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ABSTRACT

A revised set of communications margin expressions
is presented that 1s applicable to those modes of the Apollo
Unified S-Band System that employ narrow-band phase modulation.
This work extends that previously reported by J. D. Hill in
1965. The new model differs from that of Hill by 1) including
in the circuit margin equations the effects of limiter sup-
pression, 2) including the variation in the receiver system
noise temperature as a function of received signal power,
3) expressing the turned-around signal components 1in the ranging
channel as two truncated infinite seriles, 4y providing equations
for the minimum allowable received signal power at both the
space vehicle and the ground station that will just satisfy
channel performance requirements, and 5) providing a set of
expressions that describe the error in the circuit margin
calculations when selected approximations are made.

A comparison 1is provided of circuit margins obtained
using an up-dated version of H111's model and the model pre-
sented here. The maximum difference between these two for the
Apollo systems 1s 0.4 decibel for low signal-to-noise ratilos
and as large as 1.05 decibels for high signal-to-noilse ratios,
with the updated model giving the more accurate results.
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TECHNICAL MEMORANDUM

The Apollo Unified S-Band (USR) system has the capa-
bility of transmitting S-Band carriers to and from the space-
craft which are coherent and are phase mocdulated by voice,
data and a ranging code. The capablilities of the system have

been discussed by J. D. Hill1 and W. D. Wynng’3 who have pre-
sented mathematical models that can be used to predict the
perfcrmance of the USE communication links. The present

work extends the work of Hilll using the system configuration

presented by Wynng; a new set of equations which describes the
performance of the USE system is derived.

The present analysis differs from that of Hill in
five respects, namely:

(1) the suppression effects of the limiters, used
in both the space vehicle and MSFN ground
station receivers, are included to improve the
accuracy of the predicted channel performance
for the "near threshold" cases,

(2) The variation of the receiver system noise
temperature is included to improve the accuracy
of the predicted performance for nearly all
cases, but especially those whose operation
is considerably above threshold. (For a dis-
cussion of this noise temperature variation see
Reference 4).

(3) The turned-arocund signal components in the
ranging channel of the down-1link are expressed
as two truncated infinite series. This simplifies
the down-link margin expressions while improving
the accuracy of the results.
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(4) By equating the circuit margin to zero, the
expression for the minimum allowable re-
ceived signal power, "PMIN" is obtained for
each of the USB services; thus, a "power"
margin calculation can be performed directly.

(5) Equations are provided that describe the
magnitude of error of the circuit margin
calculations that results when selected
approximations are made. Thus, the validity
of hand calculations, in which the selected
approximations are often used, 1s easily
determined.

The up and down-link circuit margin equations are
derived in Appendices A and B. The power margin expressions
are derived in Appendix C. The limiter equations that are
used in Appendices A and B are presented in Appendix D. The
equations for the error that results in the circuilt margin
calculations when selected approximations are used, are
derived in Appendix E. A comparison of circuit margins,
using Hill's original model, the up-dated model and the
model presented here, is given in Tables I and II. Table I
presents the results of margin calculations for the communi-
cations link between the Lunar Module (LM) and the Manned
Space Flight Network (MSFN) and Table II the margins for the
Command/Service Module (CSM) - to -MSFN link. The equations
derived in Appendices A and B are summarized in Table III
and the symbols used are presented in Table Iv.

The models for the band-pass limiter and the turned-
around noise that are used in the derivation of the margins 1
equations are based on work by Drs. F. F. Carden and J. D. Hill
Although these models and the approximations on which they are
based are still considered to be reasonable for the Apollo
cases, work is continuing to determine the differences between
the results obtained from the use of these models and the

3

more rigorous mathematical model presented by Wynn~—.

The model for the variation in the system noilse
temperature is presented in Reference 4, This model approxi-
mates the rise in the system noise temperature caused by an
increase in the received carrier power by the followlng re-
lation:

= i in W
Tsystem § + B x (Carrier Power in Watts),

where 6 and B are constant for a given antenna-receiver in-
stallation.



BELLCOMM. INC. 3 -

The technique of expressing the turned-around signal
components as a truncated infinite series 1is based on unpublished
work by R. L. Selden. This technique 1s the general analysils
for which Hill's model is an approximation. In addition to
simplifying the derivation of the down-1link margin expressions
(only one term, Rg’ need be evaluated instead of the three

terms, o, B, Y, in Hill's model) the use of the general analysis
provides higher accuracy. This added accuracy stems from the
fact that Hill's model includes, in the down-1link, only the
first three components of the infinite series which describe

the up-1link spectrum while the general analysis used in this
memorandum includes the complete up-link spectrum. This permits
the final infinite series to be truncated at a point that is
dictated by the magnitude of the system parameters (turn-around
channel gain constant and modulation indices). Hill's approxi-
mation of the turn-around channel spectrum is a reasonable one
for the Apollc system. It is, however, believed that the
general analysis used in this memorandum willl prove useful not
only in the analysis of systems where H1ll's approximation 1s
not valid, but also in the selection of modulation indices and
transponder turn-around channel gain constants for communications
links of future programs.

The power margin is a concept for a communications
link quality factor that is presented in Reference 5. Since
the system noise temperature, the limiter factor, and the
interference power (code power or retransmitted noise) are
functions of the received signal power, the circuit margins
as defined by Hill are bounded by a well defined maximum which
is determined by the parameters of a given channel. This
maximum bound exists because as the received signal power
increases, the interference power likewlse increases. Although
the circuit margins so calculated do predict accurately the
performance of a given system under the selected conditions,
this definition of "margin" does not directly indicate the
allowable degradation in a link whose circuit margins are
positive. In Appendix C, expressions are derived that describe
the minimum received power, PMIN’ that is requlred under the

constraint that the circuit margin equals zero. The power
margin, Mp, is defined as the difference in decibels between

the magnitude of the total received power, Pr’ (predicted by

equation C-6 of Appendix ¢) and the magnitude of the required
received power PMIN that is calculated for the selected service.

The power margin therefore 1indicates directly the magnitude
(in decibels) that the transmitter power/-antenna gain/circuit
loss combination may be allowed to degrade (1f M_ > 0) or the
magnitude that this combination must be improvedp(if Mp < 0)

for a communication capability to exist.



BELLCOMM, INC. - 4 -

Appendix E presents several approximations that can
be used in the calculation of performance margins. These
approximations simplify the calculations and are attractive
if margins are to be calculated without the use of a computer.
This appendix alsoc contains equations for determining the
error that results in the margins when these approximations
are used. In the ger.eral derivation of the equations for
circult and power margins only the approximation given in
Part VI of Appendix E was used. That is, the infinite series
that defines the turn-around ranging channel spectrum has been
truncated after the first term. For the Apollo System this
approximation can be shown to be more accurate than Hill's
original model. (Truncation after one term results in very
little error for the Apollo USB systems).

The comparison between the present model for the USB
system that is described by the expressions in Table IV and
two versions of Hill's model is presented in Tables I and II.
The original Bellcomm computer program entitled, "Margin,
Computation of Margins," dated December 15, 1964, which is
based on the model described in Reference 1, was modified in
July 1966 to include a variable system noise temperature
(identical to that used 1in this memorandum) and a limiter factor
equal to n/4 (identical to that used in this memorandum for the
case of signal-to-noise ratios less than 0.035, at the limiter
input). The calculations shown in Tables I and II indicate
that for the links shown there is close agreement between the
present model and the modified Hill model since the maximum
discrepancy is 0.4 decibel. It should be noted that this
"close" agreement is true only for those cases where the signal-
to-noise ratio (S/N) at the limiter input is equal to or less
than 0.035; for higher (S/N)'s the discrepancy could reach a
maximum of 1.05 decibels with the present model giving the
greater and more accurate margin prediction.

Conclusions

The revised set of margin equations presented here
provide a more accurate mathematical model of the performance 1.4.6
of the Apollo S-Band System than those models previously used.”” 2
For the Apollo System, however this increased accuracy results
in differences in computed margins of 0.5 dB or less.

The power margin data which is now availlable as a
result of the derivation of the PMIN expressions in Appendix C

will provide a much clearer description of the magnitude by
which the transmitted power/antenna gains/circuit losses
combination may be permitted to degrade or the magnitude by
which this combination must be increased for a communications

capability to exist.
'/7.2 : ZL;’, /&',LAM,‘Q’,&)

203L_NWs- U1& N. W. Schroeder
ew
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TABLE IIT*¥

SUMMARY OF THE COMMUNICATION MARGIN EXPRESSIONS#*#%

FOR THE APOLLO USB PM LINKS

1. Circuilt Margins

The up-carrier margin is

f 2 2 2
k P Jo(ml)JO(mg)cos e‘

_ uc sr | rsS:
M, = 10 1og10L T i X (A-18)
o u uc ucr
where:
k,. = The limiter factor, defined in general by kL a
iy = a/b for |2] < .035
1 N L
A s s
k. =( k., = .68 (= + .76 for .035 < = < .35 b
IJ 2 N 1Nl
L i L L
- S
ky = 1 for {N) > .35
L
For k, = k
L uce
;% is equal to % c
L ‘ue
2 2 2
Eér _ PerO(ml)JO(m2)COS ) _ Psrauc ;
N)uc KoTuBuc KoTuBuc

¥The symbols used 1in this table are defined in Table IV.

*¥*¥The numbering of the equations in this table corresponds to the
numbering of the equations that appears in the derivations contained
in Appendices A through F.
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Table IIT(Contd.)

The up-subcarrier circult margin 1is

2 2 2
D
. _ 10 1 kuSISrJl(mi)JO(mk)cos G s,
uw 810 KT = N.
Bw 2 + " usPsri
1. -
where
i =1o0or 2
k =1 or 2
i # k
2
. sin K £,
, 1 2 2 . c 1
nul = C J5(m.)JS(m,)sin"e
“106“; 0 M1/90\ ™Mo PR
c i
For kL= K o (S/N)L is equal to (S/N)us

P
- sr
us KoTuBts

Z|

The down-carrier circuit margin is

2
PHPJO

2 2 2 k
(R)IGN)IGm )T (my) |

M = 10 loglO k

dc dc

where

d

Zln

(A‘36:37)



BELLCOMM, INC. -3 -

Table ITII(Contd.)

RO = A constant which is defined for each spacecraft b
ftransponder
1 12 B 1/?
v
Nu - Ro S B ¢
1 + k = ts
us- N —
- ;o us L2 -
For k. = L (S/N)dc d
2 2 2 2
s i PngO(Rg)JO(Nu)Jo(mB)JO(mu) _ Pgradc o
Mg KoTaPae KoTaPac
The down-subecarrier circuit margin is
‘ 2 2 2 2, O
y - 10 16 ‘kdngPJO(Rg)JO(Nu)Jl(mj)JO(mQ) s
dwj €10. KT, "* TNy
iji 2 " "a¥asPer |
where J =3 or 4 a
2 = 3 or 4 b
j# o ¢
2 2 2 2
! B
v
For ki = kg, (S/N)p = (S/N)4q e
, p
S _ gr
N T :

ds KonBgs
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Table ITT(Contd.)

The down link range code circuit margin is

2 2 2 2 2 2 . 2
, - 10 1op }“P Jl(Rg)JO(Nu)JOSml)Jo(m2)JO(T§)JO(mM)Sln 6 (%)
dCO 10. BdCO'KOTd + 2Pgrnd dcor
(B-58)
where
ng = 5 I5(ROITM DI (,) 52 ()
d B 4
2. Power Margins
The up-carrier power margin is
Moue = 10 1ogyq Py - PMINuC
where
‘ BucyucsuKo
Pugy = 10 logq, fk KT, (C-12)
uc L‘ BuBuevucks J
18
Yue = Antlloglo ;}O N ner.
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Table IIT(Contd.)

The up-subcarrier power margin is

M = 10 loglOP°P - P

puw, MIN,
i
where (C=-17)
—_
B v § K |
u)i Uw ., O
p = 10 log '
MIN 10 ;2kus “w, T By Mutt e BUB L vy, Ky
i ‘ i i i i
-
e 18
Yy, = Antilog,; 15l
i . W,
1
2 2 2
auwi = Jl(mi)JO(mk)COS 8

>2

1

' l 2 2 a ) 2 ?
" ——Eon(ml)JO(m2) sin“e sin IanJ/(KCf
/

110

The down-carrier power margin is

M = 10 loggP . - F

pde MIN

dc
where
-
§ K i

-
i B. vy
dc 'dec d o
P = 10 log - (C-22)
MINg lotadc[kdc BdBdchcKo]J
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Table IIT(Contd.)

-

\
'

_ : 1S
Yae = A“tlloglo[;o\Ni |
dCI"_J

The down-subcarrisr power margin is

Modw, = 10 10810F 0 = Pypy
J dw
J
where
BwJdejddKo
Puin, =10 108y o g *qcBaB, Ya, K (c-27)
dw. ; ds . “dw w,'dw. 'd
L o
_ . 1S
Yau, = Antilog o 15(i)
‘ dw.r
3 J
0 0 2 2
%3y = JO(Rg)JO(Nu)Jl(mj)JO(mR)

2 2

Ly 42 2
g = ‘ﬁ?’J1<Nu)JO(Rg)JO(m3)JO(mu)

The down link range code power margin is

M = 10 log. P ~ P
pdco 10" gr MINdco
where
B Y §.K
dco'deco d o
= 10 log (c-33)
Pun 10 [Bag.0 = BaeoYdeo  ®dcBakotena’
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P a—

e s
Yaco = Antilog,, glo(N)

dcorJ

_ L2 2 2 2 2 2 , 2
deo = Jl(Hg)JO(Nu)JO(ml>Jo(m2)JO(m3)JO<mM)Sln 8

3. Approximation Errors

A. A Constant System Noise Temperature (T=§)

The errors, in dB which result if the circuit margin
expressions are simplified by setting the system noise temperature
equal to a constant, are as follows:

1. Up-carrier

B

= 10 log;, 1+ 2P _ (E~2)

nTuc 6u sr “uc

2. Up-subcarrier

B K P

[0
U o sr uc
n = 10 log 1+ (E=4)
Tusi 10 5uKo + 2nuikuspsr‘
3. Down-carrier
B.P. «o |
- d gr-dc _
Npge = 10 logy, 1+ 2 (E-6)
L d
4., Down-subcarrier
B.K P «o
‘ : dc ‘
n = 10 10g,, |1 + —=f.0 &F | (E-8)
Tds 10 L Koéd + 2kdsndPng
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Table IIT(Contd.)

5, Down link range code

nTco

B. A Constant Limiter Factor (k=1)

The errors,

= 10 logy K+ éPg

(E-10)

in dB which result if the circuit margin

expressions are simplified by setting the limiter factor equal

to unity, are as follows:

1. Up-carrier

'K T+ 2k __P :
o u us_ sr ui

_ 1
"ue - 0 19810 %
uc
Up-subcarrier
n = 10 log =
kusi 10 k
us
Down-carrier
"kde - 10 10819 %
dec:
Down-subcarrier
1

KT + 2P
o u

+ 2k . P

= 10 1og10

"kds

de}\Kon + 2P

(E-14)

(E-16)

(E-18)
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Table IIT{(Contd.)

C. Neglecting Uplink Code Interference Power (”ui = 0)
The errors, in dB which result if the circuit margin
expressions are simplified by setting the uplink code interfer-
ence power equal to zero, are as follows:

Up-subcarrier

|
2kuspsrnui !
K (§ B P «a !
©0'"u “u sr uc).

Ngop = 10 logy, |1+ (E~20)

coi
D. Neglecting Modulation Loss of Turn Around Channel (Rg=0)
The errors, in dB which result if the circuit margin
expressions are simplified by setting the turn around channel

gain for the signal equal to zero, are as follows:

1. Down-carrier

§, + B.P «
n 10 log d degrde (E-22)
Rde 105 32(r ) + B.P
da 0t g “de”d gr
2.
~ KoTg * 2ngKgsPor
"ras = 10 10819 5
Ko (805 (R) + ag BgP ) + 2ngky P

(E=24)
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Table IITI(Contd.)

. Neglecting Modulation Loss of Turn Around Channel (Nu=0)
The errors, in dB which result if the circuit margin
expressions are simplified by setting the turn around channel
gain for the noise equal to zero are as follows:

1. Down-carrier

Td
"N de T 0 togro § TJS(N ) + B P (E-20)
d 0 u “dc”dt gr
2. Down-subcarrier
KOTd + 2ndeSPgP (5-28)

n = 10 log .
N ds 10 2
u KK6Tg(N ) + “chdPg;

3. Downlink Range Code
KOTd * 2ndPgr’

2
Ko deO(Nu) + achdPgr

10 log,, (E-30

"W co T
u

F. Approximation of Infinite Series

The expressions for the downlink circuit margins which
are presented in Appendix B have been derived using only the
first term of the infinite series expansions which describe the
respective downlink modulation losses. The errors which result
from using only the first term rather than the first two terms of
the series expansions are as follows:
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Table I1I(Contd.)
1. Downlink carrier and subcarrier

2
2J-(R )J (2m,)J . (2m,)cos (2 @)
_ 2 g/t /gty :
Negs = 2V 10819 1 4 JO(Rg) (E-31)

2. Downlink range code

J3(Rg)JO(3m1)JO(3m2)sin(3 8)
neos - 20 1ogjq 1 4 TR IT (m )T () sin 6 (E-32)
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TABLE IV

DEFINITION OF SYMBOLS USED IN COMMUNIUATIONS

MARGIN EXPRESSIONS

Symbol Definition
1. “adco =UJ§(m )Ji(m )Jg(mg)- Modulation loss of the downlink
"1 2 range code
2 2 2 2
J J J sin™®o
o(mu) l(Rg) o(Nu)
_ 2 2 . .
2. «a = J J cos 9 Modulation loss of the up carrier
uc o(m,)"o(m,) - ;
1 2 and down carrier respectively
2 2 2 2
o = J J J J
de o(mg) o(my) O(Rg) o(N )
- _ 2 2 2 . )
3. aauw = 2J1(m )Jo(m )cos 3] Modulation loss of the up and down
i hi k subcarriers respectively
2 2 2 2
2a = 2J J J J
dw, 1(m o{m o(R o(N
o (my) o (m,) 0 (R ) o (N,)
b, Bdco Detection bandwidth of the downlink
range code in HZ
5 ,B IF Bandwidth of the ground receiver
gs’ ts . .
and spacecraft receiver respectively
in H
Z
6 B ,B Multiplicative constants in the exprey-
u’-d . 5
sions for the system noise temperatur-
of the uplink and downlink respective
7. B ,B Loop noise bandwidths of the up and
uc’ de X . .
down carrier respectively in H?
8. Bu ,Bd Predetection noise bandwidths of the
w wj subcarriers and down subcarriers
respectively in HZ
9. B Video Bandwidth of spacecraft recejver
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11.

12.

13.

14,

15.

16.

coi

"kde?® "kds

"kue?® "kuw.

"Nudc? "Nuds® "Nuco

"Rde? "Rds

Additive constants in the exprescions
for the system nolise temperatures
(Tu,Td) of the uplink and downlink

respectively

Approximation errors in dB resulting
from the use of only the first term
rather than the first two terms of the
infinite series which describe the modu-
lation loss of the down carrier and sub-
carrier, and the downlink range code
respectively

Approximation errors in dB resulting
from the assumption that the code inter-
ference power is equal to zero when
calculating circuit margins for the up
voice and up data subcarriers

Approximation errors in dB resulting
from the assumption that the limiter
factor is equal to unity (k=1) when
calculating circuit margins for the
downlink carrier and subcarriers
respectively

Approximation errors in dB resulting

from the assumption that the limiter
factor is equal to unity (k=1) when
calculating circuit margins for the up-
link carrier and subcarriers respectively

Approximation errors in dB resulting
from the assumption that the gain of tle
transponder turn around channel for
noise is equal to zero when calculating
circuit margins for the downlink carries,
subcarrier, and range code respectively

Approximation errors in dB resulting
from the assumption that the transponder
turn around gain for the signal (K ) 1s

equal to zero when calculating circuit
margins for the downlink carrier and
subcarrier respectively
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17.

18.

19.

20,

21.

22.

23.

24.
25.
26.
27.
28.

29.

30.

31.

"Tde? "7ds? "Teco

Toue® "Tus

Approximation errors in dB resulting
from the assumption that the system
noise temperature 1s equal to a con-
stant (éd) when calculating circuit

margins for the downlink carrier, sub-
carriers and range code respectively

Approximation errors in dB resulting
from the assumption that the system
noise temperature is equal to a constant
(du) when calculating circuit margins

for the uplink carrier and subcarrier
respectively

Transmit gain and receive gain of the
antennas respectively in dB

Boltzman's constant = 1.38){10—23
watts/OKHZ

Frequency normalization factor
(Kc = ﬂ/lO6)

Limiter factors of the up and down
carriers respectively

Limiter factors of the up and down
subcarriers respectively

Circuit losses in dB
Polarization losses in dB
Pointing losses in dB
Space loss in dB

Up-subcarrier peak modulation indices
in radians

Down subcarrier peak modulation indice:
in radians

Circuit margin for the downlink range
code in dB

Power margin of the downlink range code
in dB
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32.

33.

34,

35.

36.

37.

38.

39.

4o.

b1,

4o,

43.

puw

Power margins of the up and down
carrier respectively in dB

Power margins of the up and down
subcarriers respectively in dB

Circuit margins of the up and down
carrier respectilvely in dB

Circuit margins of the up and down
subcarriers respectively in dB

P
MIN
Xc

sr’ “gr

3 ‘}1/2
v

Bt%J
2

Gain of transponder turn around
channel for noise

)

Up-subcarrier frequencies (wl & w

Z

5
in r'adians/sec,(f‘l & fg)in}i

Down subcarrier frequencies in radians/
second

Carrier frequencies of the up and down-
links respectively in radians/second

Magnitude of the total received power
in dB for which the circuit margin of
the downlink range code is zero

Magnitude of the total received power
for which the circuit margins of the
the subcarriers respectively are zeroc

Magnitude of the total received power
in dB for which the circuit margins of

the carriers respectively are zero.

Total signal power received by the
spacecraft and ground receivers
respectively in watts
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b5,

46 .

7.

48.

b9.

50.

51.
52.

R

e}

N
=lta O
g

(

= ta
g

)

=Z|n

I
=<
™

INC.

L

u

B G
s u

(8/1)

S
|

Range in nautical miles

11/2

(1/kus> + (S/N)uSJ

Gain of transponder turn around
channel for signal

Transponder turn around channel ccnstant

Required signal to noise ratic of the
downlink range code in dB

Required signal to noise ratios of the
up and down carriers respectively in 4dpb

Required signal to noise ratios of the
up and down subcarriers respectively in
dB

Range code modulation index in radian:

System noise temperatures in degrees
Kelvin referred to the spacecraft and
ground receivers respectively

[T system = s, t B (carrier power) ]
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APPENDTZL A

CIRCUIL'l MARGINS FOR USE UPLIKK [SODED

PURPOOE
The purpose of this appendix is to derive expressions
which describe the circuit performance of the USR uplink PM modes.,

The expressions for the circuit margsins whicn are pre-
sented have been derived by direct subtraction (in dB) of the
signal to noilse ratio which is required ”(S/b%,” for a

ziven service (Carrier Power/Noise Power in the transponder
carrier detector bandwildth ”Buc” and Subcarrier Power/Noise

Power in the transponder subcarrier detector bandwidth
”Bwi”) from the signal to noise ratio which is predicted

.

(o] . . . . .

"<N) " using the given circuit parameters. The margins expres-—
p

sions have been derived using the configuration of the Apollc up-

link presented by Wynnl shown in Figure TI; however, the expressionz in
effect define the communications margins for the ceneral case of
communicating via a cne way link using a single carrier that is
phase-modulated by two subcarriers and a pseudorandom dirital

range code.

the uplink signal and noise that is received by the
transponder is assumed to be described by

.,u(t) o A=1
= A i {- t+ i t+ 1 t+8~l +
= uSlanuc m151nw1 m,Sinu, j n,
where
) A-?2
A
~§E = Total receilved signal power at the spacecraft a
Wi = Up carrier frequency in radlans/second b
Wy, wy = Up subcarrier frequencies in radians/second c
m m, = Up subcarrier peak modulation indices in radians d
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6 = Pseudorandom range code modulation index in e
radians

KOTu = Power spectral density of input thermal noise 1, f

K, = 1.38 x 10723 watts/°K H, = Boltzman's Constant o

Tu = Noise temperature referred to receiver input h
in °K

Then in general the output of a hard limiter in the
transponder is defined by

SuL(t) + n = AuSL51n[wuct+mlslnmlt+m251nm2t+e] + AunL n, L=3

The coefficlents Au and Au are llmiter attenuation factors

sL nL

which are discussed in Appendix D. Using the results of
Appendix D the expressions for the signal and noise components
at the output of a limiter in the transponder can be written
directly. The signal amplitude of the limiter output 1s given
by

1/2

sin [w T+m
uc

~~
2}
\‘
—
pean)

1 2 2

SuL(t) =V 2 Lu

sinwlt+m sinuw t+9] A4

=
+
=il <

where

a) k is a function of the signal to nolise power ratio
(S/N)u at the input to the limiter

b) Li is the total power output of the limiter

The signal power of the limiter output is given by

o[ (/)

—_ % A-5
L

PS(L) = L
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The noise power spectral density of the limiter output 1is
given by

2 1 1
— = | £ Vatts/H A-6

u S B Z
l+k(ﬁ}

pn(L) = L

The signal/noise ratio used in the above expressions 1s defined
by

2
AuL
S _ 2
(N‘ = XTH A=T
u o' u
o
where ~§—-is the total sipnal power that 1s contained in the

limiter input bandwidth B.

UP-CARRIER CIRCUIT MARGIN

The first step in this derivation is to describe the
signal power of the up-carrier component at the input to the
limiter in the transponder carrier channel. Expanding tne sig-
nal term of A-1 gives the expression for the total signal re-
ceived by the transponder
j[muct+mlsinw1t+m25inw2t+6]

AT e A-8
u'm

j(m t+e) ~ N w bt e SN, w,t

uc z: 171 }: 2%

AuIme JNl(ml)e JN2(m2)e A-9
le_m I\2=_m

Su(t)

The carrier component is that portion of the signal described by
A-9 which will be passed by a narrow band pass filter centered
about Woes the expression for the carrier component is obtailned

by letting
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Then equation A-9 can be rewritten as

Suc(t) = AuJo(ml) Jo(mz) [Sinwuct cosoe + COSth Sil’lG; A-10

The first term of A-10 is the signal component of the up-carrier,
and the second term 1s an interference signal which 1s caused by

the code modulation "e". The expression for the signal power at
the input to the hard limiter in the transponder carrier channel
then is obtained from A-10 and is

A2
_u L2 2 2
) — Jo(ml) Jo(mg) cos™ 8 A-11

The second step is to describe the noise power added to
the up-carrier by the transponder. Assuming that the nolse power
spectral density 1s a constant over the transpconder carrier chan-

nel input Dbandwidth ”Btc” the noise power at the input to the

limiter in the carrier channel is given by

KTB A-12
o ute

Having derived the expressions for the signal and noise
components in the carrier channel limiter input, the expressions
for these components at the output of this limiter can be written
directly.

a) The input signal to noise ratioc is obtained from
A-11 and A-12

2 2 2 2
(§) _ Al Jo(ml)JO(m2)cos 8 13
N 2 K T B
uc o'ute
b) The output signal power is obtained from A-5
(S/N)
P (uec) = L2 - ue A-14
5 uc| 1

S
Kﬁz lN‘uc
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¢) The output noise power in the up carrier detec-
tor bandwidth "Buc” is obtained from A-6

Pn(uc) = LuC

The predicted signal to noise ratio for the up carrier is obtained
from the ratio of Equations A-14 and A-15

2
S = ____Luc<S/N)uC A-16
N 1 S
ucep kuc +(N)
H
uc =— = x (g) te
Licr i BC UCINT o Bue
[
L1+ku0(ﬁ) te
uc
Substituting Equation A-13 into A-16
82 72 (m )% (m, )cos e
S B “u o 17702 A-17
N =k 72 K T B
ucp o u uc

Assuming that the interference power in the up carrier detection
bandwidth caused by the code modulation "6" can be neglected and

that the required sieonal to noise ratlo for the up carrier in the
up carrier detector bandwidth "Buc” is given in decibles by ‘ﬁ) >
uc

r
then the up carrier circuit margin is described by

2 2 2 2
A Jo(ml)Jo(mz)cos §

u
2 K T B
o u uc ucr

uc

M = 10
1 loglo l kuc

UP-SUBCARRIER CIRCUIT MARGINS

The first step in this derivation is to describe the
signal powers of the up-subcarrier components at the output of
the coherent carrier product detector in the transponder sub-
carrier channel. Expanding the signal term of A-1 gives the
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expression for the total signal received by the transponder

j[w t+m,sinw,t+m,sinuw t+8]
uc 1

_ VT p)
uu(t) Aulme A-19
il t+e] - How b e 1wt
, L uc 171 2T
= > Wi . -
AuIms\e JNf ml)e N2(wg)e A=-20
Ny=-e b,=-e
) J{wuct+6] =
= e -
Aulm \ Jo(ml)+2 g JgNl(ml)COSZlelt A-21
- Nl=+l
+ jJ2N_l(ml)51n(2N—l)mlt

o
o}

< :
Jo(m2)+2 Ld[J2N2(m2)cos2N2m2t+JJ2N_l(m2)s1n(2N—1)w2t]

N2=l J

-

Neglecting the higher order and the cross frequency terms which
are removed by filtering in the up-subcarrier detectors, Equa-
tion A-21 reduces to

Sus(t) = Au {Jo(ml)JO(m2)51n{wuct+e) + 2Jl(m1)Jo(m2)sinwltcos(muct+6]

+ ZJO(ml)Jl(m2)51nw2tcos(wuct+e}] A=22

The second and third terms of A-22 describe the signal components
of the wy and W up-subcarriers respectively; the first term des-

cribes an interference signal which is caused by the code modula-
tion "e". The limiter in the transponder video channel causes

an attenuation of the signal described by A-22. This attenuation
is a function of the signal to noise "(S/N)us" ratio at the input

to the limiter, where

N
us

l
0
l =
o e o
=
[
no
o

ou ts
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Bts is the bandwidth of the bandpass filter preceding

the limiter. Using A-4, A-22 and A-23 the signal amplitude at
the output of the limiter is described by

172 - . ,

3

wuct+ 8}

-—-

. (s/N)
SusL(t) - 3/2’ Lus 21 ( ;S) ; Jo(ml)Jo(mE)Sin
. — + (S/N -
LFus ui) A-24

+ 2Jl(ml)JO(m2)sinwltcos\muct+6j + 2Jo(ml)Jl(m2)sinw2tcos(muct+eJ

J

The expression for the output of the coherent carrier product detector
is obtained by multiplying equation A-24 by Bucoswct as shown in

Figure I. Neglecting the sum frequencies which are removed by filtering,
the signal amplitude at the output of this detector is described by

1/2
Bu (S/N)us

- .
Sua(t) =72 bus 7k o] (S/W) Jo(my ) (my)sind

+ 2Jl(m1)JO(m2)cosesinm1t + 2Jo(m1)Jl(m2)cosesinm2t;

J

The signal powers of the up-subcarrier components at the output of
the coherent carrier product detector then are described by

£ (8/N)
_ .2 2 us 2 2 2
P (w) = L°_ BS hl/kusl+ (S/N7us] 7%(my)3E (my)cos 0 A-26
and
roo(s/m) 1
_ .2 2! us 2 2 2
P (w,) = Lo BY e (S/N)usJ JE(my)IT(my)cos e A-27

where (S/N)uS is that defined by A-23.

The second step 1s to describe the nolse power which is
added to the subcarriers by the transponder. Assuming that the
nolse power spectral denslty is a constant over the transponder

video channel input band width ”Bts"’ then the noise power in the

subcarrier detector bandwidths "B(wl)", "B(w2)“ respectively
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(following the product detector) is obtained from Fauation A-6

' B 1/2°
. (wl) T 1 / | B(wl)
n [ 2 bus S i B A-28
1+kus(ﬁl ! _ts
|/ us i 2
P (w,) = |21 1 R Rl
n'¥p 2 “us (1o 1S B. A-29
| = s
uS\N,us’ 2
in the lo i i Bts
W pass one-sided bandwidth of >

The third step is to describe the interference to
the subcarrier signal components which is due to the code
modulation "e". The expression for the total interference
signal is an infinite series which includes all of the higher
order and cross frequency terms of equation A-21) that are
multiplied by sin(wct + 6). It can however be shown that

for the Apollo S-band modes only the first term of this series,
the term contained in equation A-22, is significant in magni-
tude to consider in this analysis.

Then, using equations 22 and 25, the total first order code power
which exists at the output of the coherent carrier product detec-

tor is given by

1/2?2

(S/N) :
us ‘ 2 2 . 2 _an
| Jo(ml)JO(m2)51n 6 A-30

+ (8/N) i

[B
=| Y+
Iuco(T) =l 5 V2 Lys 1
k
us
where (S/N)us is that defined by A-23.

It has been shown by Hill2 that by approximating the

bound of the code power with a smooth Sin2X curve. Equation A-30

can be expressed by X

o >
r o(r) =] mEDXax=wm3 A-31
uco ° 2 2
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then
2
M o= - -
i IuCO(T) - A=-32
where
X = K f, a
c i
= K .=
dx Cdfl KCB(wi) b
K = " for a 500K H, code clock freguency c
¢ lO6 Z
B(wi) = The up-subcarrier detector bandwidth d
The portion of the code power "Iuco(mi)" which 1lies in an up-
subcarrier detector bandwidth ”B(wj)” can then be approximated
by using A-30, A-31, and A-32
SinQKCfi
I (w,) = M —== dx
uco 1 ‘K f.)Z
c
[n2.2 .
B L (S/N) sin"K f.
_ |2 u-us us J2(m )J2(m Ysin©e ——S 1 K B(w.) A=33
] 2 1 + (S/N) o' 170" 2 {K £ )2 c 1
k us c i
us
The predicted signal to nolse ratio.for the "w1"
up subcarrier is obtained using A-26, A-28 and A-33
2 52 (5710 s 2 2 o A3
L. B -
usu /K, S/ o Jy(my)Jg(my)eosto
u us
(S/N)u‘“lp T 2 .2 2.2
| LS B B(w,) B'L (s8/M)
P TusTu 1 1 u us us 2 2 . 2
: 5 5 5 + z 1 Jo(ml)JO(m2)51n g -
l 1+k = ts 10 =+(S/N)
usN k us
us us
sin2KCf .l
_—____TfL Bluy) \
chl)
where A2
= -2
(S/N)us KoBtsTu
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A2
u .2 2 2
us D Jl(ml)Jo(m2)CO° 8
( /N)u“J D = A-55
L KOTu K Ai 5 5 q sinZKCfl
K o _u . .2
2w, ) ——§—»+ —Mg 5 Jo(ml)Jo(m2)Sln 6 —

ch1l2_

If the required signal to noise ratio in the ”wﬁ"
up--subcarrier predetection bandwidth ”B(mi)” is given in dB by

(i) - then the expressions for the circuit margins of the up-

subcarriers are as follows:

for wy A=3A
r 12 -
1 u 2 2
1 k it J (m )Jo(m2)cos 8 .
Hnm}: 10 lOglOl 2 5 —(l_(l'}m
. ‘ KoTu u 2 sin chl I
B(w,) + 4 J (m )J (m )sin®e ——
1 2 106 2 (K B ’2
c 1 -
and for Wy A=-37
| he o ) )
ki — J (m )J (m Jcos™ B "
T, T R0 togg 5 5 "(W‘}l“ }
- K T Kis Ay sin ch2 ‘
Blw,) o2u + —= J (m )J (m Ysin® 6 ——Fn—
6 2 2
L 10 chg) |
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APPENDIX B

CIRCUIT MARGINS FOR USB DOWNLINK MODES

PURPOSE

The purpose of thils appendix is to derive expressions
which describe the cilrcuilt margins of the USB downlink PM modes.

The expressions for the circuit margins which are pre-
sented have been derived by direct subtraction (in dB) of the
signal to noise ratio which is required ”(S/N)r" for a

given service (Carrier, Range Code, and Down Subcarriers) from
the signal to noise ratio which is predicted "(S/N)p”

using the given circuit parameters. The configuration of the USB decwn-

link system used for this derivation is that used by Wynnl and 1is
shown in Figure II.

The downlink signal and noise that 1s received by the
ground receiver is assumed to be described by

Sd(t) +n

d B-1
= Adsin @dct+Rg51n(mlsinw1t+m251nw2t+e
. I +
+ mgsinm3t+m431nwut+nr ! ny
where
B-2
A2
d = Total received signal power at the ground receiver
2
“de = Down carrier frequency in radians/second
wys Wy The frequencies in radians/second of the up sub-
carriers which are retransmitted on the downlink
carrlier
w3 Wy = Down subcarrier frequencies 1n radians/second
m m = Up subcarrier peak modulation indexes in radians

1’
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Mgy, my =

Down subcarrier peak modulation indexes in radians

Pseudorandom range code modulation index in radians
The thermal noise component that 1s received by the
transponder on the uplink and retransmitted on the
downlink

Power spectral denslity of the input thermal noise N4
Boltzman's Constant = 1.38 x 10723 watts/°K H,

Noise temperature referred to the input of the
ground receiver in °Xelvin

1/2
VZ o [ M ]

5 LsPu if:—TET—— = Gain of the turn arocund
Kk N

us us
channel in the transponder (See appendix A, equation A=-2%)

Power output of the limiter in the transponder video
channel

Gain of the transponder coherent carrier product de-
tector

Combined gain of the transponder I F and modulator

s/ 17°
T8, = Signal amplitude attenuation factor
Tt (ﬁ) for the limiter in the transponder
us us video channel

Signal to noise ratio at the input

to the limiter in the transponder
video channel

A2U/
2 KoTuBts

Input bandwldth of the transponder vyideo channel

Noise temperature referred to transponder input in
degrees Kelvin
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Then in general the signal output of a harc limiter
in the ground receiver 1s defined by

{

SdL(t) + ndL = AdsLSin[wdct+RgSinlm sinw,t+m.sinw.t+9

1 1 2 2
E-3
+ m.si t+ i
3 nw3 mMSlant+nr] + AdnL nd
The coefficlents A and A are limiter attenuation factors

dsL dnL
that are discussed in Appendix D. Using the results of
Appendix D the expressions for the signal and nolse components
at the output of a limiter in the ground receiver can be written
directly. The signal amplitude of the limiter output is given
by

2
(s/myy 1Y
SdL(t) =V?2 Ld T sin wdct+Rgsin mlsinw1t+m23inm2t+6
= + (S/N)
k d
B-4
+ m3sinw3t+musinmut+nr]
where

a) k is a function of the signal to noise power ratio
at the input to the limiter (S/N)d

b) LS is the total power output of the limiter

2
d

The signal power of the limiter output is given by

(S/N). T
P(L) = L | —— oo

atl
T + (S/N)d

\J1

The noise power spectral density at the limiter output is given
by

2 1 1 )
pn(L) Hi T+ k(S/NTd E; watts/HZ B-6
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The signal to noise ratio used in the above expressions is de-
fined by

2
AdL
lé. - 2 7
‘N a KOTng
Ao
where 5 1s the total signal power that is contained in the

limiter input bandwidth Bg.

DOWN-CARRIER CTIRCUIT MARGIN

The first step in this derivation is to describe the
signal power of the down-carrier component at the input to

the limiter in the ground receiver carrier channel. Fxpanding the
signal term of B-1 gives the expression for the total signal

received by the ground receiver as

j[w E4+R_sinw_t+m_sine_t+m, sinw t+n_]
54(t) = Adlm[e = 374 4 -8
where
th = mlslnmlt+m251nm2t+e B-9
jlmdct+nr) = S JNet INqust
s,(t) = AdIm[e ERCHE ZJNBmB)e
N Ny~
BE-10
= Ny,
Yy, (me ]
qu_oo
substituting B-9 into B-10
J(wdct+nr, Ef JNe = JNy et
54(t) = a1 (e Ty(R,)e ZJNl(le)e
N==cw le._oo B-11
z JNyu t 2 INgust ad JHyuyt
EZIN (Nm,)e J) (m3)e E:JN (my e

AP—— N B
N2 NB—— NM_—
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The carrier component 1is that portion of the signal described
by B-11 which will be passed by a narrow band pass filter

centered about SR the expression for thils ccomponent is ob-

tained by letting

Equation B-11 then reduces to

N==w

sin(m t+n ,cosNe + cos(w t+n )SinNB
de r dc r

The first term of Equation B-12 describes the down carrier signal
component and the second term describes an interference term
which is caused by the code modulation "6"; the first term is
expanded as follows:

Sdcs(t) = Ay }E:{?N(Rg)Jo(le)Jo(NmZ)Jo(m3)Jo(m4>COSN6'

N=—=ow

v
N

[sin(wdct)cos<nr) + cos(wdct)sin(nrﬁ

e

It is seen that Equation B-13 is of the same form as B-12. The
first term of B-13 describes the down carrier signal component
and the second term describes an interference signal which 1s

caused by the retransmitted noise "nr”; the signal power at the

input to the limiter in the ground recelver carrier channel is
obtained from B-13 and is

l3>
Qs N

Psi(dc) = 2: {?N(Rg)JO(le)JO(Nm2)Jo(m3)Jo(m4)COSNé} cos2nr

T —w -

Fx - j‘_ Lt
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using the following identities

I_m) = (-1F I _(m) B-15
I (=m) = (-1)* J_(m)

cos(tx) = cos(x)

Jo(o) = 1

Equation B-14 can be expressed by

—

!
J (m )J (mu)cosznr J (Rg)+ 2}:(1
! =

—

' =
oo ro

Psi(dc) R )J (2Nm )J (2Nm Y.

2N

V2
cosZNej E-16

For the Apollo cases the series terms can be neglected, B-16 then
reduces to (See equation E-31 of appendix E)
A2
_a .2 2 2 2
P i(dc) = JO(mB)JO(mu)JO(Rg)cos n, B-17

A mathematically rigorous analysis of the effect that
the retransmitted noise has on the downlink signal has been pre-

sented by Wynnl; however, the less rigorous analysis presented

by Hill2 still is considered a reasonable approximation for the
Apollo modes. It is the less rigorous treatment which will be
used in this analysis although work is continuing to deter-

mine 1n detaill the differences between the results gained from
this and Wynn's work. By approximating the thermal noise power
which exists in the transponder subcarrier channel input bard-
width "Bts" with the power obtained from a single sinusoid whose

amplitude "Nu” and frequency "wnu" are defined by (See appendix A

for further definition of the terms used below):

r 11/2 1/2
- Y2 1 - B,
Nu = 5 LusBuG11+k :§ EB V: B-18
" usN | ts
us. L—g—’
Bts Bts

- — < < + —
W 5 w w 5
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Where Rv is the transponder video bandwidth, the retransmitted

"

noise ”nr can be considered as an additional suhcarrier on the

Aownlink. Using this approximation, the term cos(n_) can be ex-
nanded as follows: r

n_ =N sinw_ € BE~1G
r u nu

cos{n_) = cos h sinw % E=20
r u nu

JN sinw_ €
u nu

= R e
e
= Jo(Nu) + 2 }iggNS(Nu)cos2N5wnut B-Z21
N5=l

For the Apollo cases the series terms can be neglected
cosn. ¥ J°( ) B-22
r o' u

The signal power at the input to the limiter in the ground re-
ceiver carrier channel 1is

2
g

N 2 2 2 2, o
Psi(dc) = — JO(mB)JO(mu)JO(Hg)JO(hu) [-23

The second step 1is to describe the noise power wihlch 1o
added to the down carrier signal by the ground recelver. Assumirng
that the noise power spectral density is a constant over the
ground receiver carrier channel input bandwidth "Bgc" the nolse
power at the input to the limiter in the carrier channel 1s given
by

T — c}w
KoTaPee !

Having derived the expressions for the signal and noise componentes
in the carrier channel limiter input, the expressions for these
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components in the output of this limiter can be written directly.

a) The input signal to noise ratio is obtained
from B-23 and B-24

2 2 2 2 2
ey B Ad Jo(m3)Jo(mu)Jo(Rg>Jo<Nu> o
7], = =2 K T B B-2
'de o~d gc
b) The output signal power is obtained from B-5
(S/N)
de
= —_—C 26
Ps(dc) de I N S B
kdc Nidc~
¢) The output noise power in the down carrier de-
tector bandwidth "Bdc” is obtained from B-06
B
_ .2 1 de
P (de) = Ly, = 5 B-27
l+k Iﬂi ge
de''de

If the iInterference to the carrier caused by the code modulation
8 and the retransmitted noise can be neglected, then the pre-

dicted signal to noise ratio for the down carrier " §‘ "
N,de
is obtained from B-26 and B-27
Lé (S/N)dC
c
/S (i/kdcj + (S/N)dgl= . E B .
(7] = - aell |, 55 noo
dcP B de B
L2 1 dce dec
de + S B
*%ﬁﬂh | ee
Fde
where
2 2 2 2 2
(§) ) ﬁg Jo(m3)JO(mu)Jo(Rg)Jo(Nu)
N 2 K

de onBgc
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2 2 2 2
(S} LA Jo(m3)J§(mu)Jo(Rg)Jo(Nu)
T = de
N dep 2 KonBdc

If the required signal to noise ratic for the down
carrier in the down carrier detector bandwidth is given in

dE by {%} s then the down carrier margin is described by
dcr

J2(m3)J§(mu)J§(Rg)Jé(N

2
k Ad 0
T = —_
Mdc 10 loglo de 73 KonBdc

u t

B-20
) '
i
|

DOWN-SUBCARRIER CIRCUIT MARGINS

The first step in this derivation is to describe the
signal powers of the down subcarrier components at the output
of the coherent carrier product detector in the ground receiver
subcarrier channel. Equation B-1l describes the total signal
that is received by the ground receiver.

o«

vV .lwdct+l’1r . INe T lemlt
8q(t) = Adlm\i L {n(Rge aijl(Nm1>e
N=—ow N.==o
1 B-11
oo o0 o ™
iN,w,t 1N, w,t N, w,t
. JHaw < AR TR
LBNE(ng)e Lﬂﬂg(ms)e ZfNu(mu>e
= [ — = j[w t4+n +N6+N. w. t+N tﬂ-
- ! - N ‘ de” 'r 11 el
Aaln z;,fN(Rg)L_JNl(Nm1> (I, (NmyJe |
N:_oo‘ N =—o N =_oo2 !
L 1 2 .

B-30

fee]

N
Jo(m3) + 2 /. J2N

3(m3)0052N3w3t+j%n1_1Y”§)Sin(2N3_l>w3t])
N,=1 3

=1 ’

]
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Neeslecting the higher order, the cross frequency, and the terms
resulting from the up-subcarriers "wy', and "w," (let dy=i =0

which are all removed by filltering in the down subcarrier detec-
tors, Egquation B-30 reduces to

8

14
ods(t) Ad a[JN(RgUO(le)JO(NmZ))[Jo(mB)JO(mu)sul wdct+nP+N6
N=-

fee]

+

2J1(m3)JO(mu)cos{wdct+nr+Ne’sinw3t E-31

+

2Jo(m3)Jl(mu)cos(wdct+nr+Ne}sinwut]

The first term of Eguation B-31 describes an interference sirnal
which is caused by the code modulation "6"; the second and third

terms describe the signal components of the "w3" and ”wM” sub-

carriers respectively. The limiter in the ground recelver sub-
carrier channel causes an attenuation of the signal described by
B-31; this attenuation is a function of the signal to noise

) <
”li) " ratio at the input to the limiter, where

N ds

Bgs is the bandwidth of the bandpass filter preceeding
the limiter.

Using Equations B-4, B-31, and B-32 the signal ampli-
tude at the output of the limiter 1s described by
i/2 ©
S 0 (R)I_(Nm, )T (Nm,)
20 By (Himy )T (N,

= -0

(S/N)
_\/ ' ds
Sqsp(t) =V 2 Lag| T ]
kas Ntys ¢ B-33

[JO(mB)JO(mu)sin(wdct+nr+Ne’ + 2Jl(m3)JO(mu)sinw3tcos(mdct+nr+ﬁoj

+ 2Jo(m3)J1(mq)sinwutcos(wdct+nr+Neﬂ
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The exvnre=sion for the nutnut of the coherent carrier nrodurt

detector is obtained by multinlvine eauation B-33 hy Bd cos w4 £
T ¢

as shown in Figure II. Neglecting the sum frequencies which are
removed by filterine, the sigrnai amplitude at the outnuf of this
detector is described hy

1/2

By (S/M) 4 - = .
udd(t) PL ds 2Lﬂ/kd I+(S/N)d J ZJN(Rg)JO(le)Jo(nm2)J .
N=—o
[JO(mB)JO(mu)sin(nr+Ne) + 2Jl(m3)Jo(mu)sinwgtcos(nr+Ne) B-34

+ ZJO(mB)Jl(mu)sinwutcos(nr+NeJ

Expanding the second term of Equation B-34 gives the following
result

1/2 oo
(t) =V B 57145 ST (R)T (N )T (Nmo)J, (my)d (i)
w-(t) =VY2 L J m m m. m, ).
q d[} ] ) Iy (Bl dgthmy JJ (hm, )dy (g 1
: ° L/kds’.l_(S/N)ds N=—ow °
. : . ] B-35
Slﬂm3t [Cos(nr)cos(Ne) - 51n(nr)31n(N6%

1"

3
down subcarrier and the second term is an interference term which
is caused by the retransmitted noise ”nr” and the code modulation

The first term of B-35 describes the signal component of the "w

n

"g". The signal power of the "w,'" down subcarrier at the output

3
of the product detector is given by

\ ‘ (S/N)4 —
Ps<w3’ = LdSBdJ}/kds ] J (m )d (mu) é:HﬁPE)UO(le)JO(ng)
= meo )
2 H-
cosNB cosgn
r
Using B-15 and B-22, B-36 reduces to
(S/N)
2 L2 d 2 2 2 2

= L. B B-37

P (u,) = L3 d[P/kd%+(S/N)dS}J1<m3>JO<mu>Jo<Rg>JO<Nu> 3
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and similarly for the "wu” down subcarrier

- (S/N) ,
} 2 ol ds 2 2 0 2
S

is that defined by B-32

The second step is toc describe the noise power which
is added to the subcarriers by the ground receiver. Assuming
that the noise power spectral density is a constant over the
ground receiver subcarrier channel input bandwidth ”Bgs” then

the noise power in the subcarrier detector bandwidths””B(wB)",
"B(wu)” respectively (following the product detector) is ob-

tained from Equation B-6

2
Paleg) = | =3 Lds[-'k'"—l o : B-39
CHas (5 Mg e
and
2
(o) '—Bd 1 _{1/2 Bluwy) .
P (uw =| <L R-U0
tk . (S/NY . ]
n' 4 2 ds[l+deS/N ds’} | gg_s_
2

o

in the low pass one sided bandwidth of —%i

Assuming that the interference from the code modu-
lation "6" is negligible, then the second term of Equation B-35
can be neglected and the first term of Equation B-34 reduces to
describe the interference which is caused by the retransmitted

\4

noise in the subcarrier detector bandwidth ”B(wi)" R=U41
2 2[ w
LS B (S/N) [
_ Tds d as 2 2 Y" Q
I (uy) = = Jo(m3dgtmt 2 7y (8,) 3 (Hmy ) J (K, )
d ds Ne o
?2 B(wi>

cosNBJ sin™n

r B
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where ' 1s the video bandwidth of the trancponder. Usin- t.c
definition of [I’'-19 for the retransmitted noise

e T [-16
r u nu
then
' - sl . P2
31n(nr) = sin NuSlnwnut
JN sine  t
sin(n) = I e nu
r m
- e }:J(2N6_1)(Nu)Sln<2N6_1>wnut T
T=
I6 1
For the Apollo cases the higher order terms can be neglected
2 , ) h
si = p 5
in"n = 277 (N ) -

How using B-15 and B-44 Lguation B-41 reduces to

(S/M)
- 2 2 ds 2 2 2,5 2 B(w,)
T e ) = Ly By i*:—TE___] Jo(m3)Jo(mu)Jo(“g)Jl(Nu) _ i’ B-U5
Kgs \N ds | v

The predicted signal to noise ratio for the
”wB" down subcarrier is obtained from Equations B-37, BE-3¢

and E-45 to be
(S/N)
2 .2 ds 2 2 2, 2
T [
LdsBd ¥7Idsr(S/N)ds Jl(mB)Jo(mH)Jo(ré)Jo\Nu>

/D \ =
”/NfdeP s s
o s1e
{LdsBd r 1 B(wB) . L2 B2 (U/N)dS
{ 2 'S B ds~d |1 S
g l+kds 5 s 7 + 5
ds ds ds
B-lg
’\\
B mg)
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where

A2
Kas 3 J° 1 (g )3e (mu)J (P )J (N,)
{S/N)dw3P = ,
KOTd + Ad 2
B(MS) 5 L — Jo(m3)J (mu)

T (R, )T

If the required signal to noise ratio in the "mg” down

subcarrler predetection bandwidth "B(w )" is given in 4B by

{ } then the expression for the c¢rcu1t margin of the
N

dw r

5ubcarrier is given by

()

us}

2
A
d .2 2 2 2
k. &
453 Jl(mB)JO(mu)JO(Rg)JO(Nu)
ddeg = 10t 2 J2(R IS (N
Ew.) Egig#k fg J2(m )JZ(m ) 5= © L
wa 5 ds 2 “0""'3’"0" 4 Bv

and similarly for wy

A

2
d .2 2 L2 2
s T5(mg) I (my IS (rg )T (N,)

Mdw, = 10 logy,

- 2
KoTq k A4

Buy) |22+ K5-5 T It ny) 5

DOV CODE MARGIHN

The first step in this derdivation is to describe the
signal power of the code at the input to the ranging receiver.

72 (k)32

A%

g

1

s U7

B-48
_(ijdm T
3

B-49

-7
C(mur'

The total code signal can be described only as an infinite series
which includes all of the higher order and cross frequency terms
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that are generated from the expansion of equation B-11., It
can however, be chown that for the Apollo svstem only the
first term of this exvansion iz sienificant. The expression
for this code zicnal which is considered in this firct orider
approximation is obtained as focllows:

Let N1 = N? = N3 = NM =0

(Thus equation B-11 reduces to equation =12). TRe-
writing equation 12 for convenience

fe )

Sae(ey = A Z {JN(RQ)JO(le)Jo(ng)JO(m3)Jo(mu)
N=—o

s . . P
[ulﬂ(wdct + nr)counﬁ + cob(wdct + nr) 1nuﬂ}

The first term of equation B-12, as was previously stated, is
defined as the carrier signal component of the dowrlink and
the second term i1s the first order anproximation of the code
signal at the input to the ranging receiver. Exranding the
second term of the above expression gives

SdCO(t) = Ad JO(mS)JO(mu> z {JI\](Rg)tTO(le)Jo(Nm2)SinNe}

M=
[cos(wdct)cos(nr) - Sln(wdct)sin(nrﬂ

The first term of Fquation B-50 describes the signal component
of the code "8" and the second term is an interference signal
caused by the retransmitted noise ”nr”. The code signal power

can then be described by

2

Ag > > Sﬁ ’
Ps(dco) = = Jo<m3)Jo(mU) JN(Rg)Jo(le)Jo(Nm2)SlnNe cos

= -0

n

r

P-hl
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usine the following identities and Equation B-22

J _(m) = (-1)F T, (m)

-x
T (1) = (1% 3 (m)

sin(+x) = #sin(x) B-52
J (0) =1

sin(0) = 0

Equation B-~51 becomes

A2

Ps(dco) N _%'Jg(mB)J§<mu {'2N 1(R )J (2N 1)m ] [(QN 1)m ].
N=1

R-53
| 12
sin(2N—l)e}J Jg(Nu)

For the Apollo cases the higher order terms can be neplected, the
down code signal power is then described by (See equation E- %2 of
Appendix E)

>
Ag

= 2 2 2 2 . 2.) .2 > |
Peldeo) = 2 Jo(m3)Jo(mU) UJl(Rg)JO(m2)51n o Jo(Nu)Jo(ml) R-54

The second step in this derivation is to describe the
thermal noise which is added by the ground receiver. Assume a
detection bandwidth of Bdco and a receiver noise temperature of

Td, then this noise power is given by

P KT, B B-5¢

n(co) - "“o'd "deco

N
2N

The third step in this derivation is to describe the
interference power 1in the ranging receiver which is caused by
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the turned around noise (nr). It should be noted that two in-

terference components (one in each of the two terms of the
equation) are expressed by equation B-12 which we shall define
as the first and second order components respectively. In
effect the first order term i1s the interference which results
from the noise (nr) alone modulating the carrier: the second

order term is the interference which results from the cross
product of the noise and code signal modulating the carrier.

It can be shown that for the Apollo system only the first

order interference power is significant in the ranging channel.
The expression for this interference power is obtained as
follows. Expanding the first term of equation 12 gives, (as
was shown in equation B-13)

o«

Sdcs(t) = A4 Ei: {JN(Rg)Jo(le)Jo(ng)Jo(m3>Jo(mu>COSN9
N=—o

[sinwdct cosmg + coswdct sinbgi}

The first term of equation B-13, as was previously
stated, is defined as the carrier signal component of the down-
1ink and the second term is the first order interference com-
ponent in both the carrier and the ranging channels caused by
the noise n,. Using equations B-13, B-15, and B-44 the inter-

ference power in the ranging channel can be approximated as
follows:

2
A B
; _g_ {Jg(Rg))Jg(m3)J§(mu){2J§(Nu)) gio B-56

Ir'n(dco)

where Bdco and BV are the range code detection bandwidth and

the transponder video bandwidth respectively.

The predicted signal to noise ratio [%) for the

down code then is dcop
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2 2 2 2 2 2 2 .2
(§] _ é@ UJl(Rg)Jo(Nu)Jo<m1)Jo(m2)Jo(m3)Jo(ma)Sln )
Wacop : A§ g 0 2 2 Paco
KOTd Bdco + 2—5 JO(Rg)Jl(Nu)JO(m3)JO(mu) BV
If the reguired signal to noise ratio in the down
code detection bandwidth "Bdco" is given in @B by (%)

decor
then the expression for the down code circuit margin is given
by

2
A
a .2 2 2 2 2 2 . 20"
M—§ Jl(Rg)Jo(Nu>Jo(m1)Jo<m2)Jo(m3>Jo(mM)Sln B

Mico = 10 logyg 2
da .2 2 2 2

wro

Bdco[Kon + v 0
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APPENDIX C

POWER MARGINS FOR USB PM MODES

PURPOSE

The purpose of this appendix is to use the equations
for the circuit margins which have been derived in Appendix A
and B to derive expressions which permit a direct indication
concerning the magnitude by which the received signal power for
a given service can safely be reduced - Power Margin.

The expression for the power margins which are pre-
sented have been derived by direct subtraction (in dB) of the
power which is required for the circuit margin to equal zero
"PMIN" from the power which is predicted "Pp" using the given
circuilt parameters. 1In deriving the expressions for the mini-
mum required power, the varlation of the system noise temperature
with the magnitude of the received carrier power and the varia-
tion in the limiter suppression factor with the signal to noise
ratio at the limiter inputs were considered.

VARIATION OF SYSTEM NOISE TEMPERATURE

The system nolse temperature referred to a receiver

input is described by1

TS = § + BPC C-1
where
§,B = Constants whlch are dependent on the system a
(i.e., LM, CSM, STIVB or MSFN)
P = The narrow band carrier power which is b

used for the AGC function

Using Equations A-11 and C-1 the system temperature of the
uplink 1s described by

A2
o A 2 2 2 .
Tu = Gu + Bu ( ; Jo(ml)JO(mz)cos 8 c=2
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Let

2 2 2
Jo(ml)JO(mg)cos 8 a

a
uc

2
P = A//é b
sr Y
Then Equation C-2 reduces to

Tu = du + Bu PSP % e C=3

Using Equations B-23 and C-1 the system temperature of the down-
link is described by

2

T, = 5, + By A_g Jg(m3)J§<mu)J§<Rg>J§(Nu) c-4
Let

oy, = Jg(m3)J§(mu)J§(Rg)Jg(Nu) a

P = Ag b

gr e

Then Equation C-4 reduces to

= 1
Td dd + BdPgradc Cc-9

2 2
A
The terms “u and ﬁg_used in the above expressions

2 2
describe the total signal power that 1is received by the trans-
ponder and the ground receiver respectively. 1In general the
magnitude of the recelved power in a communication link can be
determined as follows:

P in dB = P_+G_+G_-L -L -L_ = Received Signal Power C-t
r t 7t "r 7s "¢ Tp
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wherc
bt = Power transmitted in dB a
Gt = Gain of fransmittine antenna in dB h
GT = Gain of receiving antenna in dB C
LS = 20 10910 an+20 loglof+37.8 in dB d
an = Range in nautical miles e
f = Frequency in megacycles f
LC = Circuit losses in receiver in dB oy
LD = Polarization and pointing losses between h

transmitting and receiving antennas in dB

VARTATION OF LIMITER SUPPRESSION

The relationship between the input and output signal
to noise ratios of the bandpass limiter when in cascade with a
phaselock loop is discussed in Appendix D. The relationship
is repeated here for convenience.

EQ =k ii Cc-7
N N,
o} i
where
Eg = ©Signal to noise ratio at the limiter output a
No
ii = Signal to noise ratio at the limiter input b
Ni
T S,
k = k., = for "1 < ,035 C
15T —

i
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k = ¥k, = .68 i Ti }+ .76 for .035 < == < 0.2
(— i‘j- Aii
Si
k = k. =1 for : > 0.35
3 Ni

UP-CARRIER POWER MARGIN

The circuit margin is given by Eguation A-18

A2 J2(m )Jg(m )cos26 ‘
1 = 10 lop.. [fued 2L o <2 -3
uc ~10 2 K TB \
o u uc ucr
Let
K = 0
uc
2
P = 5 = Total signal power at the transponder
ST input
2 2 2
[ = ¢ [ { S (‘
‘e ]O(ml)JO(mz)co :
! S
10 10QslolYuc "1 Fjuer
(201 = 6 + B ] -
lu 4 uPsrauc (from Equation C-3)

With these definitions Equation C-8 can be rewritten as

k P o
uc  sr T uc = v
+
Ko(éu BuPSPQuC]BuC ue

w

The magnitude of Pér which satisfies C-9 is the minimum power
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which will satisfy the required signal to noise ratio; therefore,

o) = — ;
let o PMlN then C-9 can be rewritten as
uc
P "
. o =
MlNuC L uc uc - aucBuBucYucK;} BucyucsuKo C-10
p! = BucYucduKo c-11
M1N . -
uc o k - BB v K3}
uc[ uc uuc'uc o
- 1 -
and PMlN = 10 loglo PMlN C-12
uc uc

It was shown previously that the limiter factor ”kuc” has three

possible expressions (¢, d, and e gf C-7); therefore, an iterative
process 1is required to solve for PMlN and PMlN' This iterative

process is described as follows:

Steps
' . - .
1. Calculate P MIN by setting kuc equal to vnity and usineg
c-11
'
. . '
2. Use this magnitude of P M1N for PiMlN and calculate
T. from
i
'
Ti - Tiu - 6u * Bu Pi M1IN “uc
. 'S
3. Use these magnitudes of Tiu and PiMlN to calculate ﬁ;iL
ot !
from E%)iL = Pimin “ue
\ K B T,
o “uc “iu
b, If the magnitude Of{%jiL > .35 the solution is complete,
. S
but if 111 < .35 calculate kiuc from

- S X
Kie = '68.W}1L t 765



oondix

¢ {contd.) -6 =

Ty e ;- > '
Tae Liuc and C-11 to calculate the new P M1N

Reneat steps 2 and 3 above

If the new =) . satisfies the relation
,N;lL

1}

.035 < < .35

AL

=Ales)

the solution is complete, but more accuracy can be obtained by
repeating steps U4, 5, and 6:

8.

If in sten 4 the

g
‘ﬁjiL < .035

Py = m — 1 -
use kuc T and C-11 to calculate a new P M1N and the

solution is complete if the resulting calculations satis-
fy

S

\Njin < 035

The expression for the up carrier power maregin then is

(]

Moue = 10 logyy Poy - PMlNuC -13
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UP-SUBCARRIER POWER MARGINE

M

The circult margin for the ”ml

up-subcarrier 1s

given by A-36

A2
u .2 2 2
kus — Jl(ml)JO(mg)cos 8
M =
Auwl 10 1og10 :
[KOTU kus Au 2 Z 2 2 chl
n = T ] Y ey
2wl + —7 Jo(ml)uo(m2)oln 6sin - 5
10 [.ry )
_(§{ C-14
N, uwlr
Let
Moo= 0
“1
h
P = —= a
sr 2
2 2 2
uuwl = Jl(ml)Jo(mZ)cos 8 b
P .
N o= J__—E._O(ml) 7% (m,)sin“fsin® fol o
u 10 o e (v f )2
¢ 1
S
10 lo = 12 d
glO(Y)uw {N
Uw- I
1
T = 8§ + e
u u "By P e
With these definitions Equation C-14 can be rewritten as
kusPsr uwy
= v C-15

) + k__P__n

= B P .«
1} 2 u u sy uc us " sr u

—
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The magnitude of Psr which satisfies C-15 is the minimum power

which will satisfy the required sisnal to noise ratioc; therefore,

let Psr = P'Mlel and C-15 can be rewritten as
3
1 P -— : =
P M1Nw Fauw kus 2Bmlyuw nukus aucBqulYuw Ko Bwléuyuw Ko
1 1 1 1 1
C-16
Bwl 6u Yuwl Ko
P! =
Mlel 2kus [auw_BwlYum Nuj ~ O‘ucBuB‘”lYuw Ko
1 1 1
and P C—l?

— 1
Mle1 = 10 1og1O P Mlel

The iterative process which 1s required for the
solution of equation C-16 1s identical to that described for
the solution of equation C-11 except that the following relation
must be used:

N 1

Ko Tiu Bts

]
(él. _ Plyay
1 IJ = w

The expression for an up subcarrier power margin

then 1is
Mouwy = 10 logigPg, - MING, ¢-18
where 1 = 1 or 2 for the upvoilce and updata subcarriers
respectively.

DOWN-CARRIER POWER MARGIN
The circuit margin is given by Equation B-29

2 2 2 2 2
M, = 10 log, k.. ‘a Jo(m3)Jo(mU)Jo(Rg)Jo(Nu)]— s
de 1 dc ) X T B LA C-19
o~"d dec ‘ cr
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let
MUC = 0 a
A2
Pm = ~d = Total signal power at the ground receiver b
" 22 2 2 2
tge = Jo(m) I (m ) TSR VID(N,) c
10log~ (y). = 2]
1C de N jder d
Ta = %q * Bafproge ©

With these definitions Equation C-19 can be rewritten as

kgePer®ae =y C-20
RoBac [Pa*BaP mptad dc

Since the maenitude of Pgr which satisfies C-20 is the minimum
power which will satisfy the required siecnal to no'se ratio, let

P = P!
gr MlNdc

. 1
then solving for P MlNdc gives

a, k _ _
P'MINdcg derde= eqcBaPacYdcko, = PacvdebaKo C-21
PuIN = BacYac®a¥o
dc T -
%4c|¥ae ~ BaBacvacko
and P '
M1N = 10 log 0 P IN
de 1 MINGe C-22
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The iterative process which is required for the
solution of equation C-21 is identical to that described for
the solution of equation C-11 except that the following rela-
tions must be used:

1. T, =T = 6§, + B, P! a

i id d d M1N de
dec

{

'S _ P, a
2. kNFiL = 1M1Ndc de

KoTidBdc
The expression for the down carrier power margin then
is:

Moge = 10 10894 Por = Py c-23

de

DOWN SUBCARRIER POWER MARGIN

The circuit margin for the w3 down subcarrier is given
by Equation B-U48

2
A
d .2 2 2 2
M = 10 log kds el Jl(m3)Jo(mU)Jo(Rg)Jo(Nu> - (gJ
dw 10 KT 2 .2 2 2 2 Njdw,r
3 B(MB)[ 0l , kyg Ag Jo(m3)Jo(mu)Jo(Rg)Jl(Nu)] 3
2 B
- v
C-24
Let
de3 = 0 a
2 .
P r = Ad/g = Total signal power at the ground b
g recelver
_ 42 2 2 2
adwﬁ = Jl(mB)Jo(mM)Jo(Rg)Jo(Nu) c
J
10 log (v) -2 d
10 ‘Y4, N{dw.r
3 3
Td = 6d + Bd Pgr %40 e

.2 2 2 2
g = Jo(m3)Jo(mu)JO(Rg)Jl(Nu)/%v f
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With these definitions Rguation C-24 can be rewritten as

kdspmradw3 _
- Yauw

K ‘ 3
Rw 0 N j - =25
3 ) 6d+BdPgPadCi + k Bw3Pgr q

Since the magnitude of PpT which satisfies Equation C-22 1s the

minimum power, which will satisfy the required signal to noise

i P = ' i ' al
ratio, let g P MIN then solving for P M1N gives
dw dw
3 3
P'MlNdw : [Z“dm3kds = 0y BB vq, Ko = 2Busvq, Ng¥ade B
3 ? (.03 (L)S G o= .U.)%de
C-26
BwBde36dKo
P! = s
MING Xas[*qy, ~ BU3¥au " - *aca®¥3vauw, o
3 3 37 3
J
and
= 1
Pyin 10 1ogyn Plyny c-27
dw dw
3 3
The iterative process which is required for the
solution of eguation C-26 is identical to that described
for the solution of equation C-11 except that the following
relations must be used:
= = '
1.7y = Tiq = 8g + By Plinan %ac
'S, _ P
2o WAL T MlNdw3
KOTlngS
The expression for a down subcarrier power margin
then is:
Moaws = 10 19810 Por = Puingwj ¢-28
where j = 1 or 2 for the down voice and

down telemetry subcarriers respectively.
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DOWN CODE POWER MARGIN

The circuit margin is given by Equation B-58 C-29
r A2
| da .2 2 2 2 2 2 .2
) h—§ Jo(ml)Jo(mZ)Jo(m3)Jo(mM)Jo(Nu)Jl(Rq)Sln ]
M = 10log
dec =10 5
2 Ad .2 2 2 2
\ + s a2 201
dco[Kon "y 2Jo(mg)Jo(mu)Jomg),Tl(Nu)
:
|
dcor
Let
Mdco = 0 &
SR
gr —? = Total signal power at the ground receiver b
_ 2 2 2 2 2 2 2
Yoo = Jo(ml)JO(m2)Jo(m3)Jo(mM>Jo(Nu)J1(Rg)Sin 0 c
_ (S
10 logqq (Y>dco - [N)dcor d
Td = dd + uchdPgr e
2 0 > 7 /
ng = Jo(mS)Jo(mU)Jl(Nu)Jo(Rg) BV f
With these deflinitions Equation C-29 can be rewritten as
bp o
" dco = vy
r dco C-30
ByaoKs zdd’fuchdP"l‘] + 2By 0PN

Since the magnitude of Pgr which satisfiles C-30 is the minimum

power which will satisfy the required signal to noise ratio, let

P = P! then solving for P! gives:
gr MlNdCO MlNdco
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f
t ! _2 =
F MlNdC(Vadco - choBdcoKoachd choBdcond choBdcoKoad
- ] C-31
Lﬁdcoydcosdi{o
1 - T — -
P MIN 4 = Y%4co BacoYdco O‘chdKo toong C-32
co
and P _ '
MINg ., = 10log, g Py C-33

dco

The above expression for the down code power margln
is much simpler than those presented previously because the
limiter effects are not considered in the down code channel.

The expression for the down code power margin then 1s:

kil = -
Lpdco 101log Pgr PMlN

dco C-34
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APPENDIX D

SIGNAL TO NOISE POWER RATIOS IN BANDPASS LIMITERS

PURPOSE

The purpose of this appendix is to present expres-
slons for the signal and noise components of the bandpass
limiter output for the case where the input signal is degraded
by thermal noise.

Given:
si(t) = The signal amplitude at the input to the limiter D-1
= Asinwt a
ni(t) = The thermal nolse amplitude at the input to the
limiter
= KOT B1 b
where

=
1]

o 1.38 x lO"23 watts/°K H, = Boltzman's Constant

Nolse temperature

=
1]

os]
]

Bandwidth preceeding limiter

Viter'bil shows that the signal and noise power ratios of the
bandpass limiter can be expressed by

EQ =k El D-2
No Ni
where
Si/Ni = The 1input signal to noise power ratio a
SO/NO = The output signal to noise power ratio b
= % <k <2 c

*nL/2VE’= Peak excurslons of the limiter output d
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L2 = SO + NO = Total power output of limiter e

so(t) Vo 80}1/2 sinwt = Signal amplitude at the output f

of the limiter
Since the limiter power output is defined by

L2 =S _ + N D-3

The expression for the nolse power output can be substituted
into D-2 to give

o2]

Sy i
= k = D-4
L°-5 Ny

0

Solving for So’ the signal power output of a limiter

is given by

no

L

2
~
=z

+

ZI €21
e

(o

1
K

Using D-2 f and D-5 the signal amplitude at the output of a
bandpass limiter has the following form:

S, /N. 1/2
Y i1 .
so(t) = 2 L hl/k)+ Si/Ni] sinwt D-6

In a similar manner the noise power output of the
limiter is determined from D-2 and D-3 to be

D-7
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Arndt and Jaegers,2 based on an analysis by Dr. F. F.
Carden, indicate that for the Apollo system the relationship
between the input and output signal to noise power ratios of
the bandpass limiter when in cascade with a phase lock loop
can be approximated by the following values of k and FEauation
D-2

So Si
T = k T D-2
o) i
where
k = n/4 for 0.035 > Si/Ni a
K - .68 |3, /N, + .76 for .0 S, /N
= . l 1 i) T or .035 < s /Ny o< .35 b
k = 1 for Si/Ni > .35 c
Wynn3 has presented a mathematically more rigorous

analysis for the Hmiter-phase detection cascade. Although the
approximation by Carden is still considered to be a reasonable
approximation for the Apollo cases, work is continuing to de-
termine in detail the differences between the results gained
from the approximation and from Wynn's work.
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APPENDIX E

APPROXIMATION ERRORS

PURPOSE

The purpocse of this appendix is to suggest means by
which the circuit marcin expressions that were derived in
Appendix A and B can be approximated, to derive expressions for
the resulting approximation errors, and to derive expressions
for the errors resulting from truncating the infinite series of
equations B-16 and B-53.

The approximations which are considered in this
Appendix result in circult margins that are of greater magnitude
than those that would have been obtained from the expressions
in Appendix A and B. The expressions for the approximation
errors are therefore obtalned by describing this erroneous in-
crease in the magnitude of the calculated margin.

I. APPROXIMATION OF SYSTEM NOISE TEMPERATURE

If the system nolse temperature is assumed to be equal
to 6u and 6d for the uplink and downlink respectively the error

expressions, defined as Ny > are obtained as follows:

A. Uplink Carrier

From equation 5—18 the circuit margin is expressed by:
[

M, = 10 1ogloikuc Psr e | -5
K T B Nluer E-1
C “u “uc i
Where
2
Pop = u a
2
_ L2 2 2
& . = Jo(ml)Jo(mZ) cos“e b
T =8 + B P c
u u u “sr uc
Let
Buc = kuc sr %uc d
K T B
0 "u uc
k
B = uc Sr uc e
Tuce 7 B
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The error in the upcarrier circuit margin (for Tu

is:
Npue - 10 1Og,?Tuc - 10 log Buc
= 10 log|l + Bu Psr “ue
6u |
-

B. Uplink Subcarrier

From equations A-36 and A-37 the circuit margin is
expressed by:

Mipi = 10 log o fus Tsr “uwt -8
B K T N Uw,r

W . o u + k P n '
i 5 us sr uil

where

i =1 o0or 2

k =1 or 2

1 # k

_ 2 2 . 2 .2
ngy = 1 Jo(ml) Jo(m2) sin“® sin Kc fi2
10 (KC f.

e
623
]
0
:Dl\.)
=

_ .2 2 2
%l = Jl(mi) Jo(mk) cos“ e
Let
Buwi = kus sr Muwi
Bw

§
u

F-3
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The error in the up subcarrier circuit margin (For T, = 6u) is:
n . = 10 log, B .
Tusi 10 »Tuwl - 10 loglo Buwi
= 10 loglogl + %uc Bu Ko Psp | E-U4
S - T
L u o ui “us “sr

C. Downlink Carrier

From equation B-29 the circuit margin is expressed by:

-
Mae = 10 logjpl¥ge Far ®ac| -3t E-5
\Nf der

where

o
V!
i}
I
=
\Q
N
»

2 2 2 2
%40 Jo(Rg)Jo(Nu>Jo(m3)Jo(mu) b
Ta = 83 % By Par 2qc c
Let
8dc - kdc Pgr “de d
Ko Td Bdc
Brae = kdc Pgr “de e
ko 6d Bdc
The error in the down carrier circuit margin (for Td = 6d)

is:

Npge = 10 10810Bpge = 10 1087984,

~

10 1og10[1 + By Pop %qc E-6

8
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D. Downlink Subcarriers

From equations B-48 and 49 the circuit marein is
expressed by:
.

M, . =10 log Has Far %403 -3
dw] -10 = .
B KT - Nldw,r
L mji o~d + ndkdspgr' i J
L 2
where
P = Aé/é
gr
b =3 or 4
2 = 3 or 4
j#
2 2 2 2
®quj = Jo(Nu)Jo(Rg)Jl(mj)Jo(mz)
2 2 2 2
B
v
Let
Baui = %35 Por %duj
w] d
By |¥oTa + k,. P i
Y5 5 "a “ds ‘gr
1
Brdws™ Fas Fer %duj

w

K §
wj[—%—g + g kds qu

3

e

The error in the down subcarrier circuit margin
(for Ty = 6d) is:

- 10 logy 8

Npgs = 10 1081qBmgy, dw J
10 1 r
"Tds = oglgtl + %4 Bd KO Pgr
g s
o d + des Pgr ng
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E. Downlink Range Code

From equation B-58 the circuit margin is expressed by:

= 101 ) 1o
Maco °®10, ufgr ®deo & .
B T 5P N Jdcor E-9
3 dco% o d + or nd]
li_ —-
where
_ .2
Pgr = ﬁg a
2
_ L2 2 2 2 2 2 , 2
oo = Jo(ml) Jo(m2) Jo(mB) Jo(mu) Jo(Nu) Jl(Rg) Slg )
- Je° J2 2 2 1
nd 1(Nu) O(Rg)JO(MB)JO<Mu> —B'V C
Let
Beo = UPgP %Seo a
Bdco{Kon * 2Pgr nﬂ
BTco ngr “dco e
Bdco[Koéd + ngr nﬂ

The error in the downlink range code circuit margin
(for Ty = dd) is:

10 log10 BTco

- 10 log,, B

"Teo co

10 logygl1 + ag, By K P, E_10

Koad + ZPgr "q

IT. APPROXIMATION OF LIMITER FACTOR

If the limiter factor is assumed to be equal to unity
the error expressions, defined as Nyys are obtained as follows:
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A. Uplink Carrier

Let
P o
B = “sr uc E-11
kuc T T B
o "1 uc
From equations E-1 and E-11 the error in the up
carrier circuit margin (for Koo = 1) is:
_nkuc 10 logqpByye — 10 1OgIOBuc
_ 1
= 10 loglo(g—— E-12
uc
B. Uplink Subcarriers
Let
Bruwi Por ui E-13
]
Bmi[KoTu + Tsr il
> J
From eguations E-3 and E-13 the error in the up
subcarrier circuit margin (for kus = 1) is:
Moot = 0 108108k, 1 T 10 1081084
= 10 logyff 1 ),{Ko T, + 2¥us Psp "ui! E-14
s \Ko Tu + 2Psr Tt
C. Downlink Carrier
Let
Bkdc =P r %de
Ko Ta Bae

From equations E-5 and E-15 the error in the down
carrier circuit margin (for kdc = 1) is:

Npge = 10 1ogypBrqe = 10 1ogy 484, E-16

10 1og10{ 1 }
kdc



Appendix E (contd.) -7 -

D. Downlink Subcarriers

Let

Bkdwj = Pgr Odej E-17
B K T 1
. od+n, P i
| e
From equations E-7 and E-17 the error in the down
subcarrier circuit margin (for kds = 1) is:

"kds 10 1o 6B quy ~ 10 1OP10B gy

dngr

K o d
ds 3 + 2ndPgr

K T
o]

10 log, ( 1 ) K Ty + 2nk

ITIT. APPROXIMATION OF THE RANGE CODE INTERFERENCE IN THE UP
SUBCARRIER CHANNEL

If the range code interference power in the up sub-
carrier channel is assumed to be equal to zero, the error
expressions defined as Nooi 2T€ ocbtained as follows:

Let

Bcuwi = kus Psr “Uwi E-19

Bw [KOTu'
i 5 }

The error in the up subcarrier circult margins
(for n, = 0) is:

N 10 Togq,8

coi cuwi ~ 10 1og103uwi

10 1ogypMy 4 2k, P ny;

K [6 B P a }‘
ol "u+ "u “sr uci

—
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Iv. APPROXIMATION OF THE SIGNAL GAIN OF THE TRANSPONDER TURN
AROUND CHANNEIT,

If the sipnal pain of the transponder turn around
channel 1is assumed to be equal to zero the error expressions,
defined as nRj’ are obtained as follows:

A. Down Carrier

Let

2
Brac = Xae Porp adc//ko(Rg) F-21
Bae Kol g +(Bd Por adc‘/ﬁi(qu

From equations E-5 and E-21 the error in the down
carrier circuit margin (for Rg = 0) is:

n = —
Rdec = IOlog10 BRdc lOlog10 Bdc

+ B_ P }
= 10log %4 d “gr “de i E-202
10 8 2 o B, P
] d Jo<Rg) + “de "d gr
B. Down Subcarriers
Let
B kK. P _ «a J2(R )
Rdwj = ds "gr “dwj o' g E-23
T \
Bwif Ko(6d * o3¢ Bg Pgrg + "a Kas Tor
T2 2 ' 2
L o) | IRy

From equations E-7 and E-23 the error in the down
subcarrier circuit (for Rg = 0) is:

2

NRgs = 10 IOglostwJ _ 10 1OgIOBdmj

10 log,, Ko{sd + ag, By Pgr} + 20y Kgo Poo

Ko [%a Jg(Rg) + %ae Bg Pgr) t2ng Kgg Por

E-24
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V. APPROXIMATION OF THE NOISE GAIN OF THE TRANSPONDER TURN
AROUND CHANNEL

If the noise gain of the transponder turn around
channel is assumed to be equal to zero the error expressions,
defined as nNuj’ are obtained as follows:

A. Down Carrier

Let

- ;12
= k SIO(N)

de Pgr “dec -
s
KoBdci(Sd t ey P r%

BNudc
“dc Pa Fer
L 2 :

o(

03

J Nu) j

From equations E-5 and E-25 the error 1n the down
carrier circuit margin (for Nu = 0) is:

nNudc = 10 1ogloBNudc - 10 logloﬁdc

10 1oglJ— 84 * 2430 Bg ng ! E-2f

8.2 o B, P -
LdJO(Nu) + “de 7d er

B. Down Subcarrier

Let

2
PN de = Kds %du Pgr//Jo(Nu) o7
E K 5.+ o, B, 7P
w o d dc "d gr

J 3 )
-2 Jo(N,)

Ao

From equations E-7 and E-27 the error in the down
subcarrier circuit margin (for Nu = 0) is:

"W as * 10 tog10fy duj - 10 logqgBq,

J

10 log10 KOTd + 2nd kds
K

P
gr
§ 2 a B, P
ol d Jo(Nu) + "de “d “gr
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C. Down Link Range Code

Let

B bp o

d + "de "d gr
2
Jo(Nu>

The error in the down 1link range code circuit margin
(for Nu = 0) is:

10 log

- 10 1
"Nuco = ‘108Nuco o8

‘10800
E-30

10 logloKo Td + 2”d Pgr

Ko 8q 7°(n ) +
@] u

?
“3c Bg Pp;r"g

VI. APPROXIMATION OF INFINITE SERIES

The expressions for the downlink clircuit margins
which are presented in Appendix B have been derived using only
the first term of the infinite series expansions which describe
the respective downlink modulation losses. The expressions
for the errors which result from using only the first term
rather than the first two terms of these series expansions are
obtained as follows:

A. Downlink Carrier and Subcarriers

In describing the modulation losses of the down
carrier and subcarriers the following series expansion 1s used:

r i)
7Ry + 2\ Ton(Rg) T (20my) T (2hmy) cos 2ne,

The resulting error in the circuit margins that are
calculated using the expressions that are contained in Appendix
B 1s:

Jo(jo }J

2
- \
nogs = 10 logqg (JO(Rg) + 27,(R) I (2m)) J (2my)cos 29‘]
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_ .

Neyg = 20 IOglofl + 2J2(Rg) JO(2m1) JO(2m2) cos 26?
ll

L Jo(Ry) J

E-31

B. Downlink Range Code

In describing the modulation losses of the downlink
range code the following series expansion is used: 2

>, r ( S |
#ij Ton-1(Rg) Tg 1 (2N-1) ml]JoL(zN-l)mgjsinL(zn—l)a

The resulting error in the circuit margins that are
calculated using the expression that is contained in Appendix B
is:

cos ;Jl(Rg)JO(ml)JO(m2)sin 5 + J3(Rg) JO(3m1)JO(3m2)sin36 !
\ Jl(Rg§Jo(m1)Jo(m2)sin8 ”
_

20 logyq, 1 + J3(Rg)JO(3m1)JO(3m2)sinpej E-30

| T (R)I (m )T (my)sins




