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APPENDIX E

STABILIZATION AND CONTROL STUDIES

The details of the analytic and tradeoff work completed during Phase

IA in support of the design of the stabilization and control subsystem
are assembled in this appendix. After an analysis of the major
disturbance torques expected on the Voyager spacecraft, the analyses
underlying the choices in the preferred subsystem design are described.
Tradeoff studies in the gyro assembly, sun sensor, earth detector,

and star sensor are then presented.

1. DISTURBANCE TORQUE ANALYSIS

This section presents a study of the major disturbances expected
on the Voyager spacecraft. The investigation is devoted to presenting
estimates of the magnitude of the disturbances and their effects on the

fuel requirement for the mission.

During the course of the mission, the Voyager spacecraft
experiences disturbances from environmental and internal sources.
The major environmental sources of disturbances include torques due
to solar radiation pressure and gravity force. Internal sources of
disturbance are the result of reaction forces from rotating devices
such as tape recorders and the planet-oriented package (POP). In
time, these disturbances have the effect of adding momentum to the

spacecraft.

To maintain three-axis stabilization, the cruise attitude control
system is required to remove the above momentum buildup by expending
fuel. A breakdown of the fuel requirement due to above disturbances
is presented in Table E~-1. Based on a year during which the space-
craft is in transit and in orbit, a total of 3.43 pounds of fuel is re-

quired to neutralize the effects of disturbances.

1.1 Coordinate Systems

Figure E-1 depicts a nominal orientation of the spacecraft

relative to a nonrotating inertial reference (s, u, v) whose origin is

E-1




Table E-1.

Fuel Consumption Estimates Due to Disturbance Torques

(1b)
Period Solar?{adiatiogisg:a}?:iré;ef‘zizguels{eaction Force Total
(6cnl;gli:1i}e1s) 0.93 - - 0.93
(6 months) 0.57 .21 0. 72 2. 50

Figure E-1.

at the center of Mars.

CANOPUS ¥

80DY 1
CENTER OF MASS

BODY 2 CENTER
OF MASS

Body Coordinate Sets

The s axis is pointed toward the sun, the v

axis is directed such that a vector to Canopus lies in the S-v plane,

and u axis is oriented to complete a right hand coordinate set.

The spacecraft's body 1 set (351, ?1, ;1) is centered at its center of

mass.

Figure E-2 shows that the X, axis is along the roll axis of the

spacecraft and is directed in a positive sense toward the sun; the 12 axis

is parallel to the axis which contains the antenna and POP and is positively

directed toward the POP. For perfect attitude control, the orientation of

the body 1 set coincides with that of the inertial reference set.

SENSOR AXIS

Figure E-2.
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Figure E-3. Orbital Coordinate
Systems
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The body 2 set (§2, _372, —Z-Z) is
centered at the center of the mass of
the POP. Specifically, the ?2 axis is
directed away from the hinge point
along the shaft axis of the POP and the
-?{2 axis, which contains the Mars sen-
sor, is directed toward Mars. As
shown in Figure E-3, the body 2 orien-
tation relative to the body 1 set is
related by two ordered rotations: first
a rotation about the -z

1
the hinge angle ¢, yielding

axis through

-Ca O ;Eij
-Sae O ;;1
0 1 L;U

and then a rotation about the resulting -y' axis through the shaft angle B

yielding —
%, Co
Y| = | ©
ZZ_J -SB

—1 -

0 SB x!
{ 0 v
0 Cg 2!
- J

where S and C are abbreviations of sine and cosine, respectively.

Combining the above matrices yields

Thus, for no rotation (¢ = B8 =

the ;1 axis.

- ~

x, -CB Sa
Y2 = Ca
z Sa S
(2] 778

- =
-CBCa S8 X,
-Sa 0 ;1 (E. 1)
Sg Ca SB LE
- -

0), the Mars sensor is pointed parallel to



To describe the position of the spacecraftinorbit, the study utilizes an

orbital reference set (§01, _}701, _z_01) which is related to the inertial refer-
ence set. Figure E-3 shows that the EOI axis is along the local vertical,

the §Ol axis is normal to the orbit plane, and the§01 axisis directed with the
same sense as the velocity vector of the spacecraft. The transformation
from the inertial reference set to the orbital reference set is given by the

matrix QOI’ or

rl 0 (‘)T Cv -Sp (‘; EZ)\ 0 -S; %C -S¢ (;'
QOI = {0 0 1 Sy Cv 0 0 1 0 St ce O
LO -1 OJ LO 0 {_J _.S)\ 0 C): _0 0 :
where
{ = angle measured from u axis to ascenting node
N = orbital inclination from s-u plane
v = orbit angle from ascending node.
The above matrix can be expressed as
a1 %21 231
Qo1 = 1212 %22 232 (E.2)
13 %23 233
— -
where
a, = CyvC\NCE - SuS{
a5, = SN CC
a4 = -SyC\C¢ - CvSg
ay, = -CyCAS¢ - SvC¢
3y, = -S\ S¢
a,3 = SyCASZ - CvCg
ay, = -Cy S\
235 = C\
a3y = Sy S\




Since the orientation of the body 1 set coincides with the inertial

reference set for perfect attitude control, the following relation can be

written: - - - -
X1 S XO1
1= - T =
vif =9l = Q Yoi
L—ZL LV_J -—ZOL
or
- —
—_— r- 'T ("
x4 211 %2 %13 %01
Yi| T 1221 222 223 Yoi (E. 3)
z a a a z
%1 %31 32 33) | "oy

1.2 Disturbance Torques

In the following sections, a mathematical description of the distur-
bance torques is developed and subsequently evaluated for the Voyager
spacecraft. The analysis is limited to the investigation of solar radiation
torques, gravity gradient torques, and reaction torques from internal

rotating components.

1.2.1 Solar Radiation

Based on the derivation presented in Reference E-1, this section
develops the equations describing solar radiation torques on the Voyager
spacecraft. Perfect attitude control between the main body and the iner-

tial reference axes is assumed in this derivation.

The bombardment of photons transfers a net momentum per unit
time to the spacecraft. The momentum per unit time, or force, depends
on the amount of surface area affected by the bombardment, the surface
reflectivity, and the incidence angle of the sun to the surface. The space-
craft experiences a torque when the force acts at a center of pressure

which does not coincide with the spacecraft's center of mass.

The total force F acting on a surface A due to radiation pressure

can be expressed as follows:
—— —_— —_— 2 — — — —_ — -—
FS = -VfEi-HJ)(es . en) e + (1 -u)(eS . en)(es . et) et:ldA (E. 4)
A

E-5



where

V = solar radiation pressure constant
vV = coefficient of reflectivity
—e_s = unit vector in the direction of the sun
En,Et = vectors respectively normal and tangent to the surface element

dA

While in transit or in orbit about Mars, the Voyager spacecraft is
nominally oriented such that the sun line is coincident with the body roll
axis. In this orientation, radiation from the sun is always directed toward

the end of the spacecraft which includes the POP and antenna as shown in
Figure E-4,

ANTENNA

TOWARDS
SUN

Figure E-4. Orientation of POP and Antenna for

Maximum Solar Exposure

Suppose the POP and antenna are deployed such that their major

surface areas are in the plane normal to the sun line, as shown in Figure

E-4 (o = -90 degrees). Then in terms of body coordinates the following
relations can be written:
e .e =1
s n
e, - & = 0

Thus, the force acting on each surface area i facing the sun becomes

F = -Vl+v.)A. X
Si 1 1

1 (E. 5)




The above forces are applied at their respective center of pressures.
Measured from the nominal center of mass of the spacecraft to the center

of pressure of surface i, the vector cp; can be expressed as

+d V. +d = (E. 6)

where the d's represent distances.

To account for the center of mass offset from the roll axis, a vector
L is defined as

T = Zyy1+!,zz1 (E.7)
where the 4's represent offset distances. Hence, the total torque due to
solar radiation pressure form surface i can be expressed as

T, = %-;(E'ﬁi -L)x F, (E. 8)
Substituting Equations (E. 5), (E.6), (E. 7) into Equation (E. 8) yields the

following expression for the solar radiation torque
TS = -V ? Bl +Vi) Ai (dzi - I,Z) Yy - (1+ui) Ai (dYi - zy) zl] (E.9)

Equation (E. 9) provides a means for evaluating the solar radiation torque
when the antenna and POP are deployed as shown in Figure E-4, More-
over, by setting the respective surface areas to zero, the same equation

provides a measure of the solar torques when the antenna and POP are in

21 e S P R P
tneir stowed positions.

In Figures E-5 and E-6, the magnitude of the solar radiation torques
are presented for various deployments of the antenna and POP. (In these
figures, the ''deployed'' positions of the antenna and POP correspond to
the orientation of Figure E-4.) To obtain worst-case estimates, the
torque calculations were based on a coefficient of reflectivity of unity
(ui = 1) and a maximum center of mass offset of 3 inches (lzyl = lzzl =
0. 25 foot). It is noted that solar radiation produces the largest torque

when the antenna is deployed and the science payload is stowed.
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Moreover, it is evident that solar radiation torques are worst when the

spacecraft is near the earth. As the spacecraft approaches Mars during
transit, the solar torques are reduced since the solar pressure constant
V varies inversely as the square of the distance between the sun and the

spacecraft.

1. 2.2 Gravity Gradient Torques

In this section, torques due to gravity forces are evaluated for the
case when the spacecraft orbits Mars., In this case, it is assumed that
the main body, POP, and antenna act as a single-rigid body subjected to
a gravity force at the center of mass of body 1. Moreover, it is assumed
that the body 1 axes corresponds to the principal inertia axes of the space-
craft. When in transit the spacecraft does not experience significant

gravitational effects.

Gravity torques depend on the orientation of the spacecraft relative
to an orbital reference coordinate system. As indicated in Section 1.1,
the body 1 set (§1, 3;1’ ;1) is related to the orbital reference set (§01,
Yoy’ z01) by a direction cosine matrix, i.e.,

— - — —
- 71~
%y 211 242 213 *01
Yi| T %21 222 23] |Yoi
z a a a z,

L 1] | 731 32 33) 04

where the ai.'s are direction cosines defined in Equation (E. 3).

References E-2 and E-3 present a detailed derivation of the gravity
torques on an arbitrary satellite. The results of the derivation provide
a means of evaluating gravity gradient torques whose main body com-

ponents can be expressed as follows:

- 3y
Tgx = 32 L) ap3 253
T =31 -1)a,,a (E. 10)
gy .R—g x =z’ 913 933 :
T =31 -1)a,,a

gz R3 y x 713723



where

y = gravitational constant of Mars (4.29 x 104 krn3/sec2)

distance from center of Mars to spacecraft

o
1]

-
-
-
-
-
1!

principal moments of inertia.

In Figure E-7, the gravity torques are evaluated for the 1971 sample
orbit. It is noted that the torques are largest near periapsis (n = 0) and

diminish rapidly as the spacecraft approaches its furthest point from Mars.
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Figure E-7. Gravity Gradient Torques versus True Anomaly
(Sample Orbit - 1971 Mission)

1.2.3 Internal Disturbance Torques

The Voyager spacecraft experiences large internal disturbances
from two basic sources: 1) tracking motion of the POP; and 2) starting
and stopping of the tape recorders, the POP, and the high-gain antenna.
The former disturbance is the result of the variable speed at which the
POP tracks Mars; the latter disturbance presents impulsive torques to

the spacecraft at prescribed intervals during the mission.

a. POP Reaction Torques

As the Voyager spacecraft orbits about Mars, the POP is

required to rotate such that its sensor axis points towards Mars. In

E-10




this situation, the accelerating motion of the POP results in a net
reaction force on the main body of the spacecraft. The expression of the
torque due to this reaction force is developed and evaluated for the 1971

sample orbit.

Let Ei represent the vector from Mar's center of mass to the
center of mass of body i (i = 1,2). Assuming that only a hinge force Fi
and a gravity gradient force ng act upon the satellite, Newton's laws

can be applied to bodies 1 and 2 to write

dZ _ - dZ - - -
m, —5(R,-R,.,)+m, — R = F +F (E. 11)
1dt2 1 01t ldtz 01 1 gl
a® = = a® — = .=
m, —5 (R2 - ROZ) tm, — ROZ = F2 + ng (E.12)
dt dt
where
—ﬁo. = vector from Mars' center of mass to body i center of mass
! when the satellite is in its unforced condition
Ei = mass of body i
But
Fz = -F‘1 (E-13)
and
R2 = R1+r1-r2 (E.14)
where
T, =

. vector from body i center of mass to the hinge point.

Substituting relations of Equations (E. 13) and (E. 14) into Equations (E. 11)

and (E. 12), and eliminating d2 _]?_iildtz between the resulting equations
yields

2
1 1 d 1 1
F,[=—+—) = -~—5(r, -r,)+(-—F ,+ — F (E. 15)
1<m1 mZ) dtz 1 2 <m1 gl m, g2>

The terms on the right side of Equation (E. 15) will now be evaluated.

From Figure E-2, the following vector relations can be written:

E-11



=
i
x
by
+
x

(E. 16)
rz = -£3§2 (E.i?)

where the £'s represent distances fromthe center of mass to the hinge

point. The angular velocity of body {1 and body 2 is denoted by w, and Wss
respectively, and can be written as
w = w ox + wyi vy te, 2 (E. 18)
w, = © X, + wyZ Yo + w5 2y (E. 19)

Differentiating ?1 and ?2 twice with respect to an inertial space yields

2 —
d Ty d — _
dtz = -d—t(<.o1xr1)+oo1x(mlxr1 (E. 20)
a® 'r'z d — - _ L
_51:2— = X (wz x rz) tw, x (wz X rz) (E. 21)
Substituting Equations (E. 16) and (E. 18) into Equation (E. 20) yields
a® -1-:1/dt2 in body coordinates as
P—w botw W, 4, -w Zz-w 221
zl 72 y1 xt 72 yvi 1 zl 1
2 —
T . 2 2 )
2 [Tt T B2 T O % b (E. 22)
w1 %2 7 Oyt by T Oy Cpq Ayt gy 9y 4y
L -

2

A similar expression is derived for d ?2/611:2 in body 2 coordinates as




@2 43 - wyZ “x2 43
d r 2

2 2
= 9% 431 @, 43

_ “x2 43 - wyZ “z2 43

Transforming the above vector in terms of body 1 coordinates through the

use of Equation (E. 1) yields

r—- N _ 2 2 * -
CBSa(w,p = wyp @) b3 + Calw, "+ w o) 45 - SBSa(w, + 0 ,0,)) £y
d ?2 . 2 > .
a2 | TOBBale,y e en)ty + Cale,, "t w0 5) 4g - SBSa(w,, tw,w ) 4y
(5B (w,5 = @y 0p0) 43 - CBlw,, to 50, 5) 4, N
(E. 23)

The gravitational terms on the right side of Equation (E. 15) are evaluated
by making use of Newton's second law and by noting that ng is indepen-

dent of the body's attitude. Let us define a vector V as follows

my

[

—_ m, —
v &8 F . - F (E. 24)

= 82 m gt

where

F .= —7 . (i=1,2) (E. 25)

where y is the gravitational constant of Mars and Eoi is a unit vector
along the local vertical directed from the center of mass of body i. Substi-
tuting Equation (E. 24) into (E. 25) yields

E-13



(E. 26)

— 1 1 1 1 \—- R -
V = ym||lg—+5 5= -5—|2n, t —5 (2,4, - 2n4)
R2 Rj)<3\2 R1> 01 R 2 ‘702 01

2

But forming the dot product of Equation (E. 14) with itself and using the
binomial theorem yields

sl 1 [_ 8 —:]
= = 5—+—=|2,, . (r, - T1,)
R2 R1 RZ 01 1 2

1

Also from the definition of z

01’

- .z = _Lt__2

02" "0t ©~ R, "F,
oy - r2)+l:zo1 - Ary - rz)_—_lE
= R, R 01

Substituting the above relations into Equation (E. 26), and eliminating higher
order terms yields

V = %{3[201 EH ';zﬂzm + (7, -?1)} (E. 27)
1

By utilizing the transformation matrix QOi of Equation (E. 2), Equation
(E.27) can be expanded in terms of body 1 coordinates to yield

2 b
3 a,, ("1 + 23 Ca) + 3 ay3853 (zz - 24 Sa) - (31 + L3 Ca)

<
u
ot

2

—

(E. 28)




From Equations (E. 15) and (E. 24), the reaction force on body 1 can be
expressed as

2

—_ - | a¢ - dz _ - -
F = m —_— T - ——T + — V (E. 29)
i dtz 2 dtz 1 m + m,

Substituting Equations (E. 22), (E. 23) and (E. 28) into (E. 29), yields the
following components of Fi in body 1 coordinates

F1 = Fxx1+Fyy1+Fz z, (E. 30)
where
i’f= -CRSa(d ,~w Jw g +Coz(oa2 +w2 Y4,- SBSa(®. ,+w ,w )L
= z2 y2 x2'73 x2 z2'73 x2 y2 z2'73
+d 4 -w £+wzz+w21,
zl "2 yi x172 yi“1 z1 71
Y m 2 - -
YR 3 mptm, | 23 (Y 4300t 33 32,5(45 - £35d) “1*‘3‘3“__)]
1
..F.:Z= -CBCa(w w w g -Sct(t.o2 +w2 J2,- SBCa(®d ,+w o )4
= z2 y2 x2'73 x2 z2'73 x2 272273
-wz+w2£,-ww1,+w21,
z1 "1 x1 72 xl "y1 71 zl 72
Y __ m 2, (4 -
2 3'm1+m2[3323a13“1+"3C°‘)+3a23“2 £350) - (£, ‘35"‘]
1
Fz
= = (oY= Y S - . - "
— "3"z2 Ty Qx&)'e'3 CR‘“’x2+‘*’yz"’z2)"3
m
T9%1 B2 T O by T O Yoy Ay T ¥y % ke
3
+_Y

m
R 3 T, tm, E33a13“1 +23C0)+az32,5(4; - 45 S“E]
1

Finally, the reaction torque on body 1, Trl’ is given by

Tr = rle1

E-15




which by substitution yields

T = 4 F (E. 31)

T

Lf,l Fy- ZZFX
-

Equations (E. 30) and (E. 31) describe the body 1 reaction torque in terms
of body 1 coordinates. In these equations the angular velocities of the two
bodies (231, 232) and the hinge and shaft angles (&, B) are unknown. These

kinematic terms will now be specified as a function of orbit position.

The 1971 orbit about Mars is considered to be elliptical with an
eccentricity value denoted by e. The location of the spacecraft is an

elliptical orbit at a given time t is expressed as follows

27 _ -1 e+ Cq . -1 e+Cnq
(T>t = cos Yors -e sin (cos T+ eCn (E. 32)
where
T = orbital period
7 = true anomoly measured from periapsis
The orbit angle v can be expressed in terms of the true anomoly
as
v =ty (E. 33)
where v, = angle measured from the ascending node to periapsis.

Differentiating both sides of Equation (E. 32) and noting that dy/dt =
dn/dt yield
2
dv _ (27) (1 + eCn)
o (’f>———23‘72— (E. 34)
(1 -e7)
Equation (E. 34) provides the magnitude of the angular velocity of the

spacecraft as a function of the true anomoly. Thus, the angular velocity

of body 1 can be written in Mars centered orbit coordinates (see Figure
E-3) as

E-16




The above vector can be transformed in terms of body 1 coordinates as

i 1T 1T [,
ce s¢g o Cn 0 S\ 0
61 ={-S¢ Ccr o 0 1t o0 0
o o t| |-sx o cn |-
L J U J U at
or (E. 35)
[ dy |
. . vV
-Ct S\ gr
- . . dy
w1 = S{ S)\ at—
o &
A -

Substituting Equation (E. 34) into Equation (E. 35) yields the following com-

ponents of angular velocity in body 1 coordinates

w = - - (1 + eCnq)
x1 (1 _ 62)3;2
w S¢ S\ 2
vi = z——m - {1+ eCn) (E. 36)
1 -e

€
|

€
N
—
m
-~
o |0
N
A
w
(3]
-~
+
o
O
3

where

The rate of change of w, is obtained by differentiating the components of

1
w, with respect to y and noting that

dA _ dA . dv
T T T & (E.37)



where A = arbitrary parameter. This results in the following

expression
2w % e ctsh 5
Gy = >3 * (1 +eCn)” Sy
(1 -e7)
2
-2 W, e S¢ S\ 3
@ = - (t+eC S
yi (1 - e2)3 m” Sn
2w % eC\ 3
b = 5 (1 +eCn)” S

(1 -e7)

The angular velocity of body 2 is simply expressed as

wy = @ -azy-8Y,

(E. 38)

Transforming the above vector in terms of body 2 coordinates yields the

following components of angular velocity

w o, = -C8 Sa W 4" CB Cu wy1 + S8 (c.oz1 - o)
wy_z = Cua Wy Sa wyi -8B
w,, = S8 Saw +58Ca oy +CB(w , - a)

(E. 39)

Noting that the hinge and shaft angles vary with orbit position, the rate of

change of angular velocity of body 2 can be expressed as

+8 o, SBCa+sp (o, - W) +BCRI(w,, -&

€.
|

) Ca—wxlaSa-w

v2 = %kt gy So-ow y Ca-8

€.
I

z2 “x1 SB Sa+ B “x1 CB Sout oy

- &wyi SB S+ CB (&, - &) - BSB (v, - 4

E-18

®o, = -9,C85-w, aCgCatw B BS8 Sa - 4 CaCa + o @y CB Sa

(E. 40)

SB Ca +wy1 SB Ca+3wy1 CB Cu



To determine the hinge and shaft angles as a function of orbit
position, it is noted that the local vertical of body 1 and the POP sensor
axis are essentially parallel. Thus, in terms of the coordinate sets of

Section 2, the following relation can be written

01 “%2

Transforming the above vectors in terms of body 1 coordinates and equa-

ting the components of the two vectors yield
SB = -S\ Sy (E. 41)
tan(ax-¢ - 1) = Chtanvy

By noting the relationship of Equation (E. 37), the time derivatives of the

hinge and shaft angles can be determined

_ %S H+ecpmicy e 43
B '(1 2)3T2 > (E. 43)
"€ \/1 - 85\ 5%
Y °°°2 A (1 +eCp)° 2 2, <2
B = 33 2, 52,312 (1+eCm)S, CoA+2eSnCy (1 -5\s%
(1 -¢7) (1 - S“\ 8%y
(E. 44)
- @, C\ (1+eCn)2 (&, 45)
@ = 2,372 Z . 2. 2 :
(1 -e) (C% + C\ Sy
. @, Ch (1 +eCn)’ (w2 N
o = 2)3 : ( 2 2"72)2 LS Mi+eCn)S2y-2eSn(C y+C™\S ui]
(1-e Cy+C™\S™v
(E. 46)

For a given orbit, Equations (E. 41) through (E. 46) express the character-
istics of the hinge and shaft angle as a function of the orbit abgle, or the
true anomoly. These equations along with Equations (E. 36), (E. 38),
(E.39), and (E. 40) provide the necessary relationships to evaluate the

reaction torques in Equation (E. 31),




Figure E-8 depicts the reaction torque Tr as a function of the

true anomoly 7. The evaluation of the reaction torque was based on the

orbital parameters of the 1971 sample orbit.

It is noted that like gravity

torques, the reaction torques due to the tracking motion of the POP have

peak components near periapsis.
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Figure E-8. Reaction Torque versus True Anomoly

(Sample Orbit - 1971 Mission)

b. Impulsive Reaction Torques

Impulsive reaction torques are the result of the starting and
stopping of the tape recorder, the POP, and the high-gain antenna. The
magnitude of the above impulses depend on the load inertia and the charac-
teristics of the motor which drives the rotating component. Based on
typical motor characteristics, estimates of the maximum impulse trans-
ferred to the spacecraft during the starting or stopping of a rotating com-

ponent are presented as follows:

Hny

POP: AH - 2.6 x10"° ft-1b-sec

shaft axis

A H'hinge axis




High-Gain -5
Antenna: A Hshaft axis 2.6 x 10 7 ft-1b-sec
~ -4
AHhinge axis - 5x 10 ~ ft-lb-sec
Tape Recorder: AH = 0.05 ft-1b-sec

spin axis

It is evident that the impulses from the tape recorders are more than an

order of magnitude larger than those from the POP and antenna.

1.3 Fuel Requirements Due to Disturbance Torques

The purpose of this section is to present calculations which estimate
the fuel requirement due to disturbances on the Voyager spacecraft. The

results of the calculations are summarized in Table E-1{.

During the 6-month transit period, the fuel consumption estimate is
based primarily on the effects of solar disturbance torques. In this period,
torques due to gravity forces and micrometeorite impacts are relatively
small and their effects are neglected. Also, impulses due to the starting
and stopping of the tape recorders and antenna are small and do not occur

frequently as to affect the fuel requirements.

During the period when the spacecraft is in orbit about Mars, the
fuel requirements are based on the effects of solar radiation torques,
gravity gradient torques, reaction torques from the POP's tracking motion,
and the impulsive torques of the tape recorders over a 6-month period.

The orbital parameters of the 1971 sample orbit are assumed to remain

constant to provide a conservative estimate of the fuel consumption.

1. 3.1 General Considerations

The amount of fuel consumed during a period of time is related to the

change in angular momentum by the following relation

{ AHX AHY AH,

= + + (E. 47)
GC ISp Lex zey ez




where

WGC = amount of fuel consumed
ISp = specific impulse of fuel
Le = effective moment arm of the gas jet system
AH = net change in angular momentum

When a disturbance torque T acts upon the vehicle for finite time period,
there is a buildup of angular momentum AH on the spacecraft which can

be expressed as

t
AH = f l? dt (E. 48)
(o]

where the integration is with respect to inertial space.

Since the orientation of the body axes do not change with respect
to the inertial reference set, the net change in angular momentum can be
obtained by integrating the body disturbance torques. Thus, the com-

ponents of AH in body coordinates can be determined as

T
AH_ = f T | at
O

T

AH = f T | dt (E. 49)
Yy y

T

AHz = f Tz dt

[e)

when T is the period of time the torque acts on the spacecraft. Thus,
Equations (E. 46) and (E. 49) provide the necessary relations to estimate

the fuel requirements due to disturbance torques.

The remaining sections are devoted to evaluating the fuel require-
ment for the various sources of disturbances. In estimating the fuel con-
sumed, the following parameters of the cruise control system are
assumed

I’ex = ‘q’ey = ‘e’ez = 18. 4 ft,
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1.3.2 Solar Radiation Torque

a. Transit Fuel Estimate

A conservative estimate of the torques due to solar radiation
pressure was evaluated in Section 1.2. 1. For a fixed deployment of the
antenna and POP, the solar radiation torque decreases as the spacecraft
travels from earth to Mars. Assuming a straight-time variation of the
torque with time, the buildup of spacecraft angular momentum during
transit can be calculated as follows:

AH = %{(Ts) - (T,) ]T (E. 50)
earth Mars P
where
Tfs = solar radiation torque
Tp = time period (177 days)

From Section 1,2.1, the worst-case estimates of the solar radiation

torque are presented as follows

Earth: 0

1

1.36 x 10”12 ga1b

=l
o
I

8.0 x 10™° ft-1b)

Mars: B 0 ]

0.58 x 10™° ft-1b

=l
e
i

3.5 x 10" ft-1b

The above solar radiation torques were obtained for the worst-case
deployment of the antenna and POP and worst-case center of gravity off-

sets. Substituting the above torque values into Equation (E. 50) yields the

following components of angular momentum:




AHX=0

148 ft-1b-sec

H
AY

AHZ 879 ft-1lb-sec

Thus, solar radiation torques acting upon the spacecraft during the transit

period will consume the amount of fuel calculated from Equation (E.47), or

WGC = 0.931b

b. Orbital Fuel Estimates

When the spacecraft is orbiting Mars, the magnitude of the
solar radiation torque depends on the deployment of the POP and antenna.
In general, the solar radiation torque varies with the orbital position of
the spacecraft. However, a conservative measure of the fuel require-
ments can be evaluated by the assuming a constant solar torque during an

orbit. Thus, the angular momentum is simply expressed as

AH =

T T
S

p
Based on the worst-case solar torques presented in the previous section,
the components of the angular momentum buildup for a 6-month orbital

period are calculated to be

AHX =0
AHY = 90 ft-lb-sec
AHZ = 544 ft-lb-sec

The amount of fuel required to neutralize the above momentum buildup is
calculated to be
WGC = 0.571b

1. 3.3 Gravity Gradient Torque

Section 1, 2. 2 provided a measure of the gravity gradient torques

encountered in a sample orbit for the 1971 mission. The gravity gradient




torques were presented as a function of the true anomoly 7 which is a
known function of the time in orbit. The net change in angular momentum
per orbit can be estimated by describing absolute magnitude of the gravity
gradient torques as a function of time and integrating the torques for a

single orbit. The results of these calculations are summarized as

follows:
AHx = 1,16 ft-1b-sec/orbit
AHy = 0.57 ft-1lb-sec/orbit
AHz = 2.71 ft-lb-sec/orbit

For an orbit period of 6 months (~ 300 orbits), the amount of fuel

consumed by gravity effects can be calculated from Equation (E. 47) as

WGC = 1.211b

1.3.4 Reaction Torques

During the orbit period, the main reaction torques are the result of
the tracking motion of the POP and the starting and stopping of the tape
recorders. The starting and stopping of the antenna and POP are not con-
sidered since their impulsive effects on the spacecraft are much less

pronounced and less frequent than that of the tape recorder.

a. POP Motion

The reaction torque due to the POP's motion were presented in
Figure E-8. As in the case of gravity torques, the reaction torque can be
described as a function of time and integrated toc obtain the angular momen

tum buildup per orbit. The results are summarized as follows

AHx = 0.50 ft-1lb-sec/orbit
AHy = 0. 18 ft-1b-sec/orbit
AHz = {.56 ft-1b-sec/orbit

Assuming that the POP tracks Mars during the entire orbit period (~ 300
orbits), the gas consumed by the POP's motion can be conservatively esti-

mated as



WGC = 0.61 1b

b. Tape Recorder Impulses

Tape recorders transfer momentum to the spacecraft as it
accelerates to or decelerates from a nominal write or playback speed.
For every orbit about Mars, one of the two tape recorders on the space-
craft is required to write and to play back. Hence, the spacecraft is sub-

jected to a maximum of four impulses per orbit from each recorder.

Section 1. 2. 3 specified that each tape recorder will transfer an
impulse whose magnitude is less than 0. 05 ft-lb-sec. Assuming that the
spin axis of the tape recorders are oriented along the y and z axis, the
maximum buildup of momentum per orbit (based on four impulse/orbit)

is given by

AHX =0
AHY = 0.2 ft-1b-sec/orbit
AHz = 0.2 ft-lb-sec/orbit

where both recorders are assumed to be in operation to obtain worst-case
fuel requirements. Thus, for a period of 6 months (~ 300 orbits), the gas
consumed to neutralize the effects of tape recorder impulses can be calcu-
lated from Equation (E. 47) to be

WGC = 0.111b

The total fuel requirements due to the POP motion and tape recorder

impulses is therefore

WGC = 0.61 + 0.11
= 0.721b
2. CONTROL SYSTEM DESIGN ANALYSES

Listed below are the Voyager parameter values utilized for the
stabilization and control system (SCS) analyses. Data is given for both

Configuration A (Table E-2a) (low-thrust monopropellant midcourse engine,




high-thrust solid rocket deboost engine) and Configuration B (Table E-2b)

(liquid bipropellant engine).

system parameters are shown in Figure E-9,

The reference axes used to define the various

Table E-2a. Configuration A Parameters
. Center of | MomentoflInertia,|Control Moment
sé’jrfjictir;ft W'(ellg)ht Mass Station| Principal Axis Arm, TVC
(in.) (slug-{t2) (in.)
I I I
x y z
geparated 7800 46. 6 4778 5772 4058 41.6
pacecraft
Spacecraft
Before Capsule | 7554 47.5 4697 5699 3989 42.5
Separation
Spacecraft
After Capsule 5483 26.0 886 1880 2389 14.0
Separation
Spacecraft 2696 30. 2 829 1824 2241 9.8
In Orbit ) )
Table E-2b. Configuration B Parameters
S £t Weicht Center of Moment ofInertia,| Control Moment
gachtr,a ?1115) Mass Station| Principal Axis Arm, TVC
ondition (in. ) (slug—ftz) (in.)
I I I
b y z
Separated 7800 56. 2 4591 4988 4338 30
Spacecraft
Spacecraft
Before Capsule 7675 56. 6 4545 4954 4291 30
Separation
Spacecraft
After Capsule 5475 35.1 1313 1721 2690 10
Separation '
spacecraft 2600 35. 6 1035 1547 2246 10
In Orbit
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Figure E-9. Voyager Reference Axes

All studies were based on a single axis model of the spacecraft dyna-
mics, consistent with the goals of the preliminary design effort. The
analyses are presented for each mode. The vehicle model is defined first,
followed by the cruise, acquisition, reorientation and inertial hold, and

thrust vector control mode analyses.

The center of gravity data shownin Table E-2a is measured from the
field joint (Saturn Station 2048). The thrust level of the monopropellant
engine is assumed to be 50 pounds, and the solid rocket engine thrust
level varies from 16, 000 to 4000 pounds during the first 90 seconds of the
100-second nominal burn time. The bipropellant engine thrust level is
assumed to be 1000 pounds. The cold gas jet system used for the cruise
mode has a 0. 044-pound thrust level.




2.1 Cruise Mode

This section describes an analysis of the SCS cruise mode which is
used for attitude stabilization during transit to Mars and while in orbit
about Mars. The selected configuration employs cruise sun sensors, a
Canopus sensor and derived rate feedback around an on-off electronic

switching amplifier.

The on-off electronic switching amplifier is described by a thres-
hold of £0. 5 degree during normal operation and +0. 25 degree during POP
imaging and an intentional hysteresis of 0.1 degree. The derived rate feed-
back filter consists of a 100 second time constant and a gain of 240 deg/
ft-1b.

Initial sizing studies and duty cycle calculations (with and without
disturbance torques) are presented. Results of the study indicate the

following:

e The disturbance free fuel consumption is approximately
6 pounds

e The cruise mode limit cycle rate variation is from 0. 7 to
5.2 deg/hr

e Satisfactory limit cycle characteristics are achieved even
in the presence of worst-case disturbance torques.

A block diagram of a single-axis of the selected configuration is

shown in Figure E-10,

m
-

N

T e | cas |To
@ |h-—lt- I JET fs

TfS+I

E
81 SUN CANOPUS e _J
SENSOR

Figure E-10, Block Diagram of a Single Axis
of the Selected Configuration
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where

E = Switching amplifiers output Kf = Filter gain

8 voltage
Ef = High-gain filter output 7 = Filter time constant
Ee = Sun/Canopus sensor output T, = Gas jet torque output
E = Switching amplifier error 6 = Spacecraft attitude

€ input

T = Switching amplifier threshold h

Switching amplifier
hysteresis

The attitude control configuration shown in Figure E-10 has been
extensively studied in the past and is commonly called the derived rate

system. The design criteria which were employed to define the system

parameters are:
e A nominal limit cycle amplitude of +0. 5 degree
e A nominal limit cycle firing time of 0. 05 second

e A nominal limit cycle rate before capsule separation
of 1 deg/hr

e A maximum limit cycle rate less than 20. 6 deg/hr
(based on POP imaging requirements).

The nominal limit cycle characteristics are shown in the phase plane
plots of Figures E-11 and E-12. For an initial rate of 18 deg/hr, the
cruise mode limit cycle acquisition is illustrated in Figure E-11 for a
5000 slu.g-ft2 moment of inertia (representative of the spacecraft prior to
capsule separation). Figure E-12 shows the cruise mode acquisition after
capsule separation from an initial rate of 22 deg/hr and indicates the high-

er limit cycle rate due to the reduced moment of inertia.
The maximum transit limit cycle rate (before capsule separation),

61 max® SPecified above (1 deg/hr) is given in Equation (E. 50) as

0 = ———= = 1 deg/hr (E. 50)
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Figure E-12. Typical Limit Cycle Acquisition After
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where oo

D
1

spacecraft angular acceleration

o+
1}

limit cycle firing time = 0. 05 sec

From Equation (E. 50), the spacecraft angular acceleration can be com-
puted as

o 0.01t1 deg/sec’ = 0.194 x 107> rad/sec’ (E. 51)

1

T

The corresponding torque required is given as

T = Imin GT = 0.83 1b-ft (E.52)
where Imin = minimum transit moment of inertia before capsule

separation.

The corresponding jet thrust per nozzle may be computed from the

spacecraft geometry. A value of 0. 044 pound was computed.

It is considered desirable to maintain a constant thrust level and
firing time for all axes of the attitude stabilization system. Consequently,
since the moments of inertia vary from transit to orbit due to midcourse
and retropropellant firings and capsule separation, the limit cycle rates

vary.
Based on in-orbit inertias, the maximum limit cycle rate during

orbit, emax’ may be computed as

O hax = 5+2 deg/hr (E. 53)

which is well below the 20. 6 deg/hr maximum angular rate requirement

for the planet-oriented science payload.

2.1.1 Duty Cycle Characteristics

In the absence of disturbance torques, etc., the duty cycle charac-

teristics during transit and while in orbit are given on the following page.




a. Transit

For a 1 deg/hr maximum limit cycle rate and a +0.5 degree

threshold, the duty cycle per jet may be computed as

pulse 24 hr 177 days _ pulses

1 hr = day * Xransit 4250 jet (E. 54)
Since there are three control axes and two jets per axis, the maximum
number of pulses is 25,500. For a firing time of 0. 05 second per pulse,
the total firing time is 1275 seconds. Based on a specific impulse for
nitrogen of 60 seconds, the total fuel weight during transit can be computed
as

0. 044 1b thrust x 1275 sec
60 sec

Transit fuel weight = = 0.9351b (E. 55)

b. Orbit

An orbit lifetime of 6 months is assumed for the fuel weight
computed below. Based on a maximum limit cycle rate of 5.2 deg/hr and
a 40. 5 degree threshold, the total firing time is 6630 seconds. The result-
ing fuel weight is 4. 85 pounds.

Combining the results given above, the total fuel weight is
approximately 6 pounds. Although the calculations were based on a nomi-
nal limit cycle amplitude of £0. 5 degree, which is reduced to +0. 25 degree
during POP imaging, the results are considered quite conservative since
maximum limit cycle rates were assumed during transit and orbit and

POP imaging occurs during a small percentage of the total mission time.

2. 1.2 Switching Amplifier and Filter Selection

Figure E-13 shows the switching amplifier and filter network portion

of the block diagram of Figure E-10.

From the previous discussion, the following parameter values

were given:

T = switching amplifier threshold = 0.5 deg
ton = limit cycle firing time = 0.05 sec
To = gas jet torque output = 0.83 1b-ft
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Figure E-13. Switching Amplifier and Filter
Network Block Diagram

Selection of the filter time constant 7 is based on the following require-

ments:
a) T >>0.05 sec (ton)
b) T<< t st where togf = limit cycle
off time = 700 sec minimum

Requirement a) is necessary to generate an accurate '"derived rate' signal
since the switching amplifier outputis proportional to the spacecraftangular
acceleration (.6.). Requirement b) is necessary to insure that the filter
output voltage (Ef) is essentially zero when firing is to occur. The filter
time constant selected is Ty = 100 seconds. Based on a hysteresis (h) of

0.1 degree, the filter gain (Kf) can be computed as

T

K, K,
h = 0.1deg = (T ) —) (t,,) = (0.83 1b-ft)(ﬁ (0. 05) (E. 56)
or

K, = 240 deg/ft-1b




The manner in which the error signal varies during the limit cycle
was also investigated to determine the margin which prevents a second
firing because of noise disturbances. Since the smallest margin occurs
with the lowest limit cycle rate, this situation was studied and a time his-
tory of the error signal for part of the limit cycle is shown in Figure E-14
for a hysteresis value of 0.1 degree. As shown in the figure, a minimum
firing margin of approximately 0. 07 degree exists for a 0.1 degree hyster-

esis level,
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Figure E-14, Error Signal Time History
During Limit Cycle

2.1.3 Disturbance Torque Effects

Section 1 of this appendix presents a detailed analysis of the various

disturbance torques. Since solar radiation torque was shown to increase

fuel consumption greater than any other disturbance torque, its effect on
the normal cruise mode limit cycle characteristics was studied. For a

constant sclar disturbance torque, the spacecraft attitude is given by

T
_ 1t "D 2 :
®=zT1Tt - Byctt O (E. 57)
where
t = seconds after limit cycle switching

61c = limit cycle rate

Os = switching attitude (10. 5 deg)

TD = solar disturbance torque.

E-35



A typical limit cycle with solar torque is shown in Figure E-15.

6 (DEG/HR)

. /\
\%} o

Figure E-15, Typical Limit Cycle with
Torque Disturbance

The time to traverse from Bs to Gm and back to Os can be
computed from Equation (E. 58) by setting 6 = es. Based on the maximum
effective solar disturbance torque (3.5 x 10~ ft-1b in orbit), the limit

cycle period (t, ) is
y P ic

20

I .

¢, = —tC MR 4500 sec (E. 58)

ic TD

ty
Since 8 = Om when t = —Z—C , the corresponding angular change
(Gs - Bm) is
1 I 9102
es - Gm = —2- —TD— = 0.42 deg (E. 59)

which indicates a limit cycle which fires on one side only as shown in
Figure E-14. Since the undisturbed limit cycle results in a pulse each
720 seconds (éic = 5.2 deg/hr, T = 0.5 deg), the total duty cycle and
actual fuel consumption are seen to be reduced by this amplitude distur-

bance torque.

An analog computer simulation of the normal cruise mode configura-
tion was run to verify the analysis presented above and to further investi-
gate the effects of disturbance torques. Figures E-16 and E-17 show the
limit cycle characteristics for various disturbance torque levels, moment
of inertia values and initial attitude errors and error rates and verifies

the above analysis.
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2.2 Acquisition Mode

This section describes an analysis of the acquisition performance
of the stabilization and control system. The results of the analyses have
been substantiated by a single axis analog computer simulation which is

discussed at the end of this appendix.

The normal operating acquisition configuration employs angular
rate signals obtained from rate gyros and position feedback obtained
from sun and Canopus sensors. The gas jets, electronic switching
amplifiers and derived rate filters are the same devices used in the

cruise mode attitude control system. The results of the study show:
° Sun acquisition may take as long as 20 minutes
° Canopus acquisition may take as long as 60 minutes

° Total fuel consumed for an initial acquisition, four
midcourse correction acquisitions, acquisition after
separation of the flight capsule and an acquisition
after deboost is less than 1. 343 pounds

° These values can readily be changed by selecting
different nominal coasting rates
The results are based on nominal searching rates of 0.2 deg/sec in yaw
and pitch and 0.1 deg/sec in roll. Initial rates are assumed as high as
3 deg/sec about each axis for initial acquisition and acquisition after

separation of the flight capsule.

The backup configurations present methods for performing sun
acquisition without rate gyro information. These modes guard against
the possibility of a gyro failure. The acquisition schemes studied
proved inferior to the normal operating configuration and cannot be
considered alternatives to that design unless the sun sensor character-
istics are changed. The results of this study show:

a) The derived rate feedback can provide backup acquisition
capability in case of a gyro failure. However, acquisition

using the backup mode cannot be assured for all possible
combinations of initial rates and attitude errors.




b) The backup acquisition can be considerably improved by
extending the derived rate limit from 10 to 50 degrees.

c) Acquisition can be further improved by decreasing the
derived rate feedback gain during acquisition.

d) An alternative change to b) and c) is to add a lead-lag
network to the output of the sun sensor.

e) Since the coarse sun sensor output saturates for large
error signals (see Figure E-18), no rate information
is available in the saturated region. Backup acquisition
performance could be greatly improved by providing a
sun sensor characteristic with a monotonically increasing
signal between + 180 degrees. However, since this sun
sensor characteristic may degrade the normal sun
acquisition performance, detailed tradeoff studies are
required to select the optimum sun sensor characteristic.

CRUISE SUN SENSOR SWITCHING AMPLIFIER
|
GAS

lr— — — M ':,N 0.4 l_. JETS
| ‘ -U DEG| 5.1 bEG
|
| 1
I | ;
|
| K¢ ]
| ACQUISITION |
| GATE T S i
| |
{ ACQUISITION SUN SENSOR {
| - |
[ — K L —JRATE GYROfuut —————— —¢|
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I I
g, SPACECRAFT REACTION |

Figure E-18, Yaw or Pitch Sun Acquisition Mode

2.2.1 Normal Acquisition Configuration

The acquisition function is to establish the proper satellite attitude
at the beginning of the Mars trajectory, after midcourse maneuvers,
capsule separation and deboost. Control is then transferred to the cruise
mode for maintenance of this attitude. A saturating output characteristic
is provided for the coarse sun sensor to give a controlled slewing rate
for large attitude errors. A block diagram for the pitch/yaw channel is

shown in Figure E-18 and the roll channel is shown in Figure E-19,
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Figure E-19. Roll Canopus Acquisition Mode

2.2.2 Sequence of Operations

The sequence of operations performed for acquisition is enumerated

below:

a)

b)

c)

d)

If the angular turning rates in pitch and yaw are greater
than a nominal rate, ¢, (0.2 deg/sec), the gas jets are
turned on to reduce these rates to the desired values.

The sign of ¢, is determined by the coarse sun sensor

so that the desired attitude will be attained in less than a
180 degree turn about each axis once ¢, has been attained.
The roll angular turning rate is drivenl\go zero. These
initial angular turning rates may be as large as 3 deg/sec.

The pitch and yaw channels continue at this rate (¢,;) until
the angular pointing error of the individual channel becomes
less than a nominal angle ¢ (~2 deg).

At this point, the coarse sun sensor output is disconnected
and the fine sun sensor is switched in for fine pointing
control. The rate and position feedback are now linear
elements and the yaw and pitch channels are driven so
that the pointing errors are within the + 0.5 degree
deadband of the switching amplifier. ¢, may be selected
to approximate a deadbeat response. ggmetime during
this phase, the roll angular rate error signal is biased to
produce a roll rate of 0.22 deg/sec for calibration of the
magnetometer.

After sun acquisition is completed, the Canopus sensor is
turned on and Canopus acquisition begins.




f)

g)

h)

j)

The roll rate is reduced to 0.1 deg/sec and this rate is
continued until a star within the magnitude range of Canopus
comes into the Canopus sensor field of view.

When the Canopus sensor indicates lock onto a star, the
roll rate bias is removed, and deceleration occurs in the
roll channel until the rate approaches zero. The time of
this switching may be selected to approximate a deadbeat
response.

Acquisition of Canopus results in removal of the roll search
command and turn off of the gyros by internal command.
The system then switches into the cruise mode.

Following a midcourse maneuver, the initial rates are
approximately zero but the attitude is probably incorrect.
The pitch and yaw rates are raised to 0.2 deg/sec and
acquisition is accomplished following steps b) through g).

After the flight capsule has been separated from the space-
craft, acquisition is again performed to give the proper
satellite orientation. The initial angular rates may once
again be as high as 3 deg/sec.

After spacecraft deboost, acquisition is once again per-
formed following steps a) through g). The initial angular
rates are assumed nearly zero.

2.2.3 Design Considerations

The following factors must be considered in the design of the

acquisition system.

Fuel Consumption

Acquisition should attempt to minimize the fuel consumed. If

the loss of efficiency due to initial cross-coupling terms, terminal
overshoots and limit cycling is assumed negligible, the amount of fuel
consumed can be directly related to the change in satellite momentum by

the following relations:

T
fuel = | thrust| dt (E. 60)
o specific impulse

T T d
f |torque| dt =[ I-JE momentum | dt (E.61)
o o




torque = 2 x thrust x moment arm (E.62)
momentum = (inertia) (angular rate) (E.63)

If we consider the above integration only where thrust £ 0,
T is the thrusting time and assume all parameters (thrust level, moment
arm, inertia, specific impulse) are constant, the above equations reduce
to:

93 x inertia (E. 64)
2 x moment arm x specific impulse ’

fuel =

where ¢ is the integral of the absolute value of the changes in angular
rate. For the Voyager mission, the following parameter values are

assumed:

Thrust = 0.044 1b

Moment arm = 8,55 ft
Specific impulse = 60 sec
Single axis inertia ~~5000 slug-ft2 initially
1800 slug —f’c2 after flight capsule separation
1500 slu.g-ft;2 after deboost

During the initial and post capsule separation acquisitions,
the initial rates may be as high as 3 deg/sec. This rate is reduced to q'SN.
As Py M2y be of the opposite sign of the initial rate, the rate change may
be 3 deg/sec + é’N' This rate must then be brought to zero. During other
acquisitions, the initial rate is assumed near zero and the thruster must
raise the rate to <}5N and then reduce it to zero. Roll axis acquisition is
identical to a pitch or yaw axis acquisition except that the rhagnetometer ‘
is calibrated only during initial acquisition. Define ¢;R as the roll search
rate and S 2S the magnetometer calibration rate. The equation for total

fuel consumption then is

fuel = 0.9 + (0.5 + 0.3 N)¢,, + (0.10 + 15N)¢_ + 0.5 ¢ (E. 65)
N R M




If we assume ¢'>N = 0.2 deg/sec, q'sR = 0.1 deg/sec, = 0.22 deg/sec

M
and N = 4, we get

fuel = 1,343 1b (E. 66)

It should be noted that the dominant factor in fuel consumption is the reduc-
tion of the initial rates (0.9 1b). The coasting rates have relatively little

contribution for values around 0.2 deg/sec.

b. Acquisition Time

A reasonable estimate of acquisition time must be found in order
to size the battery. Sun acquisition is the time spent in thrusting to the
search rate (¢'>N) plus the time spent coasting at the rate é’N and decelerating
to zero rate. The longest possible thrusting time for initial acquisition is
the time it takes to decelerate from 3 deg/sec to 0 and then to ¢'N and then
back to 0. The acceleration is the torque (0.83 ft-1b) divided by the inertia
(about 5000 slug-ftz). This gives a thrusting time of t ~ 300 + zoolé,Nl (in

seconds).

The maximum possible coasting time occurs when the satellite
coasts for 180 degrees (the sign of q;N is selected so coasting will always
be = 180 degrees). This gives a maximum coasting time of 180/ |¢N| .

The total initial sun acquisition time is then given as

time = 300 + zoo|¢N| + 180/ |¢N| (E.67)

For |¢N| = 0.2 deg/sec, the time is approximately 20 minutes. Note that
y : P A B bt s . o .
for this value of |ppy |+ the coasting time is the principle factor in sun

acquisition time.

The roll acquisition consists of the time it takes to decelerate
from ¢M deg/sec to ‘.PR pPlus the coasting time to find Canopus plus the
time to acquire Canopus (decelerate from ébR). The satellite may be
required to coast a full 360 degrees to find Canopus, giving a maximum
roll acquisition time of approximately 60 minutes (practically all this

time is spent coasting).



The sun acquisition after a midcourse maneuver requires
acceleration to {PN plus the time to coast at most 180 degrees at this
rate plus the time to decelerate to 0 deg/sec. The total time is about

15 minutes.

The sun acquisition near the end of flight will require less
acceleration time than initial acquisition due to the smaller inertias.
The acceleration time will be changed by the ratio of the inertias, giving
a time of 91.2 seconds. The coast time will remain constant, giving a
total sun acquisition time of about 17 minutes. The Canopus acquisition

time will again primarily be used up in coast or about 60 minutes.

c. Sun Acquisition Parameter Study

The sun acquisition scheme should be designed so that fuel
consumption, time and the hardware requirements are minimized and an
acceptable terminal state is established for transition into the cruise
mode. The cruise mode has a nominal limit cycle amplitude of + 0.5
degrees and a rate of 1 deg/hr. It is desirable to have a rate feedback
gain sufficiently high to reduce rates to values approaching this limit
cycle rate when the position error is reduced to an acceptable value.
Increasing the rate feedback gain, however, increases the gyro noise
sensitivity and increases the acquisition time in the case that the rate is
much less than the nominal <'pN (0.2 deg/sec) when the pointing error is

g'bN (2 degrees).

One of the schemes that received attention incorporated a
coarse sun sensor characteristic with a constant output for commanding
slewing and a deadzone which bracketed the fine sun sensor operating
range. The phase plane switching lines for this configuration are shown

in Figure E-20, for a gain value K of 500 seconds.
With K set at 500 seconds, the following characteristics were
found.

a) The biased rate will be followed within the deadzone of the
torques or within 0. 001 deg/sec.

b) If the angular velocity is ¢, at 2 degrees pointing error,
the design shown gives an essentially deadbeat response
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Acquisition Control Channel

with the rate and pointing error going approximately to
zero at the same time. The time it takes to decelerate
from ¢, is ~ 100 §... If <'pN is 0.2 deg/sec, this becomes
20 seconds. In some unlikely acquisition cases, the rate
at 2 degrees will not be ¢, but rather lower. Lower initial
rates will give settling times approaching 500 seconds.
However, this condition cannot occur during the same
acquisition phase that consumed 15 minutes of coasting
time as, if the satellite coasts, it will assume the ¢, rate.
This additional acquisition time can then be ignored.

The deadzone of the torquer will also allow a rate as high
as 0.001 deg/sec when cruise is initiated. This is higher
than the nominal limit cycle rate of 0. 0003 deg/sec and
must be damped out in the cruise mode.

d. Canopus Acquisition Parameter Study

The roll channel acquisition is much the same as the pitch and

yaw channels except for the changes necessary to accommodate the

different characteristics of the Canopus sensor. The Canopus sensor has

‘ a roll field of view of just 4 degrees, preventing knowledge of which size




the roll channel rate bias should be to insure no more than a 180 degree
rotation (hence the potential 360 degree rotation). Because of the lower
nominal torquing rate of 0.1 deg/sec, the Canopus sensor need only have
a linear field of view of + 0.5 degree and saturation beyond this point
(which yields a deadbeat response for a 0.01 deg/sec2 torquing rate with

a response time of 10 seconds). A rate feedback gain of 500 seconds is

selected for the same reasons given above.

e. Cross Coupling

In the preceding discussion, the effects of inertia cross-
coupling have been neglected. The following is a justification for this
assumption. If w_ wy, and w represent the projections of the body
angular rates w on the spacecraft principal x, y, z axes respectively,
and if IX, IY, and IZ are the corresponding moments of inertia, the

dynamical equations are of the conventional Eulerian form shown below:

I & = (I -TI)w w +T

X X y z Yy z x

I & = (I -1)w w + T (E. 68)
vy Oy z X z X y

I & = (I -I)w w + T

z oz X y. x y z

where TX, Ty, and TZ are the control torques along the axis in question.

The generalized momentum of the above is:

M = V(IXwX)Z * (Iwa)Z * (]:sz)2 (E. 69)

I\'/[=(IwT +1w T +IwT)/M (E. 70)
XX X yVyYy z 2z

and

From Equations (E.69) and (E. 70) it can be seen that M is
always positive and if Ti is proportional to -sgn(wi), M is always negative,
This establishes a Lyapunov function, demonstrating asymptotic stability

in the large for such a control system. It can also be seen that the total




momentum is reduced in proportion to the momentum reduction that would
be made if the three axes were considered as separate, uncoupled control

systems obeying the laws:

Iw =T
X X X
1w =T
Yy y
I1w =T (E.71)
zy z

and still considered the total momentum

‘\/(wax)z + (Iywy)z + (Izwz)z (E.72)

It can then be concluded that the Eulerian coupling can be

ignored when making calculations for the effect of control torques on
momentum removal if only rate feedback terms are used. If Tx and Ty
control laws are biased by a small ipN, the above conclusions still
essentially hold until the attitude is within N of the correct attitude. The
attitude control merely provides a rate bias until then with the rate feed-
back providing the only actual stabilization. The cross-coupling can then
be ignored before the attitude comes to within N of the final value and

with ZpN sufficiently small, they can certainly be ignored afterwards.

2.2.4 Analog Simulation Results

Sun acquisitions for various initial conditions and inertias were
simulated on the analog computer and the results agreed with the analysis
to within the noise region of the simulation. The primary differences lay
in the switching point. The simulation as scaled could not attain a repeat-
able switching point with accuracy greater than + 20 percent. This has
little effect on fuel consumption but does lengthen the acquisition time.
Sample acquisitions are shown in Figures E-21 through E-24 showing
acquisitions respectively for: 180 degree attitude error, no rate, high
inertia; no attitude error, 3 deg/sec, high inertia; 180 degree attitude

error, no rate, low inertia no attitude error, 3 deg/sec, low inertia.
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It is noted that for these acquisitions, the derived rate feedback was
disconnected from the electronic switching amplifier. Acquisition with
the derived rate feedback is discussed in Section 2.2.5. The high inertia
cases represent an initial acquisition; and the low inertia cases, acqui-

sition after deboost. The following table compares the fuel consumption

calculations with those found in the simulation. This demonstrates the

close correlation between the analysis and simulation.

Figure Calculated Fuel Consumption (lb) Simulated Fuel Consumption (lb)

E-21 0.034 0.032
E-22 0.272 0. 261
E-23 0.010 0.009
E-24 0.082 0.079

2.2.5 Acquisition With Derived Rate Feedback

The previous paragraph discussed acquisition with the derived rate
feedback disconnected. It would be functionally simpler if the derived
rate were not removed. The effect of derived rate feedback is to change
the torques from an essentially on-off switch with a deadband to a
modulator. This increases the rate damping but reduces the duty cycle
from unit to a value somewhat less. The overall result is to have no
effect for large rate or angular errors and slow the settling time when the
attitude error is within 2 degrees when the fine sun sensor is switched
in. The properties of derived rate feedback are further discussed in
Section 2.2.6. A stability problem, however, can exist at the point where
sun sensors are switched. A large change in voltage levels as is now
scheduled may cause a limit cycle at one of the switching points.

Figure E-25 demonstrates this instability. Further detailed studies are
requred to insure that inclusion of the derived rate feedback does not
significantly degrade the acquisition performance. The motivation for
maintaining the derived rate feedback during acquisition is that, in
addition to simplifying the switching logic, automatic backup of the rate

gyros is achieved.
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Figure E-25, Initial Acquisition of Baseline
Configuration and Derived Rate

2.2.6 Backup Configuration

The purpose of this section is to investigate the performance of
various acquisition configurations that do not need gyro information. The
dynamic model of the spacecraft for use in single-axis attitude control
channel studies is a double integration relating applied torque to attitude
displacement. For stability, rate information is necessary. If gyros are
not available, the celestial sensors or knowledge of when thrusting occurs
must provide the rate information. The two means of extracting rate in-
formation that were studied are derived rate feedback and a lead-lag net-
work on the output of the sensor. Both techniques have performances
very closely associated with the sensor characteristics, These two designs
as well as the effects of redesigning the sensors are discussed in more
detail below. In all cases, and single axis—sun oriented channel is studied.

Later, a separate discussion for the Canopus channel is presented.

2.2.7 Derived Rate

A blockdiagram ofa derived rate backupacquisition channelis shownin
Figure E-26, The coarse sun sensor output characteristic shown here is
double valued as discussed in Section 1.5. As the thrusting level is a con-
stant, all the necessary information about system performance can be found
from consideration of firing on and off times and those points where the gas
jets condition changes. When the gas jets are not firing, the following

relations exist:
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Figure E-26. Block Diagram of Derived
Rate Backup Acquisition
System

where subzero denotes state at beginning of nonfiring condition. When the

gas jets are firing, the following relations exist:

¢ = <;'>O+ at
. 1 2
p=¢ tot+sat
R =R e_t/T + T K(1 - e-t/T)
o o

P = P(g)

e =-P-R
T, = ITOI sgn (€)

where the subzero denotes state at beginning of firing condition.

a = Angular acceleration

T
0

Gas jet torque

The following two observations aid in understanding the operation.
First,if, for a large ¢ the gas jets are turned off, Ro ~ P As R

decays at et/

, this indicates that ¢ is commanded to decay at the same
rate. The value for 7 determines how rapidly the attitude is commanded
to approach zero. Second, if the gas jets are turned on, they will remain

on largely dependent on KT and T. The larger KTo’ the smaller the
o



on-time. In other words, the velocity is commanded to change a smaller
increment., It can now be seen that T determines the magnitude of rate
control commanded and K and 7 determine the extent of the control

exerted if the system does not behave as desired,

As larger initial attitudes are encountered, larger voltages from
the derived rate network must be available., The derived rate network
must also produce a satisfactory voltage equivalent to the 0.1 deg hysteresis.
This places additional demands on the dynamic range of the network. From
a design standpoint, it is desired to maintain a dynamic range no greater
than 100:1 to 200:1. This indicates that the network will saturate at a level
corresponding to between 10 and 20 degrees, If the derived rate output is
saturated, only position information is available for attitude control. There
will be no rate stabilization or damping for attitude error situations result-
ing in feedback signals greater than the limit. The result is a conservative
system in the saturated region, and a complete spacecraft revolution gives
no net change to angular momentum. This situation is wasteful of fuel and
may adversely affect acquisition time. The indications are that perform-
ance will be improved as the dynamic range of the derived-rate feedback

is extended.

As the attitude approaches 180 degrees, the coarse sun sensor gives
a decreasing voltage yielding a slope of opposite sign from what it should
be (15 ~ - ¢). This causes incorrectly signed rate feedback. This behavior
may cause torques which increase the angular momentum when it is already
excessible for acquisition. Control in this region may then result in ex-
cessive fuel consumption and even slower acquisition time. However, as
the existing sun sensor can not differentiate between 180 and 0 degrees and
position control is desired for any attitude, the following studies will as-
sume this undesirable characteristic. A change in the sensor characteris-
tics to be monotonic between £180 degrees does greatly improve acquisition
performance in the region near 180 degrees where the derived rate signal

is not yet saturated.

The above discussion demonstrates that acquisition using derived

rate feedback for rate information is improved by:




e Extending the derived rate dynamic range

e Using a monotonic sun sensor characteristic in the interval
+180 degrees

e Choosing a T properly tuned with T0 and the spacecraft
inertias

o Decreasing K until a satisfactory control duty cycle can
be achieved.
As the present designs are considered as backup designs, it is desired to
achieve a satisfactory acquisition with as little alteration in the selected

cruise mode as possible.

The analog computer was used to study quantitatively the use of
derived rate as a backup acquisition mode. The nominal cruise mode

configuration (Tt = 100 sec, K = 240 deg/ft-1b, R it = 10 deg) was studied

to find what initial condition space could be adeqllt.la’.ril:zly acquired, Adequate
acquisition is defined for this study as acquisition within less than three
complete rotations of the spacecraft., Due to the characteristics of the

sun sensor, the 180 degree attitude error is the most restrictive for allow-
able initial rates. At 180 degree attitude error, the largest allowable rate
was 0.5 deg/sec. A phase plane plot for this acquisition is shown in Fig-
ures E-27 and E-28. curve a. Figure E-27 is for the highest expected
spacecraft inertia as will be the case for initial acquisition and Figure E-28
is for the lowest expected inertia as will be the case after deboost. The
effect of raising the derived rate limit from 10 to 50 degrees is shown by
curve b, The effect of lowering the derived rate gain to 100 deg/ft-1b as
well as raising the limit is shown in Figure E-29 and Figure E-28, curve d.
The fuel consumption for these cases at the high inertia were:

curve a = 1,23 pound, curve b = 0.533 pound, Figure E-29 = 0,35 pound
versus 0,05 pound for the configuration using rate gyro feedback. The

fuel consumptions for these cases at the low inertia were: curve a = 0,930

pound, curve b = 0,140 pound, curve d = 0.141 versus 0.015 pound for the

rate gyro configuration,

2.2,8 Lead-lag Compensation

Another means of extracting rate information from the sun sensor

output is the use of a lead-lag network. This method has been extensively
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studied and is now used for OGO. The configuration is shown in Figure
E-30. The use of a lead-lag network has the advantage over derived rate
in that there is no initial rate error. This is because the derived rate
network merely integrates changes in angular velocity but does not account
for initial attitude rate errors. However, lead-lag networks suffer from
the inability to give the effective high ratios of rate to position gain possible
with derived rate. Practical design considerations on lead-lag networks
typically limit the lead time constant to values such as 20 seconds and the

lead to lag ratio to 10, Due to the limitations on the allowable lead, better




results may be obtained if a lead-lag network is used in conjunction with

the derived rate feedback. Curve c in Figures E-27 and E-28 show the
phase plane trajectories for acquisition from 180 degrees initial position
error and 0,5 deg/sec initial rate using a lead-lag network and the derived
rate feedback. The curves are for a lead-lag network with a lead-lag
ratio of 10 and a 2-second lag time constant, together with the cruise
derived rate feedback for the heaviest and lightest expected inertias of the
spacecraft, The data shown in curve c in Figures E-27 and E-28 indicate
that although the acquisition performance is improved by including the lead-
lag compensation, the negative sun sensor slope for attitude errors in ex-
cess of 90 degrees significantly degrades the acquisition performance,
This performance can be improved considerably by sun sensor character-

istic which increase monotonically with attitude error.

2.2.9 Canopus Backup Acquisition

Because of the narrow field of view of the Canopus sensor (2 deg)
and the possible tipoff rates (3 deg/sec), operation of the roll rate sensor

may be required for the initial Canopus acquisition. Provision has been

made, however, for a ground controlled incremental roll maneuver mode,
such as employed on Mariner C. This mode is identical to the roll axis
reorientation mode with the exception that the precision torquing current
is controlled by fixed timers which results in a fixed incremental roll
attitude change. In addition, provision has been made for direct ground
control of the roll axis jets. These modes provide backup control for

Canopus acquisition and for the high-gain earth pointing antenna.

2.2.10 Analog Computer Simulation

A single axis analog computer simulation was conducted to aid in the
acquisition study., The simulation is for the two sun acquisition axes. The
characteristics of Canopus acquisition can readily be extrapolated from the

results due to the similarity of the control channels. Linearized dynamical

equations with no cross-coupling is assumed. The equations simulated are
shown below. The computer block diagrams are shown in Figures E-31,
E-32, and E-33. Figure E-31 shows all the simulation but the sun sensors.

Figure E-32 shows the gyro rate feedback and rate command logic simu-

lated for the baseline configuration. Figure E-33 shows the coarse sun

sensor simulation.,
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'rl.’\+R

e(s)

¢ if |¢| = 2 deg
for baseline acquisition

0.2 K sgn (¢) if |¢| Z 2 deg

sin ¢ for backup studies (this is simulated by a diode
function generator)

KT , |R| =R
O

limit

-P - R - 500 ¢ for baseline acquisition

T, + 1

TS + 1
-P|——=] -R for lead-lag compensation
2

-P - R for derived rate backup

0if |e| £ 0.4 deg or if 0.4 deg < |e| = 0.5 deg and
the jet has not yet fired.

| T | sgn e if [e] 20.50rif 0.4 = |e| 0.5 and
the jet has already fired,




2.3 Maneuver and Inertial Attitude Hold Modes

Attitude reorientation is required to maneuver the spacecraft for the
midcourse velocity correction, capsule separation and deboost phases of
the Mars trajectory. Following reorientation, the desired attitude is
maintained by the inertial attitude hold mode. The desired spacecraft
attitude is determined by ground computation, transmitted to the space-
craft and stored in the CS and C prior to initiating the maneuver. Gyro
torquing current generators produce a precision current that will command
the desired reorientation attitude. In the maneuver sequence, a roll turn
is made followed by a pitch turn. In some cases, a second roll turn may

be required to enable the high-gain antenna to point to earth.

It is desired to select an attitude control mode which will
satisfactorily accomplish reorientation and attitude hold with a minimum
of special switching circuits and design changes from existing control
mode configurations. Aided by an analog computer simulation, the

following three configurations were studied:
1) Position gyro reference
2) Lead-lag compensation of the position gyro signal
3) Position plus rate gyro control,

To simplify the switching logic, derived rate feedback was maintained
around the on-off electronic switching amplifiers. Results of the
simulation show that all three configurations give satisfactory reorienta-
tion and attitude hold performance. The configuration employing position
gyro reference with derived rate feedback (Configuration 1) has been
selected as it is the simplest and most reliable design. A block diagram

of the selected configuration is shown in Figure E-34,

Comparative single axis reorientations using Configurations 1, 2,
and 3 for a 50-degree maneuver and a 0.2 deg/sec gyro torquing rate
were studied on an analog computer and are shown in Figures E-35, E-36
and E-37 respectively. Several runs were made for each configuration
with various derived rate filter limits. The general conclusions reached

from the study are:
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Figure E-34. Single Axis (Pitch, Roll) Reorientation
Block Diagram

a) For each configuration, there exists an optimum derived
rate limit which is proportional to the torquing rate.
Based ona 0.2 deg})sec torquing rate, the optimum limit
for the selected configuration appears to be 20 to 23
degrees.

b) Position plus rate gyro control with derived rate feedback
(Configuration 3) provided the equivalent of over-critical
damping and did not significantly improve performance over
Configuration 1.

c) Lead-lag compensation with derived rate feedback
(Configuration 2) provides near optimum performance.

Table E-3 lists the fuel consumption for the various acquisitions.
Note that all configurations but the lead-lag consume considerably more
fuel than the ideal requirement which is determined by the impulse needed
to develop the acquisition rate and then remove it after the commanded
turn has been completed. Even the inefficient modes, however, consume
a small quantity of fuel when compared to the 1.3 pounds that may be
consumed during initialacquisition. The additional fuel consumption used
by the cruise mode configuration is well worth the simplicity in design

achieved.

2.4 Thrust Vector Control Mode

This section presents an analysis of several thrust vector control

(TVC) system mechanizations which were considered for the midcourse
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Table E-3. Fuel Consumption for Various Reorientation Configurations

Fuel
Consumption
Figure Curve (1b)
E-35 No limit in derived rate 0.0485
10-deg limit 0.156
12-deg limit 0.132
15-deg limit 0.103
20-deg limit 0.071
23-deg limit 0.0490
E-36 No limit in derived rate 0.0450
10-deg limit 0.0424
5-deg limit 0.0363
1-deg limit 0.0540
E-37 5-deg limit, 10:1 rate/position ratio 0.0730
5-deg limit, 20:1 ratio 0.0728
5-deg limit, 40:1 ratio 0.0737
10-deg limit, 20:1 ratio 0.1460
l1-deg limit, 20:1 ratio 0.1758
l1-deg limit, 100:1 ratio 0.1420
Ideal 0.0340

velocity correction and deboost phases of the Voyager mission. Two
spacecraft propulsion configurations were studied which consisted of:

1) a low thrust monopropellant engine for the midcourse velocity correction
and a high thrust solid rocket engine for deboost (Configuration A or C)

and 2) a bipropellant engine configuration which is used for both the mid-
course velocity correction and deboost maneuvers (Configuration B). For
both of these configurations, the TVC system maintains stability about the
spacecraft pitch and yaw axes. Roll stability is obtained through the roll

axis inertial attitude hold mode.




2.4.1 Configuration A or C

a. Midcourse Correction

Pitch and yaw axis control during the midcourse velocity
correction is accomplished by jet vanes. A block diagram of a single axis

jet vane control system is shown below in Figure E-38.

» 5
s L actuaror,) %y i A

= s DYNAMICS 25; 152 T

&
ACTUATOR I
DYNAMICS

POSITION ]
GYRO

Figure E-38. Midcourse Jet Vane TVC Block Diagram
where

6. = Jet vane position
) = Thrust vector deflection

T = Engine thrust = 50 pounds

IC = Moment arm from thrust chamber to c.g.
I = Principal axis moment of inertia
Kj = Attitude error gain

6 = Spacecraft attitude
a. T. = Lead time constant
Based on a criterion of one-half the maximum jet vane
deflection for a 1/2 degree pointing error, an attitude error gain of 25

was selected. The maximum jet vane deflection and the ratio of jet vane

deflection to thrust vector deflection were taken from Mariner C data
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and are 25 to 5 degrees, respectively. This lead-lag time constant (-rj)

is 0.2 second and the lead ratio (ozj) is 10. The lead-lag compensation
parameter values listed above were selected on the basis of providing
satisfactory closed loop response characteristics with reliable hardware
components. Figure E-39 shows a root locus plot of the rigid body control
mode, neglecting actuator dynamics, and illustrates the variation in
closed-loop roots over the extreme range of system parameters (TlC/I)

during the midcourse velocity correction.

€ MAX

i J_il w.w

i \
0, —+i.5
T MIN Ye o »”
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-5 \TIC —O\.g (2)
< MAX

[
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Figure E-39. Midcourse Jet Vane TVC
Root Locus Diagram

As shown in Figure E-39, essentially constant closed loop
response characteristics are maintained for the pitch and yaw axes during

the midcourse maneuvers.

Due to the proximity of the effective gimbal point to the center
of mass (c.m.) and the lateral c. m. uncertainties, thrust vector offset
angles are generated. Based on current data for Configuration A or C,
the 3¢ thrust offset angle is approximately 0.4 degree. The resulting
attitude error is 0.08 degree. The net result is, however, an effective
0.48 degree thrust offset angle since the attitude error and thrust offset

are additive.

Roll attitude stabilization during the midcourse maneuver is
maintained by the roll axis inertial attitude hold mode which is discussed

in Section 2. 3.




b. Solid Rocket Deboost

Pitch and yaw axis control during the solid rocket deboost
maneuver is obtained by liquid injection thrust vector control. A block

diagram of a single axis TVC system is shown in Figure E-40.

22 o ] inECTOR 8] 3, |3 1% 0
Loty s NO, 1 3 5.1 _.l_

NO. 2

INJECTOR l

POSITION |
GYRO —_————

Figure E-40. Solid Deboost TVC Block Diagram

The moment of inertia (I) and the control moment arm (lc)
remain essentially constant during deboost (solid tank located close to
center of gravity); therefore, the loop gain parameter (TIC/I) is seen to
vary in direct proportion to the thrust level. Representative curves
showing thrust time histories for various solid motors indicate a thrust
variation by approximately a factor of four (16000 to 4000 pounds) up to the
last 10 seconds of burning (based on a total burning time of approximately
100 seconds). Due to the relatively high thrust levels at deboost compared
to midcourse (16,000 1b max/50 1b max), the loop gain parameter (TIC/I)
is correspondingly higher which permits a lower attitude error gain (Kj).
The lead-lag time constant selected is 0.05 second and the lead ratio (ay)
is 10, Figure E-41 shows a root locus plot of the rigid body control mode
for an attitude error gain (Kj) of two and indicates the maximum variation

in closed loop roots during 90 percent of the burning time.

A possible problem with the solid rocket TVC system is the
thrust vector offset angle resulting from lateral c. m. uncertainties and

the relatively short control moment arm (~15 inches). Based on a




[m]

Figure E-41. Deboost TVC Root Locus Diagram

lateral c.m. uncertainty of 0.2 inch, the maximum thrust vector deflection
is approximately 0. 75 degree. Due to the injection fluid required to
maintain this thrust vector deflection, tight control of the lateral c.m.
uncertainty is indicated. Estimates of the lateral c.m. control achievable
by proper appendage location and standard balancing techniques indicate

that a 0. 1-inch uncertainty is possible.

Due to the high thrust levels obtained with the solid rocket and
the present center of gravity uncertainties, the roll disturbance torque
level may exceed the normal inertial attitude hold control torque. As a
result, a requirement may exist to increase the roll axis jet thrust level
during the deboost maneuver. Based on data available from solid propelled
vehicles, the disturbance torque may be as large as 3 ft-1b. Since the
effective moment arm due to the two roll jets is 19 feet, a thrust level of
approximately 0.5 pound may be required. Roll attitude stabilization
during deboost may, therfore, require a separate pair of high thrust jets
which could operate through the normal roll attitude inertial hold mode.
The requirement for separate gas jets for roll stabilization will be re-
evaluated when the spacecraft goemetry, c.m., and propulsion

uncertainties are better defined.

In addition to the thrust vector control system, a spin
stabilization scheme was considered for the deboost attitude stabilization.

Results of this study indicate the following:




e A minimum rate of 2.6 rad/sec is required to maintain
the thrust vector angle within +1 degree

° The resulting centrifugal acceleration (2.1 g) increases
the required lateral structural loading and imposes additional
requirements on the appendages.

Figure E-42 shows a curve of the thrust vector offset angle as a

function of spin rate and indicates an optimum spin rate of 3.6 rad/sec for

a l-second spinup time.
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Figure E-42. Thrust Vector Offset
Angles versus Space-
craft Spin Rate During Figure E-43. Gimballed TVC Block
Deboost Maneuver Diagram

2.4.2 Configuration B TVC Studies

Unlike Configurations A or C which employ separate engines for
midcourse and deboost, Configuration B utilizes one thrusting engine for
all velocity corrections. Consideration was given to two bipropellant TVC
system configurations. Initial studies were made of a conventional
gimballed thrust chamber system and later efforts were directed to a

lateral displacement configuration.

Figure E-43 shows a block diagram of a single-axis (pitch or yaw)

gimballed engine TVC system.,

Root locus studies were made to determine control system gains
which would yield satisfactory attitude response characteristics during

the midcourse correction and deboost phases of the Mars trajectory.



Based on a criterion of one-half the maximum thrust vector deflection for .
a 1/2 degree pointing error and an assumed maximum thrust vector deflec-

tion of + 15 degrees, the attitude error gain was computed as 15.

Figure E-44 shows a root locus plot of the rigid body control mode neglect-

ing actuator dynamics and illustrates the variation in closed-loop roots

for the extreme range of system parameters (F_r_l_c_) from midcourse

correction to deboost. I

TC

TEMIN
e MAX \ 2 [iw
' < 4

O ———

a
~ 2

KR’7.5sec
Figure E-44. Gimballed TVC Root Locus Diagram

As shown in Figure E-44, satisfactory closed-loop response characteris-
tics are achieved for both the pitch and yaw axes from midcourse correc- ‘

tion through deboost with constant attitude error and attitude rate gains.

For the configuration studied, the thrust vector control moment
arms (2C) were approximately 30 inches and 10 inches for the midcourse
correction and deboost phases of the Mars trajectory, respectively.
Figure E-45 shows a plot of the trim thrust vector angle (6trim) for the
two thrust vector moment arms (IC) given above versus center of gravity
offset., Based on a maximum c. m. offset of 0.5 inches, a trim thrust
vector angle of approximately 3 degrees is required for deboost. Due to
the magnitude of these trim thrust vector deflections, consideration was

given to a lateral displacement control actuator scheme,

3. GYRO REFERENCE ASSEMBLY TRADEOFF CONSIDERA TIONS

The purpose of this section is to describe in some detail the various
gyro reference assembly (GRA) configurations which were considered for

the Voyager mission. These configurations were originally selected on
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Figure E-45. Trim Thrust Vector Angles Versus Center
of Mass Offset - Bipropellant Configuration

the basis of meeting the system operational requirements with high reli-
ability. A preliminary study was then made of each of these configurations

in order to arrive at what is presently considered to be an optimum choice.

In addition to the configuration tradeoff studies, the major gyro
manufacturers were contacted for information concerning the status and
performance of their instruments which appeared to be suitable for the

Voyager application. These results are discussed below.

The major results of this initial configuration tradeoff study are
summarized in Table E-4. Note that the quantities tabulated represent
estimates of the performances of a final design. The present configura-
tion choice is No. 4 which consists of three heated single-degree-of-
freedom gyros and associated electronics. The three gyros can be elec-
trically caged with a feedback loop which then provides three axes of
spacecraft angular rate information. By means of switching, the loops
can be opened, in which case the gyro output signals are proportional to
spacecraft angular position. A constant current source and polarity
switching device are provided to torque the pitch and roll gyros to achieve
spacecraft reorientation, This configuration is one of the simplest in
terms of required circuitry, and represents a conservative solution of the
design problem. Gas bearing gyros are utilized in order to increase

reliability and heater power is provided to stabilize the gyro temperature
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Figure E-46. Gyro Control Loop (Closed Loop With VCO Integration)
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Figure E-47. Gyro Control Loop (Closed Loop with Capacitor Integration)
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Figure E-48. Gyro Control Loop (Closed Loop With Pulse Torquing)
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and thus avoid large variations in gain and eliminate the presently
undefined changes in fixed drift. The disadvantage of this configuration
is the heater power required and also the associated requirement for
temperature control electronics. Currently in the Voyager design, the
requirement for heater power does nof appear to be unreasonable relative
to available spacecraft power. However, should this become a problem
after further study, a modification of the gyro reference assembly is
possible. In this case, a study of eliminating the requirement for heater

power would be undertaken and the possibility of compensating for the
gyro temperature sensitivities would be investigated.

The gyro characteristics suitable for this application are listed in
Table E-5, These characteristics are considered to be conservative rela-

tive to instruments that are presently available from gyro manufacturers.
3.1 General

The purpose of collecting the data for presentation in Table E-4 was
to quantitatively assess the relative merits of reliability, weight, and
power among the various configurations studied. It should be obvious that
each number is a preliminary estimate based on an accounting procedure
and a number of assumptions. For instance, the reliability numbers are
based on estimates of the electronics part counts and estimates of the
various component failure rates which in some cases are not well

established.

In spite of the estimations, Table E-4 is useful to detect relative
shortcomings between the various configurations and to establish pre-
liminary performance estimates. The final configuration choice was
based on this table plus some other considerations. Circuit complexity
was minimized and the configuration avoids some potential design
problems (gyro temperature sensitivity) which are presently not well
understood. As a result, this choice is considered conservative and well
within the present state of the art. Further study may result in a revision
of this choice at a later date in order to improve reliability and/or reduce

power and circuit complexity.



Table E-5. Preliminary Specifications of a Gyro
for the Voyager Mission

Weight 1 1b (max)
Size 2 in, diameter x 3 in. long
Gimbal gain 0.6 = ?ﬁ;ﬁ‘t‘t A}:;%Iee at 140°F
Input axis angular freedom +5 deg (min)
Gimbal freedom +3 deg (output axis)
Gimbal bearing Pivot and jewel or flexure
Motor
Type Synchronous hysteresis, 4 pole
Excitation Two-phase square-wave 800 cps
Starting power 10 watts peak for less than 45 sec
Running power 2 watts (max)
Signal generator power 4100 cps, 0.5 watts (max)
Spin bearing Hydrodynamic with notches added
to the journal portion
Long term drift
G-Insensitive Initial value 0. 3 deg/hr (max)
Stability 0.4 deg/hr, 30, 1 yr
G-Sensitive Initial value +1.0 deg/hr-g (max)
Stability 0.7 deg/hr-g, 30, 1 yr
MTBF 106 hr

3.2 Reliability

The reliability estimates were based on the following mission time

intervals and component failure rates:

a) Cruise Phase - 101 hr of GRA operation

b) Thrust Phase - 0.38 hr of GRA operation during velocity
correction maneuvers,
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Assumed Failure Rates

Component Failures per 109 hr of operation*
Analog integrated circuit 80
Digital integrated circuit 35
Transistors 50
Power transistors 130
Resistors 8
Diodes 40
Tantalum capacitors 20
Mylar capacitors 30
Transformers 120
Gyros (gas bearing) 1000

*This is failure rate during the cruise phase, to obtain failure rate
during the thrust phase multiply by 1000,

Failure rates for those time intervals during which the system is not
operated were, for the purpose of this study, assumed to be zero. While
this assumption is probably not valid, realistic failure rates under storage
(or cruise) conditions are not available. It is thought that including this
effect in the analysis would not materially affect the relative standings of

the various configurations,
3.3 Gyros

Seven gyro manufacturers provided information on units applicable
to the Voyager mission. Those units most closely suited to Voyager are
listed in Table E-6. Based on presently available information, each of
these gyros is considered capable of meeting the required applicable

performance criteria with the exception listed in Table E-5,

3.4 Configuration Descriptions

3.4.1 Configurations 1 and 2: Closed-Loop with VCO and Capacitor
Integration

Configurations 1 and 2 are to some extent functionally similar and,

where appropriate, the basic descriptions will be combined. Referring to
Figures E-46 and E-47, these configurations consist of unheated single-
degree-of-freedom gyros each with analog caging between the gyro pick-
off and torquer. An electrical voltage proportional to torquer current is
obtained and used as a spacecraft angular rate signal during the acquisition

maneuver., Angular position information is obtained by integration of the
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angular rate signal and the implementation of this capability results in the

difference between the two configurations.

Configuration 1 uses an analog to digital converter and digital
register to perform the required integration. The previously mentioned
rate signal is applied to the input of a voltage controlled oscillator which
in turn provides an output signal with a frequency proportional to the input
voltage. This output signal is counted by an up-down register and the
change in total count is proportional to the time integral of the VCO input
voltage. Thus the count is proportional to spacecraft angular position.
Reorientation of the spacecraft would be accomplished by inserting a
number representing the desired angular change into the register and

then command the spacecraft attitude in such a direction as to drive the

subsequent register count to zero. At any time during the maneuver the
number in the register represents the remaining angle to be turned. Note
that in this case the gyro/VCO/register combination acts as an instrument
which measures the change in angle through which the spacecraft has
rotated over the interval of interest. In order to facilitate control of the
spacecraft attitude during holding portions of the velocity correction
maneuvers, the register count will be converted to an analog signal by

means of a digital-to-analog converter.

This configuration is attractive relative to an unheated open loop
configuration because the temperature induced gyro gain variations only
affect the performance of the gyro rate loop and therefore do not influence
the rest of the attitude control system. The rate loop can readily be
designed to operate satisfactorily in the presence of the anticipated 2. 8:1
gain change. Another advantage of this configuration is that rate and
position signals are simultaneously available at all times and hence derived
rate signals are not required during reorientation maneuvers. The dis-
advantages of this configuration are that the attitude control system is
subject to the fixed drift and mass unbalance changes which are induced by
the expected heat sink temperature variation estimated to be 60 degrees
(total). Presently, little is known about the stability versus repeatability

of gyro drift coefficients and coefficient sensitivities when subjected to
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this environment. Another problem is the circuit complexity caused by

the requirements for a VCO and digital-to-analog electronics.

The second configuration differs from the first only by the manner
in which the spacecraft angular rate integration is accomplished. During
acquisition maneuvers Switch No. 1 is closed and the gyro and its loop
operate as an angular rate sensor. During those modes requiring space-
craft angular information, Switch No. 1 is opened and rate integration is
accomplished by inserting a capacitor in series with the gyro torquer. In
this case the electric charge on the capacitor equals the time integral of
the torquing current. Hence the voltage across the capacitor is propor-
tional to the angle through which the gyro has turned from its null position.
During inertially referenced attitude hold maneuvers the position signal is
servoed to null by means of the spacecraft attitude control system. To

reorient the spacecraft the position signal is servoed to null as above but

a precise current of appropriate sign is applied to the gyro torquer for a
predetermined time interval. This causes the spacecraft attitude control

system to turn through a desired angle along the axis in question. Note

that in this configuration the gyro/capacitor combination serves as an
angular null detector which is being continuously servoed to null by the
spacecraft pneumatic system. Therefore the capacitor integration system
is not required to measure the total angle through which the spacecraft
moves but simply measures the servo angular error. Furthermore varia-
tions in the value of capacitance affect only t..e null detector scale factor
and because of the configuration do not affect the magnitude of the steady

state or final turn angle,

This configuration was successfully utilized in the Mariner 4
spacecraft and has the advantage that heater power is not required in
order to avoid gyro gain variations. However, the design is considered
more complex than necessary and is directly dependent on successful
operation of the integrating capacitors. This component has a relatively
large capacitor (~4000uf) and hence is quite heavy, weighing approximately
1 pound per axis. The reliability of these capacitors is relatively unknown

and would need substantiation.




3.4.2 Configuration 3: Closed-Loop with Pulsed Torquing

The use of pulsed torquing to cage an unheated single-degree-of-
freedom gyro and to facilitate angular rate integration was considered for
Configuration 3. The block diagram of a typical system is shown in
Figure E-48. In this case the gyro rebalance current would be held con-
stant and it would be applied to the torquer coil as a series of precisely
timed constant intervals and each pulse would be applied in the proper
direction to hold the instantaneous pickoff signal approximately at zero.
The resulting train applied to the torquer is monitored by an up down
counter which tallies the sign and magnitude of the net number of torque
pulses (positive minus negative). In this case each pulse represents an
increment of angle and the net angle that the spacecraft/gyro turned
through is equal to the number of net pulses recorded at the end of the

interval of interest.

The spacecraft angular rate is proportional to the net pulse frequency.

In order to utilize this information for attitude control an analog signal is

required, and is obtained by means of a frequency to analog converter.
Also, to facilitate attitude control, analog position information is obtained
near the register zero by means of a digital-to-analog converter. This
converter operates only on the least significant digits over a wide enough
angle to handle twice the largest anticipated error signal. Attitude hold
maneuvers are performed by commanding the SCS to hold each of the gyro
registers at zero.

Reorientation is obtained by inserting a number associated with the
desired magnitude and direction of turn in the register and then comumanding
the ACS to move so as to drive that number to zero. As before, the num-
ber contained in the register at any time during the maneuver represents

the remaining angle to be turned through.

Pulsed torquing is a relatively new technique and is currently in
vogue for mény inertial guidance applications. Basically the technique

offers three advantages:



a) Improved effective torquer linearity

b) Constant torquer (and hence gyro) power dissipation

c) An output which is readily integrated (counted).

After a little consideration it is readily apparent that the above
advantages are not required for the Voyager mission especially when com-
pared with the circuit complexity required for the pulsed torque servo.
Torquer linearity is not a requirement since only one precise command
rate is needed, and the GRA can readily be calibrated at the desired
rate (0.2 deg/sec). At the command rate the power dissipated in the gyro
torquer was estimated at only 5 mw and is expected to have negligible
effect on the gyro drift coefficients. Therefore, the desirability of having
constant torquer power dissipation is not applicable. The output integra-
tion capability can more easily be obtained by the techniques described in
the other configurations. Also, the circuit complexity required with
pulsed torquing is formidable. The constant current source and the
switches are quite complex, and this configuration also requires a

frequency to voltage converter and a digital-to-analog converter.

3.4.3 Configurations 4 and 5: Open-Loop With and Without Heaters

These configurations are identical except that Configuration 4
utilizes temperature controlled gyros while Configuration 3 does not. The
equipment for each axis is essentially identical; a typical axis (roll) will
be described by referring to Figure E-49. In the acquisition mode
Switch No. 1 is closed and the gyro is caged with an analog torquing
signal. The electrical output is the voltage across the gyro torquer, and

is proportional to the input roll rate from the spacecraft.

Reorientation of the spacecraft is achieved by opening Switch No. 1
in the roll gyro loop and closing the roll gyro current switch. The precise
torquing current of the desired polarity is applied to the gyro torquer.

The current is applied by command for a predetermined length of time
and then the current switch is opened. The gyro then serves as the
inertial reference during the reorientation of th other axis and the

velocity correction maneuver. The same turning procedure is then




performed using the pitch gyro loop. When current is applied to the gyro

torquer the float will move from pickoff null causing the gas jets to fire,
resulting in spacecraft motion about the selected axis. This motion has
an average rate equal to the angular rate associated with the torquer
current, which is nominally 0.2 deg/sec. The angle through which the
spacecraft is turned is controlled by commanding the polarity and length
of time the current is applied to the torquer. The output voltage signal is
proportional to spacecraft position and the gas jets act to move the space-
craft and drive this position signal to zero. The spacecraft rate (derived
rate) information is obtained by passing this position signal through a lead

network,

The switching sequence will be designed in such a manner that the
gyros will always be caged by means of the rate loop (Switch No. 1 closed)
prior to operating open loop (Switch No. 1 open). This will insure that
the gyro floats will be at pickoff null prior to being utilized as an inertial

reference in the attitude hold and reorientation modes.

During the attitude hold mode Switch No. 1 is opened and position
and derived rate signals are obtained in the same manner as during the

reorientation maneuver. The position signal is proportional to the angle

through which the gyro input axis has turned and this signal is servoed
to null by utilizing the gas jets to torque the spacecraft about the three

axes,

The three gyros and their associated electronics will be mounted in
a temperature controlled block. The temperature will be maintained by a
proportional servo which applies DC power to an appropriate combination
of gyro and block heaters. The gyro temperature sensors will be used as
the temperature reference for the control electronics. Present spacecraft
temperature design indicates a heat sink temperature range of 30 to 90°F,
and in the worst case (30°F) approximately 9. 6 watts of heater power will
be required. These considerations are outlined in Figure E-50. Gyro
and heater power are not required when the instruments are not being
utilized. The gyro reference assembly specifications are given in
Table E-5.




SPIN MCTOR PCWER (6 WATTS-800 CPS, 2 PHASE)
GYRO ELECTRONICS (2 WATTS=4.1 KCPS AND 30 VDC)
HEATER (9.6 WATTS MAX)

GYRO REFERENCE THERMAL SPACECRAFT

ASSEMBLY IMPEDANCE MIN —30°F
1407F MAX —90°F

SPACECRAFT AT 90°F:
o
THERMAL IMPEDANCE = LA0-90LF _ ¢ 25opm ATt

SPACECRAFT AT 30°F:

(e}
HEATER WATTS = 7830 F e g waTTs = 9.6 wATTS

Figure E-50. Gyro Reference Assembly
Thermal Model

Note that the heater power requirement in the worst case (30°F) is
directly related to the amount of power dissipated in the reference
assembly, The largest power sources are the gyro spin motors, which
are currently undergoing considerable improvement. Manufacturers are
quoting power requirements of 2 watts which is considered to be conserva-
tive. Should the actual gyros selected for Voyager dissipate less power
than this, the required heater power would also be reduced. Loss of heater
power would result in degraded SCS performance but would not be cata-
strophic. The gyros would continue to operate at reduced gain which would
result in a larger SCS deadzone. The fixed drift coefficient would also be

different f{rom its value at the normal operating temperature.

Configuration 5 utilizes unheated gyros and was considered attrac-
tive because of the savings in heater power. However, the 60°F variation
in heat sink temperature would result in a 2. 8:1 change in gyro gain. In
addition, the fixed drift coefficient would be subject to change as the
temperature varied. Compensation for both of these effects might be
utilized in the circuit electronics, however, at this time little information
exists on the performance of inertial quality gyros when operated in this
manner. Since heater power is available the more conservative design
was chosen. Should spacecraft power requirements increase in the future,

this area could be reinvestigated.




3.4.4 Configurations 6 and 7: Two-Degree-of- Freedom Gyros with VCO
and Capacitor Integration

These configurations are identical to Configurations 1 and 2 except
that two-degree-of-freedom gyros are utilized. At this time two-degree-
of-freedom gyros are considered less desirable for this application since
they have not been used previously in this manner and much less is known
about their characteristics. Most two-degree-of-freedom units were
designed for use on stable platforms and to date none have been utilized in
the strapped down mode. Because of this situation their characteristics
when operated in this manner are not wellknown and further detailed
investigation would be required. One possible advantage of a system
utilizing three of these gyros would be the axis redundancy obtainable.
Circuits and commands would have to be provided to switch each control
axis to the appropriate axes of either of two gyros. With this configura-
tion, the system would operate normally in the presence of one gyro
failure. However, the preliminary data available on gas bearing gyro
failure rates is such that the impact of a gyro failure on the probability of
mission success is small. Therefore the extra complexity required by the

redundancy is probably not justified.

Note that the failure of a two-degree-of-freedom gyro is no worse
than failure of a single-degree-of-freedom unit even though two spacecraft
axes may be disabled. The reason for this is that failure of any one axis

is catastrophic to the Voyager mission.

The two-degree-of-freedom gyros are not utilized in the open loop
mode because it is not possible to obtain a unit with an input angular

freedom of +5 degrees.

There is one two-degree-of-freedom gyro that may merit further
study before a final configuration is selected. The Autonetics G10 or G40
are small two-degree-of-freedom gyros which appear to have many desir-
able characteristics. They do not require heating, utilize a gas spin
bearing, are not floated, and have no flex leads or gimbal bearings. They
are a miniaturization of the Autonetics G6 gyro which has demonstrated

a fantastically low failure rate in the Minuteman guidance system. The



spin motor power required in space would be less than 1 watt per gyro.
A configuration based on this gyro would presumably have the desirable
characteristics of high reliability low power and small size. However,
not enough is known about the instruments to verify that they would meet
the other design constraints required of the SCS. Further investigation

in this area is intended.

4. SUN SENSORS DESIGN DETAILS

This section contains details of the sun sensor design including
summaries of the specifications and a parts count. In addition, the cal-

culations of sun sensor response are presented.

4.1 Coarse Sun Sensors

4.1.1 Pitch Coarse Sun Sensor Assembly (signal amplifier not included)

Type Immersed solar cells back-to-back
Size 1 in. diameter x 0.5 in. thick
Weight 0.151b

Power None required

Components 1/2 in. diameter solar cells (2)

1/8 watt metal film resistor (1)

4,1.2 Yaw Coarse Sun Sensor

Same as pitch coarse sun sensor.

4.1.3 Coarse Sun Sensor Preamplifier for both Pitch and Yaw Axes

Size 1x 1by 1.5 inches
Weight 0.15 1b
Power 150 mw

Components 1/8-watt metal film resistors (8)
ua 702A integrated circuit amplifiers (2)
ceramic capacitors (2)

4,1.4 Coarse Sun Sensor Performance Data

Field of view 4 msteradians

Linearity 1 10 per cent for +20 deg about null
plane (each axis)




Null accuracy Between 0.5 and 1 deg
Temperature range -50 to +140°F

4.2 Fine Sun Sensor

4.2.1 Fine Sun Sensor Assembly (signal amplifier not included)

Type Silicon solar cell - shaded quad
Size 1.5x 1.5 x 2 in.

Weight 0.21b

Power None required

Components silicon solar cells (4)
1/8-watt metal film resistors (2)

4.2.2 Fine Sun Sensor Preamplifier (dual channel, handles two-axis
signals)

Same as coarse sun sensor preamplifier.

4.2.3 Switching Sensor

Type Silicon solar cell with pinhole optics
Size 0.5 in. diameter x 0.75 in. long
Weight 0.06 1b

Field of view 10 deg half-angle cone

Power None required

Components silicon solar cell, 1 x 1 ecm (1)

4.2.4 Fine Sun Sensor AGC Amplifier (Optional)

Type Pulsewidth modulation

Size 1.5x 1.5 x 1 in.

Power 200 mw

Weight 0.2 1b

Components transistors (2)
1/8-watt metal film resistors (10)
diodes (2)

tantalum capacitor (1)
ua 702A integrated circuit amplifiers (2)
ceramic capacitors (2)

4.2.5 Fine Sun Sensor Performance

Field of view 10 deg half-angle cone

Null accuracy 0.1 deg in each axis
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Linearity Better than 10 per cent within field of view

Scale factor Changes less than 10 per cent with 300 per
cent change in illumination if optional AGC
amplifier is used; if AGC amplifier is not
used, scale factor varies in direct pro-
portion to solar energy.

Temperature range 0 to 110°F

4.2.6 Solid-State Switch and Pitch Output Amplifier

Components ua 702A integrated circuit amplifier (1)
chopper transistors (2)
1/8-watt metal film resistors (8)
ceramic capacitor (1)

Power 200 mw
Size 1 cu in.
Weight 0.10 1b

4.2.7 Solid State Switch and Yaw Output Amplifier

Same as for pitch.

4.3 Sun Sensor Response

The output signal levels for the sun sensor designs considered in
the text were determined from test data and published specifications of
the detector manufacturers. Verification of the theoretical linearity of

the quad cell design is presented in Figure E-51.

M Let
A1 = illuminated area of quad cell No. 1
[ A2 = illuminated area of quad cell No. 2
XYy
A . X A3 = illuminated area of quad cell No. 3
l A, = illuminated area of quad cell No. 4
- 1" 4
V3 = difference in voltage of cells 1 and
3 assuming identical load resistance
N—— g
A

difference in voltage of cells 2 and
Figure E-51. Verification ot 4 assuming identical load resistance
Theoretical Linearity
of Quad Cell Design

W]
N
n




where

A = (a/2 +x1) (a/2+y1) -a/2 < X1s ¥y S a/2

2
= a“ /4 + a/2 (x1 + yl) + XY,

A2 = (a/2-x1) (a/2+yl)

= al/4 + .':1/2(y1 - Xl) - XY,

A3 = (a/2 - xl) (a/2 - yl)

2
= a“/4 -a/Z(x1 ty,)t XY,

Ay = (A/Z+x) @/2-y))

I

= a%¢/4 + a/Z(xl - yl) - XY,

If the cells are operated in the '"short circuit current'" mode, the signal
will be directly proportional to the area illuminated for each cell. Thus,
Vv
for Al’ AZ’ A3, and A4 produces the following result:

13 K(Al - A3), and V24 = K(A2 - A4). Substituting the expressions

V13 = Ka(xl + yl)

v Ka.(y1 - x

24 1)

It may be noted that the displacement of the light spot from the center of
the quad may be related to the pitch and yaw angles of the sun in the

foilowing fashion

x, = dtan @ where § = yaw angle
y, = d tan where Y = pitch angle
and d = distance from mask to detector plane

Since the fine sun sensor is to be used only for angles less than 10 degrees,
the tangent function is very nearly linear. Thus Vi3 and V,4 may be com-

bined by means of a linear summing network to provide signals which vary



linearly with the pitch and yaw angles. The nonlinearity of the tangent
function may be canceled to some extent by increasing the load resistance
of the cells to such a point that voltage saturation is approached, intro-

ducing nonlinearity in the opposite direction.

5. NEAR EARTH DETECTOR DESIGN DETAILS

This section contains details of the near earth detector design. A
design summary is presented. The details of the calculation of earthshine
magnitude are given together with the response available with various

detectors.

5.1 Design Summary

5.1.1 Assembly

Type CdS photocell

Size 1.75 in. diameter x 3 in. long
Weight 0.251b

Power 150 mw

Components CdS photocells (NSL-54 or equivalent) (2)
1/8-watt metal film resistors (6)
1/4-watt carbon composition resistors (2)
ua702A integrated circuit amplifiers (2)
Transistors, silicon, low power (2)
Ceramic capacitor (1)
Tantalum capacitor (1)
Miniature transformer (1)

5.1. 2 Performance

Detects earth presence within 10 degree half-angle cone during

first 10 days of Voyager mission.

5.2 Earthshine Magnitude Calculation

The illuminance from a diffusely reflecting element of area will be
derived to compute the earthshine magnitude (Figure E-52). Assume
that a reflecting surface dA is illuminated from an angle B away from
normal with an irradiance Is. Assume that dA diffusely reflects a

fraction Kr of the energy reaching it in a lambertian fashion, so that
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the reflected illuminance I varies as the cosine of the angle I' from

K=
o\

r
dA J /
s - 2m? sin [aT

Figure E-52. Geometry of Earthshine Calculation

If the illuminance along the normal to dA is Io’ then

I = IO cos I’ (E.74)

The amount of energy received by dA is dAIs cosB. Thus the

total reflected energy is KrdAIscosp, so that we may write

[Ids = K_I_cosp dA (E.75)
s

where S is the surface of a hemisphere

Hence TTZ

fIOcos P 27T %sinTdT = K_I_cosp dA (E.76)

o

K I
cos I cosp dA (E.77)

I1 =1cosT=
o
mr

Equation (E.77) may now be applied to the earthshine calculation

problem. Consider the geometry in Figure E-53.
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SUN EARTH
N

(1>

SPACECRAFT

Figure E-53. Sun-Earth-Spacecraft Relationship

The light from dA at the spacecraft, dI, is given by Equation (E.77) to be

K Is
dl = > cos I' cosp dA
Tr
where
B = angle between sunlight and dA normal
' = angle between spacecraft and dA normal
r = distance from spacecraft to earth

Since for the case being considered the angle subtended by the
earth at the spacecraftis less than 1 degree, the line from the spacecraft
to any area dA on the earth may be considered parallel to the line from

the spacecraft to the earth's center. With this approximation,

cos} = cos @ cos ¢ (E.78)

cos = cos 0 cos (¢ + a) (E.79)

dA = re2 cos 6 do d¢ (E. 80)
where

T = radius of earth

6, ¢ and are as shown in Figure E-53.
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Let o, = angle subtended by earth's diameter. Within a very good

approximation,

(E. 81)

Integrating over proper limits to find the illuminance from the visible

sunlit portion of the earth,

1T T
K I 6 2z - 3
I = TTZ f f cos ~ @ [sincb cos ¢ cosq

- sin2¢ sina] déde

0
KI6 2 90
_"r's e 3 1 . Z(Tr )
= cos” 8| » sin” (5 - a) cosa
0 (E. 82)
™
- sina (22-0. _ sin (Tr4— 2a) >:| de
KrIs ee2 3
-—ree. [cos o- (,} sin 2a - a) sin a,] (E. 83)

After 10 days of the Voyager mission,

%) 0. 0058 rad

€

and ¢ = 20 deg or 0.35 rad

These conditions provide less energy than at any previous time in

the mission. For a conservative result, take Kr = 0.2. The sunlight at

the earth is known to be very nearly 140 mw/cm?Z,

Evaluating Equation (E. 83) for the conditions 10 days after launch,

-3,2

- £0.2) (140) (5.8x 10 7) © |5 g33 _ 342 (1.57 - 0.32 - 0. 35)]

%) (3. 14)

-
|

(E. 84)

2.63 x 10_5 mw/crn2



5.3 Near Earth Detector Response

5.3.1 Solar Cell Detector

Assume that a 2-inch diameter lens is used to focus earthshine onto
a solar cell 0.2 inches square. The short circuit current response of a

solar cell of this size is,

I. = .05 ma per mw/cm2 solar irradiance

The irradiance is given by the result found in Section 5. 3.3 times the ratio

of lens area to cell area, neglecting losses:

5) ( /.04) = 2.1x 10-3 rmw/cm2

Irradiance = (2.63 x 10~
The calculated short circuit current is,

I, = 0.105pa

For such low light levels, the short circuit current of the cell will flow

through a relatively high impedance since the voltage remains quite low.

A reasonable load resistance for the solar cell would be 10 kphms. The

voltage across this load resistance would be approximately:

v = (10%) (.105 x 107%) = 1 millivolt

5.3.2 Photo Transistor

The following characteristics are published for the GS-600 photo

transistor:

0.010 x 0.010 in.

i1

Active area

1 ua with 0.01 rnvv/crn2 irradiance from a
2870°K source

n

Sensitivity

Maximum dark current = 25 nanoamperes at 25°C

The spectral response of the photo transistor (a silicon device) is essen-

tially the same as that of the silicon solar cell. For the solar cell res-

ponse characteristic, 1| milliwatt of solar energy produces the same output
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as 1.7 milliwatts of 2870°K blackbody energy. Thus, the effective

sensitivity would be:

I
c

1.7 pa for 0.01 mw/cm2 of solar energy, where

I
c

collector current of photo transistor

To obtain a sufficiently large field of view for the detector, the
illuminated spot must be 0. 1 inch in diameter as a minimum. The lens
diameter required to produce 0. 01 mw/cm2 at the detector plane, using

the result of Section 5.3.3 is determined by the equation:

2
D

(2.63 x 107°){—2ens)  _ 102
0.1

D

lens 1. 95 in.

Assuming a collector resistance of 5000 ohms, the 1.7 pa current
would produce a signal voltage of 8.5 millivolts. If a 1-inch focal length
lens were used, the field of view would be approximately a cone with a

half angle equal to the arc tangent of the spot radius divided by the focal

length, or tan™} (—10-%—0> = 2.65 degrees.

5.3.3 Cadmium Sulfide Photocell

Assuming the same lens and spot size that was used for the photo

transistor, the illuminance on the detector would be:
I = 0.01 mw/cm? within the spot, solar spectrum

This illuminance is equivalent to approximately 0. 93 footcandle, in terms
of photometric units which are used by the manufacturer. For a CdS cell,
0. 93 footcandle of solar energy is equivalent to only about 0. 56 footcandle

of energy from a 2870°K color temperature source.

A typical CdS photocell is the NSL-54. For this cell, the 0.10 inch

diameter light spot covers about 1/10 of the photosensitive area. Since



all of the photoresistive material acts like resistors in parallel, the call

may be treated by means of the model in Figure E-54.

AAA,
AAA
v

LIGHT IS INCIDENT UPON ONLY
THIS PORTION OF THE TOTAL
CELL RESISTANCE

Figure E-54. Model of Typical CdS Photocell

In the dark, the total resistance of the CdS cell is 0. 1 megohm.
Thus, each of the 10 parallel resistors of the model has a dark resistance

of approximately 1 megohm.

From the manufacturer's data, with 0. 56 footcandle illumination
from a 2870°K source the total resistance of the cell is 1 kohm if the cell
is uniformly illuminated. Therefore, each of the 10 parallel resistors
would have a resistance of 10 kohms when exposed to 0. 56 footcandle of
2870°K energy. Hence the resistance with only one of the 10 elements
illuminated, as in the near earth detector application, the resistance of

the cell would be

R = <1—£e-g£h—mw 10 kohms

~ 10 kohms

6. STAR SENSOR DESIGN DETAILS

This section contains details of the Mariner C Canopus tracker

and the quadrant photomultiplier star sensor discussed in Section 1.5.

6.1 Mariner-C Canopus Tracker

6.1.1 General Sensor Features

The sensor consists of a wide field of view, corrected lens, a dia-
phragm, filters, image dissector tube and deflection yoke plus elec-
tronics for processing signals. A simple sun sensor shutters the star
sensor to protect it from solar radiation above a thresholded value of

1000 100 foot candles.
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An image dissector has the following advantages over other elec-
tronically scanned tubes like vidicon or image orthicon for the following

reasons:

a) Image dissectors with resolution of up to 1000 TV lines
per inch are presently available with up to 2-2/4 inch
diameter screens.

b) The photocathode screen is not damaged if one small
elemental area is scanned for long periods of time. This
is not true of vidicons, to the same degree, and orthicon
tubes are notoriously poor in this respect.

c) The image dissector does not employ a thermionic elec-
tron gun, therefore power consumption is low, the tube
less complex, and more reliable.

d) Signal-to-noise levels are adequate for tracking and
image display. The tube employed in the tracker has
the following characteristics:

Spectral response S-11 (Apeak = 4500 X)
Quantum efficiency 10.5 percent
Sensitivity 05 amps-watt_

Diameter of photocathode 1.5 in.
Resolution up to 1000 lines/in.

Aperture slit configuration
0.010 x 0. 138 in.

Total tube length 7.5 in,

6. 1.2 Operational Procedure

The sun sensor acquires and tracks the sun, and the vehicle roll
axis is directed along the sun line. Rotation about the roll axis is
commanded. The instantaneous field-of-viewis 0.86 in. in roll, 11
degrees in pitch. Total pitch coverage of 30 degrees is provided by
the commanded step function. The instantaneous FOV is scanned+2 degrees
about the sensor roll axis. The entire cone angle can be stepped
digitally by command from earth in order to encompass greater pitch

coverage to handle all trajectory geometries. Six distinct cone angle

E-97



positions, each 4.6 degrees form the preceding step, are incorporated.

The initial step is set at prelaunch.

The performance requirements include reliable performance in
environments with temperature variations from 0 to +100°F. A #3
per cent power voltage variation is permissible, with a frequency

variation of +1 per cent.

Null offset (angle accuracy) between electronic null and mechanical
axis pointing does not exceed *0. 1 degree arc. At null, total noise
output is less than 100 mvolts peak-to-peak, which corresponds to a

0.013 degree error or 45 arc seconds.

A maximum roll signal level of 14.0 VDC is allowed. The roll
time constant does not exceed 0.5 seconds. Radio command switching
of cone angle steps, triggered by a 100 milliseconds pulse at

25 volts amplitude, must have a response time of 1 second or less.

A low gate raises the signal output voltage from 0 VDC to 12 VDC
when the 0.25 Canopus threshold is surpassed. If signal fluxes indicate
four x Canopus flux, the voltage will drop from +12.0 VDC to 0.0 VDC

in 0.5 second, or less.

Power requirements are limited to 100 volts peak-to-peak witha
2400 cps square-wave. Power dissipation allowed is 3 volts maximum
in the track mode and 6 volt maximum in the safety mode with the sun

shutter operational.

6.1.3 Design Considerations

Because the magnitude of the pitch angle varies from 74 to 106
degrees elevation with respect to the roll axis, or +16 degrees about yaw

axis, pitch gimbaling is required and is performed electronically.

A list of major components and subsystems are given below with a

brief description of their operation.

a) Optics - Semisolid Schmidt-Cassegrain. Consists of
an aspheric corrector and a fuzed quartz meniscus
lens. The FOV = 32 x 4 degrees; a 0.8 in. focal
length at F'/1.




® g

f)

g)
h)

Image Dissector Tube - CL-1147 by CBS Laboratories.

Uses fiber optics corrector in front of tube to match
flat image plane with curved surface of photocathode.
The tube is 1-1/2 in. diameter and 7-1/2 in. over-all
length. Nominal power is 27 milliwatts. It is
ruggedized by heliarc welding - glass to metal construc-
tion. Instantaneous field if 0.86 degrees in roll, 12
degrees in pitch. Actual anode slit 0.010 roll x 0. 128
in. pitch.

Pitch Digital-to- Analog Converter. Develops the six-step
angle gimbaling deflection voltages in accord with prepro-
grammed register drive.

Up-Down Shift Register Counter. Combines a 5-bit ring
counter with incremental control logic and a clock oscilla-
tor to cycle the ring.

Roll Sweep Generator. The horizontal (roll) sweep is
generated by amplitude-controlled 1000 cpc 3inusoidal
oscillator-buffer and balanced output circuits to provide
reference to demodulator.

Preamplifier. Augments gain of electron multiplier and
provides needed impedance transformation to following
circuitry.

Narrowband Filter for Nulling.

Phase Sensitive Demodulator. To detect phase of the
sensed error and outputs bipolar DC roll error signal.

Wideband Filter. Extracts fundamental and harmonic
components of star signal (proportional to star intensity)
and drives high voltage dynamic gain control of the image
dissector.

High Voltage Power Supply.

Acquisition Gates.

Pitch-to-Roll Coupling Network.

Sun Shutter.

Power Supplies.

These components are indicated in Figure E-55. The sensor

characteristics are shown in Table E-7.
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Figure E-55,

Table E-7.

Block Diagram for Star Tracker No. 1 - Mariner C

Mariner-C Canopus Tracker Characteristics

Total field of view
Instantaneous field of view
Gimballing

Roll

Pitch
Sensitivity ( threshold set)
Null offset
Error gradient (at null)
Equivalent noise
Time constant (roll axis)
Optics

Size
Weight
Power

4 deg (roll) x 30 deg (pitch)
0.86 deg (roll) x 11 deg (pitch)
all electronic

continuous sinusoidal sweep
six positions - 4.6 deg/position
+0. 6M to -2.4M

0.1 deg

8 volts/deg

0.013 deg peak-to-peak

0.5 sec

0.8 in. F/1.0 semi-solad Casse-
grain Schmidt

4 x5x 11 in.

6 1b

1.8 watts (average)

6.2

Quadrant Photomultiplier Star Tracker

6.2. 1 Operation and Design Features

The quadrants of the phototube are biased in the following sequence:

1 and 4, 2 and 3, as shown in Figure E-56,

Each pair is switched on

for 625 microseconds and the switching system must be capable of
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switching 170 volts between each photocathode quadrant and the first
dynode at this rate. Four high voltage switching transistors are utilized.
The processing of signals by pairing provides the one-axis operation

without altering the tube electronic or structural configuration.

1.20

1.00

1.8 mm
SPOT DIA= 2.5 mm

0.80 Pl

G, GEOMETRIC FACTOR
<
3

0 0.20 0.40 0.60 0.80 1.0

X, DISTANCE ALONG X-AXIS (MM)

Figure E-56. Geometric Factor - The Fraction of Circular-Image Area

The switching network (see Figure E-57) is driven by a 1.6 kc
clock generator which is synthesized by half save rectifying the 400 cps

signal supplied by the power supply, then filtered and amplified at the
4th harmonic. This 4th harmonic of the 28 volts, 400 cps voltage is

1.2 volts. When the star is centered between quadrants 1 and 4, and

2 and 3 of the phototube, pulses of quadrants 1 plus 4 will equal pulses

of quadrants 2 plus 3, and no 800 cps roll error component will be present.

If these pulses are not equal, the roll channel produces a 800 cps error

signal which is fed to a filter, amplifier and emitter follower, whose
output is proportional to roll errors. If desired a slightly different
switching mode may be used resulting in a 1600 cps star presence

signal not vanishing at null in addition to the roll error signal.
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SWITCHING MULTIPLIER 800 CPS AMPLIFIER ROLL
AND
NETWORK PHOTOTUBE AMPLIFIER FILTER EMITTER HoN
FOLLOWER st
AMPLIFIER
1.6 KC SIGNAL
GENERATOR
Figure E-57. Possible Block Diagram, One Axis Quadrant Multiplier

a)

Phototube Star Tracker

Power, Weight, and Volume Estimates
Input Power Weight (1b) Volume (in3)

Star Tracker 3.91 watts 3.10 100
Converter (80 percent 0.40 15
efficiency)
Optics
Phototube 0.80 7
Lens 0.20 2
Housing 1.50 80
5.35 watts 6.00 204
(28 VDC)

Estimated Parts Count Considering Discrete Components

Star Tracker Converter
Electronic Electronics
Transistor 16 8
Diode 5 7
Resistor 73 22
Capacitor 44 8
Coil 4 2
Transformer - 4
Integrated 8 -
Circuits

6.2.2 Quadrant Multiplier Phototube (QMP)

This tube contains four independent and adjacent semi-transparent

photocathode quadrants in a common image plane.

For single axis
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tracking two of the four photocathode segments are biased off by means

of a retarding field, while emission from the other pair is collected

by the electron multiplier. With a sequential operation, the photocathode
quadrants perform the function of multiple phototubes in an all-elec-
tronic nulling type tracker. No rotating reticles or mechanical modulators
are required in the optics. Because the photosurfaces are process

in common, and represent portions of a single layer, the quadrants

possess identical sensitivity and spectral response.

The image of a small source

QMP SIGNAL . . .
centerep sar like a star is blurred deliberately

by the optics to an optimum spot
diameter. On-center imaging

i ; { s omesionaL o Pproduces equal signals (null) from

each quadrant pair. Figure E-58
indicates a centered and noncentered
star position with the appropriate

ERROR SIGNAL

i/\ P (800 CPs) QMP output and error signal wave-

forms. For any position of the
star image center on the photocathode,
the anode output current due to

emission from quadrants 1 and 4 is
4

I, ) = % m S L g(x)Y(x)

A, CENTERED STAR 8. DISPLACED STAR

Figure E-58. QMP Signals and Filtered
Error Signal

where

2.65 x 10~ 10 lumens/cm2 =

™~
"

5

The visual magnitude of Canopus, -0.9

*Allen, C. W. Astrophysical Quantities, p. 191; London the Athlone Press,
1963.
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S = Anode luminous sensitivity go the flux of Canopus = 175
amps /lumen with gain of 10° *

L = Lens collecting area = 3.2 cm2

g(x) = Geometric factor which is dependent on size of image
and displacement from the null center (see Figure E-56)

Y(x) = Col :ction efficiency dependent upon the same parameters
due to the incomplete collection of photoelectrons from an

on cathode (see Figure E-59)

x = Displacement from null of image center

1.20

SPOTDIA=

1.00
p 0.025 mm

) 0.63 mm

/

il
iy

L

P

COLLECTION EFFICIENCY

0 0.50 1.0 1.50 2.00 2.50

DISTANCE FROM ORIGIN (MM}

Figure E-59. Collection Efficiency as a Function of Distance from
Center Along a Line 45 Degrees to the X-Axis for
Various Image Sizes

*Computed from Canopus spectral irradiance Hy (“;i;ts ), detector
o amps i lumens).
spectral responsivity R WAt andmthe visibility curve VY(__—Watt )
R_H.d
27\
s= 29
[@ VyHyd
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The quantity of interest is the difference signal between the two
quadrant pairs corresponding to a certain star image displacement in
the pitch direction. For displacements greater than the star image radius
this difference is give.1 simply by Equation (E. 85), since no flux
is incident upon pair 2 and 3. For displacements less than this, however,
the contribution from the opposing pair must be considered. For these
displacements the analysis is simplified by assuming a constant
collection efficiency and a geometric factor with constant slope. The
data presented in Figures E-56 and E-59 verify this assumption with
the spot diameter fixed at 0.25 mm. If the image center is displaced

a small amount x in the direction of quadrants 1 and 4:

dI
~ 1+4
I1pa(x) = 1, 4(00) +< )
dx x

il
[e]

and

dl
2+3
1 (x) =1 (0) - ( > x
2+3 2+3 ) -

1l
(@]

The difference signal resulting, from which the error signal may be

derived is:

L) =114 - 1) 5(x)

/d1. O\

I(X)zz(ﬂ) %
€ dx /x=0

Since 12+3(X) and I4+l(x) are the same function. Under the previously
stated assumptions:
dI
() ol
dx x=0 2.51
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2K

A S dg
L =2.5mm S LY(0) (H;)x o (E-86)

The peak-to-peak amplitude of the 800 cps roll error signal is given
directly by Ie' For large displacements of the star center, greater than
the image radius, the error signal is given by Il+4(x). The peak
amplitude of the filtered 800 cps sine wave output from the prccessing

circuitry will be designated as the output error signal Ioe(x):

%Ie (x), x < image radius
Ioe(x) 12 . .
-T—r-Il+4(x), X > image radius (E. 87)

The performance of the sensor will be determined by the signal-to-noise
ratio as a function of star displacement. To evaluate this parameter it
is necessary to know the sensor noise level. Although several noise
sources are present, only that noise originating at the photomultiplier
cathode and first dynode is significant. Noise sources further down the
processing chain are effectively suppressed by the high gain of the
multipliers. The noise current output referred to the dector anode

is given by the well known expression:*

1/2
. g _
i = [Ze Ic<g—_—I> F] G amps, rms (E-88)
where:
e = charge on the electron, 1.6 x 10-19 coulombs
IC = total cathode current, light + dark
g = multiplier gain per stage = 2.7

*V.K. Zworykin and E.G. Ramberg, ''Photo electricity and its Applica-
tion,'" John Wiley and Sons, Inc., 1949, pp. 148-150, 258.

E-106




F = output bandwidth, 10 cps

4 6

G = total multiplier gain, 2.7'% = 10

Since the luminous input from Canopus is ~1077 lumens and the equivalent
dark current input of the photomultiplier is ~10-11 lumens the dark
current component may be ignored in Ic' For displacements less than an
image radius the cathode light current for a given quadrant pair is

essentially:

_ 1
Ic G Il+4 (0)

Inserting the parametric values in Equations (E. 85), (E. 86) and (E. 88)

above:
Il+4(0) = 0.0104 microamps
Ie(x) = 0.324x microamps
in = 0.000227 microamps

From Equation (E. 87) then, for displacement less than an image radius:
S/N =907 X (E. 89)

Equation (E. 89) expresses the ratio of the peak value of the roll error
signal to the rms sensor noise. Figure E-60 is a plot of signal-to-noise
ratio vs displacement. This curve has been extended and includes dis-

placements in excess of the image radius.
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APPENDIX F

TELECOMMUNICATIONS STUDIES

Seven studies bearing on the conclusions concerning the communi-
cations and data handling problems of the Voyager spacecraft are incor-
porated in this appendix. The first section evluates the turn around
ranging system performance. The capsule-to-spacecraft link is then
analyzed in detail in Section 2, leading to conclusions concerning the
design of this element of the communication subsystem. In the third
section, the performance of the pseudonoise synchronizer is examined
analytically. PN synchronization is then compared with NRZ synchroni-
zation in Section 4, and conclusions are reached on that basis concerning
the relative capabilities of one-channel and two-channel telemetry links
with respect to the Voyager goals. Telemetry acquisition and recogni-
tion is discussed in Section 5, followed in Section 6 by an analysis of the
threshold criteria for the phase-lock receivers in the spacecraft and at
the ground station. Finally, the telemetry measurements list as now
conceived for the Voyager spacecraft telemetry is given at the end of

the appendix.
1. RANGE AND RANGE RATE ANALYSIS

The Voyager mission will utilize a coherent, two-way range and
range rate tracking system. Since the PN ranging code is simply turned
around in the spacecraft transponder, the critical question is the effect
of the up-link or turn-around noise on the over-all tracking performance.
A similar analysis is required for the reconstructed carrier; this is

performed in Section 4.

The signal-to-noise ratio as received at the spacecraft in 3. 3 Mc is
shown versus range in Figure F-1. As the S/N becomes negative, the
noise power suppresses the signal in the limiter. Since the scale factor
of the phase detector depends on the incident signal level, the recovered
up-link code modulation is also suppressed. Eventually the turn-around
noise in the video baseband will dominate the down-link phase modulation

of the carrier res-lting in power lost to the useful signals, the PN range



code and the carrier, Thus, the up-link S/N into the limiter must be

kept above some threshold.

In addition to the turn-around ranging analysis (Section 1,1), DSIF
acquisition procedures and carrier and ranging acquisition times are
given in Section 1, 2. Finally, the range and range rate accuracies are

evaluated in Section 1, 3,

1,1 Turn-Around Ranging Analysis

1.1.1 General Analysis

A block diagram of the turn-around ranging channel in the spacecraft
transponder is shown in Figure F-2, The uplink signalishardlimitedinthe
receiver IF and then demodulated by the phase detector. The uplink spec-
trum at baseband is then filtered and amplified to the proper level for the
desired downlink PRN modulation index by the turn-around ranging channel
amplifier. The output of the amplifier then modulates the downlink phase

modulator along with the downlink communications.

The output of a bandpass limiter with input signal plus gaussian noise
has been analyzed by Davenport.* Although Davenport's results are for an
unmodulated sinewave signal, they will be used here for the modulated
sinewave signal present at the limiter input. Davenport's complex expres-

sions for the limiter output signal and noise terms can be approximated by

the following expressions

2
_1(4L\ 2
Ps = E(T) % (. 1)
2
_1(4LY 2
Pn = ?('w_) °n (¥.2)

“W.B. Davenport, Jr., "Signal-to-Noise Ratios in Bandpass Limiters,"
J. Appl. Phys., Vol. 24, June 1953,




RANGE x 10° KM

/
L/

40 20

$/N db

Figure F-1. Received S/C Signal-to-Noise Power
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Figure F-2. Spacecraft Transponder Turn-Around
Ranging Channel
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where PS is the limiter output signal power, Pn is the output noise power,
L is the limiter output voltage level before filtering, a is the limiter sig-
nal suppression factor, and o, is the noise suppression factor. Since the
limiter is a constant output device, the sum PS + Pn should be constant.
With ag and a as given below, the sum is constant within about 1.0 db over

the full range of limiter input signal-to-noise ratio—(SNR), = 1/B.

(SNR) i

2 1

of= g - 1 (F. 3)
Z+(SNR), 1+ =8

2 1 B (F. 4)

°n=_(_r1+23NRi=Tr"‘+z

The noise spectral density at the input to the phase detector is equal to

8L 2
Pn _"2 0'n
o = = (F. 5)
By, B

where BL is the limiter output noise bandwidth. The input signal to the

phase detector is equal to

N
S(T) =/ ZPs sin {DIFt + izzl 6, cos [wit + yi(t)] + eUm(t§ (F.6)

where

“ip T Reciver IF frequency

w, = ith uplink subcarrier frequency

Gi = ith uplink subcarrier modulation index
yi(t) = ith uplink subcarrier modulation waveform

N = Number of uplink sinusoidal subcarriers
m(t) = PRN ranging waveform (1)

GU = PRN ranging uplink modulation index




The output of the phase detector (product demodulator) is given by

n
1}

S(t)(’\/Z cos wIFt) (less ZwIF terms filtered out)

‘\/-P_S sin il\i:l ei cos [wit + yi(t)] + eUm(t} (F.7)

Equation (F.7) reduces to the following form after expansion into a Bessel

function series.

N N
_ 2
s, = '\/Ps i; 23 ,(6.) j|=|1 J J(6,) cos 6, cos [wit + yi(t)]
j#i

N
+ -ﬂ— Jo(ei) sin eU m(t) + higher order sidebands) (F.8)
i=1

The gain of the amplifier is set such that under strong signal conditions
the PRN modulation index on the downlink carrier is equal to some desired
value GD. Under strong signal conditions a = 1. Therefore, the voltage
gain of the amplifier is equal to

°p

Gy, = (F.9)
v N

1 (4L .

—(T) i|:|1 Jo(ei) sin OU

V2

With unity phase modulator gain, the downlink modulation indices of the

uplink subcarriers and the PRN ranging code are obtained from Equations
(F.8) and (F.9). Higher order products of the uplink subcarriers are also
present in the turn-around channel but will be small so their effect on the

downlink will be ignored,

1
- fe ol ate
o'i an D
| B
eD = aseD (F.11)



where

.th
Effective downlink modulation index of 1t
uplink subcarrier

D
[

D
|

D = Effective downlink PRN modulation index

The noise spectral density at the amplifier input is equal to the IF noise
spectral density given in Equation(F.5). therefore, the noise power at the

amplifier output is given by

O'n = _—2 'B GV (F‘lz)

where BV is the noise bandwidth of turn-around ranging video amplifier.

The rms noise level into the phase modulator is therefore

~ I
Sv
_ BL o.neD
W N 5in 6, (F.13)
T 7 (e.)
. (o] 1

Phase modulation of a carrier by gaussian noise™ results in a spectrum
about the carrier of about the same shape as the input noise spectrum.

The power in the carrier after modulation by the noise is reduced by the
factor exp (-O'nz). Consequently, since a PM spectrum is a convolution of
the modulating waveform spectra, the downlink carrier is reduced in power

by the turn-around noise and uplink subcarriers in the following amount.

—o-nz N 2
downlink power reduction = e I Jo (Gi') (F.14)
i=1

This power loss represents unwanted modulation of the downlink carrier.
Additionally, the uplink noise appears in the sidebands of the downlink

carrier. The uplink noise power receiver at the ground station is equal to

*J.L. Stewart, "The Power Spectrum of a Carrier Frequency Modulated
by Gaussian Noise," Proc. IRE, October 1954,
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2

received uplink noise power = |1 - e ’n SgMc ﬁ; JOZ(Gi') cos® eD'
(F. 15)
where
Sg = Received signal power at ground receiver
M = Carrier reduction or modulation loss due

to downlink communications

This noise is detected and will add to the ground receiver system noise.
It is assumed that the detected uplink noise occupies the same bandwidth
as the bandwidth of the turn-around ranging channel in the spacecraft.
This bandwidth in most cases should be wide enough to occupy at least as
large a bandwidth as the ground receiver noise., Therefore, the receiver

effective noise spectral density becomes

-0
(1 -e n)Sg N 2 2
] 1
B Mc i|=1 JO (Bi) cos” 6

effective noise spectral density = d?g +
A%

(F.16)
where
® = Ground station spectral noise density

in a’ sence of turn-around noise

1.1.2 Applications to Voyager

Equations (F. 11), (F.14)and (F. 16) summarize the effects of uplink noise
and subcarriers in the PRN ranging channel. The downlink PRN deviation

GD' is reduced from its strong signal value OD

0
0. '=—D _____ (F.11)

D
4
Vl*FB

where B is the uplink SNR at the input to the transponder limiter. The

turn-around noise extracts power from the carrier and ranging channels

2
-0
Modulation loss due to uplink noise = e (F. 14a)



where ¢ 1is the downlink phase deviation caused by noise and is defined in
n - .
Equation (F. 13). Finally, the downlink noise spectral density is effectively

increased by the uplink noise density as follows:

. . n 2. ,(S
Effective noise spectral density = <I>g 1+11 -e cos GD N
g: By

(F. 16a)
where only the ranging signal and turn-around noise are assumed present,

For Voyager it is desired to have ranging information up to Mars
encounter plus 1 month, Since this will also constitute the worst case
insofar as uplink noise effects are concerned, we will determine the rang-
ing channel requirements at this range (250 million kilometers). Reference
to the design control table for ranging (Volume 2, Section 5. 3, 3) shows
that at this range, employing the 100 kw DSIF transmitter and the space-
craft high-gain antenna, the received SNR in 3.3 Mc is -9.5 db (B = 9).

This means the signal suppression factor is

a, = m/4p

and the noise suppression factor is

12

Therefore, the downlink noise phase modulation is

2
0
2w 1 D _ 1
oy T3z —2 .-z By=3By
sin GU

which indicates that the downlink PRN deviation should be minimized and
uplink deviation maximized (consistent with carrier tracking requirements)
in order to minimize the modulation loss caused by uplink noise as well as

its contribution to the overall noise spectral density at the DSIF receiver.

The latter effect is small in any case, less than 0.1 db in the control table

(Item 29).




1.1.3 Link Optimization

For a carrier phase modulated by a turn-around PN code and uplink

noise, the total power PT is distributed as follows:

2
Carrier er, P. =P cosz 0 ’e—crn
power, Yc T 4T D
2
2 n
Ranging power, PR = P’I’ sin GD' e (16)

Given the relative power requirements of the carrier and ranging channels,
the optimum PN code deviation can be found. The carrier requires 6 db

in ZBLO = 12 cps (Appendix 4) or 16.8 db in 1 cps. The ranging threshold
is taken as 21 db/cps (Section 4, 2), Assuming the total noise spectral den-

sity at the ground receiver is the same for both channels, we have

’Ul*U
O |=

= tan? 6 = 2.61(+4.2 db)

and
| —
GD = 1,02 rad
If we take GU = 1.25 rad as the maximum practical uplink deviation (re-

sulting in a carrier modulation loss of 10 db), then

™
vy v

6. = KO, = 1,25 K =- /2P (1.02) rad
VE

Since GD is the strong signal downlink deviation in the absence of noise,
the turn-around factor K must be unity or less unless the uplink index is
changed during the flight. This limits the allowable § = N1/S1 at the trans-
ponder input under high noise conditions. Namely, taking K =1 as an

upper limit

2
< w(l.25\ _
6= Z(_U'l 2) = 1.18 (0.7 db)



The high gain antenna (30 db) and 100 kw transmitter will give a predetec-
tion ranging SNR of -9.5 db as mentioned above. The optimum downlink
index (1.02 rad) cannot be achieved; instead, the nominal index will be

| B
GD = 0.356 rad.

Setting the turn-around gain K at unity, therefore, the phase noise

deviation is

crnz =0,772 ra.d2

and the modulation loss due to uplink noise is

2

T 2
10 log e = -4.340-n = -3,35 db

The modulation losses due to the PN code are

10 log sinZ OD' = -9.17db

10 log cos2 GD' -0,57 db

The total carrier loss is 3.35 + 0.57 = 3,92 db and the ranging channel
loss is 12.52 db. Thus, the total ratio of signal-to-noise density required
is

Carrier: 16,8+ 3.92 = 20.7db in 1 cps

Ranging: 21.0+ 12,52 = 33,5 db in 1 cps

To the ranging threshold must be added the effect of the uplink noise den-
sity. For the present case the effect is less than 0.1 db.

1.2 DSIF Acquisition Procedures

JPL technical memorandum 33-83, pages 43-45, discusses the DSIF
acquisition procedures. There are four different functions for the tracking
mode acquisition. These are: (1) pointing the antenna in the direction of
the spacecraft, (2) tuning and locking the receiver to the spacecraft trans-
mitted frequency, (3) locking the spacecraft receiver to the earth trans-

mitted frequency, and then (4) establishing range lock,
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1.2.1 Frequency Acquisition

Frequency standards for the earth stations will be atomic clocks
whose drift errors will be less than 2 parts in 1011. If the spacecraft
oscillators have a stability accuracy of 1 part in 107, then the frequency
uncertainty on the uplink is £ 212 cps and the uncertainty on the downlink

is £ 230 cps.

When a priori information on the spacecraft velocity and receiver
frequency is known, the earth receiver must search the frequency uncer-
tainty region until the earth receiver is locked onto the received signal
from the spacecraft. For a threshold PLL bandwidth of 12 cps, a SNR of
6 db is required or 16.8 db in 1 cps. A sweep speed of 6 cps/sec is used.
Therefore, the time to determine acquisition on the downlink is

TAD = _‘_L_Z_Q = 92 seconds = 1,5 minutes

The second step is to vary the frequency of the earth transmitter
until it locks into the frequency of the spacecraft. Here it is necessary to
account for the large time delays between the earth and spacecraft. At
each frequency setting, itis necessary to wait for lock verification from

the spacecraft.

Thus, the time per setting is
(T + total delay time) = 27 minutes
With a sweep speed of 6 cps/sec the time for 420 cycles uncertainty

is 424/6 = 70 seconds = 1.2 minutes.

The delay time is 27 minutes at 2.5 x 108 km. Thus, the total time

for acquisition of frequency on the uplink is 1.2 + 27 = 28. 2 minutes.

After the spacecraft oscillators are locked to the received signal, it
may be necessary to retune the earth receiver to lock to the received signal

from the spacecraft.

The total time for acquiring the up and downlink lockup is

Tiotal =Mn_ut§f./+ J. 5 minutes, = 29.7 minutes

up down
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1.2,2 Ranging Acquisition

After two-way lock has been obtained, range measurements may be
made. This measurement is realized by modulating the carrier with a PN
coded signal. At the earth receiver the phase of this received signal is
compared with a similar reference signal. After synchronization is ob-
tained, this phase difference is a measure of the transmission range.
Tracking circuits will then keep the received and reference signals in

synchronization.

The multiple -component lunar code for the DSIF Mark 1 ranging
system is composed of four PN sequences of periods of 11, 31, 63, and
127 bits. It is possible to determine the phase of the composite sequence
by separately determining the phases of the component sequences., This
requires at most 11 + 31 + 63 + 127 or 232 total correlations. The length
of this composite sequence is (11)(31)(63)(127) or 2.73 x 106 bits. Since

the clock frequency is 500 kc the length of this code is 5.5 seconds after
the clock is modulo 2 summed with the PN code. The acquisition technique
is discussed by Ea.sterling.>:< Since the PN components in the ranging code
are nearly orthogonal, very close results may be obtained by using the
performance characteristics of orthogonal codes. In order to use these
results it is important to specify what is meant by a bit of information

for the ranging situation.

It is usually assumed that there is no a priori information available
about the range. Thus, for a component of the composite code with a
period Py» there are P, equally probable phases of the recefi'\/ed code.

The amount of information is then log, p, bits. Figure F-3"" shows the word
error probability Pw(n) versus the received signal energy per bit divided

by the noise power spectral density or STB/No for orthogonal codes.

*S. Golomb, Digital Communications, Prentice Hall, Chapters 6 and 7.

“"A.J. Viterbi, "On Coded Phase~Coherent Communications, "' JPL Report
32-35, Section IV, August 1960,
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Figure F-3, Word Error Probability Orthogonal Codes

The amount of information in the code is logz p = n bits., Since the
duration of the coded word is T seconds, the transmitted information rate
is

R = iT bits/second

Or, equivalently, the time required to transmit one bit is
TB =7’1r-seconds/bit

The error probability is determined by the basic system parameter

STB/NO. The numerator is controlled by the communicator whereas the
denominator is determined by the channel., The error probability Pw(n)
as a function of STB/No is a measure of a comparison for signal sets of
different size p. In our problem T is the required integration time for a

given Pw(n).



To illustrate the technique, consider the component code of length 127.

127 bits

p

n = log, p = 6.98

_ B -3
Let X = STB/NO, then for Pw(n) =10
X=2.5
2.5
Tg=—5
N—
o

From Figure F-3, consider the threshold case for which the signal-

to-noise density ratio (S/NO) = 21 db/cps (Section 4. 2). Therefore,

Tp= —22 — =1.98x 1072
1.26 x 10
The required integration time
T=nTp=6.98x1.98x107°
T = 140 ms

Note that T = 1100 periods of the 127 microsecond code.

The change in correlation level during acquisition of any of the codes
is 25 per cent or 1/4, This is the same as saying 1/16 of the total power
in the signal affects the indicated correlation level for any one code. Thus,
the total integration time must be increased by 16 to obtain the required

period.

In addition, since the set integration cannot be varied from component
to component, the worst case component must be selected. Finally, the
integration times are available only in binary multiples of a major machine

cycle (124 psec). From the ranging system specification DFN-1003-FNC,




the integration time nearest 140 ms is 210 x 124 psec = 127 ms. The re-

sulting acquisition time for the above conditions is

T

A 16 x 0.127 x 232

471 seconds or 7.9 minutes

To this time must be added the time to acquire the 500 Kc range clock and

about 1 second for other system delays.

1.3 Range and Range Rate Performance

1.3.1 Range Rate Accuracy

It has been shown™ that for a two-way coherent doppler measuring

system, the rms error in measuring frequency is

crn(ﬁf) — 0 (Cb) (F.17)
'rrV—T
where
T = Smoothing time, seconds
o-n(¢) = Rms phase jitter in loop

noise bandwidth

The specified DSIF frequency measurement accuracy is 0, 003 meters/sec.
A reasonable allowance for the error in range rate because of noise is
0.001 meters/sec or 3 parts in 1012. The S/N is determined from the
power budgets, In particular, at doppler tracking threshold, the effective

loop jitter is 1 radian. The integration time T is

T = 1 . 70 sec
w\/Ean(sf)
since
o (6f) = 3x1079 2 x 10%) = 0.003 cps
5

J.A. Develet, Jr., "Fundamental Accuracy Limitations in a Two-Way
Coherent Doppler Measurement," IRE Trans. on Space Electronics and

Telemetry, September 1961.
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Of course, a complete analysis of the doppler measurement would consider
other sources of error: oscillator stability, quantization, uncertainty in

the velocity of light, propagation anomalies.

1. 3.2 Ranging Accuracy

The ranging noise error results from phase jitter on the VCO output
of the range clock PLL. The rms range error crn(R) in terms of the phase
jitter on(q)) is

c

¢ (R) = ==—0c_(¢)
cl

2
3x10
= TZzw  al®)

for a 500 Kc clock. The phase jitter as a function of loop SNR is (for
SNR =10)

v (4 = (z5/N) "1/ 2

Besides the tracking performance threshold there is an absolute
ranging threshold set by the probability of losing range clock lock during
the acquisition procedure. With the Mark I ranging system, for example,
during acquisition of the X component of the code, the recovered clock is
1/4 (-12 db) of the fully-correlated level. Following Springetti: we take as
an absolute threshold 9 db SNR in the minimum Mark I bandwidth of 2B

LO
= 0.8 cps, requiring a ranging signal-to-noise ratio of 9 + 12 + 1 = 22 db

in ZBLO or 21 db in 1 cps. The additional one decibel accounts for the

8/1’1’2 loss caused by tracking only the clock fundamental.

“7.C. Springett, '"Telemetry and Command Techniques for Planetary
Spacecraft,” Technical Report No, 32-495, Jet Propulsion Laboratory,
January 15, 1965,
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For a signal 12 db above absolute threshold, the loop bandwidth will

have expanded to about 5.5 cps. The loop S/N will then be 13.6 db and

2
3x10° xwlo (45.7)"1/2

Un(R) = 2

7 meters rms

It must be remembered that several other sources of error—1loop dynamics,
oscillator noise, phase instability in spacecraft and ground equipment,
quantization and time measurement—have been ignored in this analysis.
However, the noise error computed above is not inconsistent with the

specified accuracy of £15 meters given in Specification No. DFN-1003-FNC.
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2. CAPSULE LINK ANALYSIS
2.1 Scope

The capsule link mission requirements and the normal mission
profile are defined. Analysis of propagation effects, frequency uncer-
tainties, and operating frequency optimization is performed. A non-
coherence FSK communication link is selected, and performance parameters

and constraints defined for the spacecraft and capsule equipment.

2.2 Mission Description

2.2.1 Mission Profile

The over-all mission for the link between the capsule and the space-
craft is divided into three basic phases: during the first (separation) phase,
the capsule transmits back to the spacecraft at short range for checkout
purposes. This phase will receive minimal emphasis here since, because
of the short range, the only problem is to avoid deleterious effects due to
spacecraft receiver overload. The second (entry) phase involves trans-
mission during the pre and postblackout phases until the landing has been
achieved. This is the most important phase of the mission. The third
(postland) phase involves transmission to the orbiting spacecraft following
capsule impact. This is of secondary importance to the mission and is

not a firm requirement,

The communication requirements are an information rate of 10 bits
per second minimum at a bit error probability rate of 10_3 for this link

by itself,

2.2.,2 Mission Parameters

A number of physical parameters are associated with the entry and
postlanding phases of the mission. These are tabulated in Tables F-1 and
F-2 and are discussed below. The values used in these tables are drawn

from the discussions presented in other sections of the appendix.

For a number of the parameters, high and low limit values are
shown which show the range of variation as the entry angles and atmospher-
ic models used are varied. In the subsequent analyses the worst case

parameters will be used.




Table F-1. Entry Profile Parameters

Spacecraft to Capsule Range 40, 000 km maximum
Capsule Entry Geometry See Figure F-4
Capsule Entry Angles (ye) 45 to 90 degrees
Descent Time
Entry to impact 5 to 20 min
Postblackout to impact 4 to 19 min

Maximum Deceleration During
communications 14 g (earth G)

(Supersonic Chute deployment)
(1)

Descent Velocity' 'During
Communications
Immediately postblackout’ 10, 000 ft/sec (approx)
During chute descent 40 to 230 ft/sec
Capsule to Mars Vertical Range
Start of entry 800, 000 feet (approx)
End of blackout 70, 000 to 300, 000

feet (approx)

Parachute Swing +6° max

Spacecraft Velocity (1) 15,000 ft/sec

Table F-2, Postland Parameters

Spacecraft to Capsule Range
Immediately post-impact 40, 000 km (approx)

Orbital phase 5,000 to 21,000 km

(1)

Velocity with respect to Martian surface

Figures F-4 and F -5 illustrate the entry geometry as it relates to the

communication problem.
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Figure F-4. Entry Geometry
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Figure F-5, Two Signal Model for Multipath

2.3 Systems Synthesis and Analysis

2.3.1 Radio Propagation

a. Introduction

To a first approximation, the Mars atmosphere may be consid-
ered to be transparent for radio signals in the VHF region and above, and
at grazing angles close to 90 degrees. FPresent information about the sur-
face of Mars is that it approximates the desert regions on Earth. As the
capsule leaves the blackout region, the effect of the reflected signals from
the surface of Mars on the resultant received signal starts to become im-
portant. It is in this region of increasing signal fading that the scientific
measurements are most important. During entry the grazing angle in-
creases and the effect of fading due to multipath increases. It is desired
to keep this angle at least 45 degrees. A large angle is also desired for
a large visibility region between the capsule and spacecraft. Also, the
larger this angle, the larger the discrimination between the direct and

reflected rays due to the directivity pattern of the capsule antenna,
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b. Derivation of Equation of Carrier Signal

A rigorous analysis of the multipath effect may be made by
considering the vector relationship of the direct and indirect signals at the
receiving antenna terminals. Since the reflecting surface will vary with
distance because of its physical nature and topography, and the path of
each reflected signal will be different, the resultant signal at the receiver
antenna will be random. In addition, the spacing between the capsule and
spacecraft will be changing in time. The solution of this problem is quite
complex and time does not permit a rigorous solution. However, a simple
two signal model shown in Figure F-5 will permit an understanding of the
basic problem. The justification of this simple model requires further

investigation.

.

The following analysis closely follows Reed and Russell. "

R = Rejq) reflection coefficient
X, = Direct path length
Xy = Indirect path length
AX = (x2 - Xl)
hT = Height above surface for T
hR = Height above surface for R
® = Grazing angle
GR(GR) = Receiving antenna gain times directivity
GT(GT) = Transmitting antenna gain times directivity
D = Divergence factor

c = Velocity of light
Signal received over direct path

= e

1 x1

* H. R. Reed and C. M. Russell, VHF Propagation, Boston Technical
Publishers, Chapters 4 and 10, 1964.




w

P = Phase constant = <
w = 2nf
EK = Field intensity with a magnitude which depends on

transmitter power output, has a zero phase angle
and a constant angular velocity

The signal received over the indirect path is given by

o . ExG(0)GR(0R)

2 x2

j(wt-Bx,+)
Re

The resultant signal at the receiving antenna

ER=E1+E2

EyG(0,)GR(8g) jlwt-Px)) EyGa(6)Gplog) ut-pxyt)

- + DR
X X,
Define:
Modulation Factor = ndirect received voltage amplitude
direct received voltage amplitude
_ 1 GT(G’I;) GRr(6g) R
1
X, GTZGTS GRi GRS
and
Y= BAx - ¢
thereiore,
o J(et-px.)
= =JY 1
ER El(l +me ) e
_ , JaR
ER = ER e
where

2 1/2
E (1+m +2mcos'y)

| -
ER_ 1

_ -1{ m siny
ag = wt - Bx; - tan (1+mcosy_)
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Since X1 and X2 are functions of time, m will be a function of time.

The angular frequency of the resultant carrier is the time rate of

change of the phase ap or

C dt 2 dt

w = R:w'ﬁdtl' m~ + m cos y _él
l1+m + 2m cos vy

The angular frequency of the modulated components of the carrier is

dx dax
dy o, -dax 4w 2 __ 1) d¢
dt m dt dt c\ dt dt dt
If do/dt is negligible compared to B(dAx/dt), then w is directly pro-
portional to the carrier frequency and the difference of the time rates of
change of the direct and indirect transmission paths. As the positions of
the transmitter and receiver vary in time, the region of reflection will vary

and therefore ¢ will vary with time.

The Figure F-6 vector representation of the resultant carrier signal
shows that E1 rotates at an angular frequency equal to the transmitted carrier

angular frequency minus the Doppler shift. The indirect signal ME1 rotates

at an angular frequency relative to the vector El equal to dr/dt = w - The
resultant vector ER is the vector sum of E1 and mE1 and it rotates at an

angular frequency w It is seen that as the vector mE; rotates about E;

1/2

the amplitude of E, varies as El(l + m2 + 2m cos y) and its angular

R
frequency varies as [(m2 + m cos y)/(1 + mé + 2m cos y)](dy/dt).

mE, SINY

Bdx, mE, COSY
dt

w

Figure F-6. Vector Representation of Signals
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In a comparison of an amplitude modulated system and a frequency
modulated system primary interest is in (1) the amplitude envelope of the
carrier, (2) the instantaneous angular frequency w and (3) the instantan-
eous angular frequency at which ER and w _ are modulated, represented
by w . The general shape of the modulation envelope is shown in Figure

F-7 for two values of m. For m relatively small

~J
EK—El(l-!-mcoswmt)
and
dx
'\ w 1
W =W=-— — -w mecosw t
C c dt m m

The resultant carrier then appears as a cosinusoidal frequency modulated
signal shifted in frequency by the direct path Doppler shift -(w/ c)(Xm/dt) .
If the separation between R and T is increasing the resultant angular fre-
quency will be decreasing and vice versa. The maximum lobe modulation
frequency is

f (max) = v
m C

where

f = Carrier frequency

v = Relative velocity of the capsule and
spacecraft = dxl/dt

¢ = Velocity of light

0.5 \ ,1 \ Vi

Figure F-7. Modulation Envelope Shape
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The resultant carrier signal amplitude in the frequency analysis of

the modulation envelope is

- 2
ER—EI-\/1+m + 2m cos y

and since

w = dy/dt or y = wmt

then

E_=E -\/1+m2+2mcosw t
R 1 m

The Fourier series for the lobe modulation envelope is given by

An (o) n
ER = - + ngl An cos nwmt + nzz:l Bn sin wmt

where

T
A=—2—j '\/1+m2+2mcoswtcosnw t dt
T o m m

T
B =%j ‘\/1+m2+2mcoswtsinnw t dt
o m m

where n is the order of the harmonic,

Solution gives

- T
n (n+ 3/2) cosnm " 1/2 1—m2

A - 203/2V1 -mZ on <l+m2)

where

I"(3/2) = 0.8862 and I'(a + 1) = aI'(a)
PT/Z(X) is the associated Legendre function.

Therefore, the modulation envelope consists of the d-c component plus

the sum of a series of cosine terms which takes the form




A0 jo0)
ER = = + ngl An cos n(wmt - )

Figure F-8 shows the harmonic content of E_ versus m.

R
The magnitude R and phase ¢ of the reflection coefficient versus
grazing angle ¢ for smooth land and for a transmitting frequency of 100 Mc/

sec are shown inFigures F-9 and F-10.

These curves are given for both vertical and horizontal polarization.
Since circularly polarized antennas will be used, the reflected signal will
be composed of the vector sum of the horizontally and vertically polarized
signals with an additional 90 degree phase shift on the signal which was
shifted at the transmitter. As indicated in Figure F-9, the phase shift for
horizontally polarized signals is about 180 degrees whereas the phase shift
for the vertically polarized signals is about 25 degrees for a grazing angle
greater than 45 degrees. This means that the reflected circularly polarized
wave will be approximately 180 degrees reversed in polarity. Or, if the
incident wave is right hand circularly polarized the reflected wave will be

approximately left hand circularly polarized.

In addition, the amplitudes of the reflected waves for the vertical and
horizontal signals will be about the same at a grazing angle of 90 degrees
which will result in circular polarization. But there will be about a two to
one difference in amplitudes of the signals for a grazing angle of 45 degrees,
thereby resulting in an elliptically polarized wave. Since the direct wave
and the reflected wave may be oppositely polarized, the receiving antenna
which is designed to accept the direct wave will discriminate against the
reflected wave. This will decrease the effect of fading. This problem re-
quires further investigation. The following example assumes that the re-
ceiving antenna has a 3 db discrimination between the reflected and direct

signals.
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c. Typical Example

The system parameters are given in Table F-3, The modulation

angular frequency is

Assume that d¢/dt = is negligible, therefore:

1} Between blackout and before chute opening

1.36 x 10

8
f = ———8—(10,000\= 1420 cps
M 9,6 x 10 )

2) Maximum after chute opening

8
_1.36x10 _
f.= _____7(460} = 65 cps
9.6 x 10 »

3) Minimum after chute opening

£ = 1.36x108 _
T ———— [80] = 1l cps
9.6 x 10

The maximum doppler frequency is

OIH,
—t

1.36 x 108

= = (14.7 x 103)= 2080 cps
9.6 x 10

The modulation factor is

o Xy GT(GT) GR(GR) oR
= T ]
X, GT(eT) GR(GR)

let

"
He
%
oo
o
1}
[

therefore,

t
(=]
3]
-~




Table FF-3., System Parameters

f=100 Mc

y = 45 deg

to 90 deg

Desert land = 90 deg y = 45 deg

H- 0.35
v 0.35
¢H= 200 deg
¢V= 24 deg

0.6
0.26
194 deg

32 deg

Resultant for circular polarization

o]
t

0.51

= -23 deg

x, = 10,000 to 40,000 km

XZ' = 85 + 10,

bl
]

000 to 85 + 40,000

1 2 X, after blackout

—— = 14, 700 ft/sec to 460 ft/sec after chute opening

14, 700 ft/sec to 10,000 ft/sec = 4700 ft/sec

immediately after blackout and before chute

anin
eniy

Go(0,) = -6 db
G(6,) = 0 db
Gg(6g) = 1 db

GR(GR') = 4 db

o
o
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d. Conclusions

The derivation of the equation of the carrier signal was determined
for a simple two signal reflection model. This was done to get first order
magnitudes of the fading rate, doppler frequency, and magnitude of modula-

tion envelope. Further investigation is required to justify this very simple

model.
Some typical results are:

1) Fading Rate

Between blackout and before chute opening = 1420 cps
Maximum after chute opening = 65 cps

2) Maximum Doppler Frequency

fD = 2080 cps

3) Reflection Coefficient

There is approximately a 180 degree reversal of the circular
polarization for grazing angles above 45 degrees. The re-
flection coefficient is calculated for desert type land. This
reflection coefficient at a grazing angle of 45 degrees is
approximately

_ -j0.4

R=10.51e

4) Modulation Factor

The amplitude modulation factor for the received carrier is
27 per cent.

2,3.2 Frequency Uncertainties

a. General Discussion

For data rates of 10 bits/sec the problem of dealing with the
frequency uncertainties in the capsule-to-spacecraft link dominates the
link design. These uncertainties are primarily because of oscillator crys-
tal tolerances and doppler shift of the carrier frequencies. These uncertain-
ties have, of course, certain long-term nominal values. They also have

rates of change; for example, the doppler shift has a rate of change which




would have to be considered in the design of the carrier tracking loop band-

width for a coherent phase modulation system. To give a feel for the mag-

nitude of the problem at this point, it will be found in the following section

that the total range of frequency uncertainty, AF

F will be approximately

three orders of magnitude larger than the bandwidth required for the data.

There are a number of ways of approaching the frequency uncertainty

problem.

1)

2)

3)

Certain significant options are as follows:

Total AF g System

The link modulation technique could be chosen such that a
nonfrequency-tracking spacecraft VHF receiver is used. Its
predetection bandwidth would be chosen to be large enough
to encompass the total range of frequency uncertainties.
Two such modulation techniques are PCM-FSK and PCM -
FSK-AM. This is the simplest approach.

Partially Compensated AFfF System

A close relative to the above system would again use a non-
frequency tracking VHF receiver with a broad predetection
bandwidth. It would, however, provide a number of choices
for the nominal center frequency of this bandwidth. Many of
the sources of frequency uncertainty to be listed can be
divided into a predictable component and a nonpredictable
component.

For example, the frequency of the spacecraft receiver crystal
is determined by its nominal center frequency, adjustment
drift due to aging, drift due to temperature and offset due to
the vibration of launch. Once the spacecraft is in flight many
of these variables then become fixed (at least for periods of
hours). Thus, given the ability to measure the value of the
frequencies involved and given the ability to vary the band
center of the spacecraft receiver, the total AFg to be
accommodated can be reduced.

Frequency Tracking System

It is possible to design systems using a frequency or phase
tracking spacecraft receiver in which the bandwidth of the
tracking lc ops are made large enough so that the acquisition
time and rate tracking errors are made satisfactorily low.
For these types of systems the total noise bandwidth of the
system would be substantially less than the total AFp to be
tolerated but would be much larger than the data rate (10 cps).
These types of systems increase the spacecraft complexity
and are critically dependent upon the detailed nature of the
received VHF radio frequency signals,
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4) Spacecraft Repeater Systems

The last type of system is one in which the IF output of the
spacecraft VHF receiver is transmitted to the DSIF as a sub-
carrier on the S-band link. Here the data detection process
is done on earth, possibly using both real time detection plus
predetection recording with subsequent delayed detection.
This system places minimal complexity in the spacecraft and
preserves doppler and fading rate information for analysis on
earth,

b. Numerical Evaluation of Uncertainties

To supply a numerical basis for the following discussion, this
section will evaluate the range of the total frequency uncertainty, AFF,
which will be experienced. A list of these uncertainties is shown in Tables

F-4 and F-5.

Table F-4 is a conservative estimate of the total frequency uncertainty
assuming a carrier frequency of 136 Mc. The doppler shift of +2.0 Kc is
a worst case value with the spacecraft velocity vector considered normal
to the Martian surface and the capsule descending slowly on a parachute.
The lander crystal nominal value (£3 x 10'5) is a value quoted by Aero-
nutronics for its solid state transmitter designed for lunar hard landing.
The capsule high G value of 2 x 10-5 is twice the experimental value meas-
ured by JPL for the permanent offset of crystal frequency due to high G
impact. * The resultant AFF of about 21 Kc is conservative and would, in
the course of a development program, be refined by a large number of
measurements. It should be borne in mind that a statistical approach
would be required to choose the design AFF so that a very high probability

of never exceeding this value would be assured.

In Table F-5 it is assumed that a receiver is used which partially com-
pensates for the frequency uncertainty. Here, the expected values of the
spacecraft and capsule crystals would be computed using temperature
measurements or measured on earth (before entry). Then the spacecraft
receiver center frequency would be adjusted to place the actual carrier in
the center of the chosen band. It is assumed that programming out the

doppler shift of 2.0 Kc would be extremely unwise because of the uncertainty

*J.0. Lonborg, "High Impact Survival," JPL TR 32-647, page 20,
30 September 1964.
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Table F-4. Capsule-Spacecraft Link Frequency Uncertainties
. F = 136 Mc, Noncompensated Values

Item No. Source Pﬁi;?nn;::r AFF(KC)

1 Doppler Shift 15,000 ft/sec, +2.0
Yo = 90 deg -0.0
2 Spacecraft Receiver +2.7
3 Capsule Crystal - Nominal +4,1
4 Capsule Crystal - High G 2.7
5 Total +11.5
-9.5

6 AF 21.0"

X
A noise bandwidth of 22 Kc will be used in other parts of the analysis con-
tained in this appendix to accommodate the 21 Kc frequency uncertainty.

Table F-5. Capsule-Spacecraft Link Frequency Uncertainties

F = 136 Mc, Partially Compensated Values

Item No. Source ng'zlrlnnelfedr AFF(KC)

1 Doppler Shift 15,000 ft/sec, +2.0

Yo = 90 deg -0.0

2 Spacecraft Receiver +5x 107 +0.7

3 Capsule Crystal - Nominal +5 x 10'6 +0.7

4 Capsule Crystal - High G +1x 1072 +1.4

5 Total +4.9
-2.8

6 AFF 7.7



in its time of occurrence. By this technique the total AFF could be re-
duced to say 8 Kc. This would improve the predetection C/N value by
about 4.4 db. Although this is a significant number, it comes at the ex-

pense of a considerable increase in system complexity.

c. Conclusions

In summary, pending a more detailed analysis, the most conservative
approach is represented by a Type | total AF_ system with a frequency
uncertainty of approximately 21 Kc. Type 2 and 3 systems should be stud-
ied further but could not be recommended at this time. A Type 4 space-
craft repeater system also represents a very conservative approach and
will be discussed in more detail in a later section. During Phase 1B effort
will be devoted to more accurately determining the actual value of frequency
uncertainty to be accommodated. This will be done by a thorough investi-
gation of all causes of crystal frequency change, a more detailed compari-
son of the above approaches, and by coupling these to a statistical approach.
This will then result in a final AF _, to be accommodated which will be

F
coupled to a probability of mission success.

2.3.3 Frequency Choice

a. General Discussion

The following factors must be considered in choosing the frequency

of the link between the capsule and the spacecraft:
e The frequency uncertainty problem
® Propagation efficiency
® Receiving system noise temperature
® Efficiency of the solid state capsule transmitters

® Spacecraft and capsule antenna design problems

The following discussion will treat these considerations under the

assumption that the general frequency range of interest is 100 to 400 Mc.




b. Frequency Uncertainty

The discussion in Section 2. 3.2 indicated that the frequency uncertainty
problem was a major factor in system design. Since the arithmetic value
of AFF to be accommodated is directly proportional to the carrier fre-
quency, it is obvious that this consideration requires the use of as low a

frequency as possible.

c. Propagation Efficiency

Another major factor is the propagation efficiency—the transmitter
power output required to provide sufficient spacecraft receiver input power.
In the case of this link the transmission is between a capsule antenna sys-
tem which can be considered as a near isotropic radiator and a fixed beam-
width, fixed gain spacecraft antenna. So that the geometry of the entry
and postland orbital portions of the mission be satisfied, it is required
that the spacecraft antenna have a beamwidth of the order of 100 degrees.

For this case the form of the free space equation which applies is

E.R_— __)‘_ZGG
P, \4nd T R

and the loss between transmitter and receiver increases 6 db per octave
of frequency increase. Thus, this factor also favors operation at as low

a frequency as possible,

d. Receiving System Noise Temperature

The three coniributors to the receiving system noise temperature
are planetary noise temperature, cosmic noise, and spacecraft receiver
noise. The planetary noise, if it totally filled the spacecraft antenna beam
would contribute approximately 300°K to the system noise temperature.

For the actual geometr,, however, only a small portion of the beam is

P
filled with the planet. Thus cosmic noise has a significant contribution
to the system noise temperature. In the 100 to 400 Mc frequency range
low noise transistor preamplifiers are available which can conservatively

provide a 3 to 5 db noise figure.



In summary the total noise temperature of the system varies as

follows (estimated):

Noise Temperature ( OK)

Frequency
(Mc) Cosmic Receiver Total
100 1200 300 1500
136 600 420 1020
200 200 420 620
400 50 600 650

Thus, it can be seen that in the range of 136 to 400 Mc only a 2-db change
is in system noise temperature. This factor alone favors the mid-portion

of this frequency range.

e. Solid State Transmitter Efficiencies

In general, the efficiency of solid state transmitters will decrease
with increasing frequency. This factor will at least offset the system
noise temperature variation. So, in summary, the equipment factors of
receiving system noise temperature and transmitter efficiency vary in a
very broad manner such that they do not control or heavily influence the

frequency choice.

f. Spacecraft and Capsule VHF Antenna Design

Thus far all considerations have pointed toward the use of low fre-
quencies in the vicinity of 100 to 200 Mc with the frequency uncertainty
problem and propagation efficiency heavily favoring the lowest possible
frequency and cosmic noise becoming quite influential at 100 Mc. Thus,

aside from the design of the two antennas, the use of 136 Mc is indicated.
Regarding the antenna designs, it would be desirable to work at the higher

frequencies for a number of reasons:

1) The spacecraft antenna size for a given required beamwidth
is smaller at higher frequencies,

2) Achieving a high capsule antenna front-to-back ratio would
be easier at high frequencies. (This is desirable to mini-
mize multipath reflections.)

3) Due to the restricted size of the capsule, a lower bound in

frequency exists for which the antenna can be designed, It
will be assumed that these constraints can be satisfied at
136 Mc.
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g. Conclusions

In conclusion, then, it is found that 136 Mc represents a sensible
compromise favoring the very influential frequency uncertainty and propa-
gation efficiency factors, and providing a satisfactory compromise in the

other areas.

2.3.4 Modulation, Demodulation, and Synchronization

As a first approximation, there is a high probability that the fading
rate will be comparable to the information rate. It has been shownﬂ= that
for a differential PSK (DPSK) system or DPSK-AM system when the fading
rate is only about 20 per cent of the information rate, this type of system
is useless. The FSK system has a very gradual degradation with fading

rate.

The next decision is to determine whether the system should be
coherent or noncoherent. A coherent system requires phaselocking the
reference oscillator and the received signal. It has been shown**that the
acquisition time TA is related to the frequency uncertainty AF and the

noise bandwidth Bno of the phaselock loop by
10AF

A~ (Bno)z

This is the acquisition time for a 95 per cent probability of success and a

T

signal-to-noise power ratio equal to 9 db. The rms phase jitter is 0,15
radians or 9 degrees. Since the time at the end of blackout to impact may

be as low as 4 minutes, the acquisition time should be about 10 seconds.

Thus, we have

AF = 21 Kc/sec

TA = 10 seconds

Bno = 150 cps

* A.B. Glenn and G. Lieberman, "Performance of Digital Communication

Systems in an Arbitrary Fading Rate and Jamming Environments, "
IRE Trans PGCS, March 1963.

*% J.P. Frazier and J. Page, "Phase-Lock Loop Frequency Acquisition
Study, " IRE Trans PGSET, September 1962,
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From the system parameters (Table F-6),

$ - 44,3 ap
N,
and for B = 150 cps,
C _
N 22.5 db

Table F-6. Capsule Link Parameters

Total frequency uncertainty = zx11 Kc/sec
Information bit rate = 10 bits/sec

Maximum range = 40,000 km

Transmitter power = 20 watts
Transmitter antenna gain = 0 db
Receiver antenna gain = 4 db
Received Power = -153.7 dbw
Effective noise temperature = 1020°K
Transmission frequency = 136 Mc/sec
Noise power spectral density = -198 dbw/cps
Noise power in 44 kc bandwidth = -151.6 dbw

A signal margin must be allocated for the multipath fading and for
the capsule antenna gain fluctuations as a function of attitude uncertainties
during descent. A 6-db margin is assumed. In addition, a 6-db margin
is assumed for equipment parameter uncertainties., With the total of 12-db
system margin, the effective C/N is 10.5 db or a +1.5 db margin. A small
fraction of the total power (less than 1/2 db) would be required for provis-

ion of a data subcarrier, thereby reducing the margin slightly.

Thus, it appears that carrier lock performance is adequate but with
small margin. Of particular concern is the nature of the degradation —

decreased lockup probability — if the signal margin becomes negative.




An extremely high lock up probability is required for post blackout

reacquisition.

In the event that signal strength is much larger than estimated, then
an additional problem of spurious lock on modulation sidebands can occur.

This can be alleviated, but at the expense of added complexity, with an

IQ phase lock loop.

a, Noncoherent FSK System

The system considered is shown in Figure F-11,

MARK ENVELOPE
BPF DETECTOR

d

a

D— e o — o sameer p— DE,CRIS{J?TN ——
RECEIVE OUTPUT

INPUT ?

SAMPLING
SPACE ENVELOPE SIGNAL

BPF DETECTOR LPF

Figure F-11. Noncoherent FSK System

The analysis for the different points in Figure F-11 are:

Point A
Carrier to noise power ratio C/N = -2.1 db
Bandwidth BIF = Z(B1 + 2AF)
where
B1 = twice the information bandwidth
= me = 20 cps
AF = 11 Kc/sec
= 44 Kc/sec
BIF
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Point B

1

B, + 2AF
a

2(B, + 2AF)
e

T
[
TN
bz [e
S——”
o

4+0.9 db

At this point before noncoherent detection we must assume a system
margin because the performance of this detector is sensitive to the input
signal-to-noise ratio. We will assume a 6-db system margin for system

parameter variations and a 6-db margin for fading. * This gives a total

of 12-db system margin.

Therefore,

as measured in a bandwidth of 22 Kc/sec.

Figure F-12 shows the effect of noise on the characteristics of a linear
detector ¥* This curve is used to determine the SNR at the audio or video
output of an AM receiver. The curve is valid for sinewave modulation
when the audio bandwidth is less (at least one half) than the IF bandwidth.
The SNR is normalized to take into account the different IF to audio band-
width ratio of different receivers. Each ordinate represents the calculated

value of SNR at the output in db minus 10 log IFBW/ZAF For example,

BW*
a receiver whose IF bandwidth (IFBW) is 100 Kc and whose AF bandwidth

(AFBW) is 3 Kc, one would have to add to the value of SNR read as an

A.B. Glenn and G. Lieberman, '""Performance of Digital Communi-
cation Systems in an Arbitrary Fading Rate and Jamming Environments, "
IRE Trans PGCS, March 1963, and A. B. Glenn and G. Lieberman,
"Effect of Propagation Fading and Antenna Fluctuations or Communi-

cation System Performance in a Jamming Environment,' IRE Trans
PGCS, March 1962,

%ok
E.G. Fubini and D, C. Johnson, "SNR in AM Receivers' Proc. IRE,
pp. 1461 to 1466, December 1948,
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ordinate a number equal to 10 log10 100/6 = 12.2 db. Modulation coeffi-

cients m different from 100 per cent can be taken into account with good

approximation by adding 20 log ;4™ to the ordinate.
From Figure F-12, the output SNR of

4
s\ _ (2.2)(107) _
(—)C— -17+ 10 IOglo—Wl—Gr— —+13.4 db

as measured in a 10 cps bandwidth.

At point d, the noise from the channel which does not contain the
signal will contribute noise to the channel which contains both signal and
noise. However, the noise from the channel that contains signal and noise
is the sum of the cross-product of the signal and noise plus the cross-
product of the noise and noise. * Since the SNR at the input to the detector

is very small, the noise from the two channels will be about equal,

Therefore, the resultant output SNR at point d is approximately

(1%) ~13.4 - 3db
4

=10.4

The energy-to-noise power spectral density is

B

= (%)
— =|=] —— x T
No NdZ

11.0x10x 0.1

Il

10.4 db

The sampling circuit will sample at the end of the data bit. If the

sampled signal is greater than zero, the decision will be that the most

M. Schwartz, Information, Transmission and Noise, McGraw Hill
Book Company, 1959, Chapter 6, and W, B, Davenport and W, L,
Root, Introduction to Theory or Random Signals and Noise, McGraw
Hill Book Company, 1958, Chapter 12.
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| probable transmitted signal was a mark and vice-versa. For an error
@ probability” of Pe = 1072, the required E/N_ is 10.8 db. We assume a

gaussian noise distribution in the 10 cps filter.

g. FSK-AM System

The next system analyzed is the noncoherent FSK-AM system
shown in Figure F-13,

SUBCARRIER
ENVELOPE
DETECTORS

MARK
G

(]

Lt |od
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INPUT

Y

RECEIVER O

C'/‘\A:;{I:;R 2ND SAMPLER o
o AND | OUTPUT

ENVELOPE IF DECISION

DETECTOR

o
o Q
o Q

SAMPLING
SIGNAL

o SUBCARRIER
L S'BAPEE ENVELOPE LPF
DETECTOR

‘ Figure F-13. Noncoherent FSK-AM System

Table F-7 shows the results of the analysis for the conditions given

in Table F-6, a modulation of 100 per cent and a 12-db system margin.

Table F-7. Results of Capsule Link Parameter Analysis, FSK-AM

Bandwidth Carrier-to-Noise
Point (cps) Power Ratio (db)
a 22,000 -11.1
b 40 -17.1+ 24.4="7.44db
c 20 10.4
d 10 10.4
e 10 9.4*

*As there is approximately 1 db contribution of noise
due to the space channel,

The above analysis is based on carrier power. But to obtain a more
‘ realistic comparison of FSK and FSK-AM systems the results should be

based on the same prime power for both systems., For the AM system and
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for 100 per cent modulation the carrier contains 67 per cent of the total
power. Thus, on the basis of total power limitation, the effective signal-
to-noise power ratio for the FSK-AM system is 9.4 - 1.7 or 7.7 db. There
is an additional degradation of at least 1 db in the FSK-AM system because
in a practical system the modulation will be less than 90 per cent instead of
the 100 per cent assumed in the analysis, Thus, the FSK system requires

about 3.5 db less power than the FSK-AM system.

c. Synchronization

The proper detection of the data in the spacecraft requires bit
synchronization. This is necessary so the sampling is done at the maxi-
mum SNR. Thus, the error probability is minimized in the maximum
likelihood decision criteria. * Many techniques may be used for bit and
frame synchronization. These methods should be investigated for both
performance and complexity of implementation before a technique is de-
cided. The following is a discussion of one type of synchronization. e

In start-stop synchronization there are three required functions.
These are "ready," "phasing," and "start" functions. The "ready" alerts
the receiver as to when to look for the start and phasing information. The

"phasing" indicates the proper orientation of the sampling while the "start"

indicates the proper location of the first information bit.

Figure F-14 shows a method of combining the ready and phasing func-
tions. At the expense of extra bandwidth, a burst of double speed reversals
is used as a ready signal. Since the data signal spectrum has a null at this
frequency, the ready signal may be separated by a narrow bandpass filter
or equivalent. The output from this filter has a phase representing the
average phase of the burst and therefore provides an accurate indication
of the correct phasing for the bit sampling. This signal can also be used
as a temporary receiving clock to sample for the start pattern instead of
depending upon signal transitions. The start may consist of a simple

isolated marking bit. After the start has been located the regular receive

*
S. W. Golomb, ''Digital Communications, ' Prentice Hall, 1964
Chapter 7. ’ ’

L3

W. R. Bennett and J. R. Davey, Data Transmission, McGraw Hill
Book Company, 1965, Chapter 14,
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clock is started in the same phase as the temporary clock signal.

messages the phase of the receiver clock may be corrected during the

message by the average transition times.

| READY

PHASING

‘ AND

—Mrrnrrut

FILTERED READY PHASING

TEMPORARY CLOCK

START-STOP CLOCK

Figure F-14, Method of Combining '""Ready' and
""Phasing'' Functions (After Bennett

and Davey)

MESSAGE BIT NO. 1

In long

A block diagram of the FSK receiver showing the information and

sync channels is shown in Figure F-15,
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5. Noncoherent FSK System
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The output of the mark and space bandpass filters (BPF) are followed
by envelope detectors. Since these detectors will be operating near the

square law region, these detectors approximate energy detectors. These

e

=

are more efficient than voltage detectors in a fast fading rate environment.

The output of these detectors is applied to a linear difference circuit
which is followed by a LPF and amplifier. The output of the amplifier is
applied both to a detector for the synchronizing signal and to a matched
filter. This filter is an integrate-and-dump type and maximizes the data
SNR. The output of the sync detector provides sampling signals which will
sample the output of the matched filter at the maximum SNR. A decision
device which follows this match filter will decide whether a mark or space
signal was transmitted. If the output of the matched filter were positive,

the most probable transmitted signal was a2 mark and vice versa.

d. Data Rate Performance of FSK System

Since the performance of the envelope detectors in the noncoherent
FSK system is sensitive to input carrier to noise ratios, it is important
to determine the effect of variations in the frequency uncertainties and
transmitter power. As previously discussed the assumed frequency un-
certainty AF was on the conservative side. Also a system margin of 6 db
for fading plus 6 db for other parameters was assumed necessary for 99
per cent probability of satisfactory operation. Both the frequency uncer-
tainty and the system margin require further investigation so more precise
values may be obtained on a statistical basis. The curves in Figure F-16

show the effect on noncoherent FSK for the following conditions:

Transmission range = 40,000 km
Transmission frequency = 136 Mc/sec
Effective receiver noise temp, = 1020°K
Transmitter antenna gain = 0 db
Receiving antenna gain = 4 db
Data error probability = 10‘3
Total system margin = 12 db

“ A. B. Glenn and G. Lieberman, '"Performance of Digital Communica-
tions Systems in an Arbitrary Fading Rate and Jamming Environments, "
IRE Trans PGCS, March 1963,
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Figure F-16. Data Rate vs. Frequency Uncertainty
for Noncoherent FSK

The effect of decreasing the frequency uncertainty A F on the data

rate D shows that for a transmitter power of 20 watts a decrease in

from 20 to 2 Kc/sec allows an increase of D from 10 to 32 bits/sec.

6-db increase in transmitter power (or equivalently a 6-db decrease

system margin) from 20 to 80 watts gives about a nine-fold increase

data rate.

(S

Conclusions

The FSK noncoherent system was chosen for the following

1) High probability that fading rate is comparable to
information rate

AF
A
in

in

reasomns:

2) Frequency search and acquistion required for a phase-

lock loop

3) Spurious lock on modulation sideband can occur with
phase-lock loop

4) S/N degradation likely to cause phase-lock dropout and

complete loss of data until reacquition occurs
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5) Simplest and most reliabile implementation

6) Satisfactory operation aga range of 40,000 km for an
error probability of 10"~ and a 12 db system margin.
Half of this system margin is required because of fading
and antenna fluctuations for 99 percent probability of
satisfactory operation.

2.3.5 Link Performance

The preceding sections have described the mission profile and have
derived the characteristics of the modulation technique to be used. The
appropriate parameters will be collected in this section to form a perfor-
mance surnnnary.::< This is shown in Table F-8. The following comments

apply to items in the table.

Item 2: It is assumed the entry VHF transmitter is mounted on the

outside of the impact absorption shell of the capsule.

Item 6: Ellipticities for the spacecraft and capsule antennas are

assumed to be 2 and 4 db, respectively. Each will use circular polarization.

Item 9: It is assumed that a single low noise preamplifier is used

which is common to both VHF receivers in the spacecraft.

Items 10 and 11: As has been discussed in the preceding section on
modulation and demodulation, the margin must be computed before detec-
tion. This is because the FSK mark and space channel detectors are
operating in a negative C/N ratio region. Note that this table provides a
total of 12 db of predetection margin for the sum of equipment and fading

effects.

Item 16 in Table F-8 shows that the system described will provide a
C/N in 44 kc of -13.9 db into the spacecraft receiver. In Section 2.3.4 it
was shown that this is adequate to provide 1 x 10-3 error rate detection
using the noncoherent FSK system as designed. This operation is pro-
vided at maximum range using the reasonable values of 20 watts for the

capsule VHF transmitter and a 0-db gain capsule antenna.

The official telecommunications design control table will be found in
Volume 2, Section 5. 3. 3.
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Item

‘ 10

11
12
13

14

15

16

Table F-8. Performance Summary

Capsule to Spacecraft During Entry

Parameter
Total Transmitter Power
Transmitting Circuit Losses
Transmitting Antenna Gain
Transmitting Antenna Pointing Loss

Space Loss (F = 136 Mc,
D = 40, 000 km)

Polarization Loss

Receiving Antenna Gain
Receiving Antenna Pointing Loss
Receiving Circuit Losses
Margin for Fading Effects
Margin for Equipment Effects
Total Circuit Losses

Total Received Power

Receiver Noise Spectral Density
(NF = 4 db, T = 420°K + 600°K
= 1020°K)

Receiver Bandwidth (44 Kc)

Receiver C/N in 44 Kc

Value

+13 dbw
0.5 db
0 db

0 db

167.2 db
0.5 db
4 db

1 db

1 db

6 db

6 db

. 178,2 db

-165.2

-197.7 dbw/cps
46.4 db

'1309 db



2.3.6 Spacecraft VHF System Configuration Selection

a. Total System

As a result of the preceding analysis, a VHF link between the cap-
sule and the spacecraft has been designed which operates in the 136 to
138 Mc space telemetry band, using circular polarization and a noncoherent
FSK modulation technique. A block diagram of the spacecraft receiving

system is shown in Figure F-17,

SPACECRAFT
VHF ANTENNA VHF FSK I

‘7 RECEIVER DEMODULATOR

BAND PASS RF 10 BIT. SEC
FILTER PREAMPLIFIER NRZ DATA

VHF FSK
RECEIVER DEMODULATOR

Figure F-17. Spacecraft VHF Receiving System

The spacecraft antenna receives the circularly polarized RF signals
which are conducted to the RF bandpass filter. This filter prevents RF
energy at other than the desired frequency from entering the RF preampli-
fier. It is required primarily for operation in the pad checkout and earth
orbit test phase of the program. A single, simple low noise RF preampli-
fier is used to amplofy and supply signals to the two VHF receiver demodu-
lator pairs. The use of one preamplifier eliminates the 3-db loss that
would be present should two receiver inputs be operated in parallel. The
two bit streams of demodulated data are fed to the data handling subsys-

tem for transmission to earth via the S-band link.

b. Spacecraft VHF Antenna

The following are the basic performance specifications on the space-

craft VHF antenna:
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Center frequency 136 to 138 Mc

R
Gain 4 db min
Polarization Right-hand circular
Beamwidth (3 db) 110 deg

Ellipticity (over
110 deg cone) 4 db max

c. RF Bandpass Filter

Center Frequency 136 to 138 Mc

Bandwidth (3 db) 2 Mc
Bandwidth (60 db) To be specified
Loss 0.2 db

d. RF Preamplifier

Center Frequency 136 to 138 Mc

Bandwidth (3 db) 1 Mc
Noise Figure 4 db max
Gain 20 db min
Outputs 2

e. VHF Receiver

A block diagram of the VHF receiver is shown in Figure F-18.

basic performance specifications are as follows:

Input Frequency 136 to 138 Mc
Output Frequency 10 Mc
Bandwidth 44 kc

Noise Figure 10 db max

%
With respect to circular isotropic.
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MULTIPLIER
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OSCILLATOR

Figure F-18., VHEF Receiver Block Diagram

In computing the dynamic range required in the VHF receiver in the
spacecraft, assume that the start of the process of checking out the capsule
takes place when the range between the spacecraft and the capsule is 100 km
(approximately 10 minutes after capsule ejection). The signal in the space-
craft receiver is then 52 db above the nominal signal at maximum range
(40,000 km). Adding to this the 12 db margin and a few db for positive
tolerances on other parameters, it is found that a 70-db dynamic range
will suffice. The absolute level of the input signal will be less than

-105 dbw which is well below saturation in the RF preamplifier,

f. FSK Demodulator

A block diagram of the FSK demodulator is shown in Figure F-19,Its

basic performance specifications are as follows:
Input Frequency (Nominal) 10 Mc

Input Power Level To be specified

*
To be reduced to the degree possible as a result of test data analysis.
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Mark Channel Center
Frequency

Space Channel Center
Frequency

Mark and Space Channel
Filter Bandwidths

Output Data Rate (NRZ)

*
Error Rate
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2.4 Constraints

2.4.1 SEacecraft

Figure F-19,

FSK Demodulator Block Diagram

BIT
SYNCH
DETECTOR

The constraints imposed upon the spacecraft by the VHF link with

the capsule are the following:

a) The requirement for the 4-db gain 136 Mc antenna point-
ing in the direction of the lander during entry and landing.

b) No control signals are required by the VHF receiving and
demodulating equipment.

c) This equipment delivers two bit streams at 10 bits per
second each which are asynchronous with respect to the

spacecraft,

3

Thus, the Data Handling Subsystem must be
capable of deriving word sync and processing the demodu-
lated data.

To be measured with an input C/N ratio of -14 db as measured in a 44 kc

bandwidth.
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2.4.2 Capsule

Since no spacecraft command transmitter is provided, it is assumed
the capsule is either preprogrammed, hard wire programmed to its own

sensors, or receives command from its own S-band command system.

It is required that the capsule possesses a VHF antenna which has

zero db gain minimum and an adequate front-to-back ratio.

The required capsule 136-Mc FSK transmitter power output is

20 watts for the entry portion of the mission.

2.5 Spacecraft Nondemodulating Repeater Operation

2.5.1 General Principle

In the foregoing analyses and discussion it has been assumed that
demodulation of the digital data takes place in the spacecraft. This type
of system will completely satisfy the mission requirements. There is,
however, an alternate approach which is worthy of investigation. In this
mode the spacecraft would be used as a broadband repeater to transmit to
earth the predetection IF output of the spacecraft VHF receiver. This
would be done by phase modulating this IF as a subcarrier on the 2 Gc
transmitter. In the DSIF this demodulated subcarrier would be recorded
(following the first coherent demodulation). Then following completion
of the entry portion of the mission this recording would be analyzed for
its capsule signal content. A block diagram of one such system is shown

in Figure F-20.
The use of this type of system would provide the following advantages:

a) More scientific data would be made available for analysis.
For example, the doppler shift and doppler rate data on the
tape recorder would permit making estimates of decelera-
tion versus time profiles; signal level versus time data
would provide data on blackout and postblackout signal trans-
mission; and analysis of the doppler shifted component of
the signal reflected from the planet would possibly provide
data regarding the Martian terrain.

b) A redundant mode of obtaining the primary entry data is
obtained. For example, failure of both the VHF data de-
modulator and the data handling subsystems would not pre-
vent full data collection.
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Figure F-20. Spacecraft Non-Demodulating Repeater Operation

The following section will explore the possibility of using such a
system. While insufficient evidence is currently available to warrant its
inclusion as a primary mode of operation at this time, the above advantages

will warrant its further study in Phase IB.

It should be cautioned that in the following material, modifications
will be discussed of the basic system as proposed in earlier sections of

this appendix. These are to be clearly differentiated from that proposed

system.

2.5.,2 Operational Assumptions

Since it would be unsatisfactory for operational reasons to use the
entire S-band transmitter power for the VHF receiver, IF subcarrier, it
will be assumed that a 500-bit/sec telemetry channel is carried on the

S-band link simultaneously with the subcarrier,
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2,5.3 Revised Spacecraft Transmitter

For the purposes of this discussion it will be assumed that the VHF
receiver has an additional output consisting of a translation of the main
IF to a center frequency of 90 kc and that the bandwidth of this output is

44 kc. This 90-Kc subcarrier then is phase modulated on the 2 Gc carrier,

The resultant single sided S-band spectrum is as shown in Figure F-21,

DATA
SPECTRUM

[\

18KC 68K C 90K C 102KC
(APPROXIMATELY)

Figure F-21. S-Band Spectrum

2.5.4 Revised S-Band Down Link Computations

The following computations will give an indication of the performance

achievable in the S-band down link under the following assumptions:

Maximum Spacecraft-Earth Range

at Encounter 1.9 x 108 km

TWT Power Output 40 watts

Spacecraft Gain 30 db

Traffic One 500 bit/sec channel

plus the 90 Kc subcarrier

Using the Telecommunication Design Control Table found in Volume 2,
Section 5.3.1, the total received nominal power under the above assump-

tions will be

8
137.0 dbm + 10 log 22 + 20 log 22X 10 _ 1316 dbm.

20 1.9 x 108




Allowing a 6-db margin the minimum received power is then -137. 6 dbm.

The noise spectral density at the DSIF is -184.8 dbm/cps.

To design a two subcarrier data link the total power is split between
the carrier, 500 bits/sec telemetry subcarrier channel and the 90-Kc cap-
sule data repeater channel. For the 500 bits/sec telemetry data channel
a S/N of 7.3 db (for 5 x 107> bit error rate) is required in 500 cps. To
satisfy this, at least -150 dbm (-184.8 + 7.3 + 27, 0) must be placed in the

500 bits/sec telemetry data channel. This permits a Psc/Ptot up to
-12,9 db. The carrier tracking channel requires at least 6 db in 2 BL

O
(12 cps) or -168.0 dbm (-184.8 + 6 + 10.8)., This permits a PC/Ptot up
to -30.4 db.

As a first approximation it is assumed that a total rms carrier
deviation of 1.1 radians is used. This gives a ratio of Pc/Pt t of -5.8 db

®
for two subcarriers. The total power in a subcarrier is given by:

p (1) p T (m )} 2
sc _ 2 _c 1 n
tot Ptot Jo[mn’

for sinewave modulation. For a squarewave subcarrier Jl(mn) and Jo(mn)
are replaced by sin (mn) and cos (mn) respectively. Substituting into the

above equation on solving for m, (where m, is the deviation allotted to the

500 bits/sec telemetry data channel) gives:

1 psc tot

2P

d

tanz( ml) =

e

tot ¢
tan(ml) = 0.394

m, = 17.8 deg 0.310 radians (rms, peak)

With the total rms deviation of 1.1 radians, the deviation (mz) that can be

allotted to capsule data sinewave subcarrier is

*JPL Technical Report 32-215 (March 15, 1962), "The Pioneer IV Lunar
Probe," Benn D. Martin, pp 52, 23.

-
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2 1\ (1.1)° - (0. 310)°

m, = 1. 05 radians (rms) or 1.49 radians (peak)

If the capsule data channel is a sinewave channel, then

P P J (m.)) 2
sc _,_¢C 1 2
ptot ptot Jo{m?_j
=3-5.8+0.3
= -2.5

Thus, for the capsule data channel the Psc/N would be -137.6 - 2.5 +
184.8 or 44.7 db/cps, and the subcarrier-to-noise ratio in 44 Kc is then

(C/N)SC =44,7db - 10 log 44,000 = -1.7 db

2.5.5 Net Subcarrier-to-Noise Ratio

The above computations then show that the down link noise produces
a (C/N)SC in 44 Kc of -1.7 db. In Section 2.3.5 it was shown that, for a
12 db system margin, the capsule carrier-to-noise ratio (C/N)L1 as the
output of the spacecraft VHF receiver in 44 Kc was (C/N)L1 = -14 db.
Now the carrier-to-noise ratio (C/N) p 2t Point A on Figure F-20 will
be (C/N)LB = -14 db - 10 log i—+—l—1—— = -17.9 db. So it can be seen that
the S-band link now contributes heavily to the net (C/N)LB with which the
earth-based subcarrier data analysis equipment must work, Thus, the

price paid for being able to operate on the predetection capsule signal on
earth is a decrease in its C/N by 3.9 db.

2.5.6 Earth-Based Data Analysis

Although the earth-based subcarrier data analysis equipment must
now work in a noise environment 3.9 db poorer than that present in the
spacecraft, this equipment has two major added degrees of freedom,

namely:

F-60




a) The time to process the signal is no longer constrained to
seconds or minutes.

b) The permissible equipment complexity of the demodulation
equipment can be increased.

Since the data analysis can be done from the tape recorder subse-
quent to the mission constraints such as signal acquisition time no longer
apply; also repetitive playing of the tape will allow programming out
major portions of both the total frequency uncertainty and the rate of

change of the capsule carrier signals.

This topic will be studied further in Phase 1B. The approach will
be to work with the known signal characteristics (doppler, doppler rate,
fading rate, and the likely range of characteristics of the reflected signals).
Then, assuming reasonable times for post-mission data analysis, the re-
quired detector noise bandwidths will be determined. The one point of
reference available in this appendix is the computation made in the section
on modulation in which it was found that a noise bandwidth of 150 cps was
required to acquire the signal in 10 seconds (assuming a total range of

frequency uncertainty of 22 Kc). Using the value of C/N above of

LB
-17.9 db, it is found that at the DSIF the required noise bandwidth to pro-
duce a +10 db C/N ratio is B = 44 Kc - 27.9 db = 70 cps. It would seem
likely that bandwidths at least this small could be achieved using signal

processing techniques operating in nonreal time.

2.5.7 Summarz

As stated in the introduction, the inclusion of this mode of operation
is not being recommended at this time. Further work is required on the
detailed techniques to be used by the subcarrier data analysis equipment.
The small C/N degradation experienced in the down link makes the approach
look very promising. In addition, two added possible eventualities might

make it look even more attractive:

a) Should the added scientific data provided warrant the slight
added spacecraft complexity and reduction in telemetry data
rate during entry; and

b) Should the very conservative estimate of the frequency
uncertainty (AFp = 22 Kc) be found too conservative. (As
AFF is reduced, the reduction in subcarrier bandwidth
would reduce the contribution of the S-band down link noise.)
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3. PSEUDO-NQOISE SYNCHRONIZER PERFORMANCE

3.1 Introduction

Several important characteristics of PN synchronization will be

derived:

° Probability density function of the loop phase error.
o Mean time to loss of lock.

e Magnitude of the false-lock lobes of the loop error function.

The first two derivations use the techniques of Tikhonov and Viterbi*.
They have obtained exact solutions for some of the performance character-
istics of a phaselock loop when driven by a sine wave in additive white
noise. In Section 3.2 the periodic signal waveform that may take only
one of two levels is considered. Two features of loop performance in
additive white noise are derived: the first-order steady-state probability
density function of the loop phase error, and the mean time to loss of lock.
The derivation parallels that in Viterbi using Fokker-Planck equations.
The solution is not exact being based on the equivalent of narrow band
assumption for the usual phaselock loop. The principal results of the
analysis are that the first order PN sync loop is noisier and has a shorter
mean time to unlock than a phaselock loop at the same SNR. In particular,
for the same asymptotic (high SNR) mean time to unlock, the PN loop

U )
sk sk

requires 9 db more signal power than the PLL.

In deriving the above results the effects of the bandpass filter and
limiter in the sync loop are ignored. In Section 3.3, the narrow bandpass
filter results in a loop error voltage shown as different from the ideal
triangular function. The actual loop error function with the limiting

case of an infinitely narrow filter is calculated. The appearance of side

%V, I. Tikhonov, ""Phase-Lock Automatic Frequency Control Applica-
tion in the Presence of Noise, "' Automatika i Telemekhanika, Vol. 23,
No. 3, 1960, and A. J. Viterbi, '"Phase-l.ock Loop Dynamics in the
Presence of Noise by Fokker-Planck Techniques, " JPL Technical
Report No. 32-427, 29 March 1963,

" The comparison of the PN sync loop with the ordinary phase lock loop
does not imply any conclusions regarding the IQ phase lock loop used
for NRZ sync. This comparison is treated in Section 4 of this appendix.
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lobes or false-lock points is the principal feature of the practical error
function. The effect of PN code length is observed: a 7-bit code has side
lobes only 20 db down, whereas, for the Mariner C 63-bit code they are

40 db below the central peak. Thus, longer codes minimize the probability
of false lock.

3.2 A Fokker-Planck Solution for First-Order Phase-Lock Loops
With Square Inputs

3.2.1 Differential Equation and Assumptions

The circuit of concern is shown in Figure F-22. The input is As(t)
+ n(t), where s(t) = £ 1 for all t and is periodic with period = 1/wo; n(t) is
white, i.e., E[n(u)n(v)] = 1/2N06(u—v). This input is multiplied by the
reference voltage, and applied to a linear filter F(s). Its output e(t) is the
input to a VCO driving a code generator, which produces the reference
f(wot + 6/T), where f = £ 1. s(t) may be written in the form s(wot + &/T),
since it is of period l/wo (we assume from the start no frequency error

exists, to simplify matters.) Hence

-cdlg = e(t) = F(s) [As (Wot + -,?'[,—)f (Wot + -,?,—) + n(t)f (Wot + %)] (F.17)
As(t) + n(t) A l
——@ F(S) I
f _ _
GENERATOR veo

Figure F-22, Phase-Lock Loop
In Equation (F.17), the product sf takes on only the values + 1. It

is now assumed that the period 1/wO is much shorter than the phaselock
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loop response time, so that the loop perceives effectively only an averaged

version of this product; or that in Equation (F.42), the product sf can be
replaced by

£ _6_) Average 3 0\ _
s <w0t b f ow t+ )~ SYSIIES Sk (wot b f ow b+ T‘) = g(¢) (F.18)

with ¢ = £ - 0. The function g is then the cross-correlation of the two
codes s and f, and is the usual curve of loop error voltage vs. phase error.

g is then an odd function of ¢. Equation (F.17) becomes

%t‘? = F(s) |Ag(e) + n(t)f (wot + %)] (F. 19)

We treat only the first-order loop, and replace F(s) in Equation
(F. 19) by +K. Since ¢ is a constant, (F.19) can be written as

-3—:2 = - AKg(4) - K n(t)f (wot +% - —GT—) (F.20)

3.2.2 Steady-State Phase Error Probability Density Function

Equation (F.20) represents a Markov process, since the incremental
change in position is a function only of the present position. Hence, the
instantaneous probability density p(¢,t) satisfied the Fokker-Planck

equation

2
_a___pg;,t) T A(‘*’)P(d"t)] +%58¢—2 [B(d>)p(¢.t) (F.21)

where

A@d) = lim (1/At) Ad
At —0

. 2

B(¢) = lim (l/At)(TA¢

At—0

A and B may be evaluated from Equation (F.20), Given ¢,

t+At t+At

Ad = f $(t)dt = -AKg(d)At - Kf v'vot + £ - ¢)f n(t)dt (F.22)
t t
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From Equation (F. 22), then, since n(t) is assumed white with zero mean,
Ad = - AKg(d)at

t+At t+At

lho = K witre- 9 [ @ [ aviEmm
t t
1.2
='zI{ Notﬁt
since fz = 1. Thus,
A(%) = - AKg(9)
B(4) = $KN_
Equation (F. 21) is then
2
e > [Ang)pw. t)] + —%—[%KZNOp@,t)] (F. 23)
a¢

We are interested in the steady-state probability density function
p($, ). Equation (F.48) becomes (F.23)

5 [AKg(¢)p<¢) +;11-K2N0—%-)—]= 0 (F.24)
The solution to Equation (F.24) is
¢ x
p(¢) = expl-a' [ gx)ax) [D+C [ f+e | ety ax
-T/2 -T/2 -T/2

(F.25)
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where C and D are constants to be evaluated, o' = 4A/KNO, and ¢ is
assumed periodic over (-T/2, T/2). The boundary conditions for

Equation (F.25) are

T/2

p(T/2) = p(-T/2); [  p(é)de =1
-T/2

Using these to evaluate the constants, Equation (F.25) becomes

p($) = T/SXELJh(¢n (F.26)
/ exp [a'h(x)] dx
“T/2
where
$
hio) = - [ glx)dx (F.27)
-T/2

Equation (F.26) is the expression of interest.
3.2.3 Mean Time to Loss of Lock

Suppose initially that ¢ = 0. Due to the noise n(t), it departs from
zero for t > 0. Whenever it exceeds some value d)l in magnitude, sup-
pose that the circuit is removed forever from operation. How much time
on the average is required before ¢ reaches ¢l? Before ¢ reaches d)l,
p(d, t) is described by Equation (F.23). After reaches d>1, p(d,t) = 0.

Thus, we have the conditions
p(®,0) = 5(¢); p(d,t) =Dp(-d,,t) = 0; p(¢,=) = O. (F.28)

Given the angle d)l, it may be argued similarly to Viterbi that the mean

time to lose lock is

@ c‘b]_
6 = far [ pe,t)as (F. 29)
0 -d)l
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(F.29) may be evaluated by first integrating both sides of (F.23) with

respect to t over (0,®), obtaining

2

p(6s2) - p(6,0) = 5 |AKg(IP(@)] + N, EC (F. 30)
where
P(4) = [p,t)dt
0
Using the first and third equations of (F.28) in (F. 30),
5(0) = o |AKg(6)P(®)| + KN £P()
- Y g(¢)P (o) y) ° V

The solution of this equation for P is

¢ $ x
P) = exp (o' [ gax) |D+ [ e (1ot [Teiylay ) ax
! ! 2!
(F.31)

where Y = 1/4K2N0, u(x) is the unit step function, and C and D are again

constants of integration. These may be evaluated using the second
equality in (F.28), that

P(4)) = [plé, )t = 0 = P(-¢)) = [p(-¢,t)dt
0 0

with the result that
6 ¢ -
P() = %—exp -a' f g(x)dx / [%—u(x)l exp |+o / gly)dy | dx
'¢1 '¢1 "¢1

(F.32)
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(F.32) may be substituted into (F.29) to obtain

¢
T(¢1) = %fl d¢rexp[ 'h'(<i>)]fd> [%- u(x)] exp[ -a'h! (x)l dx
- s
¢ d>
- Tlfl dé f dx exp o' [h'(4) - b () (F.33)
0 $
where
h'(¢) = - [¢ g(x)dx (F.34)
_¢1

using the fact that h' is an even function, since g is an odd function.

3.2.4 PN Bit Synchronization

Similarly to Viterbi, the numbers @' and ¥ may be related to

parameters of usual interest. Hence, it can be shown that a' = Azé(O)/NOBL,

where BL = Akg(0)/4 is the loop bandwidth for the first-order loop, so

that @ = @'g(0) is the signal-to-noise ratio in the loop bandwidth. Similarly

.Suppose that s(t) is a k-bit PN code. If the block diagram of

Figure F-22 is used, the function g(¢) takes the form

T T
0 "z <-x
T T T
“ot /T TES? <tk
g(¢) = k¢/T

-T/2k<$ < T/2k

-(¢-—£-)k/T T/2k <é < T/k

0 T/k<dé < T/2
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This function is sketched in Figure F-23. From (F.27),

0 -T/2 <¢ 5-T/k
+ (3¢ + To/kyk/T +4 L “T/k <é > -T/2k
h(s) = --%—k¢2/T +;i—% -T/2k<¢ > T/2k (F.35)
& zl 2 . TO/K)K/T +-§—% T/2k <¢ >T/k
0 T/k <9 >T/2

while from (F. 34), for ¢ = T/2, h'(¢) = h(¢). The function h(d) is
sketched in Figure F'-24,

N

-"“% EIC,)

$——

-

Figure F-23. Loop Error Function for PN Code

¢—-—-

i)

o
S
1=

~i=
ISR

Figure F-24. Integral of Loop Error Function -~ PN Code
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(F. 35) may then be used in (F.26) and in (F. 33) to obtain the prob-
ability density function of the loop phase error, and the mean time to loss
of lock by suitably choosing ¢1. ¢1 is chosen to be equal to a PN bit-time,
T/k, rather than a PN code length T. It is felt that if the loop phase is in
error by T/k, no loop correction voltage is available, and the loop is sub-
ject to a random walk. If T is used instead, the time it takes for the loop
to randomly walk out of this 'dead zone' to the next PN code position is

included in the mean time to loss of lock, an unrealistic situation.

Neither (F.26) nor (F.33) are available in closed form using (F. 35).
The shape of p($) in (F.26) is obtainable exactly, but the normalization
integral in the denominator must be evaluated numerically. This is done,
and plotted in Figure F-25 for a= 6, 20, and 60, for PN code lengths
k of 7 and 63. If this is compared to similar plots in Viterbi, it is seen
that for the same signal-to-noise ratio in the loop bandwidth, o, the
probability density function for the PN code is somewhat wider than that
for the sine wave, as a fraction of one PN bit, or of one cycle of the sine
wave. This indicates that one requires a larger « to maintain the loop

phase jitter at the same value.

a - SIGNAL-TO-NOISE RATIO IN LOOP BANDWIDTH
7-BIT PN CODE
—— — — o 3-BIT PN CODE

FIRST-ORDER LOOP
2ERO FREQUENCY OFFSLT

PROBABILITY DENSITY FUNCTION

N t—

)
o e

0.2 0 0.2 0.4 0.6 0.4

o
N
N

PHASE ERROR (N PN BITY

Figure F-25, Probability Density Function of Loop Phase Error
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The normalized mean time to loss of lock, TBL, is plotted in
Figure F-26. (F.33) was evaluated numerically for @= 20 and 60. In
addition, an asymptotic value for large o can be derived. Writing
z = k¢/T, (F.33) is

T2 1 : 1
(1) = = v/ ax [ dxexpa [h(z) - h(x)] (F. 36)
k
0 z

The integral with respect to x in (F. 36) has an integrand which is
appreciable only for x close to unity, by inspection of (F.35). Hence,
one may replace the lower limit by 0, and use for h(x) the expression
in (F.35) near z = 1. Conversely, the integral with respect to z in
(F.36) has an integrand which is appreciable only for z close to zero,
hence, one may use for h(z) the expression in (F.35) near z = 0. When

this is done, (F.36) becomes
1 1
o a(l 2 o 2
BLT = 7 [ dz exp7<§- z ) ]dx exp _E<X-1)
0 0

g e1/4

—

The asymptote (F.37) is also shown on Figure F-26. This may be com-
pared to the asymptotic expression in Viterbi for the sine wave case:

BLT —-7/4 eza. It is seen that for the same BLT, a must be approxi-

3.3 Calculation of Error Function for Mariner C Bit Synchronizer

The circuit is shown in Figure F-27. It is desired to calculate the
d. c. component of the error voltage e(t), as a function of v, the timing
error between the input and the local clock. For simplicity, the local
clock is taken to be at phase zero, and the input, in the absence of noise,
is written as s(t) = PN(1) © Zfs(T). As usual, 6 denotes binary addition,
or normal multiplication if the codes take the values 11, a feature which
we always assume. The approach taken here is to calculate the com-

ponent of v(t) in phase with the reference, fs’ where v(t) is the input to
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@ = SIGNAL-TO-NOISE RATIO IN LOOP BANDWIDTH
B, =LOOP BANDWIDTH

T = MEAN TIME TO LOSS OF LOCK

/\ CALCULATED
108 —0O AsYmpPTOTE

FIRST-ORDER LOOP
ZERO FREQUENCY OFFSET

*
L
=

Figure F-26. Mean Time to Loss of Lock — PN Code

the bandpass filter whose effect we are trying to assess. Hence one may
think of v(t) as being expanded in a Fourier series; its components at the
frequency fs are in terms of a sine and a cosine term in phase and in
quadrature with the reference fs. Neglecting the effect of the limiter,
multiplying this Fourier series by fs produces a d. c. output due only to
the term at the frequency fs and in phase with the reference fs; all other
terms are zero. This calculation then gives the d.c. component of e(t)
for a fixed timing error T, if an infinitely-narrow band filter, centered

at fs’ were used in the circuit of Figure F-27.

The loop error voltage in the absence of the bandpass filter is the
triangular-type function shown in Figure F-28. Since the bandpass filter
rejects high-frequency components, it may be expected to modify this
error function in two ways. In the region of small v, the triangular-type

error function is somewhat smoothed out, and decreased in amplitude.
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v({ NARROW BAND o (1)
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S CODE CONTROLLED
GENERATOR OSCILLATOR

Figure F-27. Bit Synchronizer Circuit

In the region of large v, where the nonfiltered error function is identically

zero, the filter produces false-lock points.

The magnitude of these false

lock points is of interest, since these points affect the ease of acquisition

and of reacquisition.

1/2
-T T

Figure F-28,

-1/2

Ideal Loop Error Function
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3.3.1 Decomposition of v(t)

The technique used is to decompose v(t) into ordinary sums of terms.
Superposition may then be used, and the effect of each term on e(t) con-

sidered separately.

v(t)

Zfs(’r) 6 PN(7) Gfs 0 PN

2t 0f, el2f, 62f (1) 6 PN 6 PN()] (F.37)

Lett = kT +a, where T is a PN bit-time, k is an integer, and
-1/2 T<a<1/2 T

Then

PNe6 PN(t) = PN 6 PN(kT) PN (F.38)

+6ka.

where PN(kT) is PN shifted k units to the right, and * denotes ordinary

multiplication since 5kais no longer binary:

= PN(kT +a) - PN(kT) (F.39)

Sk a
Also, let

Zfs(r) 62fs = ZfS(a) 62fs = 1 -Aoz (F.40)

the last equality defining A, - Using (F.38) and (F. 40) in (F.37),

v(t) = 2fs efs PN 6 PN(kT) -Zfs efs 6 PN - |IPN(kT) ‘A, - 2fs (a) © Zfs . 6ka

(F.41)

Consider the first term in (F.41). Its component at the frequency
fs’ in phase with fs, produces a d.c. output at e(t). fs’ however, is in
phase with PN and with PN(kT). Hence over any PN bit-time T, the
term fs 6 PN 6PN(kT)is a constant. On the other hand, Zfs is an odd
function over T. Hence multiplying the first term in (F.41) by a sine wave
in phase with fs and integrating over T yields zero. This is illustrated
in Figure F-29.




l r ] l PN @ PN (kT)

SINE WAVE
IN PHASE WITH f

Figure F-29. Bit Synch Wave Shape
Consider the last term in the brackets in (F. 41). b 1a
only in the intervals (kT,kT +e) from (F.39). On the other hand,

Zfs(T) 6 2fs is periodic with period T, and always negative in the inter-

is nonzero

vals (kT,kT +e). This is illustrated in Figure F-30. Hence insofar as

its effect on the d.c. output of e(t) is concerned, (F.41) may be replaced

by

v (t) = -2f 0f 6PN |PN(KT) A +5 (F. 42)

ka

3.3.2 Decomposition of A,

Next, decompose A, into an arithmetic sum of two parts:
Aa:Aa' +A,". From Figures F-30 and F-31, it is seen that Aais a
train of pulses of width @, occurring every T/2 seconds. The decomposi-
tion is shown in Figure F-31 so that Aa' and A ' are two pulse trains
both with pulses of width a occurring every T seconds; however, the two
pulse trains are displaced T/2 seconds apart from each other. Hence
(F.42) is

- . « A 1 . 1"
vi(t) = -26, 0 f @ PN« |6, + PNKT) A4, + PN(KT) - & ] (F.43)



;J'_—“—_'l | | | PN (kT -a)
1 PN (kT

o L]

+2 “ 1

0 u sku

A |

N EREE E

-1

NN e e
-1

. L]
o“ U@ () - 8y, =84

Illustrating that 2f @zrs(a) b0 = o

Figure F-30. Bit Sync Wave Shapes, Ao.

Now PN(kT)* A, is a sequence of pulses of width «, T seconds apart, with
polarity dictated by the sequence PN(kT). Comparing the last illustration
of Figure F-30 and the first illustration of Figure F-32, it is seen that
the term 6ka + PN(kT)- 4,' is a sequence of pulses of width a, occurring

only where there are no transitions in the code PN(kT), and of the same

polarity as PN(kT), This is denoted hkoz = 6ka + PN(kT): A,', and is
illustrated in Figure F-32, (F.43) is
vl(t) = -Zfs Gfs 0PN - hka - Zfs efs 6PN 6PN(kT) - A" (F.44)

Consider first the second term in (F'.44). Both ZfS and A, are

periodic with period T, hence as may be seen by comparing Figures F-30
and F-31

26 = A" = 4+ A M
S




IR NNEE
NI

Figure F-31, Decomposition of A = A;l + A‘(l
Qa

I I
N

-2

+2

“ " " heg = PN ) = 8% + 8,
0 e " et
-2

Figure F-32, Calculation of hk
a

one of the signs being chosen for o > 0, the other otherwise. Which sign
is chosen is for the moment unimportant, since Zfs could well be 180° out
of phase to that drawn. However, we choose the + sign for @ > 0. Now,
multiplying this sccond term by a sine wave in phase with fs is equivalent
to multiplying the term ™ PN O6PN(kT) A," by a rectified sine wave in
phase with fs. This product, averaged over a PN bit-time T, varies

from bit to bit, being either positive or negative depending on PN 6 PN(kT).
We may, however, average over the entire PN code, n bits long, to obtain
the contribution of the second term of (F. 44) to the d.c. component of

e(t), giving

T/2
Fb,(r) = == (SPN 6PN(kT)) [ gt ) cos Bt at
-T/2
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where

2 |ozl <t <O
gz(t’a) = )
0 otherwise

and the symbol Z denotes arithmetic summation over the code length.

Similarly, in the first term in (F'.44), both Zfs and hka are
periodic with period T, hence as may be seen by comparing Figures
F-30 and F-32,

Zfs . hka = + hka
the negative sign corresponding to o > 0, to be consistent with the
previous choice. Again, multiplying this first term by a sine wave in

phase with fs is equivalent to multiplying the term % hka + PN by a recti-

fied sine wave in phase with fs. Denote

1 if the present bit in PN(kT) is
PN'"(kT) = identical to the previous bit

-1 otherwise

it is seen that, for @ > 0, h, - PN = |hka | PN 6 PN'(kT), while for

: = . ' = . ' -
<0, h - PN |hka| PN(T) 6 PN"(kT) Ihkal PN 6 PN' ( (k-1)T).
Hence averaging over the code length n, the first term contributes a

d.c. component

T/2
1 t
£b (r) = —m (ZPN @ PN'(KT)) / g, (t,o) cos To, a> 0
‘T2
T/2
—L (s PN 6 PN'(k-1)T) ) [ (t,a) cos Trdt, @ < 0
nT gl ’ T ’
_T/2
with
2 Lo
2 "|Q/\ < t < 0
gl(t,a) =
0 otherwise
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3.3.3 Calculation of Error Function

Finally, the sum of these two terms is the desired error function

E(t) = & [bl(T) - b, (7)

the positive sign being chosen for ¢ > 0. Evaluating the integrals, the

entire error function is

T

2 [(EPN ¢ PN'(kT)) (1 - cos %

)— (£ PN6 PN(kT)) sin T[r—“l @>0
E(T) =
-—r—f-T;[(EPN 6 PN' ((k-1)T)) (l—cos "Tr‘i)ﬂz PN 6 PN(kT)) sin ET-i‘ﬁ]a <0

(F. 45)

It is noted at this point that the derivation of (F.45) does not require any
particular property of the code PN, but is entirely general. From (F.45),
to calculate the error function, it is necessary only to evaluate the three
sums (Z PN 6 PN(kT)), (Z.N6PN'(kT)), and (ZPN 6 PN' ((k-1)T)0, for

k - 0,1..,n-1. Since evaluating the second sum also gives the third, only
two such sums need be found. In addition, if PN is a maximal length shift
register code, it possesses the cycle-and-add property. In this case the

first sum is known, being

(= PN 6 PN(kT)) =

-1 otherwise

Hence for a maximal length shift register code, given any specific PN
code, the only computation to be performed is the evaluation of the

second sum.

This last may be done quite easily by writing down the given PN
code, and underneath it, PN'(0); i.e., copy down the PN code from above
if the present bit is identical to the preceding bit, otherwise leave a
blank. This is shown in Figure F-33 for the 7-bit PN code, 1110010.
Next, cycle PN'(0) successively, generating PN'(T), PN'(2T), etc.

The required sum for any k, say k=2, is found by subtracting the number

of disagreements of PN'(2T) with PN, from the number of agreements.
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In the illustration of Figure F-33, it is seen that this sum is -1 for all k

except k=0 and 6 (or k=-1). Inthe latter two cases, this sum = +3.
From (F.45), then, the error function may be plotted, and is shown in

Figure F-34.

In general, for a maximal length shift register code, (ZPN 6 PN'(0)) =
n-1/2 = (PN 8 PN'((n-1)T), since this number is just the number of
nontransitions in the code. In the region -T< 7 <« T, we may now be

more explicit:

-%[ n sin 1:r—T-n%l(l-cos 'TLTI>] 0<T< T/2

E(r) =

2 N n-ll m™
+?T—r [ s1nT—(T-T)-—2—— 1- COS—,IT(T-T) I]T/Z <T < T

and the negative of the above in the negative region.

PN vl v lofof1]o (Sen@ PN (k)
PN! (0) 1| 0 3
PN! (T) 1| 0 -1
N @21 1 1 0 -1
en'an | 0 1] -1
PN! (47) 0 N -1
Ny sT) | 0 ] -1
NTen | 1| 0 3

Calculation of (T PN @ PN'(kXT)) For a 7-Bit Code

Figure F-33. Calculation of (EPN (§) PN' (kT) ) For a 7-Bit Code
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(F.45) was also evaluated for the 63-bit PN code used on the tel-
emetry link of Mariner C. This code is:

100000111111010101100110111011010010011100010111100101000110000

It was found, by performing the computation illustrated in Figure F-35,
that similar to the 7-bit code, (ZPN 6PN'(kT)) = -1 for all k except
k=0,62. Hence the error function is identical in any interval (kT, (k+1)T),
for 1 < k =61. Hence we plot in Figure F-35 only the error function for
small T, I T | < T, and for large T, |T | >T. Notice that the vertical scale
differs by a factor of 10 in the two cases. Hence the 'sidelobes' of the

error function are approximately 40 db below the main curve.

Comparing Figures F-34 and F-35, we note that the peak of the
error function for the 7-bit code is slightly higher than that of the 63-bit
code; however, its sidelobes are only about 20 db down compared to
40 db for the 63-bit code. We also note that the error function for the
unfiltered loop (no narrow bandpass filter) has peaks of 0.5 compared to

about 0.4 for the two cases considered here.

In summary, the error function as derived applies to an infinitely-
narrowband filter centered at fs’ since what was done was to calculate
the coefficient of the Fourier series term at fs’ in phase with the refer-
ence, On the other hand, we know that the error function is of the
triangular type illustrated in Figure F-28 if this filter were infinitely
wide. It may perhaps then be expected that for filters of intermediate
bandwidth, the actual error function lies somewhere between the two

extremes.
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4, TELEMETRY LINK ANALYSES

This section investigates certain aspects of the Voyager telemetry

link, Specifically, the topics covered include:

a) Comparison of Synchronization Methods

PN synchronication (using a separate channel) and NRZ
synchronization (single channel) are compared with
respect to bandwidth requirements, oscillator stability,
acquisition, mean time to loss of lock, etc,

b) PN Synchronization Acquisition Performance

Acquisition time is calculated for a particular acquisi-
tion procedure,

c) Single-Versus Two-Channel System

The two basic system types are compared with respect
to equipment and communication efficiency for the
Voyager data rates.

d) Performance of Two-Channel System

The performance of the two-channel Voyager telemetry
system is evaluated for bandwidth requirements power
requirements, intermodulation and interference.

4,1 Comparison of Synchronization Methods

This section compares two basic methods of obtaining bit synchro-
nization using Voyager parameters: the PN (pseudonoise) synchronization
system of Mariner C and synchronization to an NRZ code as implemented
on IQSY Pioneer. It is recognized that an integral part of the bit syn-
chronization problem is the choice of bit-waveforms to avoid interaction
with the carrier loop; hence the problem of demodulation of a subcarrier,

where used, is also considered.

A simple description of the two synchronization schemes is

presented.

4,1.1 PN Synchronization

The theory of PN synchronization is based on the properties of
maximal length linear shift register codes, denoted PN. The number of

'{'s in such a code exceeds the number of '0's by one, PN also
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possesses the co-called cycle-and-add property; i.e., let PN(kT) denote
PN cycled k units to the right:

PN 1110010
PN(2T) 1011100
the cycle-and-add property says that for every k, there exists a j so that
PN @®PN(kT) = PN(jT), where® denotes binary addition.

Springett;'< discusses the two-channel system used on Mariner C,
The transmitted code is PN @ Zfs, where Zfs is a squarewave of period

T, the length of a PN bit (Figure F-36). At the receiver, this is

Figure F-36, Transmitted Waveform in PN Synchronization

correlated with PN. The cross correlation of PN @ Zfs with PN(T),
where T is the timing difference between the received code and the local
clock, is shown in Figure F-37 and is denoted g (7). Hence if the receiver
is of the form shown in Figure F-37, the error voltage presented to the
loop, as a function of the timing error between the input and the local
clock, is the cross correlation g (T). A further property of interest is

the spectrum of the transmitted waveform, PN @ Zfs shown in Figure 18

of Springett's report.

*J. C. Springett, '"Telemetry and Command Techniques for Planetary
Spacecraft, ' JPL Technical Report No, 32-495, 16 January 1965.
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Figure F-37. Receiver for PN Synchronization

To preserve the 'squareness' of the waveshape at the input of the
receiver of Figure F-37, a large bandwidth must be maintained prior to
the receiver, often resulting in a small signal-to-noise ratio at its input,
The limited dynamic range of the product device is then a problem., A
solution is the circuit of Figure F-38, In the absence of the narrowband
filter, centered at fs, the circuit of Figure F-38 becomes that of
Figure F-37, The narrowband filter, however, obtains a reasonably
large SNR at its output, so that the dynamic range of the second product
device need not be large, On the other hand, since the output of the first
product device does not contain any DC component, DC drift due to this
device may be rejected. In this case, the loop error function is no longer
that shown in Figure F-37, Section 3 derives the loop error function for
the circuit of Figure F-38, assuming an infinitely narrowband filter
centered at fs' This error function is sketched in Figure F-38, together
with the nonfiltered version for comparison, Two features are observed:
the error in the vicinity of in-lock (T < T) has a steeper slope than the
nonfiltered function. In addition, the error voltage for large timing

errors (l 'rl < T) is no longer identically zero,




PN @ 2fs NARROWBAND
FILTER Fs

_LIMITER

PN@®f
H

CODE
GENERATOR _

FILTER

UNFILTERED
FILTERED

Figure F-38. Modified PN Receiver
We note some gross features of PN synchronization: when the

receiver achieves lock, the timing error may be expected to be a fraction
of a PN bit-time T. No error voltage, in the case of Figure F-37, is
available for loop correction when the timing error exceeds one PN bit-
time, In the case of Figure F-38, false lock points may exist. From the
spectrum of Figure 18 of Springett's report, no energy is present at DC,
with most of the energy centered at {, 5fs. About 86 per cent of the total

power is within 4f3, while about 93 per cent is within 8fs.

4.1,4 NRZ Synchronization

The method of synchronization used on Pioneer is based on a modi-
fication of the synchrolink circuit first proposed by J. P. Costas™®, Called
the I-Q loop, the circuit is illustrated in Figure F-39, and is capable of
achieving synchronization to a data-modulated bit stream, Let the in-
formation bit-time be Ti’ and for simplicity assume that the bit-waveform
over Ti be a code (i.e., it assumes only the values £ 1). For instance, an

example of such a code is a squarewave over the bit-time Ti' The code
generator c, generates the information bit-waveform successively, so

that the output of the integrate-and-dump at the sampling time is the best

*J. P. Costas, "Synchronous Communication, " Proc. IRE, Vol. 44,
pp. 1713-1718, December 1956,
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estimate of the data over the preceding bit-time, in the presence of white
Gaussian noise, when the loop is correctly locked. The output of the de-
cision device in this I-, or in-phase channel, is the mitched-filter detected
version of the data, The code generator cq generates periodically a differ-
ent waveform (with the period Ti)’ which may be thought of as being in qua-
drature with the data waveform. Its product with the input is also integrate-
and-dumped in order to introduce the same delay as in the I-channel. The
result, the output of the Q-, or quadrature channel may be thought of as
furnishing a proper loop error signal in the absence of information modula-
tion. In the presence of information modulation, multiplying the outputs

of the I- and Q-channels removes this modulation, providing proper loop

sense information to the filter.

1-CHANNEL

1 AND D DECISION
% SAND H THRESHOLD
c.
1

CODE
GENERATOR

| - I Vvco = FILTER l—-—(é}

CODE
GENERATOR

Cq
| AND D
S AND H

Q-CHANNEL

I AND D, S AND H: INTEGRATE AND
DUMP, SAMPLE AND HOLD

Figure F-39, I-Q Loop

For a squarewave of period Ti/n, the loop error voltage as a function
of T, the timing difference, is plotted in Figure F-40 for n = 4, and with
and without an information transition, Twon false-lock points are present
without an information transition, but unlike the error function of
Figure F-41, the magnitude of the sidelobes are such that the circuit is as
likely to lock incorrectly as correctly. In the presence of an information
transition, the false-lock points shift, and the sidelobes are not as high.

In usual language, the squarewave with period Ti/n is an n-cycle/bit
squarewave subcarrier; the loop is then a subcarrier demodulator. A

subsidiary circuit is necessary to resolve these n false-lock points. For
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Pioneer, it was decided to perform this resolution independently of the
subcarrier demodulator, so that what is required is a conventional NRZ

bit synchronizer,

Mn 4 SUBCARRIER CYCLES/BIT

NO DATA TRANSITION DATA TRANSITION

I-CHANNEL

o T

AAA
VV VY

ML <
VT

Figure F-40. Error Function for Demodulator Loop

\//\vﬂ\//\\

o

By choosing the code generators c; and Cq propertly, the I-Q loop
may be used as such a bit synchronizer. In this case c, is a constant
over Ti’ so that the inphase multiplier is unnecessary. ‘cq is a square-
wave with period Ti' The loop error function also depends on whether or
not an information transition occurs, but is identically zero in the absence
of such a transition. This is shown in Figure F-42, Finally, the output
of the bit synchronizer operates the integrate-and-dump, sample-and-

hold circuits in both the subcarrier demodulator and the bit synchronizer,

We note some gross features of this synchronization method: timing
information is directly available from the data-modulated bit stream,

without the use of a separate synchronization channel,” When the loops are

“Discussion of the single-channel PN system is deferred to Section 6,
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properly locked, the subcarrier demodulator provides timing information
to a fraction of a subcarrier cycle, while the bit synchronizer loop pro-
vides timing information to a fraction of an information bit. Timing infor-
mation is available to the subcarrier demodulator loop at all times, while
the bit synchronizer loop requires the presence of information transitions.
The spectrum is sketched in Figure F-43, with approximately 81 per cent

of the energy below the fundamental, and none at DC.

NO DATA TRANSITION DATA TRANSITION
[-CHANNEL
T 5 T Q-CHANNEL -1 0 T
FILTER
-T 0 T INPUT -T 0 | 7 T

Figure F-41. Error Function for Bit Synchronizer
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0 n/T; f —

Figure F-42. NRZ Spectrum With 4 Cycles per Bit Subcarrier
Random Data

INPUT
WAVEFORM
* 'DROOP'
N ]
OUTPUT r
WAVEFORM

Figure F-43. Tracking Out of Subcarrier by Carrier Loop

4.1.3 Choice of PN Code Length and Subcarrier Frequency

A criterion for the choice of bit-waveform is the avoidance of inter-
action with the carrier tracking loop. As may be seen from Figures 8
(Springett)1 and from Figure F-43, both synchronization methods avoid
spectral components at DC. More than this is necessary, of course, since
significant energy around zero frequency results in distortion of the bit-
waveforms due to the carrier tracking loop. The importance of this dis-

tortion should not be judged purely on an energy basis; in the NRZ
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synchronizer, a nonsymmetric bit-waveform results in a bias in the tim- . ‘
ing reference, while in the PN synchronizer, distortion may produce

larger false-lock sidelobes as well, In the NRZ synchronizer, the amount

of energy a fixed distance from zero frequency depends both on the infor-

mation bit-time Ti and the number of subcarrier cycles per bit n. In the

PN synchronizer, this depends only on the PN bit-time T (this is as yet

unrelated to Ti)'

For the carrier phase-lock loop in the DSIF receiver, ZBLO is nor-
mally 12 cps, although it expands to about 120 cps for high signal-to-noise
situations. The bit rates used in Voyager are 128, 1024, 2048, and 4096 |
bit/sec. To avoid operational difficulties of narrowing the carrier loop
bandwidth for high signal-to-noise situations, we choose n and T so that

for all Ti's, the effect of the carrier tracking loop may be neglected.

For a critically-damped second-order loop, the effect of carrier
loop tracking is illustrated in Figure F-44. N must be chosen sufficiently
large for the largest Ti in the NRZ synchronizer so that the amount of
'droop' is small, since the bias error introduced is about one-half of the
fractional droop. Chose n = 8, so that for T, = 1/128 (worst case), the ‘
1024 cps squarewave has a droop of 10 per cent (assuming the carrier loop
is critically damped at ZBLO = 120 cps—which it isn't), corresponding to
a bias in the demodulator loop of around 9 degrees. For smaller Ti's,
n is maintained constant. For Ti = 1/2048, the subcarrier is a 16 kc
squarewave, still far removed from the DSIF receiver high frequency

bandwidth limitation.

SINE WAVE AT fs
TRIANGULAR APPROXIMATION
PN CODE

Figure F-44. Different g(®) Functions
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For the PN synchronizer, Ti = mT, where m must be a divisor of
n, the PN code length, if the synchronization channel is to provide bit
synchronization unambiguously. m must be chosen large so that T is
small, making fs large and reducing the energy in the region 0 to 60 cps.
It may be desirable to choose n larger than m, n = km, for two reasons:
k may be chosen equal to the number of information bits per word, so that
word synchronization is provided as well. In addition, as may be seen
from Section 3 of this appendix, increasing n reduces the magnitude of
the false-lock sidelobes., Similarly to Mariner C, we choose m = 9,
n = 63, Hence f = 576 cps for T, = 1/128, while since k = 7 and there are
7 information bits per word, word synchronization is provided. The droop
in the square waveforms introduced by the carrier loop is twice as large
as in the NRZ synchronizer, but, considering Figure 18 (Springett), this
may be expected to be satisfactory, Again, maintaining m and n fixed for
all Ti is not a problem even at the highest bit rate, from the standpoint of

the DSIF receiver high-frequency cutoff,

4.1.4 Choice of Loop Bandwidths

Section 3 applies the Fokker-Planck equation to a first-order phase-
lock loop with square inputs. Our design is based on this analysis, with

the implicit assumption that second-order loops behave similarly.

For the PN synchronizer, the data is deposited on a squarewave sub-
carrier, with a frequency which may be a multiple of fs, since the synchro-
nizer should also provide subcarrier demodulation. Increasing the subcar -
rier frequency requires a quieter loop for the same jitter on the subcarrier;
on the other hand, decreasing the subcarrier frequency (from 4fs) results
in crosstalk of the subcarrier and synchronization channels, where these
are linearly added as in Mariner C. If the data subcarrier and synchroni-
zation powers are about equal, then the data subcarrier should be placed
at 4fs to avoid interference from the synchronization signal, On the other
hand, the subcarrier does not particularly bother the synchronization
channel, since its spectrum is spread by the first product device in Fig-
ure F-41, and little energy is passed through the narrowband filter, For
this reason, the data channel is chosen to have 10 times the power in the
synchronization channel, and the data subcarrier is assumed at Zfs, or

1152 cps for the lowest bit rate.
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From Section 3, for the PN synchronizer with n = 63, it appears
that the signal-to-noise ratio in a loop bandwidth of ZBLO should be in the
order of 17"db for a data subcarrier at 2fs to provide a reasonably clean
reference. A number of this magnitude may also be arrived at by a
simpler but perhaps convincing argument. From Figure ¥F-37, the non-
filtered loop error function g(ﬂ) extends from 0 to T in one direction with
a peak of one half, A sinewave at frequency fs has an error function also
extending from 0 to T in one direction, with a peak of 1; we may approxi=-
mate it by a triangular waveform and compare it with g(#) as in Figure
F-45. To make the two error functions coincide, the voltage of the input
PN signal may be doubled, quadrupling the power and doubling the loop
bandwidth. This doubles the signal-to-noise ratio in the loop bandwidth.
Next, since the subcarrier is at 2fs, the loop bandwidth needs to be four
times as narrow to maintain the same rms jitter at Zfs as at fs‘ Com-
bining these two factors, the signal-to-noise ratio must be 8 times, or
9 db larger for the PN loop with subcarrier at ZfS, than for a sinewave
phase-lock loop at fs. Since a sinewave phase-~lock loop at fS provides
15 degrees of phase jitter at a SNR in 2 BLO of 9 db, the PN loop requires
a SNR of 18 db.

For a loop SNR of 17 db, 'rBL is greater than 107, whgre‘r is the
mean time to loss of lock. Since a bit error rate of 5 x 10™~ is achieved
for a signal-to-noise ratio of 7db (5.2 db plus circuit losses), for T.1 =
1/128 the loop bandwidth should be about T/iOOTi (remembering that the
signal channel has ten times the power), corresponding to an fn for the
second-order loop of 0.2 cps. The mean time to loss of lock, is then

greater than 200 hours,

Loop bandwidths need to be chosen for the NRZ synchronizer for
both the demodulator and bit synchronizer loops. Section 3 may also be
applied to the demodulator loop. However, since the g(#) function is
similar to that for a sinewave input, we choose conservatively a signal-

to-noise ratio of 12 db in ZBLO. This implies an fn for the second-order

a:BL as used in Section 3 corresponds to By ; 17 db in 2 By, corresponds
to 20 db for B of Section 3,
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loop of about 7 cps. However the mean time to loss of lock, using
Section g: is about 5 minutes, perhaps too small a figure ( a much
smaller mean time to loss of lock may be acceptable for the NRZ syn-
chronizer compared to the PN, since reacquisition times are less).
We choose fn = 3 cps, increasing the mean time to loss of lock to over

100 hours, and the rms phase jitter to less than 10 degrees.

Design of the bit synchronizer loop depends on the frequency of data
transitions. In the Pioneer telemetry link, it was decided to use 1 bit
in each 7-bit word to provide error detection. This check bit was con-
veniently chosen to have odd parity, ensuring a minimum data transition
density of one each 7 bits. To achieve the same communication efficiency
as the PN system, we choose one out of every 11 bits to provide odd
parity, hence a minimum transition density of 1/11, If transitions were
to occur every bit, by the reasoning of the previous paragraph, a SNR of
12 db in the loop bandwidth should be sufficient, or an fn of 7 cps is re-

quired. However, at the minimum transition density, only 1/11 of the
signal energy is available, while noise continually excites the loop even
in the absence of a transition, The result is that the loop is in effect
(11)2 = 121 times noiser, ¥ To maintain the same loop jitter at this mini-
mum transition density, an fn of 7/121 = 0.05 cps is needed. Using this
value, the mean time to loss of lock, using a signal-to-noise ratio of

12 db, is around 10 hours in the worst case.

4.1.5 Bandwidth Expansion for Strong Signals

For the NRZ synchronizer, since there are 8 cps per information
bit, the SNR in a bandwidth equal to the subcarrier frequency is - 2 db
for a 7 db SNR in Ti' The bandwidth preceding the input to the demodu-
lator of Figure F-39 should be approximately 10 times this, to avoid
distorting the square wave subcarrier (it may be noted that the effect of
this distortion, together with the low-frequency distortion due to carrier
tracking, results in a more symmetric waveform, thus compensating for
each other to some degree). Hence the signal-to-noise ratio at the input
to the demodulator, assuming a prefilter at 10 times the subcarrier fre-

quency, is -12 db, This is sufficiently large that the dynamic range of

>SR. Y. Huang, '"Design of Bit Synchronizer Loop, " TRW Memorandum
9330.11-22, 1 May 1964,
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the product device at the input is not a hindrance, Hence if a coherent
AGC is provided prior to the demodulator-bit synchronizer (which is
available from the DSIF carrier demodulator), the bandwidths of the loops
are essentially independent of the input SNR, and no bandwidth expansion

occurs.

For the PN synchronizer, approximately the same numbers apply
as above, However, since only 9 per cent of the power is in the synchro-
nization channel, the SNR at its input is in the order of -23 db. This
number is probably not so small that the dynamic range of the input
product device is a limiting factor. However, if one desires to maintain
synchronization for signal-to-noise ratios in Ti below 7 db, then this
limited, dynamic range may be a problem. For this reason, the circuit

of Figure F-38 was used on Mariner C.

The analysis of Section 3 demonstrates that the narrow bandpass
filter at fs could be made arbitrarily narrow without unacceptable distor-
tion of the loop error function. However, to avoid loop stability problems,
it is desirable to choose this filter wide compared to the highest loop band-
width. A suitable choice is about 20 cps. This is large compared to 0.2
cps, the loop natural frequency at 128 bits/sec, yet small enough so that
the SNR at its output, for a 7 db SNR at Ti’ is in the order of 4 db, Hence
no loop expansion occurs. For smaller Ti's, the loop natural frequency
may be maintained at 0,2 cps if desired; otherwise the filter bandwidth

may have to be widened correspondingly.
4.1.6 Acquisition

Since no error voltage is available if the timing error exceeds one
PN bit, the PN synchronizer needs a subsidiary means of generating such
an error voltage. While the frequency uncertainty in an ordinary phase
lock loop may exceed its pull-in range, necessitating a frequency search,
in the PN loop, the phase uncertainty may exceed the loop pull~in range,
necessitating a search in phase. This may be accomplished by offsetting

the received and local clocks intentionally, so that their phases drift rela-

. <
tive to each other at a predetermined rate, Gilchri.est> seems to indicate

C E. Gilchriest, '""Pseudonoise System Lock-in, '" JPL Research
Summary No. 36-9, pp. 51-54.
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that a good value for this maximum offset is Wn/Z. For the PN synchro-
nizer at 128 bits/sec, then, the two clocks may be offset by 0.6 cps.
Hence the maximum search time is 63/(0.6 x 2) = 50 seconds. Since the
clockrate is fs = 576 cps, an oscillator stability in the order of 0. 05 per

cent is required, assuming that the ground clock is perfectly stable.

Whether or not the circuit of Figure F-38 is used, it appears that
false locks are not a problem, since these false lock peaks are about 40 db
down, from Section 3 and no loop bandwidth occurs, Whether or not the
word synchronizatian provided by this PN synchronizer is useful, it never-
theless appears from Section 3 that it is desirable to choose n, the PN
code length, large in order to minimize these false lock peaks,

Acquisition characteristics for the NRZ synchronizer are not com-
pletely understood. With many data transitions, the demodulator loop
tends to acquire after the bit synchronizer, based on TRW's experience on
Pioneer. Conversely, with few data transitions, the demodulator loop
acquires before the bit synchronizer. However, Pioneer parameters are
different from the ones used here. For Voyager, since the square wave
subcarrier is a 1 Kc for a data rate of 128 bits/sec, and since the demodu-
lator loop bandwidth is 3 cps, an oscillator with 0.1 per cent stability
ensures fast lockon without the necessity of a frequency search. For the
bit synchronizer loop with a loop bandwidth of 0. 05 cps at 128 bits/sec,
an oscillator with 0, 04 per cent stability is required without a frequency
search, again assuming perfect ground clocks. It does not appear that
acquisition times should exceed 10 or 20 seconds in the worst-case con-

dition of minimum transition densities,

4.2 PN Synchronization Acquisition Performance

The computational method for acquisition of the telemetry signal is

the same as the method used for the ranging signal (Section 1),

Single component maximal length codes of lengths 63, 15, and 7 will

be considered. The information in each coded word is

n = logZL

where L is the code length.

From Figure F-8 of Section 1, the STB/NO for a word error

probability P_ (n) of 10-3, the results are shown as follows:
w
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L n STR/Ng = x

63 5.98 2.7
15 3.91 3.5
7 2.80 4.5

The time for receiving n bits of information T is nT The acquisi-

B
tion time TA is given by

The total received power level S versus the transmission range R

is shown in Figure F-45, The following assumptions are made:

a) The signal power in the tracking channel is 10 percent
of the total received power.

b) The signal power in the telemetry synchronizing channel
is 10 per cent of the power available to the data plus syn=-
chronizing channels.

c) The telemetry PLLssync bandwidth is 2 cps. For example,
at a range of 2 x 10” km

Total received power = -173 dbw
Signal power in carrier channel = -183 dbw
Signal power available to synchro- = -173.4 dbw
nizing and data channels

Signal power in the synchronizing = -183.4 dbw
channel

Signal power in the data channel = -173.8 dbw
Noise power spectral density = -211 dbw

The results for the three different length codes at a range of

2.5 x 108 km are as follows:

L TA
(bits) (sec)
63 1.77
15 0.35
7 0.15
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It is seen that TA is negligible compared to the transmission delay

times. Thus, the difference in TA for the different length codes is

unimportant,
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Figure F-45, Range vs, Power Levels in Carrier Data and
Sync Channels

The information rate D, time pwer word TW (there are seven infor=-
mation bits per word), ratio of acquisition time to word duration, and
ratio of integration time T to word duration are shown below. These
calculations are made for a range of 2.5 x 108 km and a code length of
63 bits.

T
D W
(bit/sec) (msec) T/TW TA/ TW
2048 3.43 8.2 516
1024 6.86 4.1 258
512 13.72 2.05 129
128 54, 88 0.51 32.2

The above table shows that the integration time is about 8 times the
word duration for bit rates of 2048 bits/sec while the acquisition time

is about 500 times the word duration for this bit rate.

F-99




The acquisition time T, S/N power ratio PS/N for a 2 cps phase-

lock loop bandwidth and the power level PS at the synchronizing circuit as

a function of transmission range R for the 63-bit length code are as

follows:
R TA Ps/N Pg
100 km (sec) (db) (dbw)
250 1.77 24.6 -183.4
100 0.28 32.6 -175.4
25 0.02 44,6 -163.4

More complete results of the analysis are shown in Figures F-46
and F-47 for a maximal length code of 63, The ratio of power level be-
tween the synchronizing channel and data channels which is assumed to be
10 per cent is conservative, This is based on the fact that the ratio of
the lowest data channel bandwidth to the synchronizing channel bandwidth
is greater than 60 and the required SNR in both channels are approxi-
mately the same. Under these conditions it is seen from Figure F-46

that practically all of the power is available to the data channel.

4.3 Single- Versus Two-Channel Systems

For a telemetry (or command) system employing PN synchronization
techniques, two basic multiplexing or modulation formats can be devised.
In the two-channel scheme, the data and sync channels are linearly summed
to form a frequency division multiplexed (FDM) signal. The composite
baseband then phase modulates the carrier. The PN sync waveform is
essentially two-valued, i.e., "squarewave," whereas the data is modulated
on either a sinewave or squarewave subcarrier. In the latter case, since
each channel is binary, the composite waveform is four-level. In contracts,
in the single-channel system the binary data and sync are summed modulo

two producing a binary composite waveform.

4.3.1 System Descriptions

The methods of generating the baseband single- and two-channel
signals are indicated in Figure F-48, The modulators are seen to be

fundamentally similar, each requiring a clock, PN generator, data syn-

chronizer, and logical (half adders) devices. The two=-channel modulator
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is conceptually and practically somewhat more complicated because it
requires, in addition, adivider;(possibly) a bandpass filter, and the ana-
log summing circuit, From the spacecraft designers' viewpoint, this is
a disadvantage of the two-channel system. Symbolically the output of

two=-channel modulator is

(PN ® 2f ) + (D@ 4£)

where PN is the sync and D is the data. The single-channel modulator

forms

D@PN@ZfS

BANDPASS*

FILTER D@4
fo=4f
(4 S

4F D z
CLOCK PN,

D
PN

BIT SYNC

OUTPUT
(PNO®2) + (O @4!5)

PN
GENERATOR

* MAY NOT BE USED

INPUT SYNCHRONIZER
—
DATA

(o) TWO-CHANNEL MODULATOR

% EB @ outPuT
CLOCK DOPNG x

PN D

PN@2,

PN
GENERATOR

BIT SYNC

INPUT
DATA

SYNCHRONIZER

{b) SINGLE-CHANNEL MODULATOR
Figure F-48. Single and Two-Channel Modulators

Following reception and coherent demodulation, the baseband signals,
corrupted by noise, are detected in the detectors of Figure F-49, In the

two-channel detector the sync and data channels are separated by their
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basic difference in frequency. However, it will be noted that the sync
(lower) channel does not require a bandpass filter prior to the first multi-
plier. Discrimination is provided by the spreading properties of the PN*
code which effectively distributes interfering data frequency components
over the entire sync bandwidth. Thus, very little data energy will fall

in the filter at fs and the ultimate effect on the sync loop is negligible. In
this realization the data subcarrier is at 4fs in a null of the sync spectrum.
However, if the sync power falling in the data channel can be made suf-

ficiently small, other placements are possible.

BANDPASS BANDPASS

FILTER * FILTER DATA OUTPUT
f o= 4f LIMITER o= 4f FILTER DATA
C S c s
\ . = 4
INPUT ——e *MAY NOT BE REQUIRED 4 BIT
(PN & 2f )+ s SYNC
© o4 )s i <9 DEG BANDPASS
FILTER R Loor
) f=f LIMITE FILTER
c s
PN =PN @ s
PN* ] PN . ) vCO
==
f GENERATOR 4f
{a) TWO CHANNEL DETECTOR BIT I 4
SYNC s
D ®f < 9DEG
BANDPASS c ? DATA OuTPUT
LIMITER FILTER ™ pATA
f £ 90 DEG BIT
BANDPASS s SYNC
FILTER
fo=F
D @ f . 9DEG
2 BW =B BANDPASS
n FILTER
.= f=f LIMITER LOOP
INPUT  —¢ PN*=PN © f c s FILTER
D& PN @ 2f BANDPASS BW =B
s ; FILTER n
Y bw fe =%, f. L9 DEG
s BW =8
n
PN PN —~—~———] PN VCO
PN ] 2f
GENERATOR s

Fs <90 DEG ~=—1

(b ) SINGLE CHANNEL DETECTOR

\—> BIT SYNC

Figure F'-49. Single- and Two-Channel Detectors

In the single-channel system the data and sync components are
separated by the characteristics of the PN code. First, the PN sequence
is removed by multiplying the input D @ PN @ Zfs with PN and PN*_

The multiplier outputs contain the data modulated on subcarriers at

fs =< 90 degrees and Zfs. After filtering to restrict the noise bandwidth
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(Bn), the modulated subcarriers are multiplied to remove the data modula-

tion and recover the clock at fS. These operations depend on the fact that

2f fs ® fs =< 90 degrees (squarewave)

Zfs = fs x fs < 90 degrees (sinewave)

Finally, the clock frequency f8 is filtered by a phase-lock loop.
The sync channel and the basic method of data removal is seen to be quite
analogous to the operation of the in phase/quadrature or I-Q demodulator
used for carrier, subcarrier and bit sync reconstruction.

Comparison of the two detectors shows many common features. In
the single-channel detector the upper half of the sync channel (exclusive
of the extra bandpass filter and multiplier), the bandpass limiter, the
phase-lock loop and the PN generator are essentially duplicates of the
sync channel in two-channel detector. The single-channel detector has
in addition the "quadrature'" sync channel making a total of two extra band-
pass filters and two more multipliers than the two=-channel device, There-
fore, the single-channel detector suffers from greater complexity both

conceptually and practically.

On the other hand, an important advantage of the single-channel sys-
tem is the use of frequency fs as the data subcarrier reference rather
than 4fs as in the two-channel system. Since both sync PLL's operate,
at fs the phase jitter on the 4fs reference will be four times as great as
for the fS reference. Equivalently, the sync channel PLL for the two-
channel detector must have an SNR 12 db greater than for the single-
channel PLL to provide the same quality of subcarrier demodulation,
Offsetting this advantage to some degree is the additional degradation
caused by multiplying two noisy signals in the third multiplier of the

single-channel detector.

4.3.2 Communication Efficiency Comparison

To compare the communication efficiency of the two systems, we

must consider the SNR requirements of both the data and sync channels.
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The output of the two-channel modulator can be written as
k(D ® 4f) + k,(PN @ 2£ )

where k1 and kZ, are modulation indices which determine the power split
between the carrier and the data and sync channels. For the single-channel

system the modulation output is

KD ® PN @ 2f)

where k is a modulation index which determines only the power split be-
tween the carrier and the information sidebands. Except for incidental

sources of degradation, all the sideband power is available in both the data

and sync channels of the detectors. Therefore, the channel requiring the
greater ratio of signal-to-noise density (usually the data) will determine

the overall system threshold.

Clearly, the single-channel system is capable of greater communica-
tion efficiency because normally no extra sideband power need be allocated
for sync. This is especially important when the required sync power
approaches that of the data. This occurs for very low data rates such
that the sync loop bandwidth is comparable with the data bandwidth. How-
ever, for high data rates the proportion of power allocated to sync can be

quite small.

These relations can be readily demonstrated. The following telemetry

thresholds are established

Data ST/N/B = 7db for P_= 5 x 107>

Sync 18.4 db in ZBLoz 0.5 and 2 cps; 15.4 db/cps
and 21.4 db/cps

Carrier 6 dbin ZBLO = 12 cps; 16.8 db/cps

The data S/N/B is plotted against bit rate 1/T in Figure F-50. The sync
threshold gives a 0. 34 rad rms phase jitter on a reference frequency fe.
For other subcarrier frequencies, the sync threshold power increases

6 db for each doubling of the reference frequency. The carrier threshold

is also shown on the figure.
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Also shown is a dashed line indicating the power available for the

sync channel of a two-channel system at data threshold if 10 per cent of

the sideband power is allocated to sync. This would represent a loss to
the data of about 0.5 db in power if the data and sync power were simply
additive. The vertical distance between this line and the sync thresholds
indicates the sync performance margin at data threshold. It is seen that
with this apportionment of power the sync channel with ZBLO = 0.5 cps
has excess margin over the data at all Voyager bit rates. With ZBLO =2

cps the sync margin is negative below 500 bits/sec.

Above 500 bits/sec the communication efficiency advantage of the
single- over the two-channel system can be made less than 1 db as is
shown in Section 4.4 below. Using a 2 fs data subcarrier, this performance

could be extended down to 128 bits/sec. Considering the small difference
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in performance at the bit rates of primary interest, and the proven capa-
bilities of the two-channel system, this is the logical choice for the

Voyager telemetry system,

4.4 Performance of Two-Channel System

4,.4.1 Bandwidth Requirements

The data and sync channels impose certain requirements on both the

low and high frequency response of the telemetry channel. The former

is determined by the highpass filtering action of the carrier phase-lock
loop. Since the data subcarrier (at Zfs or 4fs) is above the peak of the
sync spectrum, the principal effect here will be on the sync channel per-
formance. On the other hand, inadequate high frequency response in the
telemetry channel will penalize the data subcarrier at 4fs. As observed
by Springett, the phase characteristics of the filters are especially im-
portant. Constant time delay or linear phase shift with frequency should

be the design objective for these filters.

The low frequency response is determined by the transfer function
between the carrier PLL input and the phase detector output. Springett
states (p. 30) that it has been determined experimentally that if

0.394 (aO/a)(fs/Bo)Z =10

no serious distortion of the PN 3 Zfs waveform will result. The worst
case occurs for high SNR in the carrier loop since ao/a. is smallest under
these conditions. Also, the criterion is most likely to be violated for the

lowest bit rates (smallest fs).
Consider the following parameters:

=9x128

f o =t5—= 576 cps for 128 bits/sec

B =12/1.06 = 11.3 rad/sec, the minimum DSIF loop
natural frequency
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B e .

0.0 _ ~ a _S_ = v ZBLO 1
o % 7 \N ). 77B., Kk
if if
~ T 12 1 _
= Z 2500 0T - 0.22
k = fraction of total power in carrier

= 0.1 from Figure F-50,

Substitution shows that the criterion is quite adequately satisfied under

the worst conditions contemplated.

The high frequency response requirements are determined by consider-
ing the RF (and IF) bandwidths required to pass the data and sync sidebands.
Springett (p. 17) defines 4fS as the minimum bandwidth to pass the sync
PN\-I-‘-fS based on 85.6 percent of the energy residing in this band. To this
bandwidth must be added an allowance for the data subcarrier at 4fs and

its sidebands, the upper limit of the composite baseband signal will be

4fs + 2 . -—9-— = —g—fs
and the RF (or IF) bandwidth will be

40 _ 80
2 g ii= g i,
Table F-9 summarizes the significant rates, frequencies and band-
widths for the two-channel telemetry system. The PN bit rate or basic
clock frequency Zfs is none times the bit rate since there are 63 PN bits

per word.
Table F-9. Basic System Rates, Frequencies and Bandwidths
DSIF

Telemetry
Data Rate Clock (2fg) Subcarrier (4f5) Bandwidth (9fg) Bandwidth

128 bit/sec 1152 cps 2304 cps 5.2 Kc 20 Kc
1024 9216 18.4 K¢ 41.4 420
2048 18.4 Kc 36.9 83.0 420
4096 36.9 73.8 166.0 420
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The data subcarrier is placed at 4fs. Finally, the minimum IF bandwidths

are related to the presently available DSIF telemetry predetection band-
widths (from TM 33-83).

The high frequency capabilities of the link should not limit telemetry
performance. Basically, any bandwidth up to the receiver bandwidth of
3.3 Mc could be provided for the telemetry phase detector. However,
excessive bandwidths result in high noise levels being applied to the phase
detector which give rise to large dynamic range requirements, rectifica-
tion and bias offsets, etc. For example, the nominal RF bandwidth 9fs is
about 40 times the data bandwidth. With a 7 db SNR in the latter bandwidth,
the SNR in the predetection bandwidth is -9 db. If the bandwidth is 10 times
the nominal as suggested by the 1024 bps entry in Table 5?-9, the predetec-
tion SNR drops to -19 db. This is probably still not excessive.

A large telemetry bandwidth is desirable in order to preserve the
shape of the squarewave data subcarrier. If the fifth harmonic of the sub-
carrier at .?.Ofs is within the passband, it has been estimated that the data
degradation will be about 0.5-0.6 db. This criterion is reasonably well
satisfied with the bandwidth choices of Table F-9 except for the 4096 bit/sec
rate. Either the additional data degradation (about 0.5 db) must be
accepted, the DSIF bandwidth increased, or the 4096 bps subcarrier fre-

quency changed to Zfs. The alternatives require further study.

4,4.2 Power Requirements

The power requirements of any synchronous, coherent PSK system

depend fundamenially on the e 10ise and imperfect phasing
or timing of the reference waveforms. The latter effects reduce the avail-
able signal power, thus making the signal more difficult to distinguish
against the thermal noise background. The sources of this multiplicative

timing noise are:

® Bit sync
-] Subcarrier reference

° Carrier reference.
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Bit synchronization is derived from the PN generator which in turn
is driven by the noisy reference Zfs. Since the jitter on Zfs will be no

greater than 15 degrees rms, the jitter in the bit sync should be no greater

than
15° LT UT
360° g = ZIp °°€C TmMs

or 0.5 percent of a bit period T. This represents a loss of 0.04 db rms in
signal out of the data matched filter due to sampling at the wrong time.
Thus, when the PN sync loop is in lock, the data degradation caused by

imperfect bit synchronization is essentially negligible.

As indicated in the previous section, the sync threshold has been
defined as the point at which the phase jitter on the subcarrier reference
is 0.34 rad rms. As noted by Springett, the data degradation occasioned
by this jitter can be found by assuming that the phase jitter is independent
of the data channel noise, and that the phase jitter has a gaussian distribu-

tion. The result is
Subcarrier degradation = exp 0% -1

where 0 is the rms phase jitter in radians on the subcarrier reference.
For 6 = 0.34 rad, the degradation is 0.5 db. However, 0 = 0.34 rad at
4fs corresponds to 0.08 rad at fs or 18.4 db SNR in ZBLO’ the sync PLL
bandwidth. Springett (p. 19) states that 9 db in ZBLO is the absolute sync
loop threshold at the input to the double loop detector including the effects
of limiter suppression. Therefore, a sync performance threshold of

18.4 db guarantees a sync loop operating well above absolute threshold.

Data degradation caused by the reconstructed carrier has been in-

vestigated at TRW and also at JPL by W. Lindsey, These investiga=

tions are summarized in Section 6, From Lindsey's basic formula

2
I, (2SNR)
Carrier degradation = ——
I, (2SNR)
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where SNR is the signal-to-noise ratio in the loop bandwidth, an optimum
division of power between data and carrier can be found. However, it is
also shown in the appendix that the "6 db in ZBLO” threshold criterion
employed in JPL TM 33-83 and elsewhere provides a nearly optimum
division of power. At this threshold signal level, the SNR in the actual
operating bandwidth is 3.84 db and the data degradation is calculated at
1.0 db.

Thus, the total degradation of the signal by the three types of syn-
chronization noise is bounded by about 1.6 db. This degradation is con-
veniently combined with the theoretical ST/N/B required for the data.
For the specified telemetry bit error probability

ST

_ _ -3
N/B - 5.2dba.tPe-5x10

using the well-known relation

P_=x (1 - erf '\/ST/N_/—]—B)

The over=-all SRN in a bandwidth 1/T is therefore not greater than

ST _
N/B * 6.8 db

including carrier, subcarrier and bit synchronization noise.

To this requirement must be added the effects of band-limiting on

the squarewave subcarrier. As shown in Section 5.1 this is about 0.5 db:

ST _
75 = -3 4db

with all degradations included.

4.4.3 Intermodulation and Interference

Because it is basically an FDM system, the two-channel, system
will suffer to some degree from intermodulation "noise." This phenomenon
can be appreciated from the following simple arguments. The modulated

carrier is
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cos (w .t +k D @ 4 @k, PN ® 2f )

where the Boolean functions have been used to indicate the phase modula-
tion rather than the actual (*¥1) - valued time functions. Expanding the

modulated signal,

cos w_t cos (k) D ©) 4f_+k,PN ® 2f_) - sin @ t sin (k1D® 4f +k,PN @ 2 )
= cos w t cos k) cos k, - (D @ 41 ® PN ® 2f ) sin k; sink,
-sin wct (D ® 4fs) sin kl cos k2 + (PN ® Zfs) sin k2 cos k1

When the signal is coherently detected with the reference sin wct, the low

frequency output is

(D ® 4f ) sin k| cos k, + (PN ® 2f_) sin k, cos k;

which are the data and sync signals, respectively. No cross terms or
intermodulation between the channels is apparent in the recovered base-

band signal.

The cos wct term is identified as the carrier component of the PM
signal: the first term in the brackets is a constant or dc term while the

second is time-varying. The time variation is embodied in

D@ 4, ® PN @ 2t =D ® PN @ 2f =90 degrees

The time average of this function is clearly zero, i.e., there is no dc com-
ponent, since the average over a PN bit time is zero because of the

Zfs < 90 degree term. Therefore, the useful carrier component supplied
to the PLL is

cos kl cos k2 cos wct

The power contained in the RF intermodulation term is essentially wasted.
However, this intermodulation power does not appear at baseband except
to the extent the RF quadrature term appears because of a phase error in

the sin wct reference.
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The power distribution between signal components is

PD = PT sinzkl c:oszkZ (data)

L)
"

.2 2
S PT sin k2 cos 'k, (sync)

Pc = PT cos?‘k1 coszkZ (carrier)
P. .. =P i 2k i 2k int dulati
M = P sin k) sin'k, (intermodulation)
Total power = PD + PS + PC + PIM = PT

Thus, in comparing a two-channel system to a single-channel system, we
must account not only for the power required by the sync channel but also
for the power wasted in RF intermodulation products. Basically, for the

two-channel system we wish to minimize the total power P, required to

T
provide satisfactory operation of the carrier, data, and sync channels if

this is possible.

The minimization of PT proceeds as follows. We concentrate on the
data and sync requirements and check the carrier performance after the

PT minimization.

Pp

. 2 2
sin k1 cos k2

_ D
- P
sinzk1 1 - S
PT cos k1
solving again for PT,
P = PD 1::‘S
= +
. 2 2
sin k1 cos k1
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and the minimum PT occurs for

oP P
T _ 4, _ 7D
—8121— =0 and tan kl = q

With PD/PS = 10 as assumed in Figure 15, the optimum data deviation

k, = 1.06 rad and the sync deviation k, = 0.513 rad.

From the basic power distribution relations the modulation losses
can now be found and are shown in Table F-10. It turns out that there will
usually be sufficient carrier power using this procedure. The 10~ to -1
power split between data and sync applies roughly for the lowest bit rate,
128 bps. At the higher bit rates the sync channel requires less than 1 per-
cent of the power. The optimum indices for the 100:1 power split are
k1 = 1.26 rad and k2 = 0.316 rad. The modulation losses for the 10:1 and
100:1 power splits are given in Table F-10.

Table F=10. Modulation Losses for Minimum Total Power

I?o'wfar Opt?m}lm Modulation Losses (db)
Division Deviations
PD/PS (rad) Data Sync Carrier Intermodulation
10 Data: 1.06 2.38 12.40 7.41 7.37
Sync: 0.512
100 Data: 1.26 0.84 20, 84 10.84 10.84
Sync: 0.308

From TableF-10an efficiency comparison with a single-channel sys-
tem can be made. Specifically, for PC'._E‘ 0.1 PD the modulation index
k =1.25 rad and

Data and sync modulation loss = 0.45 db

10.02 db

Carrier loss

There is no loss of power in RF intermodulation products. Thus, for the
same data power requirements, the two-channel system needs 1.9 db more

total power at 128 bps, and 0.4 db more power at the higher bit rates. The

latter comparison assumes that the same indices are employed at the
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highest bit rate since it is impractical to leave less than 10 per cent of the

power in the carrier because of deviation tolerances, etc.

It is also clear that the relative inefficiency of the two-channel sys-
tem is caused by the unavoidable power wasted in the RF intermodulation
products and, to some extent, in the carrier component. That is, with two
independent channels phase modulating the transmitter, it is not always
possible to allocate precisely the required carrier power while exactly
satisfying the data and sync channel requirements. In the single-channel
system the power can be distributed optimally between carrier and data-
plus-sync channels according to

P sinzk

Phys = Pr

P coszk

Pc=Prp

without generating any IM products. Although ideally the intermodulation
products do not appear at baseband to produce interference in the two-
channel system, they do consume received power. In the examples in the
table, the intermodulation and excess carrier power are dominant over the

modest sync requirements.
Finally, two idealizations in the above analysis should be noted:

a) The sync threshold (0.34 rad rms phase jitter on the
reference) is arbitrary.

b) The data subcarrier is unlikely to be strictly a squarewave.

The first point stems from the desire to keep the subcarrier syn-
chronization degradation at 0.5 db. However, the proper criterion is to
find the optimum power split between data and sync to achieve a maximum
bit error rate for a minimum total power. Less power in the sync, resulting
in greater subcarrier degradation, may be tolerable provided the power
saved can be more effectively used in the data channel. The situation is
completely analogous to the question of optimum power division between

carrier and data (Section 6).
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If the data subcarrier is really a sinewave rather than a squarewave,
then in the power division formulas for data, sync and carrier

. 2 2
sin kl——ZJl (kl)

2 2
cos kl——Jo (kl)
Intermodulation products appear at both baseband and RF and can conceiv-
ably cause interference with the data, especially. Therefore, it is pre-
ferable to use a squarewave subcarrier in a two-channel system.
Unfortunately, IF and RF bandwidth limitations will restrict the higher

order harmonics of the data subcarrier at 4fs as discussed in Section4.4. 1.

By reversing this reasoning, one may conclude that, starting with a
square subcarrier and PN sync, baseband intermodulation products will
be created by inadequate predetection filter characteristics. In particular
a nonlinear phase characteristic in these filters creates IM distortion.
Since these products appear at baseband, they will in general interfere

with the data and sync channels. Further study of this problem is required.

In addition to the interference created by IM products, there is direct
interference at baseband because of the overlap of the data and sync spectra.
This interference is minimized by placing the data subcarrier in the null
of the sync spectrum. However, the data will interfere with the sync chan-
nel. Cross-correlation with the local PN sequence effectively spreads
the data subcarrier throughout the sync band and the subsequent PLL filter-
ing removes most of the interference. Basically, the sync detector is a
matched filter for which the following relation between input and output

signal-to-interference ratios applies:

() - o7 (3)

where B is the input bandwidth and T the effective integration time of the

- - - ~ -
PLL. Let B =4f_ = 2304 cps for 128 bps,T= 1/Bw3db=3/2BL0 = 6 sec

for 2B = 0.5 cps. Thus, the "procecessing gain" 2BT> 104. If the
LO P g g

total sync power is maintained at no less than 1 percent of the data power,
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then (S/I)i > 0.01 and (S/I)O > 100 (20 db). The performance threshold
for the sync detector for 0.5 db degradation of the data subcarrier is 18.4

db in ZBLO. The above limitation on minimum sync power is therefore
reasonable.
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5. TELEMETRY SYNCHRONIZATION AND ACQUISITION ANALYSIS

5.1 Frame Synchronization Analysis

Proper identification at the receiving station of PCM telemetry data
requires periodic transmission of a specially coded frame sync pattern.
After frame sync is acquired, then word sync may be obtained by counting
down from the bit rate (which is available from the bit synchronizer), if it
is not independently available. However, word sync can be obtained from
the PN code link.

To maximize the over-all data transmission rate, it is desirable
that an optimal sync pattern by used and an optimal recognition procedure
be followed by the receiving station. The performance of any synchroniza-
tion scheme may be described in terms of 1) sync acquisition time TA’

2) probability P1 of recognition of the true sync pattern, 3) probability P2
of recognition of a false sync pattern somewhere in frame, 4) probability

P3 of maintaining sync after acquisition, and 5) lock hold time TH.

The factor which prevents the probability of a true sync pattern
recognition from being unity is the occurrence of errors in the link. If
perfect reception of a true sync pattern is arbitrarily required in order
that recognition be established, then for the probability of recognition

P, = (1- n)? (F. 46)

Where h is the link error rate, i.e., the probability that any transmitted
binit will be received in error, and n is the number of code bits in the
chosen sync pattern. If the error rate is small, P1 will be close unity,
but if H and/or n is large, P1 may not be satisfactory. This is overcome
by permitting up to a certain number €, errors to be tolerated in the
ground recognizer system for which recognition is achieved, for then P1

can be increased to P1 (e 1):

€

1

P o) = > (1) b7 (-m ™ en? (F.47)
r=0
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False synchronization in a frame can occur due to n of the data bits
randomly assuming the sync pattern or by a combination of n - k bits of
the true sync code and k adjacent data bits randomly assuming the sync
pattern. In the former case the probability of false recognition at each

trial is

‘1
Fy (el)zz-—n z (?) (F. 48)
r=0

However, the probability F, ( k) that a false sync pattern occurs

€
1!
in a position displaced by k<n bits from true sync position is highly
dependent on the actual sync code employed. The use of Barker codes or
pseudo-random codes (which exhibit good autocorrelation functions) is

necessary to reduce the probabilities F2 (e k) fork=1, 2, ..., n-1

1’
(see Section 2 of this appendix). The total probability of one or more

false synchronizations in a frame of N bits is then approximately given by

2
n-1
P, (¢.) =1- (1-F,) N-2n+l 1-F, (e, ,Kk) (F. 49)
2 1 1 2 1
k=1
Now both F1 (el) and F2 ( el,k) (k =1, 2, ..., n-1) increase as

the number of allowed errors ¢. is increased, so that PZ, the probability

1
of false sync, increases with ¢ On the other hand, to keep the prob-

1
ability P, of recognizing a true sync pattern close to one, €4 must be
large. Therefore, € must be correctly chosen to yield the desired

values of P1 and PZ' Of course in any case the sync code length n must
be sufficiently long. The portion of the channel capacity used for syn-
chronization is % and for a given Pl and P2 this quantity decreases as
the frame size N is increased (at the expense of additional acquisition

time of course),

For the simple case where h is very small, «

be 0. Then P1 =1.0, F

| may be chosen to

| = 2°", and F2 = 0 for a Barker code or a
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reasonably efficient pseudo-random code. From Equations (F.48) and

(F.49) the frame length N may be solved for approximately:
n
N = -2" 1n (1 - PZ) + 2n-1

This is plotted in Figure F-51.

Figure F-52 shows the variation of P1 for an error rate of h = 0. 1.
This is usually considered to be the highest link error rate for which

the data return is usable.

For the Voyager mission, the maximum error rate specified is
h=5x 10'3, and the frame length is N = 448 bits. Based on this and the

following analysis, the frame sync code length chosen is
n = 21 bits

which comprises three words. This 21-bit sync pattern consists of a

7-bit Barker code 1110010 followed by its complement repeated twice.

ERROR RATE h~ 0O

P, = PROBABILITY OF AT LEAST
P, =0.01 ONE FALSE SYNC
RECOGNITION PER FRAME

::2£:=h‘ﬂo_‘

200 300 400 500 600

N

Figure F-51. Frame Length Versus n/N
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P] = PROBABILITY OF TRUE SYNC

RECOGNITION .
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/

0.6 \\ \\ \\
> AN N N
0.4 \\ €= \‘\
\ N
0.2 \\\\ ~~
ERROR RATE h = 0.1 =0 [~
0

0 2 4 é 8 10 12 14 16 18 20 22 24 26 28 30

n, NUMBER OF SYNC CODE BITS

Figure F-52. Pl Versus Number of Sync Code Bits

This sync code has the advantages of being easily generated by the
DTU and of having a good autocorrelation function (yielding low values of

F, (e 1 k) as shown in Section 2 of this Appendix.

The procedure used to acquire frame sync may be described as
follows. Immediately after bit sync acquisition a sequence of n received
binits appears in a shift register A (Figure F-53). A recognizer circuit B
compares the contents of A with the stored sync code and determines
whether the number of errors is less than €1
pulse is generated. If there are more than ¢, errors, the shift register A

1
is allowed to shift right as the next binit is received from the bit

in which case a recognition

synchronizer, and the procedure is repeated. The window is said to be
open and the incoming data is examined until a recognition (true or false)

occurs.
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CONTROL LOGIC :’ tWINDOWI I
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Figure F-53. Synchronization Block Diagram

The questions next arises as to the proper approach to be adopted
which will verify that the recognition is not of a false sync code, and
after verification, insure that the frame sync lock is retained for the
longest possible time. Several investigators have suggested that the
optimum approach consists of three modes of operation - acquisition,
verification, and retention modes. The number of bits examined each
frame time (window size) and the number of allowed errors (¢) are
chosen differently to best match the a priori information concerning the

frame sync status.

However, to prevent the procedure from becoming unduly complex,
only two modes of operation are suggested for which near-optimum
performance can be achieved:

° Acquisition mode - window open; €] allowed errors; go to

retention mode after first sync code recognition is
achieved.

° Retention mode - 3-bit window; €2 allowed errors; go
back to acquisition mode if sync recognition fails for all
three tests in window.

The 3-bit window in the retention mode means that after frame sync is
acquired, the recognizer examines the data at positions corresponding to
one frame time later and one frame time plus or minus one bit later. As
contrasted to a 1-bit window this allows for possibility of a 1-bit/frame

slippage of the phase-locked oscillator in the bit synchronizer at low
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signal-to-noise ratios.

The criteria for the selection of

1 and , are

the minimization of average acquisition time TH’ respectively.

The average acquisition time is given (see Section 2) approximately

by

1+NFl(el)

T =
A
Pl(el)

frames

(F. 50)

The average hold time, i.e., average time in retention mode, is

Th

1+ 1

1- P1 (ez) (1 - FZ) (62, 1)

frames (F.51)

A short tradeoff may be performed to determine the appropriate

optimum error tolerances ¢

length n = 21 bits in a frame of length N = 448 bits.

1 and ¢ o to be used for the sync code of

The results are

shown in Table F-11 for error rates of h = 0. 05 and h = 0. 005.

Table F-11. Acquisition and Hold Time Optimization

Error Error Average Average
Rate | Tolerances | Acquisition Time | Hold Time Comments
h 1 2 TA TH
0 0 0] 1 frame © Ideal case under
assumption of no
link noise
0 0 2. 94 frame 2.52 €» €, too small
0. 05 1 2 1. 39 12.3 €10 € too small
1 4 1. 39 308 €10 €2 too small
2 5 1.16 2180 optimum
0 0 1. 11 11 €1 o too small
1 1 1. 006 201 €, too small
0. 005 1 2 1. 006 6260 ¢, too small
1 3 1. 006 250,000 | Optimum
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At the maximum specified error rate h = 0. 005 and using the
optimum error tolerances, € = 1, €5 = 3, it is seen that the acquisition
and hold times are very good, that is, frame sync is acquired almost with
certainty at the first appearance of the sync code and the ""mean time' to

sync loss is 250,000 frame-times.

As a matter of fact, the proposed sync code is still satisfactory at a
degraded error rate of h = 0. 05 (provided €, €, are also changed) as the
above table shows. This raises the question as to whether a n = 14 sync
code (two word lengths) would be satisfactory, at an error rate of

h = 0.005. However, a n = 14 sync code yields only marginal performance.

In summary, the above analysis shows that the chosen sync code and
sync acquisition and retention procedure yields a performance which
exceeds that which might be considered satisfactory as expressed in
terms of average acquisition and hold times. Thus proper frame syn-
chronization has been provided for all system modes of operation whether

word synchronization is independently available or not.

5.2 Derivation of F2 (el k)

The 21-bit sync code consisting of 7-bit Barker code followed
twice by its complement is shown below
Bit
position 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
in frame BB, BB, B B B BgByB (B B),B,38),8,58,,8178,8819P20582, %22

Sync
code 1110010000 1 1 0 1 0 O 0 1 1 0 1

Sync
code
shifted 111001000 01 1 0 1 0 0 o0 1 1 O
one

position

For comparison to PN codes, the autocorrelation function of this sync

code is plotted as follows,

F-124




R(Y) = NO. OF AGREEMENTS = NO. OF DISAGREEMENTS
+21

r!!54!351555-----——————-7'
16 18 20

-5+
-4
—7-

As an example FZ (e, 1) will be derived. A nonzero link error h
rate is assumed. The sync code shifted by K=1 bit is shown in the
preceding plot. B1 consists of a data binit which is equally likely to be a
1= b

then mismatches would be present in bits B4, Bé, B7, Bll’ B13, B

1 or a 0. If the shifted sync code were received unchanged and B
14’
Bis» Brgr Baor Bay-

For a zero error tolerance, i.e. E = 0, a false recognition can
4 Ber By Byyps Byss Byy By,
B18’ BZO’ and BZl are received changed and the remaining 10 binits

occur only if Bl happenstobea l, B

are received unchanged. Thus

10, 10
FZ (01 1) = 1/2 (1-h) ""h

If exactly one recognition error is allowed, a false recognition may
occur in any one of three mutually exclusive ways: 1) the recognition
error is allowed in Bl’ 2) the error is allowed in any one of the 10 mis-

matched positions, and 3) the error is allowed in any one of the 10

F-125



matched positions. Consequently, the probability of recognition when the
maximum error tolerance is =1 is the sum of the probabilities of these

three events plus the probability FZ (0, 1) of a recognition with no errors:

10, 10 1 /10 11,, 9
Fz (1,1) = F2 (0,1) + (1-h)" " h += <——-1 ) (1-h) h
1 10 9, 11
tZ (T) (1-h) "h

n? (-n)tt [5 +15 () + 5 (1—}_‘—5)2]

Similarly, for other error tolerances ¢ >1, the various events for which

recognition occurs may be determined and their probabilities computed.

Thus
_ 8 12 h )
FZ (2,1) = F2 (1,1) + h (1-h) [22. 5+ 10 (—l_h

h )2 h )3 h 4
p50 (15)% 0 (75) 4 2205 ] etc.

5.3 Derivation of Average Acquisition and Hold Times

If frame sync has been lost and a search is initiated to reacquire
sync when the window is open and each time the contents of the n bit shift

register is examined, the result of the trial has three possible outcomes:
N - no recognition occurs
F - a false recognition occurs
T - a true recognition occurs

If, as before, P, denotes the probability of a true sync recognition given
that a true sync code is present (Equation (F. 46)) for each trial in a frame

of N bits

P

P(T):W’EQ
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Similarly, it is seen that the per trial probability of false recognition
P (F) is given by (see Equation (F.48) )

P

p(F):szﬁ

Therefore the per trial probability of no recognition is
P(N)=1-a-8

As a good approximation, successive trials will be assumed to be
independent. In general, the acquisition time is determined by the number
m of false recognitions and the number r of no recognitions which occur
(in any order since successive trials are independent) before the first

true sync recognition occurs. Thus, in the process of attempting to
acquire frame sync, if a sequence of events NNNNFNNF. .. NFT occurs

haveing R occurrences of N (no recognition) and m occurrences of F
m + r) m
m /)P
(1-a-ﬁ)ra . Then the scheme is complete because if t = m + r then

before T occurs, the probability of this sequence is (

@©

© t
2 z (:n> 5m(1'a'5)t-m - z a’(l-a)tzl
m=

t=0 0 t=0

The acquisition time TA of the sequence is

T, = Nm + r + 1 bit times

PSS

since each false recognition causes a one frame time delay in each. No
recognition event causes a one bit time delay. The expected acquisition

time is therefore

TA=N?n+?+1 = (N-1)m+t+1
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Thus, it can be shown that

© t
f:az t z (rtn) Bm(l-a-ﬁ)t-m=é

=0 m=0

o+

® t
meey > mHeT-a-p L e
t=0 m=0

A useful simplify expression can be obtained for TA under the condition

F1 ( el)

F, (1, ¢.) < ———— which is usually the case. Then p = F. (¢€.)
2 1 n 1 1
El P

= (E) 2", Furthermore since o= Wl we obtain finally that
k=0

T, =1+ MN-1)E (140) + &
A @ @

il

1+-E 1 + (N-1) 1+—1-)—l F (¢,) | bit times
P, y N 1 ' i

1+ NF., (¢,)
1 1 .
P frame times

1 (N > 1)

it4

In a similar manner, assuming a three bit window for the retention mode
as previously described, it can be shown that the expected time in
retention mode is

T, =1+ 1

frames.
H l—P1 (ez) (l-Fz(lleZ)
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6. THRESHOLD CRITERIA FOR PHASELOCK RECEIVERS

6.1 Tracking Loop Dynamic Errors

The carrier tracking loop in the ground receiver experiences phase
errors because of doppler and doppler rate resulting from orbital motion
about Mars and motion of Mars relative to earth. These errors must be
evaluated to insure that the ground receiver is capable of accommodating
them. The orbiter-ground station range is the sum of three components:

Mars-orbit, Mars-earth center, and earth center - DSN station.

The Mars-earth center velocity component, though the largest,
varies very slowly and can be programmed out by DSIF frequency
selection. The remaining two velocity components produce a worst case
velocity variation of 2. 7 km/sec. The rate of change of velocity is

primarily the orbital component, 1.53 m/sec?.
For two-way communications, the doppler frequency is given by
2f r
r

fq = —2 , (F.52)

and we have for fr = 2295 Mc
Ifdl max = 41.3 Kc

‘f.dlmax = 23.4 cps/sec

The loop error because of the doppler effect can be expressed as

prd
Gl = K (F.53)

where K is the static loop gain of the loop. If we require € to be less

than 0.1 rad then

2w (41.3) 103
1

2.6 x 106 sec-1

i
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This requirement is very easily fulfilled by the operational amplifier in

the loop filter.

The error because of tracking a doppler ramp is given by

€, =—= (F.54)

Because of limiter suppression, the loop natural frequency, w o is a
function of the received carrier level. We wish to calculate the error for
a bandwidth corresponding to a threshold level of 6 db in the receiver loop.
Since the DSIF receiver loop is optimized to 12 cps at 0 db in the 12 cps
bandwidth, W for 6 db is

() = w @
n nO aO
. A2 5o
= 752 J2.0 (F.55)

16.0 rad/sec

Thus

. . 2m (23.4)
(16.0)2

0.57 rad peak

This value is pessimistic because it assumes only 6 db SNR in the receiver
loop bandwidth. If we consider the worst flight conditions with a satisfactory
performance margin at encounter plus 180 days, the tracking error is
reduced considerably. For the 128-bits/sec bit rate using the medium

gain antenna and the 210-ft dish, the SNR in the 12 cps DSIF bandwidth
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is 19.1 db (Volume 2, Section 5.3.1). This results in an w of 34 r/s and
a tracking error

62 = 0. 13 rad peak,

a quite acceptable dynamic error.

Similar calculations can be performed for the transponder which, of

course, encounters only one-way doppler. Thus for the transponder
Ifd‘ .. = 20.6Kc
l%d l max - 11.7 cps/sec
For a maximum static loop error less than 0.1 rad the loop gain must be
1

K = 1.3x lO6 sec

The transponder loop bandwidth is 32 cps at +6 db in the loop (Volume 5,

Section 1.5,4). If we consider the threshold level of 3.8 db (Volume 2,
Section 5. 3. 1), we have

32 oo
“n = T.05 V776
= 26.6 rad/sec

The peak error due to doppler rate is therefore,

_ 2w (11.7)
(26. 6)°

= 0.10 rad peak
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6.2 Carrier Loop Degradation in Two-Way Mode

When the communication link is operating in the two-way mode, the
ground receiver loop receives an additional noise component because of
up-link noise transmitted by the transponder. To determine the magnitude
of this component consider the transponder phase noise. It can be ex-

pressed as

(o8}
. o 2
2 't 2 dw
€, = zct G / Ht(w) oy (F.56)
_@
where the subscript t denotes the transponder and

C _ . . . .
- carrier-to-noise density ratio
G = ratio of up-link to down-link carrier frequencies
H = loop phase transfer function [

The total receiver noise is the sum of thermal plus transponder noise or

© 2
2 2y dw
“r 2C [ Hr («) 2w
T
. @
(o o]
P T : 2
th G Ht(w) Hr (w) dw (F.57)
Bl e o}
d o

I

r t 2
2. By t2c G K(B) By
r r t r
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where

B_ = (two-sided) noise bandwidth

B = BN/BN
t r

and K(pB) is a parameter representing the second integral above as a
function of the bandwidth ratio. For the case where both loops are second-

order and adjusted 0. 707 damping K(p) has been plotted,* and it can be

shown that at least for BN BN > 1, the factor K is not too dependent
. ; t r
upon the damping ratio.
Since
S 2
<N T Tme (F.58)
N @BN

is the SNR in the loop noise bandwidth, Equation (F.57) can be rewritten

as
2
2 _ 1 G~ K (B)
€ = + (F.59)
N N
T t
To evaluate this expression for Voyager we consider two cases. In
a7y re A e b IS, I AU DUUNDGUURRE S T SRS USRS A P R DI R I LI
Ule 1irst Cdasec, DULI LIIC Elclvecl dilu e o dlleULLU.CL J.UUPD alc at LucCcLe

design threshold level. Inthe second case, the receiver is at threshold
but the transponder is at its minimum operational power level taken from

the system design control table (Volume 2, Section 5.3.2).

*J. K. Holmes, "A consideration of VCO and Thermal Noise in a Phase
Coherent Two-Way Doppler Communication System, '"IEEE Transactions

PG SET, March 1965.
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For the first case we have

BN = 12 cps at 0 db (S/N)t
r
B = 27 cps at 3.8 db (S/N)
Nt t
(corresponding to 32 cps at 6.0 db)
_ 2295
G = 3115 1. 086
so that
= 2.26
K(p) = 1.1

With no up-link degradation the mean square error of the receiver at
threshold is 0.5 (rad/sec)z. Hence, if we set the total mean square error
at this value and calculate the resulting receiver SNR, we will have a

measure of the degradation caused by the up-link. Thus

2
05 - 1, (1.086)°(1.1)

2(%) 2(2. 4) (2.26)
I

so that

The degradation, therefore, is 1.3 db since the receiver SNR must
be increased by this amount to maintain the same output phase noise as in
the one-way mode. By comparison, Mariner C specifications quote 2 db

for this degradation.
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For the second case, we have a transponder SNR equivalent to

13.6 db in 32 cps so that due to the limiter

BN = 62.5 cps at 10.7 db
t
. 62.5 _
P = 35— = 5.2
K@B) = 1.1
Thus
2
! (1.086) (1.1)
0.5 = S =
z(ﬁ) 2 (11.8) (5.2)
r
yielding

as essentially negligible degradation.

6.3 Data Degradation Caused by Carrier Loop

In the past, coherent communication links have been designed by
adjusting the carrier deviation so that both the carrier tracking loop and
the data channel are above some arbitrary threshold. Such a design is
somewhat artificial in that the actual effect of noise in the carrier loop
upon the data channel SNKR is not taken into account. A more realistic
approach is to adjust the deviation so as to maximize the data SNR or
minimize data error probability taking into account the degradation from
the carrier loop. The carrier loop margin per se is of secondary

interest.

A first attempt to account for carrier loop degradation of the data
SNR is an analysis given in an unpublished TRW memorandum by
C. M. Thomas. In this memo, the carrier loop was replaced by a VCO

phase-modulated by white gaussian noise filtered by a first-order loop

transfer function. The spectrum of the VCO output is obtained by assuming

the modulated index is small (i.e., carrier loop SNR high) so that the
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shape of the VCO noise spectrum is essentially that of the modulating

noise. This VCO spectrum is convolved with that of the incoming data
and noise, the resulting spectrum is then translated by the subcarrier
frequency and filtered by an integrate-and-dump filter. The resulting

expression for output data SNR is given by

2
¢~ 6
SNR =
1 = \2 1
<SNR> t2(82) F<2 o T>
nd n
where
(SNR)o = data SNR in bandwidth 1/T
(SNR)nd = data SNR in 1/T withno carrier loop degradation
62 = mean square carrier loop phase noise

F E-w—lrf— = a factor dependent upon bit time and loop natural
n frequency

The factor F is plotted in the memo and is near 0. 15 for threshold cases

of interest. The data SNR is most readily optimized with respect to index

by cut-and-try calculations to maximize SNR.

Recently W. C. Lindsey of JPL* has approached the problem using
an expression for the probability density of the carrier VCO phase obtained
from his analysis of the second-order loop using Fokker-Planck techniques.

Furthermore, his results given in JPL Space Programs Summary

*W. C. Lindsey, '"Optimal Design of One-Way and Two-Way Coherent
Communication Links, JPL Space Programs Summary, No. 37-33,
Vol. IV, 1965.
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Nos. 37-32, and 37-33, Volume IV, consider both one-way and two-way
links. Lindsey's expression for data error probability from Equation (2)
of SPS 37-33 is

-(SNR)
1 8 @ ( nd k 2 -
PE(n) = 5 1- - (SNR)nd E e (-1) €k b2k+1(n)(1-4K )-1Ik“/ez
k=0
where
n 11(9.2)
b, (n) = _IT__l_
k I(6 2)
i=i 01
ek = 1, k=0
fx = 2,k>0

and where n = 1 refers to one-way link and n = 2 to two-way. Using a

computer, Lindsey plotted PE(n) for selected values of

Pro Ty,

No2
and
1

Tb2 BNZ

as a function of cos 63. Ideally these curves permit an optimum choice

of deviation to minimize PE' However, in actual practice B and BN

N1 2
are unknown because they are functions of the carrier power at the space-
craft and the ground, respectively, due to limiter suppression. Thus,
Lindsey's curves are not directly applicable and further computer study

is required to incorporate the effect of limiter suppression.
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In addition to PE(n), Lindsey also has an expression for the data

SNR given by

_» 12
P T I, (1/8%)

o I (1/8%)

for one-way and
2

2
1, (1/6°%)

SNR2 = SNR 1

2
I, (1/8,7)

for two-way links. Because this expression is much simpler than that for
PE’ it is possible to include the effect of limiter suppression for one-way

link without recourse to a computer.

To show this we note that

1
= 2 (SNR)
02 By

When B is the total loop noise bandwidth.

N

Furthermore, it can be shown that because of limiter suppression

3(SNR)BNO

(SNR)p =
N 1+2 /(SNR) B
O
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where BN is the bandwidth at the design power level. Thus
o
r—' —/2
2 P
6 cos”0 | 3
c1<No BN >
. 2 cos 0. P/N_ B
1\1 + co
2 PT " d © No
SNR = sin~ 6
d N
° 6 °°Szed “N—PT““
o N
0
I1
1 + 2 cos Gd P/NO BNo
I —
For a given system power budget PT/No and P/N BN are given. The

o o
data SNR can then be optimized with respect to ed by calculating SNR for

several trial values of Od.

An interesting comparison of the two methods for computing data
The
22.1 db/cps,

SNR was performed in connection with the power budget for Pioneer.

parameters for this comparison were B 12 cps, P/N0 =

N
o

and 1/T = Using the expression of Thomas, the optimum index

was found to be 1.0 radian which resulted in a maximum SNR of 10. 0 db.

8 cps.

Using Lindsey's equation, the optimum index was 1. 1 radian resulting in
a 10.6 db SNR. With an index of 1.0, Lindsey's expression gave a SNR
of 10.45 db. Thus, the two methods are in agreement with Thomas being
somewhat pessimistic regarding the carrier degradation. It is interesting
to note thatthe 1.0 radian deviation results in a loop SNR of 6.0 db within
the 12 cps or 3.75 db in the 20 cps expanded bandwidth. This is well

below the criteria of 9.0 db sometimes used in specifying carrier threshold,
although it happens to agree exactly with the JPL criterion specified

in TM33-83.
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1. TELEMETRY MEASUREMENT LIST

This section contains Tables F-12 and F-13. Table F-12 is a
preliminary engineering measurement list, and Table 13 is a summary

of the measurement list sampling rate.
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Table F-13. Summary of Measurement List Sampling Rate
Sampling Rate Per Cent
Preferred Minimum Accuracy
Pre- inl-
Subsystem 5/s | 2/s {1/s|1/m| 1/10mjl/hr{2/s | 1/s|1/10s|1/m |1/10m|l/hr{ferred|mum
Communications
(Analog) 3 26 10 3 15 19 1 3
(Discrete) 5 38 2 39 2 4
Attitude Control
(Analog) 9 2 8 6 3 9 1 9 2 5
(Discrete) 30 30
Thermal Control
(Analog) 110 110 2 5
CS&C
(Analog) 10 3 5
(Discrete) 4 6 20 2 20
Mechanical
(Analog) 2 2 1 3
(Discrete) 24 9
Power
(Analog) 39 39 1 3
(Discrete) 5 5
Propulsion
(Analog) 6 1 1 2 1| 2 5
(Discrete) 21 21
Science
(Discrete) 55 55
(Analog) 5 4
Totals - Analog 15 5 74128 |18 | 10 3 3 5 | 15 |184
Discrete | 49 | 55 5 74| 24 5 9 78 71 2 29
-8 | 451 | +12 [+227 [-382

Intcgrated Data Bit Rates

1)
2)

Preferred - 949 bhits/scc

Minimum - 263 bits/scc

When formatted as permitted by 2 level commutation plus cross strapping and adding synchroni-

zation and identification allowance, these values become:

1) Preferved - 1295 bits/scece

2) Minimum - 389 bits/scc
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APPENDIX G
SOLAR ARRAY DESIGN

1. SOLAR CELL TRADEOFF ANALYSIS

The tradeoff study to select the optimum base-resistivity solar
cell and cover glass thickness indicates that, in general, the nominal
10-ohm-cm cell and a 6 mil cover glass yield a higher watt per pound

solar array than thicker cover glass.

The basis for a tradeoff study of base resistivity is that higher
base resistivity solar cells provide more power at a higher radiation
flux levels than low base resistivity cells for the identical initial
efficiency., The curves in Figure G-1 show that a cross-over exists
at an equivalent flux of 9 x 1014 1-Mev elec‘crons/cm2 total dose. Since
the curve is constructed for solar cells at +270C, the results are sub-
ject to a small error at higher and lower operating temperatures
(discussed below). Nevertheless, the curves show that above 9 x 1014
electrons/crn2 the higher base resistivity cell produces more power

and requires less area for a fixed power requirement.

1.0 ——] l
0.9 ——-= 7-13 (10) OHM~-CM CELLS
— 1.2-2.0 (1) OHM-CM CELLS

o [V
& 0.8
=
Q N
s 0.7 \
b4
X 0.6 N«
B I\
< \\
< 0.5
2 ~
zZ \\
o 0.4 \\\
o ~
z ~
O 0.3 <
=
E() \ \\
E o \\;

0.1 ~

0
1012 1013 1014 1015 1016 10V7 1018 1019

TOTAL EQUIVALENT 1 MEV FLUX (ELECTRONS/CMZ)

Figure G-1. Fraction of Initial Power Remaining versus
Total 1 Mev Equivalent Electron Flux

G-1



In general, as the cover glass thickness is increased, more
charged particles are prevented from reaching the solar cell surface;
but at the same time, the array weight per unit of area is increased as
the result of the extra glass. Whether or not an optimum glass thick-
ness exists and if so, what that exact value is depends upon the make-up
of the particle spectrum, i.e., the relative quantities and spectral

distributions of protons and electrons.

The damage factors which have been used to convert the raw
flux spectrum into damage-equivalent 1-Mev electrons were obtained
from the Figures 32 and 33 in "Results of the Telstar Radiation Experi-
ments, ' by W. L. Brown, et al, in the July 1963 issue of the Bell
System Technical Journal,

In general, the damage factor increases with electron energy for
a given glass thickness, and reduces with increasing glass thickness.
For protons, increasing the glass thickness tends to increase the re-
quired minimum proton energy for glass penetration. At higher
proton energies, however, increased glass thickness is not significantly

effective in reducing the damage factors.

1.1 Details of Analysis

The analysis was based upon the assumptions discussed in the

following paragraphs.

1.1.1 Flux

The raw flux spectrum is presented in Table G-1 (also see
Appendix B). The analysis was performed for Mars radiation environ-
ments ranging from lO-1 to 104 of the earth's radiation referred to as

E =10"'E to10%E .
m O (0]




Table G-1. Voyager Flux Spectrum

A. Near Earth

Electrons

E >0.5 Mev = 4 x 1019 e/cm2
Protons*

4-15 Mev - 107 P/cm®
15-30 Mev = 108 P/cm2
>30 Mev = 107 P/crn2

B. Cruise

Solar flares - 1/2 yearly rate for 177 day Type 1
Class 1 Mission

Protons
>30 Mev = 5 x 109 P/crn2
>100 Mev = 4,8 x 108 P/cm2

Solar wind = no damaging particles.

C. Mars Orbit

Nominal Orbit: 2,000 = hp
20, 000K™ _ 1
a
Tonmnlasmadinem . AR AAr~
AddlL LillCALLIVILY — XU \ACS

Eccentricity = 0., 628

Based on Mars Equal to One Earth Model

Electrons

E >0.5 = 1,6 x 1013 e/c:rn2 for 6 months in orbit.

o
Derived from Flux Map AE 1 Velte, - Aerospace Corporation,
January 1965,



Table G-1. Voyager Flux Spectrum (Continued)

Protons
9 2 .
4-15 Mev = 2.2 x 10" P/ecm™ Jorbit
15-30 Mev = 3.9 x 107 P/cmz/orbit
34-50 Mev = 8.6 x 106 P/cmz/orbit
> 50 Mev = 1.1 x 106 P/cmz/orbit

For 6 months, multiply per orbit values by

24 Hr /Day x 183 days = 303 orbits
14.5 Hr/Orbit

For a 1/10 earth model, multiply above values by 10-1.

For earth models of 10 through 104, multiply flux values for the Eo

case by the approximate scaling factor lON.

Electrons and Protons in 6 Month Mission

Protons 1 Earth Model (EO) 1/10 Earth Model (10-1EO)
E > 4-15 6.7xlOllP/cm2 6.7x1010P/cm2

E =15-30 1.3x 100 P/em? 1.3 x 107 P/cm®

E =34 -50 2.6xlO9 P/crn2 2.6x108 P/crn2

E > 50 3.3 x 108 P/em® 3.3 x 10 P/cm®
Electrons

> 0.5 Mev = 1.6x1013 P/cm2 1.6}{101213/61112

Solar Flares - Protons

9

> 30 Mev 5 x 10 P/crn2
> 100 Mev 4.8 x 108 P/crtn2
Solar Wind

No damage.




Except as noted, all values of per cent power remaining, areas
and weights required are based on the total flux received by the solar
array throughout the 12-month mission life. This includes the near
earth flux, cruise flux, and flux encountered during 6 months of Mars
orbiting. Except for the flux received from solar flares, all flux
incurred at Mars is directly scaled when considering Mars environ-

1

ments ranging from 10~ to 104 of the earth radiation flux environments.

1.1.2 Damage Factor

This is described in the array electrical design section (Volume 5,
Section IV - 3.3, 3).

1.2 Array Characteristics

These consist of the following:

a) Backshielding, including two layers of 5-mil
thick aluminum skins, primer, bonding,
adhesive, and paint equivalent to 0.11 gm/cm2
or about 20 mils of fused silica cover glass.

b) Array weight exclusive of cover glass = 0.816 1b/ft2.

1.3 Solar Cell Damage Curve

The curve in Figure G-1 is a plot of the relative maximum power
remaining versus equivalent 1-Mev electron flux. It assumes the
same efficiency for the two resistivity types at +27°C. The 1-Mev
flux obtained with the data in (a) and (b) for each of several glass thick-
nesses is used to enter this curve to establish the remaining power
at the respective flux levels. The total flux incident upon a solar cell
includes that impinging on the front for glass thicknesses of 6 mils,

18, 36, and 54 mils and on the cell rear surface through an equivalent
20 mil coverglass., To extend the analysis to flux corresponding to
Eo of 102 and above required extrapolation of the solar cell radiation
damage curves to flux levels much higher than that for which damage
data is available. Thus, although general conclusions are valid, care

must be taken when using any data for Eo = 102.



1.4 Results

Table G-2, shows the per cent of initial power remaining for each

glass thickness, from E, , = 101Eo to 104E0 for 1 and 10 ohm-cm solar

M
cells, The table accounts only for radiation damage to the solar cells;

other degradation mechanisms are not included in the analysis.

Table G-2. Relative Power Remaining at End of Life

-1 0 1 2 3 4

E 10 "E 10 E 107 E 10°E 10"E 10 E
M o) o o o) o e}
Glass
Thickness
(mils) 1 Ohm-Centimeter Cells
6 0.815 0.623 0.445 0.284 0.137 0.014
18 0.827 0,640 0.460 0.298 0.150 0.025
36 0.842 0.653 0.472 0.307 0.160 0.033
54 0.858 0.680 0.493 0.327 0.177 0.048
10 Ohm-Centimeter Cells
6 0.800 0.640 0.490 0.354 0.234 0.130
18 0.814 0.655 0,504 0.366 0. 244 0.139
36 0.827 0.666 0.513 0.375 0.250 0.145
54 0.844 0.690 0.532 0.392 0.265 0.158

Table G-3 shows the relative solar array area required for a
fixed end of life power. The results are all normalized for 6 mil glass

over the range of E, values., Note that the 1 and 10 ohm-centimeter

M
cells are normalized separately., The results are consistent with that
of Table G-2: the higher the percentage of remaining power (Table G-2),

the lower is the relative area.




Table G-3. Relative Areas Required

E 10'e 10°%2 10lE 10%E 10%E 10%E
M o) o o o) o o
Glass
Thickness
(mils) 1 Ohm - Centimeter
6 1.00 1,00 1.00 1,00 1.00 1.00
18 0.99 0.97 0.96 0.95 0.91 0.56
36 0.97 0.95 0.94 0.93 0.86 0.42
54 0.95 0.92 0.90 0.87 0.77 0.29
10 Ohm-Centimeter
6 1,00 1.00 1.00 1.00 1.00 1,00
18 0.98 0.98 0.97 0.97 0.96 0.94
36 0.97 0.96 0.96 0.94 0.97 0.90
54 0.95 0.93 0.92 0.90 0.88 0.82

All numbers rounded off to two significant figures.

Note: All relative areas are with respect to the 6-mil glass for
each flux case. Different flux levels cannot be compared
in this table.

Table G-3 shows only the relative areas and thus that the thicker
glass requires less total area is as expected. However, the weight
increases with glass thickness, and if the values in Table G-3 are
multiplied by the respective lb/ftz values for the specific glass thick-
ness, it is found also that the total array net weight increases with
increasing glass thickness. Thus, the reduction in flux reaching the
cell with increasing glass thickness, is offset by the increased unit
area weight with the single exception at EM = 104Eo for 1 ohm-

centimeter,

The results in Table G-4 have again been normalized for a 6-mil
glass thickness. At each flux level, the values represent the total
array weight required to supply the same end of life power. In general,

a lower array weight is achieved by using the thinner glass and providing
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the additional area required. The most significant effect of increasing
the array area is the increased solar cell cost, which is a first order
approximation is inversely proportional to the relative areas in

Table G- 3.

Table G-4. Relative Solar Array Weight

E 107 ' 1% 10l 10%E 10°E 10%E
M o) o o o o o
Glass
Thickness
(mils) 1 Ohm - Centimeter
6 1.00 1,00 1,00 1,00 1.00 1.00
18 1.09 1,08 1.07 1.06 1.01 0.62
36 1.24 1.22 1.20 1,18 1.09 0.54
54 1,37 1,32 1.30 1.25 1.11 0.42
10 Ohm -~ Centimeter
6 1.00 1.00 1.00 1,00 1.00 1,00
18 1.09 1.08+ 1,08- 1,07 1.06 1.04
36 1,23 1.22+ 1.22- 1.20 1,19 1.14
54 1.36 1.33 1,32 1.30 1,27 1.18

The results of Table G-4 are plotted in Figure G-2 for the
1 ohm-cm cells.

The results for EM = 104Eo for the 1 ohm-centimeter cell are
different from the other cases because the relative power remaining is
extremely small* (less than 5 per cent) and undergoes a wide variation
between 6 and 54 mils (about 3.5 to 1), Thus, the relative area re-
quired (Table G-3) is a factor of 3 smaller for 54 mils (relative to
6 mils), and the increased unit area weight cannot offset the larger

area as for the remaining cases in Table G-4.

In fact, the remaining power is probably within the uncertainty level
of any system of measurements used to determine flux magnitudes
and power levels.




& MIL GLASS (REFERENCE) )

RELATIVE WEIGHT

0.8
E =
0.6
E o= '\ /e 104
\-\
0.4 o e e e e
— — — — 7 - 13 OHM-CM SOLAR CELLS
————— 1.2 - 2.0 OHM-CM SOLAR CELLS
0.2 -
E = 10"\ I
0
0 10 20 30 40 50 60

GLASS THICKNESS, MILS

Figure G-2, Relative Weight Versus Glass Thickness

A direct comparison of 1 and 10 ohm-centimeter cells is obtained
by normalizing the data for the latter cells with respect to the former
in Table G- 3(again each flux level is maintained separately). Table
G-3 shows a greater relative power remaining for the 1 ohm-cm cells
for EM = IO-IEO, but the 10 ohm-cm cell is superior for all remain-
ing cases of EM' Maintaining the normalization would alter Table G-4
to that shown in Table G-5., The results are again with respect to
relative weight to yield a specific end of life power, but the normal-
ization of the 10 ohm-cm to the 1 ohm-cm data permits a direct
comparison of the two cell types, The results show the clear superiority

of the higher base resistivity cells for E, = 3EO.

M



Table G-5. 10 Ohm - Centimeter Cell Data for Relative Array Weight
Normalized to 1 Ohm ~Centimeter Cell Data in Table G-4

E 10°'e  10°2 10'rE 10%E 10°E 10%E
M o o o o o o)

Glass

Thickness

(mils) 10 Ohm - Centimeter
6 1.02 0.97 0.91 0.80 0.50 0.11-
18 1.10 1,05 0.98 0.86 0,62 0.11+
36 1,26 1.19 1.11 0.97 0.70 0.12
54 1.39 1.30 1.20 1,04 0.74 0.13

In general, minimum system weight is achieved with the 6 mil

glass and the 10 ochm-cm solar cell,

One more comparison is significant, the determination of the
array weight required to supply a constant end of life power as a
function of the total radiation flux, Figure G-3 shows a plot of the
required array weight (normalized to EM = IO-IEO) for 6 mil glass
covered solar cells versus the total close-in equivalent 1-Mev electrons.
Note, however, that the total equivalent 1-Mev flux for two successive
EO cases do not ratio by 10:1 because the total flux includes fixed

components not affected by scaling the earth flux from one level to

another,

One and 10-ohm-cm cells are also compared (based on 27°C data)

to show the importance of the higher base resistivity cell. At

EM = IO_IEO, the 1 ohm-cm cell is superior (see Table G-4) by about
2 per cent, but this is more than offset with increasing flux (see
Figure G-1). At the extremely high flux levels, represented by

EM z IOZEO, the poorer radiation resistance of the lower base
resistivity cell is clearly demonstrated by the sharp separation of the
two curves. Thus as a protection against higher unexpected flux, the

10-ohm-cm cell should be selected.
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Figure G-3 also shows the relative weight at Mars encounter plus

one month, based on a total six-month flux accumulated for EM = IO-IEO.
Here the two cell types are nearly identical as a result of the low flux

and relatively small damage incurred,

The superiority of the 10 ohm-cm cell i s accentuated at tempera-
tures below 27°C (which occur in the last six months of life) because
the increase of voltage with decreasing temperatures is higher for the

av.
é\fp = 2.7 mv/°C for the

10 ohm-cm cell and only 2,2 mv/°C for the 1 ohm-cm cell. Inclusion

10 ohm-cm solar cell, Specifically,

of the low temperature characteristics in Figure G-3 would show still
lower relative weights for the 10 ohm-cm cell, compared to the

1 ohm-cm cell.

2, ARRAY MECHANICAL DESIGN

2.1 Summarx

Structural design of the solar array is discussed in Section V-1,

Factors governing the design of the solar array for Voyager included:

o  Over-all specific weight, including solar cells and
cover glass with an assumed packing factor of 0. 88,
not to exceed 1 1b/ftZ2,

o Structural deflection because of vibration, steady
state and impulsive accelerations not to exceeds
1 inch.

o Mechanical properties of the substrate should not
be changed by repeated temperature cycling.

o The solar array should be sectioned to facilitate
fabrication, handling, and testing, and all sections
should be identical,

During the Phase IA study, three substrate materials were

considered:

o A 0.10-inch single flat aluminum skin bonded to a corru-
gated sheet of 0.0008~inch aluminum, reinforced by four
aluminum hat-shaped stiffeners bonded to the panel.

o A 3/8-inch thick aluminuv 1 honeycomb panel with 0. 005~
inch aluminum facing skins reinforced by four aluminum
hat-shaped stiffeners boned to the panel.

G-12




o A 1-inch honeycomb panel with 0.010-inch facing on a
hexagon cell core with no reinforcement.

Because of the possibility of having to implement a development
program in the field of thin gauge corrugated structures, study effort
was concentrated on the honeycomb structures. Stress analysis indicated
very minor differences between the deflection characteristics of the
3/8 inch reinforced and the l-inch plain honeycomb panels when supported
on three sides, Thermal considerations favored the use of the plain
honeycomb panel with 7075-T6 aluminum alloy facing skins to minimize

thermal gradients over the panel surface during eclipse.

The selected material for the substrate has the following character -

istics:
Core
Material 5056-H39 aluminum
Density 1.6 1b/ft3
Cell Size Either 1/4 inch (0.007 inch thick-
ness) or 3/8 inch (0.001 inch
thickness)
Facing Sheets
Material 7075-T6 aluminum
Thickness 0.010 inch
Adhesive
Material FM 1000 Epoxy Film
Density 0. 040 1b/£t%

The array includes six identical fixed panels, each as shown
in Figure G-4. Each panel will carry 6,496 2 x 2 cm cells, arranged
in 4 series strings of 116 10-cell modules and 2 series strings of
116 8-cell modules. The dielectric material separating the cells from
the substrate, chosen primarily because of its resistance to thermal
cycling, is SMP 62/63 impregnated No. 108 glass cloth. A blend of
RTV 580/560 is used for bonding of the solar cells to the dielectric,

The rim of the panel is a thin channel. The substrate contains
threaded inserts for mounting protective covers on both sides of each
panel. The covers will be installed during all handling, storage, and
shipping, removed only for testing when the presence of the covers

would alter mechanical characteristics or interfere with illumination.
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Figure G-4. Solar Panel Outlines
2.2 Substrate

Initially, the array design was based on fixed annular panels
with an inside diameter of 120 inches and an outside diameter of
234 inches, having a total area of 247 square feet. The panels were
to be supported along their radial edges and stiffened on the inner
edge. The outer edge was to be used for attachment of certain scientific
instruments and sensors, For this approach a reinforced 3/8 inch
honeycomb substrate was proposed, in order to minimize deflection of
the unsupported edge. The results of the stress analysis of this design

of the panel are given in Appendix C.

It was concluded from the preliminary analysis that the outer
edge of the array should be supported to minimize deflection under
vibration and to provide support for instruments and sensors. This
approach has the further advantage that the six panels can be made

interchangeable,




The additional supporting structure enables a plain honeycomb
substrateto be used, The panel design was further modified to the shape
shown in Figure G-4 to increase the field of view for the POP, with

a resultant reduction of area to 191 square feet.

The selected material for the honeycomb skin is 7056-T6 aluminum
alloy, a high strength alloy with good thermal properties at the low
temperatures encountered during eclipse. To minimize the rate of
change of temperature during eclipses, it is desirable to have a material
with a specific heat which remains high as its temperature decreases,
The specific heat of aluminum plotted in Figure G-5 as a function of
temperature is typical for most aluminum alloys., An exception is
7075-T6, which because of its zinc content, maintains an almost constant
value of specific heat as the temperature decreases (Figure G-6). Hence,
for missions which may have extended eclipse times and resultant low

temperatures1(<OOC), 7075-T6 is the preferred material.

The honeycomb is standard 5056-H39 aluminum hexagon cell,
with a density of 1.6 1b/ft3.

During the study a tapered panel design was considered in an effort
to reduce substrate weight, This approach was rejected, however,
because it would unnecessarily complicate fabrication. Thermal design
would also be complicated because an isothermal heat sink is desirable
for the solar cells, The practicality of using beryllium was also ex-
amined, since it has high strength (4.27 times that of aluminum) and
light weight (0. 69 times that of aluminum). A stiifened flat plate design
was evaluated, but resulted in approximately 3 per cent increase in

weight as shown below:

Solar cell weight 12,55 1b/panel
Beryllium sheets 13,90 1b/panel
Stiffeners 6.55 1b/panel

Total 33.00 1lb/panel

This compares with 31.71 1b for the selected design. It was also
considered that cost and unavilability of large sheets would prohibit

the use of beryllium.,
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2.3 Panel Weight

The weight per panel for the selected design is:

Solar Cells 12.55
Honeycomb Adhesive
(. 04 1b/ft) 2.53
Facing Sheets 8.61
Core 4,32
Closing Channels 2,30
Attach., and Misc,
(5 per cent) 1.50
Total 31.71

2.4 Adhesive Materials

A materials testing program was conducted to evaluate plastic
adhesives effect bonding between the aluminum honeycomb core and its
aluminum foil skins and the honeycomb panel and its internal, local
structural inserts. The program was divided into two parts: 1) tests
to obtain basic physical and mechanical properties of various adhesives
such as outgas characteristics, lap shear, peel and flexural strengths
under static loading conditions, 2) structural tests that would provide
information related to the actual solar panel designs to permit correla-
tion between analytical and test results. The tests were conducted at
room temperature, atmospheric pressure conditions, and in an environ-
ment simulating the actual anticipated exposures to which the solar

panel structural subtrate will be subjected.

2.4.1 FM-1000 Film

On the basis of the tests FM-1000 film was recommended as the
adhesive to bond the skins to the core of the honeycomb panel. The
0.04 1b/ft2 film weight was found to be the optimum from the stand-
point of peel strength, for skins of 0.010-inch thick., With this film
weight, and a core ribbon thickness of 0,001 inch the peeling of the
honeycomb panel skin was realized through 40 per cent core tear and
60 per cent adhesive failure, The peel strength was 10.8 lIb/in average,
which is considered to be adequate. For a film weight of 0,025 1b/f1:2
the peeling was found to be attributed to 100 per cent adhesive failure

of the bond, A 0,06 lb/f’c2 film weight would result in such a strong
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bond that 100 per cent core tear occurred in the peel tests. The flexural
strength of the FM~-1000 bonded honeycomb panels was found to be
exceeding that determined theoretically. The criterion for determining
the flexural strength of the particular honeycomb panel was the inter-

cell buckling of the panel skins because of bending compressive stress.

For skin thickness of 0,010 inches or more, a film weight of
0.08 1b/ft2 may be required, This will be evaluated during the Phase IB
study. Alternative adhesive films based on nylon epoxy (3M Co. AF-300
or AF-302) will also be evaluated for bonding the honeycomb, since they

have good low temperature properties.

2.4.2 Outgassing

Outgassing tests were carried out on pure adhesives, plain honey-
comb specimens, and specimens of hat section stiffener bonded to
honeycomb panel, exposed to a pressure of 5 x 10-6 torr at 120°C for
7 days. Two areas were investigated, effects of outgassing on strengths
of adhesives and the amount of condensation of outgassed particles on
camera lenses., The test results indicated that no degradation of strength
was evident. In fact a slight increase in flexural strength and adhesive
modulus was noted in most tests. In the pure adhesive outgas test, the
weight loss of the fully exposed adhesives in 3 days constituted approxi-
mately 80 to 95 per cent of that in 7 days. Therefore, additional weight
loss beyond 7 days could be assumed to be negligible in this test. A
study on the paths of the outgassed particles of the adhesives in the solar
panel structural subtrate indicated a condensation film of less than 1033 on
adjacent glass surfaces for 30 days. Outgassing tests will be repeated

for nylon epoxides during Phase IB.

2,4.3 Thermal Cycling

Plain honeycomb panel and hat panel specimens were cycled
between -120 and 120°C for 50 cycles. The specimens were subsequently
subjected to peel and flexural tests. As in the case of thermal vacuum
exposure, no decrease of strength was noted, It was also observed
that the flexural strengths were 20 to 40 per cent greater than those

obtained with no prior exposure,.
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2.4.4 Tensile and Flexural Tests on Bonded Inserts

Tensile and flexural tests conducted on specimens with internally
bonded aluminum inserts indicated that the presence of such inserts
did not create local high stress concentration to the extent that the
tensile and flexural strengths of the honeycomb panel are reduced. The
average compressive force on the insert surface required to shear out
the insert from the honeycomb panel was found to exceed the design
requirement by a large margin. The adequacy of the inserts has been
demonstrated in single-panel vibration tests. Inserts will be bonded

into the honeycomb section using HT-424 foam.
2.4.5 Finishes

The finish on the back face of the honeycomb skin will be determined
by a thermal analysis of the required c;,/.E . A chromic acid etch will be

used to treat the skin prior to bonding.

2.5 Substrate to Module Interface

For the resin to be used for bonding the solar cell modules to

the substrate high level performance is needed by polymeric materials
during prolonged exposure to the space environment, The worst case
environmental conditions include thermal cycling with simultaneous
exposure to 10"9 torr, corresponding to the vehicle environment
during the last month of the 6-month orbiting phase. Another restrictive
condition, inherent in the design, is the vibration experienced by the
bonding agents during powered flight, This requirement demands
adequate static performance by the bonding system and a high degree of
dynamic capability, Still another important consideration is the effect
of the linear coefficients of thermal expansion over the relatively wide
temperature extremes involved. Although the bonding system may

have the ability of accommodating the shear forces caused by a differential
coefficient of expansion, the solar cell interface with the adhesive

(e.g., silver titanium solar cell backing) must be considered since it

may be weaker than the bonding system.

The materials and their application are considered from a systems
viewpoint rather than individually, For example, the bonding of the

solar array involves the pretreatment of the aluminum honeycomb
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subtrate, the application of a dielectric film or coating, the bonding
of primed solar cell modules, and the bonding of cover glasses onto the
solar cells. The failure of any component of this system may result

in system electrical degradation or even catastrophic failure.

2.5.1 Dielectric Materials

Four types of dielectric materials were considered as films
capable of providing electrical insulation of the solar cell modules
from the aluminum honeycomb skin, These materials included:

a) SMP 62/63 Epoxy Polyamide (0.004 thick dry film
sprayed)

b) Glass cloth impregnated with SMP 62/63
c) Mica ply epoxy glass laminate
d) Doryl LD 3055 Polyester glass laminate

The four dielectric materials were evaluated in an earlier test program.
Application of Alodine 600 and chromic acid etching were evaluated

as pretreatments for enhancing the adhesion of the dielectric film to

the aluminum substrate. SMP 62/63 and the SMP 62/63 impregnated
glass cloth utilize the epoxy polyamide as the adhesive. The mica

ply film was bonded with RTV silicones., Doryl LD 3055 was bonded

to pretreated substrate at elevated temperatures and under pressure.
As a result of the testing program outlined below, the following

materials and finishes were chosen.

Application Materials
Sun side surface pre- No. 631 aluminum cleaner
treatment Deoxidine No. 170

Alodine 600

Dielectric film SMP 62/63 Impregnated
No. 108 glass cloth

A room temperature vulcanizing (RTV) adhesive was considered
most applicable for bonding solar cell modules to the substrate. The
use of a silicone adhesive generally requires the application of a
silicone primer to the bonding surface of the substrate. RTV-615,
RTV-60, RTV-560, RTV-580 and silastic 881 filled with alumina were
evaluated with silicone primers SS-4004 and A-4094 on a 5052-H39

aluminum honeycomb skin.
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The results of a comprehensive series of tests outlined below led to
the choice of blend of RTV 580/560 for the solar cell module adhesive

and SS-4004 as the silicone primer coating.

Tests conducted to select adhesive and silicone primers for the

solar cell module bonding system were the following:

Butt-tensile tests: utilizing scrap solar cells.
Lap shear tests: an evaluation of curing of RTV-560,
Lap shear tests: an evaluation of the primer variable

with RTV-60 and RTV-560.
Lap shear tests of Silastic 881,
Lap shear tests of spot bonding with RTV-580/560.

Lap shear tests: an evaluation of silicone primer
application by spray and brush.
Outgassing tests: vacuum test of RTV-60, RTV-560

and RTV-615 in vacuum of less than
5x 107" torr, for a periof of 2 weeks.

Outgassing tests: thermal tests of above materials
and RTV 580/560 at room tempera-
ture through 125°C.
The physical properties of five silicone rubber blends were
determined to obtain information for design criteria. Physical proper-

ties determined were:

Density and hardness

Gel time

Application time

Thermal conductivity

Thermal coefficient of linear expansion
Volume resistivity

Dielectric constant and dissipation factor

Flow test

2.6 Wiring and Layouts

Figure 4-75 (Volume 5, Section IV) is a sun side panel of six
paralleled circuits of modules composed of 116 series-connected modules
in each circuit. The entire available area of the panel, 31.7 square feet,

was utilized to package required number of 6496 cells. The remaining
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area could be utilized for additional modules if there is a requirement

for additional power.

The salient features of ‘this layout ar- as follows: to minimize
magnetic dipole moments, current carrying paths for each circuit were
laid out symetrically about the panel center line. Each current path has
a return wire directly beneath it on the dark side of the panel in which

current flows in an opposite direction.

The effective packing factor achieved (ratio of active silicon to
total array area) is 0.84%. Figure 4-76 (Volume 5, Section IV) shows
the wiring layout of the dark side of the panel. The wires (AWG No. 22)
carrying the output of each circuit are run in twisted pairs to reduce the
dipole moment magnetic effects. Two diodes per circuit serve as pro-
tection against open circuits. All wires will be fastened to the panel

using a Thixotropic RTV-560 as a staking compound.
3. ARRAY THERMAL DESIGN

The destailed thermal analysis data for the solar array is presented

in Appendix D. The analysis has shown that the sun oriented body-fixed
array temperature can be maintained within temperature limits of -35
to 65°C, from launch to encounter + 6 months if there is no eclipse of
the sun by Mars. This temperature range applies for the normal range
of a, € and €R satisfying the constraint that a/e < 0.5. Values used
were:

a = 0.76to0 0.72

€ = 0.78 to 0.82

€B = 0.68 to 0.88

Eclipses will take place, however, during the later phases of the
mission and may occur early in the orbiting mission for certain orbits.
This section is concerned with examining some of the problems associa-
ted with eclipse of the solar array, leading to the choice of materials

best suited to survival at extremely low temperatures.

*This number is determined by dividing the total number of cells
per panel times 3.8 cmZ, by the per-panel area,
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3.1 Thermal Cycling

The assumed nominal orbit is partially described as follows:

Periapsis 2,000 km
Apoapsis 20,000 km

Orbit inclination
to Mars equator 45 degrees

Orbital period 14.5 hours
Eccentricity 0.628

The eclipse time for this orbit may vary from 0 to 2.3 hours per
orbit, Approximately 150 to 200 orbits with eclipse periods may occur.
The thermal analyses show that low temperature of the order of -160°C
can occur assuming array weight density of 1 lb/ftz. On the other hand,
the maximum array temperatures anticipated are within the approxi-
mate range of 0 to -35°C for high back emissivity panels during the
latter part of orbiting about Mars. The Voyager specifications require
qualification testing at temperature limits 40°C above the highest
temperature predicted and 30°C below the minimum predicted tempera-
ture. Qualification tests may thus involve low temperature cycling

between the temperature limits of 40C to —190°C, as a worst case,

The ability of solar cell assemblies to successfully survive
thermal cycling has been demonstrated for several temperature regimes
by different spacecraft designers. An industry-wide survey has yielded
the information listed on the following page as representing the most

extensive thermal cycling data available.

The results demonstrated that solar array assemblies have been
qualified over the temperature range of -120 to 115°C for up to 600
cycles (a sweep from —120 to + 115°C and back to -120°C is one com-
plete cycle). A cycle-limited qualification has been achieved at a low
temperature of -140°C, but insufficient data is available at this time
to establish performance for hundreds of cycles at that temperature.
At temperatures in these regions some problems have occurred with
adhesives and cover glasses. The module design which successfully

survived testing on Nimbus for 1000 cycles from -80 to 60°C failed to
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Solar Cell

Tester and Temperature No. of Configuration
Program Extreme (°C) Cycles Tested Results
RCA -80 to + 60 1,000 Modules bonded 2 per cent
Nimbus to substrate degradation in
current at maxi-
mum power
voltage
RCA Lunar -120to + 115 600 Modules bonded 2 per cent
Orbiter to substrate degradation
in voltage at
maximum power
point
TRW; OGO -140 to +98 3 Modules bonded Negligible
to substrate degradation
JPL;
Mariner C  -80 to + 60 Soak Modules bonded
Test to substrate
Hughes; -170 to +115 Soak Shingles bonded Adhesive embrittle-
Surveyor Test to substrate ment and glass

cracking at low
temperatures.
At high tempera-
ture, 3 per cent
power loss due
to adhesive dis-
coloration,

qualify to the 600 cycle -120 to 115°C requirement on Lunar Orbiter.
Thus, it does not necessarily follow that a specific design which quali-
fies at -120°C will qualify below this temperature. The lack of test
data for temperatures below -120°C means that a phase IB program

should include a thermal cycling program designed to:

1) Establish a low temperature limit and a
corresponding number of cycles to which
a high probability of success can be
assigned.

2) Establish by test the low temperature limit(s)
beyond the qualification limits at which a
specific array assembly design will fail and
the corresponding number of cycles at which
failure occurs.
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’ 3) Identify failure and degradation mechanisms
and the cause of failure, i.e., the number of
‘ accumulated cycles or the test temperature
limits,
The starting point of such a thermal cycling program should be

designs which successfully qualified in the aforementioned test programs.

3.2 Thermal Characteristics of the Module-to-Substrate Interface

Discussion in this section has been limited to consideration of
the materials and attachment methods successfully utilized for Tiros,
Relay, Nimbus, and Lunar Orbiter solar arrays and their applicability

to the expected Voyager thermal environment (< -150 to + 60°C).

To date, adhesives have been successfully employed for attach-
ment of both modules and shingles to substrates, A typical cross-

section is shown in Figure G-T7.

(1) Cover slip

(2) Cover clip/silicon cell adhesive. Epocast 15E, RTV-602,
or Sylgard 182; 0.0005 to 0.0025 in. thick

(3) Solar cell

(4) Module/substrate adhesive, FM-97 RTV-60, or a blend of
RTV-560 and RTV-580; 0.009 to 0 015 in. thick

(5) Dielectric coating, SM> 62/63 or glass cloth impregnated
with SMP 62/63; 0.003 in thick

(6) Aluminum alloy skins, 0.003 to 0.005 in

(7) Skins/corezfilm adhesive, FM-1000; 0.025, 0.040, or
0.060 1b/ft

(8) Aluminum alloy honeycomb, 0.001 in. web thickness.

Figure G-7. Cross-Section of the Module-
. to-Substrate Interface
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Unlike the arrays built in the past, the Voyager must survive
eclipse temperatures which will cause even the best qualified cover
slip and module adhesives to undergo a transition to a hardened glassy)

state.

Arrays which have been required to survive temperatures below
-70°C have generally employed either a methyl (RTV-60) or methyl-
phenyl siloxane (RTV-560 made thixotropic with the addition of RTV-580)
for attachment of solar cell modules to substrates; the former was
used for the Nimbus platforms and the latter to meet the lower tempera-

ture requirement of the Lunar Orbiter platforms (-IZOOC).

Undesirably large coefficients of expansion are associated with
the silicone rubber family of adhesives (Figure G- 8); however, their
excellent retention of flexibility over an extremely wide temperature
range, low modulus of elasticity, and room tempetature curing capa-
bility make them highly desirable. A multilayered, experimental
thermal stress analysis®* has shown almost complete isolation between
the module and substrate at temperatures ranging from 90 through

-60°cC.

The more recently developed methyl-phenyl group extends the
glassy transition point to approximately - 120°C. Figures G-9 through
G-13 illustrate this transition for RTV-560. Below -1400C, the adhesive
lacks flexibility and has a hardness comparable to a rigid epoxy system.
Operation in this low temperature regime will probably require extensive
testing, and possibly modification or redesign of the basic cross-
section, For example, one of the alternate methods would be to reduce
the adhesive area in contact with the substrate and cell by using small
multipad adhesive attachments, rather than a large single pad. To
predict what temperature failures in either the solar module or adhesive
occur is an extremely complicatéd problem. Not only must a five-layer
model be analyzed, but two adhesive layers have visco-elastic properties

which are not defined.

%

RCA Comsat Phase I Final Report, M. E. No. 81, AED C-2276,
Section II, Thermal Stress Analysis of Solar Cell/Adhesive/Quartz
Composite, March 1965
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It has been reported* that RTV=-731 has been utilized for the
bonding of solar shingles to substrates and tested at -187°¢; however,
the array was required to survive only a few cycles. RTV-731 may have
to be vacuum cleaned for several days at relatively high temperatures
to remove sublimable products. Based on only limited test data, it may

not possess the low temperature capability of the methyl-phenyl family.

3.3 Diode Packaging

The blocking diode selected for the solar cell panels is a silicon
power rectifier, 12A - Type JAN IN1202. It is a rugged stud mounted
semiconductor qualified for space application. Two diodes will be used
for each 116 series string of cell modules, mounted on a dielectric
angle support to which a parallel electrical connection using copper
foil has been bonded to the dielectric. Although the military specifica-
tion rating indicates a minimum operating temperature of -650C, tests

at -120°C have not uncovered any failures.

3.4 Honeycomb Substrate Adhesive

There is general agreement** that the nylon filled, epoxy-polyamine
and polyurethane adhesives are the best for cryogenic temperatures;
however, both show gross deterioration of mechanical strength (e.g.
tensile shear strengths < 1000 psi) at temperatures above 125°F.
FM-1000 has superior room temperature properties and a tensile shear
strength in excess of 2,000 psi even after long term aging and testing
at 250°F, FM-1000 is a well known thermosetting, nylon-epoxy adhesive
manufactured by the Bloomingdale Rubber Company. It has been

successfully used for Relay and Nimbus, and has been chosen for Lunar

%
Surveyor Progress Report issued by the Jet Propulsion Laboratory
for the period April 1, 1963 through May 31, 1963.

ok
Y“Evaluation of Structural Adhesives for Potential Cryogenic Usage, "
Paper presented by Luther Roseland Douglas Aircraft Company,
May 1964,

"Adhesives for Cryogenic Application, " Paper presented by B Smith
and E. Susman, Narmco Research and Development Division.
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Orbiter after an extensive materials evaluation program. The latter
test program has shown no deterioration of the bond after 50 thermal
cycles between 120 and -120°c.

Honeycomb samples constructed of 0.010 inch titanium facings,
aluminum core with 0,004 inch web, and adhesive HT-424 (a phenolic
epoxy on a glass cloth carrier), have been successfully fabricated and
tested at extremely low temperatures. There was no deterioration of
the substrates following 25 thermal cycles from liquid argon at -185 to
+ 40°C.

A back-up material proposed is AF-300, a nitrile rubber=-phenolic
epoxy manufactured by Minnesota Mining and Manufacturing Company.
This adhesive is reported superior to the FM-1000 at cryogenic tempera-
tures as an adhesive but its mechanical properties are inferior to
FM-1000 in the range of 120 through -120°C.

3.5 Cover Glass Adhesive

Sylgard 182, RTV-602, and Furane Epocast 253 (formerly 15E)
were used to bond covers on solar cell modules mounted on qualifica-
tion boards. The boards were subjected to 600 thermal vacuum cycles
between +120 and -120°C.

The tests showed that the Furane 15E is more likely to cause
cracked cover glass than RTV 602, The Sylgard 182 produced no
cracked cover glass, but the smaller sample size precluded an exact
comparison to the other adhesives. The performance of the Sylgard
182 and RTV 602 should be similar, however, because both belong
to the same family of methyl siloxanes, have practically the same
coefficient of expansion, and the same crystallization temperatures
(-90°C) (See Figure G-14).

The occurance of failures using Sylgard 182 will be largely
dependent on the cover glass thickness and the extent of the low tempera-
ture requirement because at -126°C Sylgard becomes a glass (Figure
G-14). This is an area which is likely to require extensive develop-

mental testing.
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APPENDIX J

BIPROPELLANT AND MONOPROPELLANT
FEED SYSTEM CONFIGURATION STUDIES

1. BIPROPELLANT FEED SUBSYSTEM

1.1 Summary
In the study of the bipropellant supply for the Voyager spacecraft,

as used in Configuration B, the supply system was subdivided, by
function, into five sections: 1) pressurant supply (for pressurization

of the propellant tanks), 2) pressurant control (for shutoff of the pres-
surization between engine firings), 3) pressure regulation, 4) pressurant
distribution, and 5) propellant tankage/expulsion. Each of these sub-
divisions was then studied to determine the possible design alternatives,
considering interactions with the other elements. These alternatives
were then analyzed to determine their application to the Voyager re-
quirements., Several design alternatives were thus eliminated from
detailed consideration. From the alternatives a simplified baseline
configuration was selected,and the other design approaches in each of
the five functional sections were traded with the baseline on the basis

of weight, reliability, and development status (for Voyager conditions).
The resulting augmented configuration was then studied to assure that
possible interactions between the selected functional-section designs
did not adversely influence the result. The reliability studies indicate
small differences between the various supply system combinations with
reliability figures generally exceeding 0, 99. This, in combination with
small corresponding weight differences, resulted in a configuration
selection based primarily on component development and experience

status for Voyager conditions.

The selected bipropellant supply system utilizes ambient tempera-
ture, helium gas as the pressurant, parallel-series quadruple solenoid
valves as the pressurant control, a regulator backed up by a pressure-
switch-controlled normally open solenoid valve for pressure regulation,
rubber bladder expulsion for the fuel, and a start-tank type of bellows

expulsion for the oxidizer.




1.2 Alternate Designs, Description, and Tradeoffs

Several design approaches to pressurization supply and control
and to propellant expulsion and feed were studied. A schematic
diagram of the baseline design is shown in Figure J-1. As indicated in
the figure, the design was divided, by function, into four sections:

(F) pressurant supply, (G) pressurant control, (H) pressure regulation,
and (J) pressurant distribution. The alternate approaches for each

section are shown in Figures J-2 through J-10.

1.2.1 Gross Tradeoffs and Configuration Selection

Several approaches were eliminated prior to selection of a base-
line configuration and are not shown in the Figures. Each had at least

one inherent disqualifying limitation.
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Figure J-1. Propellant Baseline Configuration




a. Pressurant Supply

Helium and nitrogen ambient temperature gases were studied
as a pressurant supply. Helium gas was selected over nitrogen due to
a weight saving of 24 pounds. Although the helium is more difficult to
contain (to prevent leakage), investigation showed (see Section 1. 2. la)
that the total helium leakage would be negligible. Independent fuel
and oxidizer pressurization method was not selected for several reasons.
Weight and space requirements would increase considerably. Regulator
operating-pressure tolerances would cause a variation in engine-mixture
ratio and thus increase the unusable propellants. The reliability would
decrease unless the two pressurant sources had an interconnect which
could be opened in the event of a failure on either side. If the inter-
connect were used, then the only advantage obtained from complete
separation of the fuel and oxidizer pressurization source, elimination

of any possibility of the two propellant vapors mixing, would be violated.

One possible weight saving (approximately 10. 5 pounds)
investigated was the use of an umbilical and a quick disconnect to
pressurize the pressurant bottle immediately prior to launch. This
would remove the hazard-to-personnel restriction placed on the pres-
sure containers. This approach was rejected because the use of a quick
disconnect is less desirable than hand-closed valves, from a reliability

aspect. Hand valves can also be leak checked after pressurization.

b. Oxidizer Tankage/Expulsion

The candidate expulsion techniques for the oxidizer include:
collapsing teflon bladders, reversing metal diaphragms, complete
expulsion by collapsing metal bellows, and partial start-tank type
expulsion by small expanding metal bellows inside spherical tanks.
Orientation of both propellants using ullage rockets or surface tension

devices was also considered,

Spherical tankage with teflon bladder expulsion saves 22
pounds over the selected tankage configuration, yielding the lowest

weight of any tankage system considered. Teflon is compatible with
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NZO4’ but it is permeable to NZO4 vapors. This adverse characteristic
must be overcome with upstream shutoff valving which adds to the
complexity of the over-all system and eliminates a small part (about

2 pounds) of the weight saving. In addition, the teflon is permeable to
the helium used as a pressurant. This could result in helium gas
becoming mixed with the propellant. Attempts are being made to
construct bladders made with metal teflon laminates, but these

attempts are in an early stage of development. The confidence that
such a method would be ready in time for Voyager is low, especially

if recycling capability is desired. Therefore, the teflon bladder is

considered unsatisfactory for long term storage of N204'

Spherical tankage without expulsion, utilizing small solid-
rocket motors for ullaging thrust is also lighter than the selected design.
However, to give confidence in propellant scttling, the firing duration
and thrust required from the ullage rockets yields a total impulse re-
presenting several feet per second. This total impulse, in combination
with the minimum impulse bit from the bipropellant engine, exceeds the

minimum commandable velocity set forth in the Mission Specification.

Cylindrical tankage with stainless steel bellows positive
expulsion gives the highest confidence level of any tankage system
considered. This approach will be used on the Saturn S-IVB/1B
auxiliary propulsion system (APS) and has been successful in opera-
tional testing. However, it weighs 120 pounds more than the selected
bipropellant design. This weight increase is sufficient to render the

performance of this design alternate inferior to any other considered.

The conclusion reached after investigation into compatible
bladder materials (teflon compounds) was that only all-metal tankage
would meet the operational requirements for the Voyager mission.
Reversing metal diaphragms were therefore considered for expulsion.
As with the teflon-metal laminates, metal diaphragms are at a compara~
tively early stage in their development and are not recycleable. It is
desirable that the design be recycleable, both for checkout and for
ground tests. The confidence that reliable recycleable reversing metal

diaphragms will be available for Voyager is low. The metal diaphragm
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would save little if any weight over the selected partial bellows expul-
sion, Finally, the possibility that the positive-expulsion bellows could
be manufactured of titanium was considered. Investigation showed that
the basic advantage of titanium over stainless steel, namely lower
density, is more than offset by its drawbacks, which are the reduced
modulus of elasticity, lower experience level, and possible impact
sensitivity with NZO4 . Present experience indicates that a titanium
bellows has less than 10 per cent of the cycle life of an equivalent stain-

less steel bellows.

c. Pressurant Control and Regulation

A pressurant control and regulation method that is simpler
than the baseline system was considered. This method utilizes a pres-
sure regulator to perform both shutoff and pressure regulation functions,
however, and it was eliminated because of lack of confidence that a gas-
pressure regulator could reliably meet shutoff sealing requirements
with helium gas after intermittent operation over a period of 9 months.
Also, the propellant tanks become pressurized whenever there is
pressurant gas on board. Thus, the propellant tanks would have to meet
the hazard-to-personnel requirements for pressure vessels, with a

resultant increase in subsystem dry weight.

In performing the tradeoffs leading to selection of an aug-
mented configuration, careful consideration was given to the prevention
of catastrophic malfunction of the bipropellant engine due to propellant

supply subsystem malfunction. One method of increasin

through redundancy of the pressurant control squib valve arrangement

is to add an extra bank of squib valves. Then if one of the banks fails to
operate, the required number of starts would still be available. However,
this method cannot be used with a bipropellant engine. After the first
start, the propellant tanks are pressurized and any initially closed

valve failure could result in catastrophic failure to the engine as it

would be difficult to detect the control valve failure in time to shut off

the engine. If the control valve failed to open, the propellant supply

would operate in a blowdown mode off the ullage volume, and with a



small ullage volume the pressure would drop rapidly. A bipropellant
engine could go unstable to the point of destruction. Backup ground
control signals cannot be employed with the bipropellant system to
correct for failures to provide the propellants at safe operating

pressures.

1.2.2 Evaluation and Tradeoff

a. Pressurant Supply

The alternate shown in Figure J-2 utilizes the heat generated
by the firing of a small solid charge within each pressurant bottle
to achieve significantly more complete use of the gas in the pressurant
storage spheres. When the bottle pressure decays to some predeter-
mined level at a time well into the retrofire sequence, the solid charge
would be fired by a signal from the pressure switches to raise the gas
remaining in the sphere back to the initial pressure of 3000 psi. Thus,
a greater percentage of the mass of the gas can be blown down from
the sphere. This allows use of less total gas than the ambient baseline
configuration, resulting in a weight decrease of 62. 6 pounds. This
decrease in weight must be purchased at the cost of decreased system
reliability, higher development risk, longer development time, and
increased system complexity., The proper operation of the pressure
switches, correct sizing of the charge, detailed analysis of heat transfer
and expansion characteristics of gas and storage sphere, protection
against inadvertent ignition of the charge, all become critical deter-
minants for the achievement of mission success. If propulsion system
performance without the alternate of J-2 were marginal due to excess
weight, it would be a good approach. None of the aforementioned
problems is prohibitively difficult. However, since propulsion system
performance is not marginal, these impediments to the development

of a reliable propulsion subsystem were not considered justified.

Figure J-2

1500 PU

1400 DO Solid Gas Generator

Pressurization Alternate
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b. Pressurant Control

The alternate shown in Figure J-3 replaces the single solenoid
valve used in the baseline with individual banks of explosive squib valves
for each start. Flow is initiated by opening the initially closed valve
and stopped by firing the initially open valve. This agrees with the
Mariner 4 approach, except that a five-start capability has replaced the
two-start Mariner 4 system (four starts for midcourse correction and
one for orbit injection). The squib valves possess superior sealing
qualities because of their intimate metal contact. This makes them
immune to common valve problems such as seat erosion, seal cold
flow or deformation, wear, and contamination. The squib valves do
not require onboard filtration of their working media. Final shutoff
of the pressure sphere by a squib valve is positive and complete for
practically an unlimited time. This feature is desirable from the
standpoint of orbit duration without planet contamination., Gas would
not bleed down from the pressurant tank, over-pressurize the pro-
pellant tank, and burst it. The weight penalty for this change (0.5 pound)
is minimal. However, the reliability and flexibility, are considerably

less than the selected configuration.

Alternate of Figure J-4 represents a variation of alternate
J-3 and adds complete redundancy to the squib valve banks for the fail-
to-fire mode of failure only. This scheme does not offer protection
against the premature-firing mode of failure. Based on the assumption
that a stray signal powerful enough to fire any of the squib valves could

fire others in the immediate vicinity, there is no point in achieving




theoretical redundancy in order to protect against the premature firing-
mode of failure. For this reason, and because the valves are shielded
against radio frequency interference, no design schemes for this type
of redundancy are presented. The increase in reliability associated
with alternate J-4 over the J-3 is probably not justified when the added

complexity is taken into account the weight penalty for this change is

2.5 pounds.
{e] 10 [e} 10 10 Figure J—4
Redundant Explosive Valve
10 10 © 10 0 Pressurant Control Alternate
1C IC I1C IC 1C 1C IC IC IC IC

The alternate shown in Figure J-5 adds three normally closed
solenoid valves to the baseline valve to achieve redundancy by a series-
parallel quad valve arrangement. This method is attractive because
of its high reliability and flexibility. It offers the capability for multiple
orbit trims until propellant is exhausted. The ready availability and
long experience record of 1/4-inch helium solenoid valves implies low
development risk. These advantages (reliability, complete redundancy,
and flexibility) were considered to justify the increased complexity and
added weight (3. 3 pounds). Therefore, this design was selected for

the augmented configuration.

Figure J-5
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c. Pressure Regulation

The alternate shown in Figure J-6 replaces the single
pressure regulator with a quadredundant parallel-series arrangement
of the four regulators. This arrangement gives protection against fail-
open, fail-closed, or excessive-leakage modes of failure for any single
regulator. In addition, this arrangement protects against two failures
caused by excessive leakage or fail-open for any combination except
two regulators in the same bank. The number beside each regulator
indicates its nominal outlet pressure. Each regulator is assumed to
have an operating tolerance of + 10 psi, which results in a regulator
group operating band of + 30 psi. The narrow tolerance of + 10 psi is
somewhat optimistic. A more conservative estimate of + 15 psi would
raise the possible operating band of the regulator group from + 30 psi

to a less desirable + 45 psi.

10u

© Figure J-6

Quadrant Pressure
Regulator Alternate

(d)

190

\H

Under normal operating conditions of 210 psia, unit (a)

provides the pressure regulation. Unit (b) remains open, unit (d)
closes as the tank pressure reaches 190 psia. Failure of unit (a) to
open shifts the regulation to unit (d) which maintains tank pressure at
190 psia. Failure of (a) to close activates unit (b), which maintains
tank pressure at 230 psia. This method has been developed for Apollo
but not flight proven, or tested for Voyager conditions which require
intermittent operation over a several-month period. This arrangement
is the most complex and heaviest of any configuration studied. Although
the calculated reliability is high, the above drawbacks caused its
elimination in favor of the selected design. The weight penalty for

this system is 7.9 pounds.
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The alternate of Figure J-7 adds a normally open, pressure-
switch-actuated, solenoid valve to the baseline single regulator. If the
regulator outlet pressure exceeds the upper tolerance, a pressure
switch picks up and initiates closure of the solenoid valve. As the
pressure then drops below the drop-out setting of the switch, the valve
closure circuit is opened, causing it to reopen. A signal initiated
through both switches is required to close the solenoid valve; either
switch dropping out will allow the valve to open. Existing Mariner
technology has proven the reliability of the single regulator system
of pressure control. However, the single regulator provides no safe-
guard against possible excessive seat leakage, which industry experience

has shown to be the most likely mode of failure.

Figure J-7

Series Pneumatic
Pressure

Addition of the normally-open solenoid valve protects against
this failure mode, and also against the fail-open mode. The low
probability that the normally open solenoid valve would fail in the
closed position imposes little degradation of system reliability for
this mode of failure. The fail-closed mode is considered least likely
of all failure modes of the regulator. The pressure switches which
actuate the valve are protected against their most likely mode of failure,
that is, failure to drop out. Either switch dropping out interrupts the
signal, allowing the solenoid valve to open. Both must pick up to close
the valve, thereby protecting against inadvertent closure. This
technique proved successful on the Saturn S-IV vehicle, and is being

utilized on the Saturn S-IVB vehicle and auxiliary propulsion system.




The alternate of J-7 was selected because it is a proven technique for
increasing reliability with minimal penalty in weight and complexity.

The weight increase over the baseline configuration is 1.9 pounds. The
small calculated reliability increase is felt to be conservative as a result
of inadequate data. The data is historical and is not divided according

to regulator design type. The alternate of J-7 was designed to take
advantage of a specific regulator type whose prime mode of failure is

in the open position. Also, the reliability calculations did not differentiate
between failure in the "pick up" versus the "drop out™ positions of the
pressure switches. Experience indicates that failure to "drop out® is

the prime failure mode for the specific pressure switch design.

The alternate of Figure J-8 adds a second bank, incorporating
a regulator and a normally-closed solenoid valve, to alternate of J-7.
This system gives complete redundancy for any mode of failure of a
single component. Should the primary regulator, in the right bank,
fail to open, the plenum pressure would decay until the low-pressure
switch is actuated. The switch signals the normally closed solenoid
valve to open and the backup regulator goes into operation. In the event
of a primary regulator failure-to-close, the resultant pressure rise in
the plenum would activate the high-pressure switch which signals the
normally open solenoid valve to close. The subsequent decay in plenum
pressure activates the backup system as previously described. Thus,
a failure of the primary regulator in either open or closed mode causes
the flow to shift to the parallel backup system. A similar system is
used on the auxiliary propulsion system of the S-IVB vehicle. The
increase in calculated reliability it provides over the selected con-

figuration cannot be justified by its increased complexity. The weight

increase of this system over the baseline is 5. 5 pounds.

Possible combinations of control valve and pressure regula-
tion alternates were compared. None of the combinations resulted in
a more nearly optimum system than the alternates already selected

on an individual basis.
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Figure J-8

210 20 Parallel Redundant
Series Pneumatic
Pressure Regulator

d. Pressurant Distribution

The alternate shown in Figure J-9 replaces the baseline
check valves with quadredundant check valves. Thus, in the event of a
failure of the initially-open explosive-squib valve, a backup seal is
provided to prevent NZO4 entry into the pressurization system after
retrofire., However, no existing check valve will prevent leakage of
NZO4 vapors past its seal indefinitely. Thus, the best that can be
expected of a quad-check valve is a time delay as far as the eventual
passage of NZO4 vapors, Once past the check valves, and assuming a
squib valve malfunction (which is improbable), the NZO4 vapors have an
open path to the butyl-rubber bladder and the MMH residual. Also,
the inherent reliability of the explosive-squib valve is higher than the
quad-check valve from a leakage standpoint and this alternate does not

appear worthwhile, The weight increase over baseline is 3. 2 pounds.

m m
F—X Figure J-9
Quadredundant Check
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N

The alternate of Figure J-10 adds a second initially-open

explosive-squib valve in series with the baseline-squib valve. This




gives protection against a fail-to-fire failure mode. However, the
reliability of the single valve is high enough so that this addition is not

required. The weight increase of this change is 0.5 pound.

Figure J-10

Series Explesive Valve

Propulsion Tank Isolation Alternate
[J [J
—E—————M.—O =]

I

1.2.3 Reliability and Weight Summary

Table J-1 presents the detailed weight increments for the various
alternates that were considered. These figures are plotted in Figure

J-11 to show the reliability improvements as a function of weight.

Table J-1. Changes in Weight and Reliability Resulting From
Alterations of Baseline Configuration (B-2)

Figure J-11 Bipropellant Feed System
Reference Numbers Alternate Weight Change (Ib)
Figure J-2 -62.6
Figure J-3 +1.0
Figure J-4 +3.5
Figure J-5 +3.3
Figure J-6 +7.9
Figure J-7 +1.9
Figure J-8 +5.5
Figure J-9 +3.2
Figure J-10 +0.2
1 Figures J-3 and J-6 +8.9
2 Figures J-3 and J-7 +2.9
3 Figures J-3 and J-8 +6.5
4 Figures J-4 and J-6 +11. 4
5 Figures J-4 and J-7 +5.4
6 Figures J-4 and J-8 +9.0
7 Figures J-5 and J-6 +11.2
8 Figures J-5 and J-7 +5.2
9 Figures J-5 and J-8 +8.8
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Figure J-11. Reliability Improvement as a Function
of Weight

1.3 Bipropellant Feed System Design

The selected bipropellant feed system for vehicle Configuration
B is shown in Figure J-12. The weight associated with this system is
itemized in Section VII of Volume 5. The performance and design of

the system is described below.
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1. 3.1 Sizing Analysis

a. Pressurant Supply

Helium stored at 3000 psia was selected to pressurize the
fuel and oxidizer tanks. The amount of helium required to complete
propellant expulsion was determined from an equation relating tank
volume and pressure with pressurant properties and storage conditions
(see Appendix C). A gas expansion process midway between adiabatic
and isothermal was assumed based on the transfer of sensible heat
from the storage bottles, lines and components, and propellant tanks.
The spacecraft thermal control subsystem will restore the system to
nominal operating temperature between midcourse maneuvers and the
relatively low pressurant flow rate during operation aids in the efficient
extraction of this heat. Conversion of thermal energy to perform
expulsion work and pressurant residuals were accounted for in the
calculations. A propellant tank pressure of 210 psia was assumed,
allowing 10 psi for flow losses and pressure drop across the positive

displacement device.

Based on a propellant loading of 2900 pounds at an oxidizer/
fuel ratio of 1.65 (equal volume), a required helium weight of 9. 3 pounds
was determined. A helium leakage rate analysis was conducted to
determine the required pressurant reserve. To establish a worst-case
model, a leakage rate of 1 x 10-4 standard cubic cm, (scc)/min was
assumed for each of 33 possible leak points at operating pressure. This
rate corresponds to the maximum capability of the simplest leak
detection technique, bubble fluid. The analysis revealed a leakage rate
on the order of 6 x 10_4 lb/year. A 0.7 pound weight allocation for
leakage increases the total helium weight to 10 pounds and provides
more than adequate reserve for leakage. Eight of the joints in the
pressurization system are separable and use the NASA developed MC-
type flared-tube fittings. These fittings are capable of holding leakage
to 5 x 10-5 scc/min. The remainder of the joints will be sealed by in-
place welding. Further reduction of helium leakage could be accom-
plished through inspection of the welded joints by mass spectrometer.
Leakage from a properly welded joint can be held to less than 1 x 10_8

scc/min.




Two helium spheres, 20,50 inches in diameter, will contain
the 10 pounds of helium at 3000 psia and 70°F. The bottle wall thickness
was designed for 3300 psia in conjunction with the appropriate safety

factors to allow for pressurant temperature rise to 110°F.

b. Pressurization Control

The helium flow rate requirements are relatively low and
analysis shows that 1/4-inch pressure lines may be used without
inducing excessive pressure loss, A system pressure drop of 28.3 psi
between supply and tankage was calculated. Calculations are given in
the Appendix C. The major advantage in using 1/4-inch line is the
high development level of components of this size. Many fully qualified
valves, filters, regulators, etc., are available as off-the-shelf items.
The small weight advantage which could be obtained by going to a
smaller diameter would be more than offset by the increased fabrica-
tion and development difficulties, The application of in-place welding
techniques to the smaller lines would be more difficult and the possi-
bility of crimping, kinking, and other types of handling damage would
be increased. Based upon these considerations, the pressurization

control system design was based on a nominal 1/4-inch line size.

A plenum chamber is placed downstream of the pressure
regulator. Under normal operating conditions the plenum serves to
damp out pressure surges which otherwise would cause the regulator
to close immediately after opening. Rapid cycling of this nature,
known as chatter, can damage the regulator. A plenum volume of
200 in. 3 was selected as sufficient volume to perform the damping
function., More accurate analysis requires knowledge of the character-
istics of the specific regulator chosen. The final volume will be

selected after breadboard testing of the pressurization subsystem.

c. Propellant Tankage/Expulsion

The propellant mixture ratio of 1.65 to 1 was selected on the
basis of equal volume tankage. The tank volumes were determined by

the propellant volume at the maximum spacecraft temperature. A
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temperature range of 40° to 90°F is to be maintained by the thermal
control subsystem. Four spherical tanks, two oxidizer and two fuel,
will contain the propellants. A sphere volume of 10,5 ft3 (32. 6-inch
diameter) will provide an ullage volume of about 0.5 ft3 per tank, which
will serve as a pressurant plenum and will allow for additional pro-

pellant expansion should the temperature exceed 900F.

Positive displacement of the oxidizer (N204) is provided
throughout the midcourse maneuver operations and for sufficient
duration at the beginning of orbit injection tc achieve full thrust, thus
ensuring orientation of the propellants at the tank outlet. Oxidizer
displacement is provided by an expanding-metal bellows mounted at the
top of each oxidizer tank. The bellows are initially in a partially
extended condition, to allow for propellant expansion due to tempera-
ture changes, and are internally pressurized for propellant expulsion.
The total internal volume of the bellows in its fully expanded position
is adequate to compensate for changes in oxidizer volume due to
temperature changes, to provide positive expulsion for all midcourse
maneuvers, for engine start, during retrofire sequence, and to provide

for an ullage space,

Positive displacement expulsion of the oxidizer is terminated
just prior to full bellows extension, at which time the pressurant force

is applied directly to the propellant surface.

Positive displacement of the fuel (MMH) is provided for the
entire mission duration by a butyl-rubber bladder which contains the
fuel. The 0.5 ft3 of ullage volume, in each tank, at 9OOF, will be
provided for by a clearance between tank wall and bladder. Elasticity

of the rubber bladders allows for expansion and contraction of the fuel.

d. Propellant Feed Lines

Both fuel and oxidizer feed lines were established at a
nominal 1. 0 inch diameter. Calculations were made to determine the
pressure loss due to line length, flow restrictions, such as bends and

bellows joints, and start loss due to acceleration of the propellants.




Because of the juxtaposition of the engine and propellant tanks, the
elevation of the engine inlet is approximately 3 feet above the tank
outlet. The maximum resultant pressure loss, occurring at the end of
retrothrust, is less than 1.0 psi due to the relatively low thrust-to-
weight ratio. Maximum total pressure losses were determined to be

2.4 and 3. 95 psi for the fuel and oxidizer feed lines, respectively.

1.3.2 Material Selection

a. Pressurant Supply

Annealed Ti-6Al1-4V is used for the helium pressurant
storage spheres, which will be pressurized in the presence of per-
sonnel. Tubing used in the pressurization subsystem is fabricated
entirely from 6061-T6 aluminum to facilitate in-place welding

techniques.

b. Pressurant Control and Regulation

All pressurization subsystem components, including the
plenum chamber, are manufactured using 6061-T6 aluminum. Alloys
other than 6061-T6 might be utilized for certain internal portions of
the component wherever warranted by the specific design. Seals and

seats would be teflon compounds throughout.

c. Propellant Tankage/Expulsion

Heat-treated Ti-6Al1-4V is used for the four equal-volume
propellant tanks. Pressurization of these tanks in the presence of
personnel will not be allowed. The fuel tanks employ butyl-rubber
expulsion bladders and 300-series stainless-steel internal fill-feed
lines, The oxidizer tanks employ 321-series stainless-steel positive

expulsion bellows and Ti-6Al1-4V internal fill-feed lines.

d. Propellant Feed Lines

The propellant feed lines are fabricated from 300-series
stainless steels. The convoluted flexible portion is 321 series, while
the wire braid, flanges, elbows, etc., are made from stainless alloys
within the 300 series. The seals utilized at the inlet and outlet of both
the propellant feed ducts are manufactured from 1100-series aluminum

alloy.
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1.3.3 Components

In-place welding techniques are utilized for joining all pressuri-
zation components into a single module. The propulsion module is

installed, and if required, removed or replaced as a unit.

The teflon compounds used for component seals and seats are
contained entirely within the pressurization subsystem. No portion of
any teflon seal or seat is subject to outgassing due to exposure to the
hard vacuum of space. The elimination of relief valves from the flight
pressurization subsystem removed the last component which might
experience this difficulty. It is possible to design around this difficulty,
but it is not required and would only reduce the confidence level in

satisfactory operation of the first flight.

The system is designed to operate and perform all intended
functions over a temperature range of 40° to 90°F. The pressurant
spheres are designed to take the overpressure resulting from reduced
gas density due to a temperature increase to 110°F subsequent to
loading. Thus, the nominal working pressure is 3000 psi and the

maximum 3300 psi,

Preliminary tank diameters selected for weight and strength
calculations were 34 inches maximum, including ullage volume.
Detailed propulsion tank volume requirements resulted in tank dia-
meters less than 33 inches. Since the monopropellant-solid engine
combination was selected as the favored approach, the weight and
strength calculations were not repeated for the smaller diameter. A
reduction of approximately 3 per cent in wall thickness and tank weight

would result from the use of the smaller diameter.

a. Pressurization Supply

The pressurant gas is stored in two spherical high-pressure
vessels. Loading with helium gas is accomplished through a manually
operated fill valve of the type used on Mariner 4. Immediately up-
stream of this valve is the OSE-spacecraft interface, consisting of a
simple pneumatic tubing connection which is separated, capped, and

sealed subsequent to loading and closing of the manual fill valve.




The remainder of the pressurization supply subsystem

consists of a 10 filter and four solenoid valves. The filter prevents
impingement and subsequent imbedding on the solenoid valve seats of
particles large enough to cause seat damage. The solenoid valves are

of the normally-closed type arranged in series-parallel combination.

b. Pressurization Control

The pressurization control subsystem consists of a preset
pressure regulator, a solenoid valve, two pressure switches, and a
plenum chamber. The choice of regulator design is based on selection
of the failed-closed condition as the least likely mode of failure. The
upstream quad-solenoid valves provide a backup for an excessive
seat-leakage mode of failure in the regulator. This is the most likely
mode of regulator failure. Unless combined with the complete failure
of at least one more pressurization system component, this mode of
failure does not affect system performance. The solenoid valve,
located downstream of the regulator, is of the normally open type.
Thus, the least likely mode of failure of the solenoid valve will be
failed-closed. The solenoid valve is controlled by the two pressure
switches located at the outlet of the plenum chamber. Settings of the
switches are the same for both: 5 psi above the maximum normal
regulator outlet pressure. Both switches are required to pickup in
order to actuate the solenoid valve closed. Either switch dropping-out
would interrupt the signal, allowing the valve to open. This arrange-
ment protects against the failure of a pressure switch to dropout.
Although failure to dropout is an infrequent, random type of failure,
it is the most likely mode of failure. In the case of a failed-open
regulator, the solenoid-plenum chamber-pressure switch combination
operates in a cycling or bang-bang mode, thus performing as a backup
regulator. The plenum chamber and ullage volume is large enough to
minimize the number of close-open-close cycles experience by the
valve, The plenum chamber also prevents regulator chatter and the

possible premature blowout of the burst disc due to pressure surges.
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c. Pressurization Distribution

The pressurization distribution subsystem consists of a flow
divider and burst disc immediately downstream of the plenum chamber,
an explosive squib valve, check valve, and a manually operated valve
in the line leading to the NZO4 tanks., It also includes a check valve
and manually operated valve in the line leading to the MMH tanks.
Pressurization gas flow is divided once more immediately downstream
of each check valve to pressurize each of the four tanks. The explosive
squib valve is of the initially-open type. It is actuated to the closed
position at the completion of system operational requirements to ensure
isolation of the residual NZO4 vapors and liquid, The squibs used to
fire the explosive valves are of the dual-bridgewire design. The check
valves serve to prevent propellant mixing in the event of bladder leak

in the fuel tanks or a bellows leak in the oxidizer tanks.

With the bipropellant system, orbit trim capability, as
discussed in Section d, exists only for a fixed relatively short
period of time after the conclusion of the retrofire sequence. At this
time the expulsion bellows no longer separates the ullage gas from the
remaining propellants. This is because the check valve in the N204
pressurization system can only delay, but cannot prevent, passage
of dangerous amounts of N204 vapor. Hence, the orbit trim must be
performed prior to the time the explosive squib valve (which isolates
the N204 residual) must be fired to ensure the safety of the orbiting

spacecraft.

The gas side of the positive-expulsion unit must be pressure
controlled during loading. The manually operated valves, located
downstream of the check valves, lead to vent and relief valves supplied
as part of the OSE. The lines leading to the OSE are capped and sealed
subsequent to loading of the tanks and closing the manually operated
valves. The burst disc installed directly downstream of the plenum
chamber serves to prevent destruction of the entire spacecraft in the

event of catastrophic propulsion system overpressurization.
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d. Propellant Tankage/Expulsion

The two titanium fuel tanks provide complete positive
expulsion for the MMH using a butyl-rubber bladder located in each
tank. A perforated tube extends from the outlet and up the centerline
of each tank, These tubes ensure that unsymmetrical collapse of the
bladder will not result in interrupted propellant flow. This expulsion
technique is well developed and entirely within the state of the art.

The tanks are spherical in shape, with bosses for pressurization-line
and feed-line connection. The two titanium oxidizer tanks include
provision for partial positive expulsion for the NZO4' Expulsion is
accomplished by the expansion of a cylindrical stainless steel positive
expulsion bellows within the tank. The expansion is produced by
helium gas furnished to the internal volume of the bellows by the
pressurization system, A layout of the tank and expulsion is shown

in Figure J-13. During the retrofire sequence, after the engine builds
up to full thrust, the bellows reaches its full extension. As the full
extension position is reached, a plug in the movable dome snaps out,
thereby allowing the helium gas to pressurize the N204 directly. Plug
removal is accomplished by a stainless-steel wire, attached to the
tank dome, which stretches tight as the bellows approaches its fully
extended position. The positive expulsion will be recycleable in that
the plug could be reinserted upon removal of the tank. For the remain-
der of the retrofire sequence the oxidizer feed system is converted to

straight pressure-fed with ullaging thrust provided by the main engine.

spherical tank, will be sealed against the tank wall with the nickel-
gold-palladium braze found to be successful joining material for
titanium-to-stainless-steel joints. The braze would be subjected to
minimal stress levels, being a nonstructural joint. Oxidizer required
for a possible orbit trim maneuver will be trapped by surface tension
effects between a series of 5u, dutch twilled weave, wire screens
located at the inlet of the internal feed line. Bosses for connection

to the engine feed line, pressurization line, and recirculation-

propellant-loading valve are provided on the tank.
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Figure J-13, NZO4 Tank Cross Section

e. Propellant Feed Lines

The propellant feed ducts have motion capability requirements
arising from the movement capability of the engine. These motion
capability requirements are satisfied by convoluted segments of wire-
braided flexible metal hose. Each propellant feed line is comprised of
two inlet flanges, one to connect to each of the two propellant tank outlets;
two flex hose segments; a common line between the flex sections with a
single line leading to the engine; and the single flange which connects to

the engine.
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The mechanical joints in the NZO4 feed line are sealed with
the Titan II-type bolted-flange connection which uses the 1100-series

aluminum seal.

Immediately upstream of the engine oxidizer inlet flange in
the propellant feed line lies the port leading into the feed line from the
oxidizer fill valve. It is positioned as close as possible to the engine
flange and engine valves to minimize possibility of gas entrapment
during filling. Manually operated fill and recirculation valves of the
ball-seal-lapped-seat type are utilized in the fill system. The loading
procedure requires use of a recirculation valve to preclude gas entrap-
ment. The technique of loading involves a thorough purge with helium
and then with NZO4 vapors. At the conclusion of the N204 vapor purge,
N204 liquid flow is introduced and recirculated. Finally, the recircu-

lation valve and the fill valve are closed, the OSE lines and connections

removed, and the spacecraft fill and recirculation lines capped.

This loading technique minimizes the possibility of gas entrap-
ment. The helium purge enters the N204 tanks at the bottom and
escapes through the recirculation valve, which is located at the high
point of the tank. This purge removes any gases which might contamin-
ate or react with the NZO4 when it is loaded. The NZO4 purge removes
the helium gas to ensure no helium will be trapped in the loaded
propellant, When N204 liquid flow is introduced, it drives out any
remaining helium during the recirculation cycle. The N204 vapors are
either driven out ahead of the liquid, or condensed. Thus, at the
completion of the filling procedure, only liquid N204 remains in the

tank.

A fuel-fill valve is located immediately upstream of the
engine fuel inlet flange in the propellant feed line. A manually operated
fill valve of the ball-seal-lapped-seat type is utilized. The loading
procedure employs a vacuum pump in the OSE connected to the fill line.
Thus, when the fill valve on the spacecraft is open, it enables the

evacuation of the complete fill line and both fuel bladders. Small
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amounts of MMH vapors are introduced during the evacuation to ensure
presence of MMH vapors exclusively at the conclusion of the evacuation
procedure. Liquid MMH flow is then introduced, filling the bladders and
condensing the remaining MMH vapors. When the 100 per cent full
condition is reached, the manually operated fill valve is closed, the

OSE-spacecraft connection broken, and the spacecraft fill line sealed

and capped.
2. MONOPROPELLANT ENGINE PROPELLANT SUPPLY
2.1 Summary

The selection of the monopropellant supply system follows the
same approach used for selecting the bipropellant supply. In each case,
the component development status and experience status were the
dominant factors in selection. However, after selection of vehicle
Configuration A and selection of the monopropellant over the bipropellant
engine, further study of the monopropellant supply was conducted to
determine if improvements could be made. The initial studies resulted
in the selection of a feed system very similar to that used on Mariner
as shown in Figure J-14. It was later determined that further simpli-
fication could be made by eliminating the pressure regulator and using
a blowdown system. This system is shown schematically in Figure J-15,
This approach eliminates the separate pressurant supply bottle, the
pressurant control valves, and the pressure regulation and distribution.
The propellant supply decays from an initial pressure of 350 psia to a

final pressure of 170 psia during the nominal engine operational duration.

2.2 Separately Pressurized Monopropellant Feed

2.2.1 Sizing Analysis

a. Pressurant Supply

Ambient stored nitrogen at 3000 psia was selected to
pressurize the monopropellant hydrazine tanks. The amount of nitrogen
required to deliver the propellant to the engine inlet at the required
pressure was determined from an equation relating tank volume and

pressure with pressurant properties and storage conditions (see
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Appendix C). A gas expansion process midway between adiabatic and
isothermal was assumed based on the transfer of sensible heat from

the pressurant bottles, lines, and components, and the propellant tanks.
The active thermal control subsystem will restore the N2 subsystem to
nominal operating temperature between midcourse maneuvers and the
relatively low-pressurant-flow rate during operation aids in the

efficient extraction of this heat. Conversion of thermal energy to
perform expulsion work and pressurant residuals were accounted for

in the calculations. A propellant tank pressure of 310 psia was assumed,
allowing 10 psi for flow losses and pressure drop across the positive

expulsion bladders.

Based on a 246-pound propellant loading, a required nitrogen
weight of 8.5 pounds was determined. A single pressurant sphere
12. 4 inches in diameter will contain the nitrogen at 70°F and 3000 psia.
The bottle wall thickness was designed for 3300 psi in conjunction with
the appropriate safety factors to allow for pressurant temperature rise
to 110°F.

b. Pressurization Control

The nitrogen flow rate required to expel the hydrazine at the
desired pressure is approximately 0.006 lb/sec. A system pressure
drop of 25.5 psi between pressurant supply and propellant tankage
was calculated based on 1/4-inch pressurant line and controls.

Smaller line could be used without inducing excessive pressure losses,
but the small weight saving would be more than offset by the increased
fabrication and development difficulties. In-place welding of many of
the joints between line and components is proposed to minimize leakage.
The application of this technique to lines smaller than 1/4 inch becomes
quite difficult. Probably the major consideration, however, is the high
level of industry experience with 1/4-inch components, Many fully
developed valves, filters, and regulators are available as off-the-shelf
items. Based on these considerations, the pressurization control
system will use 1/4-inch nominal diameter line and associated

components.

J-28




c. Propellant Tankage and Expulsion

Two sperical tanks 18.9 inches in diameter will contain the
246 pounds of hydrazine. The tank volumes (2. 05 ft3 per tank) were
determined by the propellant volume at 70°F and a 5 per cent ullage
volume. Hydrazine has a relatively low coefficient of thermal expansion
thus the ullage volume is reduced by only 1 per cent at 110°F. The
propellant tank environment is to be held within a temperature range of
40 to 90°F by the thermal control subsystem. Should the propellant
temperature reach llOoF, the combination of tank ullage and plenum
volume is more than adequate to safely accommodate the compressed

pressurant.

Positive displacement of the hydrazine is provided for the full
duration of each midcourse maneuver, through collapse of the butyl-
rubber bladder which separates the propellant from the pressurant. A
nominal clearance between the bladder and the tank will provide the

ullage volume. Calculations are given in the Appendix C.

d. Propellant Feed Lines

The hydrazine feed line size was established at a nominal 1/2-
inch diameter. Calculations were made to determine the pressure loss
due to line length, flow restrictions, and start loss due to acceleration
of the propellant. The propellant flow is divided between two lines
for all but the last few inches feeding the engine. Flow restrictions
have been minimized and start acceleration losses are negligible due
to the low thrust to weight ratio. The resultant maximum pressure
drop between propellant tanks and engine inlet was calculated to be
0. 22 psi. A slightly smaller line size could have been chosen with a
correspondingly small weight saving. The choice of 1/2-inch lines may
be justified, however, based on the universality of this size with respect

to forming techniques and component availability.

2,2.2 Components

Components utilized in the pressurization equipment are 1/4-inch

nominal diameter. In-place welding techniques are utilized for the
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joining of all pressurization components into a single module. This

module is installed, removed, or replaced, as a unit.

The teflon compounds used for component seals and seats are
contained entirely within the pressurization subsystem. The design
eliminates exposure of any teflon seal or seat to the hard vacuum of
space. This circumvents possible problems due to the outgassing of
the seals. The removal of relief valves from the flight pressurization
subsystem eliminated the components most likely to be subject to this

difficulty.

The subsystem is designed to operate and perform all intended
functions over a temperature range from 40 to 110°F. The pressurant
sphere is designed to take the overpressure resulting from reduced gas
density due to temperature increases which may occur subsequent to
loading. Thus, the nominal working pressure is 3000 psi, the maximum

working pressure 3300 psi.

The subsystem does not require any electrical power during the

coast periods between midcourse corrections or orbit trims.

a. Pressurization Supply

The pressurant gas is stored in a single spherical high-
pressure vessel, Nitrogen loading is accomplished through a manually
operated fill valve of the type used on Mariner 4. Immediately upstream
of this valve is the OSE-spacecraft interface. The interface consists
of a simple pneumatic tubing connection which is separated, capped, and
sealed subsequent to loading of the sphere and closing of the manual fill

valve,

Fittings utilized in the pressurization system are generally
of the NASA-developed MC-type. Joints which necessitate contact of
dissimilar metals will be designed so that resultant corrosion is
kept to a minimum. Surface coatings are utilized in such joints.
Anhydrous propellant and dry pressurant are used, and the environ-

ment controlled, to minimize the possibility of corrosion.
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The remainder of the pressurization supply equipment con-
sists of four banks of explosive-squib-actuated valves and one hybrid
bank consisting of one solenoid and one explosive-squib valve. Each
bank of explosive valves is comprised of one normally-closed valve
in series with one normally-open. The hybrid bank utilizes a normally-
closed solenoid valve in series with an initially-closed explosive valve.
This hybrid bank serves to provide capability for a number of engine
starts for orbit trim purposes. In addition, it serves as a backup
supply-shutoff in the event of a failure of one or more of the explosive
valve banks. The number of orbit trim firings possible with the hybrid
bank is limited only by the amount of propellant available after the mid-

course correction firings,

The squibs used to fire the explosive valves would be of the
dual-bridge-wire design. The squibs are discussed in more detail in

Pyrotechnics, Section V-4, Volume 5.

b. Pressurization Control

The pressurization control equipment consists of a filter, a
preset-pressure regulator, a solenoid valve, two pressure switches,
and a plenum chamber, The regulator is of the type used for the
Mariner 4 pressurization control subsystem. The explosive valve banks
upstream provide positive and complete shutoff of the gas supply to the
regulator. Thus, excessive leakage in the regulator between midcourse
correction firings can add only the small quantity of gas trapped between
the downstream side of the explosive valves and the upstream side of
the regulator. The over-all pressure rise caused by this gas bleeding

down into the tanks would be negligible.

The two pressure switches control the normally-open-
configuration solenoid valve. Both switches are designed to actuate at
5 psi above the maximum normal regulator outlet pressure. Both
switches must pickup to send the signal actuating the valve closed. If
either switch drops out, the signal is interrupted and the valve reopens.

This arrangement protects against the failure of a pressure switch to

J-31



drop out. Failure-to-drop-out is the most iikely mode of failure of the
pressure switches. By signalling the solenoid valve to close in the
event of excessive downstream pressure, the switches enable it to

perform as a backup regulator.

The failure of the regulator in an excessive-leakage mode of
a failed-partially or completely-open mode results in the solenoid valve-
plenum chamber-pressure switch combination taking over the regulation
function. Regulator design is selected based on ensuring one of these
three modes in the event of a malfunction, The plenum chamber is sized
to minimize regulator chatter and line pressure surges. It must protect
against premature signals to the solenoid valve from the pressure
switches. For this reason, the switches are installed immediately
downstream of the plenum chamber. Sensing an overpressure indicates
definite regulator malfunction, rather than slow response or overshoot.
The pressure switches will then pickup, sending a signal which closes
the solenoid valve located upstream of the plenum chamber. Pressure
in the plenum chamber then decays until one or both pressure switches
drop out, allowing the solenoid valve to return to its normally-open
position. Drop-out pressure is set equal to the normal minimum
regulator outlet pressure. If the regulator has not recovered, a rapid
pressure rise ensues, the pressure switches pickup again, sending a
signal which closes the solenoid valve, and the cycle repeats. The
subsystem continues in this cyclic, or bang-bang mode of operation for
the duration of the midcourse correction, or orbit trim, engine firing.
Due to the presence of the plenum chamber, pressurization control
subsystem outlet pressure is controlled within a narrow band only 5 psi
wider than the normal regulator outlet pressure variations. This
technique of backup regulation was successfully utilized on the Saturn
S-IV and is being used on the Saturn S-IVB and the S-IVB auxiliary
propulsion system. Because the pressurant gas supply is shut off
immediately downstream of the pressurant supply sphere during the
coast periods between engine firings, it is not necessary to supply
electrical power to the pressure switches during these periods to

protect the system from overpressurization,
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c. Pressurization Distribution

The pressurization distribution equipment consists of a
manually operated valve, flow divider, and burst disc immediately
downstream of the plenum chamber, From each of the twin outlets of
the flow divider, one line leads to each propellant tank. The burst disc
serves to prevent destruction of the entire spacecraft in the event of
catastrophic propulsion system overpressurization. The burst disc
is protected from premature rupture by the plenum chamber. Rupture
pressure of the burst disc would be set at the proof pressure of the
plenum chamber. The manually operated valve provides a vent
capability for the gas trapped between bladder and tank which must be
expelled during loading of the bladders. It would be connected to a vent
and relief valve supplied as part of the OSE. This connection would

be closed, capped, and sealed subsequent to loading.

d. Propellant Tankage Expulsion

The two titanium propellant tanks provide complete positive
expulsion for the N2H4. A butyl-rubber bladder located in each tank
contains the propellant, A perforated tube extends from the outlet and
up the centerline of each tank. These tubes ensure that unsymmetrical
collapse of the bladder will not result in interrupted propellant flow.
Evidence exists indicating difficulties with storing N,H, in butyl rubber
at temperatures above 125°F. At and above this temperature, the

decomposition rate of the N2H4 , due to impurities present in the rubber

increases., Increasing temperature accelerates this decomposition
Or . . o -
rate further. However, 125 F is considerably above the 90 F maximum

temperature limit set for the spacecraft.

The butyl-rubber bladder positive expulsion technique is
well developed from Ranger and Mariner experience. It is entirely
within present technology. Some further testing must be done to
determine the effects on propellant quality of 12-month storage in
butyl rubber at slightly elevated temperatures (110 to 120°F) when

intermittent demand for propellant is experienced.
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The tanks are spherical in shape, with bosses for connecting
the pressurization lines and the engine feed line. The collapse of the
bladders results from the nitrogen gas pressure between the tanks and

the bladders. Data describing the tank materials and sizes is provided

in Table J-2.

Table J-2. Monopropellant System Midcourse Correction

Total t wall  t weld Burst Operating
Vessel Contents Number Type Di min, min. Material Pressure Stress Level
Propellant Hydrazine 2 Sphere  18.9 in..0202 in. .0303 in. 6AL-4V Ti 682 psia 72,600 psi
NpHy Heat treated
Pressurization Nitrogen 1 Sphere 12.4in. .176 in. .264 in. 6AL-4V Ti 7260 psia 58, 900 psi
N Annealed

2

2.3 Blowdown Monopropellant Feed System Design

In addition to the conventional regulated systems discussed
previously, a blowdown system which eliminates all of the functional
components was analyzed. Analysis of optimum gas pressure to
achieve minimum system weight resulted in a ratio of initial to final
gas pressure of slightly over two to one. It was then determined that
the proposed monopropellant engine could operate with this variation
in supply pressure. Therefore, the pressure regulator was eliminated
to achieve further simplification. A schematic and a layout of the
resulting design are shown in Figures J-15 and J-16. This approach
was selected over the separately pressurized approach on the basis
of simplicity. A weight penalty of 18,5 pounds is involved in using

the blowdown system.

PRESSURANT
FILL VALVES

G 4

2 >
PROPELLANT
/ FILL VALVE

Figure J-15. Monopropellant System
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Figure J-16. Augmented Monopropellant System
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2.3.1 Analysis

a. Pressurant Supply

Ambient stored helium at 350 psia will be used to pressurize
the propellant tanks. Helium was selected in preference to nitrogen
because of a weight savings of 7.4 pounds. Based on a propellant
weight of 246 pounds and a minimum tank pressure of 170 psia, the
required helium weight is 1. 23 pounds, the tank volume is 4,5 ft3,
and its diameter is 24. 6 inches. The sizing calculations assumed that
the active thermal control subsystem will restore the propellant supply
subsystem to above 50°F between midcourse maneuvers, and that
about 20 per cent of the propellant (maximum) would be used in any
given midcourse maneuver. The tank wall thickness is designed for
380 psia operating pressure to allow for a pressurant temperature rise
to 110°F after loading. Hydrazine has a relatively low coefficient of
thermal expansion and would affect the tank pressure very little if
heated to 110°F after loading. Positive expulsion is provided by
collapsing a butyl-rubber bladder, which separates the propellant from
the pressurant. Since the rubber is permeable by helium, some helium
will go into solution in the hydrazine but should have little effect on

engine operation.

b. Propellant Feed Lines

As in the A2 configuration, the feed line size was established
at a nominal diameter of 1/2-inch. Calculations show a resultant
maximum pressure drop between propellant tanks and engine inlet of
0.22 psi. A slightly smaller line size could have been chosen, with a
corresponding small weight saving. However the 1/2-inch size was
chosen on the basis of universality of this size with respect to forming

and fittings.
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2.3.2 Design

The A3 design eliminates most of the complexity associated with
propellant supply systems. The design does not require any electrical
power and has only one moving part which is the rubber bladder.
Though the exact design of the bladder-tank internal fill-feed line has
not been determined, this does not appear to be a particular problem
The tanks are loaded with propellant in the same manner as the A2
configuration. Helium is loaded simultaneously into both tanks from
a single pressure source. The helium will be loaded to a specific mass
as determined by gas temperature and pressure (nominal is 77°F and
350 psia). The system is designed to be stored and to operate in the
range of 40 to 110°F. After helium loading, the fill hand valves will
be closed, leak checked, and capped. As a result, the helium in one
tank is separated from the other tank., Assuming the tanks will
receive the same thermal inputs and will arrive at the same steady-state
temperature during coast, this will result in close control of the
effective propellant center of gravity by tending to equalize the pro-
pellant volumes remaining in the tanks. If one tank drains faster than
the other, the gas in the other tank will remain at a higher pressure
and thus reverse the flow differential. If the maximum temperature
variation in the thermal control were to exist between the tanks
(approximately 50°F) then a maximum net unbalance of approximately
13 pounds would result between the tanks prior to the first engine
operation. This would result in only a small, easily controlled,
disturbing torque during engine operation. Present calculations
indicate that the probable maximum net unbalance would be about
7 pounds. This will be checked more closely in future analyses. The
design will require less total development than the separately pres~
surized configuration but will require more testing of the tanks. In
particular, the exact characteristics of the blowdown will need to be

determined during testing so that flight performance can be accurately
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predicted. The ability to use the exact tank-expulsion system in a
1969 flight will allow the design to be proven under essentially mission
conditions prior to the 1971 Mission. Tank parameters for the selected

design are shown in Table J-3.

Table J-3. Propulsion System Configuration A-3 Monopropellant System

Total t wal’ t weld Burst Operating
Vessel Contents Number Type Di min, min. Material Pressure Stress Level
Hydrazine
Propellant and (N2H4) 2 Spherical 24.6 in. 0.0397 0,0595 6AL-4V Ti 836 psia 58, 900 psi
Pressurization Annealed

Helium (He)
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APPENDIX K
PRELIMINARY CALCULATIONS FOR
LLANDER COVER BASE SEPARATION SPRINGS

The following calculations were made to determine the feasibility

of using springs to jettison the lander cover base.

Tipoff angle rate possibilities have been examined, and no prob-
lem exists in this area. The springs are short and will be arranged so

that their negligible side loads counteract one another.

Conclusion is that the spring separation method is practical in

every respect.
1. ASSUMPTIONS
o Weight of lander cover base, 150 pounds
o Separation velocity, 2 ft/sec
o Three springs used
o Springs compressed must be less than 3 inches long

o Inside diameter of coils must be more than 2 inches
in diameter

o Weight of spacecraft, 5500 pounds

2. EQUATIONS

2 2, Wt W,
Vo= Xo kg (W‘ ) (conservation of energy and
1 2 linear momentum)

w1<—1/21<x2-"‘2 (W1 Wz) ( balance)
= o= Zg W, T, energy balance

Assume no thrust during separation.

> 5 WitW
V™ = X, kg (=) for relative separation velocity.
b w W,
2 o g (Wl_-FWZ)
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Assume:

V = 2 ft/sec

W1 = 150 1b for cover

W2 = 5500 1lb for spacecraft

_ 4 x 150 x 5500

WK = 5 =353 % 5650 - 007 ft/1b =109 in. /b

Three springs needed.

WK = 37 in. /1b per spring

Also assume:

d = 0.100 in. (wire diameter)

2.375 + 0.100 = 2.475 in.

D
P = 14 1b for S = 55,000 psi
D

= 24.75

= 4.8 1b/in.
wK=1kx 2
2
Xo_{f/2 WK 2 x 40 _ .
&V . I8 = 4,08 in.
L 1+ 4,25 _
-I)— 2. a75 = 2.12, stable

at x =4.25, F =20.2

Ss =130, 000 psi - too high

Assume: 0OQ-W-470 spring steel wire
d = 0.125 in.

D=2.375+0.125 = 2.5




D _ 2.5 _
T T =20
8
P =27.51b

P_=251b
A%

N =3

k = 7.5 lb/in.

+
Xo =\/27—_5‘-19 = 3,26 in.

F=7.5%x3.26=24.51b

_21.5 _ .
Xs—‘ﬂ- - 3.67 in.
h, = (3+ 2)%- = 0. 625 in.

Installed height:
h = 0.625 + (3.67 - 3.26) = 1.035 in.
Solid stress:

S_ = 99,000 psi

Free length:

L =0.625+ 3.67 = 4. 295 in.
Typical spring {three rcquired)
Material: OQ-W-470 spring steel wire

d = 0.125 in. wire diameter

ID = 2.375 in.

D=2.375+0.125 = 2.5

Ps = 27.5 1b solid compressed load

PW = 25 1b installed load




N = three active coils

k = 7.5 1b/in.

2 WK _ 2+ 40 . .
X, == * 75 = 3. 26 in. working stroke
XS =£]'—g = 3. 67 in. stroke to solid height

h_=(3+2) g =0.625 in. solid height

h = 0.625 + (3.67 - 3.26) = 1.035 in. installed height
L =0.625 + 3. 67 = 4. 295 in. free length

Ss = 99,000 psi solid stress

%‘_ = izégé = 1. 72 stable in buckling (See.Walf'lll’s '"Mechanical
Springs'')
_ (W1 + W2) _ 3.26 7.5X386X3
V= Xokg| wiw, Gz | soxsson - (5650)
. =.26 e
- T 59. 5
V = 2.1 ft/sec relative separation velocity from three
parallel springs
kt =3k
3. SYMBOLS
v Relative separation velocity ft/sec
Xo Compression of spring in (feet)
k Spring constant in-1b
g Gravational constant 32.2
W1 Cover weight 150 1b
W2 Spacecraft weight 5500 1b
WK Energy in-1b
d Wire diameter in.
D Coil diameter (mean) in.




~ oo

-

v

X 0 0oz

]

s o

0]

Force

Number of turns in coil

Free length

Stress

Solid height stress
Stroke of spring

Force

Force (solid height)

Force (working)
Solid height
Installed height

Total spring rate

1b

in,
PSI
PSI
in.
1b
1b
1b
in.

in.



APPENDIX L
RADIOMETRIC MODEL OF MARS

The purpose of this study is to provide a basis for choosing a
spectral interval to be used for attitude sensing devices employed in a

space vehicle in Mars orbit.

Because the orientation needs to be controlled on both the day and
night side portions of the orbit the use of scattered radiation from the
sun is excluded and some sort of emitted radiation is indicated. Thermal
radiation from the planet or its surrounding atmosphere best fits the
need, The wavelengths can be selected such that very little interference
from direct solar radiation is encountered; the day-night variation in

energy received is not nearly as extreme as for visible radiation.

The visible spectrum offers much more available energy during
the day, and detectors of great sensitivity compared to those used in the
IR range are available, Some visible emissions are known to occur in
the night atmosphere of earth, and these are detectible using photo-
multiplier detectors. However, the large dynamic range between day
and night signals, the more delicate nature of the detectors, and the
effects of scattered visible radiation weigh against the use of visible

radiation.

1. INFRARED OPTICAL REFERENCES
Two choices of IR optical reference are available:
° The disk of the planet itself.

° Some atmospheric component of strong IR absorption
and emission,

Using the planetary disk as a reference in the case of earth sensors
is complicated by the presence of clouds and by the variable nature of the
IR window resulting from changes in atmospheric water vapor concentra-
tions. For these reasons the possibility of using strongly absorbing
atmospheric components to define a disk which is above most of the
clouds and outside of the window range of spectra has been examined.
Hanel, Bandeen, and Conrath (Reference L-1) in 1962 and Wark,

Alighouse, and Yamamoto (Reference L-2) in 1963 have considered the
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problem in some detail for a wide range of model terrestrial atmospheres
and have concluded that CO2 band centered around 15 microns and the
water vapor absorption in the vicinity of 33 microns are most suitable
for use. Haynie, Collinge, and Erstgard (Reference L.-3) report a
measurement of the 15 micron CO2 band by a satellite radiometer. They
report ''reasonable' agreement with theoretical predictions. For
example, with a 2-micron pass band the theoretically predicted average
emittance was 1.88 mw/cm2 while the observed value was 1.45 mw/crnz.
The observed gradient width was 1.75 to.s5 degrees at an orbital
altitude of 160 km. The emittance showed a small but real latitude
variation, the value of emittance ranging from 1,30 rr)w/crn2 at closest

approach to one pole to 1.65 mw/cnn2 near the opposite pole.

A similar choice of optical reference disks must be made with

respect to Mars before a sensor can be designed for that mission.

1.1 The Planetary Surface as an Optical Reference

In the case of earth the principal difficulties associated with using
infrared radiation from the surface for attitude reference are anomolies
such as variable absorption by water vapor and the presence of clouds,.
The skies of Mars are much clearer than those of earth and the amount
of water vapor is known to be very small. Astronomical observations
over many years indicate that the frequency of >ccurrence of highly

mobile clouds is very small compared to earth,

The clouds of concern are the so-called white clouds, identified
as composed of ice crystals, and the yellow clouds, usually identified
as dust clouds. The yellow clouds are described as of fairly rare
occurrence and are usually quite limited in area, though occasionally
great planet-wide storms have been observed. The white clouds of
largest area and persistence occur above the polar caps, and are pre-
sumably at fairly low altitudes. W. A. Wright (Reference L-4) of Lick
Observatory found these clouds to be transparent in the photographic
IR, while E. Slipher (Reference L-5) and others have found them trans-
parent in the visible red. If these clouds are tiny ice crystals as the
polarization measurements of Dolfus indicate, one would expect that in
the far IR they will be opaque and radiate much like a black body of the

temperature of the clouds.




The white clouds which overlie the polar caps are a persistent
seasonal phenomenon and their outlines do not change greatly from day
to day. For this reason they are not regarded as seriously affecting
the television mapping mission even though they do contribute to an

absolute error in locating the center of the planetary disk.

Yellow clouds are more variable, There is no general agreement
about the altitude of such clouds, but Slipher (Reference L.-5) reports
that altitudes up to 30 km are considered probable on the basis of photo-
graphic evidence and visual observation., The yellow clouds are thus
capable of causing a short-lived change in pointing and constitute one of
the more serious sources of potential error, since they are not per-

sistent or predictable.

Morning hazes have been observed quite consistently on the sunrise
limb of the planet, but these dissipate rather quickly and probably occur

near the surface where they will not contribute a large error.

Temperature variations across the disk may be as large as 100°C.
This is a fairly large variation and must be accounted for in instrument
design, Coblenz and Lampland at Lowell Observatory measured surface
temperatures by radiometric means over a period of years (Reference
L-6). The polar cap showed a fairly constant -70°C, while the bright
areas in the center of the disk indicated -10° to +5°C. Adjacent dark
areas gave temperatures of +10° to +20°C. Sunrise and sunset limbs
of the planet in one measurement showed -45 and OOC, respectively, to
give some idea of the diurnal variation. The winter polar tempcratures
are probably representative of the temperature of the white clouds (or

the surface beneath them, if they are transparent in the infrared). The
temperature of one yellow cloud has been observed by Sinton and Strong

(Reference L-6) by radiometric means, The temperature was somewhat

below that of the surroundings, but not really cold.

Studies of the shape of Mars in the visible and near infrared show
that the planet is flattened at the poles. The results of various observers
differ, but the value of ellipticity recommended by de Vaucouleurs is
0.013 to, 001, which corresponds to a total polar diameter difference of

about 85 km or a flattening of approximately 42 km at each pole. Although




this error is of importance in exact mapping operations it is a persistent
feature and will not, therefore, prevent accurate aiming toward a selected

area,

One would expect the atmosphere also to show a similar flattening
except perhaps at very high altitudes. The blue haze has not been
observed to show measurable flattening near the poles and for this reason
it is thought to extend to high altitudes. Supporting evidence is given by
the fact that the apparent diameter of Mars is greater in the ultraviolet

than in the visible by 3 to 6 per cent.

Thus it would appear fairly well established that in using the
planetary disk as an IR optical reference one would see a temperature
range of about 200 to 300°K, and, rather infrequently, yellow cloud
anomolies at altitudes up to 30 km, corresponding to an angular error
of approximately 0.4 at peria psis. The point is that such occurrences

are infrequent enough so that they would not be expected to ruin a great

deal of data.

1.2 The 15, Band as an Optical Reference

The atmospheric constitution of Mars is poorly known. The best
accepted modern data indicates a total pressure at the surface of the
planet of about 10 millibars, with about 33 per cent of the gas being
carbon dioxide (Reference L-7). The CO2 is fairly well identified
(Reference L-8), the total amount estimated at about 60 atmosphere

meters or 25 times as much as in the terrestrial atmosphere.

The remaining principal constituents are assumed to be nitrogen

and/or argon. Oxygen has not been detected; the upper limit of oxygen
content has been put at less than 0.8 atmosphere meters. Water vapor

at (1.4 To. 1) x 10-3 gm/crn2 has been determined spectroscopically,
Traces of various other gases have been reported by some workers but
denied by others, but it is certain that small amounts of such compounds
as carbon monoxide, ozone, oxides of nitrogen, and the like are generated

photochemically in the upper atmosphere.

Thus, it seems that the atmosphere of Mars should be quite trans-
parent in the IR, with the exception of carbon dioxide absorption bands.
The only atmospheric absorption which might reasonably be used to

define a disk is the 15-micron CO2 band.
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A number of model atmospheres for Mars have been analyzed and
extreme temperature profiles predicted by Schilling (Reference L-9),
while more detailed profiles have been predicted by Chamberlin
(Reference Li-10). Unfortunately, this work was based on a surface
pressure of 85 mb and has not been extended to the 10-20 mb region,
which is now believed to be most probable. In particular, the height of
the tropopause is uncertain, and this affects the temperature of the
atmosphere at the altitudes where the absorption and reradiation by CO2
is important. Because of the lower gravitation on Mars the atmosphere
will extend to greater heights, so that the gradient angle will tend to
be larger., However, this may be compensated by the higher concentra-
tion of COZ' The precise height above the surface at which the extinction
of the 15-micron band occurs will depend upon the temperature profile
of the atmosphere. Two extreme cases will be examined to try to make
an order of magnitude estimate for the range of variation possible within
the compass of available data. Isothermal atmospheres at temperatures

equal to the extremes of observed surface temperatures will be assumed.

2., THE 10-MB, 60 METER ATMOSPHERE

The Mars atmosphere is assumed to be governed by the hydrostatic
equations and the perfect gas laws. The resulting equations are worked
out in detail in the TRW Mars Environmental Handbook, Volume II, and
the derivation will not be repeated here. The net result, assuming &
linear temperature change with altitude is

p(z) = plo) (1 - vz)E/*R
T(o)
where p (z) is the pressure at an altitude z above the surface, T (o) is the
surface temperature, Y 1is the rate of change of temperature with altitude,

m is the average molecular weight, and R is the universal gas constant,

If ¥ = 0i.e. if the temperature is assumed constant with altitude,

p (z) = p (0) e"*/H where H = R T(0)
mg

is called the scale height, Since the temperature normally decreases

with altitude, if a constant temperature is assumed we will have a worst
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case, as far as the gradient angle is concerned; i,e., the mass of COZ

required for extinction of 15-micron radiation from an external source
will be spread over the greatest altitude range for this sort of tempera-
ture distribution. This neglects the possibility of absorption which

reverse the profile, as happens in the ozone band in earth, for example.

It is assumed that a thickness of gas which will cause extinction
of 15, radiation will give a reasonable approximation to the altitude
of the apparent disk for 15u radiation. The amount of gas necessary
to absorb the 15-micron radiation above Mars will differ from that above
earth because pressure and temperature differences will affect line
width., It is assumed that the 15-micron horizon of Mars occurs at an
altitude z such that the mass of gas per cm2 lying on a chord through
the atmosphere at this altitude is sufficient to give nearly total absorption
of radiation in the spectral range of interest., Under these conditions the
mass of gas radiates like a black body over the spectral range of strong

absorption,

Figure L-1 shows the coordinates to be used in the analysis which

follows:
z, = Minimum altitude of the chord
r = Planetary radius
x = Distance from the point of minimum altitude

to any point on the chord

z = The altitude at x
R = Zz 4+ r
o)
N e B i DIRECTION OF
/1 zo‘\ OBSERVER

/
\
\ //

N S

\\/

Figure L-1. Analysis of Coordinates of 10-mb
60 Meter Atmosphere Case
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The absorption of IR radiation by a particular gas depends upon
the total amount of absorbing gas and the pressure and temperature of
the gas. The mechanism of absorption involves excitation of vibrational
and rotational energy states of the gas molecules. The width of the
resulting absorption lines is affected by the collision rates between
molecules and by the molecular velocities, hence the pressure and
temperature dependence. In general the pressure dependence is the more

important effect, and the only one which will be considered in what follows.

The exact solution to the radiative transfer problem involves so
much computation that it is not practical, even with the use of high speed
digital computers. Plass (Reference L-11) says ".....more than a
million evaluations of Equation 24 tTv = exp {- ui=zl Sib (v - vi)g would
be required for a given temperature, pressure and amount of gas (and)

a useful calculation .,. amounts to several hundred different sets of

these quantities, !

For calculation to be feasible at all, a model is evaluated, rather
than directly calculated. Plass et al (Reference L-12) have made these
theoretical evaluations for a variety of conditions, which do not, however,
permit application to our problem without further modification, because
these tables do not cover the pressure and path length range expected on

Mars.

Plass (Reference L-11) has shown that for conditions of long path
length and low density the absorption is dependent upon the product of
optical path length and pressure. The experimental results (References

L-11 and L.-12) can be plotted on a universal absorption curve.

In evaluating the Mars case the optical path and pressure will be
calculated for isothermal atmospheres representing the extremes of
observed surface temperature. Numbers from the universal absorption
curve will then be used to calculate the altitude at which the 15-micron

horizon will occur.

For the isothermal case

p(z) = plo) e 2/H

where p is the pressure at altitude z, and the density is p(z) = p(o)e” 2/H
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p(z) refers to the total pressure, while p(z) refers to the density of

absorber only.

The optical path is given by du = pdx. For the isothermal case

p(z) = p(o0) e-Z/H. .

The product for a chord through the atmosphere is

oo Keo)
F = p(z)p(z)ydx= p (o) e"22/Hyy
-00 -(D

Upon transferring to angular coordinates this becomes

m/2
F = 2p (o) p(o)R e-z(R sec 0 - r)/Hsecz 0 de
©
m/2
- 2p (o) plo) x Re"2F/H e'z-g sec 8 _..%04d0
©

The exponential factor in the integrand decreases rather rapidly
with angle. For example, the scale height of Mars is between about
10 and 20 km for the observed surface temperature extremes, while
R = r = 3375 km. The ratio of the exponential for 8 = o and @ = 01 is,

for the less rapidly converging case,

e-z x 168 e-2 x 168 (1 - sec 01)
e-Z x 168 sec 01

For this ratio to be equal to 0.01 (i.e. the integrand is approxi-
mately 1 per cent of the initial value), the exponent must be about -4.6 or
(1 - sec 01) = 0.0137 and sec 01 = 1,0137. This corresponds to
0 9 1/2 degrees.

In this region secZO is very close to unity, and can be neglected.

If we restrict the integration to © < 1/4 radian we will have a good
approximation to the total integrand. In this case the approximation

sec @ -1+ 92 is good to about 1 per cent and we have:
2




1/4

1 2

1/4 2
’ (4
= 2p(o) p (o) Re'-ﬂ;{-—R)- [-R/H
1/4 5
= 2p (o) p (o) Re_2 Zo/H e-R/H 0~ de

The remaining integral can be evaluated from tables of gaussian

error integrals,

X

2 ‘
[e-t /2 4t Vzr {(Px) - 1/2

Teo convert our integral to this form

1/4 2 (1/4V2R/H
| -t“/2 at
dg ; €

% pe—

V2R /H

1/4V2R /2
SEOT e-tz/Z at

=\
VIR

R/H is a number of the order of hundreds. For such lar

P(x) is for all practical purposes unity, and:

F = 2p(o) plo) Re2 Zo/H ': '\,'—2— x1/2
= ¢Plo)p VZR m
Y i -2
= p (o) p(o) \/; JHR e “ %0/H
R = ZO + r.

For the atmosphere in the vicinity of the surface z <<r and we

can treat R as a constant and approximately equal to r., Using the



TRW Mars Handbook figures we calculate for the scale heights at

various temperatures:

T = 176°K H = 11.6 km
T = 234°K H = 15,2 km
T = 300°K H = 19.9 km

For comparison with the universal curve the units of F need to be cm

of mercury x atmosphere cm
p(o) = 10mb = 0,75 cm Hg

Also from the Mars Handbook the mass of CO2 accounts for 44 per cent

of the surface pressure of a 10-mb atmosphere:

o(0) = 0.44 x p (o)

176 gH
4
- 0.44x10 r = L.0x 10> gm/cm3
376 x 11.6 10
4
p(o) = 0.44 x 10 g = 5.8x10-6 gm/crn3
300 376 x 19.9 x 10

1 CC of CO2 at STP is approxirnately%—4 X 10"3 grams

=2x103 grams/cm3

This is the factor needed to convert to atmosphere - cm

_ —
e _0.75x\Vrx107°¥11.6 % 10° x 3375 x 10° "% Zo/H
176 2x 1073
- 1.32x 10° "2 %o/H
e _0.75Vrx107° 19.9x10% x 3375 x 10° e *%o/H
300 = 3
2 x 10

- 1.72x 10° e~% Zo/H
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If we assume that F = 3800 approximately defines the horizon*, we find

the following values (for T = 1760K):

3800 = 1.32 x 10° e %2%0/H

e %%0H = 2.88 x 10”2
zZ0 1.540
B - 2x435 - 77

Since H, . '~ 11.6 km the horizon would appear at 1.7 x 11.6 = 19,76 km

above the surface.
For T = 300°K

e %%0/4 = 2.21 x 10”2

z

o 1.656

" - Zxd435- 1-90

And the horizon is at 19.9 x 1.9 = 37.8 km above the surface.

The transmission is approximately 10 per cent for F = 15. If we take
this as the beginning of the atmosphere we can calculate the gradient
angle for 10 to 90 per cent as follows:

15 = 1.32%10° e %%0/H

2
-

e “Zo/H = 1.14 x 1072

z

3.944

o
O/H: Z—X—.-ZTS— -4.56f01‘T:176K
and for T = 300°K
4.06 _

%
Plass' tables give about 92 per cent absorption over the 14-16 pu band
for this F value. The number is for T = 300°C, but temperature

corrections do not cause large changes, according to Plass,

L-11




Thus we see that the gradient takes place over approximately 2-3/4

scale heights, a distance ranging from 32 to 55 km for the temperature

extremes assumed,

For an observer 2000 km above the surface the gradient angle in degrees

is approximately this distance divided by 4180 km

32
0176 = 4—1—8—0- X 57.2 = 0.43 degrees
0 —————5—5—x57 2 = 0,75 degrees
300 ~ 4180 ce= N g

The amount of energy radiated in the 15-micron band from the
CO2 layer will be taken as the black-body radiation in a 2-micron
spectral band centered around 15 microns for a black-body at the
temperature of the gas. For the temperatures previously used, these

energies are:
Black-Body Energy Emitted

X Range T in 14-16 Microns Region
14-16 176°K 4.4 x 107% watts/cm?®
14-16 1 234°K 1.7 x 107> watts/cm®
14-16 . 300°K 4.1x 1073 watts/cmz

For the planetary disk, the possible spectral regions of interest are
the water vapor window between about 8 and 12 microns and the region

at wavelengths longer than about 20 microns,

O

N\ Range T K Black-Body Energy Emitted
8-12 176 4.1 x 1074

8-12 234 3.0 x 1073

8-12p 300 12 x 107>

~20 1 176 3.3 x 1077 watts/cm®

~20 p 234 7x 1073 watts/cmz

20 300 12 x 10-3 wat‘cs/cm2
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The variation in emitted energy (assuming black-body radiation)
over the disk for the assumed temperature extremes is about 30 to 1
for the 8-12 micron band, 10 to 1 for the 14-16 micron band and 4 to 1
for the region about 20 microns. In addition for any given temperature
in this range the available energy from the 20 micron region is as great

or greater than that available from the other two spectral regions.
3. THE ALTERNATIVES

The composition and temperature distributions of the Martian
atmosphere are very uncertain and no reliable theory for their
prediction exists at this time. Levin, Evans and Stevens (Reference 1.-13)
list 12 different model atmospheres which have been proposed (and this
is not an exhaustive listing). For a surface temperature of about 270°K
one model would predict a temperature at 40 km altitude of about 270°K
while another would predict 170°K at the same altitude. The NASA
models, which were selected to cover as broad a range of the 12 models
as possible, would include a maximum temperature at 40 km of around
260°K and a minimum of IOOOK, for a surface temperature of 300 and
200°K respectively., These results assume a lapse rate and tropopause
altitude for each of the models.

These numbers are quoted only to illustrate the depth of our
ignorance, and not for use., If such extremes of temperature do exist,
however, the radiance variation for the CO, band could be even greater
than those given in the previous section. If temperatures as low as
100°K really exist at these altitudes the CO2 radiance would be small
enough to strain the limits of the detectivity of available infrared

detectors.,

If we consider the radiation from the surface, on the other hand,
it is seen that the planetary atmosphere is transparent in the 8 to 12
micron region and in the region above 20 microns. The temperature
variations across the disk have been observed radiometrically and their
range is reasonably well established., The anomolies which can be
expected to occur are clouds, and their frequency of occurrence is much
smaller than on earth. The yellow clouds appear to be at the highest
altitudes and might give the largest errors. However, they are usually

not of large extent nor do they occur frequently.
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4, CONCLUSION

The maximum uncertainties in the position of the horizon as defined
by the planetary surface anomolies and by the variation in the carbon
dioxide horizon of the atmosphere in the light of present knowledge are of

the same order, namely of the order of tens of kilometers.

The uncertainty in the radiance values are much greater for the
atmospheric bands than for the surface, and the values may drop to un-

pleasantly low levels.,

The frequency of variations in the CO2 horizon are completely
unknown, although clouds are known to occur above the surface, their
frequency is known from many years of visual observation and has been

found to be low compared to earth,

The definition of the edge is much sharper for the surface than for
the atmosphere. Although far from ideal, the planetary surface of Mars
appears to provide a much better optical reference than that of earth.

In view of this and because of the great uncertainty concerning important
details about the Martian atmosphere, radiation from the planetary
surface should be used to provide attitude signals for a vehicle in Mars

orbit,
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SICNIFICANT ERRATA. TRW Syscems, Phase 1A
Study Report, Voyager Spacecralt

August 11, 1965

Volume 1. Summary

Substitute new p. 79 attached,

Volume 2. 1971 Voyager Spacecrait

"

18. Item h) "necessary landed onerations™ should read

lander operations.”

_P. necessary

D. 143, Section 3.4.1.a. second line should rezd 'threshold of 0.25 gamma’

P. 282. Lines 3 and 4. Delete “or incorrect spacecraft address’

p. 284. Fizcre 5. Change "12§ Word DRO Core Mermory" to 256 Word
O DRC Core Memory®

/p. 327. Derominator of sc¢cond term cn =it 2and side of equation should

=13

_-p. 351. ZFigure i, Section F-F. separation nut" znould read "bolt catchexr®
-
Volume 3. Voyager Program Plan
Substitute new p. 12 attached.
o. 13, Figure 2-3. P1iM Assemblies inn ifem 7 move 1.5 months to right

p. 16, Figure 2-6. First milestone da-
instead of mid-January 1970, an

be September 1, 1669,
quent dates should be

o

correspondingly adjusted 4.5 months earli

o O
H

p. 20. Table 2-2. Third item in 1969 column should read ¥coincident
with completion of proof test model assemblies. Fifth item in
this column change "2 weeks" to "3.5 months." Fourth item in
1971 column, change "4 months” to "5 months."

e
A



Figure 5-2. Under Intersystem Interiace Svecification add a
o
block entitled "Spacecraft to OSE Interizce Specification"

Last line of paragraph ¢ should read "shown in Table 5-2."
Figure 5-13. Year should be 1966 instead of 1965,
Figure 5-18. Ignore all numbers associated with lirnes in figure.

Figure 5-21., In line 20 change "design revisions" to "design

reviews"

Second paragraph, third line, "The capability ol the transmiticr
to select" should read "The capability of the transmitter select

to select.”

"

Section heading n should read Zxveriment Data Handling

Section 3.2.1 beginninz of second gara
hydrazine fuel ... "

Volume 4. Alternate Designs: Systems Coansicderations

.0..103.

S Yo o e

\13'.-23/0 .
/9/2»3 G.
(PIVeAT.

", p. 261,

A_p. 293.

Figure 3-19. Caption should rezd

5

iast paragraph, second line, "For the base.ine, the reliability...
should read "The reliability ... "

8th line, replace "0.06 pound/watt" by "0.6 pouns/watt"
Figure 3-50. Dot in ellipse at right should be 0.
Section 5.3.2, seconu paragraph, 7th line, should read "Figure 3-52."

" saculd read "with a variable AVHY

Second line, "with a variable V

First line, "3250 km/sec!" should read "2.250 km/sec”

Figure 3-64. Interchange coordinztes, clock anzle and cone angle

m
0
[¢]
O
&
I
Ha
ot

Figure 3-81. An arrow should connect "Low-gain sp
antenna" and the dashed line at 73 X 100 km

Volume 4. Alternate Designs: Systems Considerations Appendix

p."’/m/

Figure A-2. The shaded portion under the lower curve shouid
extend to the right only as far as 325 b,



©

Volume

P.

22.

29.

207.

206.

217.

326.

Table A-1, part (1). In last column headin; cuange "W, " to
"W4". In part (4) last column heading change Nyt oso YW

Second line below tabulation, replace 575 X 35" by "570 X 35*

Tabulation at bottom of page, change "18" to "30" and "400"
to 240"

Numerator of equation for X\ best at bottom of page suoulcl read
"0.0201," and numerator of eguation for X\ worst should r

l19‘21ll

Q_.

Table 5B, fifth line. Delete " X 10 .% Also p. 213, Table 7TA
seventh line, and ». 232, Table 23, fift

Zop portion of Table 9B should be labeled "primary mode"
instead of "other modes"

In equations following words “clearly’ and "thus" insert " >F
before second summation.

5. Alternate Designs: Subsystem Consicerztions

3-15

3-38

3-51

3-67

3-82

3-111

3-137

Fifth line, "... is extended, spacecrait” should read "... is
extended, two spacecraft”
Last line, change " = EET M¥ to F x: ) M "
st hne, g = Zsoo - ¢ \Z300 )
Two equations at bottom of page should read
2
D = 4wA/\
2 2
A = Dx~ _ 10COX
T e T 4
Third line, last parenthesis " (:;- + @'} -
\ 2
6th line should read "50 degrees® instead of "50-140 degrees,”
and seventh line should read "140 degrees™ instead of "50-140
degrees”
Last line, change "50 Mc¥ to "1 Mc"

Item g) for "... followed by 5 frames of real time" substitute
... followed by 11 frames of low rate science data and 5 frames
of real time™



pPpP. 3-150 and 3-151 are interchanged.

p. 3-156 Last line, should read "gates, a 7 nit"

p. 5-21 Second paragraph, third line, for "cthers since they are"
substitute "others which are®

p. 5-33 Bjork equations should identify 0.138 as an exponent, and the
exponent for (p /pt) in the Hermann zad Jones ecuation
should be 2/3 in both cases.

p. 5-33 Figure 5-12 should be replaced with Figure C-7 of Anvendix C.

p. 5-40 Three lines above Table 5-10 substituie “oermanent set? oz
"experiment”

Volume 5. Alternate Designs: Subsyster Consicerziionz. 2 sendix -

p. B-1i1 Sottcm of page, for Fr

p. C-4 The title of Figure C-2
influx Rate Circular Orbit
should read "Figure C-3.

p. C-5 At bottom of page, add the following: " Wiiiis 30,000 km
of Mars"

p. C-6 Line 13 should read: "... of low density (;3_) L 2.4 gm/em™, . "

p. C-6 Figure C-4. The ordinate "2" should read #1007

pp. C-17 The figures C-6 and C-7 on pages C-.7 and C-2: should be

C-21 reversed,

p. C-28 The title of Figure C-8 cheuld read "etecoroid Shield Test
Specimen®

p. C-29 The title of Figure C-9 should read "Cutaway cf Metecroid
Shield Test Specimen

p. C-34 In Section 1.8 the first sentence should be renl

Dia
iollowing two sentences: "Preceding sections of
contain derivations of the probability of penetr s
spacecraft outer skin by meteoroids. It is clear tha
an outer skin of sufficient thickness to reduce the pr
‘ 0

of no penetrations to a low level, such as 0.05 to O.
be prohibitive in terms of the weight required.”

N



P.

C-35

C-38

C-52

In the first equation, the expression “(t in m"™)" in two nlaces
should read "(t in cm)" and "A" in two places should read
A in mz)"

In Table C-2, all values in inches should .3&/ in centim
A zero should be inserted immedizately fol g MLE
point, for example: (0.020-inch) = 0.03080, \O 020-inch) =
0.06096, (0.020-inch) = 0.04064, etc.

!
In Section 1.8.7 Coraputation of Rj s, the sixth line should
read "... than 105 are nezlected"

In listing under "Values of t Used for Zsirermo Tnvircon—ers
a <= -

Analysis," under Inch, the first number should rezd 0.020
instead of 0,202

In 1.10 NOMENCLATURE, “X»" should be defined as

"X (£ =2)" and "B" should be
£000 p, ve
9.806 Ht

PP. C-150 and C-151 should be reversed.

p. C-208

Volume 5.

Y

©

ALlter

) e 1 r\-3- 1
Along the ordinate in the graph, "Stress X 10 ~" should read
"Stress X 10-2"

nate Designs: Subsystem Considerztions. Aspendix II

=F-23

o~
I

)
o -

¥F-29

-30

Hj

F-31

F-32

F-35

Lines 7 and 10 change all subscrint v to T

Line 14, change "MXE " to "mE,
4 -

Figure F -9 title should be “Reflection Phase Arg e o (deg)®

and Figure F-10 title should be “Reflection Magnituce R™

Last line, change "0.27" to ¥0.175%

Lines 14 and 15, change “14,700 ft/sec to <50 ft/sec' to
14,700 ft/sec minus 460 ft/sec™ and ¥14,7C00 f/sec to
10,000 ft/sec" to " 700 ft/sec minus 10,000 it/sec”

L O}
W

Last line in item 4), change "27 per cent” to "17.5 per cent"

Iy

Table -4, under Assumed Parameter f

"2 X 10'511, for item 3 insert "=3 X 1

insert "£2 X 1072w

H

or item 2 insert
-5,

- - 3 e L&
, &nd Zor item 4



o

F-53 Item d. Noise Figure, chanze "4 db™ to "3.5 ¢b"; Gein,
change "20 db" to "10 db", last line change
”4 dbll

O
b
Fa
8]
'
(¢]

p. F-58 Figure F-21. Change 102 kc t

H
¥
-
(82}
(o}
I

p. F-59 Line 22, change to ”Mi
peak)"”

p. F-60 Line 2, change to

"M, =\ (1.1)° — {0.375)
p. F-60 Line 3, change to "M, = 1.03 radians (rms) or {.45 radians
{peak)" =
p. G-6 Paragraph 1.4, second lire, change "from ., = 10'3Z to
4 - -1 a7
10" ..." torecad ¥irom E., = IC =z to 07 xm L. LT0
o M el o

p. &G-31 Figure 1. Lines enclosing Dalsa
solid,

p. G-102 Last line substitute "4500" fox "4Z"
p. G-113 In Section 4.4.2, change "25 per cent”™ to "220 per cent®
p. G-184 - Section 4.5, substitute "56.5 feet” for "six fee:®
p. G-311 Fifth line, change "30 per cent” to "20 per cent”
. G-398 Section 4.2 should begin with "The hoist beam is ... ™"
o

p. G-419 Second line "4 optical alignment targets" instead of 8. Same
correction top of p. G-421,

p. G-423  Section 4.9.2, substitute "20 per cent" for "50 per cent®

O~



Volume 7. 1969 Flight Test Szacecraft and CEX

p. 90 First line should read "Launch pad ccuipment consists of
the ground power and RE consoles and ... *
o

3

p. 107 Last line, change Volume 5 to Volume 6.




