow-pass
filter to an NRZL pulse trainUnfortunately, the alternating modulation indexes and strict
spectral containment requirements render the approximate approach unusable. Consequently,
transmitters use sophisticated digital signal processing techniques to generate atuligcrete
version d the input to the FM modulator.

The optimum detector is the trellmsed detector described in Subseclidh3.1 The
trellis associated with the optimum detector possesses a large number of states.-Reduced
complexity detectors for ARTM CPM have been described and anaf§/zed.

2.3.3.5 Data Randomization

The data input to the transmitter shall be randomized using either an encryptor that
provides randomization or an IntBange Instrumentation Group (IRIG)-b& randomizer as
described irChapter GandAnnex A.2 The purpose of the randomizer is to prevent degenerative
data patterns from degrading data quality.

2.3.3.6 Bit Rate

Bit rate is defined as the ov#re-air bit rate which includes any and all added overhead
associated with coding. Without coding thput bit rate to the transmitter equals the oulput
rate

2.3.3.7 Transmitter Phase Noise
The sum of all discrete spurious spectral components (ssidgdand shall be less than
1 3 6 .dhB continuous singisidebanghase noise power spectral density (PSD) shall be
below the curve shown iRigure2-8. The maximum frequency for the curgeonefourth of the
bit rate For bit rates greater thanmdegabits per seconpps), the phase noise PSD shall be
l ess than 1100 dBc/ her tfaurthofthe bitrdtee t ween 1 MHz a

BpPerrins, E. andil. Rice i R e-cbmpiegityl Detectors forMuth CPM i n Aer onaulEEEcal Tel e
Transactions on Aerospace and Electronic Systenis40, no. 1, pp. 28800, January 2007.
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Single Sideband Phase Noise L(f) - Upper Limit

—8—50QP5K-TG  —@—ARTM CPM

-20

L({f) (dBc/Hz)

-100

-110
10 100 1000 10000 100000 1000000

Frequency Offset From Carrier (Hz)

Figure2-8.  Continuous Singksideband®hase Noise Power Spectral Density

2.3.3.8 Modulation Polarity

An increasing voltage at the input aof BM transmitter shall cause an increase in output
carrier frequencyAn increase in voltage at the input gblaase modulatiorPM) transmitter
shall cause an advancement in the phase of the output.camriecrease in voltage at the input
of an amplitude modulatiofAM) transmitter shall cause an increase in the owpltage of the
output carrier.

2.3.4 Spurious Emission and Interference Limits

Spurious* emissions from the transmitter case, through input and power leads, and at the
transmitter RF output and antenraaliated spurious emissions are to be within required limits
shownin Military Standard (MIL-STD)-461° CE106 with the following clarifications

a. Harmonics (except the second and third) and all other spurious emissions shall be at least
80 dB down from the level of the fundamentahich isequaltd 8 0 d Bc .

b. The second and third harmonics shall be suppressedtoalim@d&d d B m.

c. Spurious emission limits are not applicable within the bandwidth of the transmitted signal
defined in $ibsection2.3.6

d. Testing shall occur with a modulated carrier.

2.3.4.1 TransmitterAntenna System Emissions
Emissions from the antenna are of primary importaRoe example, a tuned antenna
may or may not attenuate spurious frequency products produced by the transmitter, and an

4 Any unwanted signal or emission is spurious whether or not it is related to the transmitter frequency (harmonic).
Depart ment Requireients ferrthe €antrofof Electromagnetic Interference Characteristics of
Subsystems and Equipmend 8TDE461-G. 11 December 2015. May be superseded by update. Rettiéved

July 2024 Available athttps:/quicksearch.dla.mil/gsDocDetails.aspx?ident_number=35789
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antenna or muliransmitter system may generate spurious outputs when a pure signal is fed to
its input The transmitting pattern of such spurious frequencies is generally different from the
pattern at the desired frequenéyntennaradiated spurious outputs shall be no greater than 320
pHV/meter at 30 meters in any directjavhich is equal té 25 dBm when cable losses plus
antenna gaimareassumed to be unity.

WARNING |[Spurious | evels of 125 dBm may s
receivers whose antennas are located in close proximity to the telemetry
transmitting antennd herefore, lower spurious levels may be required in
certain frequency ranges, such as near Global Positioning System
frequencies.

2.3.4.2 Conducted and Radiated Interference

Interference (and the RF output itself) radiated from the transmitter or fed back into the
transmitter power, signal, or control leantsild interfere with the normal operation of the
transmitter or the antenna system to which the transmitter is connglttednals conducted by
the transmitter's leads (other than the RF output cable) in the rb§e kilohertz (kHz) to 50
MHz and all radiated fields in the range of 150 kHz to 10 gigahertz (GHz) (or other frequency
ranges as specified) must be within the limits of the applicable standards or specifications.

2.3.5 Operational Flexibility
Each transmitter shall be capable of operating at all frequencies within its allocated band
without design modificatiok®

2.3.6 Modulated Transmitter Bandwidth

Telemetry applications covered by this standard shall uge8®nt power bandwidth to
define occupied bandwidth and 17T25 dBm bandwi d
efficiency The 125 dBm bandwidth is the mini mum band
components that .Ar@ow2% dEBmedr olfan @dbr dBm i s e
attenuation of the transmitter power by 55 #[0g(P) dB where P is the transmitter power
expressed in watt3 he spectra are assumed symmetrical about thertiartst er 6 s cent er
frequency unless specified otherwisel | s pectr al componmogR)Bcl ar ger
at the transmitter output must be within the spectral mask caldwlateg the following
eqguation:

M (f)=K +90log R- 100log| f - fc

f- f]2 R 2-27
m

where M(f) = power relative to P (i.e., units of dBc) at frequency f (MHz)

K= 120 for analog signal s
= 128 for binary signal s
= 17T61 fofTGSOQPSK
= 173 for ARTM CPM

fc = transmitter center frequency (MHz)

1% The intent is that fixedrequency transmitters can be used at different frequencies by changing crystals or other
components. All applicable performance requirements will be met after component change.

" These bandwidths are measured using a spectrum analyzer with the following settkigz:r88olution

bandwidth, 30eHz video bandwidth, and no max hold detector or averaging.
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bit rate(Mbps) fordigital signals o tp- fmax) (MHZz) for analog FM signals
numberof states in modulating signal
m = 2 for binary signals
m = 4 for quaternary signals and analog signals
of = peak deviation
fmax = maximum modulation frequency

R
m

Note that the mask in this standard is different than the masks contained in earlier
versions of the Telemetry StandarBguation2-27 does not apply to spectral components
separated from the center frequency by lessRiemT he 1T 25 dBm bandwi dt h i ¢
be narrower than 1 MHBinary signals include all modulation signals with two states while
guaternary signals include all modulation signals with four states (quadrature phase shift keying
[QPSK]is one examplef four-state signals)SectionA.6 contains additional discussion and
examples of this spectral mask.

2.3.7 Valid Center Frequencies Near Telemetry Band Edges
The telemetry bands, as specified, start and stop at discrete frequéeldpwetry
transmitters transmitting PCM/FENSOQPSKTG, or ARTM CPM, even with optimal filtering,
do not have discrete start and stop frequenbiesrder to determine a valid carrier frequency,
the transmitter power, modulation scheme, and data rate must be. Kifenaistance, in
frequency, from the point in which the spectral masks, as described in Subgettioimtersect
the absolute value of 125 dBm equals the amou
be from the band edge frequenBybsectiorA.11 contains additional discussion and examples
of center frequency determination when operating near telemetry band edges.

2.4  Telemetry Receiver Systems
As a minimum, receiver systems shall have the following characteristics.

2.4.1 Spurious Emissions

The RF energy radiated from the receiver itself or fed back into the power supply, and/or
the RF input, output, and control leads in the range from 150 kHz to 10 GHz shall behathin
limits specified in MIL.STD-461 The receiver shall begeed in accordance with MiETD-461
or RCC Document 118, Volumef.Other applicable standards and specifications may be used
in place of MIL-STD-461, if necessary.

2.4.2 Frequency Tolerance

The accuracy of all local oscillators within the receiver shall be such that the conversion
accuracy at each stage and overall is within £0.001 percent of the indicated tuned frequency
under all operating conditions for which the receiver is specified.

2.4.3 Receiver Phase Noise

The sum of all discrete spurious spectral components (ssidgdanyl shall be less than
T 3 9 .dhB continuous singleidebanghase noise PSD shall be 3 dB below the curve shown
in Figure2-8. The maximum frequency for the curvehigure2-8 is onefourth of the bit rate

8 Range Commanders Coundiest Methods for Telemetry Systems and Subsystems VoIRQE 11822
October 2022May be superseded by update. Retriel/éduly 2024 Available at
https://www.trmc.osd.mil/wiki/x/flu8Bg
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h e

MHz and onefourth of the bit rate.

2.4.4 Spurious Responses

phase

noi se

PSD

s hal

be

Rejection of any frequency other than the one to which the receiver is tuned shall be a

minimum of 60 dB referenced to the desired signal over the range 150 kHz to 10 GHz.

2.4.5 Operational Flexibility

All ground-based receivers shall be capable of operating over the entire band for which
they are designedxternal dowrconverters may be either intended for the entire band or a
small portion but capable of retuning anywhere in the band without modification.

2.4.6

Intermediate Frequency Bandwidths

The standard receiver intermediate frequency (IF) bandwidths are shdwhl@?-6.

These bandwidths are separate from and should not be confused witletgotibn lowpass
filtering that receivers provid€.T h e

rat

i o of

bandwidth shall be less than 3 for new receiver designs.

t he

Table 2-6. Standard Receiver Intermediate
Frequency Bandwidths

300 kHz 1.5 MHz 6 MHz

500 kHz 2.4 MHz 10 MHz

750 kHz 3.3 MHz 15 MHz

1000 kHz 4.0 MHz 20 MHz

receiver 06s

N OT?

1. For data receivers, the IF bandwidth shayfucally be selected so that 9

. Bandwidths are expressed at the points where response is 3 dB below

. Not all bandwidths are available on all receivers or at all test ranges

to 99 percent of the transmitted spectrum is within the receiver 3 dB
bandwidth In most cases, the optimum IF bandwidth will be narrower t
the 99 percent power bandwidth.

response at the design center frequency, assuming that passband ripj
minimal, which may not be the cagée 3dB bandwidth is chosen
because it closely matches the noise bandwidthibfiek-wallo filter of
the same bandwidtihe floptimund bandwidth for a specific application
may be other than that stated hddeal IF filter response is symmetrical
about its center frequency; in practice, this may not be the case.

Additional receiver bandwidths may be available at some test ranges
especially if the range has receivers with digital IF filtering

2.4.7 C-band Downconversion

For telemetry receive systems employindp&hd downconversion, the following
mapping of Cband RF to €band IF frequencies is recommended for the lower C and middle C

bands This downconversion scheme utilizes a h&ythe local oscillator frequency of 5550 MHz

9 1n most instances, the output lguass filter shouldiotb e

used to fAclean upo the

demultiplexing equipment.
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to minimize the potential of mixing products interfering with received telemetry signals
Additionally, using a standardized approach fosters interoperability between manufacturers of
telemetry antenna systems employing downconversion and manufacturers of telemetry receivers
with C-IF tuners.

No recommendation will be made at this point for the downconversion aptier C
band (5925700 MHz).

Examples:
Cl1F Frequency -RFRrégiehc)) MHz 1 C
1150 MHz = (5550 MHz 1 4400 MHz)
610 MHz = (5550 MHz 1T 4940 MHz)
459 MHz = (5550 MHz 1T 5091 MHz)
400 MHz = (5550 MHz 1T 5150 MHz)

2.5 Codes for Telemetry Systems

2.5.1 Low-Density ParityCheck Code

Forward error correctio(FEC)is a way of adding additional information to a transmitted
bit stream in order to decrease the required sitgrabise ratio to the receiver for a given bit
error rate(BER). Low-density paritycheck (LDPC) code is a block code, meaning that a block
of information bits has parity added to them in order to correct for errors in the information bits
The termflow-densityps t ems from t he parity check matri x
f e w. Thi®specific LDPC variagcomes from the satellite link community and is identical to
the AccumulateRepeatd-JaggedAccumulate code described by the Consultative Committee for
Space Data Systenf@CSDS)standard 131-D-2-S.12°which describes nine different LDPC
codes with different coding rates (rate 1/2, 2/3, 4/5) and information block sizes (1024, 4096,
16384) In the trade between the transmission channel characteristics, bandwidth efficiency,
coding gain, and block size all three rates and block sizes 1024 and 4096 are considered in this
standardAdditional information on this LDPC code is contained\ppendix 2D.

2.5.2 SpaceTime Code

As the name suggests, this code uses space diversity and time diversity to overcome the
two-antenna problem, which is characterized by large variances in the antenna gain pattern from
a test article caused by transmitting the same telemetry signal tioogthiwo transmit
antennasThese signals are typically delayed in time and have differing amplifldespace
time code (STC) in this standard applies to only SOQFSKmodulation The input bit stream
is spaceime coded, resulting in two parallel Btreams that then have a pilot sequence added to
each at fixed bit intervals (or block3)hese encoded/pil@dded streams are then individually
modulated through phagecked transmitters to a carrier using SOQPBEK modulation, power
amplified, then connected to a top and bottom anterimajob of estimating frequency offset,
delays, gains, and phase shifts due to the transmission channel thetirspatscode the signal
is done with the STC receivekdditional information on the STC is containedAppendix 2E.

20 Consultative Committee for Space Data Systerg Density Parity Check Codes for Use in N&arth and
Deep Space ApplicationStandard CCSDS 131Q-2-S. September 200RescindedRetrievedl7 July 2024
Available athttps://public.ccsds.org/Pubs/131x102e2s.pdf
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2.6  Randomization Methods for Telemetry Systems

2.6.1 Introduction

The following randomization and d¢andomization methods arecommended for
wireless serial streaming telemetry data linkse choice of randomization method used should
be based on whether or not a ssihchronizing randomizer is required for the application.

2.6.2 Randomizer Types

2.6.2.1 SeltSynchronizing Randomizers

Selfsynchronizing randomizers, such as the traditional IRIG randomizer described in
Annex A.2 work best when ther@reno known identifiers in the bit stream to aid in
synchronizing the deandomizerThis type of derandomizer has the characteristic of creating
additional bit errors when a bit error is received at theadelomizer inputFor this randomizer a
single bit error at the input will create an additional two bit errors in the output sfe@BER
extension will cause a degradation in detection efficiency of the link of approximately 0.5 dB.

2.6.2.2 Non-Selt-Synchronizing Randomizers

Non-selfsynchronizing randomizers, such as the CCSDS randomizer described in
Appendix 2D, do not create additional bit errors when a bit error is received at-the de
randomizer inputTherefore there is no extensionBRER; however, these types of randomizers
need to be synchronized with the incoming bit streBims is usually accomplished through the
use of pilot bits or synchronization markers in the data stream to aid in synchronization
Performance of this type of randomizer will exceed that of asyeléhronizing randomizer
lending itself as a better choice for coded links or links requiringald&ad synchronization.

2.6.3 Randomizer Application
As defined inAppendix 2D, CCSDS randomizatioshould be used for coded links such
as LDPC links or links exhibiting a block structure with synchronization markers.

TraditionalIRIG randomization as defined Annex A.2should be used for nen
encrypted links that are absent of synchronization markers or do not contain markers of.any type
Encrypted telemetry links do not require randomization.

2.7 Data Quality Metrics and Data Quality Encapsulation

A reliable metric for estimating data quality can be very useful when controlling
telemetry data processing equipment, such as Best Source Selectors, that require an
understanding of received data quality in order to operate effectivelccomplish this, a
standardized method for estimating bit error probability (BEP) is ne&daddition to the
metric, a standardized method for transporting the metric with the associated data is.required
Appendix 2G provides a standard fordata quality metri¢DQM), determined in the telemetry
receiver demodulator, and a standarddfata quality encapsulatig®QE) allowing for transport
of the received telemetry data and associated DQM.

2.8 Interference Protection Criteria for Aeronautical Mobile Telemetry Systems

Aeronauticaimobile telemetrf{AMT) ground stations use very high gain directional
antenna systems that are sensitive to interference from other RF communication. systems
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Without appropriate interference protection, these systems could be severely impacted or even
rendered useless for mission suppda prevent this from happening, appropristerference
protection criteriglPC) are needed.

Table2-7 lists the acceptablegower flux densityPFD) levels for interference in each
telemetry bandThese levels are based on the vesliablished and accepted IPC contained in
International Telecommunications Union Radio Service (R Recommendation M.1459
(Rec M.1459)These IPG provide AMT protection for aggregate interference from satellites and
terrestrial emitters as a function of the angle of artila@i the interfering signal(s) at or above
the horizon derived using the methodology given in Annex A of Rec M.1459.

Table 2-7. Interference Protection Criteria by Band and Angle of Arrival
L band, from 14357 1535 MHz

1181.0 dB(W/m)in4dkHz |[for 0O U O

1193.0 + 20 log U |[dBWmMindkHz |for 4 < U O

1213.3 + 35.6 | og [dBWmMindkHz |[(for 20 < U

1150.0 dB(W/m’)in4kHz |[f or 60 < U
Upper L band, from 17551 1855 MHz

1181.0 dB(W/m?)in4kHz |[for0 O U~ O 3

1190.878 + 21.948 |[dBWMindkHz |[for3< U O 15

1185. 722 + 18. 286 |dBW/Mn?)in4kHz forl5< U O 60

1153.7 dB(W/n?) in 4 kHz for60< U O 90
Lower S band, from 2200i 2290 MHz

1180.0 dB(W/m?)in4kHz |for0 O U~ O 2

1186.613 + 21.206 [dBWMindkHz |[for2< U O 15

1161 dB(W/m?)in4kHz |forl5< U O 90
Upper S band, from 2310° 2390 MHz

1180.0 dB(W/m?)in4kHz |for0 O U~ O 2

i1187.5 + 23.66 | og dBW/n?)in4kHz for2< U O 11

1162 dB(W/m?)in4kHz |forll5< U O 9
Lower C band, from 44007 4940 MHz

1178.0 dB(W/m?)in4kHz |for0 O U- O 1

1180.333 + 2.333 U(dBWm)indkHz |[forT < U O 4

1171.0 dB(W/m?)in4kHz |fora< U O 90
Middle C band, from 50917 5150 MHz

1178.0 dB(W/m?)in4kHz |for0 O U- O 1

1180.0 + 2.0 U dB(W/m?)in4kHz |forl' < U O 3

1174.0 dB(W/nP) in 4 kHz for3< U O 90
Upper C band, from 5925/ 6700 MHz

1178.0 |dB(W/mA)in4kHz [for0 O U~ O 1

2lnternational Telecommunication Uni on. AProtection

s er vi ¢ eRRecomrieddation M.1459. May 2000. May be superseded by update. Retiielidg 2024
Available athttps://www.itu.int/rec/RREGM.1459-0-200005l/en.

2-21

DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE

c

r


https://www.itu.int/rec/R-REC-M.1459-0-200005-I/en

Telemetry Standards, RCC Standaf®-24R1 Chapter 2, January 2025

Table 2-7. Interference Protection Criteria by Band and Angle of Arrival
i181.6 + 3.6 U dB(W/n¥)in4kHz |forT < U~ O 2
1174.4 dB(W/mP)indkHz |for2< U O 90

Appendix 2F provides additional explanation and example calculations to aid in

understad the application of these IP@xs different interference scenarios.
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APPENDIX 2-A

Frequency Considerations for Telemetry

A.1l. Purpose

This appendix was prepared with the cooperation and assistance of the Range
Commanders Council (RCC) Frequency Management Giichip appendix provides guidance
to telemetry users for the most effective use otdhemetry bandsCoordination with the
frequency managers of the applicable test ranges and operating areas is recommended before a
specific frequency band is selected for a given applicaBornernment users should coordinate
with the appropriate Area Frequency Coordinator and commercial sl €oordinate with
the AFTRCC. A list of the points of contact can be found in the NThanual(NTIA 2015).

A.2. Scope

This appendix is to be used as a guide by users of telemetry frequencies at Department of
Defense (DoDYelated test ranges and contractor facilitidge goal of frequency management
is to encourage maximal use and minimé&rference among telemetry users and between
telemetry users and other users of the electromagnetic spectrum.

A.2.a. Definitions

The following terminology is used in this appendix.

Allocation (of a Frequency Band) Entry of a frequency band into the TableFoéquency
Allocationg? for use by one or more radio communication services or the radio astronomy
service under specified conditions.

Assignment (of a Radio Frequency or Radio Frequency Channeuthorization given by an
administration for a radio station to ugeR¥F or RF channel under specified conditions.

Authorization . Permission to usendRF or RF channel under specified conditions.

Certification . TheMilitary Command, Control, Communications, and Computers Executive
Boardd dVIC4EB) process of verifying that a proposed system complies with the appropriate
rules, regulations, and technical standards.

J/IF 12 Number. The identification number assigned to a system byi64EB after the
Application for Equipment Frequency Allocation (DD Form 1494) is approved; for example, J/F
12/6309 (sometimes called thd.d number).

Resolution Bandwidth. TheT 3 dB bandwidth of the measurement device.

A.2.b. Modulation methods

A.2.b(1) Traditional Modulation Methods
The traditional modulation methods for aeronautical telemetry are FM andli#M
PCM/FM methodhas been the most popular telemetry modulation since aroundTi8¥ ®F

22 The definitions of the radio services that can be operated within certain frequency bands contained in the radio
regulations as agreed to by the member nations of the International Telecommunications Union. This table is
maintained in the United States thye Federal Communications Commission and the NTIA.
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signal is typically generated by filtering the baseband NRfgnal and then frequency

modulating a VCOThe optimum peak deviation is 0.35 times the bit rate and a good choice for
a premodulation filter is a muipole linear phase filter with bandwidth equal to 0.7 times the bit
rate Both FM and PM have a variety of desirable features but may not provide the required
bandwidth efficiency, especially for higher bit rates

A.2.b(2) Improved Bandwidth Efficiency
When better bandwidth efficiency is required, the standerdulationmethods for
digital signal transmission are SOQRJK and ARTMCPM. These methods off@onstant
characteristics and is compatible with nonlinear amplifiers with minimal spectral regrowth and
minimal degradation of detection efficiendylodulation method SOQPSKG requires the use
of the differential encoder describedAppendix 2B. All of these bandwidttefficient
modulation methods require the data to be randonaitkdr with the IRIG randomizer
through encryption

A.2.c. Other Notations

The following notations are used in this appen@ither references may define these
terms slightly differently.

a. B99% - Bandwidth containing 99% of the total power.
b. Bi2sdem - Bandwidth containing all components larger thas dBm.

c. Brsodsc- Bandwidth containing all components larger than the power level that is 60 dB
below the unmodulated carrier power.

d. dBc- Decibels relative to the power level of the unmodulated carrier.
e. fc- Assigned center frequency.

A.3. Authorization to Use a Telemetry System

All RF emitting devices must have approval to operate in the US&P via a frequency
assignment unless granted an exemption by the national autfiohitg NTI1 A i s t he Pr ¢
designated national authority and spectrum mandgerNTIA manages and controls the use of
RF spectrum by federal agencies in US&P territ@Wtaining a frequency assignment involves
the twostep process of obtaining an RF spectrum support certification of major RF systems
design, followed by an operational frequency assignmahet®F system usefhese steps are
discussed belownd further explained in RCC 120 AppendiX¥A

A.3.a. RF Spectrum Support Certification

All major DoD RF systems used by federal agencies must be submitted to the NTIA, via
the Interdepartment Radio Advisory Committee, for system review and spectrum support
certification prior to committing funds for acquisitiandprocurementDuring the system
review process, compliancattvapplicablestandards, allocation tables, rules, and regulations is
checkedFor DoD agencies and for support of DoD contracts, this is accomplished via the

2Range Commanders Council. #AApplication for Equipment |
Tel emet ry TelemetneSystemoRadicnFrequency HandpApkendix A. RCC 12€1. July 2021. May
be superseded by update. Retriet@duly 2024 Available athttps://www.trmc.osd.mil/wiki/x/iYu8Bg
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submission ofechnical data describing the system that will operate in the RF spdotthm

MC4EB. Nonconpliance with standardsables, rules, or regulations can result in denial of
support, limited support, or support on an unprotected proority basis All DoD RF users

must obtain frequency assignments for any RF system (even if not considered Thegor)
assignment is accomplished by submission of frequency use proposals through the appropriate
frequency management officégequency assignmentgay not be granted for major systems

that have not obtained spectrum support certification.

A.3.a(1) Frequency Allocation
Telemetry systems must normally operate within the frequency bands designated for their
use in the Table of Frequency Allocatiodéith sufficient justification, use of other bands may
at times be permitted, but the certification process is much more difffccdtrtification is
granted on a noninterference basigwtmumbentusers, théocal frequency manager is often
unable to grant assignments becausatefference to incumbent users

a. Telemetry Bands

Air and spacéo-ground telemetering is allocated in the uhigh frequency (UHF)
bands 1435 to 1535, 2200 to 2290, and 2310 to 2390 MHz (commonly known as the-lower L
band, the lower -$and, and the uppert&nd) and in the supéigh frequency (SHF) lmals
4400 to 4940 and 5091 to 5150 MHz (commonly known as loweariel and middle ®and)
Other mobile bands, such asB071850 MHz, can also be used at many test rarfjese these
other bands are not considered a standard telemetry band per this dopateetial users must
coordinate, in advance, with the individual range(s) and ensure use of this band can be supported
at the subject range(s) and that their technical requirements will be met.

b. Very High Frequency Telemetry

Thevery-high frequencyVHF) band, 216265 MHz, was used for telemetry operations
in the pastTelemetry bands were moved to the UHF bands as of 1 January 1970 to prevent
interference to critical government land mobile and military tactical communicatielesnetry
operation in this band is strongly discouraged and is considered only on an exceptichg case
case basiRRefer to the Table of Frequency Allocations within the NTIA Red Book.

A.3.a(2) Technical Standards

TheMC4EB and the NTIA review proposed telemetry systems for compliance with
applicable technical standardr the UHF and SHF telemetry bands, the current revisions of
the following standards are considered applicable:

a. RCC Document IRIG 106, Telemetry Standards;
b. MIL-STD-461;

c. NTIA Manual of Regulations and Procedures for Federal Radio Frequency Management
(also referred to as the NTIA Red Book)

Applications for certification are also thoroughly checked in many other ways, including
necessary and occupied bandwidths, modulation characteristics, reasonableness of output power,
correlation between output power and amplifier type, and antenna tymharacteristicsThe
associated receiver normally must be specified or referebedcharacteristics of the receiver
and transmit and receive antenaas also verified.
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A.3.b. Frequency Authorization

Spectrum certification of a telemetry system verifies that the system meets the technical
requirements for successful operation in the electromagnetic environment; however, a user is not
permitted to radiate with the telemetry system before requestingeegigting a specific
frequency assignmenthe assignment process considers when, where, and how the user plans to
radiate Use of the assignments is tightly scheduled by and among the individual ranges to make
the most efficient use of the limited telemyeRF spectrum and to ensure that one user does not
interfere with other users.

A.4. Frequency Usage Guidance

Frequency usage is controlled by scheduling in the areas where the tests will be
conductedFigureA-1 displays thenodulated spectrum for the uncoded modulation methods of
PCM/FM, SOQPSKTG, and ARTM CPM. Also considered are the coded waveforms of
SOQPSKSTC, SOQPSK.DPC, and SOQPSISTC/LDPC. The spectra for these coded
waveforms are identical to uncoded SOQPSK exfmghe occupied bandwidth.

AMT Waveforms, 5Mbps

Amplitude (dBc)

-2.0 -15 -1.0 -0.5 0.0 0.5 1.0 15 20
Normalized Frequency (Bit Rate = 1)

——PCMFM ——SOQPSK = ARTM CPM

FigureA-1. Spectra of 8Mbps PCM/FM, SOQPSKG, and ARTM CPM Signals

Coded waveforms increase the otee-air bit rate and thus the transmitted bandwidth.
This increase is due to the coding overhead added by each coding scheme. The following
recommendations are based on extensive testing coupled with good engineeriog foract
scheduling spectrum usage. It is assumed that the occupied bandwidth of the waveforms fits
within the telemetry band of interest in all cases.

A.4.a. Minimum Freguency Separation

The minimum required frequency separation can be calculatedEguagionA-1.

oo = ashsRs+ainR A-1

where k= the minimum required center frequency separation in MHz
Rs = bit rate of desiredignal in Mbps
R = bit rate ofinterfering signal in Mbgs
as = spacing coefficient determined by the dessigdal type;
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a = spacing coefficient determined by timeerfering signal type and
waveform characteristics;

ns = overthe-air bit rate multiplier for the desiresgnal;

ni = overthe-air bit rate multiplier for thénterfering signal.

When neither signal is coded, use the spacing coefficieisdleA-1. The ovetthe-air
bit rate multiplier for the desired and interfering signals is 1 for uncoded waveforms.

Table A-1. Coefficients for Minimum
Frequency Separation Calculationfor
Uncoded Waveforms

Modulation Type 3 a

PCM/FM 0.80 0.95
SOQPSKTG 0.60 045
ARTM CPM 0.55 0.30

When coded waveforms are the desired signal, the same equation (E4uaYitor
calculating the minimum frequency separation is used but with a different vadudepiending
upon the interfering signal p&ableA-2. This places the interfering signal closer to the coded
desired signal. In addition, the appropriate etherair bit rate multipliems andn; for each signal
should also be used pEableA-3.

Table A-2. Coefficients for Minimum Frequency
Separation Calculation for Coded Waveforms
ModulationCoding Type as a
PCM/FM 0.75
SOQPSKTG 0.35
ARTM CPM 0.25
SOQPSKSTC 0.60
SOQPSKLDPC 0.60
SOQPSKSTC/LDPC 0.60
Table A-3. Multipliers for Over-The-Air Bit
Rate Calculation
ModulationCoding Type Multiplier ns, nj
PCM/FM, SOQPSKIG, ARTM CPM |1
SOQPSKSTC 26/25
SOQPSKLDPC Code Rate = 4/5 21/16
SOQPSKLDPC Code Rate = 2/3 25/16
SOQPSKLDPC Code Rate=1/2 33/16
SOQPSKSTC/LDPCr = 4/5 273/200
SOQPSKSTC/LDPCr = 2/3 13/8
SOQPSKSTC/LDPCr = 1/2 429/200
A-5
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The minimum spacing needs to be calculated for the desired signal and the interferer and
vice versa. The spacing factors have subscriptdafsignal and for interferer. The required
frequency spacing from the interferat;, is directly related to the power spectrum of the
interfering signal. The values feg are a function of the effective detection filter bandwidths, the
adjacent channel interference resistance of the desired signal modulation and coding method, and
the type of detector employedthin the receiver. The values fayanda; are slightly
conservative for most cases and assume the receiver being used does not have spurious responses
that cause additional interference. The main assumptions are as follows:

a. The NRZ PCM/FM signals are assumed to be premodulation filtered with apoldti
Bessel filter withi 3 dB point of exactly 0.7 times the bit rate and the peak deviation of
exactly 0.35 times the bit rate. The modulation index0.7.

b. With the stipulation given in a., a muliymbol detector is assumed for NRZ PCM/FM.

c. The receiver IF filter is assumed to be no narrower than 1.5 times the bit rate and no
wider than 2 times the bit rate and provides at least 6 dB of attenuation of the interfering
signal.

d. The interfering signal is assumed to be no more than 20 dB stronger than the desired
signal. resulting in a carri¢o-interferer ratioC/I O1 20 dB.

e. The receiver is assumed to be operating in linear mode and not in saturation; no
significant intermodulation products or spurious responses are present.

The following examples are grouped into two categories that correspdat|tA-1,
TableA-2, andTableA-3. The first categorys for calculating the required spacing when only
uncoded waveforms are being scheduled. For these waveforms the bit rate multiplier is 1
thereforethe bit rate equals the ovire-air bit rate. The second categasyor calculating the
required spacing when there are both uncoded and coded waveforms being scheduled. In each
example the desired and interfering signals are swapped for the spacing calculation with the
larger resulting spacing being chosen. The reasoihifois that both signals are desired, just by
different users.

Uncoded Waveform Examples
1. Desired Signal5 Mbps PCM/EM:Interfering Signal3 Mbps SOQPSKIG
Desired Signal3 Mbps SOQPSKIG; Interfering Signal5 Mbps PCM/FM
0.80*1*5 + 0.45*1*3 = 535 MHz 0.60*1*3 + 0.95*1*5 = 6.6 MHz

Thelarger value is 6.6 MHzenter frequencies are assigned in 1 MHz steps so the
minimum spacing is 7 MHz. An example of this minimum frequency spacing is shdviguire
A-2.
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s N ™
Signal = 5Mbps PCMFM Signal = 5Mbps PCMFM
Interferer = 3Mbps SOQPSK Interferer = 3Mbps SOQPSK
AFy = 7MHz AF, = TMHz
= -0 =
Frequency (MHz) Frequency (MHz)
k J J
FigureA-2.

Center Frequency Spacing 5 Mbps PCM/FM and 3 Mbps SOQIRSK
Desired Signall2.5 Mbps SOQPSKG; Interfering Signalé Mbps ARTM CPM

Desired Signalé Mbps ARTM CPM Interfering Signall12.5 Mbps SOQPSKH G
0.60*1*12.5 + 0.30*1*6 = 9.3 MHz

0.55*1*6 +0.45*1*12.5 = 8.9 MHz
The larger value is 9.3 MHEzenter frequencies are assigned in 1 MHz steps so the minimum
spacing is 10 MHz. An example of this minimum frequency spacing is shokigure A-3.

r s N
Signal = 12.5Mbps SOQPSK Signal = 12.5Mbps SOQPSK
Interferer = 6Mbps ARTM CPM Interferer = 6Mbps ARTM CPM
AF, = 10MHz AF, = 10MHz
i /’\ \ E /\
= \ = |
g d f \ £ _ [
E Fo E f / t‘
< 60 / \I = / |f \'
\'\JI | / l|
/ | / \
/ \ | / |
- \ \ \
. Frequency (MHz) ‘ o o Frequency (MHz] .
\ J N J
FigureA-3.

Center Frequency Spacing 12.5 Mbps PCM/FM and 6 Mbps ARTM CPM

3. Desired Signal4.3 Mbps SOOPSHK G; Interfering Signal7.25 Mbps SOQOPSK G

Desired Signal7.25 Mbps SOOPSKG: Interfering Signal4.3 Mbps SOOPSK G
0.60*1*4.3 + 0.45*1*7.25 = 5.8 MHz

0.60*1*7.25 + 0.45*1*4.3 = 6.3 MHz
The larger value is 6.3 MHEzenter frequencies are assigned in 1 MHz steps, so the minimum
spacing is 7 MHz. An example of this minimum frequency spacing is shokigureA-4.
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Signal = 4.3Mbps SOQPSK
Interferer = 7.25Mbps SOQPSK
AFy = TMHz

cy (MHz)

Signal = 4.3Mbps SOQPSK
Interferer = 7.25Mbps SOQPSK
AF, = 7MHz

{

/

f

¥ (MHz)
VAN

- AW
[/
f \\'j

\
\

FigureA-4.

Coded Waveform Examples

When calculating the minimum frequency separation using the spacing coefficients in
TableA-2, note that the interfering signal can be placed closer in frequency when the desired
signal is coded. This is reflected in the spacing faagtfor the interfering signal decreasing in
value when compared to the uncoded casbleA-1). The bit rate used in these calculations is

Center Frequency Spacing 4.3 Mbps SOQP®Kand 7.25Mbps
SOQPSKTG

the overthe-air bit rate after coding is appliefableA-3 gives the multipliers used in

determining the ovethe-air bit rate for each possible combination of modulation and coding

scheme.

1. Desired Signal8 Mbps SOQPSK.DPC (r=4/5,k=1024):Interfering Signal4.2 Mbps

PCM/EM

Desired Signal4.2 Mbps PCM/EM|nterfering Signal8 Mbps SOQPSK.DPC (r=4/5,

k=1024)

0.60%*(21/16)*8 + 0.75*1*4.2 = 9.45 MHz 0.80*1*4.2 + 0.45*(21/16)*8 = 8.09 MHz

The largest value is 9.45 MHizequencies are assigned in 1 MHz steps so the minimum
spacing is 10 MHz. [1] In this calculation, the spacing coefficient of 0.45 for SOQESIK
TableA-1 should be used for the coded interfering signal as the desired signal is uncoded. An

example of this minimum frequency spacing is showRigureA-5.

-
Signal = 8Mbps SOQPSK-LDPC (4/5, 1024)
Interferer = 4.2Mbps PCMFM
AF, = 10MHz

avi

quency (MHz)

Amplitude (dE
T

™ 'd
Signal = 8Mbps SOQPSK-LDPC (4/5, 1024)
Interferer = 4.2Mbps PCMFM
AF, = 10MHz

VAN

3

FigureA-5.
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2. Desired Signal3.6 Mbps SOQPSKDPC (r=1/2,k=4096):;Interfering Signal12 Mbps

SOQPSKTG
Desired Signall2 Mbps SOQPSK G; Interfering Signal3.6 Mbps SOQOPSKDPC

(r=1/2,k=4096)
0.60*(33/16)*3.6 + 0.35*1*12 = 8.655 MHz ~ 0.60*1*12 + 0.45*(33/16)*3.6 = 10.54 MHz

The largest value is 10.54 MHizequencies are assigned in 1 MHz steps so the minimum
spacing is 11 MHz. [1] In this calculation, the spacing coefficient of 0.45 for SOQESIK
TableA-1 should be used for the coded interfering signal as the desired signal is uncoded. An
example of this minimum frequency spacing is showrigureA-6.

N

-
Signal = 3.6Mbps SOQPSK-LDPC (1/2, 4096) Signal = 3.6Mbps SOQPSK-LDPC (1/2, 4096)
Interferer = 12Mbps SOQPSK

Interferer = 12Mbps SOQPSK
DFy = 11MHz

/\ \ /4/\,\
[ VN
/ Y,

>
)

1315.5
requency (MHz)

S p

FigureA-6. Center Frequency Spacing 3.6 Mbps SOQRSHRC and 12 Mbps
SOQPSKTG

3. Desired Signal8 Mbps SOQPSKSTC, Interfering Signal2 Mbps PCM/EM
Desired Signal2 Mbps PCM/EMinterfering Signal8 Mbps SOQOPSKSTC

0.60%(26/25)*8 + 0.75*1*2 = 6.49 MHz  0.80*1*2 + 0.45*(26/25)*8 = 5.34 MHz

The largest value is 6.49 MHizequencies are assigned in 1 MHz steps so the minimum
spacing is 7 MHz. [1] In this calculation, the spacing coefficient of 0.45 for SOQJRBIK
TableA-1 should be used for the coded interfering signal as the desired signal is uncoded. An
example of this minimum frequency spacing is showRigureA-7.

s N
Signal = 8Mbps SOQPSK-STC Signal = 8Mbps SOQPSK-STC
Interferer = 2Mbps PCMFM

Interferer = 2Mbps PCMFM
AFy = TMHz AFy = 7TMHz

ney (MHz) uency (MHz)

AN

FigureA-7. Center Frequency Spacing 8 Mbps SOQFSIC and 2 Mbps PCM/FM
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Desired Signal5.8 Mbps SOOQPSISTC/LDPC (=2/3,k=1024):Interfering Signal6.95

Mbps SOQPSKLDPC (r=4/5,k=4096)

Desired Signal6.95 Mbps SOQPSKDPC (=4/5,k=4096);Interfering Signal5.8 Mbps

SOQPSKSTC/LDPC (=2/3,k=1024)

0.60%(13/8)*5.8 + 0.35*(21/16)*6.95 = 8.85 MHiz
0.60*(21/16)*6.95 + 0.35*(13/8)*5.8 = 8.77 MHz

The largest value is 8.85 MHizequencies are assigned in 1 MHz steps so the minimum
spacing is 9 MHz. [1] In both of these calculations the spacing coefficient of 0.35 for SOQPSK

TG in TableA-2 should be used for the coded interfering signal as the desired signal is also
coded. An example of this minimum frequency spacing is showigimeA-8.

—~

Signal = 5.8Mbps SOQPSK-STC /DPC (2/3, 1024)

Interferer = 6.95Mbps SOQPSK-LDPC (4/5, 4096)
AF, = 9MHz

T

i A

N

Signal = 5.8Mbps SOQPSK-STC/LDPC (2/3, 1024)

Interferer = 6.95Mbps SOQPSK-LDPC (4/5, 4096)
AF, = 9MHz

f'/m\/m\\
/-

Amplitude (dBm)

cy (MHz)
/N

\

S

FigureA-8.

5. Desired Signalll Mbps SOQPSKnterfering Signal2.7 Mbps SOQOPSKDPC (r=4/5,

Center Frequency Spacing 5.8 Mbps SOQRESIKC/LDPC and 6.95 Mbps
SOQPSKLDPC

k=1024)

Desired Signal2.7 Mbps SOOPSK.DPC (=4/5,k=1024):Interfering Signal1l Mbps

SOQPSK

0.60*(1)*11 + 0.45%(21/16)*2.7 = 8.19 MHz

this minimum frequency spacing is showrFigureA-9.
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0.60%(21/16)*2.7 + 0.35*%(1)*11 = 5.98 MHz

The largest value is 8.19 MHzequencies are assigned in 1 MHz steps so the minimum spacing
is 9 MHz. [1] In this calculation the spacing coefficient of 0.35 for SOQFPS&KnN TableA-2
should be used for the uncoded interfering signal as the desired signal is coded. An example of
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Signal = 11Mbps SOQPSK Signal = 11Mbps SOQPSK
Interferer = 2.7Mbps SOQPSK-LDPC (4/5, 1024) Interferer = 2.7Mbps SOQPSK-LDPC (4/5, 1024)
AFy = 9MHz AF, = 9MHz

T
//

. Y/ -

Frequency (MHz)

S AN

FigureA-9. Center Frequency Spacing 11 Mbps SOQPSK and 2.7 Mbps SCQPSK
LDPC

6. Desired Signal5 Mbps SOQPSKSTC:Interfering Signal5 Mbps SOQOPSKSTC
0.60*(26/25)*5 + 0.35*(26/25)*5 = 4.94 MHz

Only onecalculation was done as both signals are identical, resulting a value of 4.94
MHz; frequencies are assigned in 1 MHz steps so the minimum spacing is 5 MHz. [1] In this
calculation, the spacing coefficient of 0.35 for SOQPBKiIn TableA-2 should be used for the
coded interfering signal as the desired signal is also coded. An example of this minimum

frequency spacing is shown kigureA-10.

-
Signal = 5Mbps SOQPSK-STC Signal = 5Mbps SOQPSK-STC
Interferer = 5Mbps SOQPSK-STC Interferer = 5Mbps SOQPSK-STC
AF, = 5MHz AF, = SMHz

wplitude (dBm)

Amplitude (dE

\

/ \
/
f

FigureA-10. Center Frequency Spacing 5 Mbps SOQFSIC and 5 Mbps SOQPSK
STC

p ™ /f'”\ h
,-f \< \ S f/ U\\\f/ \\
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In some cases it may be desirable to set aside a bandwidth for each signal independent of
other signals based solely on modulation scheme anettosrair bit rate. Typical values for
spacing factors for this type of frequency spacing are 2.5 for PCM/BEMiollSOQPSK, and 1.3
for ARTM CPM. One problem with this approach is that it does not include receiver or detector
characteristics or coding and therefore the calculated frequency separations are often much wider

than those calculated usiggjuationA-1.
Several examples of this type of frequency separation calculation are shown below.

1. Desired Signal5 Mbps PCM/FMinterfering Signal3 Mbps SOQPSK
[2.5*%(1)*5 + 1.5%(1)*3]/2 = 8.5 MHz
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In order to arrive at the centr-center spacing, the total calculated bandwidth must be
divided by a factor of 2. The frequencies are assigned in 1 MHz steps, so the minimum spacing is
9 MHz. Compare this value to 7 MHzing EquatiorA-1 and it becomes evident this type
calculation is pessimistic.

2. Desired Signal5.8 Mbps SOOPSISTC/LDPC (=2/3,k=1024) Interfering Signal6.95
Mbps SOQOPSK.DPC (r=4/5,k=4096)
[1.5*(13/8)*5.8 + 1.5*(21/16)*6.95]/2 = 13.9 MHz

The frequencies are assigned in 1 MHz steps, so the minimum spacing is 14 MHz.
Compare this to 9 MHz when using Equatfo.

3. Desdred Signal: 5 Mbps SOQPSEKTC:Interfering Signal5 Mbps SOQPSKSTC
[1.5*(26/25)*5 + 1.5*(26/25)*5]/2 = 7.8 MHz

The frequencies are assigned in 1 MHz steps, so the minimum spacing is 8 MHz.
Compare this to 5 MHz when using Equatior.

A.4.b. Geographical Separation

Geographical separation can be used to further reduce the probability of interference from
adjacent signals.

A.4.c. Multicarrier Operation

If two transmitters are operated simultaneously and sent or received through the same
antenna system, interference due to intermodulation is likétggiencies of2f1 1 f2) and (2%
1 f1). Between three transmitters, the tivequency possibilitiestill exist, but intermodulation
products may exist as well at ¢f f21 f3), (f1+ fa1 f2), and (B + f3 1 f1), where {, f2, and §
represent the output frequencies of the transmitigiermodulation products can arise from
nonlinearities in the transmitter output circuitry that cause mixing products between a transmitter
output signal and the fundamental signal coming from nearby transniittersnodulation
products also can arise from nonlinearities in the antenna sySteengeneration of
intermodulation products is inevitable, but the effects are generally of concern only when such
products exceetd25 dBm The general rule faavoiding thirdorder intermodulation interference
is that in any group of transmitter frequencies, the separation between any pair of frequencies
should not be equal to the separation between any other pair of frequBecesse individual
signals have sidebands, it should be noted that intermodulation products have sidebands
spectrally wider than the sidebands of the individual signals that caused them.

A.4.d. Transmitter Antenna System Emission Testing

Radiated tests will be made in lieutcdnsmitter output tests only when the transmitter is
inaccessibleRadiated tests may still be required if the antenna is intended to be part of the
filtering of spurious products from the transmitter or is suspected of generating spurious products
by itself or in interaction with the transmitter and feed liffid®ese tests should be made with
modulation enabled.

A.5. Bandwidth

The definitions of bandwidth in this section are universally applicalble limits shown
here are applicable for telemetry operations in the telemetry bands specifieapter 2For the
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purposes of telemetry signal spectral occupancy, the bandwidths used are B99% and

power level off 25 dBm is exactly equivalent to an attenuation of the transmitter power by 55 +

13 log(P) dB where P is the transmitter power expressed in.Wwhitg bandwidth is actually

measure@nd what the limits are, expressed in terms of that measuring system, are detailed in

the following paragraphs.

A.5.a. Concept

The termibandwidtid has an exact meaning in situations where an AM, deuble
sidebandor singlesidebandsignal is produced with a ba#idhited modulating signaln
systems employing FM or PM, or any modulation system where the modulating signal is not
band limited, bandwidth is infinite with energy extending toward zero and infinite frequency
falling off from the peak value in some exponential fashirthis more general case, bandwidth
is defined as the band of fanegyiseontaine@&he

definition ofimosb is imprecise The following terms are applied to bandwidth.

A.5.a(1) Authorized Bandwidth

For purposes of this document, the authorized bandwidth is the necessary bandwidth

n

required for transmission and reception of intelligence and does not include allowance for

transmitter drift or Doppler shift.
A.5.a(2) Occupied Bandwidth

whi

The width of a frequency band such that below the lower and above the upper frequency
limits, the mean powers emitted are each equal to a specified percentage of the total mean power

of a given emissiarlnless otherwise specified by thidJ for the appropriate class of emission,
the specified percentage shall be 0.5%his document occupied bandwidth and B99% are

interchangeable.
A.5.a(3) Necessary Bandwidth for a Given Class of Emission

For a given class of emission, the width of the frequency band that is just sufficient to

ensure the transmission of information at the rate and with the quality required under specified

conditions Note the termfiunder specified conditiodgloes not include signal bandwidth
required when operating with adjacent channel signals (i.e., potential interferers).

a. The NTIA Maual

This manual states théAll reasonable effort shall be made in equipment design and
operation by Government agencies to maintain the occupied bandwidth of the emission of any

authorized transmission as closely to the necessary bandwidth as is reasonably practicable.

b. Necessary Bandwidth (DD Form 1494)

The necessary bandwidth is part of the emission designator on the DD Forrkd494
telemetry purposes, the necessary bandwidth can be calculated using the equations shown in
TableA-4. Equations for these and other modulation methods are contained in Annex J of the

NTIA Manual

Table A-4. B99% for Various Digital Modulation Methods

Description B99%
NRZ PCM/FM, premod filter BW=0.7R)f=0.35R 1.16 R
NRZ PCM/FM, no premaod filteDf=0.25R 1.18R
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NRZ PCM/FM, no premod filte)f=0.35R 1.78 R
NRZ PCM/EM, no premod filte)f=0.40R 1.93 R
NRZ PCM/FM, premod filter BW=0.7R)f=0.40R 1.57R
Minimum shift keying (MSK), no filter 1.18R
SOQPSKTG 0.78 R
ARTM CPM 0.56 R

Filtered NRZ PCM/FM . Bn = 1.16 bit rate with h=0.7 angremodulation filter bandwidth =
0.7 times bit ratetExample: PCM/FM modulation used to seniibpsusingPCM/FM with 2
signaling states and 1.75 MHz peak deviation; bit rét&6% necessary bandwidth {B= 5.8
MHz.

SOQPSK-TG. Bn = 0.78&bit rate Example: SOPQSKG modulation used to sendVibps
using 4 signaling states; bit rate4%°; B, = 3.9 MHz.

ARTM CPM . Bn = 0.56bit rate with h=4/16 and 5/16 on alternating symbols; digital
modulation used to send\Bbpsusing FM with 4 signaling states and with alternating
modulation index each symbol; bit rat¢48f; B, = 2.8 MHz.

A.5.a(4) Received (or Receiver) Bandwidt
The received bandwidth is usually th& dB bandwidth of the receiver IF section.

A.5.b. Bandwidth Estimation and Measurement

Various methods are used to estimate or measure the bandwidth of a signal that is not
band limited The bandwidth measurements are performed using a spectrum analyzer (or
equivalent device) with the following settingd-kHz resolution bandwidth, 36dz video
bandwidth, and no max hold detector or averagiigse settings are different than those in
earlier versions of the Telemetry Standaiidse settings were changed to get more consistent
results across a variety of bit rates, modulation methods peattsm analyzer§ he most
common measurement and estimation methods are described in the following paragraphs.

A5.b(1) B99%

This bandwidth contains 99% of the total powlypically, B99% is measured using a
spectrum analyzer or estimated using equations for the modulation type and bit ralfethised
two points that define the edges of the band are not symmetrical about the assigned center
frequency, their actual frequencies and difference should be. fidted99% edges of
randomized NRZ (RNRgZPCM/FM signals are shown FigureA-11. TableA-4 presents
B99% for several digital modulation methods as a function of the bit rate (R).

A-14
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FigureA-11. RNRZ PCM/FM Signal

A5Db(2) Bi2s5dem

B: 2 5 4 isithe bandwidth containing all components larger if2;xdBm. A power level
of 125 dBm is exactly equivalent to an attenuation of the transmitter power by 530g (F)
dB where P is the transmitter power expressed in V&ttss 4 Braits are shown irFigureA-11.
Br 2 5 g isprimarily a function of the modulation method, transmitter power, and hifTitage
transmitter design and construction technigues also strongly influence BWith a bit rate of
5 Mbps and a transmitter power of 5 watts, the Bq efan NRZ PCM/FM system with near
optimum parameter settings is about 13.3 MHz, while B4 efran equivalenSOQPSKTG
system is about 7.5 MHz, and Bs 4 6fran equivalent ARTM CPM system is about 5.8 MHz.

A.5.b(3) Scheduled Bandwidth

This bandwidth should be used by organizations responsible for either requesting or
scheduling bandwidth required for telemetry signlese signals are either packed tightly
within existing telemetry bands, operating without adjacent signals, or are scheduled near
telemetry band edgeScheduled bandwidth should be calculated for these three cases in the
following manner.

a. If the telemetry signal will be operating in the absence of adjacent sigeelke B99%
(occupied bandwiddhcalculations infableA-4 to determine scheduled bandwidth.

b. If the telemetry signal will be operating in the in the presence of adjacent telemetry
signals,usethe minimum frequency paration calculations ifableA-1 to determine
scheduled bandwidth.

c. If the telemetry signal will be operating near a telemetry band edge, use the calculations
in SectionA.11 to determine proper spacing from the band edge.

A-15
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A.5.c. Other Bandwidth Measurement Methods

The methods discussed above are the standard methods for measuring the bandwidth of
telemetry signalsThe following methods are also sometimes used to measurestirt@te the
bandwidth of telemetry signals.

A.5.c(1) Below Unmodulated Carrier

This method measures the power spectrum with respect to the unmodulated carrier
power. To calibrate the measured spectrum on a spectrum analyzer, the unmodulated carrier
power must be knowrThis power level is the-@8B reference (commonly set to the top of the
display) In AM systems, the carrier power never changes; in FM and PM systems, the carrier
power is a function of the modulating signBtherefore, a method to estimate the unmodulated
carrier power is required if the modulation cannot be turnedroffmost practical angle
modulated systems, the total carrier power at the spectrum analyzer input can be found by setting
the spectrum analyzeré6s resolution and video
analyzer output to max hold, and allogithe analyzer to make several swe&pg maximum
value of this trace will be a good approximation of the unmodulated carrierFeyaele A-12
shows the spectrum of aNBbps RNRZPCM/FM signal measured using the standard spectrum
analyzer settings discussed previously and the spectrum measured-Msttzg8solution, video
bandwidths, and max hold.

6
0

POWER (dBc)

_SD T T T T T T T
1455.5 1465.5 1475.5

FREQUENCY (MHz)

FigureA-12. Spectrum Analyzer Calibration ofdBc Level

The peak of the spectrum measured with the latter conditions is very clog@&toahd
can be used to estimate the unmodulated carrier poveBdPin the presence of FM or P
practice, the @Bc calibration would be performed first, and the display settings would then be
adjusted to use the peak of the curve as the reference led@t (@vel) to calibrate the spectrum
measured using the standard spectrum analyzer seiiipsthe spectrum analyzer set for a
specific resolution bandwidth, videormwidth, and detector type, the bandwidth is taken as the
distance between the two points outside of which the spectrum is thereafter some number (say,
60 dB) below the unmodulated carrier power determined aBew&s:for the 5Mbps signal
shown inFigureA-12is approximately 13 MHz.

A-16
DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE



Telemetry Standards, RCC Standaf®-24R1 Chapter 2, January 2025

Bi 6 0 d0f @n RNRZ PCM/FM signal with a peak deviation of 0.35R, a-fmie
premodulation filter withh 3 dB corner at 0.7R, and a bit rate greater than or equal to 1 Mbps can
be approximated by the following equation:

B - e0ase =[2.78 = 0.3*log0(R)]* R A-2

where B is in MHz;
R is in Mbps.
Thus B 6 0 40f @ 5Mbps RNRZsignal under these conditions would be approximately
12.85 MHz B: 6 o aWill be greater if peak deviation is increased or the number of filter poles is
decreased.

A.5.c(2) Below Peak

This method is not recommended for measuring the bandwidth of telemetry .Sidneals
modulated peak method, the least accurate measurement method, measures between points
where the spectrum is thereafter XX dB below the level of the highest point on the modulated
spectrumFigureA-13 shows the RF spectrum of a 4kiips bi-phase (Bi)-level PCM/PM
signal with a peak deviation of 78nd a prenodulation filter bandwidth of 800 kHz
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FigureA-13. Bi« PCM/PM Signal

The largest peak has a power level éfdBc In comparison, the largest peakFimgure
A-13had a power level af22 dBc This 15dB difference would skew a bandwidth comparison
that used the peak level in the measured spectrum as a common referende theirtbsence of
an unmodulated carrier tse for calibration, the belepeak measurement is often (erroneously
used and described as a belommodulateetarrier measuremerit/sing max hold exacerbates
this effect still furtherIn all instances the bandwidth is overstated, but the amount varies.

A5c3) Carsonds Rul e

Carsonds Rule is a method to esti.mate the
Carsonds Rule states the foll owing:
B = 2(Af+f max) A'3

where B is the bandwidth;
Df is the peak deviation of the carrier frequency;

A-17
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fmaxiS the highest frequency in the modulating signal

FigureA-14 shows the spectrum that results when &l&nnel constant bandwidth
multiplex with 6dB/octave preemphasis frequency modulates an FM transmi&89% and the
bandwi dth cal cul at ed usiGagr sCoanrfésso nRFOuisl eRuwiel lareest
greater than B99% if little of the carrier deviation is due to {iigquency energy in the
modulating signal.
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FigureA-14. FM/ AM Si gnal and Carsonds Rul €

A.5.d. Spectral Equations

The following equations can be used to calculate the RF spectra for several digital
modulation methods with unfiltered waveforfts> 26 These equations can be modified to
include the effects of filtering’: 2

RNRZ PCM/FM (valid when Dinteger, D = 0.5 gives MSK spectrum)

>

costD<Q A-4

» 435._,( D j:/ (cos 7D - cos 7X)

R 7( [): - X:) -2cos tDcos X (:()53 /D)

241, Korn. Digital CommunicationsNew York, Van Nostrand, 1985.

M.G.Pelchat iThe Autocorrelation Function and Power Spectr
Wa v e f olEBRdramsactionsvol. SET-10, No. 1, pp. 3944, March 1964.

%®Tey, W. M. and T. Tj hungCo d€th alEEERransactiorss bri Gommuaidatiohda n c h e s t
Vol. COM-27, pp. 209216, January 1979.

2TWatt, A. D., V. J. Zurick, an&®. M. Coon i Re d uct i eChanmelfinteAatence Canpdnents from

FrequencyShifttK e y e d  C RE Mransacti®ns 6n Communication Systev. CS6, pp. 3947, December

1958.

2E.L.Law A RF Spectral Characteri st i cletermatonaRTelenketermg PCM/ FM ar
Conference Proceedingpp. 7180, 1991.
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RNRZ PSK

A-5

RNRZ QPSK and OQPSK

S(fr ZBSASinz(pX) A-6

(ox ¥

Random Bk PCM/FM

o

o o VI
b sV DR O o0
-0

S 0 ; & f-f)-n A-7
():4R392 p(X-D) p(X+D) 0 gp(X°- D) g A )- "R
& 4 4 0 & 0
¢ v & |
Random Bk PCM/PM
280X @
Bonsin?( ) 51 E4 0 p
S(fr =2 - ¢ ——+cod(b)df - ), beT A-8
R %Xo 2
(0]
c4 =

where  S(f) = power spectrum (dBc) at frequency f
Bsa = spectrum analyzer resolution bandwidth*

R = bit rate
D = 2Df/R
X = 2(f-f))/R

Df = peak deviation

b = peak phase deviation in radians

fc = carrier frequency

d = Dirac delta function

N=0,°1,°2,»

Q = quantity related to narrow band spectral peaking witdn D, 3, ...
Q° 0.99 for Bsa=0.003 R, @ 0.9 for Bsa=0.03 R

*The spectrum analyzer resolution bandwidth term was added to the original equations.
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A.5.e. Receiver Bandwidth

Receiver predetectidmandwidth is typically defined as the points where the response to
the carrier before demodulationri8 dB from the center frequency respangee carrier
bandwidth response of the receiver is, or is intended to be, symmetrical about the carrier in most
instancesFigureA-15 showsthe response of a typical oldgeneration telemetry receiver with
RLC IF filters and a MHz IF bandwidthselectedOutside the stated bandwidth, the response
usually falls fairly rapidly often 20 dB or more below the passband response at 1.5 to 2 times the
passband response.
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FigureA-15 Ty pi c al Receiver RLC I F Filter Respon

FigureA-16 shows an overlay of an RLC IF filter and a SAW filtdpte that the SAW
filter rolls off much more rapidly than the RLC filtdrhe rapid falloff outside the passband
helps reduce interference from nearby channels and has minimal effect on data.
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FigureA-16. RLC and SAW IF Filters
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A.5.f. Receiver Noise Bandwidth

For the purpose of calculating noise in the receiver, the bandwidth must be integrated
over the actual shape of the IF, which, in general, is not a ssigee functionTypically, the
value used for noise power calculations isitBelB bandwidth of the receiver.

A.5.g. Symmetry

Many modulation methods produce a spectrum that is asymmetrical with respect to the
carrier frequencyExceptions include FM/FM systems, RNRZ PCM/FM systems, and
randomized SOQPSKG, and ARTM CPM system3he most extreme case of asymmetry is
due to singlesideband transmission, which places the carrier frequency at one edge of the
occupied spectrunif the spectrum is not symmetrical about the band center, the bandwidth and
the extent of asymmetry must be noted for frequency management purposes

A.5.h. EM Transmitters (alternating curreadupled)

Alternating currentoupled FM transmitters should not be used to transmit NRZ signals
unless the signals to be transmitted are randomizes isbecause changes in the ratio of 1s to
0s will increase the occupied bandwidth and may degrade the\BE€halternating current
coupled transmitters are used with RNRZ signals, it is recommended that thé Bosr
frequency response of the transmitter be no greater than the bit rate divided byct000
example, if a randomizedMbps NRZ signal is being tramstted, the lower 3 dB frequency
response of the transmitter should be no larger than 250 Hz.

A.6. Spectral Occupancy Limits

Telemetry applications covered by this standard shall use B99% to define occupied
bandwidth and B> 5 4 asthe primary measure of spectral efficieridye spectra are assumed
symmetrical about the center frequency unless otherwise spetifiegrimary reason for
controlling the spectral occupancy is to control adjacent channel interference, thereby allowing
more users to be packed into a given amount of frequency spettiaradjacent channel
interference is determined by the spectra of the signalsharfdter characteristics of the
receiver.

A.6.a. Spectral Mask

One common method of describing the spectral occupancy limits is a spectral hesk
aeronautical telemetry spectral mask is described b&lote that the mask in this standard is
different than the masks contained in the earlier versions of the Telemetry StaAtasuisctral
components larger thaf55 + 16 log(P)] dBc (i.e., larger than25 dBm) at the transmitter
output must be within the spectral mask calculated using the following equation:

M(f)=K +90log R—100log|f - f:

SR

R
2 — A-9
m
where (f) = power (dBc) at frequency f (MHz)
1 20 for analog signals
1 28 for binary signals

M
K
K
K =161 for SOQPSKTG

A-21
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K =173 for ARTM CPM

fc = transmitter center frequency (MHz)

R =bitrate (Mbpsjord i gi t al &ting(Midz fer analog FM e
signals

m = number of states in modulating signal (m = 2 for binary signals, m =4
for quaternary signals and analog signals)

Df = peak deviation

fmax = maximum modulation frequency

These bandwidths are measured using a spectrum analyzer with settingd-af 30
resolution bandwidth, 3GBiz video bandwidth, and no max hold detector or averadiote

that these settings are different than those listed in previous editions of the Telemetry Standards

The changes were made to get more consistent results with various bit rates and spectrum
analyzersThe spectra measured with these settings give slightly larger power levels than with

the previous settings; this is why the value of K wasnohged from 163 to 161

signals The power levels near center frequency should be approximateélogd(R) dBc where

J= 110 fGWAM,ARTIM 06, SOQBSK15. 5 f.BorabR@adaéf F M
5 Mbps, the | evel i's appr oxi maS@QPSKTG Ard dBc
122.5 dBc .fifthe poweCléVéldniar center frequency are not within 3 dB of these
values, then a measurement problem exists and the carrier power level (O dBc) and spectrum
analyzer settings should be verified.

B 2 5 4 8ot required to be narrower than 1 MHhe first term K inEquationA-9
accounts for bandwidth differences between modulation metkgdsitionA-9 can be rewritten
as M(f) = KT 10logRT1 100log|(f fc)/R|. WhenEquationA-9 is written this way, the 10logR

S
f

term accounts for the increased spectral spreading and decreased power per unit bandwidth as the

modulation rate increasebhe last term forces the spectral mask to roll off aiB®ctave

(100dB/decade)Any error detection or error correction bits, which are added to the data stream,

are counted as bits for the purposes of this spectral. mskspectral masks are based on the
power spectra of random reabrld transmitter signal$-or instance, the binary signal spectral
mask is based on the power spectrum of a binary NRZ PCM/FM signal with peak deviation

equal to 0.35 times the bit rate and a multipole premodulatonfe r wi t h a 13 dB

to 0.7 times the bit rate (sé&@ureA-11). This peak deviation minimizes the BER with an
optimum receiver bandwidth while also providing a compact RF speciifvenpremodulation
filter attenuates the RF sidebands while only degrading the BER by the equivalent of a few
tenths of a dB of RF powefrurther decreasing of the premodulation filter bandwidth will only
result in a slightly narrower RF spectrum, but the BER will increase dramatioaligasing the
premodulation filter bandwidth will result in a wider RF spectrum, and the BER will only be
decreased slightlyfhe recommended premodulation filter for NRZ PCM/FM signals is a
multipole linear phase filterwt h a 1T 3 dB fr equency.Treagniiltkeldd t o
NRZ PCM/FM signal rolls off at 1@B/octave so at least a thrpele filter (filters with four or
more poles are recommended) is required to achieve ttiB/80tave slope of the spectral mask
The spectral mask includes the effects of reasonable component variationts-(uniitand
temperature).

A-22
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A.6.b. Spectral Mask Examples

FigureA-17 andFigureA-18 show the binary spectral maskEdquationA-9 and the RF
spectra of 8Mibps RNRZ PCM/FM signals'he RF spectra were measured using a spectrum
analyzer with 3&kHz resolution bandwidth, 368z video bandwidth, and no max hold detector
The span of the frequency axis is 20 MHke transmitter power was 5 watts, and the peak
deviation was 1750 kHZ he modulation signal fdfigureA-17 was filtered with a 4ole
linearphase filter with T.32lspddtrafconponantsihigweAdd 3500 Kk
were contained within the spectralmaskh e mi ni mum val ue of the spec
(equi val entThetpeak mddated dgma) power levels were about 22.5 dB below the
unmodul at ed c ar r.FigmeA-18shovesithe gamesynabwitidnB ¢ )
premodulation filteringThe signal was not contained within the spectral mask when a
premodulation filter was not used.
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FigureA-17. Filtered 5Mbps RNRZ PCM/FM Signal and Spectral Mask
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FigureA-18. Unfiltered 5Mbps RNRZ PCM/FM Signal and Spectral Mask

FigureA-19 shows the SOQPSK maskEduationA-9 and the RF spectrum of a 5
Mbps SOQPSKTG signal The transmitter power was assumed to be 5 watts in this example
The peak value of the SOQPSKG si gnal wa sFigardAeé2@shows dt@icatlisB c
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Mbps ARTM CPM signal and its spectral maske peak value of the ARTM CPM signal was
about 117 dBc

-20

R
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/ \
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FigureA-19. Typical 5Mbps SOQPSK TG Signal and Spectral Mask

) i
2 =
/)
i [
Ca [\

-60 ////
-70
1440.5

1450.5
Frequency (MHz)

FigureA-20. Typical 5Mbps ARTM CPM Signal and Spectral Mask

1460.5

A.7. Technical Characteristics of Digital Modulation Methods

TableA-5 provides a summary of some of the technical characteristics of the modulation
methods discussed in this summary

DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE

Table A-5. Characteristics of Various Modulation Methods

PCM/FM with | PCM/FM with

Characteristic single symbol | multi-symbol | SOQPSKTG ARTM CPM
detection detection

Occupied Bandwidth 1.16 bitrate | 1.16 bit rate 0.78 bit rate 0.56 bit rate

Detection Efficiency 11.815+ dB 9.5dB 115-12dB 12.513dB

(Eo/Nof or BEP

Synchronization time | 100 to 10,000 250 bits 200 to 5,000 10,000 to

bits bits 40,000bits
A-24
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Eb/No for BEP=1¢& 3

0-12+ dB

6.5 dB

8.5dB

10.5dB

Phase noise
susceptibility*

2

1

3

Co-channel

2
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3

interference
susceptibility*
* Scale 14, 1 Being Best

SOQPSK-TG Characteristics

The SOQPSK is a family of constant envelope CPM waveforms defined by Hile
details of SOQPSK G are described iBubsectior2.3.3.3 The SOQPSKTG signal amplitude
is constant and the phase trajectory is determined by the coefficidratisle@R-4. Therefore,
SOQPSKTG can be implemented using a precision phase or frequency modulator with proper
control of the phase trajectorfyigureA-21 illustrates the measured phase trajectory of an
SOQPSKTG signal The vertical lines correspond approximately tofibiéd decision times.
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FigureA-21. Measured SOQPSKG Phase Trajectory

The power spectrum of a randorMibps SOQPSKTG signal is shown ifigureA-22.
B 6 0 qaf ¢his 5Mbps signal was about 7.34 MHYote that the maximum power level is about

P19 dBc.

I nteroperabl e S
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2TJ.Hll. AAn Enhanced, Constant
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| mproved Spectral Efficiency. o
Diego, CA. October 226, 2000.
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FigureA-22. SOQPSKTG Power Spectrum (5 Mbps)

FigureA-23 shows the measured BEP versus signal energy per bit/noise power per Hz
(Eo/No) of two SOQPSKTG modulator/demodulator combinations including nonlinear
amplification and differential encoding/decoding in an AWGN environment with no fading
Other combinations of equipment may have different perform&iaese noise levels higher
than those recommended@mapter Zan significantly degrade the BEP performance

5Mbps SOQPSK-TG
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FigureA-23. BEP vs. iE/No Performance of 5 Mbps SOQPSIG

A.9. Advanced Range Telemetry Continuous Phase ModulatioBharacteristics

The ARTM CPM is a quaternary signaling scheme in which the instantaneous frequency
of the modulated signal is a function of the source data stidaafrequency pulses are shaped
for spectral containment purposés defined for this standard, the modulation index alternates
at the symbol rate between h=4/16 and h=5I'b& purpose of alternating between two
modulation indices is to maximize the minimum distance between data symbols, which results in
minimizing the BEPThese particular modulation indice®re selected as a good tradeoff
between spectral efficiency and ddetection ability FigureA-24 shows the powespectrum of
a 5Mbps ARTM CPM signal anéligureA-25 shows the measured BEP versyf\. The
maxi mum power | ev eBsowhdikis 58bpe signal wad &outd554 MHz
Note that the power spectrum of ARTM CPM is about 25% narrower than that of SOQUPSK
but the BEP performance is wor§éne ARTM CPMmodulationis also more susceptible to
phase noise than SOQPIK:.
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FigureA-24. Power Spectrum of 5 Mbps ARTM CPM

1.0E-01

1.0E-02

1.0E-03

BER

1.0E-04

1.0E-05

1.0E-06

1.0e-07

6

ARTM CPM, 5Mbps

9

10 11 12 13
Eb/No (dB)

FigureA-25. BEP vs. E/No Performance of 5 Mbps ARTM CPM

A.10. PCM/FM

The most popular telemetry modulation since 1$/®CMFM. The RF signal is

typically generated by filtering the baseband NR&ignal and then frequency modulating a
VCO. The optimum peak deviation is 0.35 times the bit rate (h=0.7) and a good choice for a
premodulation filter is a muHpole linear phase filter with bandwidth equal to 0.7 times the bit
rate FigureA-26 shows the power spectrum of a psewailadom 5Mbps PCM/FM signal with
peak deviation of 1.7MHz and a 3.8VIHz linear phase lowpass filter Note that the spectrum

is nearly flat from a frequency equalitd.5 times the bit rate to a frequency equal to +0.5 times

l evel near the
and the standard spectrum analyzer settings.

the bitrateThe power
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FigureA-26. Power Spectrum of 5 Mbps PCM/FM Signal

FigureA-27 shows the BEP versus/Bo performance of 8Mbps PCM/FM with a multi
symbol bit detector and withreedifferent receivers/detectormdote that an ENo of about 9dB
is required to achieve a BEP of about Mith the multisymbol detectéP3! while an B/No of
about 12 to 14 dB is typically required to achieve a BEP of abouiith typical FM
demodulators and singymbol detectorsThese are typical detection performance numbers and
will vary depending upon receiver/demodulator implementations and whether or not trellis
demodulation is usedhe PCM/FM modulation method is fairly insensitive to phase noise.

PCMFM, SMbps
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FigureA-27. BEP vs. E/No Performance of 81bps PCM/FM

A.11. Valid Center Frequencies Near Telemetry Band Edges

The telemetry bands and associated frequency ranges identifiedle®-1 identify the
frequency limits for each ban@ielemetry transmitters cannot be centeredabtind edges due
to obvious oubf-band emission@OOBE). Bit rate to the transmitter and modulation scheme
drive the amount of separation required between the center frequency and the bahd edge

%Osborne, W. P. and M. B. Luntz. fCoherent and Noncohei
Communications, August 1974.

31 Mark Geoghegan Improving the Detection Efficiency of Conventional PCM/FM Telemetry by using a Multi

Symbol Demodulator Broceedings of the 2000 International Telemetry ConferevicRime XXXVI, 675682,

San Diego CAOctober 2000.
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determine the amount of baokf required, the distance from the center of the spectral masks for
each modulation scheme (s®gbsectior?.3.6 to the intersection of the mask and the absolute

[ i mit T 25 d B.mo ilinstrate thid) seEiguraA-28. Wsing these calculations
will assure that outside the specified telemetry bands no part of the modulated spectrum is over
the absolute I imit of 125 dBm.
Power Spectral Density Masks
/// \\\ e
g / \
/ \
50 | \
i \
/ \
/ \
/1 0
- ’ -Iirequency Offset(;rom Carrier (MHZS) ’ ’
FigureA-28. Spectr al Masks at 125 dBm

The mask is calculated for all the modulation schemes at a bit rate of 5 Mbps with
transmitter output power assumed to be 10M¥s transmitter operating with PCM/FM as its
modulation scheme requires a baxtkfrom band edge of 9.98 MHz; since channelization i
these bands is limited to GMHz steps, this value is rounded up to 10 MH&zis same
transmitter operating with SOQPSHll require 4.67 MHz, rounded up to 5 MHz, of baa#
from band edgd.ikewise, for ARTM-CPM the bacloff is 3.54 MHz or 4 Mps when rounded
up. To further this example, if this was ardand transmitter, viable carrier frequencies would
be as specified imableA-6.

Table A-6. L-Band Frequency Range (10 W, 5 Mbps)

Modulation Type Viable L-Band Frequency Range
PCM/FM 14451515 MHz
SOQPSKTG 14401520 MHz
ARTM CPM 14391521 MHz

For a given modulation scheme and transmitter output power, as the bit rate increases, the
amount of bacloff from the band edge also increadggureA-29 illustrates this point.
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Backoff from Band Edge (MHz)

/ K

zaun
///

I

5 10 15 20 25
Bit Rate (Mbps)

FigureA-29. Bit Rate vs. Band Edge Baaikf

For ease in making calculations, an Excel spreadsheet application can b
used TableA-7 providesan example of a X@att transmitte(+40 dBm)
opeaating at 1 Mbps in thand and Sand using the formulas in the
spreadsheelhe Excel file that createébable A-7 can be downloadeldere
and used for interactive calculations.

The input values for transmitter output power and bit rate are in the cells
highlighted in yellow The amount of backff will be displayed in the cells

highlighted in light blueAdditionally, each telemetry band is displayed wit
the useable carrier frequency range for each modulation scheme given i
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Table A-7. Valid Center Frequency, Band Edge BackOff

Carrier Power or EIRP (dBm): 40 Input Number
Mask floor (at this nominal TX power): 65 dBc
PCM/FM SOQPSK ARTM CPM
Bit Rate (Mbps): 1.00 1.00 1.00 Input Number
K= 528 b61 b73
m= 2 4 4
Bit Rate (bps)  1.00E+06 1.00E+06 1.00E+06
Mask hits floor at offset of (MHz) 2.34 1.10 0.83
Band-edge backoff (MHz, rounded to nearest 0.5 MHz) 2.5 1.5 1 Result
Band Edge, Lower (MHz) 1435
Band Edge, Upper (MHz) 1525
L-Band Lower center freq. at this bit rate (MHz) 1437.5 1436.5 1436.0
Upper center freq. at this bit rate (MHz) 1522.5 1523.5 1524.0
Band Edge, Lower (MHz) 1780
Band Edge, Upper (MHz) 1850
L-Band Lower center freq. at this bit rate (MHz) 1782.5 1781.5 1781.0
Upper center freq. at this bit rate (MHz) 1847.5 1848.5 1849.0
Band Edge, Lower (MHz) 2200
Band Edge, Upper (MHz) 2290
S-Band Lower center freq. at this bit rate (MHz) 2202.5 2201.5 2201.0
Upper center freq. at this bit rate (MHz) 2287.5 2288.5 2289.0
Band Edge, Lower (MHz) 2360
Band Edge, Upper (MHz) 2395
S-Band | qyer center freq. at this bit rate (MHz)  2362.5 2361.5 2361.0
Upper center freq. at this bit rate (MHz) 2392.5 2393.5 2394.0
Band Edge, Lower (MHz) 4400
Band Edge, Upper (MHz) 4940
C-Band | s\ver center freq. at this bit rate (MHz)  4402.5 4401.5 4401.0
Upper center freq. at this bit rate (MHz) 4937.5 4938.5 4939.0
Band Edge, Lower (MHz) 5091
Band Edge, Upper (MHz) 5150
C-Band | y\ver center freq. at this bit rate (MHz) 5093.5 5092.5 5092.0
Upper center freq. at this bit rate (MHz) 5147.5 5148.5 5149.0
A-31
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APPENDIX 2-B

Properties of the Differential Encoder Specified inRIG Standard 106 for
OQPSK Modulations

B.1. Introduction

This appendix summarizes a study of the differential encoder originally adopted by the
US DoD ARTM project and the RCC and incorporated intothe IRIG 10Bfh er 6 s Quadr a
Phase Shift KeyingHQPSK-B modulation The study, performed byir. Robert Jefferi®f the
TYBRIN Corporation, was prompted by inquiries from industry representatives who were
concerned that this particular differential code was not associated with commercial
telecommunication standards and the fact that manufacturers had expkecenitesion over
correct implementatiarThe study results shown in this appendix prove the code to be robust,
reliable, and applicable to SOQPIKs as well as FQPSB and FQPSKIR 32

This appendix is organized along the following struct8extionB.2 describes the need
for differential encodingSectionB.3 explains the IRIGLO6 differential code for OQPSK

SectionB4demonstrates di fferenti al codedbs.invari a
SectionB.5 shows the differential decoder to be ssthchronizingSectionB.6 reviews the
di fferential decoder 0s.SectionBo/analgzescapeawysavée i on c har

implementation of the differential codgectionB.8 describes use of this code with frequency
modulatorbased SOQPSK transmitteBectionB.9 provides a summary of the findings.
description of the implementation of the entire coding and decoding process can beBs&@n at
to this appendix.

B.2. The Need For Differential Encoding

Practical carrier recovery techniques like Costas loops and squaring loops exhibit a
troublesome Mold carrier phase ambiguityhe following paragraphs providedascription of
ambiguity problems and how to overcome them

FigureB-1 showsa simplified quadriphase transmission system that is one of the
methods recommended for transparent pasgoint transport of a serial binary data stream
Transparent means that only reverhearing data is transmittetihere is no ifdine channel
coding nor is special bit pattern insertion allow&de assumption is made fan HRZ-L data
stream containing the bit sequet¢aTb)transmitted at rate, = 1/Ty bits per second-or
QPSK and OQPSK modulations, the bit stream is divided into subsetdaining even
numbered bits and containing odd numbered hifBhe transmission rate associated with the
split symbol streams is # /2 symbols per secon8ymbol values are converted to code
symbols by the differential encoder described in Se@&i8nA baseband waveform generator
converts the digital symbol time series into continuous time signals suitable for driving the
vector modulator as prescribed for the particular modulation inlinses, each subset modulates
one of o orthogonal subcarriers, tirephasgl) channel, and thguadratur€Q) channel The
modulator combines thesubcarriers, creating a phamsedulated RF sign&(t). On the receive
side, demodulation separates the subcarriers, translates them back to baseband, and constructs

32 FQPSKJR is an FQPSK variant developedMy. Robert JefferisTYBRIN Corporationand Mr. Rich
Formeister, RF Networks, Inc.
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replicas of the code symbol serled (s)mndO 6 (snDecoding reverses the emtng process

and a multiplexerecreates a replica of the bit streand G)n T

X e(x2) 7 N\ Ex) N Ife) ( \
. 7| BRSEBRND v S(e)
{dr=2,)} ENCODER VRVEF ORX HODULATOR -
2T ) @re) '
* > GENERATOR > '
ofxr) \ / \ ) \ )
BECEIVE €'(2L) rar) N e
(>'(20)) =~ MUX |0 50 ) DECODER | ,. o, | DETECTORS g°(e) | PEHODULATOR -

"/ o/ S

FigureB-1. Transmission System

Most QPSK and OQPSK systems employ coherent demodulBtmmreB-2 is a
simplified diagram of commonly used modulation and demodulation strucNotsthe

optional singlebit delay shown in the odd symbol patlhis creates the significant difference
between QPSK and OQPSK, the delay being inserted to create O®PB&ictical carrier

recovery techniques like Costas loops and squaring loops exhibit a troublesfoiteptase

ambiguity (M=4 for QPSK and OQPSRjEach time the demodulator carrier synchronizer
phase locks to the modulator local oscillator its absolute phase relationshipoteathascillator

contains the offsetterlm;  whi ch can take on V%l ues
TRANSMIT RECEIVE
"EVEN" 5] o i T . *ames mnax
SYMBOLS ‘ DETECTOR
',' Acos (w, t+) A'cos (w, t+$+p)
5 ‘ s(t) CARRIER
. Lo Asin (w t+¢) eeanad A'sin(w_ t+¢+f) | RECOVERY
woppr ey | & ! QECE) [ e
SYMBOLS o TS & oETECTOR
Q
135° A 45°
= -]
(0,1) (1,1) Boolean
(-1,1) {1,1) analog
> I
(0,0) (1,0)
[-1,-1) (1,-1)
e o
225° 3150
FigureB-2. OQPSK 106 Symbeto-Phase Mapping Convention

33The delay can be inserted into either charifieé IRIG-106 convention and most published literature regarding

FQPSK and SOQPSK indicate the delay in the odd (or Q) channel.
34 Proakis, J. G. anill. Salehi Digital Communications5" Edition. Boston: McGravHill, 2008.
35 The initial offset angle is generally unknown and uncontrolled; it is tracked by the carrier recovery circuitry and
the symbol timing circuits automatically ignore.
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The symbol detectors have insufficient information to determine which phase offset
exists They always interpret demodulator output with the assumptio#@ail he resulting
constellation axis rotations and their impact on demodulator output are shbworat3-3 and
TableB-1. The 180° rotation is symmetrithe Axis (subcarrier) assignment is unchanged but
the sense (polarity) of both axes gets reverfkd 90° and 270° rotations are asymmetkids
assignment is swapped and one axis polarity is reversed in each case.

Possible Constellation

O
eﬂ 0 Rotations

FigureB-3. Detection Ambiguity

Table B-1. Constellation Axis Rotations
Rotation +1 0 + Q06
0 | Q
) TQ |
’ T TQ
37/ 2 Q T1

B.3. A Simple Solution To The Carrier Phase Ambiguity Problem

Differential encoding has been used to work arounaaineer ambiguity for many years
For phase modulations, source data is coded such that phase differences rather than absolute
phase coordinates become the informabearing attribute of the signdlhe QPSK and
OQPSK modulations udeandQ independently, with each channel transporting one symbol
stream Starting with the first binary digit, bit 0, evetumbered bits form the sequeneg}{and
odd-numbered bits form the sequenag:{} where the counting index is changed from the bit
indexn to the symbol pair index

k=2n ke{0,2,46,.} B-1

FigureB-4 illustrates how QPSK modulators process bits in pairs (dibits), mapping and
asserting time coincident symbol phase coordinatgd.).3® Phase state changes commence and
end on symbol interval timing boundaries, each state taking on one of four possible values at
detector decision instants; however, the case of interest is shéuguieB-5.

36 Rectangular | and Q baseband waveforms are used only for illustration.
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BIT#:OII 2|3 4|5 6|7 8|9

+14
I(t)
-1

(0,0) (1,1) 0,1) (1,0) (0,0)

+11
o(t)
-1

10|11|

(L1

SYMBOL #: 0 1 2 3 4
PHASE STATE: 0 1 2 3 4

time

FigureB-4. QPSK State Timing

BIT #:| 0 |1 2 3 4 5|16 |7 8 9

10|11

+14

I(t)

(0,0) : (0,0)3(LO)S (1L, DO, DO 1) 2 (1,1 yi(1,0)% (0,00:(0,0)

Q(t)

O,DHi(LH

PHASE STATE: 0 1 2 3 El 5 .

time

FigureB-5. OQPSK State Timing

The Q channel ha$ymbol delay causes OQP$Kase trajectories to evolve on a half

symbol (bit) rate basig-or the particular cases of FQPSK and SOQHEX carrier phase either

remains unchanged or changes

by

N/ 4 or

N/ 2

The OQPSK intechannel delay might at first seem a difficult complication because it
creates additional ambiguity; in other words, the receiver must resolve relativehaterel

delay; however, as shown below, this is not a problem.

The differential encoding rule adopted in IRIB6 for OQPSK appears in Fefeand is
therein attributed to Clew&and Weber?® Bit by bit, the code symbol set&f and {Ox+1) are

formed with the Boolean expressions:

E,=¢,®0,,

(B-2a)
O(k+l) =0, DE, (B-2b)

B-2

37 Kamilo Feher Digital Communications: Satellite/Earth Station Engineeriggglewood Cliffs: Prenticélall,

1983, pp. 168L70.

38 R. Clewer fiReport on the Status of Development of the High Speed Digital Satellite mpR&fh-009-79-24,

Spar Aerospace Limite&t. Anne de BellevyeP.Q., Canada, November 19Tuoted irKamilo Feher Digital
Communications: Satellite/Earth Station Engineeriegglewood Cliffs: Prenticélall, 1983.

®W.J.Webet | I . fADifferential Encoding
Transactions on Communications, Vol. Cexd, No. 3, March 1978.
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Two bits are coded for each valuekah a twostep procesd-irst, the even symbdl is
coded with current bix. Then the next bitok+1 becomes current and the odd sym0Oel: is
computedIn each code set the exclusiweoperator is applied to the state defining variables just
like binary phase shift keying (BPSK) differential encodidglike BPSK however, the current
source bit and the most recent code symbol from the other channel determine adjacent phase
transitions The inverted code symbol EquationB-2a introduces asymmetry in the equations
Its significance will become evident in the next section.

The code symbol set&f and {O} are applied to thé andQ channels of the OQPSK
modulator The initial assignment off} to eitherl or Q can be made arbitrarily; however, with
this code definition, once the choice is made at the modulator, decoding will fail if channel
assignment conventions change anywhere during the transmission or decoding prbcasses
the assignment convention must extend to the physical modulator and demodib&ai&®1G
106 assignsto the physical subcarrier (also known dise firealb or ficosin® subcarrier) an
is applied to the physic& subcarrier (also known as thenaginan or fisined subcarrier)In
order to stress this assignment convention, IR0B expresseSquationB-2 explicitly in terms
of thel andQ channel variables:

I, =¢,® 0, (B-3a)
B-3
Qi) =04,y @ 1, (B-3b)

Decoding is straightforwar®henb=0,1 8, andQ 6 = @spection of the following
truth tables reveals simple decoding instructions:

EquationB-3a EquationB-3b
I (j(k_l) &, Q(k+l) I Ok+1)
0 0 0 0 0 0 EquationB-3
. _ . ationB-
o 1 1 1 0 1 Y decodingequatior au o
1 0 1 0 1 1
1 1 0 1 1 0
"o !
e, =1"90" (B-4a)
B-4
' _ ! '
0, =0%.,9 (B-4b)

The equations d&-3 may not convey an intuitive sense of the shift from absolute phase
states to phase differencé&xtendingB-3a backwards in time by substitutiBg3b into B-3a
results in:

O Qa ¢ a0 O 4 Qa¢ B-5
Similarly, for the next bit interval the results are:

0 € & Qa0 0 & & aQ B-6

B-5
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This recursive form clearly shows that on aliyitbit basis, the current and most recent
bits control phase trajectory motion, not absolute phdste thatB-5 andB-6 do not define the
sign of a phase chanderedictable decoder output requires that two additional conventions be
established and maintaindgibolean logic polarity conventions used throughout the system must
be consistenfThe IRIG-106 assumes positive true logienally, sign conventions and channel
assignment used within the transmitter (baseband signal generator and modulator) and the
receiver (demodulator) must be constrainedrtmlpce a consistent code symimiphase
mapping conventianThe IRIG-106 convention is shown iFigureB-2. For example, if {b}
were to consist entirely of logic one values, i.e., a run of 1s, the differential encoding process and
mapping convention will produce the phase trajectory showialie B-2.

Table B-2. Response to Run of 1s

n b(n) k Ik | Qk1 | Q1 | Phase (deg)] PhaseD
0 1 0 0 0* 225*

1 1 1 135 T/ 2
2 1 1 1 1 45 T/ 2
3 1 0 315 1"/ 2
4 1 2 0 0 225 T/ 2
5 1 1 135 T/ 2

* denotes assumed initial conditions

The trajectory spins clockwise, and the phase is retarded by 90° during each bit thterval.
Obviously, any single (unbalanced) sign change and any change to the mapping convention will
alter the trajectory.

B.4. Immunity to Carrier Phase Rotation

The equations @&-3 andB-4 are invariant with respect to cardinal constellatioatron
as shown in the following.

Proof:

Theb=0 case is decoded correctly by definition according to equaBi¢nandB-6. At Table
B-1, whenb = p there is no axis swap but the decoder is presented with

' =1,
Q= 6k+1
Decoding will progress as follows:
Step 1 Even channel; appl¢quationB-4a;

e'k:rkA(S'k-lzrkAQk-lzlkA(jk-lzek

40 FQPSKB, FQPSKJR and SOQPSKIG modulations respond to a run of 1s with an S(t) that is ideally, a pure
tone at frequencyfry/4 Hz. This is referred a8ower sidebandmode Similarly, a run of zeroes will produce a
constant anttlockwise trajectory spin and a tone gtrf/4 Hz fupper sideban@imode).

B-6
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Step 20dd channel; apply equati@i4b;
Oki1 = QuutAl'v =Qua Al =Quu Al =0y

Thus, symmetric rotation is transparent to the cédleenb=p/2 the decoder sees the
following.

"= Cjk-l
Q1= I
Decoding takes place in the same sequence:
Step 1Even channel, apply equati@i4a,

€ =1"AQ\1=Qu Al =1, AQ =0,
Step 20dd channel, apply equati@i4b;
Ok = QuuAl' =1L AQ_; =g

In this case the bit sequence is recovered correctly and the code definition coupled with
consistent sign conventions automatically compensates for the asymmetric rotation by reversing
the application order d-4a andB-4b. As a resultthe output inttes are shifted back in time
one bit periodAsymmetric rotation causes a ehi¢ delay in the decoding proce$snally, the
same resultis seenwhba 3~ / 2 :

1" = Qx.1
Q' = I
Step 1 Even channel; apply equati@da;
€ =1"cAQ . 1=Qu 1Al =1, AQ ;=0
Step 20dd channel; apply equati@i4b;
01 = QuuAl' =T  AQ; =1L AQ; =&

In all cases the decoder correctly reproduces the original bit seq=uoeling is
instantaneous for symmetric rotations but it is delayed by one bit in 2 out of 4 possible
asymmetric rotation startup scenarios.

The need for consistent function assignment now becomes Afgaication ofB-4b to a
code symbol formed witB-3a produces the complement of the original likewise,
application ofB-4a to a symbol coded witB-3b inverts the result.

At this point, the OQPSK inteshannel delay ambiguity mentioned in Secti®bg has
not been resolved he roles of &ndQ Geverse with asymmetric rotations and there is no way
to determine when this occurs; however, as long as the code symbol time sequence is preserved
at the decoder and the roled ondQ @lo not get reversed in terms of the applicatioB-@f

B-7
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andB-4b, interchannel delay is transparent to the code with respect to reconstruction of the
original data sequencé.

B.5. Initial Values

EquationsB-3 andB-4 do not impose any implementation constraints on initial values
when encoding or decoding staff® confirm this it is assumed that hardware pewgKor
initial data presentation) may cause encoding to commence with either clitaisrfarther
assumed that no provisions for specific initial values in encoder and decoder state memories have
been maddf coding starts with (see equatioB-3a), the first code symbol will be computed:

1o =& A(Qu4)

whereaddenotes an unknown initial value and double vertical bars denote computed
values influenced by initial valueBncoding equationB-3a andB-3b will progress as follows:

Q=0 Al
Vol =& Al

The initial values do establish the absolute sense of code symbols for the duration of
transmissionbut, on both ends of the process, two of three terms in every equation are affected
consistently by the initial value, which by symmetry has no effect on the outcome of exclusive
operationsObviously, identical results occur if the encoder starts @Qitimndependent of starting
channel and initial value then, the first and all subsequent adjacent code symbol pairs contain
valid state change information.

Initial decoder values can produce errdtgain starting withl, and using equatioriz-4a
andB-4b, decoding will progress as follows:

=1 '0A<6-i1>

€y

0'1 = QllA I '0

It is seen that on the second cycle the initial value of the decoder has been flusAéd out
most, one bit will be decoded in err&@imilarly, if decoding starts witlp, output will progress:

[0 =QuA{I")
el2 = l '2A6|1

Again, only the first decoded bit may be incorr@dte conclusion, then, is that initial
values can produce at most one decoded bit error; however, there is another ssiaragpof
errors that is seen as an initial value probl8ettionB.4 showed that odd phase rotatiop£(

411f for some reason the system application requires that one can determine whether a specific symbol was
originally transmitted vid or Q, then this code is not appropriate.

B-8
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and 3/2) cause a single bit delay in the deco@samining this further, the first symbol index
value will bek = 0. If the decoder starts with equatiBrda, the first decoded bit will be:

& =16 A(Qir)=1oA(Qy) =(0,)
If the decoder starts with equatiBrdb the first result will be:
0i =QiA15=1,A(Q,) =|e|

The first case produces the aforementioned déllag decoder emits an extra.fdihe
second bit emitted is actually the first bit of the sequence reconstruction and is still subject to the
single initial value error probability of startup processifge latter case does not produce a
delay; it only presents the possibility of a first bit decoding error.

B.6. Error Propagation

Differential encoding incurs a bit error penalty because received code symbols influence
more than one decod®it. First consider a singlsymbol detection error in current symigob
that is labeleda. The following sequence of decoding steps shows how the error propagates
Since theE channel was chosen as current, decoding starts with eqBatiarirhe single
detection error creates two sequential decoding eBgrsymmetry we can state that the same
result occurs if a single error occursOrd

b, =6 AQ.,=b Y error
b1 =Qui A e =b., Y error
b'\.> = E'\.,AQ .1 =b., Y correc
Next is the case of two symbol detection errors occurring consecutivélyamdO o
i.e., detectors emit error symb@sé- & andO @.1= &+1. Starting again with equatidd-4a
yields:
=6 A Q. =h Y error
I k+1) = e(k+1) A ek = Ol(k+1)A Ek = b(k+1) Y correc

b
b’
D' 12y = B s2) A By =By Y €FTOT

D' 13 = O' kg AE s2) = Byag Y cCOITECE

Two consecutive symbol errors produce two decoding errors but the errors are not
adjacentTheconclusion from this is that symbol detection errors influence no more than two
decoding cycles, i.e., the maximum error multiplication factor is 2.

B.7. Recursive Processing and Code Memory

Most systems reconstruct the original bit rate clock djdy merging {e Jéand {o Ja
For a variety of reasons, designers might be tempted to multiplén{d {Q $into a bit rate
code symbol sequenc&d} prior to decoding; however, the same considerations that foster
desire for posmultiplex decoding are likely to be accompanied by loss of transmitted code

B-9
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symbol order, i.e., loss of knowledge whether a given code symbol camédrdn The
guestion arises as to whethernJBlone contains enough information for unique decodirg
answer is no, and the proof is shown below.

Proof:

A decoding function can be derived by inspection of equaBebsndB-6. Equation
B-5 can be rearranged as follows:

0 Q8¢ §0 B-7

Similarly, from equatiorB-6 we can write

0 € $§ Q%0 B-8

Here are two instances of a seemingly identical recursive relationship, i.e., the current
codesymbol is the difference between the current bit, the previous bit, and the inverse of the
most recent code symbol from the current charel can consolidate these equations by
converting to posinultiplex bit rate indexing, i.e.,

6 “s o §0 B-9
from which we can immediately write the decoding function
e G $ Ox$ b= B-10
On the surface it seems thEguationB-10 will work;*? however, these relations involve
two differences, rather than one, and therefore introduce superfluous initial condition

dependencd-or brevity, only the pitfalls oB-10 are examined herein, assuming that anon
recursive encoder is usdeéfom startup, decoding will progress as follows.

o] = (1) A BLA(B".)
o] = [bo] A BLA(B")
o] = b4 A B, AB,
b = b2 A BLABY,

As seen, absolute polarity of the first and all subsequent decoded bits is determined by
three initial vales Absent appropriatside information for selecting initial values, the post
multiplex decoder offers a 580 chance of decoding with correct polaritye code sequence
defined by equations &3 has a twesymbol memoryAdditional symbols do not provide new
information regarding the trajectory histoAnother way to view this problem is to note that this

42 The interested reader is left to confirm that equafiel0 is indeed rotation invariant.
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recursive decoder does not guarantee preservation of symbol order, which is a prerequisite to
reliable decoding.

B.8. Frequency Impulse Sequence Mapping for SOQPSK

The SOQPSKs first described by Hiland Geoghegdhare defined as special cases of
CPM. Since 1998, at least two manufacturers have exploited the fact that modern digital
waveform synthesis techniques enable direct implementation of theeG&ations with
virtually ideal frequency modulators and filter impulse resparsegneric model of these
implementations i FigureB-6. The | and Q channels, per se, do not exist in this transmitter
At the beginning of each bit interval, impulses from theiditnpulse alphabet mapper direct
the impulse filter/frequency modulator to advance the carrier phase by 90°, retard it by or 90°, or
leave the phase unchangétiis is accomplished with a ternary alphabet of frequency impulses
having nor mal i zed *Tmsmstructureucdnac be mapped tirkgtyintoltie .
constellation convention of a quadriphase implementation because there is no way to control
absolute phas@he equations d&-3 can be applied to this naquadrature architecture via pre
coding A general treatment SOQPSK preding is contained in SimdfThe pe-coding truth
table given infableB-3 applied to the model iRigureB-7 will yield a phase trajectory history
identical to one generated by the quadriphase countergaidweB-2 using the equations at
B-3; however, one more constraint is necessary to establish compatibility with tha 0RIG
guadriphase conventiomableB-3 assumes the stipulation that positive sign impulse values will
cause the modulator to increase carrier frequency.

Impulse Series
@ (nT))

ID(rT)}

FigureB-6. SOQPSK Transmitter

Table B-3. SOQPSK PreCoding Table for IRIG-106 Compatibility
MAP ak FROM Ik MAP ak+1 FROM Qk+1

Ik Qcia| lki2 DF ak Qk+1 Ik Qki1| DF ak+1
! X* ! 0 0 ! X* ! 0 0
+1 X* +1 0 0 +1 X* +1 0 0
i1 ! +1 T/ 1 11 ! 11 +1 + /| +1
11 +1 +1 + +1 ! +1 +1 7/ 3 11
+1 11 11 + /| +1 +1 11 11 7/ 1 11

43 Hill, fiAn Enhanced, Constant Envelope, Interoperable Shaped Offset. Q®SK

44 Geoghegamimplementation and Performance Resulis

4The soecalled ternary alphabet is actuallypary alphabets-{,0} and {0,1}, the appropriate one chosen on a bit

by-bit basis according to certain state transition rules.

4 Marvin Simon A MuBitti pDief f erenti al Detection of Offset Quadri
42-151. 15 November 2002. Jet Propulsion Laboratory, Pasadena, CA. Relrfedely 2024 Available at
http://ipnpr.jpl.nasa.gov/progress_report/#21/151A.pdf
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+1 | +1 | 12 [ 1779 11 ] w1 | +1 [ 11 [+ /] 11
* Note: Does not matterifixdoi s a +1 or a 11
Impulse Series
{b(nTy)}
I
106 > PRE v | FREQUENCY FREQUENCY
{bmTy)} A cober |~ IMPULSE | p| MODULATOR |—» S(7)
ENCODER Qk+1 FILTER

FigureB-7. OQPSK Transmitter (With Precorder)

B.9. Summary

This investigation confirmed that the differential encoder defined in the equatiBr at
is entirely satisfactory for SOQPSK, FQPSR, and FQPSI systems where conventional
coherent demodulation and singdgmbol detection is useth addition, a method of extending
this code to SOBRSK is presented without proof.

Specifically, the following has been shown.

a. When accompanied by consistent signwentions, a consistent symiolphase
mapping rule, and preservation of symbol order, the OQPSK differential code defined in
B-3 and the decoding rule definedBn4 is rotation invariant and unambiguously
reconstructs the original data bit sequence.

b. Decoding is instantaneous.
EquationsB-3 andB-4 do not require attention to initial values.

d. At most, two consecutive output bits will be in error after carrier and symbol
synchronization is acquired.

e. The recursive relations in equatidd® andB-10 are ambiguous and therefore
unreliable.

f. The code exhibits a detection error multiplication factor of at most two.

B.10. Systemlevel Software Reference Implementation of Differential Encoder Defined
in IRIG Standard 106 for FQPSK and SOQPSK Modulations

B.10.alntroduction

The Matlal®E program listings below provide a Matlab functiiidesysdemoand an
execution control scriptunDEdema. In the context of differential encoding, the function
provides a complete system simulation including a differential encoder, an ideal vector
modulator, channel phase rotation, demodulation, the funteopasalent of an ideal single
symbol sample and hold detector, and a decddwer user can create sample data vectors or use
the example data providel addition,the user camanipulaé the initial value vectorso
exploreall possible initial value and demodulator phase rotation combinations of the quadriphase
implementation model
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By setting the variabléstyled to zero, the function will also emulate the qoaed
frequency modulator architecture required for SOQPSKSs; however, the initial value of
transmitter carrier phase is hardded at 45°This was done to avoid proliferation of initial
value options and is thought to be an insignificant omission because it does not affect generality
of the phase rotation options.

This material assumeisat the user is familiar with Matlab workspace operafidre
program relies only on basic Matlab license librariés special toolboxes or blocksets are
required.

B.10.b Matlab Workspace Operation

The user should place the script (shown below in SeBlid8.g in the directory of
choice and make that directory current in the worksdacarder to execute the canned example,
the user needs to create the varidiebeampl® in the workspace and set its value to 1.

Executing the scrigirunDEdem®o should produce the output displayediable B-4.

TableB-4. Scri pt ArunDEdemo

results =

Model: Quadriphas¥ector Modulator

Demodulator Phase Rotation = 0°

Initial Encoder Encoder Decoder Decoder

States: Memory Channel Memory Channel

(0,0) 0 (0,0) 0

Input Bit TX Phase | RX Phase | Output Bit Decoding Error
1 225 225 1 0
1 135 135 1 0
1 45 45 1 0
0 45 45 0 0
0 135 135 0 0
1 135 135 1 0
0 135 135 0 0
1 135 135 1 0
1 45 45 1 0
1 315 315 1 0
0 315 315 0 0
0 45 45 0 0
1 45 45 1 0
0 45 45 0 0

The first column of the results shown above is a replica of the input data. Vdetor
secondcolumn shows the initial valugependent evolution of transmitted phalee third
column shows the effect of any raaro phase rotation chosére fourth column shows the
decoded output bit streaffihe fifth column flags decoding errors with values o€#&rtain
combinations of phase rotation and initial values will produce values of 9 in the fourth and fifth
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columns; results of this nature are associated with cases that delay the output decoding process
by one bit.

Variable definitions and implied instructions for manipulating the runtime options can be
obtained by using the normal Matlab help command for these specific programs.
B.10.c Scriptfor Modules

Electronic copies of these programs have been provided RGQBe elemetry Group
The script for the modules discussed above is shown on the following pages.
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% Control Script O6runDEdemod6, for running system
% of differential encoder and phase mapping convention

% defined in RCC standard IRIG - 106 for FQPSK - B modulation.

% This version extends demonstration options to the pre - coder

% required for implementing SOQPSK with frequency modulators.

%

% Each example run requires input variables in the Matlab workspace:
%

%fiexample 0 - aflag to run with user supplied data vector or run

% the example data set that consists of two repetitions of a

% a7 - bit pseudo random sequence(0O=user, 1=example)

%fidata 0 - optional user supplied binary bit sequence (arbitrary
length)

%firotation_choice 0 - pointer to demodulator phase rotation options:
% 1=0, 2=pi/2, 3= pi, 4=3*pi/2

%MinitTX 0O - vector of binary encoder startup values:

% initTX(1)= 1st of two encoder code symbol memory values(binary,
arbitrary)

% initTX(2)= 2nd encoder code symbol memory value(binary, arbitrary)
% initTX(3)= starting channel for encoder(binary, 0=I, 1=Q)

%MinitRX 0 - vector of binary decoding startup values

% initRX(1)= 1st of two decoder state memory values(binary, arbitrary)
% initRX(2)= 2nd decoder state memory value(binary, arbitrary)

% nitRX(3)= starting channel for decoder(binary, 0=I, 1=Q)

%fistyle O - 1=quadriphase transmitter architecture (FQPSK)

% O=frequency modulator transmitter architecture (SOQPSK)
%The example values are:

% data=[11100101110010]

% rotation_choice=1

% nitTX=[0 0 0]

% nitRX=[0 0 0]

% style=1

% R.P.Jefferis , TYBRIN Corp., JULY, 2002
% SOQPSK model added 14JULO3
% This version has been tested with Matlab versions:5.2,6.1

% *** Sample Input Setup ***

if example
data=[11100101110010];
rotation_choice=1,;
initTX=[0 0 0];
initRX=[0 0 0];
style=1;

end

% *** Run the Reference Implementation ***
[test,delay]=DEsysdemo(data,rotation_choice,initTX,initRX,style);
% *** Prepare Screen Output ***
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ROTATION=[0 90 180 270];
if style
results=sprintf(‘'Model: Quadriphase Vector Modulator \n")
else
results=sprintf(‘'Model: Frequency modulator (SOQPSK) model \n"
end
results=[results sprintf('Demodulator Phase Rotation = %3.0f
degrees \ n',ROTATION(rotation_choice))];

results=[results sprintf ('Initial States: Encoder Encoder Decoder
Decoder \ nY)];
results=[results sprintf(’ Memory Channel Memory

Channel \ n")];
results=[results sprintf(’

—- \n)j;
results=[results sprintf(’ (%d,%d)  %d (%d,%d)
%d n\ n',...

iNitTX(1:2),initTX(3),initRX(1:2),initRX(3))];
results=[results sprintf(' Input TX RX Output Decoding \n));
results=[results sprintf(' Bit Phase Phase Bit Error \n));
results=[results sprintf(’ \n));

for n=1:length(data)
results=[results sprintf(' %d  %3.0f %3.0f %d

%d n',...
test(n,))];
end
results
% END OF CONTROL SCRIPT

function [result,delay]=
DEsysdemo(inbits,rotation_choice,initTX,initRX,style)

% Reference simulation for Range Commanders Council standard IRIG 106
2000

% FQPSK B differential encoding and phase mapping convention.
%

% Input arguments: see fihelp 0 for ArunDEdemoo script
% Output arguments:

%firesult 0 - Mx5 matrix, M=number of input bits,columns contain:
% (:,1)input bit,(:,2)TX phase,(:,3)RX phase,(:,4)output
bit,(:,5)status

%fidelay 0 - overall encode/decode process delay in bits

% ATXO prefixes refer to transmitter/encoder variables, ARX0 prefixes
% refer to receiver/decoder variables

% Robert P. Jefferis , TYBRIN Corp., July,2002.

% SOQPSK model added 14JULO3

% This version has been tested with Matlab versions: 5.2,6.1

numbits =length(inbits)

% kkkkkkkkkkkkkhkkkkkx

% * Transmitter *
% kkkkkkkkkkkkkhkhkkkkk
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% *** differential encoder (also SOQPSK pre - coder)****

% encoder memory initial values:
%[(last | ch. code symbol) (last Q ch. code symbol)]
TXlastSYM=initTX(1:2);
% point encoder to either | or Q starting channel(0=I)
TXpoint=initTX(3);
for n=1:numbits
switch TXpoint
case 0
%TXlastSYM
% compute ficurrent 0 | channel code symbol
TXnewlSYM=xor(inbits(n),~TXlastSYM(2));
TXcodeSYM(n,:)=[TXnewlISYM TXlastSYM(2)]; % new phase
coordinates(l,Q)
TXlastSYM(1)=TXnewlSYM; % update encoder memory state
TXpoint = ~TXpoint; % point to Q channel eq. for next bit
case 1l
% compute fcurrent O Q channel code symbol
TXnewQSYM=xor(inbits(n), TXlastSYM(1));
TXcodeSYM(n,:)=[TXlastSYM(1) TXnewQSYM]; % new phase
coordinates(l,Q)
TXlastSYM(2)=TXnewQSYM;% update encoder memory state

TXpoint= ~TXpoint; % point to | channel eq. for next bit
otherwise

disp('Invalid Specification of Encoder starting channel’);
end

end
% *** modulate ***

switch style
case 1 % ** Quadriphase vector modulator **

% RCC IRIG 106 FQPSK - B phase mapping convention: (1,Q)
for n=1:numbits
index=floor(2*TXcodeSYM(n,1)+TXcodeSYM(n,2));
switch index
case 3 % [1 1]
TXphase(n)=45; % TX phase angle, degrees
case 1 % [0 1]
TXphase(n)=135;
case 0 % [00]
TXphase(n)=225;
case 2 % [1 0]
TXphase(n)=315;
otherwise, disp('map error’)
end
end
case 0 % ** Frequency modulator w/pre - coder **
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% * pre - coder*
% map code symbol sequence to frequency impulse series, alpha(n)
alpha=zeros(1,numbits);
TXpoint=initTX(3); % in this mode, points to start index
for n=3:numbits
if TXpoint % Q(k+1) map
if TXcodeSYM(n,2)==TXcodeSYM(n -2,2)

elseif xor(TXcodeSYM(n,2),TXcodeSYM(n -1,1)
alpha(n)= - 1;

else
alpha(n)=1,

end

else % I(k) map
if TXcodeSYM(n,1)==TXcodeSYM(n -2,1)

elseif xor(TXcodeSYM(n,1), TXcodeSYM(n -1,2))
alpha(n)=1,
else
alpha(n)= - 1;
end
end
TXpoint=~TXpoint; % switch to complement function for next bit

end

% convert alpha to phase trajectory
lastTXphase=45; % initial phase of S(t)
for n=1:numbits
TXphase(n)=mod(lastTXphase+alpha(n)*90,360);
lastTXphase=TXphase(n);
end
otherwise
end

%****-k****-k**

% * Receiver*

%************

% *** Demodulator Phase Rotation ***
ROTATE=[0 pi/2 pi 3*pi/2];
rotate=ROTATE(rotation_choice);
for n=1:numbits
switch rotate
case 0
RXphase(n)=TXphase(n);
case pi/2
RXphase(n)=mod(TXphase(n)+90,360);
case pi
RXphase(n)=mod(TXphase(n)+180,360);
case 3*pi/2
RXphase(n)=mod(TXphase(n)+270,360);
otherwise
end
end
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% *** detector ***
for n=1:numbits
switch RXphase(n)
case 45
RXcodeSYM(n,))=[1 1];
case 135
RXcodeSYM(n,:)=[0 1];
case 225
RXcodeSYM(n,:)=[0 0];
case 315
RXcodeSYM(n,:)=[1 0];
otherwise
end
end

% *** decode and reconstruct data bit sequence ***

% decoder memory initial values:
%[(last decoded | channel bit) (last decoded Q channel bit)]
RXlastSYM=initRX(1:2);
% point decoder channel to either | or Q starting channel (0=I)
RXpoint=initRX(3);
for n=1:numbits
switch RXpoint
case 0
% compute Acurrent 0 decoded | channel bit
RXbits(n)=xor(RXcodeSYM(n,1),~RXlastSYM(2));

RXlastSYM=RXcodeSYM(n,:); % update decoder state
RXpoint = ~RXpoint; % point to Q channel eq. for next bit
case 1l

% compute fcurrent 0 decoded Q channel bit
RXbits(n)=xor(RXcodeSYM(n,2),RXlastSYM(1));
RXlastSYM=RXcodeSYM(n,:); % update decoder state
RXpoint= ~RXpoint; % point to | channel eq. for next bit

otherwise
end
end

% END OF TX and RX Processing

% k*kkkkkkkkkkkkkkkkkk

% * Assemble Output *

% *kkkkkkkkkkkkkkkkkk

% identify delay incurred in overall process
offset=xcorr(inbits,RXbits);

offset(1:numbits - D=,
[offset,delay]=max(offset(1:min(length(offset),10)));
delay=delay - 1;
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% adjust RX output bit vector to compensate for delay,
% inserting values of 9 at beginning of vector to represent
% artifact bits associated with asymmetric rotation cases
checkbits=inbits;
if delay
newfront=ones(1,delay)*9;
checkbits=[newfront inbits];
checkbits(end - delay+1:end)=[];
RXbits(1:delay)=9;
end
% identify decoding errors in reconstructed bit stream
xmsn_error=checkbits~=RXbits;
xmsn_error(1:delay)=9;
% assemble output matrix
result(:,1)=inbits";
result(:,2)=TXphase',
result(:,3)=RXphase’;
result(:,4)=RXbits";
result(:,5)=xmsn_error’;

% END OF FUNCTION DEsysdemo
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APPENDIX 2-C

Telemetry Transmitter Command and Control Protocol

C.1. Introduction

This appendix provides standards for commands, queries, and status information when
communicating with telemetry transmitters configured with communication. gdnes
commands ardivided into two categories @bmmand sets as follows.

a. Basic The basic command set contains the mininfrequired) commands for
transmitter control, query, and status.

b. ExtendedThe extended command set contains optional commands that may or may not
be implemented and may be shown as references.

C.2. Command Line Interface

C.2.a. User Commandline Interface

Thisinterface is the default upon power up of the transmiiach command or query is
ended by a carriage return <CRnformation returned from the transmitter will be followed by
a carriage return <CR> and tfieo will be displayed to indicate the transmitter is reauly t
receive commands or queries.

followed by a line feedThe transmitter will return thBOKO mnemonic for
each command that is accept€te transmitter will returfiERRO for a
command or query that was interpreted as an.érmification that a query
was either accepted or found to be in error will be the response quéhny All
commands are casesensitive The ransmitter will operate in hatluplex
mode and will echo typed characters to the commandriatmi

NOTV With regard to this standard, it is assumed that a carriage return <CR> is

In addition to the required user command line interface items, the following list contains
options that may or may not be implemented.

a. Backspacing to correct typed errors.
b. A character input toecall the last command lin€he i"*0 character followed bg <CR>
is recommended.

C.2.b. Optional Programming Interface

If the transmitter is not commanded or queried though a terminal program (human
interface), there malye an option to operate in halfiplex mode so that concatenated
commands can be sent directly to the transmitter (bulk transmittepséitthis option is used,
the transmitter will only return a single accepii@Ko response if the entire string was
interpreted and accepté@hen concatenating commands, the semicolon is used as the delimiter
for each commandf this optional programming interface implemented, the transmitter will
identify the semicolon delimiter, recognize the character string as a bulk command, and
recognize the start of a new command after each delimiter.
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C.3. Initialization

Upon successful communication initialization, the transmitter will provide the controlling
terminal with (as a minimum) the manufacturer
supported IRIGLO6 release numhedther information (such as information on firmware and
temperature) deemed appropriate by the manufacturer is alldwsdnformation will be
displayed only upon a successful power up and communication initialization of the transmitter
Should an unsuccessful power up occur, based upon critéhie wansmitter manufacturer, the
transmitter shall returfERRO and allow only the RE(RES) command to reset the transmitter
(see Subsectio@.4.b(9).

Upon successful communication, after a power up, a communication connection, a
command, or a query, the transmitter will send a carriage return followeéHit@signify the
transmitter is ready to accept commands and queries.

C.4. Basic Command Set

C.4.a. Basic Command Set Summary

The basic command fields use a minimum two characters with the optional capability of
using a maximum of four charactelispossible, the longer fotzharacter field should be used to
add intuitiveness to the basic command Beé commands in the basic command set are shown
in TableC-1.

Table C-1. Basic Command Set

Command Function
FR(FREQ) Sets or queries the carrier frequency.

MO(MOD) Sets or queries the modulation mode.

RA(RAND) Sets or queries the settingd#ta randomization (ON or OFF).

RF Sets or queries the RF output (ON or OFF).

QA(QALL) Queries the status of all basic commands.

VE(VERS) Queries, at a minimum, the manuf
number of the transmitter.

SV(SAVE) Saves the current sap of the transmitter to eboard nonvolatile random
access memory (RAM).

RL(RCLL) Retrieves a transmitter sep from onrboard nonvolatile RAM.

RE(RES) Resets the transmitter to a known configuratiorestarts the internal powe

up sequence.

DS(DSRC) Sets or queries the data source (INT or EXT).

CS(CLKS) Sets or queries the clock source (INT or EXT).

ID(IDP) Sets or queries the internal data pattern (one of five possible settings).
IC(ICR) Sets or queries the internal clock rate.
TE(TEMP) Queries the internal temperature (in Celsius).
FC(FEC) Sets or querieBEC,
ST(STC) Sets or queries Space Time Coding.
C-2
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C.4.b. CommandsBasic Command Set

C.4.b(1) Carrier Frequency
Carrier frequency is set or queried with the FR(FREQ) mnemonic as described below.

a. Set FrequencyJsefiFR(FREQ) XXXX.X <CR>where XXXX.X is the commandk
frequency in MHz in 0.9VIHz stepsIf the command is accepted, &DK <CR>0is
issued as a response.

In the event of an incorrect commanded carrier frequency (for example the commanded
frequency is out of the tuning range of the transmitter), the transmitter will default to the
currently set carrier frequency before the command was is§hedransmitter will then
returnfiERR FR(FREQ) XXXX.X <CR®»where XXXX.X is the prior frequency set in

the transmitter.

b. Query FrequencyiFR(FREQ) <CR» queries the currently set carrier frequency and
returnsiFR(FREQ) XXXX.X <CR> where XXXX.Xis the current set frequency in
MHz.

C.4.b(2) Modulation Mode
Modulation mode is set or queried with the MO(MOD) mnemonic.

a. Set Modulation ModeUseAiMO(MOD) X <CR>0where X corresponds to the
modulation modelf the command is accepted, @K <CR>0is issued as a response.

Command Modulation Type
MO(MOD) 0 | PCM/FM
MO(MOD) 1 | SOQPSKTG
MO(MOD) 2 | ARTM-CPM
MO(MOD) 6 | Modulation off (carrier only)

In the event of an incorrect commanded modulation mode, the transmitter will default to
the previous modulation mode and retdBERR MO(MOD) X <CR»to indicate the

error and the current modulation modee iIMO(MOD) 60 command turnsff the
modulation for carrieonly mode Modulation will return upon a new commanded
modulation modelf the transmitter is in single mode, only single mode commands are
valid and the above error response will be sent should an invalid modulation mode
command be senthe same logic apigs when the transmitter is in dual mode.

b. Query Modulation ModefiMO(MOD) <CR>0 queries the currently set modulation mode
and return§MO(MOD) X <CR>0where the integer X is represented in the above table.

C.4.b(3) Data Randomization

Data randomization is set or queried with the RA(RAND) mneméincadditional
information on randomization, see Subsec2dh3.5 This command only enables/disables the
randomizer specified iAnnex A.2 FigureA.2-2.

a. Set Data RandomizatiollseAiRA(RAND) X <CR>0where X corresponds to a 1 arlD
the command is accepted, @K <CR>0is issued as a response

Command Randomization
RA(RAND) 1 On
RA(RAND) 0 Off
C-3
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NOT? When FEC is enabled, randomization per Sediidhshould be

implementedIf RA(RAND) was enabled prior to enabling FEC, it will
be disabled when FEC is enahlétie cefault state for RA(RAND) will
be off when FEC is enabled.

In the event of an incorrect data randomization command, the transmitter will default to
its current setting and retufitRR RA(RAND) X <CR»to indicate the error and the
currently set statdf FC(FEC) is enabled, BRA(RAND) 10 command will return an

ERR RA(RAND) 1<CR>.

Query Randomization ModéRA(RAND) <CR>0 queries the currently set
randomization and returiRA(RAND) X <CR>0 where integer X is represented in the
above table.

C.4.b(4) RF Output

a.

TheRF ouput is set or queried with tHeF mnemonic.

Set RF OutputUsefiRF X <CR>where X corresponds to a 1 arlfithe command is
accepted, afOK <CR>0is issued as a response.

Command RF Output
RF 1 On
RF 0O Off

In the event of an incorrect RF output command, the transmitter will maintain its current
state and returfERR RF X <CR#®to indicate the error and return the current RF output
setting for the transmitter.

Query RF OutputiRF <CR> queries the currently set RF output and ret@iRis X
<CR>0where X corresponds to the numbers in the above table.

C.4.b(5) Query All

a.

Thefquery alb command is executed with the QA(QALix)nemonic.

Query Transmitter Configuratiomhe commandQA(QALL) <CR>0requests the
current setting of all basic command$e transmitter response will contain, as a
minimum, the following, in this order:

(1) Carrier Frequency. [FR(FREQ) XXXX.X]<CR>

(2) Modulation Mode. [MO(MOD) X] <CR>

(3) Randomization setting. [RA(RAND) X] <CR>

(4) RF Output setting. [RF X] <CR> OK<CR>

(5) Data Source. [DS(DSRC) X] <CR>

(6) Internal Data Pattern [ID(IDP) X] <CR>

(7) Clock Source [CS(CLKS) X] <CR>

(8) Internal Clock Rate [IC(ICR) XX.XXX] <CR>
C-4
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(9) Internal Temperature [TE(TEMP) XXX] <CR>
(10) Forward Error Correction  [FC(FEC) X]<CR>
(11) Space Time Coding [ST(STC) X]<CR>

b. Status of Other Command§other commands are implemented in the transmitter
beyond the basic set, a complete status should be given for each implemented command.

C.4.b(6) Version
Thefiversioro command is executed with the VE(VERS) <CRremonic.

a. Query Transmitter VersioMVE(VERS) <CR> requests the current version of the
transmitter The response will contain (at a minimum) the following information about
the transmitter and in this order:

(1) Manufacturer Name
(2) Model Number
(3) Serial Number

b. Formatting and Delimiting the Fieldk is left up to the transmitter manufacturer to
format and delimit the above fields and, if chosen, add additional information to the
response.

C.4.b(7) Save
Thefisavé command is executed with ti$8/(SAVE) mnemonic.

ForfSave Transmitter S&ipo, ASV(SAVE) X<CR>0 saves the current settings of the
transmitter to registdiXoin nonvolatile memory within the transmittéfr only one location is
available, the value d¥X0is zero This document puts no limit to the number of storage
registers as this is limited by available nonvolatile memory.

The command@SV(SAVE) <CR> will save to the default location O.

In the event of an unsuccessful save command, the transmitter will return ERR
SV(SAVE) X<CR> to indicate the error and no save function will be performed.

In order to avoid the situation of fielding a flight test item that has been inadvertently
programmed to use internal clock and data sources, the transmitter power up configuration will
always have the clock and data sourcexdsrnal In addition, when saving to regist#o clock
and data sources will always be se¢xternal

C.4.b(8) Recall
The recall command is executed with the RL(RCLL) mnemonic.

ForfiRecall Transmitter Satpo, ARL(RCLL) X<CR>0retrieves and restores the
transmitter setip from registefiXo in nonvolatile memory within the transmitt&falues of X
start at zeroThe 00 register location should be used exclusively for the defauligethichis
the memory location that is loaded during powpr

The command@RL(RCLL) <CR> will recall from the default regitster locatifo.

In the event of an unsuccessful recall command, the transmitter will return ERR
RL(RCLL) X<CR> to indicate the error and no recall function will be performed.
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During a recall operation the transmitter will always set the clock and data sources to

external (se&ubsectiorC.4.b(7).

C.4.b(9) Reset

The transmitter can be reset with tRE(RES) mnemonic.
a. Reset TransmitteARE(RES) <CR»Bresets the transmitter by reinitializing the

transmitter The transmitter will use the following basic settings as a base configuration.

Transmitter Setting Command Result
Carrier frequency [FR(FREQ)] Lowest valid frequency within the tuning range
Modulation mode [MO(MOD)] MO(MOD) 0, PCM/FM

Differential encoding | [DE X] DE 0, Differential encoding off

Randomization

[RA(RAND) X]

RA(RAND) 0, Randomization off

RF output

[RE X]

RF 0, RF output off

Data source [DS(DSRQ)] DS(DSRC) 0 External

Clock source [CS(CSRC) CS(CSRC) 0 External

Internal DatePattern | [ID(IDP)] 11 [ID(IDP)] 11 PN11 ( 2-1)

Internal Clock Rate | [IC(ICR)] IC(ICR) 05.000 5 MHz

Forward Error [FC(FEC)] FC(FEC) 0, Forward Error Correction is off
Correction

Space Time Coding | [ST(STC)] ST(STC) 1, Space Time Codingads

b. Example Command Us&he Reset command would be used if resetting to a known

configuration is required, communication to the transmitter could not be established, if
commands were not being recognized, or if some other unknown transmitter state was

experienced.

C.4.b(10) Data Source
Data souce is set or queried with tiES(DSRC) mnemonic.

a. Set Data Sourcé&JsefiDS(DSRC) X <CR®where X corresponds to a 1 arlfithe

command is accepted, 80K <CR>0is issued as a response.

Command Source
DS(DSRC) 0 External
DS(DSRC) 1 Internal

In the event of an incorrect data source command, the transmitter will FEfREh

DS(DSRC) X <CR»®to indicate the error and return the currently set data source state.
Query Data SourcéDS(DSRC) <CR» queries the currently set data source and returns

b.

ADS(DSRC) X <CR®where integer X is represented in the above table.
c. Saving Data Sourc&eeSubsectiorC.4.b(7)regarding saving the data source setting.

C.4.b(11) Clock Sou

rce

The clock sotce is set or queried with ti&S(CLKS) mnemonic.
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a. Set Clock SourcdJseAiCS(CLKS) X <CR»where X corresponds to a 1 arlfithe

d.

command is accepted, 8OK <CR>0is issued as a response.

Command Source
CS(CLKS) 0 External
CS(CLKS) 1 Internal

In the event of an incorrect command, the transmitter will rétldRR CS(CLKS) X
<CR>0to indicate the error and the current clock source setting for the transmitter.

Query Clock SourcdiCS(CLKS) <CR» queries the currently set clock source and
returnsiiCS(CLKS) X <CR»® where integer X is represented in the above table.

Example Command Uskternal data can be clocked either with an external or internal
clock This command allows the user to clock the known data with an existing external
clock or select the internal clock for more flexibility.

Saving Clock SourceseeSubsectiorC.4.b(7)regarding saving the clock source setting.

C.4.b(12) Internal Data Pattern

a.

The internal data pattern is setqureried with the ID(IDPjnnemonic.

Set Internal Data PatterdseflD(IDP) X0 where X corresponds to the internal data
pattern If the command is accepted, @K <CR>0is issued as a response.

Example Internal Data Patteriisxample patterns are shown below.

Command Pattern
ID(IDP) 9 %11 (511 bits)
ID(IDP) 11 251 (2047 bits)
ID(IDP) 15 21971 (32767 bits)
ID(IDP) 20 220 1 (1048575 bits)
ID(IDP) 23 22911 (8388607 hits)
ID(IDP) 0000 0x0000 Fixed repeating
ID(IDP) FFFF OXFFFF | Fixed repeating
ID(IDP) AAAA 0101010 | Fixed repeating
ID(IDP) XXXX 0xXXXX | Fixed repeating

The minimum supported patterns shall be PNPIN15 and AAAA. Selection of which
additional patterns to implement is left up to the manufactliran error occurs, the
transmitter will returmMERR ID(IDP) X <CR>»to indicate the error and return the
current data source setting for the transmitter.

Query Internal Data PatterfiD(IDP) <CR>0 queries the currently set internal data
pattern and returmdD(IDP) X <CR>0where integer X is represented in the above table.

Example Command Us&his feature can be used for system characterization and
troubleshootingA known bit pattern can be used to test and characterize telemetry
systems endlo-end or isolate baseband signal problems to the transmitter.
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C.4.b(13) Internal Clock Rate
The internal clock rate is set or queried with the IC(ICR) mnemonic.

a. Set Internal Clock Rat&JsefIC(ICR) XX. XXX <CR>0where XX.XXX corresponds to
the clock frequency in MHz and is used to clock the selected internal data.ffsgern
SubsectiorC.4.b(12) Actual range for the clock frequency is left to the manufacturer but
should correspond to the specified useable input clock frequency Reg@ution
should be +1 kHzAccuracy for the internal clock is left to the manufacturer but should
correspond to internal values for the transmitfehe command is accepted, &DK
<CR>0is issued as a response.

In the event of an incorrect command, the transmitter will identify the error, default to its
current state, and retufiERR IC(ICR) XX. XXX <CR>0wherefiXX.XXX 0 indicates the
current clock source for the transmitter.

b. Query Internal Clock Rat@IC(ICR) <CR>0 queries the currently set internal clock rate
and returngilC(ICR) XX. XXX 0 where XX.XXX is the current set internal clock rate in
MHz.

C.4.b(14) Internal Temperature
Internal tempeature is only a query with the TE(TEMRInemonic.

Using TE(TEMP) will query the current internal temperature of the transmitter and
returnsiTE(TEMP) XXX0where XXX is the temperature in Celsius.

C.4.b(15) Forward Error Correction

When usedFECis set or queried with the FC(FEC) mnemoitic-EC per Appendix 2
D is implemented in the transmitter, this command will enatigable or query the current
setting.

a. Set Forward Error CorrectioblseAiFC(FEC) X <CR®where X corresponds to the table
below. If X=1, then the command structurefiSC(FEC) 1 xxxx yy <CR®where xxxx
corresponds to the block size and yy corresponds to the codk tlaéecommand is
accepted, afOK <CR>0is issued as a respon¥éhen FC(FEC) ienabled,
randomization in the transmitter [RA(RAND)] shall be disabled

Command Source Block Size Code Rate
FC(FEC) O Disable
FC(FEC) 1 xxxx yy| Enable/Block 1024 or 4096 12 selects 1/2
Size/Code Rate 23 selects 2/3
45 selects 4/5
FC(FEC) X Future Error Correction Code Capability

In the event of an incorreBEC command, the transmitter will retui@RR FC(FEC) X
<CR>0to indicate the error and return the curfeBC setting for the transmitter.

b. Query Forward Error Correction SettirfirC(FEC) <CR® queries the currently set FEC
condition and return8-C(FEC) 0<CR»®, when FEC is disabled and retufitsC(FEC) 1
xxxx yyowhen FEC is enabled.
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c. Refer toAppendix 2D for additional details oRECand the associated randomization
used.

C.4.b(16) Space Time Coding

An STGenabled transmitter is two independent transmitters when STC is diSHied
command prompt indicates whitfansmitter is communicating over the serial pdthen STC
is enabled modation will be SOQPSKTG perAppendix 2E.

a. Set Space Time CodinysefiST(STC) X <CR®where X corresponds to a 1 arlbthe

command is accepted, 8OK <CR>0is issued as a response.

Command Space Time Coding Prompt
ST(STC) O Disable RF1> or RF2>
ST(STC) 1 Enable >

b. Query Space Time CodingST(STC) <CR® returnsiST(STC) X<CR» whereinteger

X is represented in the table abof8TC B is associated with a command prompt of
RF1> or RF2>.

c. Independent Commandinghe following command structure allows independent

commanding when STC is disabled.

1

Upon issuing afMST(STC) 0 <CR® command, the command prompt changes from
fi>0to ARF1>0, indicating communication with the transmitter associated with RF
port 1 (Xmtrl) The default command prompt fRF1>0.

To change taheother transmitter, issue the commadiRf20 andthecommand
prompt changes tRF2>0, indicating communication with the transmitter associated
with RF port 2 (Xmtr2).

Commands apply to both transmitters independently.

IssuingAST(STC) 1 <CR®returns théi>0 prompt indicating STC mode is enabled
and commands apply as they would to a single transmitténe >0 prompt
independent control of each transmitsenot available.

d. Example Command Us&he examples ifrigureC-1 illustrate the use of several

commands to cinfugre transmitter parameters.
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> transmitter is ready to receive commands or queries
>ST Queries STC mode

>ST1 Responds STC is enabled

> transmitter is ready to receive commands or queries
>STO Disables STC

RF1> Responds RF1 is ready to receive commands or queries
RF1>MO 0 Sets RF1 modulation mode to PCM/FM

RF1>ST 1 Enables STC

> transmitter 1s ready to receive commands or queries
>MO Queries modulation mode

>MO 1 Responds modulation mode is SOQPSK

> transmitter is ready to receive commands or queries
>STO Disables STC

RF1> RF1 is ready to receive commands or queries
RFI>FR 4450.5 Sets RF1 frequency to 4450.5 MHz

RF1>DS 0 Sets RF 1 data source to External

RF1>CS 0 Sets RF1 clock source to External

RF1>RF2 Selects REF2 to receive commands or queries

RF2> RF1 1s ready to receive commands or queries

RF2>MO 0 Sets RF2 to PCM/FM modulation mode

RF2>FR 4460.5 Sets RF2 frequency to 4460.5 MHz

RF2=DS 0 Sets RF2 data source to External

RF2>CS 0 Sets RF2 clock source to External

RF2>MO 2 Sets RF2 modulation mode to ARTM-CPM

RF2>ST 1 Enables STC

> transmitter is ready to receive commands or queries
FigureC-1. Terminal Window forSTG-Enabled Transmitter

C.5. Extended Command Set

C.5.a. Extended Command Set Summary

Although the extendedommandset does not include all possible commands, its use
provides a standard way of implementing known features of transmittessstandard will be
updated at appropriate intervals should new capabilities @isemands in the extended
command set are shownTiableC-2.

Table C-2. Extended Command Set
Command Function

DP(DPOL) Sets or queries data polarity (NORM or INV)
RP(RPWR) Sets or queries the output RF power (HI or LO)
SP(SLP) Low-power consumption mode, sleep mode
VP() Variable RFpower command
CP() Sets or queries thaput clock phase
DE() Sets or queries differential encoding (ON or OFF)
RZ() Sets or queries Rpower a/off pin polarity
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C.5.b. Commands: Extended Command Set

C.5.b(1) Data Polarity
Data polatty is set or queried with theP(DPOL) mnemonic.

a. Set Data PolarityUsefiDP(DPOL) X <CR® where X corresponds to a 1 arAxtual
data polarity, when referenced to the indotk, does not need to be knowthis
command either inverts the incoming data or doeslithie command is accepted, an
AOK <CR>0is issued as a response.

Command Polarity
DP(DPOL) 0 Normal
DP(DPOL) 1 Inverted

In the event of an incorrect data polarity command, the transmitter will maintain its
current setting and retuiictRR DP(DPOL) X <CR®&to indicate the error and return the
current data polarity setting for the transmitter.

b. Query Data PolarityfiDP(DPOL)<CR>0 queries the current data polarity and returns
ADP(DPOL) X <CR» where integer X is represented in the above table.

C.5.b(2) RF Power (HighLow)
High output power or low output per is set or queried with the RP(RPWRHemonic.

a. Set RF Output PowedsefiRP(RPWR) X <CRBwhere X corresponds to a 1 or.df0
the command is accepted, @K <CR>0is issued as a response.

Command Output RF Power Level
RP(RPWR) 0 Low
RP(RPWR) 1 High

b. Query RF Output Power LevéflRP(RPWR) <CRB® queries the currently set output RF
power level and returfiRP(RPWR) X <CR®Bwhere integer X is represented in the
above table.

In the event of an incorrect RIBWwer command, the transmitter will retliBRR
RP(RPWR) X <CR»to indicate the error and return the currentg@er setting for the
transmitter.

c. Example useThe low setting could be used for lab testing or ground checks when
transmitter and receiver antennas ardéocated The high power setting is for normal,
overthe-air telemetry transmission.

C.5.b(3) Low Power Consumption, Sleep Mode
The transmitter can be placed into a mode of low input power consumption with the
SP(SLP) mnemonic.

a. Set Low Power ModdJsefiSP(SLP) X where X corresponds to a 1 or 0 as shown in the
following table If the command is accepted, @K <CR>0is issued as a response.
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Command Source
SP(SLP) 0 Full Operation Mode
SP(SLP) 1 Sleep Mode

Sleep mode powers down all nonessential circuitry within the transmitter to reduce input
power consumptiarNote, in order taeturn fromsleep mode, the transmitter must

monitor and recognize the SP(SLP) 0 comméamdhe event of an incorrect command,

the transmitter will returiERR SP(SLP) X <CR&to indicate the error and the current
power mode setting for the transmitter.

b. Query Power ModeiSP(SLP) <CR® queries the power mode setting and returns
ASP(SLP) X <CR®Bwhere integer X is represented in the above table.

C.5.b(4) Variable Power Mode
Thetransmitter can support usgelectable output power levels using the VP XX<CR>
mnemonic.

a. Set Variable Power LevdUsefivVP XX<CR>0 or fivP X<CR>0to set a range of RF
output power levels available in discrete predefined stefftee command is accepted, an
AOK<CR>0is issued as a responge the event of an incorrect command, the transmitter
will return iERR VP XX<CR>to indicate the error and the current variable power level
for the transmitter.

b. Query Variable Power LeveiVP<CR>0 queries the power mode setting and returns
AVP XX<CR>0where integer XX is represented in the table below.

c. Look Up Table The actual value of output power that correspondix0 is undefined
Each manufacturer will provide an equation or lookup table that defines the output power
as a function ofixXo.

Command RF Power Level
VP XX Full Power (equivalent to RP 1)
VP (XX 1) Less than full power

VP 1 (or VPP 01) | More than low power
VP O (or VPP 00) | Low Power (equivalent to RP 0)

d. Variable Power in STC Transmittefor transmitters witlsTC capability, the VP
command applies to both transmittaMhen STC is disabledutput power for each
transmitter can be independently controlled with the VP command.

C.5.b(5) Input Clock Phase
The transmitter can support usalectable input clock phasing using the CP X<CR>
mnemonic.

a. Set Input Clock PhastlsefiCP X<CR>where X corresponds to a 1,dy A. If the
command is accepted, 8OK<CR>0is issued as a responge the event of an incorrect
input clock phaseommand, the transmitter will retufERR CP X<CR® to indicate the
error and return the current input clock phase setting for the transmitter.
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b. Query Input Clock Phas6CP<CR> queries the input clock phase setting and returns
ACP X<CR>where the value of X is represented in the table below.

Command Input Clock Phase Data Transitions

CPO 0° Rising Edge of Clock

CP1 180° Falling Edge of Clock

CPA 0° or 180° Edge with greatest margin with respect to
data transitions

C.5.b(6) Differential Encoding

Differential encoding is set or queried with the DE mnemdfoc additional
information, refer tAppendix 2B. This command is only applicable when modulation mode is
set to SOQPSK G (MO 1).

a. Set Differential EncodindJsefiDE X <CR> where X corresponds to a 1 arlhthe
command is accepted, 80K <CR>0is issued as a response.

Command Differential Encoding
DE1 On
DEO Off

In the event of an incorrect differential encoding command, the transmitter will return
AERR DE X<CRx®to indicate the error and return the current differential encoding
setting.

b. Query Differential EncodiniDE <CR>0 queries the currently set differential encoding
status and returm®E X <CR>0where integer X is represented in the above table.

c. Default When switching modulation modes the differential encoding shall be switched
appropriatelyFor example, when switching from SOQRSK to PCM/FM, the
differential encoding will be set to off

d. Manual ContralFor the PCM/FM and ARTMCPM modulation modeslifferential
encoding will always be disabled (offor SOQPSKTG modulation mode, differential
encoding will be enabled upon sellen of that modghowever, the user can exercise
manual control of differential encoding when using SOQH®<modulation
Additionally if eitherFECor STCare enabled, differenti@incoding will be disabled

C.5.b(7) RF Power On/Off Pin Polarity
The RFpower on/off pin polaritys set or queried with the RZ mnemarii®is command
sets the polarity of the pin, either a low or high level, to enable RF power output.

a. Set RF Power On/Off Pin Polarity

Command RF Power
RZ(RFZ) 1 On when pin is high
RZ(RFZ) 0 On when pin is low

In the event of an incorrect RIewer command, the transmitter will rettiBRR RF
X<CR> X<CR>0to0 indicate the error and return the currentg@wer setting.
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b. Query RF Power On/Off Pin PolaritfiRZ(RFZ) <CR>» queies the currently s&RF
power status and returiRZ(RFZ) X <CR>.

c. Default The transmitter will initialize in the Rpower pin polarity on/offiOn when pin
is higho setting.

C.6. Transmitter Communication Example

A typical terminal window is shown iRigureC-2 for clarity. Transmitter
communication initialization is assumed.

~FR 1435.5
OK
“FR
“FR 1435.5
“MO 0
OK
DE 1
~ERR DE 0
MO 7
ERR MOD 0
“RGDW
ERR
~TE
~TE 085
QA
“FR 1435.5
“MO 0
DE 0
“RA1
RF 1

FigureC-2. Typical Terminal Window

C.7. Non-Standard Commands
NOTV This paragraph is reserved for transmitter commands that fal

outside of the commands and command structure discussed
above Additions to this section will be made as rstandard
commands are derived and found applicable to this standard

C.8. Physical Layer(s)

The above command sets are independent of the physical layer over which the commands
are transferredrhe command set should be implemented in such a way that it can be translated
over any physical layer interfacing with the transmitter.

Should a thresvire serial interface be chosen, it should be compatible TWAR232.47
The intent of this standard is not to force complete-EB® compliance; rather, the intent is to

4T Telecommurgations Industry Associatiomterface between Data Terminal Equipment and Data Circuit
Terminating Equipment Employing Serial Binary Data Interchaid¢&/EIA-232-F. 1 Octoberl997.May be
superseded by updatetrievedl7 July 2024 Availablefor purchaset
https://standards.globalspec.com/std/1619487/Z32
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establish a serial communication interface with the transmitter so that any terminal program,
such as Windows® HyperTerminal or Linux Minicom, can be used to communichtéheit
transmitter A transmitandreceive line will be supplied with an associated ground return; the
choice of connector pioutis left up to the manufacturefhe serial interface will operate at one
of the common transfer ratéBypical baud rates are 300, 600, 1200, 2400, 4800, 9600, 19200,
38400, 57600, and 115200 batitie defaulshall be 9600 bau&hould operation at another
baud rate be desired, a command must be implemented to accommodate this capability
command shall have the form BD(BAUD) as described below.

a. Baud RateSerial communication baud rate shall be set or queried with the BD(BAUD)
mnemonic.

b. Set Baud RatdJsefiBD(BAUD) X <CR>0where X corresponds to a number)0in
the following tablelf the command is accepted, @K0 <CR>0is issued as a response.

Command Rate
BD(BAUD) 0 300
BD(BAUD) 1 600
BD(BAUD) 2 1200
BD(BAUD) 3 2400
BD(BAUD) 4 4800
BD(BAUD) 5 9600
BD(BAUD) 6 19200
BD(BAUD) 7 38400
BD(BAUD) 8 57600
BD(BAUD) 9 115200

c. Query Baud RatiBD(BAUD) <CR>0 queries the set baud rate of the transmitter and
returnsfiBD(BAUD) X <CR>0where integer X is represented in the above table.

In the event of an incorrect baud rate command, the transmitter will FERR
BD(BAUD) X<CR>0to indicate the error and return the current baud rate setting for the
transmitter.

Communication should be compatible with a terminalugetonsisting of one of the
above baud rates with 8 data bits, 1 stop bit, 1 start bit, and no. p&®yl characters
will be transmitted and receivedo hardware or software handshaking should be
implemented and connector piait is left to the manufacturer.
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APPENDIX 2-D

Low-Density Parity-Check Codes for Telemetry Systems

D.1. Background

The LDPC codes presented are intended to decrease error probabilities in a primarily
noisy transmission channel for use in the AMT test environment

The LDPC code is Bnear block codeThis type of code maps a blockloinformation
bits together with a codeword (or codeblockhdifits. Think of a linear block code as a chunk of
input bits mappethrough a codeto a longer chunk of output bitShis is sometimes called an
n-k code Whenk bits are mapped to a lengittodeblock there are‘2odewords; however, there
are 2 possible codewords composednddits. The idea with error correction codes is to pick the
2% codewords of the"2otal possible codewords that dae enough apart (in terms of Hamming
distance) to guarantee you are able to correct a certain number of errors.

This particular version of LDPC code is systematic, meaning the transmitted codeblock
contains duplications of the bits of the original informatibrs also a quastyclic linear block
code, meaning the construction of these codes involves juxtaposing smaller cyclic submatrices
(circulants) to form a larger parity matriX| tarough linear operations.

This code, like all other FEC schemes, requires an encoder on the transmission side and a
decoder on the receiving side of the telemetry.[irtle codes offer much higher decoding speeds
via highly parallelized decoder structurése LDPC code itself does not guarantee sufficient bit
transitions to keep receiver symbol synchronizers in lock so a randomizer, defined in this
appendix, is required vam implementing this FEC code.

Since LDPC is a block code, the start of a codeblock(s) must be identified in order for the
decoder to function propertlyhis identifier, known as the attached synchronization marker
(ASM), provides this marker and also aids in detection at very low valuaghaf Bifferential
encoding/decoding normally associated with SOQH&Kmodulation ifNOT required and
should be disabledPhase ambiguities will have be resolved using the ASM.

D.2. Code Description

The LDPC code is a linear block code with options fokf wherenis the length of the
codeblock andk is the length of the information blockn LDPC code can be entirely defined by
its parity check matrix. Thek X n generator matrix that is used to encode a linear block code
can be derived from the parity check matrix through linear operations

Code rates;, chosen for this AMT application are 1/2, 2/3, and #itormation block
sizes k) are 1024 and 4096 bhitGiven the code rate and information block sizes, codeword
block sizes are calculated using k/r. SeeTableD-1.

Table D-1. Codeblock Length per Information Block Size
Information Block Codeblock Lengthn
Length,k Rate 1/2 Rate 2/3 Rate 4/5
1024 2048 1536 1280
4096 8192 6144 5120
D-1
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Thek X n generator matrixc shall be used to encode a linear block cdte matrixG
can be derived from the parity check matiix

For each §i,k} in TableD-1 a parity check matriid is constructed from sizd x M
submatrices pefableD-2.

Table D-2. Submatrix Size per Information Block Size
Information Block Submatrix sizévi
Length,k Rate 1/2 Rate 2/3 Rate 4/5
1024 512 256 128
4096 2048 1024 512

D.3. Parity Check Matrices

Given the f,K in TableD-1, there are six parity check matrices that need to be
constructedSection 3.3 in CCSDS standard 130:2 (CCSDS September 200d¢scribes how
each parity check matrix is constructed and is repeated here for.clarity

TheH matrices for each code rate are specified belgus theM x M identity matrix
(main diagonal i s 1O60mistheazeromatrik her entri es

D-2
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Parity Check Matrices

&0, Oy, I 0y, lwAP, o
_e . . u
Hyo = gl Ly 0y, Iy P,AP AP,
g, P.AP, 0, P,AP, Ly g
& O, 0y, Oy, O, Ly Oy, lwAP, o
_ e e . . u
H2/3_2P9AP10AP11 IM IM IM OM IM PZAPBAP4U
é IM P12'A\P1316\F)14 IM PSAPG OM P7'A\|:)8 IM g
e O, Oy, Oy, Oy, Oy, Oy, o
_ . .. .. . . .. u
H4/5_2P21AP22AP23 IM I:)lS'AF)lﬁ'AF)l7 IM PQAploApll IM HlIZU
é IM P24AP25AP26 IM P18AP19AP20 IM I:)12'A\F)13'A\F)14 H

Permutation matrix, has norzero entries in rowand column entries are defined py(i) for ii {o,k ,m - 1}

M
4

2 (i) = (g, + &t /M Ymoda) + (£, (&4 / M L’J)+i)mod%

where g, and 7, (j) are defined irthe following tables for the submatrix sizes definedahleD-2 for each code rate and information
block size
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kK | Mc | 0M) | &(1M) | &(2M) | &(3M)
113] 16 0 0 0
2 | 0] 103 53 8 35
31| 105 74 119 97
4 | 2 0 45 89 112
52| 50 47 31 64
6 | 3| 29 0 122 93
7 | 0| 115 59 1 99
8 1] 30 102 69 94

1024

1536

2048

FigureD-1.

DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE

D-4

Parity Check Matrix H for (n=2048, k=1024) Rate 1/2




Telemetry Standards, RCC Standaf®-24R1 Chapter 2, January 2025

e(OM) | &(1M) | &(2M) | &3.M)
108 0 0 0
126 | 375 219 | 312
238 | 436 16 503
481 | 350 263 | 388
96 260 | 415 48
28 84 403 7
59 318 184 185
225 | 382 279 | 328

CIENHNGIENTNIT NI P,
Rlojw|NvN(k|o|lw|S

2048

4006/ -

Fidd i i i i i i i i i i i i i i i i i
0 2048 4096 G144 B19z2 10240

FigureD-2. Parity Check Matrix H for (n=8192, k=4096) Rate 1/2
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K | Mc | &(0M) | &(1M) | &2M) | &(3.M)
1] 3 59 0 0 0
2|0 18 32 46 44
31 52 21 45 51
4 | 2 23 36 27 12
5 2 11 30 48 15
6 | 3 7 29 37 12
7] 0 22 44 41 4
8 | 1 25 29 13 7
9|0 27 39 9 2
10] 1 30 14 49 30
11| 2 43 22 36 53
12] 0 14 15 10 23
13| 2 46 48 11 29
14| 3 62 55 18 37

1536

FigureD-3. Parity Check Matrix H for (n=1536, k=1024) Rate 2/3
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Code Rate =2/3, Information Block Size = 40Rb= 1024

K | Mc | &(0M) | &(1M) | &(2M) | &(3.M)
1] 3 160 0 0 0
2 10 241 182 35 162
3 11 185 249 167 7
4 | 2 251 65 214 31
5 | 2 209 70 84 164
6 | 3 103 141 206 11
710 90 237 122 237
8 | 1 184 77 67 125
910 248 55 147 133
10| 1 12 12 54 99
11| 2 111 227 23 105
121 0 66 42 93 17
13| 2 173 52 20 97
14| 3 42 243 197 91

1024

2048

3072
0

FigureD-4.
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Code Rate =4/5, Information Block Size = 10R4= 128

K | Mc | &(0M) | &(1M) | &(Z2M) | e(3.M)
1] 3 1 0 0 0
210 22 27 12 13
3 11 0 30 30 19
4 | 2 26 28 18 14
5 | 2 0 7 10 15
6 | 3 10 1 16 20
710 5 8 13 17
8 | 1 18 20 9 4
910 3 26 7 4
10 1 22 24 15 11
11| 2 3 4 16 17
121 0 8 12 18 20
13| 2 25 23 4 8
14| 3 25 15 23 22
15| 0 2 15 5 19
16 | 1 27 22 3 15
17 | 2 7 31 29 5
18| 0O 7 3 11 21
19 1 15 29 4 17
20 2 10 21 8 9
211 0 4 2 2 20
22 | 1 19 5 11 18
23| 2 7 11 11 31
24 | 1 9 26 3 13
25| 2 26 9 15 2
26 | 3 17 17 13 18

BOE 1024 1152

FigureD-5. Parity Check Matrix H for (n=1280, k=1024) Rate 4/5

D-8
DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE




Telemetry Standards, RCC Standaf®-24R1 Chapter 2, January 2025

Code Rate =4/5, Information Block Size = 400b= 512

K | Mc | &(0M) | &(1M) | &(Z2M) | &(3.M)
1] 3 16 0 0 0
2 10 103 53 8 35
3 11 105 74 119 97
4 | 2 0 45 89 112
5 | 2 50 47 31 64
6 | 3 29 0 122 93
710 115 59 1 99
8 | 1 30 102 69 94
910 92 25 92 103
10 1 78 3 47 91
11| 2 70 88 11 3
121 0 66 65 31 6
13| 2 39 62 19 39
14| 3 84 68 66 113
15| 0 79 91 49 92
16 | 1 70 70 81 119
17| 2 29 115 96 74
18| 0O 32 31 38 73
19 1 45 121 83 116
20 2 113 45 42 31
21| 0 86 56 58 127
22 | 1 1 54 24 98
23| 2 42 108 25 23
24 | 1 118 14 92 38
25| 2 33 30 38 18
26 | 3 126 116 120 62

1024

D.4.

512 1024 1536 2048 2560 3072 3584 4096 4608 5120 Bg3z2
FigureD-6. Parity Check Matrix H for (h=5120, k=4096) Rate 4/5
Encoding

The recommended method for producing codeblacksistent with the parity check

matrices is to perform matrix multiplication (modt#d by blockcirculant generator matrices
This family of codes supports rat€§K+2), whereK=2 for a rate 1/2 cod&=4 for rate 2/3, and

D-9
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K=8 for rate 4/5Generator matrice§;, have sizeMK xM(K + 3) if punctured columns are
described in the encodin@ote: If punctured columns are omitted, as in this dassill have a
size equal ttIK xM(K + 2)). TableD-3 lists the size o6 for each information block size and
code rate.

Table D-3. Generator Matrix Sizes
Information Block Generator Matrix@) Size
Length,k Rate 1/2 Rate 2/3 Rate 4/5
1024 1024 x 2048 1024 x 1536 1024 x 1280
4096 4096 x 8192 4096 x 6144 4096 x 5120

These generator matrices may be constructed as follows.

1. Let P be the 3M x 3Mubmatrix of H consisting of the last 3M columhet Q be the
3M x MK submatrix of H consisting of the first MK columns.
2. Compute W=(PT1Q)T, where th2z arithmetic 1is
3. Construct the generator matrix G=[IMK W] where IMK is the MK x MK identity matrix,
and W is a dense matri x oThedmensouodf\WWisMi of s
x 2M.

Because the LDPC code is systematic and the generator @asridlock-circulant, an
efficient bitserial encoder can be implemented as shovigareD-7. Initially, the binary
pattern for the first row of circulants is placed in the shift registers, and the accumulator is set to
the length ®1 zero vectorThe contents of the shift registers are added (me2uto the
accumulator if the first message bit is a 1, and the shift registers are cyclicly shifted right one
place This is repeated for each subsequent message bitremMil4 cyclic shifts have been
performed The shift registers are then loaded with binary patterns for the next row of circulants,
and the process continues in this manner until all message bits have been encoded.

2M!m = 8 shift registers, reloaded with circulant patterns once per m rotations

O MOy | MO
\ “ \
m F
Length KM input message, V2M

shifted in one bit at a time ,

7

1 One 2M-wide conditional addition

é per message bit

Y
ANEEEN) |
* A . KM K
v KM v M TTrroar Txe2

Systematic output codeword

FigureD-7. QuastCyclic Encoder Using Feedback Shift Register
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Computing the generator matixinvolves inverting a large binary matrix, a
computationally demanding tagkor conveniences; for each information bock size and code
rate is tabulated here in a compact form.

D.4.a. Code Rate =1/2, Information Block Size = 10R4= 512

The first 1024 columns db form a 1024 x 1024 identity matrix and the remaining 1024
columns ofG form a block matrix composed of 16 rows and 8 columns of circulant matrices,
each of size 128 x 128he first row of each circulant is given in hexadecimal formdiaible
D-4 according to its location iG. Subsequent rows of eachiculant can be computed by
applying the corresponding number of right circular shifts to the first row.

Table D-4. First Rows of Circulants in Generator Matrix, r=1/2, k=1024

Row 1

Columnsl10251152

CFA794F49FAS5A0D88BB31D8FCAVEA8BB

Columns 11531280

A7AE7EEBAG8580E3E922F9E13359B284

Columns 128141408

91F72AE8F2D6BF7830A1F83B3CDBD463

Columns 14091536

CE95COEC1F609370D7E791C870229C1E

Columns 15371664

71EF3FDF60E2878478934DB285DEC9DC

Columns 16658.792

0E95C103008B6BCDD2DAF85CAE732210

Columns 17931920

8326EE83C1FBAS6FDD15B2DDB31FE7F2

Columns 19242048

3BA0BB43F83C67BDA1F6AEE46AEF4EG2

Row 129

Columns 102581152

565083780CA89ACAA7O0CCFB4AB888AE35

Columns 11531280

1210FADOEC9602CC8C96B0A86D3996A3

Columns 12841408

COBO7FDDA73454C25295F72BD5004E80

Columns 14091536

ACCF973FC30261C990525AA0CBA0O06BD

Columns 15371664

9F079F09A405F7F87AD98429096F2A7E

Columns 16658.792

EB8C9B13B84C06E42843A47689A9C528

Columns 17931920

DAAA1A175F598DCFDBAD426CA43AD479

Columns 19242048

1BA78326E75F38EB6EDO9A45303A6425

Row 257

Columns 10251152

48F42033B7B9A05149DC839C90291E98

Columns 11531280

9B2CEBES0A7C2C264FC6E7D674063589

Columns 12841408

FSB6DEAEBF72106BA9E6676564C17134

Columns 14091536

6D5954558D23519150AAF88D7008E634

Columns 15371664

1FA962FBAB864A5F867C9D6CF4EO087AA

Columns 16658L792

5D7AA674BA4B1DS8CD7AE9186F1D3B23B

Columns 17931920

047F112791EE97B63FB7B58FF3B94E95

Columns 19232048

93BE39A6365C66B877AD316965A72F5B

Row 385

Columns 10281152

1B58F88E49C00DC6B35855BFF228A088

Columns 11531280

S5C8ED47B61EEC66B5004FB6EGSCBECF3

Columns 12841408

77789998FE80925E0237F570E04C5F5B

Columns 14091536

ED677661EB7FC3825AB5D5D968C0808C

D-11
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Columns 15371664

2BDB828B19593F41671B8D0D41DF136C

Columns 1665L792

CB47553C9B3FOEA016CC1554C35E6ATD

Columns 17931920

97587FEA91D2098E126EA73CC78658A6

Columns 19242048

ADE19711208186CA95C7417A15690C45

Row 513

Columns 10281152

BE9C169D889339D9654C976A85CFDIF7

Columns 11531280

47C4148E3B4712DAA3BAD1AD/71873D3A

Columns 12841408

1CD630C342C5EBB9183ADE9BEF294ESE

Columns 14091536

7014C077A5F96F75BES566C866964D01C

Columns 15371664

E72AC43A35AD216672EBB3259B77F9BB

Columns 16658L792

18DA8B09194FA1FOE876A080C9D6A39F

Columns 17931920

809B168A3D88BESEQ3D995CES232C2DC2

Columns 19242048

C7CFA44A363F628A668D46C398CAFO6F

Row 641

Columns 10251152

D57DBB24AE27ACA1716FSBEA1B8BAA1086

Columns 11531280

7B7796F4A86F1FD54C7576AD01C68953

Columns 12841408

E75BE799024482368F069658F7AAAFBO

Columns 14091536

975F3AF795E78D255871C71B4F4B77F6

Columns 15371664

65CD9C359BB2A82D5353E007166BDD41

Columns 16658L792

2C5447314DB027B10B130071AD0398D1

Columns 17931920

DE19BC7A6BBCF6A0FF021AABF12920A5

Columns 19212048

58BAED484AF89E29D4DBC170CEF1D369

Row 769

Columns 10251152

4C330B2D11E15B5CB3815E09605338A6

Columns 11531280

75E3D1A3541E0E284F6556D68D3C8A9E

Columns 12841408

E5SBB3B297DB62CD2907F09996967A0F4

Columns 14091536

FF33AEEE2C8A4A52FCCF5C39D355C39C

Columns 15371664

SFESFO09ABAGBCCEO02A73401E5F87EAC2

Columns 1665L792

D75702F4F57670DFA70B1C0O02F523EEA

Columns 17931920

6CE1CE2E05D420CB867EC0166B8ES3A9

Columns 19242048

9DF9801A1C33058DD116A0AE7278BBB9

Row 897

Columns 102581152

4CFOBOC792DD8FDB3ECEAEGF2B7F663D

Columns 11531280

106A1C296E47C14C1498B045D57DEFB5

Columns 128141408

968F6D8C790263C353CF307EF90C1F21

Columns 14091536

66E6B632F6614E58267EF096C37718A3

Columns 15371664

3D46E5D10E993EB6DF81518F885EDALB

Columns 16658.792

6FF518FD48BBSE9DDBED4ACOF4F5EB89

Columns 17931920

BCC64D21A65DB379ABE2E4DC21F109FF

Columns 19212048

2ECOCE7B5D40973D13ECF713B01C6F10

D.4.b. Code Rate =1/2, Information Block Size = 408b= 2048

The first 4096 columns @b form a 4096 x 4096 identity matrix and the remaining 8192
columns ofG form a block matrix composed of 16 rows and 8 columns of circulant matrices,
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each of size 512 x 51Zhe first row of each circulant is given in hexadecimal formdiaible
D-5 according to its location iG. Subsequent rows of each circulant can be computed by
applying the corresponding number of right circular shifts to the first row.

Table D-5. First Rows of Circulants in Generator Matrix, r=1/2, k=4096
Row 1
Columns | 616DB583006DB99954780CD6DFC9908772D8260D390B1D462A8F62DE
409°F 216194BEO531EE408AEAF27F50F3AD71865AC7910EEF8824A858CA7B
4608 C843DAFB1
Columns | BASEOB010860D09066A8632E2B273DABDF90C26FCDD989C2831874EA
4609 BA23D940A294111C1BOC1CF62F56A376B94CF64FA594B987B19226E57
5120 AD7F2BC66E
Columns | 226C671C22A59AC062490596EB1536C9F66AE799C2489FAD2C131E29K
5121 A25CBOADCS88D04C5ECS8FECD7F78B3825E626858CFAAODE77772CES¢
5632 7AA39628A0
Columns | 123B1C426E2A93366D067D26DE51362EAOBA916EBD1229521B1B04445
5633 25785F3F3E24199B2460151E4CAA9FD26A5DC46BEOD6DA907EFAF38H
6144 642F702F5
Columns | 324AFD5D62F4CC251FF5COFD95DEOFABO61FOC92CASBC97F976118A
6145 E0663A3BF1B4F07D1CCCC2DFIOE09D506B073DED87CC0653C944FC7L
6656 223C0ODF3EB67
Columns | E62AE13F8D4000D616E814045495F6E969C473B059386F5DDBCC25FA4(
6657 B132D73A98414D85346F55DEBFF875F7CB9D2466A412D180EOA1ADAL
7168 281376A671
Columns | 8EBOFB6BB7B9AD2A2132010511077F6BD424B6F5B578C11D0076B781¢4
7169 755EBB72C41ED17519476C257C31C3159BF31FADA2755F1B8A23B22D
7680 28AA290E?2
Columns | 54CC73C7599AB67C6807C4286BECF8423F3216EF04E1B6DE61349DDE
7681 3A0EBOEF70C5BE1AD91D31B0BB532C1098DC619BF80F3853EEA35704
8192 05D95170A7E
Row 513
Columns | 5BE6381A718C0A817F8101ECDCDBF825E732E4356CEC42C222DBC476!
409°F 4837C382B7FBF282B739EDC22B5EEA2909FO0EB3ACB9E41FE2AC79113
4608 6A9CBFC1D9
Columns | DAFBDE28FA77F37E4A6B5A82A58CE917CA74C8397E9DBSEDCB2BF65
4609 91954457707FE876DFF812D4B99466DF479A00114F27E702249DB3E93]
5120 E9CE98703
Columns | 74FEADO0013FD861D67D7CE69D3635ECC6266E862D08B63077B45D309
5121 EA74159DAEA2263E58705EASABES8B7FD41862BO9EC1DOF1BD47CD6C
5632 2739C24F7FE
Columns | 7TACFF6D64C8E8F94BEABE280CFDCFCFB26AC7330073C25E0313DCB]
5633 6C5261F15D82AFAG65F73A4B4DA4ESD1648EABOS1EDEB9857C13C2K(
6144 FCBBA4F9DF2E1
Columns | 9CEFF1147D792C14AA2E211C3B9B94B2C9F24F49B0B1ED6E200C88D1
6145 5AC1EE283C3A0AC79B9F1F496BDE74A2AA591ACF2F526FB24413A58E
6656 5F91905F596
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Columns | D8F1469BCA9CC5041C50F1FB479CF2680503AD85BA2C0C6D01D2D73
6657 129315E49A9F57236D9585CC0OB8A9BABFE9ADCD97BED9006C33976A(
7168 0468693D56FA
Columns | 1IEE66371BOEAGC4E1E172C2C5D76806CB7376B8CDEAD96B14A1EC2E
7169 298B9425EA2F0671082D70AA23C267D1F215C59239AEB40186DF0AB2§
7680 5DC6BAF45E
Columns | FBFBE26BED98BB3B697764A6F82C94039CBF14CB538A7D87801ACBD
7681 44A858BB74F0A4707592EE6B7DC6D21B8F6B4A184B567C8AA4CD825E
8192 7F1EDCEOQO15A5

Row 1025
Columns | 25453670647D23C5E445A705953F3BF4A5AF02E7BC46C969C8141D878
409F 1C9CFF7EBB20945DE5D363AD36D3BD5A0BA081C079CDD04B6ES5968]
4608 C8A665344A
Columns | 23E9B1897A6FDF427B5E910AA8D71F9CC6351474BC4563C20FD38953]
4609 3BA15E7D1010503B7BA1C148251DB8A8BSBAC64E6AFSB8C1CCO56E4EEF1
5120 7FEC40C35D
Columns | 57140969483D9E33429FAFD177D031A43B727CF832C8DFFE8D8960CB!
5121 4BE27B69CC26F2FB731B53250D6FBEE7DFDA98812BO9AAE9CO2AE2FE
5632 A598D6B6E2F
Columns | 22B6CCA50541BD9F5D48565E551B310E10AODFCB8035A5EC86EBI9CD
5633 11CDCBCCCEC3732EF93EE8C9418E25CA5744E07C45F9B161E277BCE
6144 88B9B84AAEC4
Columns | DA37FE277C72CB5CB1BE92AD373867403E46B3535159687ADC79C39LC
6145 005C1F11F1CBD5F8877DA66AAC156EF27BB893F5F1132336D52E8AERB
6656 ACFO9BEB3CF
Columns | D204D92DFA496DAF564272E3FEC51CES3C8F2DF6ACB191E6O0E14CDE
6657 FD5EDOEBEO09672ED11A3F6466FE3A967A4EC8390303059AE00DD8310
7168 F33B2943E4E
Columns | 6E56928E7FEE3333A36FF3EE7598744CF7C298FEF3EACC7CCCOF36D(
7169 D87BDD441081163A65E27C958AF79C33A98B81814015E77F82EF5120H
7680 B540893B4
Columns | 7TBEB68CC37F23835C91F5D36D6BA6F0OASE68FEBBGEGA2F247EBSCF5S
7681 D0770249460788DFDC4A1218652BF881B4BB06308EF86484E7070AAC(
8192 3977CF5D0

Row 1537
Columns | 6230DEF1ACD4425F7B155A2A285CB2A32CB9D46DA09B28167826E77A
4097 D85F0C416595E136184841451F5B3E1F17D02C3DB32C2AF50091D6376
4608 8CB78A9E3
Columns | D3B19911ACC450679EAE25BOF290FF372300F1A4BC91A43CB79DB270
4609 D41DC4970F1420E71COF816EF938C3C17FOFCBB6E920EDS853EAF6D2I
5120 92BF87098A
Columns | B94C2E5DDE78C974AD6F423CD5ACAO1EC9420AAF3FEB3BEC31D47A
5121 D3D62FA2476C38595BD66639368181E75B44BAA7ADBC2B42E1D82D7A
5632 312BB9A16F7D35
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Columns | 0B13B44D828071E69DD90DCD9B713A05FD8C21AASEGEGDSDA49A5C3
5633 4F98A4ESE822513F0DA200235C65BFCA1IDC2CE4AB21D146B778F6806
6144 B8AC75285760
Columns | FEF66B861AA67C768A76D585DFADC8EB6556AD841DEA9F44ACB42B6
6145 6142B6B69F1833474FADEBO400CE4D9F3BD62AD96ES7F3E93DD22918
6656 D4B5E77D098F
Columns | EEBE2DFA4D4D86ECBO7EEE9565FB589855E1F53BA1B9784A8D195A0
6657 21551270089C535216636FBEB4D9E5S0A9EAC3DCB27891A7005A2AD874
7168 E6B8326F6B3
Columns | CA225C7B2A9EABFFDDDBC130B5342917848B029917BA98FFD6EF238¢
7169 6A6B417F678C61458EF625C96C0D3D07945ABB9836CF80823EB6244D¢
7680 14CC5DC2B1
Columns | 94F5D55C398B16A71497C4CF102C2F1035C19D5DFC8A301B8DE33D41]
7681 9C15A3093B09E7489CE6AA14B331B70E76637FE6DDFFFA6DC4C51037
8192 BOD2A6EA3DA

Row 2049
Columns | AC5F866DD75CD4C2D5959AC37DE4E1E870313A5B2902F234CD939FE
409F 1FEBF8B46DAC906E3EBA9C3A74DE46E7A9140D3716667BB1EC22A87
4608 8D048BDC5BA
Columns | 57B6024327CDDFF3296BE6508C48045B71FA519156F8C125F4E3B7356
4609 32C63BC588908C4E8B3FO9F2D12A9E8F35B6FCF296C17FDBE8D076406
5120 D16175F
Columns | CC45AE82D672979E8A0A359B2328C79AE61F87EBE04DAC9343030548
5121 32000CE627417B3F8CFD4A992E7F2B680216AF773385B9337E1743D43
5632 5282CF5
Columns | AE71BOCAFEB4DA3EOB95F1341667C519FBO9F89D7CEC711E57485F04A
5633 CDC832CBECOBE1B2A3E23B5EAF4C5DAD8767E054B2225A60B88BEL
6144 A35EOBAEB237
Columns | A206BC721B252D52EA1F8E311203DFFOAE8D65BD1986055701A3C7FE
6145 DEDD2D57C3BBA6A2BC56A9157677D7B48AD2907927176F6B22E8A92F
6656 9863C9E16D9
Columns | 11B6209EO6EFE6ACBBBA2214EF5AEAB9D76645476B2C16B8D14E1AE
6657 A85188835922B914D3F32FE05B7987A2516B3D3C8983AE176DFD04349
7168 359B422E1E
Columns | 01CC2266F2B68A4323F8931D7AA37B1CBD70DC2FEE91592327207AA6
7169 795150A0DC918704A1A293778FE75A99FDCE77E820D0905EF7ACT72A6
7680 487A6EQOFE
Columns | 03F42D94FDE1C13F958DF61112DB4A27A8A8EF35087FD089729F0864(
7681 6CCB2B6CBD91A9A7B7B31EO8SEA3570A6E1BED495FC84FACD829F323
8192 1D1DC574B67

Row 2561
Columns | 900AA496432959141795C615CBAEA98002440A0D447EF990435E452CC
4097 O3BDEBCBA3EEFC7A7CE71EB54B1728AEA9EDE70A7E6A1AB8AEB6168
4608 9A899738CCB
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Columns | C5B7A094AEBEASEC95A414A8DESD3DBEG745CB0D330B78435AC2BB¢
4609 6BB2D43A19EAD3B3D9536D0BB92DB949570981C22805E7DEA452FAGA
5120 84EDC4324A7FB
Columns | EGA9CAF4EE48400720B8F84CAC3A42483B7E571846E2A5F77A983EE3
512% 9CEC2D99878FFSAAO6ACAOCBBAG3B36985E0970761E7F837650BC46(
5632 2EB1AEFA95
Columns | AC4AD8AA5C970BB55FDF3408356C9EB2683B6FEES593736B66B49C055B
5633 03EEF3C7CADD15C9B86DCA626E1ABF4B971D04COA9ASAEF8305C3D
6144 CC02C32FA91E
Columns | D8949EFS8FEADF7DA39D395B52D2779A0B305C4FD10C33A4348789670
6145 1B4835C035CA5802C37F6DC1E39AC30337253114176BBB26576317C72
6656 8F179A5A
Columns | A200FC35B6A0934D57543A60F6114B7B0D78D8DD8932538E545D806A]
665+ E47390F092501F4A470CF7B1F9144D0A8F1B0OC3D607930A75E5A15023
7168 EEDB4C10B
Columns | 217C8EB38D4D2A0EF12557321D504ECA670B41E496441FDE341F0232]
7169 4E3F4158FF6FAEAECCO073AA811DD450F528BC6095868B7BF95392605¢
7680 09ESFE36
Columns | B82831B150B80A736D6CF7B16660ADCD5E1F4ADB96E36E33DCC2F150¢
7681 B8BOF2A4EC362FBOCF7B8B3B08D6CD1AF7440729D4C3C02627AD87 3!
8192 C94B2EBAF526

Row 3073
Columns | FDB4463E6F8FBAF565B1C3320F5704A87309E529842378ECB733784F1
409 85F4F87FB0525C7C4D307061F/4DE2FB3BDFBC77EO4EAB75A64FFES]
4608 AB925E807
Columns | 1D1101A16A2C41DBDCA94C128560BEFDA4ECAGF22B44C6ES5085A23F
4609 O06E4FD870FAA789E03FC37086E67B69FC8EB6421AA57FBA27866DFF7
5120 SFEDA21FC51
Columns | 7T6EE3CB2C4A8629C20FC646A7ADF2A4BE73DCEF53FC926067EB9964
5121 BCEE403C5642CD2F8084E0C14D3627FAD9F0180DADF07331246C007H
5632 95CC9B451CC
Columns | 3638887EB493F5EE3361F07EO0F115BC04AF404BE6BA3467322B37A8KE
5633 FA47710D56C3BC751892CFD12F29CC4319D0562005562D05261D39FDF?
6144 11EG65BBE
Columns | AOBFO7C52E9A9ED7AC3FOFB9196A450E162009509F20BEE74FCC6316
6145 824D93CBAC25E470A7468A629EB520E980DE31F8C8873F4ED21B57AA
6656 F43A5754359
Columns | CDO89ABES548975678C2123223CF3F345AEO0CECFOA3726BFBB130E341
6657 874B6C4CDEFCOAOSD7DA1EE475E5407F1535399086700874C13000E2E
7168 DF3EEFB65
Columns | 4BEF6F2B4137DC6EF197D514E904B8F31BAD6C846D6BD7D7480F4818
7169 57B4C7F53F168E48020273702071EE48EC53422C71C90AA0262982B82
7680 F3100D8A
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Columns | EB3ESF033DA73FA82B3B93E50C60E5936A07D3218946588D0EFB39E1
7681 COFBO9DBA8B7DAS0C4697EE2ED72B004301019E595B92A2F55F7F1B37C
8192 OB79057F52

Row 3585
Columns | 59CA13359E16B10A7F8778BBAF5D45E32C643B524022FE777A8F557C1
4097 1D638E84BC4DBB1CE5866CD0OB89C1CC5C6F7BF7E25D2B4FC28A16E!
4608 FBBFAC4F4BD
Columns | A612F30067700487B6584B1AD578659FC2B7443228B2B7B443882DABB
4609 739CB9660F530631A2CFDCBE94D21692CAC01DA9EBS5048FFF17BCA4F
5120 57E8CODF1F
Columns | 29E0573D85359FB7924AABBDDDCD26F5740FFA6824FCFCBD53BF1DF
5121 87E0667641DD3F82962F5E6EA26461279B0F69479645462983DBBBCC5
5632 A90255121EA
Columns | A97C7B71923F0382DF60C9E34D84CAC289B578899EBCF924F4304B80!
5633 9887B1198F074143DCC4324D7DF301466AC97903E688DD2E9186EDD?2
6144 C34202AA3
Columns | 90815D489B715FF604788F335322DF5C8856FD85F753785A96F4B25619
6145 58C69D3F99A8ED1BE99C3F5A14B19B37ACT729B3F35ABF52006E814B5
6656 45FA3FD
Columns | 86A5A2038BB67CF8225BCCF7A587E0D09B47D26BC4DB017F6A77B6D
6657 AF5B117E399D8A336358D4AABE9CB8E7EAAF6447638F2DC66EF65C10(
7168 6EE202013042
Columns | AD845A43D23E66FBA72D9D56457D66C7E44D98ED1E5F1D063A5D0104
7169 30E9C2EDED8SBA9DEESFODFF91CD887F097B9A2DFO0099E278C253E0A
7680 C7A2D81078C6
Columns | 680566EA7A1E724A99B5D7099AED278A3065BBC64BED441154DCD346
7681 8C9771648D55656B16CF012D0C6EC8F616D3B758089A8147D731AEQ77
8192 7204256F93

D.4.c. Code Rate =2/3, Information Block Size = 10RH4= 256

The first 1024 columns db form a 1024 x 1024 identity matrix and the remaining 512
columns ofG form a block matrix composed of 16 rows and 8 columns of circulant matrices,

each of size 64 x 64 he first row of each circulant is given in hexadecimal form&table D-6

according to its location i®. Subsequent rows of each circulant can be computed by applying

the corresponding number of right circular shifts to the first row.

Table D-6. First Rows of Circulants in Generator
Matrix, r=2/3, k=1024
Row 1
Columns 10251088 51236781781D416A
Columns 10891152 BOC8419FA21559A8
Columns 11531216 5F14E1E4D88726F1
Columns12171280 762F6ED6CF32F06D
Columns 12811344 8ABFD971E17A0BE9
Columns 13451408 A5D147741B698D14
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Columns 14091472 2A58AB30E2BC32D3
Columns 14731536 9F251FBC5DB8C768
Row 65
Columns 10251088 D73C205BBEB231CB
Columns 10891152 CAB5EFF5B2C76C71
Columns 11531216 FA70FAD48828355F
Columns 12171280 68C6138FA5524A61
Columns 12811344 BB20031D7AA8FEG9
Columns 13451408 432ADE446F49CE27
Columns 14091472 5E5DB9CCCEBD1326
Columns 14731536 E8782B1B01F2ABA2
Row 129
Columns 10251088 4748E9513B41147A
Columns 10891152 17B1FBB78B4F914C
Columns 11531216 281F5680BA56DES0
Columns 12171280 74BOFB0817E33E2B
Columns 12811344 DD166CFB774B5959
Columns 13451408 AC7FDCEA4FECB5BE
Columns 14091472 ED747C81B540D66A
Columns 14731536 B2A6A2039A87967F
Row 193
Columns 10251088 4780DCB2DC5CBFAE
Columns 10891152 55BC8FF84EC89440
Columns 11531216 E5D411223F09979F
Columns 12171280 DDDE9D940A15A801
Columns 12811344 194064639D254969
Columns 13451408 1BE32DDC829B0032
Columns 14091472 1326515A22EE88A2
Columns 14731536 OEC664DD2D701891
Row 257
Columns 10251088 69748DFE6372F2EF
Columns 10891152 15F3BOD400ACDG68A
Columns 11531216 CF4144CE1FE2581C
Columns 12171280 79B1A55BA59E54AE
Columns 12811344 65A2B47EEBABOCF3
Columns 13451408 24DD87572CBOF71D
Columns 14091472 F24ABF15590F4DA6
Columns 14731536 9C3BAE51969C6502
Row 321
Columns 10251088 D3A714B60B22789B
Columns 10891152 3DF5504D80F54C5A
Columns 11531216 9D75CF1465031211
Columns 12171280 09834A0C9F659C99
Columns 12811344 B9241BDF76EB3788
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Columns 13451408 6F927251C86DECF1
Columns 14091472 390BE9F5BBB93D05
Columns14731536 C6F435BFA1FF96B6
Row 385
Columns 10251088 222461B658DC3E91
Columns 10891152 BO1DF2A2EAD2DAAG
Columns 11531216 5572EE6278F6F63A
Columns 12171280 17B63CB2FDA3B97F
Columns 12811344 B233BB259F3D83F7
Columns 13451408 F64760C774989384
Columns 14091472 46F57E03F55B1C0B
Columns 14731536 5AC8A6CEA05466C1
Row 449
Columns 10251088 AE8825521F85CA31
Columns 10891152 37BEED74B5303407
Columns 11531216 751FC9A15FCEE486
Columns 12171280 93FOF69BD04E72A4
Columns 12811344 COEBFA3F49DF4DBB
Columns 13451408 03E52D815DC99A1D
Columns 14091472 98FE8BF01BB2CD6D
Columns 14731536 009C5290D81A18F6
Row 513
Columns 10251088 AFFBAD88545CAA95
Columns 10891152 0C74659FA4828CA3
Columns 11531216 60CE56E32DA28B2E
Columns 12171280 299D4BF82FE54B81
Columns 12811344 51047BE3B3AE4F4B
Columns 13451408 F3AC9578B9477A4C
Columns 14091472 3730F81F92767E11
Columns 14731536 0O4E84EC3A3AD1F19
Row 577
Columns 10251088 2DOEOCABBEDD2185
Columns 10891152 CEFBES8SF2F538522A
Columns 11531216 92DAEDC?22C441893
Columns 12171280 BCB999157B35619D
Columns 12841344 069951BFB90A0SE1
Columns 13451408 54C7E270CBA1656E
Columns 14091472 7FBBB806B6A06FB3
Columns 14731536 7224943B1C3A5723
Row 641
Columns 10251088 1BAA14752EFCEBCO
Columns 10891152 CFF0894975557623
Columns 11531216 FA95908DC3F34D48
Columns 12171280 FECA650999A26E91
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Columns 12811344 245433EBBE9CDA13
Columns 13451408 5771EAFFO9B02D8SFC
Columns 14091472 BCEBCA573D3775C8
Columns 14731536 1E46F2B951DOEAAB
Row 705
Columns 10251088 32942F7F4743DDF4
Columns 10891152 8FA2F60AD62095EF
Columns 11531216 80E4A736B5E1A3A3
Columns 12171280 0119062872DAEDF4
Columns 12811344 E78006958CD99F95
Columns 13451408 D20625057C99C7A3
Columns 14091472 B569736DE2167610
Columns 14731536 OE1C6183ADF09FDO
Row 769
Columns 10251088 E5C492DBB48B319A
Columns 10891152 E2D83ADEFEBBDEFE
Columns 11531216 AA944EEA53C77DB3
Columns 12171280 OFAA85D9C13B1F73
Columns 12811344 8ACED57F3BE4E807
Columns 13451408 33CB72627624F426
Columns 14091472 AOC6E669B5C74980
Columns14731536 ABBAEFEA2D3B69AA
Row 833
Columns 10251088 F8366DDAES6A6DDC
Columns 10891152 FDED5582F4EA6525
Columns 11531216 4C9628278ED17036
Columns 12171280 6E711B6D20A67966
Columns 12811344 3B28BDF004C21B93
Columns 13451408 1BC37B730FFC1786
Columns 14091472 5D20C81D345FE4B9
Columns 14731536 1D14A5663D369A93
Row 897
Columns 10251088 5EBD4BD39B2217D0
Columns 10891152 56833BE1CDDBAG6BC
Columns 11531216 B288169B4E3BB726
Columns 12171280 C2ED28FBFC395D1F
Columns 12841344 035B30C68F9A6B6F
Columns 13451408 539836A6E56A7B16
Columns 14091472 CEB1525C6ADB65A5
Columns 14731536 5F71754AA458B11A
Row 961
Columns 10251088 0DB9D180B21C0B13
Columns 10891152 417D86C59DF33E49
Columns 11531216 183A8F6C44DAFA24
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Columns 12171280 4E224C180C1F0B45
Columns 12811344 C93CD9CA23658555
Columns 13451408 7DDEC5E9451AD519
Columns 14091472 B122C72A6177EE99
Columns 14731536 1290B4C6B007D973

D.4.d. Code Rate =2/3, Information Block Size = 408b= 1024

The first 4096 columns d& form a 4096 x 4096 identity matrix and the remaining 2048
columns ofG form a block matrix composed of 16 rows and 8 columns of circulant matrices,

each of size 256 x 25®he first row of each circulant is given in hexadecimal formdiaible
D-7 according to its location iG. Subsequent rows of each circulant cacd®puted by
applying the corresponding number of right circular shifts to the first row.

Table D-7.

First Rows of Circulants in Generator Matrix, r=2/3, k=4096

Row 1

Columns
4097-4352

80924F648C014F2C73889C8B87D0491FA9FA060D2902D7ACC8B679C
EEBS5D9

Columns
43534608

6BB9E9OF5C157AA1BFO3EF756245D9179063F2CD999EF1E7F7925B3
AC7B2D

Columns
46094864

6CD39516B201F491E2BDCA4E34542B5AF3703B3C8EE753FBEY98ES
FOB228

Columns
48655120

D1F551B2D7E7822F201E24066584D63CAAOOES8DBI909EB41C4157EBA
C76A50

Columns
51215376

F7C5731746C6DAC260A345189009C0B23372F1E9EOC5A079D00B091!
64B22

Columns
53775632

33D5F8A268041CAB66317898CD0024E3106EED5C2171B3F6276B8EA
A981EQ

Columns
56335888

010BFF3F52A49EDSYAGFA7F151FCC72B2AF3BD932065043F7447B4D0
A2B93B

Columns
58896144

F8D345E6D2B0008D1B363BFE296B55AF38E3E16ECS5856A122E4931C
2424B1

Row 257

Columns
4097-4352

A099B776C642FF1D84BODB797098E17E75FE9OBB5CF7FA8739711A89
DAF24D

Columns
43534608

3CA8DES500F68DB449BFF74251B24E4691EAF386C81014C91AC7002
095F0B

Columns
46094864

12CEE8B5F6B93C11AD628CB6CB81F76BE095C2C994A8BDDB4E2C4
42B4D481

Columns

48655120:

1F7E191B30ESFFD6D4A7EOBEF81BBBOAEG608F647B1AEDICCATFE(
98CO3FOF

Columns

51215376:

1132E816BDFAOC3450C3993911E10EB1097CD7A1F32C54C8B009654
B25A2D

Columns

53775632:

SFD58EEAED460CEFC18E2FBAD2954467E32118F01D05456DEA2926
761DF76
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Columns

56335888:

4C6C7BF3A2245C1B4630775DC59EA74A14EBCD8B5D72E343BC6F7H
452F2CC2

Columns

58896144.

CO9CE802B35EBF46D1F3069957DF1D152377F45ADF614CCOF5DABS8
394CCDO

Row 513

Columns
40974352

FEFBABCE169FD3775B2280EF3BD870FDDF7CB95F2943D0EEA84529
D1B1C19

Columns
43534608

O0CA5DBO06A87541C81BEF913D5145F20EFAD861F673B32028B471337]
56CE97

Columns
46094864

CA3F213365EE380F7E90466945BDE9F44087C8C73A7CCS5FODE71B76
018D86

Columns
48655120

A6CDFD8D8117748A4B41C3F5A66765495711EDCO02F9581F3E7C2EOH
04B03B

Columns
51215376

77DOEFS5DE2ACACA2A4371A5B111B877DOEDDF83C3341A5AA51261F
4B5A0D7EA

Columns
53775632

7C563512A6B73B3B43F8D1D113D751D6B2CABBC350FFOF8C29361D
EB87C8F

Columns
56335888

F6DFA5C672C2517931371ACB6462A596D41419CD4FOF84EFF98DCBE
10AEQ3E

Columns
58896144

05FF840FB320DD5C3FB4FE4AS5858510914A5161B2AD3C3E7FD02358
190FOF

Row 769

Columns
40974352

5B6D534EDE13068A2459CB07007121BOF07B08B8227047C1A629DCA
E30D28

Columns
43534608

5DO0E72E5B6AD57A9FOF9E0608702BDESBDBFA371C06D96BFEOEGO
5A875CB

Columns
46094864

692EB7DA76BDOD4AFE92FCB5B5184BAA3EEE37900144CAO03B7A22E
DE2F061FF

Columns
48655120

B3CDE2464AF1212979A99380340974A9F85478E5A2E8BO07E74EEFAS
7625E5

Columns
5121-5376

41AF736EO0AA1416EA676E43CFS5DFF372CFFC30D6COAS58A333268136
20033F

Columns
53775632

F50111382FEBA594C255896AB59C06638406956F19B67F80A3A72760¢
E7F6

Columns
56335888

DCB75287BE9A2620A1F594570B269097A51A32548BAA6DD9B429B8A
992C8C0

Columns
58896144

6210A36B63DE9C732339DC1AFA94CAB475574A6D1C4D0C17F148B8
12816B47

Row 1025

Columns
40974352

E24D7C17BCC46297EDC41AA9B5C9D93689843027C6A78449F8D151F
2BE98F

Columns
43534608

4544BD9E6975DDD4BC9B3EFADS0AFC582CAE269677B130FED2C39I
BDEES6B8

Columns
46094864

6A13BB53C03BOC8A4E0D1697322A1A3055054229A69B6CCB7E1FBOE
5B90CD2
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Columns
48655120

BE5C66B252E5C51D7D9E9E25922566C18F0234F2A330041AEC6A4F2
A2A30B

Columns
5121-5376

1EO04A65CFOBAO5C62B15FEF9967ECD975EC43C035DE4EEG6422237F!
4ACT746

Columns
53775632

4FDOC1AF8A61F56686326F93EF63E2C114D55726A5F74BFD99AET771
2DEGCF

Columns
56335888

A9CC4B50995A682C6F6F12C80929FF208C72007D6A253FD36DE363E]
F2B614

Columns
58896144

95F6F59DA4CE4BA4D6D4D371A2484F16EFA33CD34F71B81702F0E9
31B089D

Row 1281

Columns
4097-4352

E16A7B75AB838252D1840EF2935AA1CCASC8470F98202BABA93EEA(
43EES56E1

Columns
43534608

B2D767F35BOF34FCE855B53B6B8DB8DD08BCF47684E904FA47965D]
7897D1

Columns
46094864

3D38403A0D2696A767679C6F9CC37537A93A125CE7041ECAF39AD74
97ED13

Columns
48655120

AOCCD841B7CA93DB6F7039B929A820F55A95AA3786C96E0434DA46/
4653B1A

Columns
51215376

08A907831A27892D0ODD5B6CI9FCB5229C0C03663794A4E94E3FB22E4
EDOEES

Columns
53775632

53BCBD15AA8DEC3451CEF53541B04056E4DCA0393836E9B6DFCF9E
E901D933

Columns
56335888

BD160166307B70BE5618C6EOB4ADEBA46F65C69080D4C3FAADF1AA
911C2C69

Columns
58896144

42FB1575074655ABD1EFF5784CBE7FA0B110981C8A0BDF01C650189
COFC74

Row 1537

Columns
4097-4352

B403563011DDE16F92630CF312B3F7F495E74B3B582DFB9401F509A3
2528C

Columns
43534608

A81600F6437FBDO0FCFOE4AD41DE3598434EE3903CD1A17CF618ES8E
7/EBCAC

Columns
46094864

A1D7816AE33BA46E3A9D5B3CBDACF93D538802EDOFCCEFF193DB9
B79C7E508

Columns
48655120

54B42DDFAA7DE9B5299F4C1B5DA05487562D20349282F7061E3159E
B0O9DO03

Columns
51215376

E15D45F2D1694FF3FF1AA1IFC1ES8E3FBD6875B71B982AD5S7AC96CD
BESACC6

Columns
53775632

90CADDAD41374E4BCA29AAB22CAD61989158C474E0725B4C4C5442
A12D94D8

Columns
56335888

2827752CE49CB9C385AD35C1291109892EF85A7A6C043BD8E3BA4A(
5146FB7

Columns
58896144

87002794AC4020B7D229EAE70EO1E72F1772BODA401ABE2C2D487EH
24DC83

D-23
DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE



Telemetry Standards, RCC Standaf®-24R1 Chapter 2, January 2025

Row 1793

Columns
40974352

413A0F58974C76AB4C17AB24F37CB1055FC1827A1DDBO0456CCAATF
7CAG4FC

Columns
43534608

904E1D9338D0795C6844F79ED8B26A9D306F66975CE704A925E72EC
9188B

Columns
46094864

2B5EC3212ADF35954F1CDA9CB6CCC28E422F23AF81659F6E4AFDD(
FBSAD730

Columns
48655120

84D1CCA3B5036F031EEDEOF1121E6F62D232DFB74A0582EB3303D1E
10A6C9

Columns
5121-5376

221FOEFCA2C81259B57F8E6943D0CD36088A64DA7FE2EGE7EOFG3E/
3B8A79

Columns
53775632

57E9B39245C6173088B024F34ED7B64F8784413FF95E476474FECDAE
62E5A

Columns
56335888

807A807832F6AC83BC7CA7F754BBC7DE72CCC85425068F50ED5241¢
561832

Columns
58896144

1B9CF54C055FB01B40740A0D469855292AE8A0C58756BDD3C6DABE
551FDSF

Row 2049

Columns
4097-4352

DD8CE660B7403DC8672EAG620E65301B0865A23FES68C173669EE1D7
1BD748

Columns
43534608

3CCFAC84AB188D906D70525D092C3E2B46C6675C1CF4B30AB34602
3DA20B8

Columns
46094864

AO01DC1159652EA260B411971BOE3D0393C1E/5ABOEA462E1DO7D084
A9CFBA

Columns
48655120

4153E6B4F4687D434414BAA200FA38CE46B28D3B4055C633AADOED
CD6B415

Columns
51215376

5234FA7B72F478A193EC14698C611F3CB70BF72C15EODCE9CCO48A¢
C1F46A

Columns
53775632

969C10820390DF8D90AD0138202A32182398B70405520538D08C1F79¢
0755

Columns
56335888

53D8304A8B5213FF88DD1620B1A5125AF1CC9A07F95C61C5C6C625H
FCDBEG6

Columns
58896144

ED1EO6EC959FF323FD3E8AF3553D90BD529D699B08B873F164F59B1
22ACOF

Row 2305

Columns
40974352

ASCB8A02849509DECECFADD4C89C03A78E1564A548D89DECD90DDE
AC7964E9F0

Columns
43534608

545B207877BBAFB5SDED6AEAD3967CA72272E128C97B06868FD3BB8
6640432

Columns
46094864

2995ED49B525D47CE868EFD6FDBB0BB6975DC82C8580D00ABCBIFH
F532A0CB

Columns
48655120

9FOB1EC3BC16C2E7C94F5149D03677AD039452180B24DA434F5BBA/
CEEG4ED

Columns
51215376

910009CE6C11178F5BC794754EBA72003E9AS53CDA988B33CE2D0AOS
AACAZ23
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Columns
53775632

BFSA7AES5330F4813AE7F8E4F25666EAB3F0351BD34ABBFA8874D88L
C4E9385

Columns
56335888

45A0C20F7DFD392872ABDCB19E4F6F097044266B9EAGFOB318A5011
51E735

Columns
58896144

EES8F5FC44AE859564B64F3D173C58FAE938AFBO934CBB97245F7B1A
DD4C559

Row 2561

Columns
4097-4352

C7DF1E821B249BE35E6CAB842F3DFCD0141E428141C28BDCF54B09
29F6E2A

Columns
43534608

D8C083075232BDEADEA797B6C9E15606A72B8B48502B1C044BA89AS
BC54EBGE

Columns
46094864

718EF66E726EA72E631B9B22E193F012F3FB2D112468BODB89F0C3C
3E9B1

Columns
48655120

7D6BEBEAGAS522A10F46EC5A56E3F572586884547536AFFADOC82A42
AAAGAB

Columns
51215376

0B740E17EEF10A800DE1916C291C1535845114313E908D313B58018E
DED61

Columns
53775632

9A5F7429731308EFAB68D1725D8F9501234F9035869415A62262095D7
613A

Columns
56335888

9BDCBC26ABDE4672BESF130E1089BESBFSCAOED3FCDOF28B75CCC
822AA2EF

Columns
58896144

6AC735D6621C86CEA203E9E1FC993207EDC164396C7C8FF227F9297
13914D

Row 2817

Columns
4097-4352

8E1D4E308C03F66D73D76A715F859BEDBC8D709D4BEFC1558D74B4
0OA90ABA

Columns
43534608

B67C75041BFB3A61BBBB73DE2B3D7BB5CB254F10257495E3185C71(
59D9CDO0O

Columns
46094864

ACB7A163EB1E088624F946909B29B2C7373C5CF4F6B1F3A75DC49B]
B3AABS8

Columns
48655120

327C55142CE3D1382EA917A7C6730E01BAG6BA43767D53E84FFB7D61
EAD24AD

Columns
5121-5376

CFAAC26024A1D642C795400B8646533A435A4FEB99704FAFAE2BF45
D9AF093

Columns
53775632

53759538B5F4A8614F1AB4840CFC1EFD8CAFCB067C991FDF2658AB/
F8B0OB93

Columns
56335888

6B3A35CDECD26C58B9F1318AF46F13767758FCOF74B7DD050A9B1A
F98B930

Columns
58896144

4B4C20D040F3A8C746453ECE10COA1F4F74BDDB1ASFCFE1IDE2C19]
AS5E88F1C

Row 3073

Columns
4097-4352

A98B4DEG68DDB2434893BEF8F2CF8DB584CEE8FOE39D30CD4C87017
E6886F8

Columns
43534608

23024E83F777D7DFOD7E46A8B5FO9B1331D0OBC2F79BF5559C3241D58B
E7A665
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Columns
46094864

9E1DD50373C16CC97A5E390921B471EF5B39731CCC2CBDD0887608
FO9D974

Columns
48655120

9DF22EE3AB758F85FD490012FCFF20B3329A5648D25859036C0586Ct¢
6236C

Columns
51215376

BO09BA2650ABAFC45653D61D2BFA255DE767D0B25AC7736E8ES200I
EE3E28F

Columns
53775632

FD96F63D0A22CD574ED61899ECDEB4BEB333F994AC7791FFS89ECE(Q
57D4DDD

Columns
56335888

C2773C7DCE36709F70180CFFAE22AD44A4A20211224F8ECFB336A54
1A1F59

Columns
58896144

5C00C419C78A79ADA49562EFB784ECE44BAF4A5C1E75BD84DE7C1C¢
OF8B93A

Row 3329

Columns
4097-4352

DABOC7C65F0D096351BFSAOEE9CEF5F7756A9A47BAEE80420DEFAL
E74CF18

Columns
43534608

OFAB86E762595261852E38F9D797D4F796DA18169AFACI99E8235D4D
2BB887

Columns
46094864

15DOF65E9ADB2C67A887ESDBEFAE1080AC968F4C0OD673CATA74759
1B4E383

Columns
48655120

1B5641CE5FADEOOSEB947BESE20E7DDAF6372655825B3516F2EC5B!
687895F

Columns
51215376

2COBB35E3C3EDA32C19BFF6F3A2397A8E25C646059359D90A1372F(C
E250A43

Columns
53775632

8AABBF162C4499F2FECFA27F8D7582FB607B88D04F4A6100A3D2F8A4
A2E5ES80

Columns
56335888

D9C26C2A023943BC62F3C18658A0F5C64130BFFOD74BBB85EBFFFE
C94C6EC

Columns
58896144

0OAED385393F69FA9F7E69DDCO061B85E4E77DOBE2013061E94A0DBS/
995096F

Row 3585

Columns
4097-4352

775369B59AA940DA96B47429C339536B51ECCS59C60BAD762FA275A6
FO0885A

Columns
43534608

922A84AE2B06B4003C0A7BE22FB211365376C3FBFCO3EBODEA264F¢
B57EE2

Columns
46094864

E518ED3DD8553DC8815E57F23DADC1A3E99030AA02A3529604EE4B
D770F8E

Columns
48655120

8AB3C94077F85772647897A76CFE4EC56FCAA7A28968065CC73BDD¢
DA4D60C

Columns
5121-5376

9430FO05CFEFS8ACBBA73038463A9AD3BDESBA4E94FDA81C6C51AB3(
9201906E1

Columns
53775632

2613EFCF235670383ED865C6161C8A8958DC09289EA03658376277BE
E62AA

Columns
56335888

3C90B273B9870A069FEOF5164AA8F837B9905EEE7D3AEB794BA2FAC
4F1EBO1
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Columns
58896144

01C2973BD37D564B7D21243A206BD8A7B435428BA8DD3DB 704554 1K
EOOOF5F

Row 3841

Columns
40974352

CEA89305914BEB1BE84B59A4A18CC1AEB5CC96326ADC69F3B49571
C60BB6EY

Columns
43534608

DB38C42E2947EFC39D2BBFA07C18C320A22C7BO9C6CBFB72E6909BL
31B2E15E

Columns
46094864

ABECAG69DD1395554C852ED7EE6817A6152B39B42F6D7D56B781D18
8307C79

Columns
48655120

386FFC16B79E309255E7D5933870D116DE3828C68348493D8E288C8/
F741F

Columns
51215376

0936252D32CDEC49ACFE91F2BA885044EO0A9ADFEAS526F53641F97B¢
8C5972

Columns
53775632

FOD8560A97AFA4282DBCC4250B75A871276434FFA80959F04D3400D¢
37617D

Columns
56335888

799C3EDF3F1345908B306D8372A740E96707761FCCA9B861402134AE
8387F

Columns
58896144

F2DA8S6FE2BAATEG675DFDED45499AF1B40AE292B1DEGB7A7D4799C3
88177704D

D.4.e. Code Rate =4/5, Information Block Size = 10R4= 128

The first 1024 columns @& form a 1024 x 1024 identity matrix and the remaining 256
columns ofG form a block matrix composed of 32 rows and 8 columns of circulant matrices,
each of size 32 x 3T he first row of each circulant is given in hexadecimal form&tableD-8
according to its location i®. Subsequent rows of each circulant can be computed by applying
the corresponding number of right circular shifts to the first row.

Table D-8. First Rows of Circulants in
Generator Matrix, r=4/5, k=1024
Row 1
Columns 10251056 678ECB51
Columns 10571088 FE821D5C
Columns 10891120 FA5F424B
Columns1121-1152 F55927AA
Columns 11531184 3E826913
Columns 11851216 32E04B0C
Columns 12171248 4F88862B
Columns 1249280 803432EF
Row 33
Columns 10251L056 42B27625
Columns 10571088 9F8DA1E1
Columns 10891120 F8472D1B
Columns 11241152 D943D394
Columns 11531184 29261575
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Columns 11851216 BA434C68
Columns 12171248 18EF349A
Columns 1249280 27CA1CC4
Row 65
Columns 10251056 EC900397
Columns 10571088 64A4A063
Columns 10891120 9BCEC4A6
Columns 11241152 DO5BA70F
Columnsl11531184 E7155BE1
Columns 11851216 7FF09CC1
Columns 12171248 6E2E2059
Columns 12491280 7F1567E5
Row 97
Columns 10251056 5616101C
Columns 10571088 EAO6OE2B
Columns 10891120 B673068B
Columns 11241152 923BDF8B
Columns 11531184 B9B9343D
Columns 11851216 049C63A8
Columns 12171248 333E9CFE
Columns 12491280 809B362D
Row 129
Columns 10251056 9D41634C
Columns 10571088 404E17DA
Columns 10891120 3B4161F2
Columns 11241152 5235992E
Columns 11531184 EA4B4B8B
Columns 11851216 4690BCE1
Columns 12171248 FODA36A1
Columns 1249280 16439BB1
Row 161
Columns 10251056 5D7254B5
Columns 10571088 15B4978B
Columns 10891120 00D05224
Columns 11241152 107BD904
Columns 11531184 C85D7E58
Columns11851216 0451F1A5
Columns 12171248 EE9D1897
Columns 1249280 913DA6F9
Row 193
Columns 10251056 42819F61
Columns 10571088 343773CA
Columns 10891120 11A6492A
Columns 112141152 4832F43F
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Columns 11531184 849C11ED
Columns 11851216 FOFE864F
Columns 12171248 CC270400
Columns 12491280 9726D66E
Row 225
Columns 10251056 89EE2A44
Columns 10571088 685C1F67
Columns 10891120 1DF6E416
Columns 11241152 507BF2EF
Columns 11531184 8759C2FB
Columns 118581216 52162ABF
Columns 12171248 2B61D3FB
Columns 12491280 988708C4
Row 257
Columns 10251056 4A8FEAQ09
Columns 10571088 53452354
Columns 10891120 A33E2E73
Columns 11241152 271E8211
Columns 11531184 16DF62E5
Columns 11851216 0O3DF81F4
Columnsl12171248 8848BDOF
Columns 1249280 FO5DF357
Row 289
Columns 10251056 9BEOA7B3
Columns 10571088 617256EB
Columns 10891120 9A4D0BB4
Columns 11241152 FE3A3A19
Columns 11531184 FAAG3D9E
Columns 11851216 65328918
Columns 12171248 D699BA35
Columns 12491280 ACDEGFEO
Row 321
Columns 10251056 848B1FE5
Columns 10571088 OAB58A6F
Columns 10891120 341707F1
Columns 11241152 EF36474B
Columns 11531184 F623A7A5
Columns 11851216 A35EC9BA
Columns 12171248 24909B6E
Columns 12491280 64A7A898
Row 353
Columns 10251056 BDDF3BAE
Columns 10571088 7202FA26
Columns 10891120 86F90C57
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Columns 11241152 A0399F20
Columns 11531184 972B9A31
Columns 118581216 87B245AE
Columns 12171248 EOC5A338
Columns12491280 4959AAD9
Row 385
Columns 10251056 CF726C27
Columns 10571088 7B38429A
Columns 10891120 BA37C244
Columns 11241152 EE7717DB
Columns 11531184 E45C99CA
Columns 11851216 7E3E013B
Columns 12171248 7B800CA4
Columns 1249280 6527F2E7
Row 417
Columns 10251056 75C63782
Columns 10571088 1CC40137
Columns 10891120 51E69F16
Columns 11241152 414B155F
Columns 11531184 DF1964DE
Columns 11851216 F13C71F7
Columns 12171248 6E9EB044
Columns 12491280 6C5CECB86
Row 449
Columns 10251056 6F2A6DF8
Columns 10571088 9FF2BF82
Columns 10891120 D3625355
Columns 11241152 24466981
Columns 11531184 D5F14AC1
Columns 11851216 E1C24AEA
Columns 12171248 A8850D83
Columns 12491280 7A3C5120
Row 481
Columns10251056 BAABADC3
Columns 10571088 1ECF066D
Columns 10891120 76538348
Columns 11241152 FC5D4D54
Columns 11531184 43AD46CF
Columns 11851216 3342012C
Columns 12171248 63EBE2DC
Columns 12491280 D832EF8E
Row 513
Columns 10251056 E6EC82F1
Columns 10571088 AAAFE782
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Columns 10891120 14D89E38
Columns 11241152 23C83402
Columns 11531184 8B48D6BF
Columns 11851216 C823B89A
Columns 12171248 68A35626
Columns 12491280 E89FE121
Row 545
Columns 10251056 4BBAA331
Columns 10571088 20EC16C9
Columns 10891120 6ADABEO6
Columns 11241152 D803DA6D
Columns 11531184 FCC89D41
Columns 11851216 E57B10ES8
Columns 12171248 CC3FF014
Columns 12491280 4DB74206
Row 577
Columns 10251056 503FD586
Columns10571088 52F68B91
Columns 10891120 97D69DF3
Columns 11241152 129C764E
Columns 11531184 8B2143F7
Columns 11851216 A36EF3BA
Columns 12171248 7C27896C
Columns 12491280 560F67B5
Row 609
Columns 10251056 D70390E6
Columns 10571088 98B337EA
Columns 10891120 89568363
Columns 11241152 2A1681DF
Columns 11531184 4B4E928C
Columns 11851216 41EC3D9C
Columns 12171248 DFD92EB2
Columns 1249280 A5D5C85C
Row 641
Columns 10251056 2A5088BD
Columns 10571088 76CB6810
Columns 10891120 CB693D21
Columns 11241152 COE9EFD5
Columns 11531184 F992506E
Columns 11851216 299CE082
Columns 12171248 901155A6
Columns 12491280 OB93AA16
Row 673
Columns 10251056 | 18FEFECE
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Columns 10571088 B0063536
Columns10891120 95487089
Columns 11241152 4BB31BB9
Columns 11531184 66F3FD97
Columns 118581216 E32B58A0
Columns 12171248 2A39427A
Columns 12491280 5CD8DE9F
Row 705
Columns 10251056 1A8F8616
Columns 10571088 C5F7D2B2
Columns 10891120 5AD2BC4E
Columns 11241152 BF1E86DB
Columns 11531184 ACF7BFFA
Columns 11851216 F3589597
Columns 12171248 A777654C
Columns 1249280 12DD1364
Row 737
Columns 10251056 FFC0O3A59
Columns 10571088 DC450527
Columns 10891120 33B4C871
Columns 11241152 BAA2EA33
Columns 11531184 93A751A6
Columns 11851216 FOD72E4D
Columns 12171248 69B50C7F
Columns 12491280 F74151F9
Row 769
Columns 10251056 7BE8519D
Columns 10571088 AF6FFAFA
Columns 10891120 268DBA73
Columnsl1121+1152 A356128C
Columns 11531184 0418BE2C
Columns 11851216 1A43465A
Columns 12171248 60C6DF65
Columns 12491280 OE2438A0
Row 801
Columns 10251056 EC25DCO05
Columns 10571088 66AEE4A8
Columns 10891120 A72A030A
Columns 11241152 B11FB610
Columns 11531184 DD74DAF7
Columns 11851216 62F6D565
Columns 12171248 554EAEB7
Columns 12491280 15F7AE6C
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Row 833
Columns 10251056 5147F90A
Columns 10571088 FFOEECO1
Columns 10891120 12A9966C
Columns 11241152 871705B1
Columns 11531184 E935FF30
Columns 11851216 46E32957
Columns 12171248 546D69FC
Columns 12491280 B8A1BDO06
Row 865
Columns 10251056 6A80EAGF
Columns 10571088 71A29506
Columns 10891120 EF78AACF
Columns 11241152 8D52B5ED
Columns11531184 9F0A4966
Columns 11851216 61B3B68E
Columns 12171248 4B17AF96
Columns 12491280 5B282C2E
Row 897
Columns 10251056 75582272
Columns 10571088 16E54299
Columns 10891120 7D070B9C
Columns 11241152 AB130157
Columns 11531184 76C619D2
Columns 11851216 5500E2D5
Columns 12171248 1F980459
Columns 12491280 5D9C7F83
Row 929
Columns 10251056 6A0DDA1D
Columns 10571088 F6E8B610
Columns 10891120 25D0EOA1L
Columns 11241152 242749E0
Columns 11531184 FEDA4A06
Columns 11851216 072D69D6
Columns 12171248 03C7DA79
Columns 1249280 51AA3355
Row 961
Columns 10251056 6E9FEFFO
Columns 10571088 0797CBF1
Columns 10891120 E936C824
Columns 112141152 C9C1EAF5
Columns 11531184 D4607E46
Columns11851216 88ED7BOE
Columns 12171248 92E160AD
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Columns 12491280 | 731140AD
Row 993
Columns 10251056 32FEFCAF
Columns 10571088 70863B75
Columns 10891120 3846F110
Columns 11241152 C4E23DFF
Columns 11531184 79D3F753
Columns 11851216 064648FA
Columns 12171248 830452F5
Columns 12491280 BO9ED8445

D.4.f. Code Rate =4/5, Information Block Size = 408b= 512

The first 4096 columns db form a 4096 x 4096 identity matrix and the remaining 1024
columns ofG form a block matrix composed of 32 rows and 8 columns of circulant matrices,
each of size 128 x 128he first row of each circulant is given in hexadecimal formdiaible
D-9 according to its location iG. Subsequent rows of each circulant can be computed by
applying the corresponding number of right circular shifts to the first row.

Table D-9. First Rows of Circulants in Generator Matrix,
r=4/5, k=4096
Row 1
Columns 40974224 473BC533A12C3596F642673D0DBF1142
Columns 42251352 079A3868E1A6F556FODF3DCA4493AE54
Columns 43531480 AE4C50F12AEF6EEDEA9BB30605F4A24C
Columns 4484608 BOB2B4B9035331ABF53DE4752E7EDABF
Columns 46091736 E7EO8EF3E22EE7EFE645E9E59507A206
Columns 47374864 52E4A2C06270B2D1A418134BC0D58678
Columns 48651992 0A84E53303F4092DB47056AD3C0847AD
Columns 49935120 2DEF73813B17101E79A3A58A7E91C4E2
Row 129
Columns 40974224 667AA815610234DBA0FFA951CABB8BA7
Columns 4225352 A3271642E4BCDD24F8D89BD783317ABB
Columns 43531480 CC64FA95F06AE45C7E38935D78BF5F80
Columns 4484608 510CE9ABC6156F008B317C79E0122B09
Columns 46094736 3CB09E20016A5F93E207C144E889F3B9
Columns 4737864 AE6185E4345C5971E03AD499EF850D33
Columns 48651992 FA8B392CE78B5712290CB2F518F3EOCC
Columns 49935120 429C39F0915EB60CA0545B6AB2967149
Row 257

Columns 40974224 FE9FF6C26898CB926F9BCD129AA52083
Columns 4225352 3FC159DB58B64D39CB27847434F177E2
Columns 43531480 E040D71365D96A1D54FD20051D3A50E7
Columns 4484608 ESAC736B6D2BB5468FBF68DDF5789C2F
Columns 46091736 4954E4153CFFOF52F8F8F5B243A03E2B
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Columns 47374864 99A1DDD23204D103E323158EO0FEE7673
Columns 48651992 43C2A07046BA1B4307BA6CEC7D740CFE
Columns 4993%120 CB4E113F94C6CAA4652EFD867B43D199
Row 385
Columns 4094224 081E779BF01F34C97337A3ABC8698644
Columns 42251352 9COE794155E27547283C1AB2706A388D
Columns 43531480 FBODFD194731EC2AE99EA6B641B309A2
Columns 44844608 258D45A1BBEAFFC787E61289A54A2473
Columns 46091736 FDF3E96C7679E979911C4BE65A333250
Columns 47374864 178259F846AA95577C2EC448EE709423
Columns 48651992 A61BE7CCEDO0342965CA234AF02914916
Columns 4993%120 E045B3C585714F272D40C8085AESE8SF4
Row 513
Columns 4094224 7FB352B26E544BDC18D76B323C3CE1BB
Columns 42251352 8421967EEO08A6F719B675F06F13FF05B
Columns 43531480 672C29DC5B80E18E2F4C42D0OF6D5D6D4
Columns 44844608 7DEO72F73A8015862A275B2CEA2FFC1C
Columns 46091736 284B87ABA22362D98952442BBDFBF4A3
Columns 47374864 2B798BCD5D8C0B02BBESDE4A96569F99
Columns 48651992 409E72F4138595F8B3C14074BD8E33EO
Columns 4993%120 3B07838358BBAE631C8258D6B07D2E1C
Row 641
Columns 4094224 403149A1C88E4D4893FE719B2638B7FF
Columns 42251352 9886F3E90FC018699F3B39183F2219DC
Columns 43531480 F5BOD3AA451225867913FF8FF979BBEOD
Columns 4484608 795DFCBCC98210C028FD21380EBDDABH
Columns 46091736 OBBEOD91FA504DC4DC8848AEA001577F
Columns 47374864 51653E755F6CB4F75ACE347EC899304D
Columns 48651992 1DOEE239D8A6C2E2EA13D4CFB3394FCA
Columns 4993%120 BF707E3ACD882B91FDDD44A7EAOD1F30
Row 769
Columns 4094224 14EB386A5A4524983682993353F8D76E
Columns 42251352 F9850534D2FB4F19F787897435C5EBOF
Columns 43531480 B680840F8D34A0995BA0A94E309A9194
Columns 4484608 6C66CAAO0567BFFD609B6484BCD477702
Columns 46091736 B62A4053A6916719693D50608EC1D717
Columns 47374864 23C38E6F64963EES836ADC6BBF39F4CD1
Columns 48651992 A40947C16AEADA43F621457BDB766A157
Columns 4993%120 DD6118ACF503356D0B3479828C296016
Row 897
Columns 40974224 AAB1061ECO9FA6BA21E81D7E22D3A7ED?2
Columns 42251352 F902B6C336258F5B6B54628AC96116DE
Columns 43531480 5968E3167BB1E221714BOF4B3B9D7EOQA
Columns 44844608 F12374361559D0FOEOC7FCC959B1A9D8
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Columns 46091736 C103B779B3A769AA8D955160E4B9FOB7
Columns 47374864 231B28EOB7490C8EB883F29AF6CCA4F12
Columns 48651992 A7D1FA32F82AAF128FBC6AC53532AB89
Columns 4993%120 17AC06392CDAC681817D2F5475016296
Row 1025
Columns 4094224 434D8612F27169A49ED244393B87DB5E
Columns 42251352 B66D806A5A9ADF46D83C7DCFDB4B72CA
Columns 43531480 A78E0C64307885C6E67C870BD21EC431
Columns 44844608 11B79B0OBB0OB977D9792535C16AA7D982
Columns 46091736 B597FD60982B8C42D019390EFA14B3D5
Columns 47374864 C57FF5CFA1C438AC576782A5B48B78AA
Columns 48651992 AE278E95DA048F720B7DB5FB6488287B
Columns 4993%120 893C7E7EBDCB6E5SED5DB819D8901B32C
Row 1153
Columns 4094224 B7BA8906FC3AEADE22254872ECA99117
Columns 42251352 74F39404FA2779FAC55D649E5A6AA628
Columns 43531480 4A1F8910EBF76F2F4E3EF686266CEBBS8
Columns 4484608 8363A57CF1377C68419BEFEG6C848FEDA
Columns 46091736 8F141154BFA88D31446EF367ED965F98
Columns 47374864 1242B3F840426E98010B84A957090390
Columns 48651992 9CE9EOB619E61C4A481F1DD44360BCAC
Columns 4993%120 0938AE511B2B47A42F5F59FBF547D991
Row 1281
Columns 4094224 85B68FFC07A32A495D9A708FAECD2C41
Columns 42251352 69CFDFFD21D6B2CF3F91CF5820823B83
Columns 43531480 7D62406050908C82C21CF32B862166F2
Columns 44844608 82AF2DFSE6CADB5D043FBF863ACE6599
Columns 46091736 700097EE5FDDD825468C544985C983CE
Columns 47374864 69EE0178288A8E1A12009EBF2E4382DE
Columns 48651992 2B8D59DE631991AE1B67C70786B43BE?2
Columns 4993%120 860FC3354C9FE4253EBF307D1C643E22
Row 1409
Columns 4094224 905330D76B16340120BB399A08061CBE
Columns 42251352 9D5765CE993D7092A8150DE46D6CA810
Columns 43531480 E03534D4DA2B66A0OBF2AEF3B833E18DF
Columns 44844608 6C1COD9EAB1E26FD2481F6BB6AB674C6
Columns 46091736 D98BD8D3FCOE0557352CF52EEA654A92
Columns 47374864 ODF8D4BOFD41AD3EE547119C2446F840
Columns 48651992 4C1F458D1E2F4B70D9023FODFCO6EFE9
Columns 499356120 24349C5D9DE2B048DC74D3EB888043526
Row 1537
Columns 40974224 E864E5EE002EB3B4C31A8D3B3E22D2C6
Columns 42251352 B3C4136542237F8E3C75AA228AB1B2F5
Columns 43531480 43DF20DF407EACB0CAF22FDDADD586CY
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Columns 4484608 9414219FF80742652531AC5CCOES52866
Columns 46091736 1A68E6BC5CA7FCA386396D0OF56A2E7A3
Columns 47374864 DOEC25B8DEAOSBEDBG6ASE6GCFFEC7B15C
Columns 48651992 CD48176480B2EOFED349142BE9888043
Columns 4993%120 9A70BAD89B53A4461301DF6C1763EB6G7Y
Row 1665
Columns 4094224 5C9B0OF852875D4BO6EFA7FF418710592
Columns 42251352 6F7C0712083341F6A97F398A275243DC
Columns 43531480 3D046D9BOBOB6AB3FEB99F72A70BAF35
Columns 4484608 50F7B484C2530BEF63537B68BEBDCF01C
Columns 46091736 672E8B1DD956431036302F8557CBB4EO
Columns 47374864 C9CAD206ABOAD88C655E0F52C70AEEA]
Columns 48651992 FF7EC97F9439C9D4CD71487F10065DEO
Columns 4993%120 532339617D706AEFA50A23B90B57978C
Row 1793
Columns 409#4224 B7EOC9A5F3EF66BO9ABA49150144FCBEF
Columns 42251352 2C9E63DC18BESADDAOFD7E7E8SF7FCS5FE
Columns 43531480 5C55C60E14C3D7AC4D00D9F6C827E1EC
Columns 44844608 4E40D57E1740089DB1248707D195C038
Columns 46091736 4500AD976DD321E6133113D244711330
Columns 47374864 0260379D0A20D10A899019157631007D
Columns 48651992 4DF741A808694A9956E493B4668B67FD
Columns 4993120 F89442CABAA2262C398171D62E938504
Row 1921
Columns 4094224 CCF8A4E13D655D5591DC40D2C6607CEH
Columns 42251352 353E539A020B0OC608F843A855BA9B7AE
Columns 43531480 CD31CCCB9388FECDEBEE1CCF42943E7
Columns 44844608 9CA39E64D8ACOE23F15A0CB4C73ACB8(
Columns 46094736 3BFOFODA9576923D95089979081ACA77
Columns 47374864 359B090725B62278F00D0222CAD4COFF
Columns 48651992 4ABA29056D55C5AAD990AA10A9A1A9B2
Columns 4993%120 27A09750826682C157BD7CD2178FDC96
Row 2049
Columns 4094224 AFC3076AFBAFB82BA45FE8BF2628F489F1
Columns 42251352 2CFA95663A96A30FB3831F756D9E6GG6A
Columns 43531480 011EE24F6C5EE283C3EEO9A1D5FAF1BY
Columns 44844608 7B49CB7B94EDEB207221A9436E1FFDF5
Columns 46091736 5D36302EEBDD74AD27158F4D9DFOFAGE
Columns 47374864 497015959B333E79885FBE22B9B 72707
Columns 48651992 E330EEAD520B31BAD1A5DC55EF54193A
Columns 4993%120 D6C112F89677E27A26F1DC62E08DF49C
Row 2177
Columns 4094224 2DF5B0291E619A18D802502086037C46
Columns 42251352 730D20AE9364A6AD090B789D8AA6C6CC
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Columns 43531480 EA476A585503E90BCAAD943DD30E1BCC
Columns 4484608 1D5C236EDO1E9ESCBE94E96FA7252ABF
Columns 46091736 3EB2DB84FB4837EA5153CA825D11F86B
Columns 47374864 574E63C92DDOE75AD8DDFF2B37CC97C¢S
Columns 48651992 5E83299E60C44293BF0824C62EB7980C
Columns 4993%120 5678B852002834EB2D630EAC536FFB78
Row 2305
Columns 4094224 9A41F048C1C68187734BFB916EC3BFAF
Columns 42251352 4B23BDA1162B30CB7AEA9FO03BEBCF597
Columns 43531480 C65460BFAF9C8913608F9888E738F4A1
Columns 44844608 017AEE470FCA60F9711E9BESEB9BE7C9
Columns 46091736 4EE8869A59EDF8BDD52C5B5388B35249
Columns 4737864 8EBOD25B439273CA6545E82E69D8677C
Columns 48651992 5B23991A53041EA4B276405C156A9DES
Columns 4993%120 A90889BC74530A5F87CCF024E591E18F
Row 2433
Columns 4094224 22735E1E720A8B3C29A80F3696D6F157
Columns 42251352 F68ED2F2389D5D2CDC59D706495D815F
Columns 43531480 DOEE25B73218D5717572387BFA03A7C2
Columns 44834608 A0717B27763FE223BDA3EBODAFBEF276
Columns 46091736 9DBB8235D11298BEE28B39772ED91A35
Columns 47374864 92DE6FED2F6766E01DBA188153DEA205
Columns 48651992 48930E9A21873E62863CA15D6DB058D9
Columns 4993%120 61A29088FE3983D0OE1699EFOAAFASFD1
Row 2561
Columns 4094224 A73005690098889382252873E627D6FB
Columns 42251352 7862DESA3DOF1A9387963F38A82E4703
Columns 43531480 78BAB9252EE72FBOC798C7C684B6E789
Columns 4484608 B7480D9712BFA72D122F243674AD887F
Columns 46091736 EC1851EB80A37133B68FOF709DB32E05
Columns 47374864 A809CB3638414FD6E156821BDAC256E0
Columns 48651992 B75342B6CFF7ED428521AB48A4C55D66
Columns 4993%120 C9AB047D79A484289C820EBFADD87251
Row 2689
Columns 4094224 A69C02525644F41D03197EF26112D606
Columns 42251352 3DF71AD0410035AE1AE7BOAB310B6967
Columns 43531480 C4F82E31B4D9B491EF8E4992FDBA61B0O
Columns 4484608 B6B367CDESDEOCAE22875F641288E733
Columns 46091736 5C142A9C7C2E259BD38D66117E9E861C
Columns 47374864 D27BF85E8EEE1920B57D0C62B512E2D6
Columns 48651992 68B4500340B7B92EDDO5A44D36AC1651
Columns 499356120 AE77C4ABE92FE174B5D9F79070685288
Row 2817
Columns 40974224 | A22B2A6C9A75D7A6EEASAODF8A4950E2
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Columns 42251352 24C4830123FAE1EB6EBOAC9C2D8C508E
Columns 43531480 1BB99D6785EBCCDD9CD6A50CF53CCAO
Columns 44834608 0624E36FD0817F2E198340098E60DFBF
Columns 46091736 A4EB92DD48085594C6F755C563F35020
Columns 4737864 04BDFF9A2309C6E673CEO8D94A45BBC4
Columns 48651992 8BB8EC43906C28869AD4E41FB147A7696
Columns 4993%120 8AB66E9B68FAOOBEFO90D3EO078D0OC6FFC
Row 2945
Columns 4094224 89A79E9CFOBE90A3D86305B6491A49B9
Columns 42251352 222A27A68236765AB32D41B1E0616C83
Columns 43531480 99931668E57EB6378C8F4ED1C27BEDD3
Columns 4484608 35166846D0C673B9A8D2184C1901433A
Columns 46091736 4D768A5E0109B5CBC198869334D81C43
Columns 47374864 2C6A48CC47FD21F9608107FF80FE37AA
Columns 48651992 4DD3A7395630BE4B64F776C5FC6B2C31
Columns 4993%120 4DC16B1E2B2A7F6EOE9FDAE3B60F8FAA
Row 3073
Columns 4094224 CFA794F49FA5A0D88BB31D8FCA7EASBB
Columns 42251352 A7AE7EEBAG68580E3E922F9E13359B284
Columns 43531480 91F72AE8F2D6BF7830A1F83B3CDBD463
Columns 4484608 CE95COEC1F609370D7E791C870229C1E
Columns 46091736 71EF3FDF60E2878478934DB285DEC9DC
Columns 47374864 OE95C103008B6BCDD2DAF85CAE732210
Columns 48651992 8326EE83C1FBA56FDD15B2DDB31FE7F2
Columns 4993%120 3BA0BB43F83C67BDA1F6AEE46AEF4EG2
Row 3201
Columns 4094224 565083780CA89ACAA70CCFB4A888AE35
Columns 42251352 1210FADOEC9602CC8C96B0A86D3996A3
Columns 43531480 COBO7FDDA73454C25295F72BD5004E80
Columns 44844608 ACCF973FC30261C990525AA0CBA006BD
Columns 46094736 9F079F09A405F7F87AD98429096F2A7E
Columns 47374864 EB8B8C9B13B84C06E42843A47689A9C528
Columns 48651992 DAAA1A175F598DCFDBAD426CA43ADA4TY
Columns 4993%120 1BA78326E75F38EB6EDO09A45303A6425
Row 3329
Columns 4094224 48F42033B7B9A05149DC839C90291E98
Columns 42251352 9B2CEBES0A7C2C264FC6E7D674063589
Columns 43531480 FS5B6DEAEBF72106BA9E6676564C17134
Columns 4484608 6D5954558D23519150AAF88D7008E634
Columns 46091736 1FA962FBAB864A5F867COD6CF4EO87AA
Columns 47374864 5D7AA674BA4B1D8CD7AE9186F1D3B23B
Columns 48651992 047F112791EE97B63FB7B58FF3B94E95
Columns 499356120 93BE39A6365C66B877AD316965A72F5B
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Row 3457
Columns 4094224 1B58F88E49C00DC6B35855BFF228A088
Columns 42251352 5C8ED47B61EEC66B5004FB6E65CBECF3
Columns 43531480 77789998FEB80925E0237F570E04C5F5B
Columns 44844608 ED677661EB7FC3825AB5D5D968C0808C
Columns 46091736 2BDB828B19593F41671B8D0D41DF136C
Columns 47374864 CB47553C9B3FOEA016CC1554C35E6A7D
Columns 48651992 97587FEA91D2098E126EA73CC78658A6
Columns 4993%120 ADE19711208186CA95C7417A15690C45
Row 3585
Columns 4094224 BE9C169D889339D9654C976A85CFD9F7
Columns 42251352 47C4148E3B4712DAA3BAD1AD71873D3A
Columns 43531480 1CD630C342C5EBB9183ADE9BEF294E8E
Columns 44844608 7014C077A5F96F75BE566C866964D01C
Columns 46094736 E72AC43A35AD216672EBB3259B77F9BB
Columns 47374864 18DA8B09194FA1FOE876A080C9D6A39F
Columns 48651992 809B168A3D88EBES93D995CES232C2DC2
Columns 4993120 C7CFA44A363F628A668D46C398CAF96F
Row 3713
Columns 4094224 D57DBB24AE27ACA1716FBEA1BSAA1086
Columns 42251352 7B7796F4A86F1FD54C7576AD01C68953
Columns 43531480 E75BE799024482368F069658F7AAAFBO
Columns 4484608 975F3AF795E78D255871C71B4F4B77F6
Columns 46091736 65CD9C359BB2A82D5353E007166BDD41
Columns 47374864 2C5447314DB027B10B130071AD0398D1
Columns 48651992 DE19BC7A6BBCF6A0FF021AABF12920A5
Columns 4993%120 58BAED484AF89E29D4DBC170CEF1D369
Row 3841
Columns 4094224 4C330B2D11E15B5CB3815E09605338A6
Columns 42251352 75E3D1A3541E0E284F6556D68D3C8A9E
Columns 43531480 E5BB3B297DB62CD2907F09996967A0F4
Columns 4484608 FF33AEEE2C8A4A52FCCF5C39D355C39C
Columns 46091736 5FE5F09ABAG6BCCEO02A73401E5F87EAC?2
Columns 47374864 D75702F4F57670DFA70B1CO002F523EEA
Columns 48651992 6CE1CE2E05D420CB867EC0166B8ES53A9
Columns 4993%120 9DF9801A1C33058DD116A0AE7278BBB9
Row 3969
Columns 40974224 4CFOBOC792DD8FDB3ECEAEGF2B7F663[
Columns 42251352 106A1C296E47C14C1498B045D57DEFB5
Columns 43531480 968F6D8C790263C353CF307EF90C1F21
Columns 44844608 66E6B632F6614E58267EF096C37718A3
Columns 46091736 3D46E5D10E993EB6DF81518F885EDA1B
Columns 47374864 6FF518FD48BB8ESDDBED4ACOF4F5EB8Y
Columns 48651992 BCC64D21A65DB379ABE2E4DC21F109FH
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| Columns 4995120 | 2ECOCE7B5D40973D13ECF713B01C6F10]

D.4.g. Example Data &t Patterns and Resulting Parity Values

The following examples are intended to provide a meawsrity parity generation
correctness for each of the six LDPC variants. These examples are provided for the purpose of
LDPC encoder design verificatiomere generated using fixed test pattern data bj@cic
provide the corresponding parity values for each of the standard rates. The examples include one
fixed test pattern data block for a block size of 1024 bits as well as one for a block size of 4096
bits along with the resulting parity bit resufor the three different rates.

D.4.g(1) DataBlock (k =1024bits) TestPattern Information
The example test pattern for this block size consists -dithéaluesthatcount up from
zero with a trailing 3it frame sync occupying the last two words for a total of 64ilL6
values. This example data block was used to generate the resulting parity values for the three
standard code rates.

Example 1024it test pattern valigein hexadecimal are as follows.

0000000100020003000400050006000700080009000A000BOOOCO00DOOOEOOOF001000110012
0013001400150016001700180019001A001B001C001D001E001F002000210022002300240025
0026002700280029002A002B002C002D002E002F003000310032003300340035003600370038
0039003A003B003C0O03DFE6B2840

The following are the resulting parity values using the above-b@2dst pattern and
applying the proper code rate encoding computation.

Parity (Code Rate = 1/2, Information Block Size = 1024, M =512)
88C25789C85FFC52B331FFD279EB689EAF7007024078EDE8248057851F3E877693663BEA
FFE58810265686F4C51B698F366584549FA83C52FA23AC7AE1AF2D0D10268182D4E3B82
98990A514A6854A3D6FEFF59B69296BD601B16A7C1E827A2DC13045F1EA883A7F7ADF
621666D0865DCD14B094C280CC9E0948F460EHPP

Parity (Code Rate = 2/3, Information Block Size = 1024, M = 256)
D4E830063C6EA310B7DC85CCO5E7E7721078503EDO061FCA7B796F1612C79A6B89171D
8AF5D773868EA94F2DD722F0F7952AE2034E6CCFOE1DDOFC5224B2AF3F

Parity (Code Rate = 4/5, Information Block Size = 1024, M =:128)
799EEOCE3994059D9FA69D26C6A0DFIBAF29C7B008F16B88A020056356BF8915

D.4.9(2) DataBlock (k =4096bits) TestPattern Information

The example test pattern for this block size consists @fithéalues that count up from
zero with a trailing 3it frame sync occupying the last two words for a total of 256it.6
values.This example data block was used to generate the resulting parity values for the three
standarctoderates.

Example 4096bit test pattern values in hexadecimal are as follows:

0000000100020003000400050006000700080009000A000BOOOCO00DOOOEOOOF001000110012
0013001400150016001700180019001A001B001C001D001EO01F002000210022002300240025
0026002700280029002A002B002C002D002E002F003000310032003300340035003600370038
0039003A003B0O03C0O03DO03EOC3P40004100420043004400450046004700480049004A004
B004C004D004E004F0050005100520053005400550056005700580059005A005B005C005D0
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05E005F0060006100620063006400650066006 700680069006 A006B006C006D0O06EOO6F0070
007100720073007400750076007700780079007A007B007C007D007E007F0080008100820083
008400850086008700880089008A008B008C008D0O08EOO8F0090009100920093009400950096
009700980099009A009B009CO09MHEOO09FO0AO00A100A200A300A400A500A600A700A8
00A900AAO00ABOOACOOADOOAEOOAFOOB0O00B100B200B300B400B500B600B700B800B90
0BAOOBB0O0OBC0O0BDO0OBEOOBFO0C000C100C200C300C400C500C600C700C800C900CAQOD
CB0O0OCCO0CDOOCEOOCFO00D000D100D200D300D400D500D600D700D800D900DA00ODB0O0
DCOODDOODEOODFOOEOOOE100E200E300E400ES00E600E700ES8O00E9O0O0EAOOEBOOECOOED
OOEEOOEFO0OFO00F100F200F300F400F500F600F700F800F900FAOOFBOOFCOOFDFE6B2840

Thefollowing aretheresultingparity values usinghe above4096bit test pattern
and applyinghe propercoderateencoding computation.

Parity (Code Rate = 1/2, Information Block Size = 4096, M = 2048)
AE1BA1553F901C1966B2115918D55011CF585B2397867854FBEA39176232555211A92640
C1105814503C7F2096343AD836CCE6733793E2D45EBEC36E42993424690A1B95341E0B8
ED20D1DAC0400817DBC8BDF995402928C67602BA3448805F80DA2D4632ED279F0C5C2
A6BA4B9386FBC5E4121AD98BOC2FD18F4A97703B9012D278E0F46F2822EDDOB57B
B165C45407A53E42BB05FC4A97005E1E677DBEASEBEE1ICA4FOCCC7C31EDA7065A57
A49BBA775914EAFBA330239F955DDEB32061DD6D40D995B6C47BF1B08C38023837617
E53C82715EA4D11AE422ETEAA97A35DBC62A475359826B7A9EABBGESA3B7B4ABC
BF32C2D9CC090D20F320CAAA85759BCE91ASE32068A60B2EAECOB321D6F22F31F91A
6C73FD94EA4F26D91F88F353293177938276EEC3AF050BC3FB8F9258B88423BESAOF8A
EC609971D0B22752161A81FE5BC88F396C73430FF0B79B555440D17A1F0E9D5375B6D9
AD6337AFFAF743E7E198D8B45BCC80E27D3441D57F9C362A0385F0C2774E038E1DBAC
256BCD61AA2DB82681CABA315E759B1F24D6B729294B4C2DAB81A6CB701C564CAES
DDC3D281449DBCEDF2D1B6625781CC9CDAB32354F05548645AB2D720BC6CE69360D5
1D876B987FFF35C020D9FB6255B452A215B77810B7283(E28E288B2B8B3C2AFF023
3ABOAAT77E39466677AD8AB97363CE8FOBF4120333191CDFOE36E91ABF64

Parity (Code Rate = 2/3, Information Block Size = 4096, M = 1024)
5406F5FAD70A1D1012D88BFEBF612626CAE419504EED672004CFAA84FEG6E1B8B74F4
1B820AB5C9740171B8314FAS8CED9ES54812F5CB84C5ED3DDEADSB8993CEAG852F144E
DFE9F39BA1BDC299699965BEC1B5FAAA373668952AC4B53717A4285D40B6118672BA
D9AG6D2BCA70FO00CD4E99CCB726B7D15D893407E54CETM8R6BOB1A6224B7D8FCD
EBCB6EAOAD5SF049870AA8BB22DC6DB74C2B71E7D37CF7164E3E057953646BEB15C4A
06206D3A54668DD769457F25821DDB7CA45F5720E2CCE95F06287844A0E24CA1B7170F67
DD71AD528B85A6D28BE08F692F58A2D255913FB917264304B890F6348DAAFE421C3
B312A69E30F5B99D4DC008DC2722620B

Parity (Code Rate = 4/5, Information Block Size = 4096, M = 512)
29B2733B0F079239C6DF5D72D10F3BC5AC7DEAF808B3FF7F1ACOABF1991B77CC5086
D31E93D4C900840EE689B9C4D1400E99C64C71C9BAA48FASEA007B63964EBI65EC624
5F9084729C4C19BB42679924F88FFF268CF2BD1E23EDED11C2C444E2A29903778C846B4
EFBEO5B280AA42B661FE33B650F4F431E6EE7CAFIBBE9
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D.5. Synchronization

Current receiver/demodulator designs can perform either coherent-ooherent
detection and demodulatioho accomplish symbol/bit synchronization, the transmitted
synchronization sequence must contain sufficient transitions to ensure symbol/bit acquisition and
tracking At the same time, the symbol/bit synchronizer loop bandwidth should be designed for
optimal phasenoise filtering and symbol tracking performan8ence the use of LDPC code
does not guarantee sufficient bit/symbol transitions to acquingaintain synchronization, it is
highly recommended that a pseu@mdomizer be used after LDPC encoding in accordance with
SectionD.6.

The ASM, depicted ifrigureD-8 andTableD-10, is not randomizedRandomization
ensures that coded symbols are spectrally-wite, thus allowing each ASM to provide
synchronization for a set of randomized codeblaglks codeblock frame.

Transmit Receive
ASM ASM
Generate Detect
o
> _ Recovered
cogeblocke) ‘@ ¢ Ty o @ @ Codeblocks
(fram demodulator)
Pseudo Random ' Pseudo Random '
Sequence Sequence
Generator Generator
64bitASM  Randomized Codeblock(k=1024)
256bitASM  Randomized Codeblock (k=4096)
FigureD-8. ASM/Codeblock Structure

Table D-10. ASM Definition

64-bit Sequence Definition (hex)
A FCB88938D8D76A4F
u 034776C7272895B0

At the transmitter side, the ASM is prepended to each set of randomized codeblocks as
the synchronization headékt the receiver side, the ASM is detected and located in the received
data streamRefer toFigureD-8.

Length of the ASM is determined by the information block lengthHor k=1024 the
ASM length will be 64 bitsFork=4096 the ASM will be 256 bit3he ASM is constructed with
64-bit sequenced he 64bit ASM requires one 6bit sequence; the 286t ASM sequence
requires four 65bit sequenced.et A be one 64bit sequence andl is the inverse oA. The
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structure of the 64it sequence i, the structure of the 286it ASM is AAUA. TableD-10
defines the two 64it sequences.

The resulting randomized codeblock plus ASM is transmitted leftmost bits first, making
the first series of bits to be transmitted as
true for both 64bit and 256bit ASMs.

With the addition of the ASM prepended to the codeblock,-theair channel rate is no
longer the inverse of the code ratdableD-11 shows the exact bandwidth expansion factor for
each choice of code rate and information block length

Table D-11. Bandwidth Expansion Factor
Information Block Bandwidth Expansion Factor
Length,k Rate 1/2 Rate 2/3 Rate 4/5
1024 33/16 25/16 21/16
4096 33/16 25/16 21/16

As an example, assume an incoming baseband data rate of 5iMitpmformation
block length of 1024 bits and raté& are chosen, the new ouwle-air channel rate will be:

(5 Mbps)*(33/16) = 10.3125 Mbps

D.6. Randomization

At the transmittgencoder, a set of codebloaksa codeblock frame shall be randomized
by exclusiveORing the first bit of the first codeblock with the first bit of the pseratawom
sequence until the end of the codebldidke pseudaandomizeresets to the initial state afi
1sat the start of each codeblock frame for each ASM pevibthout randomization, it is
possible that under Io8NR receiver/decoder operation a symbol slip could occur and produce a
codeword that is a quasyclic version oflhe original. This results in a valid yet false
codeword?®

The pseudaandom sequence is generated using the following polynohtigl= x8 +
X7 + x5 + x3 + 11t has a maximal length of 255 bits with the first 40 bits of the pseanidom
sequence from the generator as 1111 11mhé1 0100
sequence begins at the first bit of a first codeblock in a codeblock frame and repeats after 255
bits, continuing repeatedly until the end of the last codeblock in a codeblock Traekeftmost
bit of the pseudoandom sequence is the filst to be exclusivéORed with the first bit of the
codeblock FigureD-9 illustrates the pseud@ndomizer block diagram.

48 Kaiser, A.,S. Dolinar andM. K. Cheng fiundetected Errors in Quasyclic LDPC Codes Caused by Receiver
Symbol SELOBEGSQMA2008 2009 IEEE Global Telecommunications Conferemtenolulu, HI,30
Novembeii 4 December 2009.
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DATA IN o

Codeblock(s) of ™\t g~.T~. ouT

; $ 7 5 3 Codeblock Frame 3 andomized
Wx)=x"+x"+x +x +1 Codeblock(s) of

Codeblock Frame

—_— i Pseudo-random
g 7 ) 3 3 2 ]
s 7L X7 .x~l X .1'*’l x3 o x7 »| xf | sequence

1 F T T T T 7

f
|
1
\

N Initialize to “all ones™ state at the start of each codeblock frame for each ASM period

@ = Modulo-2 adder —_— +—— = Single Bit Delay
(Exclusive-OR)

FigureD-9. CodeblockRandomizer

At the recever, each original codebloak a codeblock frame is reconstructed using the
same pseudoandom sequencéfter locating the ASM, the pseudgandom sequence is
exclusiveORed with the received data bits immediately following the ASM pseudo
randomizer resets to the initial state oflalht the start of each received codeblock frame for
each ASM period.

D.7. Performance

The trade that must be made when choosing the information block size and coding rate is
one between required coding gain, bandwidth expansion, and fading channel characteristics
Detection performance of the code is tightly coupled to the type of SOQBS#emodulator
used Plots of simulated performance for all six combinations of information block size and code
rates with two different types of SOQPSK5 demodulators on are shownFigureD-10 and
FigureD-11. Other demodulator configurations are considered in Péffins.

4 Perring FET Systems for Aeronautical Telemetrg
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FigureD-10. LDPC Detection Performance withsfate Trellis Demodulator
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FigureD-11. LDPC Detection Performance with Syminl-Symbol Demodulator
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APPENDIX 2-E

SpaceTime Coding for Telemetry Systems

E.1. Code Description

The STC used in this standard is based on the Alamoufi’3ih@ applied only to
SOQPSKTG or any of its fully interoperable varianhe Alamouti STC may be described in
terms of theOQPSK IRIG-106 symboito-phase mapping convention illustratedeigure E-1.

Q
A
® o
0, 1) (1, 1) Boolean
[—1, +1] [+1, +1] analog
> |
0,0) (1,0)
[-1,-1] [+1, —1]
® ®

FigureE-1. Symbolto-Phase Mapping for IRIG06 Offset QPSK Modulation

The starting point is the normalized analog values corresponding to eaclOgRISK
symbols Let [an, bn] with an = +1, b, = +1 be the analog value of theh symbol Suppose the
bit sequence defines the sequence of symbols

[a0, bo], [a, ba], [ae, 2], [as, bs] ,  &é,bad[[aas, bawea] , €

The Alamouti STC organizes the symbols into blocks of two symbols, starting with the
evenindexed blocks as showihe Alamouti STC assigns tlketh block of symbols

[a2k, b2k], [@ck+1, bok+1]
to antenna 0 and antenna 1 over two consecutive symbol times as shown below.

antenna symbol time R symbol time R+1
0 [k, bay] [ @ok+1, o]
1 [aok+1, bok+1] [ack, b

0S5 Alamouti A A Si mp | ieersify TeahnigumfortWirddess Communication&EE Journal on Selected
Areas in Communicationsol. 16, no. 8, pp. 1451458, October 1998.

E-1
DISTRIBUTION A: APPROVED FOR PUBLIGRELEASE



Telemetry Standards, RCC Standaf®-24R1 Chapter 2, January 2025

Using the bit (Boolean) assignments showhigureE-1, the Alamouti encoder can be
restated in terms of the input bits as followst the sequence of input bits be

bobib2bs|bsbsbeb7| @ b baxerz bass| €

The STC encoder groups the bits into fomerlapping blocks of four bits each as
indicated by the vertical line$he STC encoder produces two bit streams in parhewhich
is applied to antenna 0, abg which is applied to antennaThe relationship between the input
bit sequence and these two bit sequences is

b0 = bOb.LBZba I b4b566b7 I . | b4k b4k+1t_)4k+2b4k+3 I e
b, =b,b,byb, o b,b,bs |...| by, Pa 500 Bageas |- -
where p_is the logical complement of bij, .

An important point here is the notion of evamd oddindexed bitsThe SOQPSKIG
modulator treats eveimndexed and odéhdexed bits slightly differentlyeach codeblock must
begin with an eveindexed bit.

An example of encoding is as followduppose the input bit sequence is
10110100
The two STC encoded bit sequences are

b, =1 0010110
b, =11110000

To make provision for the estimation of frequency offset, differential timing, and the
channels, a block of known bits, called pilot bits, is periodically inserted into each of the two bit
streamsA 128-bit pilot block is inserted every 3200 Alamaoeticoded bitsThe pilot bits
inserted intahe bo bit stream are denotgxd and thepilot bits inserted into thb: bit stream are
denotedp:. Thesepilot bit sequences are

pPo=10101000100011011001101011010100
11011100010000000100100101000111
11100010100100100000001000111011
00101011010110011011000100010101

p1=11100011110001110111011101100001
11110000011100000011011010111110
01111101011011000000111000001111
10000110111011101110001111000111

A notional diagram illustrating hoywo andp: are periodically inserted intay andby,
respectively, is illustrated iRigureE-2. Note that the bits comprisirg andb: may change with
every occurrence as defined by the input data, but the pilgidaisdp; do not change with
each occurrence.
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o / by Po by Po by / Y

> >l >l >«

128 bits 3200 bits 128 bits
o / by P1 b, P1 b,y / Y
>le Sle >l Sle
128 bits 3200 bits 128 bits

FigureE-2. Notional Diagram lllustrating the Periodic Insertion of 128 Pilot Bits Every
3200 AlamoutiEncoded Bits

E.2. Modulation

The bit sequences described in the previous section are modulated by a pair of SOQPSK
TG modulators (or modulator/transmitterShe modulators should lm®nstructed and used as
follows.

1 The modulators share a common cloEkis common clock is 26/25 times the input clock to
accommodate the periodic insertion of 128 pilot bits every 3200 Alaranatided bits.

1 The modulators should share a common carrier referértbés is not possible, the two
carrier references should be phéseked ideally, or frequenelpcked at a minimum.

1 Randomization, if required, should be applied before the STC encoder.

Differential encoding should be disabl@the periodically inserted pilot bits are to be used
by the demodulator to estimate the magnitudes and phases of the &ntemeeeiver
channel and the antenfido-receiver channellhere is no need to use differential encoding
because dataided phase estimates do not possess a phase ambliguity.

FigureE-3 is a notional block diagram that shows the relationship between the input data
and clock, the bitevel spacdime encoder, the periodic pilot bit insertion, and the SOQPSK
modulation.

51 M. Rice Digital Communications: A Discret€ime ApproachPearson/Prentiecglall. Upper Saddle River, NJ,
2009.
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FigureE-3.  Notional Block Diagram of the Spadéme Code Transmitter

E.3. Performance

The STCprocessnvolves the transmission of two separate, but related, orthogonal
signals to compensate for the sellerference that accompanies daatenna transmission of the
same signal. The transmitted signals must each travel through a transmission chawilkel that
affect each signal prior to being presented to the telemetry receiSglt) iepresents the
transmitted signal correspondingli@andSa(t) represents the transmitted signal corresponding
to by, then the received signal, assuming no frequency offset, may be expressed as

1o Q%vYo ft QYo t €0
Where:
ho is the attenuation of the path between transmitter o&jft)tand the receive antenna
hy is the attenuation of the path between transmitter o@yft)tand the receive antenna
(4 is the delay between the transmitter outRuit) and the receive antenna
U is the delay between the transmitter outpuft) and the receive antenna
n(t) is the thermal noise of the receiver

Each of the channel attenuations are complex valed: SQQ  wheresQs
represents the magnitude of the attenuation-andpresents the phase shift associated with the
attenuation. SimilarlyQ sQ<Q . The channel attenuations model the connector and cabling
losses between the transmitter output and the transmit antenna, the antenna radiation pattern in
the direction of the receive antenna, blockage by the test article (shadowing), atmospheric
propagabn, and the gain of the receive antenna. In gengrahdh; are different because the
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antennas transmitting(t) andSy(t) are in different locations. For the same reastnandd, o d
a n darefin general, differenEigureE-4 plots the detection curves for several examples of
$QgsQs, o Y,U aon d.dd

' A

STC Detection Performance Example
S0/S1 Relative Amplitude Imbalance
1.00E-01 :
- i
1.00E-02 4 l-.q‘qi‘__\‘:q\ :
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—+— -10dB
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STC Detection Performance Example
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STC Detection Performance Example
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STC Detection Performance Example
S0/81 Relative Amplitude & Time

1.00E-01

1.00E-02

1.00E-03 -

1.00E-04

—+—S0QPSK-TG
—=—50=51

—&— -3dB 1/4 Bit Time
—=4— -10dB 1/2 Bit Time
—#— -20dB 3/4 Bit Time
—=— -3dB 3/4 Bit Time

1.00E-05 +

BER

1.00E-06

1.00E-07 +

1.00E-08 +

1.00E-09

3 4 5 8 7 8 9 10 11 12 13 14 15
Eb/No (dB)

FigureE-4. Example Detection Curve Performance

E.4. Resources

Jensenet al>?first described the application of spaome coding to the twantenna
problem. Experimental flights confirmed the effectiveness of the techPigti8 A detailed
mathematical description along with a thorough mathematical analysis were also accomplished
for this techniqué®®’

E.5. Combining Coding Schemes

TheSTC and LDPGchemes an be combined i f the manufac
both and the two are applied in the proper order. The transmitter should apply LDPC encoding
first, followed by STC encoding. At the receiver, STC decoding is performed first, followed by
LDPC decodig.

Note that some manufacturers may limit the LDPC coding rate and/or block size that can
be used with STC. Detection performance of this $D®C combination is opar with the
curves published iAppendix 2D.

52 Jensen, M.M. Rice, andA. Anderson Asfionautical Telemetry Using Multiplantenna Transmitter§IEEE
Transactions on Aerospace and Electronic Systenis43, no. 1, pp. 26272, January 2007.

53 M. Rice, fiSpaceTime Coding for Aeronautical Telemetry: Part Bystem Description,in Proceedings of the
International Telemetering Conferendeas Vegas, NYOctober 2011.

% Rice M. andK. Temple fiSpaceTime Coding for Aeronautical Telemetry: part IExperimental Resultgjn
Proceedings of the International Telemetering Conferghas Vegas, NYOctober 2011.

5SK. Temple Peiiformance Evaluation of Spatemecodng on an Airborne Test Pl atfor
50" International Telemetering Conference, San Diego, CA, October 2014.

56 Rice, M.,J. PalmerC. Lavin, andT. Nelson i STinze €eding for Aeronautical Telemetry: Pait |

E s t i mdBEB Transactions on Aerospace and Electronic Systeahs53, no. 4, pp. 1769731, August 2017.

5" Rice, M.,T. Nelson J. PalmerC. Lavin, andK. Temple i STinee Ceding for Aeronautical Telemetry: Part ||
iDecoder and Sy slEEEMrarRationsor Aan@apace andElectronic Systeohs53, no. 4, pp.
17321754, August 2017.
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APPENDIX 2-F

Use of Recommendation ITUR M.1459 for Protection of AMT Ground
Stations from Terrestrial, Airborne, and Satellite Interference

F.1. Introduction and Summary

Since it wasapproved for use by the Radiocommunication Sector of the ITU in 2000, Rec
M.1459 has been the international & standard for defining the interference protection
criteria and the use of those criteria for AMT ground stations.

Despite its titleRec M.145%ertaingto interferencanot only from satellites, but also
from terrestrial sources and has been so applied both domestically and internatitveally
methodology presented in Annex AREc M.145%or computing banepecific protection
levels also makes it appable to any frequency bantihe protection criteria fdower L and
upper S bands given Rec M.145%ave thus been extended to include protection criteria for
upper L,lower S, anddwer, middle, andupper C bandsThe protection criteria are included in

Chapter 2

The protection criteria provided Rec M.145%re in the form oPFDlevels defined at
the aperture of the affected AMT ground station antefinas, when performing interfaree
analyss, it is not necessary to require information about the specific technical parameters of the
affected AMT ground station, such as the actual AMT receive antenna gain, pointing direction,
noise figure, or systegain over noise temperatuighe only details needed are:

the geographic location of the AMT ground station antenna;

the height above ground of the AMT ground station antenna;

the midband value of the wavelength for the frequency band under consideration;

an accurate terrain data base in/around the AMT receive site-$&@nd, or 30 meter
resolution) for use with propagation models when computing interference from
terrestrial sources;

1 a composite antenna pattern based on the methodoldtgcdd. 1459, but adjusted for

the average wavelength of the band under consideration, to be used when aggregation
from a large number of terrestrial sources is being analyzed.

1
1
1
1

SectionF.2 contains several sample computations that illustrate how this information is
used in practiceThe examples begin with simple cases involving a small number of satellite and
terrestrial interference sourcde scenarios presented increase in size and complexity to
include networks comprised of thousands of interference sourcexéigartowers) A variety
of models, equations, and computational techniggeésmonstrated, underscoring the versatility
and comprehensive applicability of tRecM.1459 protection criteridA final example provides
guidance on how to handle special cases, aaakhen antennas larger than those anticipated in
Rec M.1459are used.

F.2. Practical Application of the RecM.1459 Protection Criteria

The examplesdn this sectiorninclude, but are not limited to, interference from satellites,
terrestrial microwave towers, cellular base stations, portable medical telemetry devices, and
smartphonesBoth adjacent channel and-cbannel interference scenarios are includsath
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example is intended to provide and illustrate one or more building blocks that will sometimes,
and perhaps often, be usecemdto-end interference analysi

The discussions and computations here are based on a combination of publicly available
data, standard assumptions regarding typical values of common parameters, and emission limits
stipulated in FCC regulationk some of the scenarios, FCC regulations are used asce s6u
bandspecific emissiomasks that define the worsase limits, as a function of frequency, that
are permitted foOOBEfrom a particular frequency band or set of bafidsis, the examples
that follow are just that: exampleBhey arentended to demonstrate computational techniques
andanalysis Unless otherwise stated, they should not be interpreted as either assertions or policy
statements regarding whether interference does or does not exist in a particular scenario.

Examples * 11 address:

1. Co-channel interference from a planned BSS satellite in geostationary orbit into AMT
ground sations operating in the lowerhand between 14351525 MHz;

2. Co-channel interference from multiple sgmam communication satellites in
geostationary orbit into AMT ground stations opiegin a portion of the lower-4band
from 15181 1525 MHz;

3. Outof-band interference from a SiriusXM broadcast satellite into aff kbund station
in the upper $and from 2360 2390 MHz

4. Frequency scaling of interference and interference criteria to different reference
bandwidths

5. Computation of path loss usitige tweray mode]

6. Rayleigh fading of the aircraft telemetry signal

7. Computation of path loss using commercial software that implements the Ldrigkey
(L-R)/Irregular Terrain ModellTM) and P.452 models

8. Consideration of the antenna patterns of cellular base stations

9. Aggregation of interference from a network of cellular base stations to one or more AMT
ground statiors

10. Considerations for the modeling of interfering systems

11.Coordination of AMT with & Long-Term Evolution LTE)-A user equipment;

12. Special considerations regarding AMT antennas

Each of these scenarios was chosen to illustrate a particular point or technique that is
independent oRecM.1459, but which is needed in order for the protection criterideaf
M.1459 to be properly applied.

At the outset, it should be noted that the curvature of the earth complicates the
trigonometry for computing elevation, azimuth, and bearing angtgsexample, the elevation
angle computed for the path from an AMT ground station to a flight test aircraft 320 km away
operating at an altitude of 30,000 feet will be close to zero degrees due to the curvature of the
earth.

Using a flatearth approximation, the angle would be computed to be approximately 4
degrees, thus suggesting incorrectly that interference from terrestrial sources would not be
received in the main beam of the AMT ground station.
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The equations used in the representative examples below assume a spherical earth, as
evidenced by the inclusion of the value for the radius of the earth (e.lgn 6358 km)The flat
earth approximation is obtained by letting the value ottleer t hés radi us go to

Use of the correct formulas is particularly important when computing the bearing angle
from a cellulatower to an AMT ground staticend when coding the table looip algorithms
for choosing appropriateellulartower sector antenna gain values as functions of pointing angles
from the appropriate antenna pattern files.

Example 1. Co-channel interference from a planned BSS satellite in geostationary orbit into
AMT ground sations operating in the lowerhand between 14351525 MHz

Use of Rec M.1459 begins with a simple equation,

nQQ 0 O 0 QO € i i— F-1

wherePFD is the received®FDin watts per square metdthe quantitp "O s the
product of the transmit power of the interfering source and the gain of the transmit aRtghna
loss depends on distance, signal blockage due to terrain blockage and/or clutter (e.g., buildings)
and wavelengtl: For freespacepropagation, however, path loss is given by

e ¢ == F-2

Freespace propagation is appropriate for modeling signals from satellites, such as from a
geostationary satellite to an AMjround station antennahis yields the simple result that
v O

hQ —— F-3

i

For the sake of completeness, the received power, as measured at the terminals of the
receive antenna, requires inclusion of the effective area of the receive aftasmaill be
discussed in detail in examplel¥is sufficient to quote the result here

. 0 O "O
0 nQQ o = F-4
T |

This is the Friis equation, whefes is the effective area of the receive anterita a

parabolic dishAetris often approximated by@® p O c whereD is the diameter of the dish
The value for the wavelength of the sigads typically the midband value where- s/f.

The distance and elevation angléfrom an AMT ground station antenna to a
geostationary satellite are determined using either standard textbookes|@iacluded in
Example 2)web-based calculators, or from FCC filingshichcan be particularly useful
because they also include information about the channel bandwidths, signal power, and transmit
antenna gain.

The elevation anglg, which does not appear in equatiéas i F-3, is needed in order to
determine the appropriate protection criterion from Rec M.1888example, the lower-band
protection criteria fronTable2-7 present these criteria as functiondJof
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To apply this to a particular casecomparison afhe PFD contours at ground level of a
BSSsatelliteis comparedvith the angleof-arrival dependent protection criterial®&cM.1459
The contours were made available by the developers of the saté¢ibteomparison shows
conclusively that the planned deployment of the satellite would cause harmful interference to
AMT ground stations i ndedbblsreldivetobre wduBw]/m’tineds (e . g
kHz, versus the al |Z2inw&Hk) Asaaonsequeack of this 8nalysid, Bi&V/ m
satellite was not deployed.

Specifically, the cechannel emissions were so large with respect t®dwM.1459
protection criteria that it vobhasrimabdependentc essary
computation of the interference from the satellite

Example 2. Co-channel interference from multiple sgmtam communication satellites in
geostationary orbit into AMT ground stations opergin a portion of the lower
L-band from 1518 1525 MHz

The 2003 World Radiocommunication Conference coincided with the launch of a new
generation of Mbile Satellite Servicegeostationary communication satellitéhese satellites,
including Inmarsat IV and Thuraya, introduced the use of complex plaassdbearrforming
networks with large parabolic reflectofihe resulting spot beams perttie following:the use
of portable handsets with omnidirectional antennas for nyetilephone calls via satellitend
the simultaneous generation of dozens, and even hundreds, of simultaneousEbdabeam
serves a separate user.

In seeking additional spectrum to support the use of these satellites, the mobile satellite
community proposed the allocation of the AMT spectrum from 151825 MHz for cechannel
sharing with theMobile Satellite ServiceAs with the BSS satellite in example 1, application of
RecM.1459 demonstrated that-channel sharing was not feasible.

In recognition of this, WR€003 modified Table 24 of Article 21 of the International
Radio Regulatior$ to include the followindPFDfence that protects AMT operationsthe
continental United Statel other words, the Conference incorgeththe protection criteria of
Rec M.1459 in the internationeddio regulationsFigureF-1 is an excerpt of Article 21.16f
these regulations.

%l nternational Telecommunications Union. fARadi o Regul at
Retrievedl7 July 2024 Available at
http://search.itu.int/history/HistoryDigitalCollectionDocLibrary/1.41.48.en.101.pdf
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21.16 §6 1) The power flux-density at the Earth’s surface produced by emissions from a
space station, including emissions from a reflecting satellite, for all conditions and for all methods
of modulation, shall not exceed the limit given in Table 21-4. The limit relates to the power flux-
density which would be obtained under assumed free-space propagation conditions and applies to
emissions by a space station of the service indicated where the frequency bands are shared with
equal rights with the fixed or mobile service, unless otherwise stated.

TABLE 21-4 (Rev.WRC-12)

Limit in dB(W/m?) for angles
" w b SR of arrival () above the horizontal plane Reference
Frequency band Service bandwidth
0°-5° 5°-25¢ 25°-90°
1 670-1 700 MHz Earth exploration- —133 1.5 MHz
satellite (value based on sharing with meteorological
Meteorological-satellite aids service)
1 518-1525 MHz Mobile-satellite 0°<o6<4° 42 <o 20°<$ 60° < 6 < 90° 4 kHz
(Applicable to the (space-to-Earth) =20° <60°
territory of the United ~181.0 —193.0+ | -2133+ -150.0
States in Region 2 20logd | 35.6logéd
between the longitudes
71° W and 125° W)

FigureF-1.  Excerpt from Article 21 of the International Radio Regulations

Example 3. Outof-band interference from a SiriusXM broadcast satellite into an AMT

ground station in thapper Sband from 2360 2390 MHz

This next examp@ provides a computation @OBEinto an AMT ground station from an
operational geostationary satellilehis example serves to show an ¢agnd computation of
the outof-band signal received at an AMT ground station antenna at Patuxen{RaxeRiver)
Maryland from the SiriusXM satellite denoted as#6M his is a Satellite Digital Audio Radio

Service (SDARS) broadcast satellite in geostationary orbit above the equator at 115.2
west longitude® FM-6 broadcasts in a 4MHz portion of the 2320.D 2332.5 MHz band

Note that the SDARS band (232345 MHz) is separated from the 2362390 MHz
AMT band by the 2345 2360 MHz WCS band (which is the topic of example 6, below).

degrees

Given that the SDARS channel is more than 15 MHz away from the edge of the AMT
band at 2360 MHz, eohannel sharing is not relevant; however,@@BE of the FM-6 satellite
remain a concern, due to the high gaini(3 decibels isotropicdBi] and more) of a typical

AMT ground station antenna

The FCC restricts th@ OBE of FM-6, relative to its mean transmitter power leRgh
(and not including the efxaendhe BCCRilestphre
§25.202(f) (1), (2)and (3)%° These aravailable online, but are restated here:

sat el

% The satellite is actually in operation at 116V, but the computations here are performed for its originally

intended geostationary orbital slot.

60 Code of Federal Regulations, Frequencies, frequency tolerance, and emission limits, title 47, sec. 25.202.
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The mean power of emissions shall be attenuated below the mean output power of
the transmitter in accordance with the following schedule:

(1) In any 4 kHz band, the center frequency of which is removed from the
assignedfrequencyby more than 50 percentup to and including 100
percentof theauthorized bandwidth: 25 dB;

(2) In any 4 kHz band, the center frequency of which is removed from the
assignedrequencyby more than 100 percentup to and including 250
percentof theauthorized bandwidth: 35 dB;

(3) In any 4 kHz band, the center frequency of which is removed from the
assignedfrequency by more than 250 percent of the authorized
bandwidth:An amountequalto 43 dB plus 10timesthelogarithm(to the
basel0) of thetransmittepower in watts.

Since the authorized bandwidth of Fvis 4.1 MHz and the AMT band is removed from
this frequacy by more than 250%he43 + 10 log (P)rule applies, wher® is theout-of-band
transmittePSDin watts per 4 kHz of bandwidt®pecifically, the valud3 + 10 log(P)is the
amount theODOBE must be attenuated with respect to the transmitter goper 4 kHzof
bandwidth With the rulewrittenin this manner, if the transmitter powris increased, the
amount by which th© OBE must be attenuated increasedyy same amount.

(This is a welrecognized OOBE standard, but it is essential to note that the reference
bandwidth for the example here is stipulated to be 4 kHz, whereas a reference value of 1 MHz
maybe more common in FCfiles).

The purpose of thieg(P) term is to set a hard OOBE power limit that is independent of
the mean irband transmitter powé?. For the purpose of computing interference into AMT
operations in 2360 2390 MHz using equations-11 F-3, the interference from FM can be
characterized simply by setting the transmitter pdwir 0 dBW. Then, the magnitude of the
interfering levelPxmtis1 43 dBWhi ch i s equ@aWperokHaThiS dBm, or
correspods to an attenuation of the-lrmnd power by 43 dBNote that if the iFfband power is
set to 10 dBW, thd3 + 10 log(P)rule requires 53 dB ajut-of-bandattenuation, and the value
of Pxmtis unchanged.

With respect to equatio’s1i F-3, to compute the interference from Fd/into any
AMT ground station, it is also necessary to kribe following.

T The satell it eds Gtwindha direction of theaffectechAMT gta (inn
order to convert thé3 + 10 log(P)value into a radiated power levenhis satellite
specific information is usually derived from information provided by the satellite
operator or from FCC and/or ITU technical filing®r this example, the information is
obtained from an FCC filing, as shown later in this section.

1 The angle of arrival of the signal at the AMT site (in order to determine the appropriate
value of the protection criteria)his can be obtained from a graph in the same FCC
filing or can be computefdom equation$=-5a andF-5b.

1 The distance from the satellite to the ground station (in order to compute the free space
path loss) This iscomputed fronEquationF-6.
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Note that these equations, as written, apply only to geostationary satéllites.

| Ol QIOBE— ¢ %o F-5a
Cime Ty
Wi WOt — F-5b :
| WE |i F-5
i Y Y D E i Y i Qe F-5¢

whereUis the elevation angle to the satellite (which is the same as the angle oflarrival
of the interference from the satellitel},is the latitude of the AMT ground stationis the
difference in the longitude values of the earth station and the satellitejsati distance from
the AMT ground station to the satellitdote that for geostationary satellites, the orbital radius
Rsatelite IS the radius of the earth, 6358 km, added to the height of the satellite above the surface
of the earth, 3600 km For an angle of arrival di= 9¢°, EquationF-5 yields the value of =
(FQateIIiteT eﬁh)-

The geometry described by these equations in showigimeF-2, excerpted from the
text by Richhari@? Theangledi n t he figure correspéhahd to the
E-6. The elevationcutisatwdi mensi onal surface for which the
curvature can be solved by inspectibor the sake of completeness, the geometry used for
computing theazimuth angle is also showflthough computation of the azimuth angle is not
required here, it is needed for, and discussed in, example 8.

51 This is because the declination of the satellite is set to 0°, which causes several of the terms from a more general
set of equations to disappear.

62 M. Richharia.Satellite Communications Systems, Second Ediew York; London: McGravHill, 1999, page

37.
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FigureF-2. Geometry of a Geostationary Link Showing (a) Elevation, (b) Azimuth from
a Point T on the Earth

For Pax River, the laudelongtudeis approximately 38/76°W. Assuming an earth
radius of 6358 km, a satellite orbital radius of 6358 km 6@®&km, a satellite subrbital
longitude (also known &Right Ascension) of 115°%%V, an OOBE of 7143 dBW/ 4k
maximum value of the FM6 antenna gain of 34.7 dBi (froRigureF-3) yields:

| O QIR YDLEPPHI X 9J opTJ F-6a
i 9o "
Ol G ot 1 o0y F-6b
wE |l F-6
i T¢colQff @ouLQRAIWE oD P F-6c

@ o vQai Q3 B P =38804 km

Contours shown ifigureF-3ar e 1 2, 1 4, 16, 18, 110, 115,
beam peak of 34.7 dBi.
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/

FigureF-3.  Digital Audio Radio Service Downlink Beam Gain Contours

Thus,the elevation angl&/= 30.2 and the distance r from the ground station to the
satellite is 3804 km Using the Friis equation, we have a recei?&d at the ground station
PFDrec Of

px'&éd)d in 4 kHz F-7

5 The upper $and protection criterigprovide thred?FD protection values as a function of
U as shown iTable2-7.

Thus, the relevariRecM.1459 protection criterion for this example is the value for an
interference anglef arrival>11.5’, which isi 162 dBW/nt in 4 kHz.

Since theéDOBEfall below the maximum level stipulated RecM.1459 for this angle
of arrival, there is nout-of-bandinterference from FM6 to the AMT site at Pax RivelNote
that the derivation of this result required no information about the size, tower height, or pointing
direction of the AMT antenna.

Repeating the computation for other ground stations is straightforward; however, since no
analytic expression for the antenna gain of the satellite is available, the appropriate value of the
gain of the satellitebds ddwuneFB RiGureBHwhicmna must
shows the angle of arrival of the signal from the satellite, provides a convenient check of the
computation ofJfrom equationg-5a andF-5b.
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FigureF-4.  Elevation Angles from Surface of the Earth to the 115.2° West Longitude
Orbital Location

Example 4. Frequency scaling of interference and interference criteria to different
reference bandwidths

As mentioned above, the reference bandwidth of 4 kHz fdPEi&protection levels in
RecM.1459 is easily scaled to other valu€bis is doneassuminghat the required protection
level is independenof which 4 kHz of a typically I 5 MHz AMT channel is affected

This example must also take intocauntthereference bandwidth&or example, the
permitted interference into aNIHz AMT channel is 18/4000 times the appropriate dB(Wjm
in 4 kHz protection level from the list above; however,gbectral density of the inference
into, for example, a-B1Hz AMT channel at 1520 1525 MHz, may vary across the 5 MHz in
guestionIn addition, the reference bandwidth specified for the protection criterion for a given
frequency band may be as large as 27 MHz, which is the case for the EESS band from 1400
1427 MHz; however, the interferenicgo the AMT band may be a function of frequenthis is
the case for interference from the WCS service in 232360 MHz (i.e., the band that separates
SiriusXM from theAMT frequencies in the uppert&nd from 2360 2395 MHz).

In Section 27.53 ofitsrules (df.o ot not e 392 of the FC&Co6s Or d.
the FCC stipulates that interference into the AMT band at 22390 MHz from the WCS band
at 2345/ 2360 MHz is to decrease as a function of frequency according to the following
emission mask:

Specifically, WCS base and fixed stationsd
of not less than 438 10log (P) dB in the 2362362.5 MHz band, 55 + 10 log (P)
dB at 2362.52365 MHz bad, 70 + 10 log (P) dB at 236%367.5 MHz band, 72

B8Feder al Communications Commi ssi on. fifAmendment of Part
Operations of Wi reless Communications -28%®InGrdercoes i n t he |
ReconsiderationFCC 12130. 17 October 2012. Retriev&éd July 2024 Available at

https://apps.fcc.gov/edocs public/attachmatch/AQA 30A1.pdf
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+ 10 log (P) dB at 2367-8370 MHz band, and 75 + 10 log (P) dB above 2370
MHz.WCS mobile and portable devicesdéd OOBE
not less than 43 + 10 log (P) dB at 23865 MHz, and 70 + 10 log (P) dB above

2365 MHz See2010 WCS R&D25 FCC Rcd at 11766 para. 135, 11785 para.

182; 47 C.F.R. 88 27.53(a)(1)(iii) and (4)(iii).

FigureF-5 showsthe FCCspecified emissions profile in graphical farithe vertical
axis representsx + 10 log(P)in dB.

_35 T T T T T 1
2360.0 2365.0 2370.0 2375.0 2380.0 2385.0 2390.0

-40

-45

-50

-55

-60

-65

-70

L

-75

FigureF-5. FCC Emission Mask for the WCS OOBE Band from 2B&390 MHz

The wle above provides the guidance on how to compute the net interfénm@mca
WCS transmitter into a-8Hz AMT band, for example, operating at 236@365 MHz The two
OOBE levels] 43 dBW and 55 dBW are averaged according to the following equation:

OOBE in Watts per 4 kHz averaged across 5 MHz at (2360 — 2365 MHz)

= Gues ame X 210 x (25 /) x 10743 + (25/5) x 10755)

5x106

F-8

To convert fromwatts to dBW, the result &quationF-8 is converted to a base ten
logarithm and multiplied by 10, as usual.

Note that Gycsxmtis the gain of the WCS transmit antenna in the direction of the AMT
ground station antenna that is being considdtqdationF-8, the 4E3/5E6 term fBormalizes
theaverage OOBE level across théibz-wide AMT channel width to the-kKHz reference
bandwidth ofRecM.1459

EquationF-8is the EIRP of the interfering WCS transmitter as measured at the aperture
of the WCS transmit antennBo compute the interference received at the aperture of the AMT
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ground station antenna, it is necessary to include the path loss byegasgpnF-1. It is
necessary when usitfgguationF-1 to convert the path loss to dB or the EIRP from dBW to
watts when usingquationF-1. For comparison with the protection levelsRdEcM.1459, the
result ofEquationF-1 should be converted to dBW#im 4 kHz.

It is important to note that the OOBE levels given above represstdiastep patterd,
where the OOBE in each segment of spectrum (in this case, eadii2.5egment) is constant
Actual OOBE measurements, which are typically used for computations when available,
decrease from one end of the band segment to the btleeder to average the OOBE prager
in these conditions, the 2MHz segments are brokemp into, for example, 0.1 to 1:-MHz
segmentsThese are then averaged using the methodologgudtionF-8, but with more terms
inside the curly bracket3 o determine whether the segments are narrow enough, it is sufficient
to keep dividing the segments by a factor of 2 and theomguting the OOBE usingquation
F-8. This is repeated until the end result is constant within the desired resolution of the
computation (e.g., 0.1 dB).

FigureF-6 illustrates the difference between the s&@p emissions masks published by
the FCC and by an industry group, in this case the Third Generation Partnership Project, or 3GPP
consortium FigureF-6 also shows the simulated-rand and>OBE of a 4G LTE-A handset
uplink as a function of the number of resource blocks assigned to a particular signal.

20 MHz QPSK LTE Tx spectrum : +23.0 dBm [ +22.0 dBm

30

—1REB MPROdB
5RBs MPROdB
6RBs MPR 0dB
7FRBs MPR 0dB
10 RBs MFR 0dB

—— 12 RBs MPR 0dB

—— 15 RBs MPR 0dB

— 16 RBs MFR 0dB
20 RBs MWPR 0dB
25 RBs MPR 0dB
30 RBs MPR 0dB
35 RBs MPR1dB
40 RBs MPR 1dB
45 RBs MPR 1dB
50 RBs MPR 1dB
60 RBs MPR 1dB

——T0RBs MPR1dB
75 RBs MFPR 1dB
80 RBs MPR 1dB
90 RBs MPR 1dB
100RBs MPR 1dB

Aot ae 8 L A P R V7 B A1 A S N S I A
60 ; ; — ; ; T A f : ; —t ; ; 3GPP BEM
-40 38 -36 -34 32 30 -8 26 24 22 20 18 -6 -14 12 -0 B B -4 -2 0002 4

FigureF-6.  Simulated OOBEEmissions from an LTEandset

64 Wireless Communications Associatiod@iDevice Out of Band Emissions and LargeaGhn e | Bandwi dt hs,
October 2011Not available online as of 23 June 2023.
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It is useful to work the problem of OOBE from aircraft AMT transmitters intdelB8S
spestrum from 1400 1427 MHz Resolution 75€F stipulates that the net radiated OOBE from
an AMT transmitter operating in the band 1428452 MHz (not including the gain of its
antenna), Wwen averaged over the entire@Hz EESS ban@® should not exceed a power level
of 128 dBW

Chapter Ztipulates that the OOBE in any 1 Miiiem an AMT transmitter be attenuated
by an amount of at least 55 + 10 log(P) dBMhen scaled to a bandwidth of 27 MHz, an
additional 10 log2MHz/1IMHz) = 14. 3 dB must be addhesd to th
yields an OOBE of 41 dBW per 27 MHz, which is well below thegrerement of Resolution
750.

The point here is that when scaling from one reference bandwidth to another, at least
some insight into the context of the problem is nee8adply applying the same rule, by rote,
from one scenario to another can lead to errors.

Example 5: Computation of path loss using the tway model

For computing interference to an AMT ground station from terrestrial sources, it is
necessary to include the effects of terrain, the curvature of the earth, ground reflections, Fresnel
zone impingement, et@ll of these effects can be lumped into the value of path loss that is
defined byEquationF-2.

With the exception of what is known as the tvay model, consideration of these effects
in a path loss computation requires, in addition to antenna height information and the distance
between the interferer and victim receiver, an accurate terrain dafaleasa topographical map
of the path between the interference source and the AMTGit&dr effects, such as additional
pathloss caused by buildings anther clutter, can be included as long as the details of such loss
are justified by measuremerasd databases whose accuracy and precision go well beyond the 1
arcsecond (30 meter) resolution that is typically used for path loss modeling at this time.

The tworay model treats the ground as a reflector, and takes into account the interference
nulls caused by this reflection that occur at various distances and heights from the transmitting
aircraft or interference sourdeigureF-7 shows this graphicallyWhen a resulting null coincides
in position with the aperture of the AMT receive antenna, a significant signal fad8Q1.8B)
occurs Depending on the bandwidth of the signal, the fade can cause attenuation across the
entire bandwidth of the signal, or can cause just a portion of the signal bandwidth to suffer a
reduction in received signal power

%l nternational Tel eCompathilityhbetwert thedarth exploratienatsllite sérvice (passive)

and relevant activeervices Binal Acts WREL51 World Radiocommunication Conferen€geneva, 2015. pp.

399403.

56 The wideband radiometric sensors aboard EESS satellites apparently receive signals across the entire 27 MHz of
the band at once, with no effort made to determine where in the band a signal originates.
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FigureF-7.  Graphical Representation of the TARay Model

Reflection can also cause enhancement of the received signal (or interference); however,
for a tworay, as opposed to three-moreray model, this enhancement cannot exceed.A\dB
noted, the fades can always be considerably larger than 3 dB in their amitiza, for
aircraft, fades can occur not only from ground reflection of the telemetry signal, but from
unwanted reflections of the telemetry signal from aircraft structures or from blockage of the
direct signal path from the aircraft antennah® ground station during aircraft maneuvers.

Since an aircraft in flight is constantly moving, telemetry signal fades are strong
functions of timeFor modeling purposes, this time dependence is characterized by a change in
the availability of the telemetry linK his is a key feature of Rec M.1459, and is the subject of
example 6

For static interferers, such as interference frarellmlartower, fades can be regarded as
being constant, and are accounted for in the path loss software.

A graphical representation of path loss versus distance of theafwoodel is shown in
FigureF-8.5" Note that the fades are deep and the signal enhancements are.shisllow
important to undestand that the graph for a particular combination of tower heights and signal
wavelength

8" Thomas Schwengler i Radi o Pr opagat i oWirelsss and CellulmgCoramufidatopst e r 3
Retrievedl7 July 2024 Available athttp://morse.colorado.edu/~tlen5510/text/classwebch3.html
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FigureF-8. Comparison of Fre&pace On&lope and TweRay Propagation Models

Fades are most prominent near the transmitarexample, the twoay model is evident
on airport aprons when a telemetry test cart is used to receive TM signals from an aircedft park
several hundred feet awaylore importantly, the longange reduction in signal strength for the
two-ray model falls faster than the A(ice., 20 dB per decade of frequency) of the-Bpace
singleray signal The 1/f roll-off of the tworay model is 40 dB per decade.

The equations for computing the tway model can be found online, in text books, or
from direct computatiaonf path loss software is available, it is convenient to compute the two
ray results for a particular situation by setting the terrain height to zero and using the default
value of ground electrical conductivity provided by the software

Although the equations for the tway model can be rather daunting, tssimplest form,
one uses flaearth trigonometry to compute the difference in path lengths between the direct and
reflected signalsThis depends on the horizontal distadcéhe altitude of the aircraft, and the
height above ground of the AMT receive anterimalJsing trigonometryand assuming that the
signal is reflected from the ground and/or sea with a reflection coefficient of magnitude 1, the
aircraft altitudes and locatie can be computed for which positive and negative signal
reinforcement due to multipath occWhen the direct path and the reflected path differ by an
even number of signal halfavelengths- 4 2gnal reinforcement occund/hen they differ by an
odd number of halfvavelengths, deep fades occur.

For reflections from a smooth ocean surface, the conductivity of salt water can be used;
however RecM.1459 anticipates this, and most interference to AMT ground station paths are
not over waterHence, the default value for ground conductivity is typically the correct value to
use.

The equation for computing the curve showirigureF-8 is given by
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nolt) = VGG (“"""U 2nlo/X) | pexpliZnly/ ”) F-9
4 o i
Wherelo andlX are the lineof-sight(LOS) distanced andx  +showad inFigureF-7.

With respect to the phrasdirect line of sighd, it is convenient to note that this is
computed as

O ¢QY T g QY T o F-10
where h and h are the heights of the transmit and receive antefaas,is the nominal
radius of the earth of 6358 km, and the factor of 4/3 accounts for atmospheric refraction.

Example 6. Rayleigh fading of the aircraft telemetry signal

There is a generalization of the twmay model that adds the effects of reflections of the
telemetry signal from aircraft structures and/or blockage of the telemetry signal by these same
structures during aircraft maneuversis is Rayleigh scattering that plays an important role in
the technical details of Rec M.145Fhe resulting Rayleigh distribution can be used to predict
the percentage of time that the link margin of anyt@ground telemetry link will fall below the
threshold value needed for thiek to be viable This is illustrated byrigureF-9, FigureF-10,
andFigureF-11.

Received power, dB relative to RMS

1 ! 1 H
0.2 0.4 0.6 08 1
Time, seconds

FigureF-9. Rayleigh Fading of a Signal Transmitted from a Moving Platférm

Wi ki pedi a. A Rayl el7duly 2024Adailablg athitps:fea.wikipedawm/diki/Rayleigh fading
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FigureF-10. S-band Telemetry Signal Received from an Aircraft in Ffigjht

89D.G.Jablonski A Demonstration of Closed Loop St etoAntanma of Ant e
InterferenceinTweAnt enna Tel emetry I nstallations on Military Ai
Symposium, NevDrleans, LA 25 August 2004.
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Airborne telemetry transmitting antenna gains, G,
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FigureF-11. Rayleigh Distribution as Presented in Figure 2 of Rec M.1459 (Jablonski

2004)

FigureF-9is a onesecond time slice of the strength of a Rayldmtted signal as
received from a moving transmittérigureF-10is the measured signal strength of a Rayleigh
faded aircraft telemetry signal as a function of time as received at an AMT ground station.

FigureF-11 relates the depth of a fade to a numerical value of the probability as a
percentage of time that such a fade will oc@iwe matheratical expression given in thiggéire is
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an essential component of the computations oR#é&M.1459 protection criteriéSpecifically,

the Rayleigh distribution provides the connection between interference and link avail&hibty

is an extension of lessophisticated link budgets that consider only the effect of interference on
BER, without considering whether the interference will cause the link to fail completely.

Note that the Rayleigh distribution presented above is typically used in AMT link budget
computations by including the fade in the instantaneous value of th&gaof the aircraft
telemetry transmit antenna, as opposed to including it as a component of the pathidoss
keeps the consideration of fading due to aircraft geometry and motion independent of the
consideration of terrain effects (described below), for which Rayleigh scattering is typically not
relevant.

Rec M.1459 requires a threshold sigt@hoise value of (C/N)of 15 dB For the AMT
system values specified RecM.1459, the AMT channel bandwidth is 3 MHz and the system
noise temperature is 250 Kelvifhe required AMT telemetry signal receive power is

107 %oule | 250 Ketwi (3 x 106 Hz)
X X x =
Kelvin etvin z F-11a

3.27 x 10713 Watts = —124.85 dBW.

C =kTB x 10" = 1.38 x

The corresponding expression for the Friis equation for an aircraft antenna transmit gain
of 125 dB and i ncl &&id# of the AMT geind station ieceige ar ea o f
antenna with = 3W, Gec=41.2 dB, r = 320 km, aral= 0.2 meter (per Rec M.1459) is

/ 8 8 8

oW PT WOOOI pCHMO W F-11b

Example 7:  Computation of path loss using commercial software that implements the
L-R/ITM and P.452 models

Since the tweray model is seldom adequate for predicting path loss over terrain, a wide
assortment of models that include the effects of terraméan developed hese are based on
different combinations of assumptions regardigftection, refraction, diffraction, signal
blockage, Fresnel zone impingement, etc., and are available with terrain databases already
included These include several, such as Tertategrated Rougitarth Model, R, ITM, and
Freespace plus reflection and mulepdiffraction

Anothercategory of models contained in ITUR recommendations that are similar in
structure to Rec M.1459hree of the most important models are:

1 P.45216: Prediction procedure for the evaluation of interference between stations on the
surface of the Earth at frequencies above about 0.1’6GHz

1 P.1546 Method for pointto-area predictions for terrestrial serviceshia frequency
range 30 MHz to @00 MHz"*

0 International Telecommunication Uniohn Pr edi cti on procedure for the evaluat
on the surface of the Earth at frequencies above about 0.5 GHzR Recommendation P.485. July 2015. May

be superseded by update. Retrie¢@duly 2024 Available athttps://www.itu.int/rec/RREGP.452/en

" International Telecommunication Union fi Me t h o -tb-afeapredigiians for terrestrial services in the
frequency range 30 -RMRecommendalion P.05@ ANbidst 2089. Mayl B¢ superseded by

update. Retrievetl7 July 2024 Available athttps://www.itu.int/rec/RREGP.1546/en
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1 P.528 Propagation curves for aeronautical mobile extionavigation services using the
VHF, UHF, and SHF band&

As this example only makes use of th&®@UTM and P.452 models, information
regarding the other two models is excluded from this docuraef.452modelcan be
regarded as the internationally approved version offtke which is an outgrowth of the-R
model The ITM and Ll-R models were developed for domestic purposes by the United States at
the National Institute of Standards and Technal@gpcause of the need for technical studies
presented to the ITU to utilize I'Felanctioned models, P.452 has beconeede facto standard
for domestic studies that require path loss computations based on actual terrain.

In order touse P.452, it isniecessaryo purchase a commercial software package such as
EDX Signal Pro (favored by the AMT community at the present time), ATOLL (used by cellular
carriers), or Visualyse (used by those who need to consider platform motion and the time
dependent effects of thon interferenceuch commercial packages typically include most, and
sometimes all, of the models listed here.

There is also a necommercial version of P.452, in the form of maerabled Excel
spreadsheets, that is available free of charge from the IWdnatitu.int. It models the effects of
terrain using data imported from, readily available terrain databases.

For AMT, the fundamental terrain @diase is usually the governmgmbvided, freely
available USGS 1 arsecond (30neter) resolution topographic map dathe Shuttle Radar
Topography Missiomlatabase is sometimes used, althoughdbmprised of overhead
measurements, and its validity for computing po@apoint path loss is sometimes questioned.

It is important to consider how accurate these propagation modefs @eparison
study’® suggests that error bars of 15 dB in the path loss computation are.tgitalps a better
approach is toise existing measurement data from NTfAyhich exist in the form of five
separate studighat are availabl&om the Defense Technical Information Centeis
straightforward to insert the location, frequency, and antenna height details provided in the
studies into any of the commercial models for comparison purposes.

FigureF-12 andFigureF-13illustrate how data obtained using a commercial package, in
this case EDX Signal Pro, are presented for a series oftoegnaint links betweemellular
towers and an AMT receive site atdRiver. The purpose of the simulation is to compute path
loss values from each of tkeellularsites to the AMT ground statiohe assumption that Pax
River is the transmitter sit eto-multipomtafalyssst ur e of
routine Since the purpose of the analysis is to compute a value for the path loss for each link,
including the effects of terrain, reversing the roles of transmitter and receiver is of no numerical
consequence.

2 |nternational Telecommunication Union i Pr opagati on curves for aeronautica
services using the VHFR ReddHirendatoomRI52BSAddtist D0a9Superseded Hy T U

ITU-R P.528.5Retrievedl7 July 2024 Available athttps://www.itu.int/rec/RREGP.528/en

73 Phillips, C.,D. Sicker andD. Grunwald fiBounding the Practical Error of Path Loss Modelsternational

Journal of Antennas and Propagation, Volume 2012 (2Retjievedl7 July 2024 Available at
https://www.hindawi.com/journals/ijap/2012/754158/

74 For example, Hufford, G. A.anfdl K. Steele fiTabul ati ons of Propagati-on Data
To 84006Mhz Frequency RangePar t V: Vi r gi ni a-282, DdCErhbar 1990. Rétrievedduly on 9 1

2024 Available athttps://www.its.bldrdoc.gov/publications/download/282.pdf
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FigureF-12. EDX Signal Pro Map of Hypothetical Transmitters and Receivers in the Pax
River Region

FigureF-13. EDX Signal Pro Path Loss Profile for the TX007 to RX007 Path

The simulation results ofigureF-12 andFigureF-13 are followed inFigureF-14 by
experimental data measured by NTIA engineers and reportéafiord and Steele
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