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1. IntrOduction

'.This‘doewment;fepofts the result of a ssudy‘of.possible utllizatiqn
of the Tfacking and Data Relay éatellite System (TDRS) by ehe High
Energy Astfonomical Observatd:y-Satelllte (HEAO-C)} The primary func-
fiop of the study was to assess the impact upon the HEAO'telecammuni- :

-cations system of the proposed relay satellite-to-ground-link configu-
ration.r | |

The TDRSnspsteﬁ design is belng managed by the Goddard Spece
‘Flight‘center.' The system was originally planned for the la;e.seventies,
and it is designed to perform the fupctlon of most of the NASA grpund-'
ﬁ trecking'aﬁd.communieations nepwork ap a net cost savings for-NASA. |
‘At this time; NASA hopes to have-tﬁe lﬁRS.sfstem'in operation by.l979,‘
With private industry, psing the NASA tedhnolqu,_depldying the system.
and NASA leasing most of the TDRS capaclty. N

‘The- HEAO program is being managed by the Marshall Space Flight
‘Center. NASA plans to launch HEAD sPacecraft in 1977, 1978, and 1979.
The HEAQ=-C satellite (1979) is a potential user of the TDRS system.

If the HEAQ=-C does indeed become a TDRS system user, the cost
of the,satellite_telecommunications:system ﬁill defipitelj be ipcpeased;‘-'
Only the decteased costs of maintaining the ground statiens can jpstify-
the increased cost aﬁd complexiﬁy of ehe HEAO—C-teleéoﬁmunieetioﬁs
syStem. |

Several ground-rules were accepted in defining the . scope of the
study They included accepting the present defieition of the TDRS

system-(antehne gains, transmitter powers etce)s and‘determining the



parametric-requifements of thé HEAO-C in order to mﬁintain ﬁhe re=
quired communications standards. This,réport, theny, is primarily

a déscriptioh.qf the TDRS system as it relates to ;he proposed TIRS=
‘HEAOQC‘cqmmunication links, a description of the HEAO=-C data handling
requiréménts, and a3 discussion of the ?esulting HEAO=C telecommunica-~
tion requirements, and a design of a proposed HEAO-G telecommunications
system.

Detailed effort 1ﬁ the study has been directed towardAsevetal
specific sjétem Components. This includeé the pséudondise spreads=
épectfum ﬁodem' transponder for the HEAO-C and ground receiver. More
general conéidération‘was éiven to components such as the spacecraft
antenné-system an& error contrel coﬁing and decoding sche@es. Also
géheral power Budget data were calculated to confirm the feasibility

of the proposed communication link.



2, Tracking and Data Relay Satellite System,
Current Specifications

fhis aeetion describes the TDRS telecommunications system as it
.relates to.the‘proposed HEAO-C TDRS communications link. Table 2«1
shows the TbRS frequency plan. Tabie 2~2 shbws the Telecommunieation
service specifications for low and medium data rate users. The HEAOhC
will be a MDR userytherefore in this section most of the material will
relate to the MDR section of the TDRS system.

| The TDRS 1s designed to accqmodate'two medinmldata rate usera.
This is accomplished with the telecommunications substem block diagram
as shown.in tigure 2-1. The TDRS-user forward 1ink has S=band and Kue
band capability. The MDR TDRS antenna System is assured to be an 8
(eight) footparaholic.dish antenna with 60% efficiency. (This figure
:is in variance with seme initial TDRS design, such as the 6.5 foot
dish suggested by the RI TDRS study.) The system has the eapability
of supporting.two MDR users with any combination of Ku or S—bana,
and one of the MDR space=to-space forward link transpanders.and antenna
‘can serve as a back-np for the TDRS-Ground Kn-band link.

One initial‘design of the TDRS specifies that the MDR=S band.
capability is for users with data rate less than 105 bpse. Exception
‘to the specifications is taken in this study.

The TDRS transponder functiors as a linear translator in both. the
forward and return link. For this reason, and because power Flux
density implnging on the earth's surface from the TDRS satellite is
‘limited by  IRAC standards, the data must be spread in bandwidth, this
| spread spectrum is achieved by modulating the information signal by

a pseudonoise signal. The pseudonoise signal selected for this

| application is a shift register generated pseudo random digital sequence.



The IRAC guidelines for maximum power flux density at the earth's

"surface for various frequency bands are given in table 2-3.



~ Channel Bandwidth

'TrackingIOrder Wire

2249 MH=

Links Frequency
~ LDR 400,5 to 401.5 MHz - 1 MHz
4 ~ 250 Khz channels
o MDR - : ‘ _ N
A S-band 2025 to 2120 MHz 95 MHz channel
o Ku-band 14,6 to 15,2 GHz 14 - 100 MHz channels .
o .
> TDRS/GS -
) Ku-band 13.4 to 13.64 GHz 240 MHz
e  VHF 148.26 MHz | ,
S5~band 2200 to 2290 MHz 30 MHz
Tracking]Order Wire 2066 Mz
Ku Beacon 15,0 GHz
LDR 136 to 138 MHz 2 MHz (20 users ‘
' : { multiple accessed/TDRS)
MDR . . :
4 S~-band 2200 to 2300 MHz 20-10 MHz slots in 5
G ' MHz steps or 100 MHz
= : S _ wide open C
§ Ku-band 13.6 to 14,0 GHz 4-100 MHz channels
at
- TDRS/GS S |
Ku-band 14.6 to 15.2 CHz 200 or 600 MHz channel
VHF 136.11 MHz ‘
‘S~band 2025 to 2110 MHz

.85 MH=z

Table

2=-1 TDRS Frequency Plan




Description

" LDR User

MDR User .

Number of users

Forward: Minimum of 1
Return: . 20

Minimum of 1

Forward:

Return: -

Frequency VHF, UHF, )
: S-band. U] 8- or X- or Ku-band
Return: VHF o J
‘| Communications Forward:‘ 100 to 1000 bps Forwarﬁ: - 100 to 1000 bps
~ requirement ' :
1to 10 kbps Return: 10 to 1000 kbps

Constraints

‘Linear transponder in
return link

"High RFI

‘Flux density (IRAC):
VHF < -144 dBw/m2/4 khz
UHF < -150 dBw/mé/4 khz
‘S-band < -154 dBw/ml/

) 4 khz
'TEIRP = +30 dBw/channel
(VHF, UHF)
= +41 dBw/channel(s)

" BER = 1075

© "Linear TDRS {ransponder

return link

‘Variable frequency

"Flux density (IRAC):
S-band < -154 dBw/m2/4 khz

" X-band < -150 dBw/m2/4 khz

Ku~band < =152 dBw/m2/
= e ‘
"BER = 107>

Table 2-2 TDRS Ieiecqmmunications Service Specifications
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Figure 2-1 Telecommunications Service Subsystem Block Diagram

Fréguéncy Band - _ Flux Density in & kilz

vir e ~ 144 dBw/m®

UHFV . . lSO dBw/m2
S-band J - 154 dBw/'mzl' -‘
X-band- - 150 dBu/m®
Ku=band- -

152 dBw/me

Table 2-23 IRAGC Guidelines



3. HEAO=(, Telecommunications Requirements

The Telecommunication requirements of the HEAO-C satellite are

aséuned as follows:

LOW:RATE MODE 1 TDRS
Forward Link: 1 kbps ' Command Channel
Return Link: 6.4 kbps _ Real time telemetry
12.8 kbps Recorded data
19.2 kbps TOTAL DATA RATE
LOW RATE MODE 2 TDRS
Forward Link: 1 kbps . Command Channel
Return Link: - 6.4 kbps . | Real time telémetry
' ' - 3,2 kbps'_ Recorded data
9.6 kbps - . TOTAL DATA RATE

HIGH RATE MODE

Forward Link: 1 kbps Command Channel
Return Link: ' 128 kbps Réal timne experimental data

Power link margin is specified as 10db for a telemetry'BER.of‘
1 part in 106. ' -

Uplink commands at 1 kbps are PCM/PSK/FM modulated on a 70kHs
- subcarrier which is phase modulated on the carrief. | o

The HEAO-C command and data handling,subSystem bléﬁk diagram is
shown-in figure 3-1. The nomenclaturé used in this diagram is as follows:

CDHS: Command and Data Handling System
PCD:  Primary Command Decoder



SCD

SCP 3
ceu s
RMU ¢

TRIU:

USB

TA @

Secondary - Command Deﬁoder
Stéred Command Progrémmer
Gentral Clock Unit |
RemdterMultiplexing Unit
Tape Reco:dex InteffaCe=Unit
Unified SeBand -

Transfer Assembly

~ The overall communication and tape recorder system block diagram

for HEAO=C = TDRS capability is shown in Figure 3=2.

The imphct on the HEAO~C instrumentation of the TDRS relay link

would be the reduction or elimination of the HEAO-C tape recorder

requirement.
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4, Communication Link Analysis

. This section is divided into two parts, a procedure for factoring
the effects of spread spectrum techniques into power budget calculations

and TDRS-HEAO-C power budget calculations. N

(a) Procadure for Factoring the Effects of Spread Spectrum
Techniques into Power Budget Calculations

v

Normal power budget'calculations for.single-user;'single-channel
' applications consist of the following steps.

(l) Determining the system parameters such as transmitter power
transmitter loss, transmitter antemna gain, atmospheric loss,.
polarization loss, space loss, receiver antenna gain, receiver

. noise figure, preamplifier noise temperature, receiver ‘losses, .
and bandwidth. : :

l_(2).'Using appropriate parametric relations, calculate the con=
' " trastwratio at the receiver output. :

(3) Alternately, given the required contrast ratio for a given

. error tate limit at the demodulator, optimize the parameters
in (1) to yield the required contrast ratio. The optimiza=
tion procedure might require minimization of system cost,
minimization of transmitter power, minimization of receiver
antenna gain, Normally, the procedure requires some sub-
jective parametric tradeoffs based on engineering judgement,
along with objective parametric tradeoffs based on a mathe-
matical optimizatlon of ‘the system model.

The purpose of this Sectionis to give a straightforward procedure
for including‘the effects of a spread spectrum.implementation upon thed
_ inal contrast ratio for a communications links under conditions that
include multipath and RFI cOnditions. |

l An analytical consideration of the problem is complicated by the
‘ fact that under realistic conditions both RFL and multipath interferenan

are characteristically nonstationary.
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MULTIPATH GEOMETRY

A single model for the purpose of contrast ratio estimation under

conditions of multipath is based on the configﬁration of figure 1,

) TDRS

Figure 41 TDRS-USER DIRECT AND MULTIPATH SIGNAL ROUTES
2 _ 2 2 _ o
r, = (dl + R) + (d2 + R -2 (d1.+ R) (dp + R) cos(8) - (4-1)
" Using the simplifying assumption that @ is sma11 the law of sines as applied

to figure 1 yields

R+d, R . | ' _ : _
— , T (4a2)

b - s]; - P ' ' .
R+ d2 = R . S | i
Also e :
S, 40, —a=0 _ . (4-4)
£ +e-e=0 . (4-5)
And .

Solution of these equations yields

; < R O(R + d,) | . | . .
) R(dyHd)+2dydy; 7 : &7y
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£ RO(R +d4) : _
! = "R(d;+d,)+2d dy | | (4-8)

6 (Rkd ) (Rebd 2)

RN YCTET YR X TT S (4-9)
5. o O(R¥dp) &y

R(d;+dg) + 2didg | (4=10)
and ) _ : L

R(dyHdp) +2d1dp ¢

The approximate time delay for the reflected signal path is

ol |
Tg *3%10° .[dz +tdyp - (d2 - dl)]
_ 24 | '
— ) - . ' (4-12)
3x108

and the slant-range to the user or TDRS from the reflection point is

approximately equal to the orbit altitude.

- The spherical surface of the earth causes divergence of the

reflected signal in figure 1. This results in an attenuation

(4-13) |

where rs is the distance from the pdint of reflection to the virtual signal

source. For small &,

‘Rz

(24 + B2 " | 18

~ Figure 4-2 illustrates the reflecting area for a particular TDRS-USER positidn.
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Figure 4-2 TDRS-USER Géométry ' .
In general because of the complex naturé of the earth's.surface, the
multipath 51gna1 to the user arrives from a relatively large area of the earth's
surface. This results in a Doppler anddelay distortion of the returned signal.

This spread in‘multipath delay causes a distortion in the autocorrelatlon
function of the PN code modulated on the multipath component of the TDRS- User
signal. 'This distortion reduces the llkellhoodthat the user PN transponder '
will "lock-on" the multipath component of the signal. If the bandwidth of the
éutocorrelation filter is B, the digital PN'rate i5 fc, and | |

2d1

S 1 , , .
B , , -
13X 108 \ - (4-15)
then the multlpath component of the user input signal is spread w1th minimum

effect on the transponder PN-loop tracking.

To facilitate the power budget analysis, the PN spread spectrum system.

wili now- be described.
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General Description of Spread pectrum Systems

In gemeral, spread spectrum systems are those e‘mioations‘._schm'a.

which utilize a wider spectrum bandwidth than the charmel information
si@ai bandwidth, A simple FN owmnications mtem can be interpreted as
a spread spectrum system under this definition. The c_onimnicq.tipn# pro-
cessing is perfomsd' in such a way that the extra spectrum utilization
results in improved sig;'xalfto-néise ratio st the receiver cutput, In other
words, spectrum has been traded for increased signél-to’-—noise- ratio.

‘ Spraad spectrum systems are very effective im sltuations where inter-
Mce is a aigxiiﬁ.cant factor. In space commmlioations, the spread spestrum
-concept has boon proposed to combat mvltipath fading and pmvida intefference

rejection in guch applications as comniaaﬁ.on-ralar-satallite +to user links,

Pgeudo-Noise Systems

A pseudo-noise system is a particular form of spread spectrum system
that combats mmltipath fading and interference, and in sddition caa-prarido_
renging, telemetry synchronization, md addressing. The term "paéudo-nois§"
mi‘ers to nolse-llke sub-carriers used in such mtems, usnally generated
from a naxj.mm lengbh digital sequence generator. Maximum hng'bh digital
. sequences have many proport:l.aa that make them statisﬁ.caily similar to
_ true random digltal sequences. One of these is the similarity of the
a:lxt.ocorralation functione of mximzm length and true random digital sequences

as ﬂluatrated in rignre 4-3.In the rigzre, Tp 1s the digital slock perioed
end L =27-1 ,
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"

)
T

Ly
{ b
| -LTp |
(b) Maximum Length Sequence

ng

Figure 43 Autocorrelation Function of True Random Sequence and Maximum
Length Sequence. '

 The power spectrum of the true-noise sequence is the Fourer transform of

the autocorrelation fﬁnctién, _
‘ ‘ Tt C=iwr . R : _
S() = F R (1)) = ijx(T)s AT = TR(sin(TR/ 2N (T . (4-16).
Figure.4-411lustrates the power. spectrum, o T

Amplitude

Figﬁre 4-4 Power Spectrum of a Random Digital Sequence
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The spectrum of the pseudo-random or pseudo-ﬂ01sesequenc‘e has the
' envélope of figure 4 but consists of impulse functioms spaced at inter-
vals of Zﬁ/(LTB) radians. “ |
-If L is'large,the unit impulse 'func:i:ions are closely *packéd, with L

spectral compoments between W=0, &)=21’T‘/TB.

Transponder Desgign

To illustrate the capability of the PN.spread_spettrum scheme, a -
‘typicél space PN~transponder design will be réviewed. .Figureé-iis the
transpbnder.design. h |

A simplified diagram of the,communicéﬁion capébility of‘the tfans-

ponder is given in figure 4-6.

; cL PH LOQP
CLOCK IF L——h?-. FILTER
__Jarse

LOOP
FILTER

MNARROW
2N IF

«-@u ST IF

[oXM je—b——] XN fe—— - : _. VO '-o-

QocK
PNG vCO -
 TRANSMITTER
outeut.
‘ X e

Figure 4-5 Complete PN Transponder
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The spectrum representation of the signals at point A and B are
given below, the spectrum of the signal at point C is the conwolution

of the signals at ‘A aﬁd B.

- Relative
Amplitude _ f

D))
44

€

We

Figure 4«7 Spectrum at Point A

Relative
Amplitude -

-,

Figure 4-8 Spectrum at Point B
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Relative
Amplitude

Figure %9 Spectrum at Point C

The spectfum point D, after additive interference in the channel is
shown in figure 410
‘The interference is assured to be an additive sinusoidal at frequency

wy radians/séé.

Relative -
Amplitude

Figure QﬁlOSpeétrum*at Point D



23
‘Assuming the PN generator in therreceivef is synchronized with the
PN generator in the transmittér,'the spectrum repreéentation of the
signal at pointrE is the convolution of the PN sinc envelope with the

‘composite signal at point D, and the resu1tsare shown in figure 4-11.

Relative
Amplitude

(‘{- : AP Wi | We Wryey
Figure 4=11 Spectrﬁm a? Peoint E

The filter in figure4-6 is aband pass unit centered around ¢

and the spectrum at point F is shown in figure 4=12.

Relative
Amplitude
A
e—g,—A

I

Figure 4-12 Spectrum at Point F-
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The interfering signal added in the channel 13 sﬁread by the
PN,demodulatioﬂ prhcess, and only a portioh of the'energy associaﬁed
with this intefferiﬁg signal is passed to the output by the filter.
The 0peraéion of the PN modulation-demodulation scheme in Figure
4—6requiresthét the PN generator andudigital clock driviﬁg this gene=-
rator in the receiver be synchronized with Fhé PN generator and the .
clock in th; transmitter. The PN transponder shown in Figure 4=5 1in-
 cIudes the necessaryﬁéircuitry to achieve this sychronization. A
éimplified block diagram of_thé transponder is shown in Figufé 4-13.
Th_e operatiqn @® is convolution in ‘thé frquency domain or
multiplication (Gorresponding tﬁ digital_modﬁlo-two addition) in the
‘time domaiﬁ. lfhe clock phase-lock Ibop, thé carfier phase-lock loop,
and the PN generator are shown in Figure 4=14, 4-15, and 4-16 7
respectively. | | | ,
The traﬁspoﬁder Flocked" condition means the ;arrier phasey the
clock phase, and the PN generator must all.be synchronized with the
signal comprising the input signal, PN @ CL @ CA1, The time re_quired |
for synchroni#ation &epends uppn PN code leﬁgfhs and loop bandwidths;
For a particular TDRS~user transponder design, studies have shown a
iock-up period of éeveral minutes is required. This long period re-
‘quired for achieving synchronization could be excessive for-gome'

communications users, and this question deserves further investigation.
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Figure 4=13 Simplified Transponder Block Diagram
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Memornylements

/

2 - 3 > M j;—- ;n;l ) ‘ n

' 4 s

~ Modulo - Two Feedback

Figure.aa16~Maximum Length PN Sequence Generator

PN Parameters

In a multiple user system such as the conceptual TDRS design, the number
of expected users affects the choice of PN pafameters. Inlthe TDRS‘design
approximately 40 simultaneous users must share the assigned spect;u@. IF'was
concluded from early studies that the number of éuitéble PN codes was not
sufficieﬁt to allow user identification Byﬁassigning a)unique Pﬁ code to
each user. A possible means of avoidiﬁg this problem is thé:use of ﬁybrid- .
sum sequenées rather than maximum-length sequences as the PN code. Figure 4=
17 is a block diagram of a hﬁbrid-sum sequence formed From the modulb-
two sum of several maximum-length digital sequences; .A recent Study has shown
that the statistical properties of hybrid-sum sequence are potentiaily better
than those of maximum length sequences, and are much easier to evaluate

analytically.
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Gurreﬁtly a study is being performed,to'évaluate the capability of these

codes to imprdfethe lock-up and_tfacking performance of PN ttanépondersfor use.
in the TDRS-user sfsteﬁ. |

: :The autocorrelation functions of hybrid sum sequences for k-even and k-odd,
where-k is the numbgr of ML sequencés férming the HS seéuenée, is shown in
‘figureﬁ-lB.'The_autocorrelation function for the cése k=1 (siﬁgle ML sequence)
is a two level fﬁnction in the generai case. With this aséumptidp.;he clock
pﬁase-lock-lodp error signall(poiﬁt C,Eigd=19 is éhown in figure4-18. Aé in
the case of ML sequences there 1s a stable lock poinﬁ and tracking can be

achieved. The time parameter L is given as.
k i

L= T @™ -1 Y

and there are many possible valués of L depending on the different selections

of ni, the compdnént‘generator sizes.

Figure 418, Examples of the autocorrelation function of sum
sequences from k generators



Figure 4-19 Error Signal of Clock Phase Lock Loop

The expected improved performance of the HS system is basedkoh a preliminary
.desigﬁ of a lock-up mode‘where each dqmponent ML sequencellgcks independently;
Since the component ML sequence éan be much shorter than the final HS sequence,
lock up time can be reduced. Also, beqausg of tﬁé‘improved statistical
prOpertiES.oﬁ the HS seQuence;llock communication performance'Should bé improvéd
to some-éxtent. |

These considerations are‘imﬁorﬁént to TDRS'usefs, for examble, improved
lock-up pe?formance of the Eransponder ﬁight eiiminate the need fﬁr éigﬁifiCant
userldata storage and assﬁre real—time‘déta from user to grbund over atlongef
period ﬁear TDRS handover. An in-depth study of the parameters of the pread;
spectrum hybrid-sum transponder design‘aé apélied to the fDRS”systgm is |

continuing. .
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Power Budget Calculations

Normal power budget calculations can be modified to calculate the
x -@
expected performance of a spread-spectrum communications system in the
 presence of multipath.

The final .contrast ratio is

"CR = P

Where P is the signal power deﬁsity,_k is,Bpiqéman%, Constant, and T is
the effective.system'tempefature. T can be expressed |

T =T, + Tm
. where Tr is théleffec;ive receiver temperature which is.caicqlated‘from the
receiver noise—figure and the antenna temperéture, and Tm is the effective
temperature of‘the spread muitipath component." If the information bandwid:h
1s By and tﬁe PN clock rate i fd, then

fc

By

G =

is the system processing gain.
If Pm is the total multipath power component of the returned signal,
then the épectrum at the multipath component is spread, and

Pe = Pm
B1G
is the effective power density of the spread multipath signal. The effective

temperatufe due to the multipath component is then

Tm .= Pm
kGBI

The following procedure can be utilized_to:modify the standard contrast
ratioc calculations when there is a multipath'signal component and a spread

spectrum system is being used.
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(1) Calculate the system noise temperature, TR, as the sum of the receiver
noise temperature and the antenna temperature.

(2) Galculate the signal power, Py, at the usef.with standard techniques.

(3) Calculate the multipath signal power at the user using
2 - — .
PgR
Pm-(xz——s_....—
(2d; + r)?
where
Ps is the signal power
R is the radius of the earth
. dl is the altitude of the user
(see fig. 1) '
o is the earth reflectiv1ty

(4) Calculate the'effective multipath temperature as

Tm = kG'BI

where k is Boltzmans Constant, and G is the processing gain,
= fc
BT *

The calculatioh above must be based on the condition

24, .

i . > e
3 X 108 B

where B is the bandwidth of the tracklng fllter in the PN phase 1ock-loop

(5) CaICulate

(6) Calculate the comntrast-ratio

"CR = Pg o
kTBy .

JAs an exémple,,consider a user orbit
= 200 km

‘with a PN clbck rate of 40 MHZ and'aﬁ informatioﬁ bandwidth of 1.5 MHZ.



The

(1)

{2)
(3)

(4)
(5)

(6)

analysis procedure is as follows:

Assume the system noise temperature referred to the
receiving antenna is 700°K.

Assume the signal power at the user 1s - 80 dbm.
The multipath signal component is

Pm = 83,6 dbm.

where

0( = 0707

The multipath effective temperature is
T = 220K

m

The total effective system temperature is
T = 920°K.

The contrast‘ratio is

CR = 16 db

above analysis is appropriate because

s S S
—L = 1.3 x 103, = = 1,024 x 107°
3X10 . '

where the bandwidth of the loop tracking filter is

= 980 KHZ.

33
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(b) Power Budgets and Links Performance

This section describes power budget calculations used to evaluate
the proposed HEAO-C-TDRS forward and return 1inks. The TDRS-Ground
link was not considered since this proPerly would be part of the
TDRS system design, and in any case it is not the critical link.

The HEAO- C=TDRS (return)'link'is pritical‘because of the required

data rate.' The 1Kbps TDRS=HEAO=C (forward) link,reqﬁ;red perfﬁfmance
marginris eaéilf achieved if the return link panaﬁét@ﬁéUMEétiiﬂﬂif
*required margins.

The following tables give the ‘power budget calculations and

form a parametric study of the.link. The following lists the tables

includeds:
TABLE . = DESCRIPTION PARAMETERS
lal " 5-BAND HEAG-C-TDRS RETURN LINK 2,025 GHE 3
: : |  3.db TRANSMITTER
ANTENNA GAIN
4e2 . X-BAND HEAO-C~TDRS RETURN LINK 10.357 GHZ
: - 3 db TRANSMITTER
ANTENNA GAIN
43 - Ku=BAND HEAQ-C-TDRS RETURN LINK 15.200 GHZ .
| ' ' ' 3 db TRANSMITTER .
ANTENNA GAIN
A : S-BAND HEAO-C-TDRS RETURN LINK - 2,025 GHE
: - 1848 db TRANSMITTER
ANTENNA GAIN
45 S-BAND HEAO-C-TDRS FORWARD LINK 2.025 GHZ ~
- ' 3 db RECEIVER
ANTENNA GAIN
' 4mb S Ku=BAND HEAO-C=TDRS FORWARD LINK 15.200 GHZ
: ) o ' ' "3 db RECEIVER
ANTENNA GAIN
b7 ' S=BAND HEAO=C-TDRS RETURN LINK . 2,025 GHR

3 db TRANSMITTER
_GAIN, LOW RATE MODE
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The calculations for the power budgets (1-6) were made with the
assumption of the HIGH RATE MODE in the return 1ink and 1 KBPS comménd
signal in the forward link. The power budget for éase 7 is for the
- low rate mode in ﬁhe return link. 1In all cases of the return‘link the
' HEAO-GVtransmitter power is specified as 10 watts. In all cases the
TDRS~HEAO=C range is assured as 3.58X10/ METERS. The TDRS-MDR conm
_figuration'is assured to include an 8 ft.. 60% effective aperture
-refiective antenna. |

The antenna pointing loss calculations are based upon a .36 RMS
pointing error of the TDRS-MDR (&t.) dish antenﬁa'.- |

o Othér-parametric data, such as the‘TDRS recelver equivalent

noise temperéture, are taken from contractor TDRS studies.
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S-BAND HEAO-C-TDRS RETURN LINK
2,025 GHZ CONFIGURATION 1

. |

1, ‘Transmitter Power. 10 WATT 1 10 dbw
2. Circuit Loss N -1 db g
cererre _ .fTF.,' e
3. Transmitter Antenna Gain. —~ - ¥ 3 db s
4a | Pointing Loss L odb
+=2.025GH& . . .o 07 .-F :
Se Space Loss d=3-5!3X107n‘g_:;- B -189,7
6. | Polarization Loss . odb
. 8'DISH-60% s
7. Receiver Antenna Gain . 32.,3.db
8e Pointing Loss -.3db-
9, Net Circuit Loss =157.4
10; Received Signal Power -145,7 dbw.
T 1 Noise Spectral Densit ' B e
11, hermal Neis SIB[EQ o0 1o 199.0dbw/HZ
. Receiver Signal Power to Therm ‘ :
12. ~ Noise Spectral Density 53.3 db
13, Channel Rate DATA 128kBPS 51.1 db BPS
144 Coding Gain 6 db
15. S/N Contrast Ratio 8.2
— Fo
164 REQUired S/N PEr= 10-6 10.8
17, Margin | -2.6
18, Desired Margin 10 db
mmmem e - S ]
0,5KBPS e
19. ; 48,5 db BPS

Allowed Channel Rate No Margin '

XD
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X-BAND HEAO=-C-TDRS RETURN LINK

10.357 GHE CONFIGURATION 2

le Transmitter Power 10 dbw
2. Circult Loss -1 db
3. Transmitter Antenna Gain’ 3db
4. Pointing Loss odb -
£= 10.357x10%H&, = 7
5. | “space Loss 4=3.58x10'm -203.7 db
6o Polarization Loss: odb
8'DISH -60% _
7e Receiver Antenna Gain 4645 db’
8. Pointing-Loss W30 - 2.3 db.
9.  Net Circuit Loss -ASI.i.db
10, Recerved'Signal Power " =148.5. dbw
TEQ= 900¢ - )
11. ThermaL Noise Spectral Density -199.0 dbw/HZ
_ Receiver Slgnal Power to Thermal_ '
124 Noise Spectral Density - 50.5 db
e il o $-
13. Channel Rate Data 128K BPS 51.1 .db BPS
1 14. Coding Gain 6 db
15, S/N Contrast Ratio 5.4 db
T - : - e o
16. Required S/N For PE=10 6 10.8 db
17+ . Margin } 5.4 db
- 18. Desxred Margin 10 db
37K BPS h N e B
19. Allowed Channel Rate No Margin 45,7 db BPS
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KU=BAND HEAo-c-'-'rDRs RETURN LINK
15.2 GH& CONFIGURATION 3
1la Transmitter Power low 10 dbw
2. Gircuit Loss -1 db
3. Transmitter Antehna,Gain 3 db ;
by rPointing,Loss odb
B £=15.2x10°, ; i
Se Space Loss d=3,58x10'm =-207.1
6o Polarization Loss. | ;odb .
7a Receivié?gi%égﬂzzcain , - ?Efa db. N
- Pointing Lo:s .3° -6, 18 db | ,
| 9. _Net Circuit Loss }_.~161.5.db |
- 10. Receiv;é Signai Power ! =151.5 dbﬁ
I ?1.‘ ' Thermal Nois%}zgeq&ral Density 7199.0 dbvi/ 2
Receiver Signal Power to Therma T - '

(12, | Neise Spectral Demsity ) | 475 db S
i 13tm"m_L_QE§?ne;r§até 128K BPS 51 1.db BPS i
14, Coding Gain 6 db -

154 S/N Contrast Ratio .2.4 :
16, | Reaired "sn} for PE=10~" | s 1
I S S RO SN SN |
| 17. | Margin X R
8. | Desired Margin UK SR
| 19| _Atioued Ohannel tave o argin | | g g pps|
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' S~BAND HEAO~C~TDRS RETURN LINK -
- 2,025 CHZ CONFIGURATION 4
1, Transmitter Power 10 WATT 10 dbw
24 Circuit Loss ~1 db
' 30% 245
3, Transmitter intenna Cain 18.8 db
be Pointing Loss 1.5° -~ +2db.
54 Space Loss : ;189.7 db
6a Polarization Loss odb
8! DISH = 60%
7e Receiver Antenna Gain 32‘3 db
1 s. Po1nt1ng Loss —.3 db
}...' P - —————e - [— JPE ]
9, Net CirCUit Loss =140.1 db
104 Received Signal Power - =130.1 dbw
S R i .
1t Thermdl Noise Spectral Density =199.0 dbw/HZ
i _ Receiver Slgnal Fower To Thermal ‘
12. - N01se Spectral Density 68 9 db
13, ‘Channel Rate DATA 128K BPS 51.1 dePS
14, _Coding Gain‘ 6 db
15, S/N Contrast Ratio 23 8.db
S [ . R NN I ORI
16, Requ1red S/N for PE_IO -6 10 8 db
17 | Margin R N 1?’....'?‘.‘3_ |
184 - Desired Hargin ©10-db -
[P § USSP ORI —
19, Allowed Chann No Margin 64.1 dbBPS ‘
e 3n%s. §Rbg No Margln | 64.1 dbBPS)
|_Av“____wﬁ,, [ R e em e At e e Am i noen el s e —. .
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S-BAND HEAO-C-TDRS FORWARD LINK

2.025 GHE CONFIGURATION 5

e e o i

o —————t p———— e

le :Trhnsmitter Power 17.7 watts 12.5 dbw
2. Circuit Loss Feraw N
, 3. ' Transﬁiﬁtesx" ﬁﬂi[tse}z\rrfogoain 32.3 db .
Ky Pointing Loss -,3 db
5. Space Loss -189,7 db .
6o Polarization Loss odb :aft
7. Receiver Antenné‘Cain 3 db B f; 9
_8.' Poiﬁting.qus 1_____-t.l db A; ?
9, | Net Circuit Loss . ﬁ -155.8 db |
10. Received Siénal Power 1-143.3 dBw :;;
IR 3
11, Thermal Noisé'Spectral Density | ~199,5 de/HZ ’
‘ Recelver Signal Power to Thermall (
| 12. | Notse Spectral Density se2do |
13. Channel RateDATA 1K BPS 30 dbBPS B
14. Coding Gain l | ~ odb 4
L_'15. $/N Contrast Ratio 26.2 db o —j .
16, Required S/N for PE<10" 12.8 db - 1 ;;:j.
17.. Margin 1 13.4.4b - l‘f,
18, | Desired wargin ) o
19. Allowed Channei Rate No Margin - ‘

b e — e rm e
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KU-BAND HEADuC~THRS FORWARD LINK
. CONFIGURATION 6 '

71. Trunsmitter Power =2 dbw
2. Circuit Loss’ | -1 db
- , 8‘5'3“ - 607‘
L3 _ Transmitter Antenna Gain 49,8 db
ba 'Pointing Loss ,3° vmBe2 Ad-b )

S5 " Space Loss: ~207.1 db

6.- 'Polarirzati‘o-anoss 6db‘ \
T _ Receiver Antenna Ga:‘in‘ ' 3 db

'8:.‘ ’Pointingnl.gosé‘ ] all d:l_)__" L

% ‘Net Circuit Loss 1 71{)1.6;- db 1
10, Received Signal Power ' +163I.6 db |

11. 7“-._'17.‘;;;:.;1511..-‘1;-015:& Spectral Density _-1 " —_195'_1_ dbw./..]-[_z .

i _ Receiver Signal Power to 'I‘Berm—a‘. B .

i 12. ‘_FM*MEQZLSE Spectral Density ) L 31_,_5____(_11_3__ —
13. _Cha?gslwﬁfte'Dataf 1KBPS _ 30 db BPS :
1ho ' Coding Gatn , 6db
15. SkN Contrast .Rat.iol A '7,5 db B

6 | Reautred s/ fox B 1077 Twew ||
7 | Margin s |

w_l_'S_'.i__ J Desired Margin L 1 ]__() gb»ﬁ _;_“ o
1.9. Allowed Channel Rate No Margin IV ---_7

TR S ; e : — ] - - e i

ISR S ORISR S U
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 S=BAND HEAO-C-TDRS RETURN LINK
2.025 GHZ CONFIGURATION 7

1e

. Transmitter Power

10 dbw

2, Circuit Loss -] db

‘3. Transmitter Anteﬁna Gain | -;3 db

4, "Pointing Loss | -odb 4*

5. Spéce;Loss. _139;? db }f

6. Polarization Loss 0&5;; 'g

‘7. Receiver Antenna Gain 32.2 db V

8. Pointing Loss | =3 'dﬁ )

9. Net Circuit Loss ~155.7 db
' 10, liﬁeceivéd Signal'fower;_ =145.7 dbwU A

11, | The;;;1 N01se Spectral Density ;199;0 dgw/Hg

Receiver Signal Power to Therﬁi[_ - N

__1;:%7#Mg__§3§se Spectral Density 53.3 db - |8

13, | Ghann§1 Rate. - 19.2 KBPS- 42,8 db#gﬁm ’
714;. Coding Gain ~ odb

15a S/N cbntrést Ratio 10.5 db
- N EUEETA

16, Required S/N - .3 db |

B - - : - I

17, | - Margin 10.db

18. __Desired Margin i w'j;_ R
| 19, Allowed Channel Rate No Margin'




44

Several observations can be made from these power budget calcu-
lations. These include:

1.-7For the HEAG-C éonfigﬂration with low=gain transmitting
antenna, the high data rate wode cannot be supported at
S=bandy X-band, or Ku«band.

2;_ For the HEAQ=-C configuration with high-gain transmitting
' -antenna (18.8db), the high data rate mode can be supported
with a 13db margin at S-band.

"3, For the HEAO-C configuration with low-gain transmitting
antenna, the low data rate mode cannot be supported at
S=-band without coding. Even with coding the margin would
be only 5.7 db (assuming a 6 db coding gain).

4, For the forward‘or command TDRS~-HEAQ-C link, the S=band
configuration will provide the 1KBPS link with. a 13.4 db
margin. The Ku-band configuration cannot support the
link with the required data rate, link margin, and error -
probability, even with exror control coding. The speci= -
fications of TDRS transmitter power for the S-band and
Ku-band 1inks are from a contractor's (NAR) TDRS con-
figuration. -
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5." Proposed HEAO-C Modifications

The proposéd modificatioﬁs in the deéign'gf the HEAO-Cltelecommuné
‘ications system includes error_control coding,'a sp;ead spectrum mpdemﬁ
for TDRS réiay, and a command éointiﬁg.controlled S=-band phased array
"antenna. Specific problems involved in the sbread sp9c£rum modem::
design are discussedlin sections 4,6, and 7. This séCtion discusses

' the error control‘CGding scheme and the HEAO-C antenna system.

(a) Error Cdntrol Coding

 A pfe;iOUS study of possible codingrschemes for-ﬂigital daté in a-
satellite relay communications link‘has,concluded that-cdﬁvolutional
enéoding in conjunction with soft-dééigioantenbiidecbding givesl
favorable performance gain with minimum increased hardware complexity.
' Figure 5-1 is a result of a computer simulationlof.a rate 1/3, |
conétraiﬁt length 7 couvolutional coding scheme with a 3«bit soft
decision Viterbi agCoderf As can be seen from the ﬁiéure;‘at.a bit
error rate of 10-5; a G'Qb coding gaié results with coded ideal cbhefeqt
PSK as compared with:uncoded ideal cohe?eht_PSK, Figure 52 is.a

diagfam of a rate 1/3, constraint length 7 conﬁolﬁtional encoder.

SHIFT REGISTER

Binary
Message

1 213|455 {6 |7

MODULO - 2
' COMBINER

IR

" CODED. . °

COMMUTATOR
> — MESSAGE .

Figure 5-2 XK =7, v=3 Convolutional Encoder
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107! ! | -
) s : ~ IDEAL COHERENT
: : " PSK (UNCODED)

, - IDEAL COHERENT
~gemri——| . .PSK (CODED)

{

|

_i

\i

Y

Y | |

0O 2 4 6 8 10 12 14

E, /N_ ENERGY PER BIT SINCLE-
" © SIDED NOISE SPECTRAL

DENSITY, DB

Figure 5-1 - Simulation results for K=7, V=3
convolutional encoding/soft-decision Viterbi.
decoding ‘ :



47

The modulo=2 combiner forms a modulo=2 combination of selected
register stages to form each of the thcee-commuta@mm nodes..

This can be expressed as

6; = (gﬁfi,gu.""g?i)’ ' N (5-1)
and _
L C, = 2 g..X, MOD-2 L (5=2)

where Xj is the contents of the Jth shift register stage and j
HO or 1 depending upon whether the jth stage contributes, modulo-2,
to the ith commutacor pole. |

The'operaticn of the encoder is gsrfcllows: The]bincry‘meSSage
7 may'be much larger than the constraint length. ‘Thedfirsc bit of the .
message is éwitched inco the shift registcr,.whose ocher stages are‘
ficgicclrzeno,‘and a complete cycle ofrthe comnutator is.made. The
ncxt Bit oflthe seduence 15 switched into tne register; the-initial
bit shifted to register stage two and anothersgpchrcnqus cycle of the
. commutator is made. Using.thesynchroncusshift and cycle procedure
the.message scquence is encoded. At the cnd of the binary message
seven zeros are attached, and when they are shifted into the register
and accompanying code generated by the commutator, the shift rcgister

is in the all zero state once more. For an L = bit message ,

L, =3(I.f+6) . o (5-3)
bits from the coded messages E R

Decoding may be accomplished by sequential or Viterbi algorithms.

The sequential decoding method may be described as a tree searching

proceduré, the exact details depending upon which particular algorithm .
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is being used. The decoding'prOcedure is best desqribedjby example,
K=7 is large fér the purpose of an example, 56 a K= 4,.V =3
example ié given.

Tﬁe tree structure for a K.='4’ v =.3 truncated code is shown

in figure 5-4. The encoder for the.code is.shown in figure 35-3.

BINARY
MESSAGE |

MODULO - 2
COMBINER

COMMUTATOR

CODED
‘> MESSAGE

._Figure 5~3 Encoder for tree structure of figure 5-4, K=4, V=3.
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000 .
000
111
000 N
010 X
111
000 101 .
' oot
010
110 .
111 ;
011
101
100 .
Starting 0
node —
for
decoding 1
= 011
001
100 -
010 o
: o001
S e R 110
o 110
111 010
o
101
000
100
111.

7

Figure‘5;4 Tree Structure for K=4 V=3 truncated code-
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As an example aséume the message

X=(1011) | o | L (5-4)
is to be transmitted. The encoder of figure 5-3 provides the coded
message, | | | | |

¥=(111,010,110,110). T (5-5)

' Aésuming the channel introdudes.the noise .

N=(100,101,000,010), A - (5-6)

the received cbde is

R=(011,111,110,100). - - = o (5-7)

The sequenﬁial.decoder will form the quantity

4 =v [Ri *’_Yi], S © (5-8)
where ilrépresents the ith three bit séquénce, W represents the 

weight function, and d, 1s called the Hamming distance. The decoder:

i
makes each decision at each mode of the code'tree‘baséd on miniﬁizing
the Hamming diétance. However the decisionSaré';entatiée, and if the
decoder.fiﬁds inzsuccessivelsteps that it:has probably made a wrong
‘bit decision it is able to backtrack and try ahothe: franch 6f the
code tree.
In the.exampie; the_decoded message would begin 4
C=1l.. - ) o (5-9)
the initial decision for the second Bit being madé in_ef¥or. Proceeding.
down the error'brénch howevef sigﬁificantiy iarge values éf di dre
. eﬁcountered.' Backt;acking and tfying the
| c=10.. LT (5-10)

branch gives.significantly smaller wvalues of diron-successive steps.
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The decoder algorithm is based on monitoring the statistical

properties of the sum of di as the decoder proceeds into the code

tree. If the sum of the di terms approaches a buildup rate of %V

then the decoder declares an error and backtracks to a new branch.
Expected buildup of the di sum for the correct branch is PV

where P is the channel transiSLOn probabillty for the binary symmetrlc

channel. The branch dec1$1oncriteron is buildup somewhere between

v/2 and PV. The decoder keeps track of the branches it has explored

and avoids needless retracing of any branch.



52

"(b) Command Pointing Controlled Phased Array Antenna

fhe proposed phased arfay'antenﬁa for the HEAOHC&TDRS return link
Cwill beialCOmmand pointing type'with pointing ﬁoﬁmands formu1ated and
communi cated from_the g:ound.. An éxampie of a phased grfaﬁ airborne
steerable antenna system fhét would‘be éppiicablé for this.appiication
was deve10ped by Téxas Instfuments Incorporétéd'for_NASA_under contracf
NAS8-25847, The antenné;is-an'128-elqment épiral array and‘achievéd

rtﬁe.performaﬁce parameters listed below,

Subsystem Performance - - Value

Antenna (2282 MHz)

Boresight gain (dB) , 23.9
60-degree scan.gain (dB) L : . 20.3
Boresight axial ratio (dB) ‘ 0.3
p0-degree scan axial ratio (dB). o 2.0
Weight (paunds) ' D . 6.48
Boresight sidelobe level (dB) 7 ‘ 19.5
60-degree scan sidelobe level (dB) - ' 9.0
Module -

Noise figure (dB) ' : 6.0
Receive gain (dB) . o 24
Diplexer isolation (dB) ' ' ' 35
Peak phase shifter phase error (degrees) .10
RMS phase shifter phase error (degrees) 5.2
Phase shifter amplitude error (dB) 0.5
Phase linearity (degrees) _ 5
Power output (dBW) . o . 0.5
Transmit gain (dB) * 19.0
Transmit efficiency. (percent) ' 25

Weight (pounds) ‘ 0.275
Transmit Manifold (128-Element)

- Peak phase error (degrees) +5.25
Peak amplitude variation (dB) ' ‘ -30.6
Peak output VSWR (Ratio:l) : 1.65
‘Loss (dB) 3.2

6.48

. Weight (pounds)
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These performance.paraméters were used in the TDRS-HEAO=G power
budget calculations.‘

The black diagram of the HEAO-C communications‘system‘with error
contrel coding and phased array antenna implémenta;igns is showﬁ'in
figﬁre 5.5, |

The TDRS-HEAO-C forﬁérd linkKis established oﬁ the low gain
(near isotropic) antenna. Pointing congfol commands are coded and
" the return forward lihks.are established %ith the phased array. :

The current HEAO-C, NON-TDRS communication system block. diagram

is shown in figure 5-6.
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6. ”OD” INTERFIEENCE

This section describes the problem of code interfefence in a spread
-spectran receiver., The spread épectrum‘system uses aiWide-band modulating
sipnal tao prbvide the spectrum spreading, and the receiver perforus a
despreading bperation; _The‘spread-déspread.OFEration results in a gig-~
nal processing goin relative fo cnrre1”%ed‘or cohefeht interféreﬁce such .
és miltipath or jammer‘interference._ Code ihterfgrencg results when
severai spreadrspeétrum systems shzre the:saﬁe channel; This condition
exists in ihé.propased TDRS- ulti;le:user communicatioﬁs configurétion.

The code interference ﬁrbbleﬁ,is of concefn during_the twd-modes
“of spreédfspectrum xuodén operation

1. CdWE'ﬁhﬂ CAL RIEQ ACQUISI”T

2. CODE TRACKING. AND DATA DESPREADIRG
The result of code interference during fhe two modes 1s manifested in
différent forms of systems.performance degradation. Duriﬁg acquisition,
code inférference results in ihcreésed‘fqlse lbck probability,'and'
inereased expected acquisition time. During tracking znd data despreadlng,
‘code interference results in dats contrast-réﬁio‘degradation and 1ncreased
.prqhablllfj of lost code 1ock. |

For snredd spectirum systems oneldtlnﬂ with small mqrglns, such as -
‘the proposed TDRS-USER configurstions, the effect of code interference
ig an imporfant considerﬁtibn.

Theapproaéh‘in tha.analysié of the che7interference provlen wis
- to wodel the procQSé in such a way that é'statisﬁical moment analysis

could be made. Also, with a slightly“different mddel, a computer,siﬁul -
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ation of the process was developéd and evaluated._
Figure 6-1 is an overdll dlagrdm of a spread—spectrum receiver.

The local PN sequence penerator provldes the signal. that despreads
"PN®CL®CA . Tigure 6-2 is a PN sequence acquisition scheme. During
toth the trackiﬁglané acquisition modes, an interfering codé input
 cah be modeled as shown ;in-figures;B. The f iltering operation essentially
formz the weighfed sﬁﬁ Qf the last H bité of the local PNA sequence ¢on- .
- volved with the interfering code PNB. qulﬁhe aﬁalysis it will be assumed.
that |

oL, S O (6=1)
“sa that the two sequences slide pést each Sther in thé filter céﬁvclution
operation. In the analysis codes A and B could‘be thé same, in which
.cage the code self noise would be evelpated, The first'éteﬁ iﬁ the
anéiysis is to synihesizethe code éliding operaﬁion.L-Figﬁre’é—L shows

possible models for three bit codes A and B.
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Al A2 A3 Al A2 A3 Al A2 A3

BifBa Py (Pr By |B3 [ By By 1By 0By 1By By
MODEL 1

e R e O - D I T S e T s O S

B, | B, | By |3, By | B By | B |3,

o o _MODEL 2 )
TR T A I I T T S R T s T B S O
i ] S N

By | B2 | B3 J Byo 13 | B3 | By | By | By J

MODEL 3

 Figure 6f4 Paééigie Code Models

Thg-first model represents,ﬂhe realistic situation, in mqsf cages,
where éode A aﬁd.code B héﬁe unequal bhit intervals(CLA #ACLB)" The
unequal bit intérvalsiof model 1 presenf prdbléms in the analysis, so
modelé 2 snd 3 are constructed with equal bit interﬁals. in hodel 2,
seqﬂéﬁce, JE: ékips'one'bit, on a rotating basié, for each L, bits, where
Lp is the B-segquence length,  In model 3, -sequence A "hangs-up' for an
extra clock count on one particular bit during éach Lﬁ biﬁs, where Lg
Cis the'A—sequenge length., The psriicular "hang-up" bit occurs on a
rotating basis. This is eguivalent o & skipped clock count in the A
generaﬁorﬂfor each Lﬁ—llclobk counts . .Mbdéls 2 aﬁd 3 approximate the
“gltuation herel CLA % CLB C.

“The analysis is to be baged on Fodel 3.

Anh{hér rehévnnt model, the one.unqd

in. the computer simulation in the brogrum C081F, is Lo consider thei 

code phase states represerted in vector forw as shown for the three



bit sequence in figure 6-5.

%

/\Si
—> A1A2A3 A1A2 3
B1B2B3 3B1B3
N T Aqa 1A
Bf'B BgBlBg |
AsAqA \ \\
—> 2 341 AnA3Ay .
B1B2B3 BBB%BE
N &/ /
Figure 6-5

A A A
%Bz 3

A A1A2

ApAq4)
BngBl

Bl_
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The time dependence of the model is represented as a trajectory -

through the matrix, indicated by the horizontal and diagonal line seg-

ments. - The diagonal line segménts represent a variation in this normal

sequence of phase states cauged by a droppedclock bit in generation A.

" The forms of the'filter output is slightly different for the two

1ppr00cheq uscd in the qnalv is and the cdm“uter simalation CﬂSIF.

This is illustrated by the sequence of filter-outputs shown in fifure 6- 6.
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MODEL 3 | | COSIF MODEL
A3 Al A3 Al
B3 Bl _ 133 Bl
Az A3 AZ | A3
B2 B3 ‘Bz 33
AZ AZ A2 A3
SR B By
Al A2 Al A2
By By B, B,
A3 Al AB Al
B2 B3 132 133

: A3 A3 AB Al
]31 B2 . Bl 32
A2 A3 A2 5

1 By By
A A LB Ay
B.. B ‘ , ' . | :
2 ' _ _ : B, By

A A : AT A
11 _ FIGURE 6-6 - S
B, B, : B, B,

' : 1 . - .
Wotice in the above there are three bit differences in the two models.
Tn general there would be L, bit differences in LPLB phase combinations.
for large Ly this dilference is minimal. The approximetion of reality

in each case is based on the facl that on the average CL, # Cly even

- theugh they are equal for certain segments of the sequence. Therefore
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mbdel.B and the COSIF model approximate the reallstlc model 1.

in order to studv the code interference propertles of maximm length
codes, hybrid sum codes, and Gold codes, the code. generators are sssumed
to be structured as shown in figure 6-6, Code - generator 4 is formed as

'k |
A, =T 1 Xi,r,

L

i v= (6-2)

. where k, sub generators form genherator A. Likewise, code generator B is

formed‘as
0k
1 ?=£A+lxiﬂ (6=3)
where L : ' f
k =k, +k; ' “f “ , - o (6=4)

The statlstlcal moments of the code cross correlatlon (interference)

functlon can -be expressed as.

b 1 I-1,/M-1 & P
§Y =<« 7 T T X, .. '
. i=o('j'=0'!’=1 1*“‘) (6=5)
where '
=1, L
L=1,l% (6=6)

is guaranteed by the condition

'cLA # CLB

 Now using modél 3, it will be assumea that over'the course.cf-L rhase
states, geﬁeratof 4 drops.LB elock bits. iheréfore seguence A is a.
ﬁodified'form of the sequence formed from-the séme sub~generatofs, but,
with ne dropped c¢lock bits. bne‘important characteristic of mﬁdél
3 should be noted, thal ié, every bossible single bit phaéé combination

A and T are cycled over L.



Fvaluation of 6-5 for P=1 yields

- Lg-1 k .

. . Ma1 LA 1 kA .. LB | .

57 = z z .Z ] Xi+j .Y }‘: w X‘i""j R )
j=o\i=0 r=1 J\i=o Y =kps1l
Now . o .

L-1 k, k, L=l x,

¥ Xi+jY = o ¥ Xi+1y‘ = (51?
i=0 =1 - oy=1 i=o -

if code & is hybrid or maxirum length., OCtherwise

LA-I kA |
Z m Xi+1y' = Ao - Al
i=o Y=l - .
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(6=8)

(6-9)

-(6-10) g

where Ao is the number of zeroes in the A-sequence, and A1 is the numbér

of ones in the A-sequence. Similar equations exist for the B-sequence.

Now define the qtllantity- k
L -1 : 1y A '
A A ) .(-1)_ HYBRID OR ML CODES
H, = T 7 X, ,. = ' ‘ :
A o ity . [ -A
i=o Y=1 . o1} conp copEs.
and
1M
§° =71 Hplg

The second moment can be expressed. 8s

Me?2 M-l L-1 k
L ¥ T

§° = M+% o
. j=0 C.—.EJ-{-]_ i=

kit x.. . .X. .
o Y=1.1+JJY 1+:‘,;Y

(6 -11)

(6=12)

(6-13)
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or :
5 9 Me2 - M-1 I~1 - ‘
8 =M += T I T ait o:i+c; bi-l-i bi—!-C . (6=14)
j=o C=jti i=o :

Yow first congider the case of NL or H3 sequences

If ¢# j+i
11 LN Lyl kol
T oit+j eitt bi+j biH = I 7 X, ,. L T Xy
1=o - | 1= y=1 PP s 4= T (ea15)
If- T=j+1
-1
. aiti aitt bi+j bi+j' o |
i=o i ' C - : .
L1k, o (6-16)
E E: 1+zv E H 1+z,'r +H+L
: -
The  second mement for the case Becomes
52=M+-1-(M2-2M +4)HH +-(M-1)( +‘(L ~H ) : '
L b A"B W (6=17)

Notice from equation 6-17, for hybrid and maximum length codes, the

second mowent is independent of particulér codes, but only depends_on‘

M, kp, k, and L, and Ly.

B

For the case of codes other than ML of. HS equation (6—15’) becomes

for ¢# i+l ,
L1 L -1 : L 1k -1

Zuﬁ ait bit] bi+(-—Z | | Xi+ay Z I 1 X ta

i=o i=o Y=l (6=18)
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wiere it is assumed that code B is the Gold sequence.  The % indicates
that code B ﬁll be modified as a result of the operation bits 1o
a code form from the same'family as B. Equation.(6—19) becomes

s2=n +%,(M2-2M-|4) AH.B (M—l)(H HB + (L FLRAE I (6-19)

H%B wizht be any Hp from the family of codes of which E is a member.

For the case in which code 4 and code % are both Gold sequences, and

for the case {# jHl

L-1 | , | -
* % '
E Qi+j A1t bit] bIHFHH _, - (6-20)

i=0
eqiat'ion (19) _becmr_t’és

5% M +- (M ZM)HAHB +— (M—l)(H H + (L -H::}) , | (6-21)

The third moment can be expressed

I=1 _M-1 k ‘ 3
s3=% IR DD 1T x. .
, i=o] j=0 Y=l i3,
I~1 ' M-1. k

:%Z (3M—2)ZV Wx

i+js
1-1 M—3 M—2 M-1

u:-Il'..Z 3!2 Z Z —I_T 1+J, XJ';+V,-Xi+‘

i j=o Vel (VL Y=l (6-22)

or
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3 3Me2 M--l I-1 ;cl . ‘
S = mm— i+. .Y
L j=0 1=1 d2

M-2

% Z z; Z E H %41,y Srva Kiegy
& .

Y= -
=il 1= 7=l (6-23)
' Now. the conSider'the case of ML or HS sequence. If V # j+l
and {# Vil ‘

I-1

E : @i+j Citv 21+ bitj bitv biti =
i=o - |

E @i+j 9i+¢ bi+] bi+e | _ _ (6=24)

Now if ®# 5 8 # js 0# jHl, 84 FH.

-1

’ A,y . a 3 T = . | . |
E i+i i+¢ bi+j bite : HAH'B . (6=25)

i=o

If ¢+ j, 6 #itlfor a particular¥8# j, 0% j+1 for all other”

oA

E-1

Z @i 45 ¢i+¢ bi+j 'Bi+8= HAL (-1)‘KKB'1

i=o ' | (6=26)

If o= j k for a particulary 6+ j . ..
¢= j J} for all other 6+ j+l

®7 j+1
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L-1 . .
- . kgfl
I ai+jait+e bit+j bite = ,HBLj(-‘l)
i=o ' o
(6~27)
CIE b= §+l " for a particular .
b= for all other: 8 +£j
¢£ jtL S ' 0 #j+1
L-1 o
E:u ;@ i+i bito= H (L -
i+j. i—if¢.b1+_]' bi+ 0 HAHB_-_!'_ {1 HA)
i - o o (6-28)
Now 1if
V#F jtl, = Wl
‘and
8F i ¢F ]
8% jH o jH
We get
L<1
' E ®i+j %i+6 bitj bité=HH + 1
i=o _ N - (6-29)
where

_j2
“J0
-2

depending on the particular sequence.,

For . :
o0+ j f-‘—- i for a particular j

B+ -+ H i

o ,5& j+1£f°r all other j

we get
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-1
' kB-l ‘
z %i+i %i+g bit+j bite = HAL_J. (-1) + 1
i=o . : : (6=30)
for
VE’-;Ej ¢= j+1 For a particular
o+ i1 ®F 1 gor all other
b .
We get
-1
G: 4 O3 ' 4k — '
§ : i+j *i+8 b.i+j bit+¢ HAHB:I_- 1 _
i=o ‘ . : ‘ '  (6‘-31)
for 7
= j for a particular? P F ]
CEI ' pF jHL
8 F jfor all other '
We get
I-1
- kA-l
9+ 9i+0 bi+j bi+é=L (-1) HptT
f=m0 - | : (6-32)
1f
6= j+l for a particular
O+ j Efor all | 6%
6# j+l)other Y oF jH1
We get
L-1
[+ 1 P x " . o = . - ;
E ;_+J i+e bitj bité = HH, + (HA L)+1 |
Ci=o : ‘ : . {6-33)
1f

L v=H and {FV+H
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We get results similar to the case.

V= 3§+t {F V-

except that I should be replaced with F where

depending on the
particular sequence

-
:p'-D-l:‘-

. Now an expression for the third moment can be formulated from the’

cases tabulated. The third moment 1is

3 3M-2

57 = =75 M HH
. | kg ky | -
+%EL;)- (M-_B)(M—Z) - Z BB~ Z BA;! h
R i T

: kB kA C

_ i . *

-E-BB., -E BA-y:lHAHB
J 1 _

k k
B A
kB—l

+ ZBB,y HLy(-1)  + ) BayHLy(-1)

i

kol

kp ~ kp

" % -~ % o
+ E BB, (H H +(Ly-H )+ E BAy (H Hy +(Lo-H,))
i : i

k k., k

- ! A B ‘kA :

i ’ * ) kg

+[2(M-3)(M-1)=2 ) PB. <2 EBAY—ZZ BBy-2 3 BAylx
S i i

[n,H, * 1]
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k k
‘ ‘ B k-1 A kAfl
+ 2 ZBB,Y(HALy(-l) B4+ 1I)+2 ZBAT(HBL -1 % 11D
] ' T
ky _ o lkA | :
+ZZ§B1 (H,Hp) + (MmLy, £+ 1) + 22 E'Ay ((H,HL) F (Hy ~Ly)3T)
3 I o - |
kB kA ' kB
*
+ [(-3) - EBB.Y- EBA,Y - Z BB,
_‘ i i o3
ka
*
-Z_BAT][HAHBif]
J
k : ' k .
B A :
: k_-1 o k, -1
+ ZBBY(HALT(fl) B FF)+ ZBAT(HBI-.Y(-l)"A. + F)
J J '
kg - N ,
+ Z Es, ((H,H) + (Hy Ly )3F)
. & .
ky o
+Z By ((H,H,) F (HA-LT-)j F) _ .
i o ' (6-34)

where
BAy : Number of characteristic trinomials of j, code A.
BBy * _Numbér of charaéteriétic ;rincmials ofrj,lﬁode B,
[pharacteristic trinomiais power less than or equal to M}l]

* :
BAy ¢ Number of trinomials containing characteristic of order
- M-2, code A.

o .
BBy : Number of trinomials containing characteristic of order

M-2, code B.
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The expression for third moment ing~34 is involved; however

it can be observed that deviation of the third movement from that expected

- : * : %*
with a random sequence depends on BBy, BAj, and B Ay, and B By —
the terms reflecting the number of Lrinomiéls that contain the Yth

. o . 3
sequence characteristic equation. Therefore minimizing 8~ involves

minimizing these factors.
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7. Code Interfeérerce Program

Code interference presents a special problem in spread spectrum
" transponder design. Code interference is of two types:t
| (1) Code cross intefference
(2) Code self interference
Code interference is important because transponder performance
is evaluated based upon an assumption of random noise and interference.
Auto and cross correlation df'pseudo random cades.used in spread
spéctrum transponders can be significantly_lérger than those expected
with true random codes. For this reasan a computer program designed
to evaluaté code interference was devgloped.
- The program basically evaluates the statisticai properties of
the.code inﬁerference signal at point A of the simplifiea code trécking

loop of figure 7-1.

_ . P CARRIER
SPREAD | , ; E Q 9 ’| TRACKING
SPECTRUM

GENERATOR | 6 ." s FILTER | § — ol
PN CODE ; ‘ ;

#1 ,' . ‘ ) - ‘ L e o e s et e i _! :

i i QQ CLOCK

TRACKING T 1

i
{
i
i : i
5SINTERF ERENCE . : . LOCAL

CODE , i o = ;
, * : _ PN ACQUISITION .
B gSNig‘SEOR T L] ! CODE MODE | PSS
> ! L | GENERATOR CONTROL '
{ .
1 J—

Figure 7-1 Code Interference at Input of Code Tracking Loop
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The filter has a M-chip impulse response, code generator #1 1is
of length Ll and code generator # 2 1s of length L2. Figure 7-2 shows

- schematically therelation of L1, L2, and M,

1 N N
>

hiprﬁé-Li, 1.2, and M = - ’

Figure 7-2 Relations

There are Ll L2 possible M-tuples generated at point A. ‘The
following £low diagram describer analgorithm designed to calculate
the statistical properties of the error signal at A. Code generators

in the spread spectrum modulaton 1 and 2 may‘be ML, HS, or Gold codes.
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MIN: Minimum Window
MFI: Maximum Window
MST: Window Step

——————————— M=MIN, MFI,MST Do over all windows
GPHI=0 Initialize Gold Phase 1 to "OV
' . ‘ NPOL1 - # of éomponent codes
Read Set 1 = CALL RPCC LST 1 « Code classification
.Polynomials t(NPOL1, LST1, L1 - Code length array
' L1, TIAl, NORI1, NOR1 =« Code order array
GPH1) _ GPH!l =~ Gold Phase
Calculate Set 1 CALL GALSL 'LT1 - Total code length, code set No. 1
Code Length (NPOL 1, LST 1} . .
_ & L1, LT1)
!
GPH2=0 Initialize gold phase 2 to nO"
Read Set 1 o . CALL RPCC
Polynomials : (NPOL2, LST2, See definitions above
GPH2) '
Calculate Set 2 ‘ CALL CALSL L S
Code length (NPOL2, LST2, LT2 - Total code length, code set No., 2
.| L2, LT2)
) LT1.LT.LT2 - Otherwise error
=0 | S - Shift, code 1
% ' MWl - M - Window Arra INTIAL
Initialize ' CALL INTGE | from Gen v Array { )
Code Set 1 A .- (NPOL1, LSTI1, : * #1
L1, LT1, IAl, :
R o
Eh, M 9R
5=5+1" Increment shiff, éode 1_'
_ —
Initialize CALL INTGE :
Code Set 2 . (NPOLZ LST2 L2 MW 2 - M - Window arra',y
LT2, IA2, MW2, : from Gen #?
M OR2 PH2
ﬁ2§ L] G ]




.Shift Cen
#2

i i Test IF LTZ
; i shifts

Shift Gen #1

Test IF LT1 Shifts

SE=0

v

CALL WIGH
(M, NW1, NW2,
WT, S, SH

SH = SH+1

v
CALL SHIFT

(NPOL2, LST2,

1A2, MW2, NW2,

NOR2, M)

CALL SHIFT .
(NPOL1, LST1,
TAl, MW1, NW1,

NOR1, M)
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SH - Shift Code 2

WT - Window Correlation Weight

Increment Shift, Code 2

Code 1
Code 2

DIMENSIOM

L1(5), IA1(26,5), NOR1(5)
L2(5), 1A2(26,5), NOR2(5)
MW1(500,5), MW2(500,5)
NW1(500), NW2{500)



RPCC : ‘ - - .
SUBROUTINE RPCC (NPOL,LST,L,IA,

NOR, GPH)
---------------------- v/ : . NPOL # OF POSSIBLE CODES
READ jfﬁﬁAgcig%BEg LST - GODE CLASSIFICATION
; NPOL 7 TALS L - CODE LENGTH ARRAY
- IA = CODE ARRAY
\L NOR - CODE ORDER ARRAY
. GPA - GOLD PHASE

16 . = CODE

DETECT ORDER OF EACH
A _ OF NPOL CODES

- . 1
|
!
|

_ — — — -~ —— DO K=1,NPOL .EXAMPLE:

| - | |
(L 12345678910111213141516
1001001100 00 00 0 O
| (7,653,0)
| .
1 ]
|
; ‘ :
! NORD = 17-J 4]
| . NTEST = IA
! ‘ , (NORD, K)
| : '
i é PR s . .
: ! .~ NTEST-EQ-1 . -
: ; L . , |
E i J=J+1 ‘- | L?—fuﬁ
! y - NOR (K). = |
3 ! | J/ NORD-1 |
‘ d IR e —
i g 1
L__,;_m_fia¢ J-GT-16 . :
|
‘ T o
WRLTE "ERROR o
CONDITION" : §
= I
w\

b __* CONTINUE l

\

—



IF =

DO K=l1, NPOL

L(K) =
2%%NOR (K)- 1

-._._‘_.;m_,n& ey

.

NPOLLEQ.2 T

-

~
F

60

j{

L5T = 3

‘E‘WAM_,Mwmmmﬂ_ﬂﬂfmm,_~;£_<:;;\\iié.NE.Lz

-
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CALCULATE CODE LENGTH FOR
EACH COMPONENT CODE

" CLASSIFY CODE

IF \\\\\\
NPOL,.EQ.1 T —

o . o
: - | sEquENCE
i
00
vt
RETURN _
| DIMENSION

L(s),IA(zs,S),NoR(s)
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CALSL(NPOL,LST,L,LT)

L: CODE LENGTH ARRAY
NPOL: NO. OF POLYNOMIALS
LST: CODE CLASSIFICATION
LT: TOTAL LENGTH

LT

I
[

LT = L(1)

DO
I=1,NPOL

LT=LT*L(1I) -

"CONTINUE

DIMENSION L(10)



INTGE : | o -8l

(" SramT ' SUBROUTINE
| INTGE (NPOL,LST,L,LT,

1A,MW,M,NOR,
GPH,NW)

LST =1 | €0 ™ LST = 3

CALL INMH
(NPOL,NOR, . .
STATE) | cALL INGOL
{ (NOR , GPH, STATE}
L ‘ IA)

CALL INMH
(NPOL,NOR, STATH

INTIATE CODES

v 13

r— = — = = = I =1 ?NPOL I: MODULUS OF GENERATION itn CODE

- )
KATL = NOR(I)

. | DO
" J=1,KAT1
R
L~ — — .| STATE (3,1)

LOAD FIRST NOR(I) BITS OF
M-TUPLE MW WITH VECTOR STATE

o
NOR1 =
"NOR(I)HL

S R | '
Me LE*KATI;:;;E;ﬂ__*__, , o
.' _ . DIMENSION
- ' : L{S8),1A(26,5),

MW(500,5),NOR(5)
NW(500), STATE (25,5)

McNOR(I)




o

l DO 22
:‘ ———m e — ] J = NOR1,M
! I
1 I . \l/
l '_ : NTEMP = 1
| ! I e DO 42
| ! | K=1,KAT1
' T
i ! I
| ! |
; I | F . TA(KK,I)=0
z L
l ! ' S——
N | NTEMP =
I | ! NTEMP *
| | 1 | STATE (K,I)*
| | | _|_IA(KK,I) : . .
! o — o
| L l/
N | | e M
3 : -Lf”—"——¥-~—i CONTINUE
! ‘ _
| | P Vo
] |
! | | NOR2 = NOR(I)
I i 2 -1
! . N
b | DO 23
b [ K=1, NOR 2
§ N -
[ i - : S \k,,.._.m_______
¥ i MMM=NOR (I )+1
=K
- i | MMM 2
| _‘ L NT23 T
| | STATE (MMM,T)..
I b = STATE (MM, ij
! I | V____. S [ .
! l 2
{ 3 STATE (1,1) =
; ':. 'NTEMP ,'_J
i v

dl

RANGE J
FROM NOR(I) + 1 TO M

. GENERATE
| NTEMP

SET STAGE 1

82



o e e

JSOP = J+1-JJ
- JJSOP = JSOP
- -1
| MW(JJSOP,1) =
MW(JSOP,1)

b

o e e e e e e e e -

P -
| !
. i___| CONTINUE !
2 !
| e e
' N
b COMW(L,T) =
! _ NTEMP
| : ' l :
g g o e PR
. _____| CONTINUE

. | S

‘_} ‘CONTINUE |

(ls)

L
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JSLL=J - 1

MW(JSOP,T) = MW(JJSOP,I)



INTGE
CONTD

v 21

[314]
I = 1,NPOL

i;

NU(I)=NW(D)* |

MW(T,T)

84
GENERATE ‘NW ARRAY
, NPOL
NW(J) = MW(J,T)
I=1
IF M NOR(I)

MW GENERATED TO NOR(I)

NW GENERATED TO M



INGOL

[ = == —

STATE(J,K) =
-1

| KATL = NOR(2)

NTEMP = 1

JJ = JJ+L

R

NTEMP = NTEMP
*STATE (J,2)

""IA(JJ’ 2) .

MM2 = NOR(2)
- -1

k¥LMm_&hw4
)
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SUBROUTINE INGOL (NOR,GPH,STATE,
IA)

SET BOTH REGISTERS
TO THE ALL "1" STATE

SHIFT PHASE 6F SECOND
REGISTER GPH :

'CALCULATE NTEMP
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|
]
I
| o
- —=-~4J=1, MM2
. 1 '— ] .
EXAMPLE I T _ _
NOR(2)=7 . ‘|
MM2 =6 : : _ NOR(2)
' 7,_.__,.‘”.,“.” [ e ![
J=1 | B MMM = MHL-J |
MMM=7 l | MM = MMM - 1
MM=6 | | i
STATE(7,2)=STATE(6,2)) b
L I=2 l : o .
MMM=6 | | STATE (MMM,2)
MM=5 Lo o
STATE(6, 2)=STATE(5,2) LT = STATE (MM,2)
= _ STATE (1,2
MMM=2 ' ‘ (1,2)
MM=1 - = = NTEMP
3TATE(2,2)=STATE{1,2JI
| | . v
N o ‘
e ] CONT];NUE
RETURN )'
, - DIMENSION

/J ' _ NOR (5) :
: ' © . STATE (25,5)"
IA (26,5)



INMH

B

DO :
Fe—————— 'K = 1,NPOL
ND = NOR(K)
Do
f-—--- J = 1,ND
! .
{ .
‘ - .
! . .
, I —
b — -~ — STATE(J,K)
N I = -1

)4

G
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SUBROUTINE INMH
(NPOL,NOR, STATE )

DIMENSION
NOR(5)
STATE (25,5)
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SUBROUTINE SHIFT

DO | - (NPOL, LST, LA, MW, NW, NOR , M)
T=1,NPOL DO OVER NUMBER ' '
l . OF POLYNOMIALS
NTEMP = 1
'KAT1 = NOR(I)! NTEMP:HEW INPUT BIT
\ DO ' | " EXAMPLE
-4 K =1, KATI - - : (7,6,3,0)

- GENERATE 12345678910111213...
T INI;?';‘J IA 10010011000000000...
T ey /111111 |

KK = K+l B MW =1-1-1 1-1-1-1
' NTEMP = -1
A , _ R
NTEMP : IA: CODE ARRAY , :
NTEMP*) MW: M-TUPLE CONTENT ARRAY
MW(K,I)¥ FOR INDIVIDUAL CODE
IAEKI’{,fl_ | ‘
MM2 = M -1. i
s EXAMPLE
,,,u__.Jn. . M= 500
P DO ] MM2 = 499
| k=1, 2 K=1
_ . _ | MMM = 500
e : MM = 499
— SHIFT ENTIRE MW ARRAY
3 : _ MW(500,T)=MW(499,1)
MMM=M+]1-K j K=2 '
MM = MMM - 1 MMM = 499
MM = 498
-, T MW (499, T)=MW(498,1)
e l . . '
MW(MMM,I) = | .
MW(MM,T) . _—
l—"-f------ v ) K = 499
e i ‘ _ MMM = 2
MW(1,I) = ' ; MM =1
LOAD NTEMP INTO lst STAGE R
NTEMP : - MW(2,0) = MW(1,1)
R
- CONTINUE '



SHIFT CONTD

RO

|

NW(T) MW (T, T )

il

CONTINUE

i
i

- —

( RETURN \

90

GENERATE NW ARRAY FOR GENERATOR AS
MOD - 2 SUM OF MW ARRAYS OF

INDIVIDUAL COMPONENT. CODES

S NPOL
NW(I) = 3 MW(J,I)
k=1



WTGH

li
O .

WT

WT = Wi+
MWL(T)*
MW2(I)

b

CONTINUE

l

‘( WRITE
N\ Sa SHLWT .

W

D)
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SUBROUTINE WTGH
(M, MWL 4MW2,WT, S, SH)
M-tuple length 4
MWl - GEN. # 1 WEIGHT ARRAY
(SAME AS NW1 IN MAIN)
MW2 - GEN. # 2 WEIGHT ARRAY
(SAME AS NW2 IN MAIN)
WT - WEIGHT
S - PHASE SHIFT 1
SH - PHASE SHIFT 2

DIMENSION _
MW1{500),MW2(500)



92

8, Generation of High-Speed Maximum Length Dlg tal Sequences

This section is the result of a study of sampled maximum length
digital sequences. The purpose of the study was to establish the
mathematical basis for the design of a high speed digltal PSEUDORANDOM
SEQUENCE GENERATOR FOR USE IN THE HEAO—C SPREAD SPECTRUM TRANSPONDER.

H The proposédlprocedure for generating the high speed ML sequence in-
volves sémpling several élower speed ﬂL generations. Figure'B-l

1llustrates the sequence generatdr}‘

ML GENERATOR #1 l».b._..m \

A
s

ML, GENERATOR # 2

— OUTPUT DATA STREAM

g

: R j
EL GENERATOR # K 1 e

Eigure's-l HIGH SPEED SEQUENGE GENERATOR

If there are K.ML generators formlng the sequeﬁce generator where
K=2 , 3 an 1nteger, then the commutation rate should be K times the
clock rate of ML generators. Egch generator isrsampled ane durlng
a clock interval, and'thé output daﬁéAStreamiwould cohéiét of K:

digits during thg‘clock-infervél.._The adyaﬁtagemof this configuration



RECEIVED DATA

STREAM

T ' =1 ERROR %
]
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is that a higher speed digital bit stream can be generated with ML

sequence generators operating with a clock-frequency that is only a

fraction of the data-rate. |
Specifically,.if the data=rate is FB bits/secy the required clockn

rate is F /K' . VFor ‘example, it it is &esired to-operate with a

data rate of 40 .x 106 Bits/sec, and. assuming k=4 (four ML generators)

then ths.generator clock rates would be 10‘MHZ. This allows the use

of lesse-expensives more-reliable digital tom@onents from lower spsed

1ogis-families. ‘The only componént.requirsd to épefate at the 40 MHZ

rate is the commutating switch.

Figure 8-2 shows the error checking portion of the overall system.,

SEQUENCE ERROQ
CHECK # 1 [

{
i
- ]

SEQUENCE

i CHECK # 2

] L

SEQUENCE h A
ERROR e
CHECK # N ' S

Figure 8-2, Digital Error Checking at Receiver

As in the case of the sequence generator, the error,cheéking'
sub-system oOperates on a_sampling basis. IfIN:Zq, qan ‘integer, and
if the received data stream is a maximum~length digital sequence,

then sampling the data stream with a commutator operating at the rate

- of the incoming data stream yislds'a shifted version of the same "ML

sequence to each error check block.. In this way the error check

digital circuit . is required to operate with a clock rate that is
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only FB/N HZ. With this proﬁedure, the séme advant;gés méntioned for
thé sequencé génefator apply‘fbf‘the error check sebtion. In thg
‘system design N is not nedessapily équal to K.

Figure 8-3 shows theroveréll arfangement-fof &igital communi-

cations system evaluation.

- ERROR
CHECK

f‘HIGH SPEED . _ | - |
SEQUENCE TRANSMITTER | CHANNEL RECEIVER

| GENERATOR

Figuré 8«3. Overall Test-Configuration

Two important considerations involving the system showﬁ in figure
8=-3 are the phasing of the makiﬁum 1eﬁgth seqﬁénce generatofs shown in.
figure i.to provide thg desired output data stream, and the dgsign of
thé sequence erfor check blocks shown in figﬁréS-Z. This section deals

with the phasing problems.

Sequence Generator Phasing

The phasing problem can be stéted: "what initia1.phasing‘ of the K
Mi~generators shown in figuréS-lare requiréd to proﬁide_the ML-éequence
in the output data stream when the sampling proéedure is usedJ' The
_ruie with K ML;gengratﬁrs for phasing the ith geﬁera#or relatife to the
.first generator is - | |

1. Advance by (i-1) (L+1)/K bits

or
2. . Delay be (i=1) (L-;)/K bits
‘The?aﬁionale fof'the above choice of phase rélation is as follows:-
l. Sampling a ML sequence brovides a shiftedlvefsi05 of'the

same sequence if the sampling rate is an Integer power of two s
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2. Consider the synthesizéd sequence as being reconstrﬁcted
from k, K&gampled versions of itself.

3. Conéecutive digits in a ML sequence must be separated by
sampled sequence. : |

4. Arranging Ki:KpSequences.eaqh advanced by (L+)/K bits
relative to itéradjacené‘SEQueﬁcé, and sampling from eachras shown
in_figﬁre 1,'must yield tﬁe same ML sequence.

As an éxample cdnsider the ML séquence abgdefg. S;mplihgrevery
othér bi& yieldé acegbdf :yhich muét be a shifted version'of the same
sequencé. Advancing this sequencing by (It+1)/K = 8/2 = 4 bits
yields . bdfaceg. Synthesizingrby samﬁling_in—turn from-the two
sequence yields abcdefabcdef;rwhich is the original ML sequerce
repeated twi;e. | |

AS a practicallillustxation consider the ML seguence generator

with the characteristic polynomial

G(R)=1+2a +;3 (‘8--1)'
The sequence generated bf'fhis'ML generator is S(%), where

1 _ 5(2) : . .

G gt | - (8~2)
and whéfe_ . | | .

L=2"u1 S (8-3)

for an N-stage shift-register generator. For the generator in question

5(Z) =1+ & + 32 + 34 ‘ o (8=-4)

which represents the sequence 1110100. Forming S €) by advancing the
phase by 7 .
(L#1)/K = 4 for K=2 o (8=5)

and sampling in turn from S(&) and - 5 (&) yields
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SEQUENCE: 1110100
) {

SEQUENCE 11101001110100

. Advanced

BK 4 BITS: 1001110

as expected. Performing the similar analysis fér K= 4 yields

1110100

1010011 ‘
1001110 1110100111010011101001110100.
0111010

The eutput for the sampling generator is

s2(2) + & (s(a)ab=1)/2y2 — gs(ay = MOD - 2L (8-6)
| For K=2
‘ or
2, L, ' ‘
SS(&) = S°(@YI(14HZ) - . : . MOD 2L (8=7)
The sequence can also be expressed as
L3,,.2 ' S | '
SS(Z) = (148 ) /(G ()} _ MOD 2L (8-8)
In general, for K component generaéors
K 101 K\ (i~1)(1-1)
SS(R) = 2. & §°(&)& L
oY
o(i=1D L.K -
58(3)225 Kg(l-z) | _ : o
io1 G (@) . '~ MOD 2L (8~10)

The synthesizéd sequence cén be expressed as a shifted versiom of

the original ML sequences,

SS(Z) = ;xs(zj'zgfifl-)L
, =" .

SS(8) = zx(1+zL)‘s () . MOD 2L (8=11)

for the case K=2, or in general,

K

MOD 2L (8-12)
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or L L
$5(&Z) =_;'z:(.é1__(;§_2 § : z(i-l) .
1= :

MOD KL, (8-13)

Equating (8=9) and (8-12) yields
' K

SK(Z) z(1-1)L = sz(a) z(1-1? _ :
z;i= ' : EP=;) o ,  MOD KL,  (8-14)

sK-(z)z ;-z(i'l)L + 2* s(z) E PLETE D T
=1 ) 1= '

o-r :
'MOD KL.  (8-15)

. For the case K=2 this reduces to

s2@yd) + @s@yal) =0 MoD 7L (8-16)
.Simplification of (8-15) yields

¥l +a¥ =0 | R MOD KL,  (8-17)
which must be satisfied by the sequence.

- If equations (8=17) describes the sequence generated by S$(Z) then’

6@ | @ +d © M0D KL
~ Now
sty + 2 _ !t + @) -
6) | ¢~(2) o 'MOD Kk, (8-18)

or _

¢(z) ' cwey € 4 2 lay  MOD KL. (8-19)
' For the example: | '

6(z) = 1 + zta> - | N S 1)
and _ _ : : - .

K=2 o - (8-21)
yields

X=0 . ' - o | (8~22)
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and ‘ )
(1+z Ly K-1, ZXGK'l(z) Z+ 2o

z .
Ka) ' 1+~32+\z6  MOD 14, (8-23)

A similar example for

G(E) =1 + Zz + Za

where , _
5(2) =1+ 2 +20 4+ 24
represents tﬁe sequénce'1011100.
A sampling arrangement for' K=2, requires a delay = (L~l)/2¥3,

shown below

1011100
1001011

observe for this case X=4;

11001011100101

and

(1+zL)K' +zc “lgy 1+.'2.':‘+.z(’=l

G Ky 1+ 2% MOD 14,  (8-24)

An algorithm to calculate X is as follows:

1. Starting with the all zero (N-1) - tube generate the.
sequence, 5(z), with the characteristics equation G(z).

2. Generate S(2) From 5(2) Or G Kea).

3. Find X such that (1+-ZL)K L z*¢ 1(‘z) forms a recursive

relatlon that holds over the all zero 2(N—1) - tuple of
sK(z). _

-Sémplelcalculations are shown below For K=2.

" Sample 1:
G(g) =1 + 2+ o (8-25)
001011100101 11
1

€0 00 10 00 10 10 10 00 €O 10 00 10 10 10

4/ Lral +at ety =1+ 24 = df@) L (8-26)
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- Sample 2

G(Z) = 1 tz+2 (8=27)
00111010011101

L4

00 00 10 .1010001000001010100010

&4

1+ 27 +2° (eee) = za+e?+e%) = 26%(@) © (8-28)

A similar problem involves thé phase Qf the sequénce resulting:
frﬁm saﬁpling:a sequence at a rate - ‘ |
r = 28 . o (8-29)
with.g an interger. For example, o

G(z) =1 + 248 - o (8-30)

vields the sequence

.71011100._

Sampling.this squénce with :=2 yielas
1110010

~ which is a phase shift cofresponding to 25.

As anotheér example .

G(8) =1 +a +% o o . (8-31)
yields the sequence | |

1110100.

Sampling the sequence with r=2 yields

- 1110100
whiéh is a phase.shift corresponding_fo z°,

A pfocedure for determining the pﬁase shift can be found if aﬂ
expression of the form 8(Z) can be foﬁnd for the sequence forﬁed
as a rééult of sampliﬁg, and

£(2) = 2°5(2) - o MOD L. - (8-32)

If an ML sequénce is sampled at a rate of
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r=2 - o (8~33)

then an adjacent bit will be sampled Gégl) bits after the

-

sampled bit in the sequence formed from sampling. Extending this

analysis, a sampled sequence can be expressed as

“L-1 |
2 ' '
. i, 2i L+1)/2 S _
£(2) = E e (= sz} } L
i=o ‘ MOD _2 o (8-34)

or alternately

L-1
. 2 . LA
£(2) =z : zi(.zL’21 szy 2z )
' Ay,
i=o MOD® 2 (8-35)

~For examplé; the sequenbe with characteristic equation

o(a) = 14824z o (8-36)
and

2 3 4 : '

S(Z2y =1 +a° +2" +2°, 1011100 - (8-37)
with

sl*(z) =1 +2% 42t 1 g0 MOD 28 (8-38)

21(25)454(2) =2 + zS+z9+a21 MOD 28 (8-39)

32(33)43"(2) = zz+g14+222+328 - MOD 28 C(8-40)
and 3 44 7,.15,.19,.23 RN S

27(2)S(E) =24 - MOD 28 (8-41)

yields from equation (30)

£(a) = 11asatiad el +abrad e 2aa el g 601 042

+p22,523,526

MOD 28 (8-42)
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or

£ 1110010111001011100101110010.

{Reference Sequences: _
1011100 = 2'5(2) 1110010 = 2°5(2) = 1001011 = Z°§(Z)  0101110=45(a)

"|Sum Sequence:

1boooooo10001000160006000000' = [g?s(z)]4 | " Mob 28 |

010001000100000000000100 0000 = [255(2)]* - | MOD 28
_Qoldbooooooobol0000000100010 =[&@s@]* Mop 28

0000000100000001000100010000 = [as@]v MOD 28
B 11001011100101110010111001d = £(&)  ' R nop{zé

 Tab1e S—l. Formation of synthesized.seqﬁencg'Fo: the Case‘
cE) =1 + 224g° -
‘The table above also illustrates the result ofﬂéquation (8-30) ,

Now from equation (8~37).

. L-21 | Ltl | . 2 A : .
E [z S(z)l =z S(Z)z o _L?L
i=0o . i=o. o , . (5-43)
or the sequence must satisfy
S Ll | -
| fiziL =0. . (8-44)
Ci=o ‘ T '
and. ] | . L-1 , . ST : L_-2,1 _ ) | o
: Fr(s(z)_Z l_.lizj_ [_EL—‘Ei]".Z + z* g1l n IR
1 o | | (8-45)




Also, . L=

PR S N 5 | .
5 & Lirgoo 2L ox 2 iL
[s(z)] 2 g'[d-2i] = +z Ez
‘ i=o ' i=o -
G(Z)
L-1

=
fomd

ml

. For example if
a(2) = 1haH?

s(z) =14 : 110

Evaluatlng the terms in (8~41) ylelds
L-1 .

2 3
(1+Z ) =1+4&

L-1 1

[G(z)] = [G(z)]2 =1+2 +2

Equation (8-46) becomes

. e ' (L+1)/2
[14+2"] Zz [zL-2ﬂ + & 2(.'z) E 't /[G(z)]

102

(8-46)

(8-47)

(8;48)

(8-49)

(8"50).

(8-51)

(8-52)

 (8-53)

.(8—54)

(8-55)
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(1423 (+2>) + 22 (1+a+a’ Y142y = it 4aigty 3
TS : = 142
112242 . 1+z2+z4 _
: : (8-56)

Notice that MOD (L+1) L, or MOD 6, arithmetic was not used in
2 ' o ' o
(8-56).

. As -a second example, if

az) =1 + 22 + 2 . L (8-57)

sz)=1+a’+8 +2° 101119b S O (e-s8)

L=7 . , : : - ' ($_59>
and | | : | ‘

x=5 . R S . (8-60)

Corresponding to the sequence 1110010 formed by samplihg.

' ‘Evaluating the terms in (8-41)

i
a+) = (1+z7)3 142l o+t gl | (8-61)
-1 -
2 LH 3
L .2
E :21 (ZL-21) _ 2: z (27 21)4
i‘=D. ' -j_=o. .
=14 +€14+z21 | | . (8-62)
L-1 |
2 2.3 2 3. 4 9 ‘
(cz)) = ey’ =1 IPANTLITC L (8-63)
-1

2 3
'ZiL%:E: A7 - el gtz

i=o © =0 - : _ _ .. (8-6'4)‘

M-
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and

L+1 _

[G(z)] = (e —1webiet? ' _ ©(8-65)
Equation (41) becomes

4
(1+z7+zl4 21y 148746 %42?) y1g° (142 +g3+za+z +a22®) 148’ +z1 21)
142542
(18742 42y (1128 %4a 2a et o (14g 7l tia?ly o
1 - - 5.9,
L - (1+2”+2 ) - (8-66)

Notice for these two examples,_(8-46) reducés to_findiﬁg X such that
- L-l L-1 |
a2+ e 2
L+1

[G(Z)] o - . (8-67)

is a ratlonal.fractlon.

As another example, consider

a(2) = 1+ata’ | - . (8-68)

s(2) = 1+eret+a’: 1110100 Vj (869

=7 | | ()
and . | - - |

X =20 : , - (8-71)

Corresponding-to the sequence 110100 formed by sampling. .

' Evaluating the terms in (46)

L-1
fe@)] 2 = (14a+s’ ) = 1+z+32+z5+86+€7+39 o (8-72)
‘and Lil o - | |
(c(z) — 1+ate!? ' N ; (8-73)

Equatiqn (46) becomes - .

7,14 .21 14 .21 5 .6

(1+E 42 4K )g¥+z 2 et )(1+€+€ +27 4 +€ +E )
4 12

(e ) o O (8-78)




105
Now if X=0 this becomes

g2t 422y (2) (L4 P 2B P4 20)
1+€44€12 ‘ - .

(14 42!

eyt R (8-75) .

- The algorithm for finding the shift X for a sampling rate §=2

" (corresponding to sampling eqe:y'othér*bit) is to find an integer X

such that [ 1-1
(142" 2+ 28 (gra)) 2
(G(z)) 2

is rational..
Now fof the general case
o e
9an integer, | | |

the generalization of (43) becomes

%L -1 ' 141 141

2‘-:31[21"51(5(3)] 3.= 2¥s(z) & 2t - e
" _ ; MOD ——L =~ (8-77)
i=0 =0 3

Fbr example with
2,3 ‘ ' o -
G(Z) = 1+H°4E - (8-78)
and

5(z) = 1+zz+z-3+z£* : 1011100 | ‘ : (8-79)

~ Sampling at thekrate:'
el S T (e
yields‘ '1 : -
1100101 1+g+at+e®

or ‘ ) . ) ) . .
=4, oo - _ - (8-81)
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Equation (8-77) becomes

_ _ o 1
. E 3.1[37-413[5(3)]‘2 _ ZXS(Z)E, 271
i=o | = (8-82)

Evaluating the term in (8-82),
s2() =1+z+ g4+ 2% : ' _ . (8-83)

1
E P L iaken AP I U AP - (8-84)

i=o
1

E P Y
i=o P - 0 (8-85)

Substituting into (8-82)

4

(et iy e’y = 2t (elee’

_+z4)(1+£7) MoD(7)2 (As-ls_e)'

or L 6

(ae®) = 2 (1ee’

L, . | |
+27) © o MOD(7) - (8-87)
Equation (8-77) reduces in general to
L+ | -

C[s@)] 5 = d%s@) . . MODL  (8-88)
in general
1+]1
S

or ‘ R
Cc@fs@) SHats@n

.and | Iifl.l
G(z)l((S(z)) S+ 2%
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[sy] 5 +&_uEh ° +e@n ®

: Ll - oo
and the fraction in thé latter portion of (8-89) must be.rational.

" For example,

o2) =1 +2% +2° o L - (8-90)
(14»27)1 +_-34(G(z) - 14218 —1 _ o o
(c@N? - 14’ - S (8-91)

The table below is intended to summarize the use of equation (8-89)

for several example sequences.

G(2Z) L S X Ratio From (89)
1+2+2 3 |2 2 1
1+ 22 +32° 7 2 5 1w+
1+22+a g 4 a | 1
' .3 | - L el
1+2+4 7 | 2 0- 2(1+a+2°)
1 +z+a 7 |4 | o oz
1+z+2 15 | 2 8 | -
1+a+a" | oas e b2 1 1etnelrePeelte e
1+z+e" ' 15 g | 14  retatebie!?
1+ 20 2t 15 | 2 9 | —
1+ v gt i1 4 | 6 1840 O g g2 P |
1+ @0t 15 | s 12 | EEEETANTL
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9. 'Channel Capacity and Signal Spectral Density

The distribution of sigﬁal energy in a_communibation channel affects_
;he chénnel capacity of the éystem. The deéigﬁ of the TDRS-HEAOQ-C modem
 shou1d méximize\channel capaéity by Cdntfolling signal spectral densiﬁy.
The channel capacity fo; a.channél Qith signal power spectral den-
sity S(f).is |
'.C ;/. 1992 [l-!- %(%%] df o - . bits/sec (é-l)
Yl ' * o ' -
wherenN(f) is the one-sided noise pdwer‘spéctral densit&. :If the signal

is comfined to a finite bandwidth B, and constrained to

B ‘ o | .' — :

fS(f)df =5 | (9-2)

) .‘. _ ' :-~ S - . ,

where S is the total signal power. For a general N(f),lthe calculus

of variatiqns prevides an approach to bounding the functiqn;'or class of

functions, S(f),rconstraiﬁed By(9w2>‘ té maximize the ipteéfal in (9-1).

‘Dgfine' |

=88

where P(f) is the contiﬁﬁpus ébnﬁrast.ratio. Aniextrémé can.be“found

by-fbrming én'auxiiiary function oflthe form of the Hami1£oniaﬁ

= '1092_[1+9(E)J + AZ(£) N(£) : E i (9-4)__'

ﬁSubstitdting'(944) into the Euler differential équatidn

-_d_[an .__111._-—-‘0 : - :9-5
df'éga—éﬂ I - ()
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or from (9-4)

. 10‘9 e
2 FAN(f) =0
T N

or

9(£) = -1 - 1092¢
NN (£

N

Now to evaluate X

B B

f N(f)# (f)df r:/‘-(N(f)-P

o} Q

or B

’ log Q
Sz-f N(f)df - ;

Now define the integral

| B
/ N(f)4f = N
O- ]

109.2@},'5,_ 5

B L

where N {s the total noise power in bandwidth B.

Then :
: ' logz(e)
8 = - N-““"—:\—'—B
or | . :
‘ -loiz(e)B
ET))

The equation for comtrast ratio is from (9-7) and (9-12)

110

(9-6)

(9-7)

(9-8)

(9-9)

(9-10)

(9-11)

(9-12)
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S -
WE) = -1 i) ‘ (9-13)

or _ .
sy =N - oo14)

For the case

N(f)l =N (9-15)
equation (9-14) becomes
o : g
s(f) =3
and the maximum channel capacity becomes
C = 1092[1+§ 1B " bits/sec. . o (9-16)
In the case of equation (9-14) the maximum channel capacity is
. ‘ .
SN o __ S
c=1 1092'[BN(£)]df | _ .blts/sec. - (9-17)
Jo

Now assuming a constrant on the noise energy in finite bandwith B,

fN(f)df=N' - o S o (9-18)

=}

The calculus of variations approach can be used to find an extrema
of the VariatiOQal problem described by (9-17) and the constrant (9-18).

The auxilary equation can be formed as

SiN

H= loﬂzﬂiﬁfgj] +AN(f) . ' j (9-19).
Now define
o S | . o
B . o : (9-20) .

as the average energy per unit bandwidth in the communications channel
of bandwidth B. This includes both signal and néise energy . Substi;

- tution of (9-19) into Euler's differential equation yields



112

Nngg (—P é)n:o \ - _ (9-21) -

N(f)
4or _
- 1 ‘
NE) = 3 (9-22)
Thé Lagrange mulfiplier can be evaluated'by substituting
(9-22) into (9-18).
- 49f =N . ' (9-23)
o * '
or \_ B
N (9-24)
and
_N :
NE) =3 (9-25) .

is an. extreme of the integral in (9-17).

The form for S5(f) from (9- 14) is glven for an example noise

spectral den51ty N(f) in figure (9-1)

SN
B T o T T T T
i | !
oA
% /, - F’l s(f)
t
X //ﬂ:
B . oﬁ N(E)
. — __mm___“."_m_m“mAjg_“m__

Figure 9-1 Signal and noise spectral density illustratlng the
reflection effect in the relation of N(f) to S(f) for maximum channel
capa61ty.

~To show that the calculation resulting by equation (9-25) is a minimum-

extrema consider the following example ®
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Case 1: B ='1MHZ, N(£) = .5 x 10°° WATTS/uz

B
N =:[.N(f)df = .5 %102 =5% 1077 WATTS

o]

Assume S = 20 x 107> WATTS _

, -3 ‘
S(E) =.Z§_5_1Q__ - N(E)

. 4
10 f;om (14)
or l .
SR o -9 - . 9. .
S(f) =25 x 10 "= 5 x 107 = 20 x 100°  WATTS/HZ
- From (9~17)
o S L 14 S
C _llﬁ IOPZE—E- NHde | . bit/sec
A , o _
olr
N
c=] 1 E3§_§_LQ:E Jag lo [56 10717 ae
- °%; 5% 107 84¢ o LV x
o - ' o o :

= 1q92(5) X 106 ‘bitsfsec_

6 _1.61 - 6

Lo 2) x 107 x 107 = 2.32 x 106 ; bité/éec'

'loge(Z) - 693
Case 2 .ssume some total noise poﬁer and ﬁofal signal bower in a
different distribution.across the same bandwidth as in Case 1.

3

N=25x 107" WATTS, S = 20 x 10> WATTS

N(E) = .1 x 1078 + f(sx10‘15) WATTS/HZ

10° N o
~/f (1x 1078+ 8 x 107%6)de = .1 x 1078(10%) + 8 x 10710(1012)
[a] . .

]

1x10° +4x 102

5 x 1073



From (9-14)
. B .
S(f) = .gi_ﬁglg_, - N(E)
10 :

= 25 x1077 -1 x 1077 - £(8x10” )

9 15)

"24 x 1007 - F (8x107

From (9-17)

6

10 _9
c=% 1092 E_.E_E _g af
), T [ex1077)10

. 106 : ) : | .
= los 2 2—5"—'-—':-6 df

o (1+8x10 "f)

6

10 loge 23 3 df

= 1+8x10 f
o laG 2
e

- ——|dt
1+8x10" f
B
=K \ loge(———)df
= S ETY:
[0}
N .
et V=318
d -ab - =b 2

v ‘=(mf)2 = \'s df
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Then

. B e B
C = gk f 1og'e§v!d1.i
‘ b ) ‘ 2 ‘
B! V o
where
"N — . a
B 1+B
B' =@
or |

(@]
it
1
il
[oal - o}
<l"
- . )
A'
= :
1 | .
- o
< }
S
-
o
we]

: 7 BT
%‘[l (loge( v)+1):|
v .
. B B!

.

= &b aney 0 -4 aem)]

Channel capacity is then

- ) . _22

B! = — =
1+.8x10’6(10+6) -9
B' = 25
B % ose &)
 loge(8x107) : o

- % (109e(25)+1)]
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25x10°

B0 o (55 [2.02) - L5 [ee22]]

‘ 106 ,
= Bloge(2) [18,18~-{4,zz]

6
10
= m—' [13.96]

= 2.52 x 106 bits/sec

B=10

Figure 9-72' Example Results:
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10 Power Budget'Program-

'_ A.computer prqgrém dgsiéned”to:perform power.budget ;albu-
‘latiOHS f0r;tBQ HEAO~C-TﬁRS-.Gr0und Retdfn Link'has been pfepared.
The 9cﬁemét'ic- di'a_grani.'_ of.- the 'rlink along with .définition's' of )
par;mete;_vaiﬁes is givgﬁ'ip figufg'loel, Thié ﬁompu;er'program
is expectéd to be uéed extensively iﬁ furthé;-HEAQ;c-TDRS

-communication study'effofts,



© FIGURE 10-1 SIMPLIFIED NEFURNED LINK MOPEL{ ~USER=—————m GBS D

| CHANNEL 1
SIMAL  SIGNAL
ng mPB’ ’

TS STGHAL RFT " THERMAL

SIGNAL THERMAL . RFI

Pat, ' Pnﬁ Pct
et e, ’” ot

o 030231 Pgy + G3GoPy2 Pn; y Oy *+
L 4

e

Fu3

-
OUsPUT

0y0iP51 ¢ GoPyy + G2Pyp

SORE
, \ Pnz @ 1. )
| CRANNEL | 2
SIGNAL RFT THERMAL
00,07+ O0zRy  + Oylhaz
G fa—

Transmittiag Signal Power of User

£ £ o7
n n ]

Gain (or loss) of Chammel 1
Received RFT and Multipath Power at TDRS
Gein (or Loss) of TIRS

o

By = Receiver Bandwidth of TDRS ‘
‘N, = Receiver Thermal Noise Spectral Demsity of TIRS

Fa2

03' = Gain (or Loss) of Channel 2

= NyB, = Receiver Thermal Noise Pewer of THRS
: e

&

Pyq = Total Beseived (And Outputbed) Signsl Power ef D

Roceived HFI amd Multipath Pewer at GND Station

a"'l'.'l

Processing gain ol GND Receiver )
= Reseiver Baméwidth of GND Statiem

=

F), = Receiver Thermal Noise Spestral Demsity of GND Stekien

By, = M,B, * Reweiver Tharmal Neise Power ef GHD Statien

PIT

Statiom -

Fat = Total Thermdl Noise Pewsr Output of GND Statiea
Pot ™ Receiver eutput RFI Spread Interferense
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PROGHAM
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0z

Lﬁﬁﬁﬁ

HROGAAW LAwEA!ImPUIeOUTPUT IAP:1=InPUIanPF3=OUTPUT)

TR PMES_-BUDGELWMLA‘HQDL

COREAL
IATEGER €

VNLASEQ

To485

i0d
TR 7 op

+

103

T

104

T 83/27774

73274 opr=y’ FTN Ge0*P3ST

COMMON  BARCIDA),TCLCY0D) $CS
LIFENSTON A{G%y A}y BiS9r12}s C{59)» 08996} - o e
DIMENSTOMN MINUE(13) . '

NPVaNT : ’ - :

15.23.i7.

_PAGE 1

NCASEY
nCasgp

=ARFTNSSONEG T
=ARF1,55,PG

NCASE] =RFI+NSSenPG

=AF 455,06

 FOUR CONFIGURATION CASES ARE CONSIGERED 3 EACH “CASE REPRESENT! SONME
CCMBINATIUQ OF HaASIC PARAMETERS aND VgRIABLES WHICH INCLUDE RAD(O

FREGUENCY InTEREFERENcE {RFT DR~ NHFI) SPREAO SPECTRUNTISS OR™ N?S}o
PROCESSINB GAIN (PG 0r NPG) : ) :

DY 7558 7 K=],13
MAAUS(K) Sl GHe e e e

WRITE (325994} (MTNUS () yNE 1-131
VU & I=l+59

HLAD(}.IGIJ{A(I.J)vJ 1-1&T‘
PunnAT(1cAa)

Ligg
Ktaﬁilslﬂal(R(I.JivJ =1412)

FURMAT (11A6,43)
REAU (. 103)C
FonMAT (%9401))

WO G 1 = 1,59 o ) _ - o -
ReADile104)(0 (s ) y=)ve)
FWR@aT (S844A2)

wrtlTE(3,55495)

TUV Bogg K=1,46

TN

QYYy

WRITE (JaSYug) -
FuavAT (1R )

“ARITE (3+5998)

u9%4s

-

a0yl

'_‘.i

YGR 0/ 2/ vSEA ECALF 3 =

sOue

LU

09y

1
15

le
el

FURpaT (1F vbﬂlt#QELECTED SanLLITE RELAY CA$5§‘! ]

/1514 #FCR THE 1JSER TELEMETRY CHANNEL#}

DY monl 1=145

WA lTE (39994
WIVITE (3,45}

FURMAT (]F - ¢S5AD!CASF 1 = NRFTs NSS-hPG:;IY/“56X|tCASE‘2’= NRFlobS.P
HFI|Nqb'hPGﬁilffibev%ChSE 4 ® HFI.ss.PG:a

LY B3an2 K31 10 o
WALTE (3499991

WILTE (399997) — e
A-M_UNIVERSITY#)

FURMATLIF s8] X2 #BREPARED Bv#./.56x¢!ALAuAMA

ﬁCAD(]y]O)NC;NQohP!NpVoNT
FORmat (11, Ia.l? FF o ZoFAL2}
NCS =N

WDy ang

PuaminP)  aney

TUL INP) =iT

KEAD (1220 NC NS APy NPV NT
FURMATII112+1€4F8021FB2)
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R |-
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PROSRRM LARCE  TUT3/14 TTORTa) T OFTN 4.0eP3ST T 03/37/74 1523417, PAGE 2
IFINCS=NCY 40 425,40
£5 lr (hbs-ms)4n'35'4n . - kR A & i hn i s m———_ oAk bt AtmA L memrs PR —
35 PAR(NP) =RV
TUL(NP) = AT e
6V Tu g
40 wnlTE(3,5995) ’
: UYU A003 K=le10 :
ARSI WRITE (3499991 - e e e
‘ WHITE(3,9996) :
a§96 FORMATOIF +56Xa#KEY PARAMETEN VALUES#+/951X1#F0R THE USER TELEMETR
1Y ChaniEL#) _ _
WrITE(3450) NCS:NSS;PAR(13)aPﬁﬁllbiiPﬂH(35f o T
56 FUnNAT(/;;,44x.gcASEt,ax,:sET#.#x,:PARAﬁeTER(131¢,4x.#PAHAHETER(1Q
- - "”'iJ‘i#XéSPARAMETE013ET*???YTIWI?TTTTXTTZ?BX?FF????X?FB?Z?SX?FU;E[ -
APaGE=1 : .
— = CALL USEFLK ~-= -
CCALL T TuKalw
CALL GROLK ~ o o
WRITE (349995} L
QIS FURMAT {1 FLY ™ —7
C ARITE{3280994) (MINUS (N) sN=1413) o L
n95% FURMAT(134104/) LT T e e e pmmm e ,
€ PLACE MINUS IN HERDERS. o
¢ - , . o e e e
HRITE(3,80) IMAGENCS,NSS :
- 1 FUamMaT(i1r ;6nx¢tpA55=;1XwIri?/:*tnsE??IXTI1T¥T??3XT!PUHEH‘BUDGET*c
VALCULATICNS FGR RETURN LINK PERFORMANCE — USER=m=TQRS~==GROUNDH//
2F SET#52Xs11y¥.243X,#C0NDITIUNS  NKFIwNSSTRPGZ// /76X 2HIGH DATARA —
ATEFOR) # 19X 9 2LUSER TELEMETRY#//7//7/7% Lele#,21X92PARAMETERZ,31Xs2PARA
wMETEnd , T4 FPARAMETER# 13K s # TOLERANCE#y 10K+ # | OLERANCE#/# "CODE#y — ~
:axx.:muMaEH:.10x,tanuE¢.17X;¢NUMBEH¢cl3xa:VALUE#) . —

HHETE (3559947 “{MINES () NSTYTS) ‘
W ITE{3456%3) '

"g9%3 FURMAT(1F 9Xy#eue  USERLK—w@ogi/)— —
UYv 543 1=1.59 ] - -
T IFPARII) 999.) 60495560

A0 LFATOL LI =5000,) ®O,7n.B0

T LR SRS T-S TR T - ¢ M
201 JFLAGENCS#i000u+ASSulan+] ‘

W ITE(3.3000) (JFL#G?(A(I!J)?U?IQlE)ipﬁﬂflrfrﬁlfTJfTJéliﬁ)}
YL T e (B(Tedb e l=1412Y) ’

v

:‘p:

> E
.,

rag

110

10L

!

214

1

_?OL' W
7Y
304

1
F LI

3la

CUNT TIUE N . - R . oy

FoRwAT (1P ;35‘31.IEAQ.EAaFHil;1x;544.AZ(TK;FS;l;jx,#DB#/Qx}‘mﬁ """""" T f“"f'”

L1a44,037/7)

G Ty Bag o
MFLAGENCS®* 10000558 npe]

wITE (3920000 (JFLvacA(IvﬂTiJE1¥f6).Paﬂ(II]TDIIFJTTU#;{Q{{“*““

teLirs ‘ . - o o
FURBATALE +1623X4168448XsFAe]91Xr5A49A2v T, FB.] 41X 20B2/7)
SY TQ »H0 . B

VFLAGSACE*10000+nSSH1n0+T

IFLC(I =10 310,300,310 .

WHLTE (3430000 CIFLAGY (AL b sw=1416) sPARIL) 2 DTN sY=196)y
lb(I.Jh.J:lglé)) . ‘

PUMMAT(IR 4 1593X016A448X0FRe191X1504282/9X,11A6,A3/7)
et To sag - T T '
CUNT INUE
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PROGRAM | Awby 73774 "omsr‘ TUUFIN a;'wssr 03/,—._»7/7;.

T S ENAVE =D (fe2)

g - DlLy2y=10H R e — S

13-

>TF

14%

150

lon-

los

17g

(6000 FURMAT (1 L I15,3%, 1684 ,9Xy8H N BTV 1-7 W - Py

"QSQ FurMmaT(1F -60&v¢pACE¢.1K:Ily1/'¥ Teba¥Fr21Xy #PARQHETER#|31X’

w*ITEi3;4000) JFLAG-(niI’Jlod’lvlﬁ)1PAH(I).(D(I|J):J=106)'

T PAGE 3

4O0ULTFURRATLIF LI5,3%,16A4" B F ATy TN SAGTAZ /i
oY TO 400

93 JFLAGERCS®LQ0GUeNSSHRahe T " T T T e
IFLC{I1 =14} 61016001610

06 CUnTIMUE «mu__-m~ﬁ_“_u;?,dhAer“m"—wufm”hm.waw—
USAVE=0(1s1) B

uily))=10h

W ITE ¢3 Suco){JFLAc,tA(I.J).J-l.lé)-(D(I,JJ.J=1,6).

YB3 sd=T120) T - T T T
Uily1)=DSAVE )

TRl 2V SESAVE T

P CIFLAGVER.2015]) WRITE(3.9980)

1 g¥ay FUsMAT (1l 421TEYM S] REPRESENTS THE “SUM- OF “THERMAL NOISE "SPECTRAL D™
1ENSIIY AND SPREap COHERENT INTERFERENCE SPECTRAL QENSITY. FOR The

UariASONS CIVEN#1/,1X,2 TN APPENDIX CTINOTE 37 TTEM 817 1S ' NOT APPLIC
9ASLEL A5 A RESULT, ITEMS 539 S7, AND 59 ARF ALSO NOT APP|ICABLE. T

«H1S pCES NOT- PRECLUDE® 7+ IXv¥A CASE=BY=CASE ANALYSTS TO TAKE YNTH
rALCLUhT THE EFFECT QF RFILa.z) :

1d*v11ﬂ4,53(/1m__wwﬂﬁi_ S
00 T0 A0
610 CUNTINUE

USAVE=D (3T 7T
EIAVE=G (e 2)

LT ET0R
Uiledy=10h

N“ITr!jaéOUOJCJFLﬁﬁytatlbiaJ 1y 16)1!D(X.J)|J-",6iTﬁ"vw“
U(lglJ-L‘)QAUE

CUXTazy=ESAVET T T o
IFtUFLAGLEN.3018]) WRITE(D, 5%40)

2000 FURMAT(IF 5 1543%,1884,9Ke84" " NA™ PLXSBA4 ARy T T T
HOU -1*(1-9)7000,900,nlu

aly  IFt1=14)37000.910,829 T T T e e
de, 1F{I=20) ToposYansB3g :

RIL IF(I=33) 70004970840~ e —
840 LF{1~40) 700D,%20,850 -

490 IF (1=42) 7500,930,560 R e

260  [F(l-gq) fouo-9on'7000

900 IPAGE=IPALE+] CoT T e e SR

wrITE{345995)

WRITE{335994) "(AINUSUNY yNST E3) - . T
WRITE(2,950) [PaGE

t#HAHAMFTtﬁigTX.tPARnMFTEH¢ 13x.¢10LtdANcea.10x.:TOLERANCE¢c/o

~# CODE% - : ._“mdmiwimﬁh R

. orolxnﬁﬂUNB}HﬁpllXi#VALUt#rITX!#NUMEtR#!l3x #VALUE#.

Q)
WNITL{3:99941 tMINLS(N);N-1.13)

1?‘ (IPAGE &) Soﬁ.qou‘;.So . R . . ‘_ ST i e e

496 WU T 180

Qlc HHITE[3’951) ] - ‘ . .- . e . e e T - e e e

o851 FJdrMaAT {1k -///vqx-#n*u TORSLK aueg,/)

Gy TO 500 S T T T e e e ] R
G2u deTrfS 952y "



e ] g e e

lgﬂ

a0

BROGRAM LAWER "

abhe

200

TRV ORYS FTN 4.0+F357

15.23.17, PAGE

FUANMAT (1r

-///rQXv#ﬂbo GRHLK #adts /)
S GO CUR ] LR S e e -
s0v  CUNTINUE T _ e
IFRARIS9) =99Y4) 10741801107 - T s e s e e e e
107 IFIPAR{SSI=5.0130,110,110 :
1lu WHITE(34125) . T T T T A e T -
}25' ?UHMAT[;//?#NEEQFSSMANCE MaRGIN FOR NCS= ,.11,3x,¢Nss= ,,xz,ax,
T FLS CADECUATERY
GO T0 148
T 1307 WRITE(3wI1S0INCS.NSS .
150 FURMAT(/// 2 PERFORMANCE. MAHGIN FOR Ncb= :»II-3K'¢N55= _#eldegky .
o 1#15 WNOT ADEQUATE#) — 7 T R
GU TO 10
CTBGT WRITE (341901 NCS,NSS™ , .
jgu rUHMAT(///q¢ RERFORMANCE MARGIN FOR NCSE FrIleaXe#NSSa 2,122
o FLIS NOT APPLTUARBLEY®) -
169 LF{RC -5)15 EG,,EOO

slup -
END




UPROGRAM LA%ES  T73/74  0RT=) FTN. 40+P357 03/27/74 15.23417, PAGE 5
SYMROLIC kEFeRbELCo mAP [(R=1)
ENTRY POTATS
4107 LAWEA ) T T T B - e e T - -
T YARTABLES SNOTYPET RELDEATICN "7 "7 —
bees & HEAL ARHAY : 7524 A HEAL ARRAY
TTTThe30 T T T T I R uER KRRAY 111230 REAL ARRAY
S6&47 [DSAVE REAL ’ 5643 ESAVE REAL
TTTTTRe3p LT T T TEGeR T T - G655 1PAGE INTEGER
5633 J T inlEGeR S641 JFLAG INTEGER
Tt B3 K e I TEGERT T T e s sy g e TMINUST T TUINTEGER ARRAY
5631 M- C1laTtGerR S 5434 NMNC " INTEGER
e TNES T T T RS eR Ty T T T T T 8835 T RP T T INTEGER
5626 NPV hEAL ; 5635 N3 INTEGER
5637 NSS - 1'\‘!&6!-_” Pa——_— . . S . FRN— - 5627 h] e b e REAL S - —
‘¢ PR REAL ARRRY  / . lae T REAL - ARRAY ‘.t
FILE MamwfES wCUE : o 3 .
- 0 1nPUT ' TTUTUTEG36 TONTPLT T 0 TAPEL - FMT 2036 TAPED EMT
EXIERNALS !YP:‘ ARGS C e = o aw mm — . ————— PRI —
L BEDLK D TORSLK D e
USERLK o S ‘ .
s STATEMENT [ASELS 7 B
50la 5 FuT n & e T o
nooo o BT -7 S - i 4221715 _
4227 14 : EaTp 20 COFMY 0 s _INACTIVE
roas INARTLVE 4241 "4o 7T LT T 51267 B0 CFMT _
TS INARTIVE © 4411 70 0 .80 INACTIVE
— - 5164 G~ CEME T e e E b g . : 47270 —
© 4740 102 FMT 4747 103 FMT o 4760 104 FMY
a 1a7 InAETiVE : o 1laT T INACTIVE 77777 777777 5553 7125 © FMT
#7072 1740 €575, 15p FMT B 4707 180
4705 18D g6n6 194 T TRMTTT T o ) 0 200 TNACTIVE
ooo2nl InacTive 4352 21q ‘ 0309 INACTIVE
T 44610 3 E R Y 3~ 12 INKCTIVE 4671 500 3
- 0 &nn InarTIVE. 4872 61a 4632 800 .
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