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The X-band radio frequency communication system was used for the first time in deep space planetary ex-
ploration by the Mariner 10 Venus and Mercury flyby mission. This paper presents the technique utilized for and
the results of inflight calibration of high-gain antenna (HGA) pointing. Also discussed is pointing accuracy to
maintain a high data transmission rate throughout the mission, including the performance of HGA pointing
during the critical period of Mercury encounter.

Introduction

HPHE amount of information retrieved from spacecraft
JL traveling in deep space has increased1 by four orders of

magnitude in the last decade. This great increase has been
required to enable closeup observations of target planets for
advanced science exploration, video data acquisition for ac-
curate spacecraft navigation, and highly sophisticated
spacecraft operation. To allow a wider bandwidth in the two-
way communication system between spacecraft and ground
stations for mission operations, an X-band ratio frequency
communication system will play the major role in future un-
manned missions.2

The anticipated antenna pointing performance margin
required for the X-band communication system for such a
mission is 0.5 dB. To meet this margin, the required high-gain
antenna (HGA) pointing accuracy (Fig. 1) is 0.12° for the
1977 Mariner Jupiter/Saturn mission, and 0.14° for the 1984
Venus Orbiter mission. Such severe HGA pointing angular
tolerances can be met only by accurate inflight calibration of
the onboard HGA pointing system and updated error com-
pensation.

The anticipated antenna pointing performance margin
required for the X-band communication system for such a
mission of 0.5 dB. To meet this margin, the required high-
gain antenna (HGA) pointing accuracy (Fig. 1) is 0.12° for the
1977 Mariner Jupiter/Saturn mission, and 0.14° for the 1984
Venus Orbiter mission. Such severe HGA pointing angular
tolerances can be met only by accurate inflight calibration of
the onboard HGA pointing system and updated error com-
pensation.

The Mariner 10 spacecraft was equipped with an X-band
radio frequency (8.415 GHz) communication system for the
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first time in deep space planetary exploration. It was used for
range measurement, and offered a good opportunity to
demonstrate the feasibility of inflight calibration and correc-
tion of beam direction radiated from the onboard HGA.

The two basic reasons for performing inflight calibration
were 1) it provided a means to recover maximum information
from a spacecraft traveling in deep space, and 2) it was a
prerequisite for scientific exploration of planetary at-
mospheres (e.g., Venus) through X- and S-band (2.295 GHz)
dual-frequency occultation experiments.3
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Fig. 1 HGA radiation patterns (main lobes) and system performance
margin (P7, P2, andPj).
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Inflight calibration of the HGA pointing was achieved by
statistically estimating mechanical, electronic, and elec-
tromagnetic errors arising in onboard sensors, antenna struc-
tures, and antenna radiation patterns during the flight.

The difficulties associated with performing inflight
calibration of the HGA to enhance pointing accuracy are the
facts that 1) the spacecraft is subject to attitude limit cycle
motion that, for the Mariner 10, amounted to ±0.25° about
the spacecraft pitch, yaw, and roll axes, whereas the radiation
pattern of the onboard HGA for the X-band ratio frequency
was extremely narrow (Fig. 1); 2) signal strength measure-
ments of the X-band radio signal at ground stations are
disturbed by continuously changing atmospheric conditions
of the Earth; 3) mechanical alignment of the HGA Ar-
ticulation and Pointing Subsystem (APS) could have different
characteristics from those measured on Earth prior to launch
because of mechanical shock during launch and deployment
in a zero gravity environment of the 2-m boom which the an-
tenna is mounted; and 4) the continuously changing con-
figuration of sunlight and spacecraft orientation causes
slowly varying thermal distortion of the HGA and actuator
structures.

To overcome these difficulties, a mathematical model that
included mechanical, electronic, and electromagnetic error
parameters associated with the HGA pointing system was
developed. A weighted minimum-variance estimation
algorithm4 was utilized to statistically estimate the error
parameters based on signal strength measurements of X-band
radio signals and engineering telemetry values, both taken
during inflight calibration.

The inflight calibration schedule of the HGA during the
Mariner 10 mission was carefully planned through computer
simultation prior to the mission so that the inflight
calibrations could cover the maximum range of actuator
angles that vary according to spacecraft trajectory. Four in-
flight calibrations before the Venus encounter on February
5th, 1974, were performed; they resulted in a calibration ac-
curacy represented by a one-sigma error ellipse with
semimajor and semiminor axes being 1.6 and 0.9 arc-min in
the antenna coordinate system. Five calibrations during the
flight of the spacecraft between Venus and Mercury enhanced
the calibration accuracy, represented by an error ellipse of 0.7
and 0.6 arc-min for its semimajor and semiminor axes.

Communication Systems and Spacecraft Description

Mariner 10's onboard HGA consisted of a paraboloidal
reflector with a 1.37-m diam circular aperture and radiating
feeds for S- and X-band operation. The radiated elec-
tromagnetic wave from this antenna was right-hand circularly
polarized. After the Mariner 10 launch, the HGA boom was
deployed to a predetermined nominal position, which allowed
the HGA to point in all directions (except those obscured by
the spacecraft) by controlling two independent gimbaled ac-
tuators. The first (boom) actuator was mounted at the tip of
the antenna boom. The second (dish) actuator was mounted
perpendicular to the boom actuator; the antenna dish was
mounted such that the antenna boresight was perpendicular to
the dish actuator.

The spacecraft attitude reference was provided by celestial
sensors except during the Sun occultation period, during
which the spacecraft attitude was referenced to onboard iner-
tial instruments. The celestial sensors for attitude reference in-
clude a pair of Sun sensors, whose null planes were mutually
orthogonal, and a star tracker mounted with its light-sensitive
axis perpendicular to the intersection of the null planes of the
Sun sensors. Error signals detected by the attitude reference
sensors were input to switching amplifiers that activated at-
titude control gas jets when the error signals exceeded a
specified threshold value (±0.25°). The attitude position
errors were also supplied to the onboard S-band modulator
for transmission to the Deep Space Network (DSN) station.

Antenna Gain Function

Knowledge of the Mariner 10 antenna radiation pattern
(measured prior to launch) provided the essential clue to
knowing the radiation pattern of the HGA during flight.
Systematic observations of signal strength measurements
during flight revealed the relative configuration of the
radiating and receiving antennas. To facilitate a closed-loop
solution fo the calibration problem, an analytic model of the
HGA gain function was essential. The antenna gain function
G is generally a complicated relationship that depends upon
the type of antenna, the type of feed, the structure on which
the antenna and the feed are mounted, and the perturbation
due to fabrication errors.5 An accurate, simple mathematical
model around the peak of the main lobe was developed for the
purpose of the inflight calibration since calibration
measurements had been planned to be taken only in the range
of the antenna cone angles that provided from 0 dB to about
—10 dB in the signal strength measurements

G(0)=k, (1)

where k} =gain constant, k2 —beam width constant, and 6=
angle off axis (in radians).

The change of signal strength measurements of radio
signals transmitted by an antenna whose boresight vector lay
off by the angle 6 from that of a receiving antenna is given by

S(B)=10\og10G(0) (2)

The feasibility of this mathematical model was examined
against the measured radiation pattern of the onboard HGA
prior to spacecraft launch. Discrepancies between the
mathematical model and the measured radiation pattern of
the main lobe were confirmed to be less than 0.1 dBm (la) and
were treated as a part of the measurement noise explained in
the next section.

Error Sources and Models

Two types of error sources should be considered in deter-
mining the HGA pointing accuracy when it is commanded to
point in an arbitrary direction: control type and knowledge
type. Control-type error sources, which cannot be reduced by
calibration, include limit cycle motion of the spacecraft, and
APS command and execution resolution. Knowledge-type
error sources include antenna structural offset errors, on-
board sensor offset and scale factors, and unknown
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Fig. 2 Spacecraft body fixed celestial coordinate system and object
direction. Cone angle of object: the angle from the spacecraft + roll
axis to the spacecraft/object vector. Clock angle of object: the angle
measured clockwise (when looking in the + roll direction) from the
spacecraft roll axis/Canopus tracker plane to the spacecraft roll
axis/object plane.
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parameters associated with the HGA radiation pattern. Once
these fixed error sources and characteristics are identified, the
errors can be calibrated and the antenna pointing accuracy
enhanced. Knowledge-type errors also include random errors,
e.g., sensor noise and telemetry resolution. The fixed
knowledge-type errors also affect control accuracy. In the
following material, the knowledge-type fixed error sources are
identified and characterized through mathematical models.

Spacecraft navigation based upon spacecraft range and
range-rate measurements provides informat ion about
spacecraft position in the celestially-fixed inertial frame. This
information is incorporated into a spacecraft-Earth vector
(Fig. 2)

VE = col (sin /3cos a, sin 0sin a, cos /3) (3)

where a, /3 = clock and cone angles, respectively, and col
( ) = column vector.

To determine the spacecraft-Earth vector relative to the an-
tenna boresight direction, VE must be expressed in the antenna
coordinate system. This is accomplished through successive
transformations of VE into various spacecraft-structure-fixed
coordinate systems, summarized in Table 1.

The true coordinate systems, in general, differ from the
nominal systems because of errors caused by spacecraft-
navigation residuals, errors arising in onboard sensor elec-
tronics and telemetry channels, and mechanical misalign-
ments introduced during spacecraft fabirication as well as
those caused by gravitational and thermal environmental
changes, and deformation of the radiation pattern of the
HGA. The composite effects of these errors may be com-
pletely represented by a skew-symmetric matrix:

E =

0 €3 -<

(4)

provided e's are small. Furthermore, definition of a cross
product operator 0 for a vector v such that e 0 v= -E v
where e = col ( e l t e2, e3) suffices to fine error vectors e's
associated with each coordinate transformation, since it holds
that

5

«= £ Tue, (5)
1 = 7

where Ts are defined in Table 1. In this equation, e } , e2, and
e3 represent cumulative errors in dish, cross-dish (defined as
perpendicular to the dish direction), and rotation directions.
The single 6 between antenna boresight and the Earth vector is
now given by

^cos-'tf-f) (6)

where f is the antenna boresight unit vector, and

t=(I+E)T15vE

Since f is a known quantity, the rest of this section is
devoted to identifying error sources that constitute the error
vector e.

The spacecraft body-fixed a'b'c' coordinate system
deviates from the celestially fixed abc coordinate system
because of spacecraft attitude control limit cycles about the
celestial references. The pitch, yaw, and roll attitude sensor
telemetry signals, denoted by 6P, 6y, and 6r, respectively, dif-
fer from the true values, marked by an asterisk, as

(7)

where q e {/?, y, r ) , 60^ = null offset, and dKQ = scale factor
error.

The sensor null offsets are caused by sensor mounting
errors and bias drift in switching amplifier electronics, while

Table 1 Spacecraft structure fixed coordinate systems

Description:
designation

Celestially fixed
abc: A

Definition0

c = Sun unit

Transformation
matrix^

vector, C=Star unit

Spacecraft XYZ before
attitude control
rotation:^

Spacecraft XYZ after
attitude control
rotation: JT

Spacecraft body fixed
a'a'c': A'

HGA zero reference
after clock angle
setting:^

HGA zero reference
after cone angle
setting: TV

HGA rotating after
boom angle setting: B

HGA rotating after
dish angle setting: D

HGA coordinate: G

vector

Rot (0^,3) from A

Rot (0r,3) 1*01(^,2) Rot (</>,, 7)

156

Rot (a B, 3) from A'

Rot( - 7T/2 + 0B,2 ) from K

Rot (tfB, 7) from N

Rot (\l/D,2)homB

Nominally identical with D

23

aRot (a, 7) defines a positive rotation around the 7th axis by the angle of a. bTij =
Tik Tkj and Tn - an identity matrix.
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the scale factor errors is the deviation of sensor scale factor
from ground calibrated values. The set of sensor angles and
the attitude (pitch, yaw, roll) angles 0 are to the first order

, q)[cosaxcoti3sOL-smoixcotl3sOy] (8)

where )35=cone angle of reference star (Canopus), ax =
spacecraft structure constant, and

1 : q = r

0 : otherwise

Hence, the sensor and attitude angle errors, i.e., 60, also
maintain a relationship of the same form. Attitude sensor-
related error paremeters are given by

es = col (d<t>p, d<t)y, 50r) (9)

The true deployment configuration would deviate slightly
from what had been planned in the Mariner 10 mission
because of fabrication error, the deployment in zero gravity
environment, and the thermal effects. The deviations would
be represented by

e4=co\(0,0,dctB)

e3=col(0,d/3B,0)

(10a)

(10b)

Two mutually-independent error sources associated with
the boom actuator are considered. One is nonorthogonality,
6072, between the boom and the dish actuator axes, which
results from fabrication error and mechanical misalignment
during deployment. The other is a discrepancy, d\l/BO-\- tyBi>
between the telemetered boom angle and its true value, where
d\l/BO is attributed to boom potentiometer null offset, and
d\l/B1 is due to actuator mechanical backlash and telemetry
data quantization and resolution error:

e2 = col (6i/^ (11)

It should be noted that a value of d\l/B1 could change whenever
the boom actuator is commanded to be slewed, whereas a
valife of d\l/BO stayed constant.

In defining the true antenna coordinate system, the three in-
dependent error sources are the following: 1) a small twist
error of the antenna frame, caused by mechanical as well as
electromagnetic asymmetry around the boresight, is modeled
by a small angle dR rotation about the first axis; 2) the second
and third axes may be nonorthogonal, 602s; 3) the telemetered
dish angle value, i.e., \l/Dj deviates from its true value by d\l/DO
+ WDI> where d\l/DO denotes the dish actuator potentiometer
null offset and d\l/D1 represents backlash and quantization
error. The error d\j/DJ remains constant if successive telemetry
values do not change; otherwise, d\l/D1 changes its value,
whereas d\j/DO stays constant. Thus, the error vector e\ is given
by

= col ( 6025, 1, dR ) (12)

It should be noted that values of 5R, b<t>23> and possibly d\j/DO
for X-band carrier signals differ from those for S-band.

During the Mariner 10 HGA inflight calibration,
navigation residual error typically ranged about 100 km (la),
resulting in at most a 0.5 arc-sec (la) deviation in the
celestially-fixed inertial frame. It was concluded that this
caused an insignificant contribution to the HGA pointing
composite error.

The ground station automatic gain control (AGC) generates
voltages proportional to a 5-sec average of the signal strength
of S- and X-band carrier frequencies. Error sources arising at
the ground stations are mostly electronic and electromagnetic.
Constant offset-type error sources include DC bias drift in

AGC electronics, bias error in signal strength measurements
due to time averaging, and the bias constant k1 in Eq. (1).

The random noise power components added to the signal
strength measurements are contributed by two sources: one is
inherent to the antenna environment; the other is indirectly in-
troduced from engineering telemetry channel noise and the
onboard antenna modeling residual errors. The antenna-
originated noise is generally known in terms of noise tem-
perature and is due to electromagnetic radiation generated by
celestial bodies within the antenna beam, atmospheric ab-
sorption and reradiation, and by physical bodies surrounding
the antenna. The weather-induced noise temperature of the
DSN antennas6 when aimed at a cold sky (i.e., there are no
major celestial sources around the antenna boresight) is given
by

where Cj, C2= noise temperature constants, AT= noise tem-
perature on a clear day, and 7 = DSN antenna elevation angle.

The predicted antenna noise temperature for the period
November 1973-March 1974 based upon the past observation
data was 35.0 K (3o) or, equivalently, 0.14 dB (la). Random
noise, assumed to be normally distributed, in attitude
telemetry channels and gimbaled actuator angle telemetry
channels was mapped onto signal strength measurements
through the relations described in Eqs. (1-6). The onboard
HGA modeling residual errors, measured to be less than 0.1
dBm at prelaunch calibration, were also added to the random
noise in the signal strength measurement model.

Inflight Calibration Strategy and Algorithm

The nominal gimbaled actuator angles for the desired an-
tenna directional pointing can be obtained by solving for
boom ( \ I / B ) and dish ( \ I / D ) in the error free system

(14)

The solution pair (\I/B, \I/D) is time-varying since VE is a
time-varying vector function determined by the spacecraft
trajectory with no respect to the Earth. A maximum of two
sets of solutions (primary and secondary) are possibly subject
to constraints (Fig. 3) imposed by the electrical and
mechanical configuration of the APS. The error parameters
and the HGA radiation pattern parameters could take values
different from those measured prior to spacecraft flight;
therefore, the inflight calibration of the HGA pointing is a
statistical estimation of the time-invarient parameter set

0, dOy0, (15)

oz
SWITCH SOLUTIONS FROM
PRIMARY TO SECONDARY

50 100 150 200

TIME OF FLIGHT, days

Fig. 3 Nominal HGA pointing configuration for boom and dish ac-
tuators.
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Prelaunch calibration simulation justified the reduction of the
original parameter set to this ten parameter set with relatively
little effect on the signal strength measurement. The error
paremeters b\l/D1 and d\I/B1, which characterized the backlash
of the gimbal system, were solved for separately after the
estimate of the paremeters in Eq. (15) had reached sufficient
convergence.

To obtain good statistical estimates of the individual
parameter values in addition to the antenna boresight direc-
tion, it is required that a sufficient number (7), i.e., greater
than 10, of signal strength measurements for the different ac-
tuator angle configurations be taken. It is also required that
the antenna movement be restricted to the main lobe where
the mathematical model utilized represents the true radiation
pattern. These conditions are satisfied by using a backlash in-
dependent slew pattern described in Fig. 4, with an adequate
time period at each stationary point for collecting transient
free signal strength measurement data. The inflight
calibration is based upon a set of signal strength measurement
data that is taken consistently on the positive side of the
backlash hysteresis: measurement points 1, 2, 3, 5, 7, 8, and 9
of Fig. 4. This approach makes it possible to determine the
magnitude of the backlash in each axis by comparing the
signal strength measurement data taken on the one side of the
backlash hysteresis. A weighted minimum variance estimation
algorithm is iterately applied to estimate the individual
paremeter values as well as the resulting calibration accuracy
in the antenna pointing.

The most comprehensive measure for HGA inflight
calibration performance would be the resulting accuracy of
the onboard HGA pointing in any desired direction. This
quantity is defined by a 3 x 3 covariance matrix

ACC=FPK(I)FT (16)

with F being a 3 x 10 matrix defined as

F=de/dx (17)
evaluated at the latest values of the set of error parameters
defined in Eq. (15) and at any desired angles of boom and dish
actuators, and PK(I) being the a posteriori covariance matrix
at the K-th inflight calibration. In particular, Acc evaluated
with F corresponding to the most updated values of boom and
dish actuators to point to the Earth immediately after inflight
calibration was selected to be used as the inflight calibration
performance index.

Inflight Calibration Results

The inflight HGA calibration schedule was planned on the
basis of computer simulations conducted prior to launch. The
basic planning philosphy was as follows: first, inflight
calibrations were to be distributed evenly so that the greatest
range of actuator angles could be covered to produce a
uniform HGA pointing accuracy; second, calibrations were to
be conducted without interference with other mission ac-
tivities having priority. Also, at least one calibration was to be
performed close to each of the critical periods of the mission,
i.e., encounter with the target planets.

Four HGA calibrations were performed during flight prior
to the encounter with Venus. Five inflight calibrations were
made during the Venus-to-Mercury flight leg before the first
Mercury encounter. Typical signal strength measurements for
one inflight calibration, which took about 40 minutes, are
shown in Fig. 5. Sharp rises and falls in the signal strength
measurements represent transient responses to commanded
slews. A time delay before and an overshoot after a transient
response in signal strength measurements, both lasting for 5-
10 sec, were observed. The former was apparently caused by a
composite effect of signal lag in AGC electronics and time
averaging of signal strength measurements, and the latter by
under-damped characteristics of AGC electronics. To avoid
false measurements, signal strength data immediately before
and after a transient had been removed from further
processing. Signal strength measurement data and relevant
HGA calibration engineering telemetry data were time tagged
by both spacecraft the DSN station clocks. This facilitated
synchronization of observation data from different subsystem
data sources and accounted for time delay in radio signal
transmission from the spacecraft.

Figure 6 shows directions and magnitudes of actuator gim-
bal angle corrections immediately after each inflight
calibration. In this figure, the gradual decrease in magnitudes
of angle corrections in the first four calibrations indicates a
convergent process of HGA pointing error correction. Sudden
increase in magnitudes at the sixth inflight calibration was a
result of changing solution sets (flip-flop) for the HGA gim-
bal angles. Repeated inflight calibrations after the reorien-
tation reidentified the new pointing error resulting in a
gradual decrease in magnitudes in angular compensation.
Changes in signs of correction angles were caused by possible

6 ^ 7
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-1 .44 deg——^ + DISH GIMBAL

+ BOOM GIMBAL

Fig. 4 HGA slew dither pattern.
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Fig. 5 Signal strength measurements during inflight calibration.
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Time evolution of HGA pointing calibration accuracy.

UNCERTAINTY IN

UNCERTAINTY
IN DISH
DIRECTION
(arc-min)

-1.5

. ONE-SIGMA ERROR ELLIPSE AT MERCURY ENCOUNTER

. ONE-SIGMA ERROR ELLIPSE AT VENUS ENCOUNTER

. ONE-TENTH-SIGMA ERROR ELLIPSE AT SPACECRAFT LAUNCH

Fig. 8 HGA pointing calibration error ellipses.

overcompensation in previous calibration and time varying ef-
fects of the error paremeter estimation algorithm.

The time evolution of the HGA pointing calibration ac-
curacy is delineated in Fig. 7. In this figure, the upward slopes
of the curves between two successive calibrations were caused
by time-varying elements of HGA pointing accuracy
evaluation functions. The length of vertical lines represents a
degree of restoration of HGA pointing calibration accuracy in
the dish and the cross-dish directions accomplished at each
calibration.

The error ellipses associated with HGA pointing accuracy
were constructed from the 2 x 2 partition of Acc given by Eq.
(6) associated with the dish and the cross-dish directions.
Significant differences in HGA pointing calibration ac-
curacies of the dish and the cross-dish directions were ob-
served at the Venus encounter. The resulting uncertainty (Fig.
8) of HGA pointing in the dish direction was greater than that
in the cross-dish direction by almost a factor of 2, while
almost identical pointing accuracy in both dish and cross-dish
directions was achieved at the Mercury encounter.

The separation angle between the HGA boresight direction
and the spacecraft-Earth vector including both knowledge and

<o

TIME RELATIVE TO ENCOUNTER, hr

Fig. 9 HGA pointing error at Mercury encounter.

control-type errors is a measurement of the HGA pointing
performance. Figure 9 illustrates such actual HGA pointing
performance during the spacecraft Mercury encounter period.
The largest error sources contributing to this result were
found to be the spacecraft attitude limit cycle motion and
changes of the optimal set of estimated error parameters due
to the time-varying coefficients.

Conclusions

The feasibility of inflight calibration of onboard HGA
pointing was demonstrated for the X-band radio frequency
communication system used for the first time in deep space
planetary exploration. The inflight calibration of HGA
pointing significantly improved HGA pointing accuracy by
compensating for the errors in the antenna pointing
mechanism; this compensation resulted in error ellipses whose
semimajor axes were less than 1.6 and 0.7 arc-min at
spacecraft encounters with Venus and Mercury, respectively.
A simple mathematical model of a symmetric function
(around its boresight) was shown to be a sufficiently accurate
representation of the onboard HGA radiation pattern for the
main lobe.

The actual HGA pointing performance was found to be
slightly above 0.5° during the Mercury encounter period. A
significant improvement of the ultimate HGA pointing per-
formance can be accomplished by coping with the major error
sources, which is the limit cycle motion of the spacecraft. Ap-
proaches for this purpose include reduction of spacecraft limit
cycle motion by narrowing the deadband width at least during
critical periods of a mission, and implementation of an on-
board autonomous HGA pointing mechanism designed to
compensate spacecraft limit cycle motion.
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