APPENDIX A

FREQUENCY CONSIDERATIONSFOR TELEMETRY

A-1



APPENDIX A

FREQUENCY CONSIDERATIONSFOR TELEMETRY

1.0 Purpose

This appendix was prepared with the cooperatiahamsistance of the Range
Commanders Council (RCC) Frequency Management GileM5). This appendix
provides guidance to telemetry users for the midsttave use of the ultra high frequency
(UHF) telemetry bands, 1435 to 1535 MHz, 2200 t8@®@RIHz, and 2310 to 2390 MHz.
Coordination with the frequency managers of thdieplple test ranges and operating areas
is recommended before a specific frequency basdlected for a given application.
Government users should coordinate with the apatgpArea Frequency Coordinator and
commercial users should coordinate with the Aeros@ad Flight Test Radio
Coordinating Council (AFTRCC). A list of the pasnof contact can be found in the
National Telecommunications and Information Admtiragon's (NTIA) Manual of
Regulations and Procedures for Federal Radio Freyudanagement

2.0 Scope

This appendix is to be used as a guide by usdeeshetry frequencies at
Department of Defense (DOD)-related test rangescanttactor facilities. The goal of
frequency management is to encourage maximal ubsenanmal interference among
telemetry users and between telemetry users aed osiers of the electromagnetic
spectrum.

2.1 Definitions The following terminology is used in this append
Allocation (of a Frequency BandEntry of a frequency band into the Table of

Frequency Allocatiorfsfor use by one or more radio communication sesvarethe radio
astronomy service under specified conditions.

Assignment (of a Radio Frequency or Radeniency Channel)Authorization
given by an administration for a radio station $e @& radio frequency or radio frequency
channel under specified conditions.

Authorization Permission to use a radio frequency or radigueacy channel
under specified conditions.

! The definitions of the radio services that camperated within certain frequency
bands contained in the radio regulations as ageeby the member nations of the
International Telecommunications Union. This tablenaintained in the United States
by the Federal Communications Commission and thiANT
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Certification The Military Communications-Electronics BoardMCEB) process
of verifying that a proposed system complies wité &ppropriate rules, regulations, and
technical standards.

J/E 12 Number The identification number assigned to a systgrthe MCEB
after the Application for Equipment Frequency Altion (DD Form 1494) is approved,;
for example, J/F 12/6309 (sometimes called the det@ber).

Resolution BandwidthThe -3 dB bandwidth of the measurement device.

2.2 _Other NotationsThe following notations are used in this appenddther
references may define these terms slightly diffidyen

Bogys Bandwidth containing 99 percent of the totapr

B.osgsm  Bandwidth containing all components larger thamdBm

Bsogsc ~ Bandwidth containing all components larger thagbwer
level that is 60 dB below the unmodulated eanpower

dBc Decibels relative to the power level of timodulated carrier

fe Assigned center frequency

3.0 Authorization to Use a Telemetry System

All RF emitting devices must have appraeabperate in the United States and
Possessions (US&P) via a frequency assignmentsigtasited an exemption by the
national authority. The NTIA is the President'sigaated national authority and
spectrum manager. The NTIA manages and contrelagk of radio frequency (RF)
spectrum by federal agencies in US&P territory.taiiing a frequency assignment
involves a two step process: RF spectrum supeotification of major RF systems
design, and operational frequency assignment t&Ehsystem user.

3.1 RF Spectrum Support CertificatioAll major RF systems used by federal agencies
must be submitted to NTIA, via the InterdepartmkeRidio Advisory Committee, for
system review and spectrum support certificatioargo committing funds for
acquisition/procurement. During the system revieacpss, compliance with applicable
RF standards, and RF allocation tables, rulesyeguaations is checked. For
Department of Defense (DOD) agencies, and in sugd@OD contracts, this is
accomplished via the submission of a DD Form 1494hé¢ Military Communications
and Electronics Board. Noncompliance with standdtdstables, rules, or regulations
can result in denial of support, limited supportsopport on an unprotected non-
priority basis. All RF users must obtain frequeasgignments for any RF system (even
if not considered major). This is accomplishedsblgmission of frequency use
proposals through the appropriate frequency manageaifices. Frequency
assignments may not be granted for major systeat$ive not obtained spectrum
support certification.
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3.1.1 Frequency AllocationAs stated before, telemetry systems must noyrmoalkrate
within the frequency bands designated for theiringae National Table of Frequency
Allocations. With sufficient justification, use ofther bands may at times be permitted,
but the certification process is much more difficahd the outcome is uncertain. Even
if certification is granted (on a noninterferen@sis to other users), the frequency
manager is often unable to grant assignments beaduscal users who will receive
interference.

3.1.1.1 Telemetry BandsAir- and space-to-ground telemetering is alledanh the
UHF bands 1435 to 1535, 2200 to 2290, and 231390 2Hz, commonly known as
the L band, the S band, and the upper S band.

3.1.1.2 VHF Telemetry The very high frequency (VHF) band, 216-265 Minas

used for telemetry operations in the past. Telgnveas moved to the UHF bands as of
1 January 1970 to prevent interference to crigicalernment land mobile and military
tactical communications. Telemetry operation is thand is strongly discouraged and
is considered only on an exceptional case-by-cases.b

3.1.2 Technical Standard3he MCEB and the NTIA review proposed telemetry
systems for compliance with applicable technicahdards. For the UHF telemetry
bands, the current revisions of the following stad are considered applicable:

RCC Document IRIG 106, Telemetry Standards

MIL-STD-461, Requirements for the Control of Elechagnetic Interference
Emissions and Susceptibility

Manual of Requlations and Procedures for FedeadidRFrequency Management
(NTIA).

Applications for certification are also thorouglalyecked in many other ways
including necessary and occupied bandwidths, mtidalaharacteristics,
reasonableness of output power, correlation betwagyut power and amplifier type,
and antenna type and characteristics. The asedaiteiver normally must be
specified or referenced. The characteristics ®efréteiver are also verified.

3.2 Frequency AuthorizationSpectrum certification of a telemetry systemfies that
the system meets the technical requirements faesstul operation in the
electromagnetic environment. However, a user igpaamitted to radiate with the
telemetry system before requesting and receivisgeaific frequency assignment. The
assignment process takes into consideration whieerayand how the user plans to
radiate. Use of the assignments is tightly schemtibly and among the individual ranges
to make the most efficient use of the limited ted¢yradio frequency (RF) spectrum
and to ensure that one user does not interfereaottidr users.

4.0 Freguency Usage Guidance

A-4



Frequency uses are controlled by scheduling iratbas in which the tests will be
conducted. The following recommendations are basegbod engineering practice for
such usage.

4.1 Frequency Assignments
Frequency scheduling for
simultaneous use at the same
location typically will not be made ~20 1 m
for systems whose closest 99-perce
power band edges are separated by
less than the 99-percent bandwidth

POWER (dBc)

of the wider of the two. (The signalf 1 99% BW < 99% BW

must also comply with the spectral -601

mask presented in paragraph 6.1 of oLt 1l

this appendix). Figure A-1 shows th Hossers 1?:EBSENCY1&?§55 1eE e

radio frequency spectrum of two ;16 A1 800-kb/s and 5-Mb/s RNRZ
signals being transmitted PCM/EM signals

simultaneously. The left signal
center frequency is 1455.5 MHz with 800-kb/s motiafa The right signal center
frequency is 1465.5 MHz with 5-Mb/s modulation. eT$9-percent power bandwidths
of these two signals are approximately 930 kHz%8@D kHz. (See first line of table
A-1). Therefore, the minimum center frequency safian is (930+5800)/2 + 5800 =
9165 kHz. Because all telemetry signals are cedten xxxx.5 MHz, the separation
must be an integer number of MHz. The smallesget@umber of MHz larger than
9165 kHz is 10 MHz. Scheduling as stated hereldrensure a desired signal-to-
interfering-signal ratio of at least 40 dB for teignals of equal bandwidth and effective
radiated power at the same distance from the neceantenna when the receiver
bandwidth includes less than 99 percent of there@signal's energy. In instances
when this ratio is insufficient to ensure desiratbdquality, the frequency separation
must be increased.

4.2 Geographical Separatiofiwo or more telemetry systems operating in mgiv
geographical aréahould be separated in frequency such that ovbedapeen spectra for
each pair of signals is less than 0.5 percenteptiwer of either in the -20 dB receiver
passband of the other. Overlap separation camdweded by a combination of frequency
selection, power levels, antenna positioning andrag, and geographical separation.

4.3 Simultaneous Operatiorstandard practice for multiple emitters at thme
location, power level, and transmitting antennaction (if applicable) is to separate
signals from one another by a "guard band" grehter or equal to the occupied
bandwidth of the widest bandwidth signal in eacin pbadjacent frequency
transmitters. When more than one transmitter esl s the same host vehicle,
frequency selection should be made to minimizetspecoverlap and RF interactions.

“The extent of a geographical area over which tbgufency use must be protected
varies with the nature of the usage. For airbgystems, such an area is specified by
the actual vehicle flight path and its maximumtatte.
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Multichannel operations should avoid channels s#pdrby the IF frequencies of the
receivers used, if possible.

4.4 Multicarrier OperatianIf two transmitters are operated simultaneoasky send or
receive through the same antenna system, intederme to intermodulation is likely at
(2f; -f2) and (2, - f1). Between three transmitters, the two-frequerassibilities exist, but
intermodulation products may exist as wellfat{(f, - f3), (f1 + f3 - f,), and ¢, + f3 - f1),
wheref,, f,, andf; represent the output frequencies of the transrsittentermodulation
products can arise from nonlinearities in the tnaitter output circuitry that cause mixing
products between a transmitter output signal aeadithdamental signal coming from
nearby transmitters. Intermodulation products akoarise from nonlinearities in the
antenna systems. The generation of intermodul@tioducts is inevitable, but the effects
are generally of concern only when such producteed -25 dBm. The general rule for
avoiding third-order intermodulation interferensehat in any group of transmitter
frequencies, the separation between any pair gliéecies should not be equal to the
separation between any other pair of frequendsescause individual signals have
sidebands, it should be noted that intermodulgtimducts have sidebands spectrally wider
than the sidebands of the individual signals thatsed them.

4.5 Transmitter Antenna System Emission TestiRgdiated tests will be made in lieu
of transmitter output tests only when the trangmif inaccessible. Radiated tests may
still be required if the antenna is intended tgb# of the filtering of spurious products
from the transmitter or is suspected of generamgious products by itself or in
interaction with the transmitter and feedlines.e Tésts should be made with normal
modulation.

5.0 Bandwidth

The definitions of bandwidth in this section areversally applicable. The limits
shown here are applicable for telemetry operatiornise telemetry bands 1435 to 1535,
2200 to 2290, and 2310 to 2390 MHz. For the pepas telemetry signal spectral
occupancy, the bandwidths used are the 99-percevenbandwidth and the -25 dBm
bandwidth. A power level of -25 dBm is exactly a@lent to an attenuation of the
transmitter power by 55 + kbg(P) dB where P is the transmitter power exprkase
watts. How bandwidth is actually measured and latimits are, expressed in terms
of that measuring system, are detailed in the Wolig paragraphs.

5.1 Concept The term "bandwidth" has an exact meaning urasibns where an
amplitude modulation (AM), double sideband (DSB)simgle sideband (SSB) signal is
produced with a band-limited modulating signal.systems employing frequency
modulation (FM) or phase modulation (PM), or anydulation system where the
modulating signal is ndtand limited, bandwidth is infinite with energytemding

toward zero and infinite frequency falling off fratme peak value in some exponential
fashion. In this more general case, bandwidtlefsdd as the band of frequencies in

in theory, at least, J/F 12 data exist on all nersi as well as transmitters.
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which most of the signal's energy is containede définition of "most” is imprecise.
The following terms are applied to bandwidth.

5.1.1 Authorized BandwidthAuthorized bandwidth is, for purposes of thisulment,
the necessary bandwidth (bandwidth required farstrassion and reception of
intelligence) and does not include allowance fansmitter drift or Doppler shift.

5.1.2 Occupied BandwidthThe width of a frequency band such that belosvidhver and
above the upper frequency limits, the mean powmitted are each equal to a specified
percentage of the total mean power of a given eamsdUnless otherwise specified by the
International Telecommunication Union (ITU) for thppropriate class of emission, the
specified percentage shall be 0.5 percent. Thepied bandwidth is also called the 99-
percent power bandwidth in this document.

5.1.3 Necessary Bandwidtlror a given class of emission, the width offteguency
band which is just sufficient to ensure the trarssmoin of information at the rate and
with the quality required under specified condiion

5.1.3.1 The NTIA Manual of Regulations and Proceduor Federal Radio Frequency
Managemenstates that "All reasonable effort shall be madequipment design and
operation by Government agencies to maintain tieemed bandwidth of the emission
of any authorized transmission as closely to treesgary bandwidth as is reasonably
practicable."

5.1.3.2 The NTIA's equation for calculating theessary bandwidth of binary non-
return-to-zero (NRZ) continuous phase frequencit kbying (CPFSK) is

B, = 3.86\f + 0.27R for 0.03 <®/R<1.0 (A-1)
where

Bn = necessary bandwidth

Af = peak frequency deviation

R = bit rate
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This modulation method is commonly called NRZ ptt®de modulation
(PCM)/FM by the telemetry community. For examplesume the bit rate is 1000 kb/s
and the peak deviation is 350 kHz, the necessargvaiadth is calculated to be 1621 kHz
(using equation (A-1)). With this bit rate and belkeviation, the 99-percent power
bandwidth with no filtering would be 1780 kHz arm t99-percent power bandwidth with
a premodulation filter bandwidth of 700 kHz woule épproximately 1160 kHz.
Equations for other modulation methods are conthinghe NTIA Manual of
Requlations and Procedures for Federal Radio Freyudanagement

5.1.4 Received (or Receiver) Bandwidfhhe received bandwidth is usually the -3 dB
bandwidth of the receiver intermediate frequenEy gection.

5.2 Bandwidth Estimation and Measuremeviarious methods are used to estimate or
measure the bandwidth of a signal that is not amted. The bandwidth measurements
are performed using a spectrum analyzer (or eceivalevice) with the following
settings: 10-kHz resolution bandwidth, 1-kHz videmdwidth, and max hold detector.
The IRIG Document 106-86 and earlier versions effielemetry Standardpecified a
measurement bandwidth of 3 kHz but did not spex¥ydeo bandwidth or a detector
type. Spectra measured with the new standard gettll be essentially the same as
spectra measured with a 3-kHz resolution bandwitlikkHz video bandwidth, and a
max hold detector. However, for signals with ramdcharacteristics, the average spectral
density measured with a 3-kHz resolution bandwidthout the max hold detector
enabled will be approximately 10 dB lower than $spectral density measured with the
new settings. Theoretical expressions for powecsgal density typically assume random
signals and calculate the average spectral denBitg.average power spectral density in
a 10-kHz bandwidth for random signals is approxetye dB lower than the spectral
density measured with the standard settings (treesored values for large, continuous,
discrete spectral components will be the same avitaverage or a max hold detector).
The most common measurement and estimation me#red$escribed in the following
paragraphs.

5.2.1 99-Percent Power Bandwidthhis bandwidth contains 99 percent of the total
power. The 99-percent power bandwidth is typicaigasured using a spectrum
analyzer or estimated using equations for the naditul type and bit rate used. If the
two points that define the edges of the band arsyrametrical about the assigned
center frequency, their actual frequencies shoalddied as well as their difference.
The 99-percent power band edges of randomized NRRIRZ) PCM/FM signals are
illustrated in figures A-1 and A-2. Table A-1 peess the 99-percent power bandwidth
for several digital modulation methods as a functibthe bit rate (R).
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TABLE A-1. 99% POWER BANDWIDTHS FOR VARIOUS DIGITA

MODULATION METHODS"

Description 99% Power Bandwidth
NRZ PCM/FM, premod filter BW=0.7R, 1.16 R
Af=0.35R
NRZ PCM/FM, no premod filter, 1.18R
Af=0.25R
NRZ PCM/FM, no premod filter, 1.78 R
Af=0.35R
NRZ PCM/FM, no premod filter, 1.93R
Af=0.40R
NRZ PCM/FM, premod filter BW=0.7R, 157R
Af=0.40R
Minimum shift keying (MSK), no filter 1.18 R
Feher's-patented quadrature phase shift 0.78 R
keying (FQPSK-B)
Phase shift keying (PSK), no filter 19.30R
Quadrature phase shift keying (QPSK), 9.65R
no filter
Offset QPSK (OQPSK), sinusoidal 1.18 R

weighting

4. Korn, Digital CommunicationdNew York, Van Nostrand, 1985.
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5.2.2 -25 dBm BandwidthThe
bandwidth beyond which all power
levels are below -25 dBm. A powe
level of -25 dBm is exactly 20 f 17
equivalent to an attenuation of the ] I
transmitter power by 55 +
10xlog(P) dB where P is the

0 37

-10 A 27

Power (dBc)
Power (dBm) (5 W Transmitter)

transmitter power expressed in =501 I 13
watts. The -25 dBm bandwidth 601 |23
limits are shown in figure A-2. The [ ’\L s

—25 dBm bandwidth is primarily a
function of the modulation method,
transmitter power, and bit rate. The - :

transmitter design and construction tecﬁlr%alrjee@ét ' Réll\lleerﬂlagrl]\é/eFmes% |dBm
bandwidth. With a bit rate of 5 Mb/s and a trartsenipower of 5 watts the —25 dBm
bandwidth of an NRZ PCM/FM system with near optimpanameter settings is about
12.8 MHz, while the —25 dBm bandwidth of an equevalFQPSK-B system is about
7.1 MHz.

Frequency

5.2.3 Other Bandwidth Measurement Methode previous methods are the standard
methods for measuring the bandwidth of telemetgygals. The following methods are
also sometimes used to measure or to estimateatigwidth of telemetry signals.

5.2.3.1 _Below Unmodulated CarrieThis method measures the power spectrum with
respect to the unmodulated carrier power. To catbthe measured spectrum on a
spectrum analyzer, the unmodulated carrier powest i@l known. This power level is the
0-dB reference (commonly set to the top of theldigp In AM systems, the carrier power
never changes; in FM and PM systems, the carrieepa a function of the modulating
signal. Since angle modulation (FM or PM) by iggure spreads the spectrum of a
constant amount of power, a method to estimaternh@odulated carrier power is required
if the modulation can not be turned off. For mastctical angle modulated systems, the
total carrier power at the spectrum analyzer irgaunt be found by setting the spectrum
analyzer's resolution and video bandwidths to tivédest settings, setting the analyzer
output to max hold, and allowing the analyzer tkenseveral sweeps (see figure A-3).
The maximum value of this trace will be a good appnation of the unmodulated carrier
level. Figure A-3 shows the spectrum of a 5-MbNRZ PCM/FM signal measured using
the standard spectrum analyzer settings discussetpsly and the spectrum measured
using 3-MHz resolution, video bandwidths, and makih The peak of the spectrum
measured with the latter conditions is very clas@ tBc and can be used to estimate the
unmodulated carrier power (0 dBc) in the preserideequency or phase modulation. In
practice, the 0-dBc calibration would be perfornfiest, and the display settings would
then be adjusted to use the peak of the curveea®tbérence level (0-dBc level) to
calibrate the spectrum measured using the stasgaatrum analyzer settings. With the
spectrum analyzer set for a specific resolutiordiadth, video bandwidth, and detector
type, the bandwidth is taken as the distance betwe=etwo points outside of which the
spectrum is thereafter some number (say, 60 dBWb#le unmodulated carrier power
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determined above. The -60 dBc bandwidth for tiMiBs signal shown in figure A-3 is
approximately 13 MHz.

The -60 dBc bandwidth of a random NRZ
PCM/FM signal with a peak deviation of 0.35R,
four-pole premodulation filter with -3 dB corner
at 0.7R, and a bit rate greater than or equal to 1
Mb/s can be approximated by

II]
o N o o
1

POWER (dBc)
& s
o ~

I
[
o

B.sodgc = {278 -0.3x |Og0(R)} XR (A-Z)

| |
& s
@ N

-54

where B is in MHz and R is in Mb/s. Thus the A T T T aess | 14755
-60 dBc bandwidth of a 5-Mb/s RNRZ signal FREQUENCY (Mr2)

under these conditions would be 12.85 MHz. The Figure A-3. Spectrum analyzer calibration
-60 dBc bandwidth will be greater if peak of 0-dBc level.

deviation is increased or the number of filter gole
is decreased.

5.2.3.2 Below PeakThis method is not
recommended for measuring the bandwidth of
telemetry signals. The modulated peak method i
the least accurate measurement method, measut 201
between points where the spectrum is thereafter
dB below the level of the highest point on the
modulated spectrum. Figure A-4 shows the radid
frequency spectrum of a 400-kb/spRi PCM/PM
signal with a peak deviation of 7&nd a pre-
modulation filter bandwidth of 800 kHz. The e T haias | 92505 | 92525 | 9otas
largest peak has a power level of -7 dBc. In FREQUENCY (Wz)

comparison, the largest peak in figure A-3 had a . . .

power level of -22 dBc. This 15-dB difference Figure /-4. Big PCM/PM signa
would skew a bandwidth comparison that used thk |ge@| in the measured spectrum
as a common reference point. In the absence ohardulated carrier to use for
calibration, the below peak measurement is oftenoifeously) used and described as a
below unmodulated carrier measurement. Using notck éxacerbates this effect still
further. In all instances the bandwidth is oveestabut the amount varies.

POWER (dBc)

-60

]

wn

o
g[/ -
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5.2.3.3 Carson's RulgCarson's Rule is 0

a method to estimate the bandwidth of § = -101 ot
FM subcarrier system. Carson's Rule 20 | ,, e
states that 8 50 P Y
< e "\
3 40 J \
& /s 99% BW — Y
-50 ¥ \
B = 2 X @f + fmax) (A'3) ’;r \\_
—60 1 // i Carson's Rule ——{- "\_\
-70 . y v k
1448.5 1450 Fro l:r?CO.EZMHz) 1451 1451.5
where B is the bandwidtidf is the peak -
deviation of the carrier frequency, and _ _
fmaxiS the highest frequency in the Figure A-5. FM/FM signal and Carson’s
modulating signal. Figure A-5 shows the Rule.

spectrum that results when a 12-channel

constant bandwidth multiplex with 6-dB/octave prephasis frequency modulates an
FM transmitter. The 99-percent power bandwidth taedbandwidth calculated using
Carson’s Rule are also shown. Carson's Rule siilirate a value greater than the 99-
percent power bandwidth if little of the carrievasion is due to high-frequency energy
in the modulating signal.

5.2.4 Spectral Equations'he following equations can be used to calculaeRF
spectra for several digital modulation methods witfiltered waveforms®’ These
equations can be modified to include the effectiltefing.? °

Random NRZ PCM/FM (valid when#integer, D = 0.5 gives MSK spectrum)

S(f=

2 2
4BSA[ D ] (cos7d - cos7iX | cosD <0 (A)

R |\ m(D?- x?)) 1-2cosrDcosiX + cod 7D

°|. Korn, Digital CommunicationsNew York, Van Nostrand, 1985.

®M. G. Pelchat, "The Autocorrelation Function anavepSpectrum of PCM/FM
with Random Binary Modulating Waveforms," IEEE TsawgtionsVol. SET-10, No. 1,
pp. 39-44, March 1964.

"W. M. Tey, and T. T. Tjhung, "Characteristics of Mhester-Coded FSK," IEEE
Transactions on Communicatigngl. COM-27, pp. 209-216, January 1979.

8A. D. Watt, V. J. Zurick, and R. M. Coon, "Reductiof Adjacent-Channel
Interference Components from Frequency-Shift-Ke@adiers," IRE Transactions on
Communication System¥ol. CS-6, pp. 39-47, December 1958.

°E. L. Law, "RF Spectral Characteristics of Randoc@M?FM and PSK Signals,”
International Telemetering Conference Proceedipgs71-80, 1991.
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Random NRZ PSK

.o X
Bsa S (j (A-5)

Random NRZ QPSK and OQPSK

_ 2Bsusin’(7X) :
e P (A-6)

Random Bp PCM/FM

e D sir(”(x4' D)j sir(”(x: D)j Dsir(n;)

4Rl 2 mX-D) mX+D) || M x-Dp)
4 4 2

S(fF K(f-f)-nR (A7)

Random Bp PCM/PM

sin“(nxj
S(= Bsasin’(5) 4 (A-8)

s

+co(B)A( ~ o), ﬁs’—;

A-13



where

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

R = bit rate

D = 2f/IR

X = 2(f-f)/R

Af = peak deviation

B = peak phase deviation in radians

fe = carrier frequency

0 = Dirac delta function

n =0,41,+2, ...

Q = quantity related to narrow band spectrakpeg when 31, 2, 3, ...

Q = 0.99 for Bsa = 0.003 R, G= 0.9 for Bsp = 0.03 R

The spectrum analyzer resolution bandwidth terra added to the original
equations.

5.2.5 Receiver Bandwidth Receiver predetection
bandwidth is measured at the points where the
response to the carrier before demodulation i$-3
from the center frequency response. The carrier
bandwidth response of the receiver is, or is
intended to be, symmetrical about the carrier in
most instances. Figure A-6 shows the response
typical telemetry receiver with a 1 MHz IF o4
bandwidth selected. Outside the stated bandwid| o1/ . ——
the response usually falls sharply with the respor] ' P ooy () 22
often 20 dB or more below the passband _ _ _ _
response at 1.5 to 2 times the passband response. Figure A-6. Typical receiver IF filter
The rapid falloff outside the passband is required response (-3 dB bandiidt
to reduce interference from nearby channels and =1 MHz).

has no other effect on data.

o
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= |
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5.2.6 Receiver Noise Bandwidtlror the purpose of calculating noise in the iree
the bandwidth must be integrated over the actugpasiof the IF, which, in general, is
not a square-sided function. Typically, the figused for noise power calculations is
the -3 dB bandwidth of the receiver.

5.3 Phase-Modulated SysteniBelemetry systems using phase modulation (PMgra
than frequency modulation (FM) produce spectraitieay be considerably wider than
the corresponding FM signal. This extra sidebaretgy is reduced in most

systems by filtering at the modulation input, c@ thransmitter output, or both, and
sideband energy is reconstructed in the receivapguatus as part of the demodulation
process. Phase-modulation systems, even with thareone data bit per symbol, are
not necessarily more spectrally efficient than Fdhsmissions.
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5.4 Symmetry Many modulation methods produce a spectrumishegymmetrical

with respect to the carrier frequency. Exceptioictude FM/FM systems, randomized
NRZ PCM/FM systems, and randomized FQPSK-B systefh& most extreme case of
asymmetry is due to single-sideband transmissibi;iwplaces the carrier frequency at
one edge of the occupied spectrum. If the specisurot symmetrical about the band
center, the bandwidth and the extent of asymmetrstioe noted for frequency
management purposes.

5.5 FM Transmitters (ac coupled)he ac-coupled FM transmitters should not be use
to transmit NRZ signals unless the signals to #esmitted are randomized because
changes in the ratio of “ones” to “zeros” will iease the occupied bandwidth and may
degrade the bit error rate. When ac-coupled tréatensare used with randomized NRZ
signals, it is recommended that the lower -3 dBuency response of the transmitter be
no greater than the bit rate divided by 4000. é&s@mple, if a randomized 1-Mb/s NRZ
signal is being transmitted, the lower -3 dB fraggyeresponse of the transmitter should
be no larger than 250 Hz.

6.0 Spectral Occupancy Limits

Telemetry applications covered by this standaddl sise 99-percent power
bandwidth to define occupied bandwidth and -25 digmdwidth as the primary
measure of spectral efficiencyhe spectra are assumed symmetrical about thercente
frequency unless specified otherwise. The primeagon for controlling the spectral
occupancy is to control adjacent channel interieeethereby allowing more users to be
packed into a given amount of frequency spectrililme adjacent channel interference is
determined by the spectra of the signals and e haracteristics of the receiver.

6.1 Spectral MaskOne common method of describing the spectraleaxecy limits is

a spectral mask. The aeronautical telemetry sgdauisk is described below. Note that
the mask in this standard is different than angleineral narrower than the mask
contained in the 1996 and 1999 versions of therielsy StandardsAll spectral
components larger than —(55 +x1@y(P)) dBc, or in other words larger than -25 dBm,
at the transmitter output must be within the sgécetrask calculated using the following
equation:

M(f)=K +90logR-100logf - fd; |f —fc|2% (A-9)
where

M(f) = power (dBc) at frequency f (MHz)

K = -20 for analog signals

K = -28 for binary signals

K = -63 for quaternary signals (e.g., FQPSK-B)

fo = transmitter center frequency (MHz)
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I

bit rate (Mb/s) for digital signals or
(af + f__)J(MHz) for analog FM signals

number of states in modulating signal;

m = 2 for binary signals

m = 4 for quaternary signals and anaiggads
Af = peak deviation
fmax = mMaximum modulatioffirequency

3
I

The -25 dBm bandwidth is not required to be naewothan 1 MHz. The first term
in equation (A-9) accounts for bandwidth differentetween modulation methods.
Equation (A-9) can be rewritten B{f) = K — 10logR — 100log|fc)/R|. When
equation (A-9) is written this way, tH®logRterm accounts for the increased spectral
spreading and decreased power per unit bandwidtieasodulation rate increases.
The last term forces the spectral mask to roledof0-dB/octave (100-dB/decade). Any
error detection or error correction bits, which adeled to the data stream, are counted
as bits for the purposes of this spectral maske quaternary signal spectral mask is
based on the measured power spectrum of FQPSKRB.bihary signal spectral mask
is primarily based on the power spectrum of a ramtmary NRZ PCM/FM signal with
peak deviation equal to 0.35 times the bit rateantlltipole premodulation filter with
a -3 dB frequency equal to 0.7 times the bit raée (figure A-7). This peak deviation
minimizes the bit error rate (BER) with an optimuaceiver bandwidth while also
providing a compact RF spectrum. The premoduldiltar attenuates the RF
sidebands while only degrading the BER by the exjaivt of a few tenths of a dB of RF
power. Further decreasing of the premodulatigarfitandwidth will only result in a
slightly narrower RF spectrum, but the BER williease dramatically. Increasing the
premodulation filter bandwidth will result in a védRF spectrum, and the BER will
only be decreased slightly. The recommended pratatdn filter for NRZ PCM/FM
signals is a multipole linear phase filter with3adB frequency equal to 0.7 times the bit
rate. The unfiltered NRZ PCM/FM signal rolls offi2-dB/octave so at least a three-
pole filter (filters with four or more poles areccenmended) is required to achieve the
30-dB/octave slope of the spectral mask. The sganiask includes the effects of
reasonable component variations (unit-to-unit @mlgerature).
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6.2 Spectral Mask Example&igures
A-7 and A-8 show the binary spectral
mask of equation (A-9) and the RF
spectra of the 1-Mb/s randomized
NRZ PCM/FM signals. The RF
spectra were measured using a
spectrum analyzer with 10-kHz
resolution bandwidth, 1-kHz video
bandwidth, and a max hold detector.
The span of the frequency axis is 5

o

___ Spectral Mask

Power (dBc)

A e N B

o o o o
\
\
\
\

&
S

&
S

-70

Frequency

MHz. The transmitter power was 5
watts, andhe peak deviation was 35C
kHz. The modulation signal for
figure A-7 was filtered with a 4-pole
linear-phase filter with-3 dB

Figure A-7. Filtered 1-Mb/s RNRZ PCM/FM
signal and spectral mask.

frequency of 700 kHz. All spectral
components in figure A-7 were
contained within the spectral mask.
The minimum value of the spectral
mask was-62 dBc (equivalent to
—-25 dBm). The peak modulated
signal power levels were about 15 d§
below the unmodulated carrier level
(=15 dBc), and the power levels nea
center frequency were abotlt7 dBc.

o

___ Spectral Mask

Power (dBc)
L N
o o o o o

&
1S
\

4
o

Frequency

Figure A-8 shows the same signal
with no premodulation filtering. The
signal was not contained within the
spectral mask when a pre-modulatiol
filter was not used.

Figure A-8. Unfiltered 1-Mb/s RNRZ
PCM/FM signal and spectral mask.

Figure A-9 shows the quaternary mal
of equation (A-9) and the RF
spectrum of a 1-Mb/s FQPSK-B
signal. The transmitter power was
assumed to be 10 watts in this
example so the minimum value of th
mask was —65 dBc. The peak value
the FQPSK-B signal was abott3
dBc.

o

____— Spectral Mask

A

)
[S]

w
o

-40 -

Power (dBc)

-50

-60 -

-70

Frequency

Figure A-9. Typical 1-Mb/s FQPSK-B signal
and spectral mask.
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7.0 FOPSK-B Characteristics

Feher's-patented quadrature phase
shift keying® ** (FQPSK-B) modulation is
a variation of offset quadrature phase sh
keying (OQPSK). OQPSK is described i
most communications textbooks. A
generic OQPSK (or quadrature or | & Q)
modulator is shown in figure A-10. In
general, the odd bits are applied to one
channel (say Q), and the even bits are
applied to the | channel.

Cos(w.t)

I@t) oln

Cos(wt +8(t))

Q) /50 I

Sin{wct)

Figure A-10. OQPSK modulator.

If the values of I and Q are 1, we get the
diagram shown in figure A-11. For
example, if I=1 and Q=1 then the phase
angle is 45 degrees {(1,Q) = (1, 1)}. A
constant envelope modulation method,
such as minimum shift keying (MSK),
would follow the circle indicated by the
small dots in figure A-11 to go between
the large dots. In general, bandlimited
QPSK and OQPSK signals are not

constant envelope and would not follow

135 R
(1) .- - 45
deg o '0(1’1) deg

.
e , 315

225 11
: (")deg

deg

the path indicated by the small dots but

rather would have a significant amount o

amplitude variation.

Figure A-11. 1 & Q constellation.

YK. Feher et al.: US Patents 4,567,602; 4,644,5881,457; and 5,784,402, post-
patent improvements and other U.S. and interndtjetants pending.

** Kato, Shuzo and Kamilo Feher, “XPSK: A New Cross+€lated Phase Shift
Keying Modulation Technique,” IEEE Trans. Comwol. COM-31, May 1983.
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The typical implementation of FQPSK-B involves dpplication of data and a bit rate
clock to the baseband processor of the quadratadeilator. The data are differentially
encoded and converted to | and Q signals as desirbChapter 2. The FQPSK-B |
and Q channels are then cross-correlated, andatigedi wavelets are assembled that
minimize the instantaneous variation d{t)) + Q(t)). The FQPSK-B baseband
wavelets are illustrated in figure A-12. The apprate wavelet is assembled based on
the current and immediate past states of | anQ@ delayed by one-half symbol (one
bit) with respect to | as shown in figure A-13.

.70

-1

Figure A-12. FQPSK-B wavelets. Figure A-13. FQPSK-B & Q eye diagrams
(at input to 1Q modulator).

3

Amplitude

A common method of looking at I-Q
modulation signals is called a vector
diagram. One method of generating a
vector diagram is to use an oscilloscope
that has an XY mode. The vector diagra|
is generated by applying the | signal to th
X input and the Q signal to the Y input. A
sample vector diagram of FQPSK-B at th
input terminals of an 1-Q modulator is
illustrated in figure A-14. Note that the
vector diagram values are always within !
few percent of being on a circle. The |

vector diagram of generalized filtered . .
OQPSK would have more amplitude Figure A-14. FQPSK-B vector diagram.
variations than FQPSK-B, and the vector
diagram of QPSK would go through the origin. Amyditude variations may cause
spectral spreading at the output of a non-linegyliier.
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A typical FQPSK-B spectrum measured ¢+

the output of a fully saturated RF o

non-linear amplifier with a random patter /AR

of “1's” and “0's” applied to the input is 8o / \
illustrated in figure A-15. The bit rate for §'5° 7 Y

figure A-15 was 1 Mb/s. The peak of thgg 2

spectrum will be approximately - = =
-12-10log(R), where R is in Mb/s. The ao b R
99-percent bandwidth of FQPSK-B is ’ Normalized Frequency (Bit Rate=l)
typically about 0.78 times the bit rate.

Note that with a properly randomized dat Figure A-15. FQPSK-B spectrum with
sequence and proper transmitter design, ' random input data.

FQPSK-B does not have discernable
sidebands.

Figure A-16 illustrates FQPSK-B
transmitter output with all “1's” as the 0
input signal. With an all “1's” input the
differential encoder, cross-correlator, ang
wavelet selector provide unity amplitude \ I
sine and cosine waves with a frequency 60 /~\ h \ }/\ IJ\
equal to 0.25 times the bit rate to the | ar - IV AR
Q modulator inputs. The resulting signal 1 esree sy
(from an ideal modulator) would be a

single frequency component offset from Figure A-16. FQPSK-B spectrum with all
the carrier frequency by exactly +0.25 1's input and large modulator
times the bit rate. The amplitude of this errors

component would be equal to 0 dBc. If

modulator errors exist (they always will), addi@bfrequencies will appear in the
spectrum as shown in figure A-16. The spectra dha normalized frequency of 0
(carrier frequency) is referred to as the remnanier. This component is largely
caused by DC imbalances in the | and Q signal® rémnant carrier power in figure
A-16 is approximately -31 dBc. Well designed FQPBKansmitters will have a
remnant carrier level less than -25 dBc. The spectmponent offset, 0.25 times the
bit rate below the carrier frequency, is the ogideband. This component is largely
caused by unequal amplitudes in | and Q and bglkadaquadrature between | and Q.
The power in this component should be limited3® dBc or less for good system
performance.

Power (dBc)

|
I
J
H
/
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Figure A-17 shows the measured bit errg
probability (BEP) versus signal energy p¢4
bit/noise power per Hz (A\o) of one
FQPSK-B modulator/demodulator
combination including non-linear
amplification and differential
encoding/decoding in an additive white
Gaussian noise environment (AWGN)
with no fading. Other combinations of
equipment may have different Figure A-17. FQPSK-B BEP vs,f,.
performance. Computer simulations hav.

shown that a BEP of T0may be achievable with an/E of slightly greater than 11 dB
(with differential encoding/decoding). The purpad¢he differential encoder/decoder is
to resolve the phase detection ambiguities thainterent in QPSK, OQPSK, and
FQPSK-B modulation methods. The differential erafakecoder used in this standard
will cause one isolated symbol error to appeawashits in error at the demodulator
output. However, many aeronautical telemetry chlnare dominated by fairly long
burst error events, and the effect of the diffeedm@ncoder/decoder will typically be
masked by the error events.

1 H I

1 H 14
I
[
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APPENDIX B

USE CRITERIA FOR FREQUENCY DIVISION MULTIPLEXING

1.0 General

Successful application of Frequency Division Maéxing Telemetry Standards
depends on recognition of performance limits andopmance tradeoffs, which may be
required in implementation of a system. The ugera included in this appendix are
offered in this context as a guide for orderly agilon of the standards, which are
presented in chapter 3. It is the responsibilfitthe telemetry system designer to select
the range of performance that will meet data mesmsant requirements and at the same
time permit operation within the limits of the stiands. A designer or user must also
recognize the fact that even though the standardsMl/FM multiplexing encompass a
broad range of performance limits, tradeoffs suxdata accuracy for data bandwidth
may be necessary. Nominal values for such paramasefrequency response and rise
time are listed to indicate the majority of expéatse and should not be interpreted as
inflexible operational limits. It must be rememéeithat system performance is
influenced by other considerations such as hardparf®rmance capabilities. In
summary, the scope of the standards together hatluse criteria is intended to offer
flexibility of operation and yet provide realistimits.

2.0 EM Subcarrier Performance

The nominal and maximum frequency response o$tibearrier channels listed in
tables 3-1 and 3-2 is 10 and 50 percent of the maxi allowable deviation bandwidth.
The nominal frequency response of the channels@®mal deviation ratio of five. The
deviation ratio of a channel is one-half the dedideviation bandwidth divided by the
cutoff frequency of the discriminator output filter

2.1 The use of other deviation ratios for any ef sbcarrier channels listed may be
selected by the range users to conform with theipéata response requirements for
the channel. As a rule, the rms signal-to-noitie (8NR) of a specific channel varies
as the three-halves power of that subcarrier dewiaatio.

2.2 The nominal and minimum channel rise timescaidid in tables 3-1 and 3-2 have
been determined from the equation which statesig@time is equal to 0.35 divided by
the frequency response for the nominal and maxifmtaquency response. The equation

is normally employed to define 10 to 90 percerd time for a step function of the

channel input signal. However, deviations fromsthealues may be encountered because
of variations in subcarrier components in the syste
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3.0 FEM Subcarrier Performance Tradeoffs

The number of subcarrier channels which may bd sssultaneously to modulate
an RF carrier is limited by the RF channel bandwaitd by the output SNR that is
acceptable for the application at hand. As chanaed added, it is necessary to reduce the
transmitter deviation allowed for each individubhanel to keep the overall multiplex
with the RF channel assignment. This reductiorelewhe subcarrier-to-noise
performance at the discriminator inputs. Thus system designer's problem is to
determine acceptable tradeoffs between the nunflserbcarrier channels and acceptable
subcarrier-to-noise ratios.

3.1 Background information relating to the levepefformance and the tradeoffs that may
be made is included in Telemetry FM/FM BasebandcBire Studyvolumes | and l;

which were completed under a contract administbyetthe Telemetry Working Group of
IRIG. The Defense Technical Information Center [©)Taccess numbers for these
documents dated 14 June 1965 are AD-621139 and244H. The results of the study
show that proportional bandwidth channels with eefrfequencies up to 165 kHz and
constant bandwidth channels with center frequengie® 176 kHz may be used within the
constraints of these standards. The test critecladed the adjustment of the system
components for approximately equal SNRs at alhefdiscriminator outputs with the
receiver input near RF threshold. Intermodulat@auysed by the radio-link components
carrying the composite multiplex signal, limits #fgannel's performance under large signal
conditions.

3.2 With subcarrier deviation ratios of four, channataderrors on the order of 2 percent
rms were observed. Data channel errors on the ofdepercent rms of full-scale
bandwidth were observed when subcarrier deviaating of two were employed. When
deviation ratios of one were used, it was obsetliatichannel-data errors exceeded 5
percent. Some channels showed peak-to-peak asdrigh as 30 percent. It must be
emphasized, however, that the results of the pestermed in this study are based on
specific methods of measurement on one system saangl that this system sample
represents a unique configuration of componentste8ys having different performance
characteristics may not yield the same system paece.

3.3 System performance may be improved, in terntetiér data accuracy, by
sacrificing system data bandwidth; that is, if tiser is willing to limit the number of
subcarrier channels in the multiplex, particuldhlg higher frequency channels, the input
level to the transmitter can be increased. The $N&ach subcarrier is then improved
through the increased per-channel transmitter tewia For example, the baseband
structure study indicated that when the 165 kHzokhand the 93 kHz channel were
not included in the proportional-bandwidth multil@erformance improvement can be
expected in the remaining channels equivalent ppagmately 12 dB increased
transmitter power.

3.4 Likewise, elimination of the five highest freancy channels in the constant
bandwidth multiplex allowed a 6-dB increase in parfance.
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3.5 A general formula, which can be used to esertia thermal noise performance
of an FM/FM channel above threshdli as follows.

(5) = (). (37 []" (=) (&)

where
(Ej _ discriminator output signal-to-noise ratio (rmstagl ratio),
N/
( E) — receiver carrier-to-noise ratio (rms voltage ratio)
N/,
Bc = carrier bandwidth (receiver IF bandwidth),
Fud =  subcarrier discriminator output filter:dB frequency,
& =  subcarrier center frequency,
fdc = carrier peak deviation of the particulabcarrier
of interest, and
fds = subcarrier peak deviation.

If the RF carrier power is such that the thernmsa is greater than the
intermodulation noise, the above relation proviestsmates accurate to within a few
decibels. Additional information is contained iI€® document 119-8d.elemetry
Applications Handboak

3.6 The FM/FM composite-multiplex signal used todwlate the RF carrier may be a
proportional-bandwidth format, a constant-bandwidtimat, or a combination of the
two types provided only that guard bands allowedtf@annels used in a mixed format
be equal to or greater than the guard band alldameithe same channel in an unmixed
format.

40 FEM System Component Considerations

System performance is dependent on all compometite system. Neglecting the
effects of the RF and recording system, data cHameairacy is primarily a function of
the linearity and frequency response of the sularasscillators and discriminators
employed. Systems designed to transmit data frexe® up to the nominal frequency
responses shown in tables 3-1 and 3-2 have generallknown response capabilities,
and reasonable data accuracy estimates can bgmasieé. For data-channel
requirements approaching the maximum frequencyorespof tables 3-1 and 3-2,

! K. M. Uglow, Noise and Bandwidth in FM/FM Radio TelemetRE
Transaction on Telemetry and Remote Control, p229May 1957).
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oscillator and discriminator characteristics assleonsistent and less well-defined,
making data accuracy estimates less dependable.

4.1 The effect of the RF system on data accurapyingarily in the form of noise
because of intermodulation at high RF signal comakt well above threshold. Under
low RF signal conditions, noise on the data chaniseihcreased because of the
degraded SNR existing in the receiver.

4.2 Intermodulation of the subcarriers in a sysiegaused by character-istics such as
amplitude and phase nonlinearities of the tranemiteceiver, magnetic tape
recorder/reproducer, or other system componentsreejto handle the multiplex signal
under the modulation conditions employed. In systemploying preemphasis of the
upper subcarriers, the lower subcarriers may egpee intermodulation interference
because of the difference frequencies of the highdency and high-amplitude channels.

4.3 The use of magnetic tape recorders for recgraisubcarrier multiplex may
degrade the data channel accuracy because ofpthspaed differences or variations
between record and playback. These speed ernonsocenally be compensated for in
present discriminator systems when the nominalomesp rating of the channels is
employed and a reference frequency is recordedthétisubcarrier multiplex.

5.0 Range Capability For FM Subcarrier Systems

See the following subparagraphs for additionatjeacapabilities.

5.1 Receivers and Tape Recordeféie use of subcarrier frequencies greater than 2
MHz may require tape recorders of a greater cajpathlan are in current use at some
ranges. Itis recommended that users, who antegraploying any of the above
channels at a range, check the range's capalibtgafficiently early date to allow
procurement of necessary equipment.

5.2 Discriminator Channel Selection Filterinclusion of the higher frequency
proportional-bandwidth channels and the constantiwalth channels may require the
ranges to acquire additional band selection filteraddition to referencing tables 3-1
and 3-2 for acquiring channel-selector filters, sidaration should also be given to
acquiring discriminators corresponding to the pteck&on carrier frequencies shown in
table 6-6. In applications where minimum time gelariation within the filter is
important, such as tape speed compensation orratgf?PAM or PCM, constant-delay
filter designs are recommended.
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APPENDIX C

PCM STANDARDS
ADDITIONAL INFORMATION AND RECOMMENDATIONS

1.0 Bit RateVersus Receiver | ntermediate-Frequency Bandwidth

The following subparagraphs contain informatioowiselection of receiver
intermediate-frequency (IF) bandwidths. Additiomdbrmation is contained in RCC
document 119, Telemetry Applications Handbook

1.1 The standard receiver IF bandwidth valuesisted in table 2-1. Not all
bandwidths are available on all receivers or atesli ranges. Additional bandwidths
may be available at some test ranges. The IF hdtidvior data receivers, should
typically be selected so that 90 to 99 percenhefttansmitted power spectrum is within
the receiver 3 dB bandwidth.

1.2 For reference purposes, in a well-designed FGMystem (NRZ-L data code) with
peak deviation equal to 0.35 times the bit rateamtF bandwidth (3 dB) equal to the bit
rate, a receiver IF signal-to-noise ratio (SNRapproximately 13 dB will result in a bit
error probability (BEP) of 18 A 1 dB change in this SNR will result in apprmstely an
order of magnitude change in the BEP. The relatignbetween BEP and IF SNR in a
bandwidth equal to the bit rate is illustratedigufe C-1 for IF bandwidths equal to the bit
rate and 1.5 times the bit rate. An approximaggession for the BEP is

BEP = 0.5 &*S\R

+ IF Bandwidth = 1.5 fimes Bit Rate
X IF Bondwidth = 1.0 times Bit Rote

1E~-02 5
1£-03 3
1E-04 4

1E-05 1

Bit Error Probability

1£-06 4

16-07 . . : . . . .
5 6 7 8 9 10 11 12 13 14
F SNR (dB) (Bandwidth = Bit Rate)

Figure C-1. BEP versus IF SNR in bandwidth = &ier
for NRZ-L PCM/FM.



where

k= —0.7 for IF bandwidth equal to bit rate
k= —0.65 for IF bandwidth equal to 1.2 times bit rate
k= —0.55 for IF bandwidth equal to 1.5 times bit rate

SNR = IF SNRxIF bandwidth/bit rate.

Other data codes and modulation techniques hé#fezatit BEP versus SNR
performance characteristics.

1.3 Itis recommended that the maximum period betwst transitions be 64-bit
intervals to ensure adequate bit synchronizatitaeble C-1 contains recommended
frame synchronization patterns for general usediMRelemetry.

2.0 Recommended PCM Synchronization Patterns

Table C-1 contains recommended fram synchronizgtéiterns for general use in
PCM telemetry. Patterns are shown in the prefesrddr of transmission with "111"
being the first bit sequence transmitted. Thisord independent of data being LSB or
MSB aligned. The technique used in the deternonadi the patterns for lengths 16
through 30 was essentially that of the patterrz'bfnary patterns off a given length, n,
for that pattern with the smallest total probapitf false synchronization over the
entire pattern overlap portion of the ground staflam synchronization The patterns
for lengths 31 through 33 were obtained from a sd@murcé

3.0 Spectral and BEP Comparisonsfor NRZ and Big’

Figure C-2 shows the power spectral densitiesaseband NRZ and @icodes
with random data. These curves were calculatedyusia equations presented below.
Figure C-3 presents the theoretical bit error pbdliges versus signal-to-noise ratio for
the level, mark, and space versions of baseband &@Bip codes and also for RNRZ-
L. The noise is assumed to be additive white ganswise.

1 A more detailed account of this investigation barfound in a paper by J. L.
Maury, Jr. and J. Styles, "Development of Optimuianie Synchronization Codes for
Goddard Space Flight Center PCM Telemetry Standard®roceedings of the
National Telemetering Conferenchine 1964.

%2 The recommended synchronization patterns for lengt through 33 are
discussed more fully in a paper by E. R. Hill, "fieifjues for Synchronizing Pulse-
Code Modulated Telemetry," in Proceedings of thédwal Telemetering Conference
May 1963.

% Material presented in paragraph 3.0 is taken fasstudy by W. C. Lindsey
(University of Southern California), Bit Synchroation System Performance
Characterization, Modeling and Tradeoff StuNwval Missile Center Technical
Publication.

C-3



sin? (7fT)
(mfT)°
sin® (7fT /2)

NRZ SPECTRAL DENSITY]

Big SPECTRAL DENSITYD .
(7fT/2)

where T is the bit period.
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TABLE C-1. OPTIMUM FRAME SYNCHRONIZATION PATTERN&OR PCM TELEMETRY

Pattern

Length
16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Patterns

111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111

010
100
100
110
011
011
100
101
110
110
110
110
101
101
110
111
111
110

111
110
110
011
011
101
110
011
101
010
100
101
011
011
101
100
100
111

001
101
101
001
110
001
110
100
111
110
110
101
110
110
111
110
110
010

000
000
000
010
001
011
101
110
001
111
101
001
010
011
001
111
101
011

00
000
000
000
000
000
100
100
000
100
100
110
001
100
110
100
101

00
000
000
000
100
100
110
110
011
101
110
101
101
001

00
000
000
000
000
000
000
100
000
000
010

00
000
000
000
000
010
010
010

00
000
000
000
011

00
000
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Figure C-2. Spectral densities of random NRZ Bigicodes.

40 PCM Frame Structure Examples

Figures C-4, C-5, and C-6 show examples of alldevBICM frame structures. In
each example, the Minor Frame Sync Pattern is eousis one word in the minor frame.
The first word after the Minor Frame Sync Pattarword 1.

Figures C-5 and C-6 show the preferred methodaafipy the subframe ID
counter in the minor frame. The counter is pldoefre the parameters that are
referenced to it.

Major Frame Length is as follows:

Figure C-4 - Major Frame Length = Minor Framex¥mum
Length.

Figure C-5 - Major Frame Length = Minor Framex¥mum
Length multiplied by Z.

Figure C-6 - Major Frame Length = Minor Framex¥mum
Length multiplied by Z.
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m RNRZ-L
+ NRZ and Bi¢ Mark and Space Codes
x NRZ-L and Bi¢-L
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Figure C-3. Theoretical bit error probability flemance for various
baseband PCM signaling techniques (perfect bitlgymization
assumed).
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Minor Frame Maximum Length, N Words or BSBit
Class | --- Shall not exceed 8192 bitsaxaeed 1024 words
) Class Il --- 16, 384 Bits

Word | Word | Word | Word | Word | Word | Word | Word | Word | Word Word| Word
1 2 3 4 5 6 7 8 9 10 N-2 N-1
Minor | Param| Param| Param| Param| Param| Param| Param| Param| Param| Param| ... Param Param
Frame AO Al A2 A3 A4 A2 A5 A6 A2 A7 A2 A(X)
Sync
Pattern

8-0

Parameters AO, Al, A3, A4, A5, A6, ..., A(X) aagpled once each Minor Frame.
Parameter A2 is supercommutatethe Minor Frame. The rate of A2 is equal tortbember of samples multiplied by the
Minor Frame Rate.

Figure C-4. Major Frame Length = Minor Framaximum Length.




6-0

Minor Frame Maximum Length, N Words or B Bits
Class | --- Shall not exceed 8192 bits nor e’lcE024 words; Class Il --- 16,384 Bits

Word | Word | Word | Word | Word | Word | Word | Word | Word Word Word| Word
1 2 3 4 5 6 7 8 9 10 N-2 N-1
I | | 1
Minor Frame SFID FFI Param| Param| Param| Param| Param| Param| Param| Param Paranr Param
Sync Pattern = A2 B1 A4 A2 A5 A6 A2 C1 A2 A(X)
SFID Param Param
= B2 C2
SFID Param Param
= B3 C3
SFID Param Param
= B4 C4
SFID Param Param
= B2 C5
SFID Param Param
= B5 C6
SFID Param Param
= B6 Cc7
Param Param
B2 | C(z-10
Minor Frame SFID FFI Param| Param[—Patam| Param| Param| Param| Param| Param Paranr Param
Sync Pattern =Z A2 BZ A4 A2 A5 A6 A2 Cz A2 A(X)

The Frame Format Identifier (Word 2) is shownhia preferred position as the first word followitg iD counter.

Parameters B1, B3, B4, B5, ..., BZ, and C1,C2,. . ., CZ are sampled once each SubframigZanultipled by the Minor Frame rate.
Parameter B2 is supercommutated on the Subfrathesaampled at less than the Minor Frame rategiaater than the Subframe rate.

Figure C-5. Major Frame Length = Minor Frame Maxm Length multiplied by Z.




Minor Frame Maximum Length, N Wordsor B Bits >
Class | --- Shall not exceed 8192 bits nor e’lcE024 words; Class Il --- 16,384 Bits

0T-2

Word | Word | Word | Word | Word | Word | Word | Word | Word Word .. Word| Word
1 2 3 4 5 6 7 8 9 10 N-2 N-1
I | | 1
Minor Frame SFID1 FFI Param| SFID2 | Param| Param| Param| Param| Param| Param C C C Paranr Param
Sync Pattern = A2 = Bl A2 A5 E1l A2 C1l A2 A(X)
SFID1 SFID2 | Param Param Param
= = B2 E2 Cc2
SFID1 SFID2 | Param Param Param
= = B3 E3 C3
SFID1 SFID2 | Param Param Param
= = B4 E4 C4
SFID1 SFID2 | Param Param Param
= = B2 E5 C5
SFID1 : Param : Param
= ) B5 ) C6
SFID1 SFID2 | Param Param Param
= = B6 ED Cc7
Param . Param
B2 | C(Z-1)
Minor Frame SFID1 FFI Param| SFID2 | Param|HPafam| Param| Param| Param| Param C . C Paranr Param
Sync Pattern =Z A2 =N BZ A2 A5 EN A2 Cz A2 A(X)

SFID1 and SFID2 are subframe counters.

SFID1 has a depth<256; SFID2 has a depth D which<dg. Z divided by D is not an integer.

Location of the B and C parameters are given bym®r Frame word number and the SFID1 counter.
Location of the E parameters are given by the MiFrame word number and the SFID2 counter.

Figure C-6. Major Frame Length = Minor Frame Maxim Length multiplied by Z.
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APPENDIX D

MAGNETIC TAPE RECORDER AND REPRODUCER
INFORMATION AND USE CRITERIA

1.0 Other Instrumentation M agnetic Tape Recorder Standards

The X3B6 Committee of the American National Stadddnstitute and the
International Standards Organizations have prepseeedral standards for instrumentation
magnetic tape recording. Documents may be obtdgedntacting the

American National Standards Institute, Inc.
1430 Broadway

New York, NY 10018

Telephone (212) 354-3300

The following documents may be of interest:

ISO 1860 Information Processing - Precision ré@isnagnetic tape used in
interchange instrumentation applications.

ISO 6068 Information Processing - Telemetry systémcluding the
recording characteristics of instrumentation maigrtape) - interchange
practices and recommended test methods.

ISO 6371 Information Processing - Interchange irequents and test
methods for unrecorded instrumentation magnetie.tap

ISO 8441/1 High Density Digital Recording (HDDRfpart 1: Unrecorded
magnetic tape for HDDR applications.

ISO 8441/2 High Density Digital Recording (HDDRfpart 2: Interchange
requirements and test methods for HDDR applicat{or@uding the
characteristics of recorded magnetic tape).

ANSI X3.175-1990 19 mm Type 1D-1 Recorded Inskeatation - Digital
Cassette Tape Format.
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2.0 Double-Density L ongitudinal Recording

Wide band double-density analog recording starsgdalidwing recording of up to
4 MHz signals at 3048 mm/s (120 ips) are includethese standards. For interchange
purposes, either narrow track widths 0.635 mm (25)must be employed, or other
special heads must be used. These requiremems@essary because of the difficulty
in maintaining individual head-segment gap-azimalipnment across a head close
enough to keep each track's response within théBtariation allowed by the
standards. Moreover, at the lower tape speedsogenbin double-density recording,
the 38-mm (1.5-in.) spacing employed in interlabedd assemblies results in
interchannel time displacement variations betwethand even tracks that may be
unacceptable for some applications. For thosersast was decided that a 14-track
in-line configuration on 25.4-mm (1-inch) tape shible adopted as a standard. This
configuration results in essentially the same fdrasshead number one of the 28-track
interlaced configuration in the standards.

2.1 The 14-track interlaced heads are not compatith tapes produced on an in-line
standard configuration, and if tapes must be iht@nged, a cross-configuration dubbing
may be required, or a change of head assemblidgeaeproducing machine is
necessary.

2.2 High energy magnetic tape is required for dewd®nsity systems. Such tapes are
available but may require special testing for aggtlons requiring a low number of
dropouts per track.

2.2.1 Other Track Configurationg he previously referenced standards include
configurations resulting in 7, 14, and 21 trackadidition to the 14- and 28-track
configurations listed in chapter 6. The HDDR stmnad also reference an 84-track
configuration on 50.8-mm (2-inch) tape. Figure @M table D-1 show the 7 track on
12.7-mm (1/2-inch) tape, table D-2 shows the 1dktan 12.7-mm (1/2-inch) tape, and
table D-3 shows the 42 track on 25.4-mm (1-inchgteonfigurations.

2.2.2 High-Density PCM RecordindHigh-density digital recording systems are
available from most instrumentation recorder mactufi@rs. Such systems will record
at linear packing densities of 33 000-bits-per-incmore per track. Special systems
are available for error detection and correctiothwiverhead penalties depending on the
type and the sophisti-cation of the system employdte HDDR documents listed in
paragraph 1.0 of this appendix reference six diffesystems that have been produced;
others are available.
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RECORD HEADS REPRODUCE HEADS

000 ' EVEN 00D EVEN
17 -
CI8] ™ CI&]
15
“B———_ HEAD SEGMENTS — 1)
133 P \\* NN
-
11 1~ HEAD REFERENCE PLANE 13
|  UNSPECIFIED DIMENSION
HEAD SPACING =| ‘ HEAD SPACING
HEAD SEGMENT HEAD SEGMENT HEAD SEGMENT HEAD SEGMENT
GAP CENTERLINE CAP CENTERLINE GAP FENTERLINE CAP CENTERLINE

DIRECTION OF TAPE TRAVEL

Figure D-1. Record and reproduce head and hepdes# identification and location (7-track inteddcsystem).




TABLE D-1. DIMENSIONS - RECORDED TAPE FORMAT, 7 BECKS INTERLACED
ON 12.7-mm (1/2 in.) WIDE TAPE (REFER TO FIGURE B-1

Parameters Millimeters Inches
Maximum Minimum

Track Width 1.397 1.143 0.050 +0.005
Track Spacing 1.778 0.070
Head Spacing:

Fixed Heads 38.125 38.075 1.500 +0.001

Adjustable Heads 38.151 38.049 1.500 +0.004
Edge Margin, Minimum 0.127 0.005
Reference Track

Location 1.067 0.965 0.040 +0.002
Track Location

Tolerance 0.051 -0.051 +0.002

Location of nth track
Track Number Millimeters Inches
Maximum Minimum

1 (Reference) 0.000 0.000 0.000

2 1.829 1.727 0.070

3 3.607 3.505 0.140

4 5.385 5.283 0.210

5 7.163 7.061 0.280

6 8.941 8.839 0.350

7 10.719 10.617 0.420
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TABLE D-2. DIMENSIONS - RECORDED TAPE FORMAT, 14RIACKS
INTERLACED ON 12.7-mm (1/2 in.) WIDE TAPE (REFER TRGURE

6-1).
Parameters Millimeters Inches
Maximum Minimum

Track Width 0.660 0.610 0.025 +0.001
Track Spacing 0.889 0.035
Head Spacing:

Fixed Heads 38.125 38.075 1.500 +0.001

Adjustable Heads 38.151 38.049 1.500 +0.002
Edge Margin, Minimum 0.127 0.005
Reference Track

Location 0.546 0.470 0.0200 +0.001
Track Location

Tolerance 0.038 -0.038 +0.0015

Location of nth track
Track Number Millimeters Inches
Maximum Minimum

1 (Reference) 0.000 0.000 0.000

2 0.927 0.851 0.035

3 1.816 1.740 0.070

4 2.705 2.629 0.105

5 3.594 3.518 0.140

6 4.483 4.407 0.175

7 5.372 5.292 0.210

8 6.261 6.185 0.245

9 7.150 7.074 0.280

10 8.039 7.963 0.315

11 8.928 8.852 0.350

12 9.817 9.741 0.385

13 10.706 10.630 0.420

14 11.595 11.519 0.455




TABLE D-3. DIMENSIONS - RECORDED TAPE FORMAT, 42RIACKS
INTERLACED ON 25.4-mm (1-in.) WIDE TAPE (REFER TOGURE

6-1).
Parameters Millimeters Inches
Maximum Minimum
Track Width 0.483 0.432 0.018 +0.001
Track Spacing 0.584 0.023
Head Spacing:
Fixed Heads 38.125 38.075 1.500 +0.001
Adjustable Heads 38.151 38.049 1.500 +0.002
Edge Margin, Minimum 0.305 0.012
Reference Track
Location 0.737 0.660 0.0275  +0.015
Track Location
Tolerance 0.025 -0.025 +0.0000
Location of nth track
Track Number Millimeters Inches
Maximum Minimum
1 (Reference) 0.000 0.000 0.000
2 0.610 0.559 0.023
3 1.194 1.143 0.046
4 1.778 1.727 0.069
5 2.362 2.311 0.092
6 2.946 2.896 0.115
7 3.531 3.480 0.138
8 4.115 4.064 0.161
9 4.699 4.648 0.184
10 5.283 5.232 0.207
11 5.867 5.817 0.230
12 6.452 6.401 0.253
13 7.036 6.985 0.276
14 7.620 7.569 0.299
15 8.204 8.153 0.322
16 8.788 8.738 0.345




TABLE D-3. (CONT’'D) DIMENSIONS - RECORDED TAPE FRMAT, 42-TRACKS
INTERLACED ON 25.4-mm (1-in.) WIDE TAPE (REFER TOGURE 6-

1).
Location of nth track
Track Number Millimeters Inches
Maximum Minimum
17 9.373 9.322 0.368
18 9.957 9.906 0.391
19 10.541 10.490 0.414
20 11.125 11.074 0.437
21 11.709 11.659 0.460
22 12.294 12.243 0.483
23 12.878 12.827 0.506
24 13.462 13.411 0.529
25 14.046 13.995 0.552
26 14.630 14.580 0.575
27 15.215 15.164 0.598
28 15.799 15.748 0.621
29 16.383 16.332 0.664
30 16.967 16.916 0.667
31 17.551 17.501 0.690
32 18.136 18.085 0.713
33 18.720 18.660 0.736
34 19.304 19.253 0.759
35 19.888 19.837 0.782
36 20.472 20.422 0.805
37 21.057 21.006 0.828
38 21.641 21.590 0.851
39 22.225 22.174 0.874
40 22.809 22.758 0.897
41 23.393 23.343 0.920
42 23.978 23.927 0.943




3.0 Serial HDDR

The following subparagraphs give some backgroondélecting the bi-phase and
RNRZ-L systems specified in subparagraph 6.11.8ptr 6 of this document.

3.1 Serial HDDR is a method of recording digitaladan a magnetic tape where the
digital data is applied to one track of the recogdsystem as a bi-level signal. The
codes recommended for serial HDDR recording ohteley data are BiL and
randomized NRZ-L (RNRZ-L) (refer to paragraph 6.ddapter 6).

3.2 In preparing paragraph 6.11 of chapter 6, ¢tHewing codes were considered:
Delay Modulation (Miller Code), Miller Squared, Earited NRZ, NRZ Level, NRZ
Mark, and NRZ Space. These codes are not reconeddondinterchange applications
at the bit rates given in paragraph 6.11.

3.3 The properties of the L and RNRZ-L codes relevant to serial HDDR and the
methods for generating and decoding RNRZ-L arerdest next. Recording with bias
Is required for interchange applications, becaapeoduce amplifier phase and
amplitude equalization adjustments for tapes resmgithout bias usually differ from
those required for tapes recorded with bias.

3.4 The Be-L and RNRZ-L codes were selected for this stanthachuse the "level”
versions are easier to generate and are usuailglaeaas outputs from bit
synchronizers. "Mark" and "Space" codes also fadarit twice as many errors as the
level codes for the same SNR. If polarity insevigjtis a major consideration,
agreement between interchange parties should lagetdtbefore these codes are used.

3.5 Some characteristics of thepRi code favorable to serial HDDR are listed in the
following subparagraphs.

3.5.1 Only a small proportion of the total sigaakrgy occurs near dc.

3.5.2 The maximum time between transitions istét period.

3.5.3 The symbols for one and zero are antipadat;is, the symbols are exact
opposites of each other. Therefore, the bit ggrobability versus SNR performance is
optimum.

3.5.4 The Bp-L can be decoded using existing bit synchronizers.

3.5.5 The Bp-L is less sensitive to misadjustments of biasrapdoducer equalizers
than most other codes.

3.5.6 The Bp-L performs well at low tape speeds and low biesat

D-9



3.6 The most unfavorable characteristic of thg-Bcode is that it requires
approximately twice the bandwidth of NRZ. Consetlye the maximum bit packing
density that can be recorded on magnetic tapdasualy low.

3.7 Characteristics of the RNRZ-L code which fak®use for serial HDDR are
included in the following subparagraphs.

3.7.1 The RNRZ-L requires approximately one-hadf bandwidth of Bp-L.

3.7.2 The symbols for one and zero are antipadatefore, the bit error probability
versus SNR performance is optimum.

3.7.3 The RNRZ-L decoder is self-synchronizing.

3.7.4 The RNRZ-L data can be bit synchronizedsagdal conditioned using existing
bit synchronizers with the input code selectotedRZ-L.

3.7.5 The RNRZ-L code is easily generated and akxto

3.7.6 The RNRZ-L data can be easily decoded imeterse mode of tape playback.
3.7.7 The RNRZ-L data are bit detected and decadet) a clock at the bit rate.
Therefore, the phase margin is much larger thanofheodes that require a clock at

twice the bit rate for bit detection.

3.7.8 The RNRZ-L code does not require overhetsd bi

3.8 Unfavorable characteristics of the RNRZ-L céuteserial HDDR are described next.
3.8.1 Long runs of bits without a transition aosgible although the probability of
occurrence is low, and the maximum run length aahrbited by providing transitions

in each data word.

3.8.2 Each isolated bit error that occurs afterdata has been randomized causes 3-bit
errors in the derandomized output data.

3.8.3 The decoder requires 15 consecutive erearfits to establish and reestablish
error-free operation.

3.8.4 The RNRZ-L bit stream can have a large Ileegudency content. Consequently,
reproducing data at tape speeds which produce FACHdtes less than 200 kb/s is not
recommended unless a bit synchronizer with spgaiaéigned dc and low frequency
restoration circuitry is available.
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3.9 Randomizer for RNRZ-L

The randomizer is implemented with a network oft skgisters and modulo-2
adders (exclusive-OR gates). The RNRZ-L bit streagenerated by adding
(modulo-2) the reconstructed NRZ-L PCM data tortiedlulo-2 sum of the outputs of
the 14th and 15th stages of a shift register. dutput RNRZ-L stream is also the input
to the shift register (see figure D-2).

3.9.1 The properties of an RNRZ-L bit stream am&lar to the properties of a
pseudo-random sequence. A 15-stage RNRZ-L eneatleenerate a maximal length
pseudo-random sequence 6F-2 (32 767) bits if the input data consists onlgefos

and there is at least a single one in the shifsteg A maximal length pseudo-random
sequence is also generated when the input datsstoosly of ones and the shift
register contains at least a single zero. Howaefl/gre shift register contains all zeros at
the moment that the input bit stream is all zettos, RNRZ-L output bit stream will also
be all zeros. The converse is also true: wheshiferegister is filled with ones and

the input bit stream is all ones, the RNRZ-L outpitistream will contain only ones. In
these two cases, the contents of the shift registes not change and the output data is
not randomized.

However, the randomizer is not permanently lockpdn this state because a
change in the input data will again produce a oamded output. In general, if the
input bit stream contains runs of X bits withoutansition with a probability of
occurrence of p(X), the output will contain runwing a length of up to (X+15) bits
with a probability of (2° x p(X)). Therefore, the output can contain longg of bits
without a transition, but the probability of occemce is low.

3.9.2The RNRZ-L bit stream is decoded (derandomizedgdiing (modulo-2) the
reconstructed RNRZ-L bit stream to the modulo-2 sditihhe outputs of the 14th and
15th stages of the shift register. The reconstdl&NRZ-L bit stream is the input to
the shift register (see figure D-3). The RNRZ-ltadahich is reproduced using the
reverse playback mode of operation is decoded yngdmodulo-2) the reconstructed
RNRZ-L bit stream to the modulo-2 sum of the ousprftthe 1st and 15th stages of the
shift register (see figure D-3). The net effedhiat the decoding shift register runs
"backwards" with respect to the randomizing slafjister.

3.9.3 Although the RNRZ-L decoder is self-synclizomg, 15 consecutive error-free
bits must be loaded into the shift register betbeeoutput data will be valid. A bit slip
will cause the decoder to lose synchronization, Emdonsecutive error-free data bits
must again be loaded into the shift register beffoesoutput data is valid. The decoded
output data, although correct, will contain thedhbipp causing a shift in the data with
respect to the frame synchronization pattern. dfoee, frame synchronization must be
reacquired before the output provides meaningftd.da
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Boolean Expression:

np=all B[l ¢

Figure D-2. Randomizer block diagram.




Bit Rate Clock Input

RNRZ-L Data 15 - Stage
~ 1.2 :3 13 14 15
Input From Shift Register
Bit Sync
Revers s / Forwarc
Playback T Playback
D B \ ¢
Al
* > Decoded Data
Output (NRZ-L)
Boolean Expression:
With input data A into randomizer,
Error-Free RNRZ-LData, D = Al B [ C

(see figure D-2)

Al=D0O B O C AOBO cCcOBIOC

=AlO BOBO clOC But B0 B = 0
cuc = o0
Therefore:
At=A0 00 0 = A

Figure D-3. Randomized NRZ-L decoder block diagra
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3.9.4 The RNRZ-L decoding system has an erroripiicition factor of 3 for isolated
bit errors (separated from adjacent bit errorstigast 15 bits). An isolated bit error
introduced after randomization will produce 3 esrior the output data; the original bit
in error, plus 2 additional errors 14 and 15 kateid. In addition, a burst of errors
occurring after the data has been randomized woliipce a burst of errors in the
derandomized output. The number of errors in titpwt depends on the distribution of
errors in the burst and can be greater than, equaf less than the number of errors in
the input to the derandomizer. However, the devamgation process always increases
the number of bits between the first and last a@rrdine burst by 15. Errors introduced
prior to randomization are not affected by eitter tandomizer or the derandomizer.
The reverse decoder has the same bit error prepexrsi the forward decoder.

3.9.5 Input data containing frequent long runbitdf without transitions creates
potential dc and low frequency restoration problémiBCM bit synchronizers because
of the low frequency cutoff of direct recorder aegroducer systems. The restoration
problem can be minimized by reproducing the data speeds that produce a bit rate
for which the maximum time between transitionsesss|than 100 microseconds.
Additional methods of minimizing these effects um# selecting bit synchronizers
containing special dc and low frequency restoratiocuitry or recording data using
Big-L code.

3.9.6 The power spectra of the RNRZ-L ang-Bicodes are shown in figure D-4. The
power spectral density of RNRZ-L is concentrateftejuencies, which are less than
one-half the bit rate. The power spectral derityBi@-L is concentrated at requencies
in a region around 0.75 times the bit rate. Theceatration of energy in the low-
frequency region (when using the RNRZ-L code) haseffect of reducing the SNR as
well as creating baseline wander, which the bitkyonizer must follow. Therefore,
reproducing data at tape speeds which produce PCidtés of less than 200 kb/s is not
recommended when using RNRZ-L unless a bit synéheomvith specially designed dc
and low frequency restoration circuitry is avaitbl

3.9.7 Alignment of the reproducer system is vargartant to reproducing high quality
PCM data, that is, with the lowest possible bibeprobability. A PCM signature using
the standard 2047-bit pseudo-random pattern, redood the leader or the trailer tape,
provides a good method for reproducer alignmenheklVa pseudo-random bit error
detection system is not available or when a PCMagige signal is not recorded,

the recommended procedure for reproducer alignmeaotves the use of the eye
pattern technique. The eye pattern is the re$slijeerpositioning the zeros and ones in
the PCM bit stream. The eye pattern is displayedrooscilloscope by inserting the
raw reproduced bit stream into the vertical injud &he reconstructed bit-rate clock into
the external synchronization input of the oscillqse. The reproducer head azimuth,
amplitude equalizers, and phase equalizers areditjested to produce the eye pattern
with the maximum height and width opening.
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Figure D-4. Random PCM power spectra.
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3.9.8 Sample eye patterns are shown in figure Big§ure D-5(a) shows a @iL eye
pattern at a recorded bit packing density of 15k@¥50 kb/s at 30 ips). Figure D-5(b)
shows an RNRZ-L eye pattern at a recorded bit pgotensity of 25 kb/in (750 kb/s at
30 ips).

a. BipL at bit packing density of 15 kb/in.

b. RNRZ-L at bit packing density of 25 kb/in.

Figure D-5. Sample eye patterns at output of Edreproducer.
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40 Head Parameters

The following subparagraphs describe the headpetess.

4.1 Gap ScatterRefer to the definitions in subparagraphs 6.2:/396.2.31 in chapter
6. Gap scatter contains components of azimuthligneaent and deviations from the
average line defining the azimuth. Since both comepts affect data simultaneity from
record to reproduce, the measurement is the induistance containing the combined
errors. Because azimuth adjustment affects theubof wide band systems, a 5.8
(0.0002-in.) gap scatter is allowed for such reemsdnd reproducers. A 2.54A
(0.0001-in.) gap scatter is recommended for fixedehsystems (see upper illustration
in figure 6-3).

4.2 Head Polarity The requirement that a positive pulse at a geaamplifier input
generate a south-north-north-south magnetic sequamt that a
south-north-north-south magnetic sequence on tegukipe a positive pulse at the
reproduce amplifier output, still leaves two inependent parameters unspecified.
These parameters are (1) polarity inversion ormasion in record and playback
amplifiers and (2) record or playback head windegse. For the purpose of head
replacement, it is necessary that these parantstetstermined by the user so that an
unsuspected polarity inversion, on tape or off tayk not occur after heads are
replaced.

5.0 Record Leve

The standard record level is established as thé ievel of a sinusoidal signal set
at the record level set frequency which, when @edy produces a signal containing 1
percent third harmonic distortion at the outpuagroperly terminated reproduce
amplifier (see subparagraph 4.1.3.3 of volumeR@,C document 118). A 1 percent
harmonic distortion content is achieved when thellef the third harmonic component
of the record level set frequency is 40 £1 dB belb&/level of a sinusoidal signal of 0.3
UBE which is recorded at the standard record leés&indard test and operating practice
is to record and reproduce sinusoidal signalslaafd 0.3 UBE and adjust the
equalizers as necessary to establish the reprodwutpdt at 0.3 UBE to within +1.0 dB
of the output at 0.1 UBE. Then a 1 V rms signdhatrecord level set frequency is
applied to the record amplifier input and the relcand reproduce level controls are
adjusted until the reproduced output contains teuerthird harmonic distortion at a
level of 1 V rms.
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The optimum level for recording data will seldomdxqual to the standard record
level. Signals having noise-like spectral disttibn such as baseband multiplexes of
FM subcarriers contain high crest factors so thaiay be necessary (as determined in
paragraph 1.1, Noise Power Ratio (NPR) Test, volbm&CC document 118, Test
Methods for Data Multiplex Equipmeértb record at levels below the standard record
level. On the other hand, for predetection and IRDBcording, signals may have to be
recorded above the standard record level to gitienopn performance in the data
system.

6.0 TapeCrossplay Considerations

Figure D-6 illustrates the typical departure froptimum frequency response that
may result when crossplaying wide band tapes wiviete recorded with heads
employing different record-head gap lengths. LAeis the idealized
output-versus-frequency plot of a machine with rddmas and record level, set upper
IRIG standards, using a 3.Q6n (120-microinch) record-head gap length and a-jur@2
(40-microinch) reproduce-head gap length. LinesaBB CC represent the output
response curves of the same tapes recorded onmeachith 5.084m (200-microinch)
and 1.27gm (50- microinch) record-head gap lengths. Eadhede recorders was set
up individually per IRIG requirements. The tapesavthen reproduced on the machine
having a 1.03+m (40-microinch) reproduce-head gap length withreatjusting its
reproduce equalization.

6.1 The output curves have been normalized to @tdBe 0.1 UBE frequency for the
purpose of clarity. The normalized curves maypeeted to exhibit a £2.0 dB
variance in relative output over the passband.t@pe recorded with the shortest head
segment gap length will provide the greatest netabiutput at the UBE.

6.2 While the examples shown are from older eqeirnwith record gap lengths
outside the limits recommended in subparagrapld 6chapter 6, they illustrate the
importance of the record gap length in tape int@nge applications.

7.0 Standard Tape Signature Procedur es

The following subparagraphs describe the PCM sigaaand the swept-frequency
signature.

7.1 PCM Signature Recording Procedur€onfigure test equipment as described in
paragraph 2.1, volume IV, RCC document 118. Thigora-tion should simulate the

operational link as closely as possible, for examghme RF frequency, deviation, bit

rate, code type, predetection frequency, receigadlyidth, and recorder speed.
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Figure D-6. Tape crossplay.

D-19




7.1.1 While recording the pseudo-random datasaudstrd record level, adjust the
sighal generator output level until approximatehg @rror per 10bits is obtained on
the error counter.

7.1.2 Record 30 seconds of the pseudo-randonatigiia beginning or end of the tape
for each data track. A separate 30-second tapatsige is recommended for each
different data format.

7.1.3 The content, track assignments, and locatiothe tape leader and trailer of
signature signals should be noted on the tape.label

7.2 PCM Signature Playback Proceduféde following subparagraphs explain the
playback procedure.

7.2.1 Optimize playback equipment such as recéiwreng and bit synchronizer setup
for data being reproduced.

7.2.2 Reproduce the tape signature and obsenerithierate on the error counter.
7.2.3 Optimize head azimuth for maximum signapatand minimum errors.
7.2.4 If more than one error per*Hits is obtained, initiate corrective action.
7.2.5 Repeat for each data track.

7.3 Swept Frequency Signature Recording Procedline following subparagraphs
describe the recording procedure for the sweptfsaqy signature.

7.3.1 Patch a sweep-frequency oscillator outpatitprime data tracks (up to 6 on
7-track recorders or up to 13 on 14-track recoldesee appendix A, volume Il of RCC
document 118). As a minimum, patch the sweeplasmilto one odd and one even
track.

7.3.2 Connect the sync output of the sweep otmilta a track not used for sweep
signals, preferably an outside track.

7.3.3 Record the signature signals for a minim@i®0oseconds at standard record
level.

T Record levels may be either preadjusted or quickly
iNOTE / adjusted in all tracks during the first few secontithe
=SS signature recording.
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7.3.4 The content, track assignments, and locatiothe leader or trailer tape of
signature signals should be noted on the tape.label

7.4 Swept-Frequency Signature Playback Procedline following subparagraphs
define the steps for the playback procedure.

7.4.1 Connect the sync track output of the repcedto the sync input of the scope.

7.4.2 Select an odd-numbered sweep-signal tratlcannect the output of the
reproducer to the vertical input of the scope.yPdak the sweep signal and adjust the
scope gain for an amplitude of approximately £1@anivertical divisions about the
center baseline. Adjust the odd-track azimutmiaximum amplitude of the highest
frequency segment (extreme right of the sweep pgtte

7.4.3 Observe amplitude variations through the sweéewaand adjust the
equalization, if necessary, to maintain the amgétwithin the required tolerance over
the required frequency range.

A decrease of sweep signal amplitude to aboutepiesents a 3
NOTE / dB loss.

7.4.4 Repeat the playback procedure in subparagrag.2 and 7.4.3 for azimuth and
equalization adjustments of an even-numbered tapk.t

7.4.5 Repeat the procedure in subparagraph dagjtialization only of other selected
prime data tracks, as required.

8.0 Equipment Required for Swept-Frequency Procedures

Equipment required at the recording site consisessweep-frequency oscillator
having a constant amplitude sweep range of apptein400 Hz through 4.4 MHz
with frequency markers at 62.5, 125, 250, and 389 &nd 1.0, 2.0, and 4.0 MHz. The
sweep range to 4.4 MHz may be used for all tapedgpbecause the bandwidth of the
recorder and reproducer will attenuate those sifyjagliencies beyond its range. The
sweep rate should be approximately 25 Hz. Careldhie exercised in the installation
of the sweep generator to ensure a flat responecweep signal at the input
terminals of the recorder. Appropriate line-driaenplifiers may be required for long
cable runs or the low impedance of paralleled isput
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8.1 A stepped-frequency oscillator could be sulnstit for the sweep-frequency
generator at the recording location. Recommendeillator wavelengths at the
mission tape speed are 7.62 mm (300 mils), 3.81(1&D mils), 0.254 mm (10 mils),
0.0254 mm (1 mil), 0.0127 mm (0.5 mil), 0.0064 nmGr26 mil), 0.0032 mm (0.125
mil), 0.0025 mm (0.1 mil), 0.0020 mm (0.08 mil),da®.0015 mm (0.06 mil).

8.2 Equipment required at the playback site camsisan ordinary oscilloscope
having a flat frequency response from 400 Hz thinoid MHz.

9.0 Fixed-Frequency Plus White Noise Procedure

The signature used in this method is the samalfapplications. For direct
recording of subcarrier multiplexes, only statialearity (nonlinearity which is
independent of frequency) is important for crogstaintrol. Subparagraph 6.8.2 in
chapter 6 provides a reference level for statidinearity. All formats of data recording
are sensitive to SNR. Predetection recording aDBR are sensitive to equalization.
The following signature procedure satisfies alldbeve requirements.

9.1 Record a sine-wave frequency of 0.1 UBE (Sele %:3) with the following
amplitudes.

9.1.1 Equal to the standard record level for direcording of subcarrier multiplexes
and HDDR (see subparagraph 6.8.2, chapter 6).

9.1.2 Equal to the carrier amplitude to be recorde pre-detection recording of
PCM/FM, PCM/PM, FM/FM, and PAM/FM.

9.2 Record flat band-limited white noise of ammi&0.7 of the true rms value of the
0 dB standard record level as described in subpgphd.8.2, chapter 6. Noise must be
limited by a low-pass filter just above the UBE.

9.3 Record with zero input (input terminated inofens). The three record steps
previously described can consist of 10 seconds. e@bb spectra can be obtained with
three manually initiated sweeps of less than argkeach, because no great frequency
resolution is required. All of the spectrum analyparameters can be standardized and
set in prior to running the mission tape.
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10.0 Signature Playback and Analysis

Before analyzing the signature, the reproducenatti should be adjusted. With
the short signature, it is probably more convententse the data part of the recording
for this purpose. If predetection recording isdygbe azimuth can be adjusted to
maximize the output as observed on the spectrutyzarar on a voltmeter connected
to the output. If baseband recording is useda#t@uth can be adjusted to maximize
the spectrum at the upper end of the band. Usspgatrum analyzer, reproduce, store,
and photograph the spectra obtained from parag@pfh9.2, and 9.3 in this appendix.
Store and photograph the spectrum analyzer inpat && zero.

10.1 It is evident that any maladjustment of trmrder and reproducer or
magnetization of the heads will result in the dasesof SNR across the band and will
be seen from the stored spectra or photograph.

10.2 By having a photograph of the spectra, ang#itequalization can be
accomplished without shuttling the mission tapéo#dews.

10.2.1 Use an auxiliary tape (not the mission tapé preferably the same type tape).
With a white-noise input signal band limited, adijire amplitude equalization of the

recorder and reproducer at the tape dubbing orrddtaction site and photograph the

output spectrum (see paragraph 9.0 of this appgndix

10.2.2 Compare this photo with the photo made filmensignature. Note the difference
at several points across the band.

10.2.3 Using the auxiliary tape, adjust the ampkt equalization to compensate for the
differences noted.

10.2.4 Recheck with the mission tape to verify tha desired amplitude equalization
has been achieved.

10.3 If the phase equalization is to be checkedjuare wave signal can be added to the
signature in accordance with the manufacturer'sipation (see subparagraph

4.9.2.3.3 of volume lll, RCC document 118). Thmegrocedure as that recommended
for amplitude equalization can be used, exceptdarescillograms.

11.0 Recording and Playback Alignment Procedures

When using standard preamble (or postamble), aegmph 6.12, chapter 6.

11.1 Recording of Preamble for Direct Electronics Aligemh

11.1.1 Patch a square wave generator output 4ét tdband edge to all tracks having
direct electronics or initiate procedure for re¢ogdnternally generated 1/11 band edge
square wave according to manufacturer's instrustion
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11.1.2 If the preamble will be used for a manuilistment, record for a minimum of
30 seconds at the standard record level and tageel$p be used for data recording.

11.1.3 If the preamble will be used only for automatigalnent, record at the standard
record level and tape speed to be used for dabadieg for a sufficient time as
specified by the manufacturer of the playback réeoreproducer or as agreed by the
interchange parties.

11.2 Playback of Preamble for Direct Electronicgyinent.

For systems so equipped, initiate automatic aligmnprocedure per
manufacturer's instructions. The procedure forumhadjustment is described in the
following subparagraphs.

11.2.1 Display fundamental and odd harmonics efstjuare wave (third through
eleventh) of selected odd numbered direct track ceseter of head stack on the
spectrum analyzer. Adjust azimuth by peaking oudgpoplitude of the third through
eleventh harmonic. Final adjustment should pealetBventh harmonic.

11.2.2 Repeat the above subparagraph for evenerechbirect track. (Only one track
is necessary for double density, 14-track, in-pstem).

11.2.3 Observe frequency response across the band pasteated track and correct if
necessary. For a flat response, the third harmaitibe 1/3 of the amplitude of the
fundamental, fifth harmonic 1/5 the amplitude, aocn. A convenient method is to
compare the recorder/reproducer output with that €quare wave generator patched
directly to the spectrum analyzer.

ﬁ;;E An alternate but less accurate method is to opérttie square wave
as displayed on an oscilloscope rather than arspe@nalyzer.

-

11.2.4 Repeat the previous subparagraph for destt track.

11.2.5 Display square wave on oscilloscope. Adjust pliasbest square wave
response as shown in figure D-7.

11.2.6 Repeat the previous subparagraph for eestt track.
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11.3 Recording of Preamble for FM Electronics Ahment

If available, initiate procedure for recordingemally generated 1/11 band edge
square wave and +1.414 Vdc per manufacturer'suictsdns. Otherwise, patch a square
wave generator output to all tracks having FM etedts. A near dc signal may be
obtained by setting the square wave generatol0® 8z and +1.414 V or by using a
separate dc source.

/ EQUAL
AMPI ITIIDF

e

BAD

[\

BAD GOOD

Figure D-7. Square wave responses.

11.3.1 If the preamble will be used for manuajm@ainent, record at least one cycle of
the 0.05 Hz square wave at £1.414 V or a posithereegative 1.414 Vdc for a
minimum of 10 seconds each at the tape speedusdzkefor data recording. Next,
record a 1/11 band edge square wave for a mininfu2 seconds.

11.3.2 If the preamble will be used only for austim alignment, record the above
sequence for a sufficient time as specified byntla@ufacturer of the playback
recorder/reproducer or as agreed by the interchpages.

11.4 Playback of Preamble for FM Electronics Aligamh

For systems so equipped, initiate automatic edigmt procedure per
manufacturer's instructions. The procedure forumhadjustment is described in the
next subparagraphs.

11.4.1 Check and adjust for 0 V output at cemsgfency per RCC document 118,
Test Methods for Telemetry Systems and Subsysteoisme I, Test Methods for
Recorder/Reproducer Systems and Magnetic Tape.

11.4.2 Use dc voltmeter to verify a full posit&ed negative output voltage on the
selected track and correct if necessary.
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11.4.3 Display fundamental and odd harmonics efstjuare wave (third through
eleventh) on the spectrum analyzer.

11.4.4 Observe frequency response per subparafiapi3.

11.4.5 Repeat subparagraphs 11.4.1 through Ifbdezch FM track.
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