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136 MHz INTERFEROMETER ERROR DUE TO GALACTIC NUCLEUS 

By N. KYRIAKOPOULOS, R. E. TAYLOR, and R. REICH 

Summary. -Spacecraft orbits are determined by means of direction 
cosines generated from electrical phase data provided by the 136 MHz 
Minitrack radio-interferometer system. The phase data thus determine 
the direction cosines of the position vector as the spacecraft passes across 
Minitrack's fan-shaped antenna beam. Uncertainties introduced into the 
output electrical phase due to undesirable interfering sources limit the 
basic accuracy of the Minitrack system. Although a knowledge of the 
spacecraft orbital dynamics may be used to improve the accuracy of the 
system, nevertheless there remains a fundamental error due to interference 
caused by the passage of the galactic nucleus. This paper determines the 
error due to a distributed noise source. Furthermore, it develops an ex
pression for the lower bound of the phase error when the noise source is 
not uniformly distributed across a zenith-pointed fan beam. In additi on, it 
determines the threshold of the Minitrack input power levels below which 
the electrical phase is no longer determined unambiguously. The effect of 
the passage of the galactic nucleus coincident with the presence of a space 
craft has been analyzed, and the corresponding phase error determined. 

Introduction. -Minitrack is a 136 MHz phase interferometer 1 that deter
mines spacecraft position coordinates by measuring the electrical phase 
delay that a transmitted signal experiences as received by a pair of 
spacially-diverse antennas. In reality, the transmitted signal is corrupted 
by a multitude of extraneous interfering signals, both from celestial and 
man-made sources, whose frequencies fall within the bandwidth of the 
receiving system. A number of studies have investigated the effect of 
certain interfering sources on the output electrical phase of a coherent 
detector. Guarguaglini 2 and a University of Pennsylvania3 investigation 
have examined the effect of a CW interfering source as well as that of a 
broadband noise source on the output of the phase detector. In the case of 
broadband interference, the effect of the spacial, non-uniform distribution 
of a celestial noise source was not examined. In a related paper, Buck4 

considers the effect of a number of noise generators by assuming that the 
output voltage at the antenna terminals, due to the kth generator, will be 
vk (t) where each of the sources is assumed to be stationary white noise. 

This paper extends the work of Guarguaglini, the University of Pennsyl
vania and Buck, and derives an expression for the lower bound of the phase 
error due to a distributed, non-uniform, interfering source. The galactic 
nucleus is an example of such a source. 

Before preceding with the derivation of the error expression, we shall 
define an appropriate coordinate system, and explain briefly the operation 
of the Minitrack system. 

The coordinate system used is based upon the equatorial coordinate 
system, shown in Figure l; the first plane of reference ( Y = 0) is defined 
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as a plane passing through zenith and perpendicular to a line connecting 

the two antennas. The second plane of reference ( 8 = 0) is along the line 

connecting the two antennas, but perpendicular to the first plane of reference. 

In such an arrangement, a source located at coordinates (y
0

, 8
0

) will 

generate an electrical phase difference between the signals at the two 

antennas of ¢
0 

=(27T d/A) sin y
0 

where d is the spacing between the two an

tennas and A is the free-space wavelength. The above first and second 

planes of reference can be related to the standard equatorial coordinate 

system used in radio astronomy. 

The Minitrack system utilizes three pairs of antennas, designated as 

course, medium and fine, whose outputs are used in the computation of the 

direction cosines. The distances between the two antennas of each pair 

are 3.5A, 4A and 47A, respectively. The signals received by each antenna 

pair are treated essentially in the same manner. The outputs of two 

local oscillators, shifted in frequency by 100Hz, are mixed with the 

received signals of the two antennas of each pair. After summing, the 

mixer IF outputs are passed through a bandpass filter with a 10 kHz 

bandwidth. The output of the IF stage is fed into a square -law detector 

whose output is passed through a narrowband filter with a center frequency 

of 100Hz. Finally, the output phase of the post detection filter is meas

ured by a phase detector. Thus, for a given angle y, the corresponding 

Minitrack electrical phases at the output of the post detection filter are: 

(2 7T) ·(3. 5) ·sin y = ¢
3
_
5

A (mod 2 7T) 

(27T) · (4.0)·siny=¢
4

A (mod27T) 

(2 7T) · (47) ·sin y = ¢
47 

A (mod 2 7T) 

Although the third expression provides better accuracy because of the 

large antenna baseline spacing, it also contains an ambiguity in the elec

trical phase due to the multiple wavelengths; this ambiguity is resolved by 

observing that 

7T , 

The actual processing of phase information, however, is performed off

line by a digital computer. This paper assumes that the resolution of the 

phase ambiguity in the fine antenna is based upon the set of expressions 

given by Watkins 5 • 

Analysis.-In this section an expression is derived that determines the 

effect of a distributed 400 K sky-brightness temperature upon electrical 

phase at the detector output. The galactic-nucleus section of a 136 MHz 

brightness-temperature map has been used to simulate a non-uniform, 

distributed noise source. The electrical phase error is then determined 

for the passage of the spacecraft through this particularly noisy segment 

of the celestial sphere. 



The desirable signal, assumed unmodulated, is emitted by a spacecraft 

transmitting an angular carrier frequency w
8

• The antenna signals then 

become: 

(ant. 1) 

(ant. 2) 

where ws = 27Tf
8

, e 0 
is the spacecraft signal amplitude received by each 

antenna, and ¢
0 

is the phase delay that the signal experiences due to an

tenna spacing. Also, e01 
(t) = e

02 
(t +T) = e

0 
where T is the time delay 

experienced by the antenna with lagging phase. 

( 1) 

(2) 

The interfering signal is assumed to be a distributed source subtending 

a solid angle, D, and having a brightness-temperature distribution function 

T (D) at ws; when an incremental area of the source is considered, the 

corresponding solid angle is 60. where the brightness temperature T ( D .) 

is assumed constant across the \ncremental area. The power then recei~ed 
by an ideal, lossless, antenna is given in Collin and Zucker 6 as 

2 
D(D.)L'lD. 

P(D.)=(l-lri)kT(D.)L'lf 1 1 

1 1 4 1T 
(2) 

where r is the reflection coefficient, k is Boltzmann's constant,L'lf is the 

system IF bandwidth and D ( D;) is the antenna directivity at the angle L'lDi. 

Antennas 1 and 2 are assumed to have identical characteristics. 

The random process originating in the i th source may be visualized as 

a set of sinusoids with random frequencies and phases uniformly distributed 

within the system bandwidth; thus the i th process si (t) may be represented 

by an infinite sum of sinusoids, or 

(3) 

where wim and eim are uniformly distributed random variables in the ranges 

w
8 

±we and ±n, respectively, 2wc is the system bandwidth, and ei is the 

amplitude of the m th sinusoid forming the i th process; thus, si (t) is a 

normally distributed random variable. 

A signal then, due to the m th source of the ith process, received by the 

two antennas, after mixing and addition, has, at the output of the IF stage 

(Figure 1) the form 

where wo is the IF angular frequency, ~im (t) = wim t + e im' wlOO is the an

gular frequency difference for the two local oscillators, and¢. is the 

electrical phase delay of the ith random process due to the spacial diversity. 



The addition of the two sinusoids in (4} yields 

xi m (t) = e. 
lffi 

[2 t 2 cos ( w 100 t + ¢ i) ] 11 2 ·sin tj;im 

where 

The output of the IF stage is then the sum of all outputs due to all the 
pr ocesses constituting the distributed source and it is given by 

M N 

X (t) = l~:L L xim (t) 
M m=! i=O 

= lim t xm (t) 
M ~ 00 m=! 

(5) 

where x 0 m (t) = 0, since the subscript i = 0 corresponds to the signal from 
the spacecraft. In the subsequent manipulations the limiting process will 
be ignored for the sake of brevity, however, M ~ oo , The addition of M 
sinusoids yields 

N M 

X (t) = L [2 + 2 Cos ( w t + "'i)] 1 / 2 .) 1oo '+' L eim sin lj;im 

i=O 

where 

Expressing (6} as 

m= 1 

N 

x(t)=LAisintj;i 
i=o 

(6) 

(7} 



one forms 

N 

X ( t) { 
N }1/2 

= )' A. A cos (t/J. - tjl.) 
L.__,lJ 1 J 
i, j=O 

sin 

L Ai sin (t/Ji - tjJ0 ) 

tPo + t an-1 __ i=_t ________ _ 

N 

A0 + L Ai cos (t/Ji - tjJ0 ) 

(8) 

i=l 

x (t) = A~/ 2 sin tjJ 

where Ad and tjJ are substitutes for terms in (8). The output of the square
law detector then becomes 

y (t) =Ad sin2 tjJ =Ad 1 -cos 2 >/; 
2 

(9) 

An examination of the (5), (7) and (8) indicates that the argument tjJ con
tains high-frequency components which will be rejected by the 100 Hz 
bandpass filter; thus (9) may be rewritten as 

N 

y (t) = L Ai Aj cos (t/Ji -.pi) 
i, j =o 

[
M,Q j [M Q j}/2 '\'e. e. cos(t/J. -t/J.) · )'e. e. cos(·'·· -·'··) ·cos(·'··-·'·.) L.__, 1m rq 1m rq L.__, Jm JQ 't'Jm 't'J q 'rl '+"1 

m, q=l m, q=l 

( 1 0) 

where 

[
M,Q J ~M,Q 

P. P = )' e. e. cos ("·. - tjJ. ) • '\' e. 1 J L.__, 1m IQ 't'rm tQ L.__, JID 
m, q=l m, q=l 

e. cos (t/J. - tjl. ~ J q Jm J qJ ( 11) 

and the subscripts j and q are indices necessary for the squaring of the 
summation terms. 

The phase difference 6t/Ji = tPim - tPiq can be evaluated from (5), which 
becomes 

6, t/Ji = ~im (t) - ~iq (t). ( 12) 



Since (10) is a function of a set of independent random vectors whose dis
tribution functions are known, one may define a new random variable A .. 

lJ 
as 

Then, (10) becomes 

N 

y (t) L 
i, j =o 

Assuming slow variations in Aii , and a very narrow-bandwidth 100 Hz 
filter, 

N 

y (t) = L 
i, j =o 

( ¢. + ¢.) 
Aij cos \w 100 t + ~ . 

Thus, the expected value of y (t) is 

But 

and 

where 

N 

L <A~· sin(¢; _ ¢0 ) 

tan E = ___ i=_1 __________ _ 

N 

<A0)+ L ~<)'cos(¢; 
i=l 

from (13), (12) and (11) 

( 13) 

( 14) 

( 15) 

(16) 

(l 7) 



<
M,Q ) 

<A.\. = ) e. e. cos ("·. - ·'·· ) i/ L 1m 1q '~-'1m 't'1q 

m, q:: 1 

M 

=L: 
m::: 1 

where e 2 is the power due to the ith random process. Thus, the phase 
1 

error term becomes 

N L e? sin (¢i - ¢0 ) 

i=l 
tan E ------------- (18) 

N 

eg t L e? cos ( ¢i - ¢0 ) 

i=l 

Equation (18) has been derived from (14) under the assumption that the 
contributions of the random-frequency variations of the noise sources to 
the phase of the detector output signal will be rejected by a narrowband 
filter; eq. (18) represents a lower bound of the phase error. 

Since the noise source has been assumed continuous, subtending a solid 
angle D, then 

tan E = --------------

P0 + 5 P(D) cos (¢-¢0) dD 
D 

( 19) 

where, P (D) =power density-watts /unit solid angle. In terms of the bright
ness-temperature density, T (D) in kelvin/unit solid angle, the power is 
given by 

Eq. (19) becomes 

P (D) = k 6 f T (D) D (D) 
4TT 

In T (D) D (D) s i n [ 
2 ~ d ( s i n y - s in y 0 ) J d n 

tan E =--------------------------

::: 
0 

t In T (D) D (D) cos [ 
2 ~ d (sin y - sin y0 )] d D 

In terms of the ( y- 8) coordinate system, (20) becomes: 

(20) 



where 

{ sin ¢ (y) T (y ) d y 

tan E = ---------------
4 7T Po ( 
k6f + J cos ¢ (y ) · T ( y) d y 

y 

2 7T d 
¢ ( y) - - A- (sin y - sin y0 ) 

T (y) = IT ( y, 8) D ( y, 8) cos 8 d 8 1.n kelvin. 

8 

Defining the signal-to-noise ratio as 

{21) 

{22} 

where P 0 
= received CW power from spacecraft at either antenna output 

terminal, 

and P is the received noise power from the celestial noise source defined 

as 

then one obtains 

p = k 6 f I T ( .12) D (.12) d .12, 
4 7T .12 

J T ( y ) sin ¢ (y ) d y 

tan E = __ Y ___________ _ 

J T(y) [x+cos ¢ (y)] d y 

'Y 

{23} 

In terms of the total received power PT, in dBm, and a normalized 

antenna pattern function Dn (y , 8 }, with G being the antenna gain above an 

isotropic radiator, in dBi, equation {21) becomes 

iT (y ) sin ¢ (y ) d y 

tan E = ------------------

4 7T ( 
k i'. f { loa - 3

} + JY T(y ) cos ¢ (y ) d y 

where 

and the expression T {y } is defined in terms of the normalized antenna 

pattern function Dn (Y , 8 }. 

{24) 



Equations (23} and (24) can be used to compute the Minitrack phase 
error as function of the spacecraft position angle, y • Integration with 

0 
respect to the variable 8 , for each y, effectively gives a single equivalent 
temperature on the line formed by the intersection of the celestial sphere 
and the plane 8 = 0, passing through the two antenna locations. The set of 

these equivalent temperatures is then fitted by an appropriate polynomial 
in y and the second integration may then be performed. 

Galactic Nucleus Interference.-The expressions for the phase error 
derived in the previous section have been used to determine the spacecraft 
position error when both the spacecraft and the galactic nucleus pass across 

the radiation patterns formed by the "Fine" and "Course" Antennas. 

Figure 2 indicates the segment of the celestial sphere contributing to the 
noise power of the system; the galactic nucleus is located approximately 
at y = -25 °, 8 = 0° with zenith defined at y = 0°, 8 = 0°. The Minitrack 

"fine 11 antenna radiation pattern has a half-power beamwidth (HPBW) of 
10.75° aty = 0, and 76.00° at 8 = 0° in the far field. For the "medium" 
and "course" antennas the radiation patterns are almost circular with a 

half-power beamwidth (HPBW) approximately equal to 90°, at Y = 0° and 

80° at 8 = 0°, The gain of the "fine" antenna is 16.3 dB, above an isotropic 

radiator, and the "medium" and "course" antenna gain is 6.5 db. 

Since the "fine" and "course" antenna patterns differ, two different 

polynomials are computed for T (Y}, one corresponding to an equivalent 

temperature for the "fine 11 antenna, and another for the corresponding 

temperatures for either the "medium" or "course" antenna, The first of 

these polynomials is referred to as Tf (y} and the second as T
8 

(y}. The 
data for computing values of these polynomials was obtained from an 

evaluation of (22) for each value of y; values are tabulated in Table I. 

These values were computed from the antenna patterns and brightness
temperatures profiles in Figure 2, A polynomial fitting subroutine in 
APL was used to generate a 14th and a 16th order polynomial for Tf (y) 

and T
8 

(y}, respectively, that approximate (22}. The coefficients of these 
polynomials in an ascending order of the powers of yare given by: 

T ( ) - 0 1 2 3 
f Y - Y + 3 1 Y + 3 2 Y + 3 3 Y + · · · 

where, 

r, ( y) = {235. -140,-4.33 x 103 ,-2.61 x 104 • 2.64. 10s 5.4 x 10s.- 5.67 x 106 ,-5.17 x 106 , 

5.79x 107 , 2.5l x 107 , -2.97x 108, -5.89x 107 , 7.32 x 108, 5.3l x 107 , -6.87x 108 ) 

and, 

T.( Y) = {1.05 x 103 , -498, -1.84 x 103 , -3.08 x 104 , 5.34x lOS, 2.02 x 106 , -1.73 x 107 , -3.59x 107 • 

2.26 x 108, 2.75 x 108, -1.47 x 109, - 1.03 x 109, 5.0l x 109, 1.85x 109, -8.46 x 109. -1.27 x 109, 5.58 x 109) 

where 235 and 1.05 X 103 are the coefficients ofyO, and a
1

, a
2

, a
3

, etc. are 

the coefficients of ascending order. 



The value of the electrical phase error, E, is a function of the space
craft position, and as such, it can be determined and plotted from (23) and 
{24) for values -38° :5: y 0 :5: 38°. A representative set of y

0 
values were 

selected to determine the ability of the Minitrack system to resolve the 
electrical phase ambiguities in the "fine" antenna measurements; such a 
set of spacecraft positions, in degrees, is given by 

Y0 = {0, 10, 20 , 30, 30.1, 30.15, 30 .2, 30.25, 30.3, 30.35, 30.4, 30.45, 30.5, 35}. 

It has been determined that the Minitrack system can resolve the 
ambiguities for all of the given positions without error for input power 
levels of- 125.2 dBm, or higher. At levels below -125.2 dBm, the resolution 
ability depends upon spacecraft position; Table II gives representative 
threshold input power as function of y 0 • 

In addition to the ambiguity resolution threshold, the effect of the passage 
of the galactic nucleus upon the electrical phase error in the "fine" channel 
has been investigated. An electrical phase error term was computed for a 
uniform-background brightness temperature of 400 K. The increase in this 
error term was determined for the condition where the galactic center 
passes across the antenna pattern. Since such an error term is directly 
a function of spacecraft position angle, angles in the vicinity of y

0 
= 30.00° 

were investigated. The results appear in Figure 3. The variation in elec
trical phase error, 6 E , is plotted as function of position angle for various 
input power levels; the term 6E is expressed in counts where 360° electrical 
degrees correspond to 1000 counts. At this point it should be noted that 
the choice of input power levels was dictated by the operating range of the 
Minitrack system, where -135 dbm is the power level threshold for the 
"fine" antenna for a bandwidth of 2 Hz in the post detection phase lock loop. 

The preceding analysis has shown that for the case of a highly selective 
post detection filter, a distributed noise source can be handled in a deter
ministic manner and an analytical expression used to define the lower 
bound of the interferometer phase error caused by such a source. 

In the case of the passage of the galactic nucleus across the Minitrack 
antenna pattern, it has been shown that up to 13 counts of electrical phase 
error can result for the "fine" channel; a phase error in excess of several 
counts is considered significant. 

Finally, it should be pointed out that expressions (19) - (24) can be used 
to determine the electrical phase error, in a radio interferometer phase 
measurement, due to the presence of a discrete, as well as an extended 
sky-noise source within the mainbeam of the antenna. The solar disk, 
having a radio diameter of about 0.7 degree at 136 MHz, is an example of 
such a discrete source. However, care must be exercised to apply appro
priate integration limits for the geometric angles. 

Expressions from the foregoing analysis ca.n be incorporated into an 
automated computer program to make a priori predictions of interferometer 
phase error caused by the close proximity of a celestial-noise source to 
the main beam. Since the ephemerides for the celestial-noise sources are 
known, such determinations can be employed to schedule interferometer 
operations for low-noise regions of the sky. 
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Table I. Antenna Noise Temperatures at 8 = 0°. 

11 Fine 11 Antenna "Medium" or "Course" 

y -degrees Temperature, Antenna Temperature, 

T f, kelvin T
8

, kelvin 

40 - 414 

35 70 457 

30 75 494 

25 84 676 

20 94 823 

15 100 1097 

10 133 1097 

5 188 1005 

0 235 1051 

-5 242 1115 

-10 328 1225 

-15 406 1097 

-20 469 1371 

-25 516 1462 

-30 453 1919 

-35 375 1919 

-40 - 1462 

Table II. Threshold Input Power Levels for Ambiguity Resolution 

Yo· Input Power, 

degrees dBm 

0 -12 7.5 

10 -125.2 

20 -125.5 

30 -127.5 

35 -125.5 
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Figure 1. Basic Minitrack Radio Interferometer. 
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