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VHF/UHF STELLAR CALIBRATION ERROR ANALYSIS 

By RALPH E. TAYLOR and FRANK J. STOCK LIN 

Summary. -A statistical error analysis is performed to determine the 
degree of uncertainty encountered when calibrating steerable VHF /UHF 
receiving antennas with the stellar calibration method. The analysis con
siders the propagation of precision error indexes. 

It is shown that an antenna gain calibration by the stellar method has 
a one-sigma (lcr ) uncertainty of ±0.65 dB at 1440 MHz (L-band), and ±0.8 dB 
( 1 a) at 136 MHz (VHF). Somewhat increased precision can be achieved 
by monitoring the antenna gain-to-noise temperature (G/T) ratio at a 
station; a worst-case uncertainty of ±0.4 dB (lcr) can be realized at both 
L-band and VHF. 

Finally, field test measurements of antenna gain, obtained at 136 MHz 
in the NASA space tracking and data acquisition network (STADAN), demon
strate an uncertainty of ±1.0 dB, or less, which effectively confirms the 
analytical result. 

Introduction. -It is desirable to know the basic antenna calibration ac
curacy that can be achieved for both the stellar and solar calibration 
methods. This paper analyzes the stellar method; a separate paper, "L-/S
Band Solar Calibration Error Analysis," discusses the solar method. Both 
methods reference antenna calibration to the noise flux density from a 
particular celestial source. For instance, the solar calibration method, 
described by Hedeman 1 , references receiving system noise temperature 
at the !RIG L- and S-band telemetering frequencies to solar flux density. 
A daily prediction during "quiet-sun" periods insures a constant solar flux 
density necessary for accurate calibration. The stellar-calibration method2 • 3 

references effective antenna gain, or system noise temperature, to the 
constant flux density from a radio star such as Cassiopeia A or Cygnus A. 
Since stellar flux density is known accurately from numerous radio astron
omy observations, no predictions are needed. 

An error analysis determines the l cr uncertainty in calibration for 
both antenna gain and the antenna gain-to-system noise temperature (G/T) 
ratio. Worst-case one-sigma (l cr ) values have been assigned to parameters. 

Finally, a series of 136 MHz antenna gain calibration measurements 
are discussed that were made in the NASA space tracking and data acqui
sition network (STADAN). 

Antenna Gain Determination Using Stellar Source 

An accurate determination of absolute antenna gain, G, above isotropic, 
can be made from the constant noise flux density, F, from a stellar source 
such as Cassiopeia A (Cas A) or Cygnus A (Cyg A). To accomplish this, 
Figure 1 shows that two output voltage measurements from a square-law 
detector are required: an "off-star" voltage, V0c , and the change in de
tector voltage, 6 V0 c , that results upon shifting the antenna mainlobe from 
the "off-star" to the "on-star" position. Two precautions are necessary 
for the "off-star" position; first, V 0 c must be measured upon shifting the 
Both authors are employed at the NASA Goddard Space Flight Center, Greenbelt, Maryland. 



mainlobe along constant brightness-temperature contour lines; and second, 
the radio star, essentially a point source, must be positioned within the 
first null of the antenna 1 s radiation pattern. 

Another necessary condition is that the receiving system parameters, 
consisting of RF gain, de gain, predetection bandwidth, and the detector 
constant, must remain fixed for the two positions of the antenna mainlobe. 
A final condition is that the Ko 4 beamwidth correction factor must be ap
plied to stellar calibration for antennas larger than 85-ft (26-m) in diameter, 
operating at S-band and above. 

The isotropic antenna gain, G, referenced to the preamplifier input, 
can then be determined from the relationship 

( 1) 

for a single polarization, where 

k Boltzmann's constant = 1.38 X 10- 23 J /K 

'A = free-space wavelength, m 

F = 

6 Vnd'Vnc 

radio star's noise flux density, watts/meter2 /hertz, w m- 2 Hz- 1 

amplified output voltage ratio from square -law detector 

and 

VDC 

6 VDC 

de amplifier output voltage for "off-star" position of mainlobe, 
vdc 

change in de amplifier output voltage upon shifting mainlobe 
from "off-star" to "on-star" position, vdc 

E antenna-to-preamplifier transmission line power loss, 0 < E :5 1 

T0 ambient physical temperature of antenna-to-preamplifier trans 
mission line, K. 

In general, the terms within the braces in ( 1) constitute the receiving 
system's kelvin noise temperature, Tsys , for the "off-star" position, where 

(2) 

But more generally, 

n 

L 
and N 

L 
1 

Tant =total antenna noise temperature for n noise sources, 
K 

T. 
1 receiver noise temperature, referenced to preampli

fier input terminals, for N cascaded networks, K. 

Statistical Error Analysis of Stellar Method for Determining Antenna Gain 

It is desirable to know the basic uncertainty in an antenna gain cali
bration made using a stellar source. All of the variables in ( 1) influence 
to a degree the resulting standard-deviation ( lo-) error in the value of G. 
For this analysis, the following assumptions are made: 

• Cosmic, atmospheric and terrestial noise do not change between 
"off-star" and "on-star" observations 



• Receiving system gain remains constant for the above two obser
vations 

• Local RFI is negligible (e.g., no on-site ignition noise) 

• Degree of linear polarization is negligible in randomly polarized 
flux density from stellar source (i.e., ::: 0.25 percent for Cas A and 
Cyg A, Ref. 5) 

• RF attenuation of atmosphere is negligible (i.e., zenithal absorption 
for Cas A is 0.035 ± 0.002 dB at 1415 MHz, Ref. 6) 

• Electromagnetic interference from the sun is negligible 

• Multipath effects are negligible (i.e., radio star 1s elevation angle > 
30° above horizon) 

• Ionospheric disturbance, resulting in star signal scintillation, is 
negligible 

• Radio star 1 s angular diameter is a point source compared to half
power beamwidth of mainlobe (i.e., 3. 8 arc-min. for Cas A and 
0.8 arc-min. for Cyg A at 1390 MHz, Ref. 5). 

A statistical error analysis, considering the propagation of precision 
indexes, is now performed on ( l). Redefining absolute antenna gain from 
( l) as 

G = ~ T FV sys. ( 3) 

where a = 8 7Tk A - 2 constant, 

and 

(3a) 

When the component quantities are independent, the mean-squared one
sigma error in antenna gain, o-~, can be obtained from a general expression 
by Worthing and Geffner 7 as 

0"2 -
G - ( oG )2 ( oG )2 ( oG )2 'aF 0"~ + W 0'~ + 0 Tsys o-;ys 

(4) 

where o- represents the one-sigma uncertainty in each variable, and F, V 
and Tsys are mean values. 

Taking partial derivative from (3) gives, 

oG G oG G oG G 
~- -F . o V- -v· and~ =-T- . 

sys sys 

The minus signs can be ignored since the above terms will be squared. 
Performing a similar operation on (3a) gives, 



where 

(
o Tsys \2 u~ + 

OE ) 

oT sys 
---= E, 
o TA 

oT sys 
1 - E , and 

~ -

Substituting the above partial derivatives in (5) gives, 

(5) 

= 1. 

(5a) 

Substitution of the appropriate partial derivatives into (4) results in a 
general expression for the rms, one sigma ·(lu ) gain error, normalized to 
antenna gain G, as 

Substituting (5a) in (6) gives, 

1 
+ -

T2 sys 

(

U T 
sys 

+ --
T sys 

( 6) 

The significance of (6a) is described as follows. We shall assume that 
V, E, T 0 and TR can be measured independently in a typical receiving sys
tem with a worst-case accuracy of ten percent (i.e., u v, u ,, u T

0
, and uTR::: 

±10%). 
It should be noted that u G /G is insensitive to the uncertainty, u TA , since 

in general, u TA << T sys . In fact, u TA can assume at 1440 MHz a value of 
u TA "::: ±50% without affecting significantly the value of u G/G. Furthermore, 
for 136 MHz, it is later shown that u TA may be set to equal the large value 
of ±200K, and yet maintain u G < ±1 dB. Therefore, only a rough estimate 
of the antenna noise temperature, T A, is needed to obtain an accurate 
determination of antenna gain. 

The following approximation, given by Starker8
, can be used to obtain 

such an estimate of antenna-noise temperature, TA, in kelvin, for a prac
tical antenna, where 

(7' 

ma inlobe + side lob e s + back lob e 

and the condition 

1 is valid , and 



mainlobe solid angle, steradians 

mainlobe power gain, above isotropic 

= mean value of antenna gain outside the mainlobe 

mean value of sky-brightness temperature, within half-power 
beamwidth of mainlobe, for "off-star" position, K 

= mean value of sky-brightness temperature within secondary 
antenna lobes, K 

TE = effective noise temperature of the earth, K. 

From Kraus 9 (p. 221), 

eo qP 
D M = 1. 13 HP HP 

(57.3) 2 
(7a) 

for a Gaussian power pattern, where e~P and ¢~p are the half-power beam 
widths, in degrees, for the e and ¢ planes, respectively. 

Again from Kraus 9 (p. 158), 

G C:- 30,000 
M (7b) 

Also, it can be shown that 

G5 C:- 0.25 (- 6.0 dBi). (7c) 

Substituting (7a), (7b) and (7c) in (7) gives an estimate of the antenna 
noise temperature as 

( 8) 

that is valid for the solid beam 1s half-power beamwidths, e;p = ¢~p::: 25°. 
Eq. (8) also agrees closely with the result given by Blake.l 

Appropriate values for Tsky and Tsky can be obtained readily from a 
radio-sky map of noise-brightness temperature at the calibration frequency. 
Eq. (6a) will now be analyzed at L-band, and VHF, for typical antennas 
being gain-calibrated with a typical stellar noise source, Cas A. 

L-Band Case (Stellar Calibration): 

Type antenna 

Frequency. 

Radio star. 

Cas A flux density (1970.5 
epoch, assuming 1.1 percent 
per year secular decrease) 

20-ft (6-m) diameter parabolic dish 

1440 MHz (A. = 0.208 m) 

Cas A 

F ± u = (2.17 ± 0.06) X 10- 23 w m-2 
Hz-1 ,F Findlayll, et al. 

Antenna noise temperature. . TA ± u TA C:- (4 + 36) ± 20 C:- 40 ± 20K 
!jom (8) for Tsky = 5K, 
Tsky = 4K and TE = 290K 

Assumed system noise tem- . T sys C:- 400K (mean value) 
perature (11 off- star" position) 



Measured parameters (worst-case l a- = ±lOo/o): 

and 

and 

V ± CTV = 25.0 ± 2.5, T
0 

± CTT
0 

= 290 ± 29K, 

E ± a-, = 0. 8 ± 0 . 0 8 = l . 0 dB ± 0 .4 dB loss , 

TR ± a-T = 300 ± 30K = 3.1 dB± 0.2 dB noise figure @ 290K. 
R 

Also, 

CTF 0.06 X 10- 23 

- - ----- = 0.0276 = 2.76% 
F 2.17x10- 23 

CTV 2.5 
- = - = 0.100 = 10.0%. 
v 25 

From (5a}, 

or 

[
:Tsy s J 

2 

= [(TA; T0
) u, J 

2 

+ [:u TA ]

2 

+ [(1 ~ E ) a-To] 

2 

+ [;TR J 2 

= 
sys sys sys sys sys 

[
(40- 290) (0. 08) J 2 

+ [(0.8 X 20) J 2 
[(1 - 0.8) (29) J 2 

[ 30 J 2 

400 400 + 400 + 400 

r-:Tsys J 2 

L sys 

[0.050]2 + [ 0.040]2 + [0.0145]2 + [0.075]2 
'---.,-' '---.,-' '---v--' '---.,-' 

5.0% 4.0% 1.45% 7.5% 

(a-T /T
5 5

) = ± 1 0.010 = ± 0.10 = ± 10 percent. 
s y s y 

Substituting the appropriate values in (6) gives 

CTG G = ± [ (0.0276) 2 + (0.100) 2 + (0.100) 2 ]
112 = ± 0 . 15 = ± 15 percent 

or a-G = ±0.15 G (worst-case at L-band). 
For example, the above 20-ft (6-m} diameter parabolic dish would 

have a mean value of antenna gain equal to about 5000, power gain above 

isotropic, at 1440 MHz. Expressed in dB above isotropic (dBi), 

G ± CTG = 5000 ± 0.15 (5000) = 5000 ± 7 so 

= 37 dBi ± 0.65 dB (1 u ). 



Finally, the above value of a-G = ±0.15G, resulting from (6), is different 
significantly from that obtained by a simple root-mean-square (rms) ad
dition of the l a- values for the individual parameters in (1). Strictly speak
ing, an rms addition applies only to a sum or difference function; whereas 
the propagation of precision indexes applies generally, including a product 
o r quotient function. 

VHF Case (Stellar Calibration): 

Type antenna 

Frequency. 

Radio star. 

Cas A flux density (1970.5 
epoch, assuming 1.1 percent 
per year secular decrease) 

Antenna noise temperature . 
!jom (8) for Tsky = 950K, 
T sky = 400K and TE = 290K 

Assumed system noise tern-. 
perature ("off-star" position) 

Phase array with 50 m 2 effective area 

137 MHz (!c = 2.2 m) 

Cas A 

. F ± CTF = (13.8 ± 0.50) X 10- 23 w m- 2 

Hz- 1 , (Parker 12 ). 

. TA ± CTTA = (780 + 90) ± 200K 
. -870±200K 

Tsys :::- 1100 K (mean value). 

Measured parameters (worst-case l a- = ±lOo/o): 

and 

and 

V ± a-v = 10.0 ± 1.0, T 0 ± a-T = 290 ± 29K 
0 

E ± a-, = 0.80 ± 0.08 = 1.0 dB± 0.4 dB loss, 

TR ± a-T = 300 ± 30K = 3.1 dB ± 0.2 dB noise figure @ 290K. 
R 

Also, 

F 
o.5o x w-23 = o.036 = 3.6% 
13.8 x w- 23 

1. 
0 = 0. 10 = 10% ' 

10.0 

From (5a), 

[::~: J" [ (TA;T0 ) a-, ]2 + [ ETCTTAJ
2 

t [(1; E) a-T0 ]

2 
J-;TRJ

2 

sys sys sys l sys 

[
(870- 290) (0.08)]

2 
+ [0.80 x 200 ]

2 
[(1-0.80) (29)]

2 + [~] 2 

1100 1100 + 1100 1100 

~~Tsy s ] 
2 

L sys 

[0.042]2 + [0. 145]2 + (0.005) 2 + [0.027]2 = 0.0235 
'--y--1 '--y--1 '--y--1 '--y--1 

4 .2% 14.5% 0.5% 2. 7% 



or 

or 

(o-T I T ) = ± 1 0.0235 = ± 0.153 = ± 15.3 percent. 
sys sys 

Substituting the above values in (6), 

o-G 
c; = ± [ (0.036)2 + (0.10) 2 + o.0235Jll2 

o-G 
- = ± 0.187 = ± 18.7 percent 
G 

o-G = ± 0.187 G (worst case). 

For example, the above 50 m2 phase array would have a mean value 
of antenna gain equal approximately to 125, power gain above isotropic, at 
137 MHz. Expressed in dB above isotropic (dBi), 

G ± o-G = 125 ± 0.187 (125) = 125 ± 23 

or 

G = 21 dBi ± 0.8 dB (1 o- worst case). 

Statistical Error Analysis of Stellar G/T Ratio Determination 

It is of interest that a G/T sys determination, for the stellar calibra
tion method, is more accurate than a determination of antenna gain from 
(l). Rearranging (3) gives (G/Tsys) as 

where 

a = 87Tk/\- 2 constant 

v 

G 
r sys 

a 
(9) FV 

de amplifier output voltage for "off-star" position of mainlobe, 
vdc 

6 V
0
c = change in de amplifier output voltage upon shifting mainlobe 

from "off-star" to "on-star" position, vdc. 

Applying the propagation of precision indexed to (9) gives 



[
u G/ Tsys] 

2 
_ (u F)2 (u v)

2 
G/ T - F + V sys 

( 10) 

for stellar calibration. 
The quantities on the right-hand side of ( 10) were determined earlier 

for the stellar L-band case as: 

o r 

U F 
-:::0. 0276 = 2. 76% 

F 

u v 
- = 0. 100 = 10. 0%. v 

Substituting the above quantities in (10) gives 

= ± 1 0.0108 = ±0.104 = ±10.4 per c ent (1 u worst case) 

(u G/ Tsys) ±0. 104(G/ Tsys) (T G)±0. 4dB(1 u worstcase) 
sys 

for stellar c alibration at L- band. 
The "off-star" position of the antenna mainlobe in (9) references 

system noise temperature, T sys , to a narrow region of background sky 
temperature that is concentrated in the vicinity of the radio star. This 
sky-brightness temperature is typically 5K at 1440 MHz, and lOOOK at 
136 MHz, for Cas A. This causes no problem at L-band, but at 136 MHz 
use of (9) references T sys to the relatively high Cas A background sky 
temperatur e , lOOOK . 

For this reason, it is desirable at VHF to reference the system noise 
temperatur e to a lower "cold-sky" temperature where the receiving system 
thr e shold noise temperature is defined as 

T = GA. 
2

F JV ref oc] K 
thr es 87Tk [ 6 VDC , . 

(11) 

The parameters in ( 11) are the same as in ( 3) and (9) except that a 
third detecto r voltage reading, Vr e f DC , is obtained with the antenna main
l o be pointing tow ards a "cold- sky" region. In effect, this references ( 11) 
to a lower sky-brightness temperature that is typically 280K, at 136 MHz, 
and 20K at 400 MHz, for the North Galactic Pole "cold-sky" region. Note 
that the voltage reading, Vnc , does not at>pear in (11). 

Rearrang ing (11) gives the (G/T thr es ) ratio for stellar calibration as 

G a 

T thr es Fv 
( lla) 



which is the same form as (9) except that 

v = 
Vref DC 

6VDC 

Assuming that the one-sigma uncertainty, a-v, in the detector output 
voltage for "cold-sky" is a-v = ±lOo/o, it can be shown that the uncertainty, 
a-G /T thr es , has the same value as a-G /Tsys. Also, it can be shown that 
CFG IT thres = ±0.4 dB, at 136 MHz, for Cas A. 

Finally, it should be pointed out that a knowledge of the true design 
value of G/T thres should be available with which to compare the station 
measurements. 

ST ADAN 136 MHz Antenna-Gain Calibrations 

Although a limited number of stellar antenna-gain calibrations have 
been made at 400 MHz and l 700 MHz in the NASA space tracking and data 
acquisition network (ST ADAN), the first objective has been to obtain an
tenna-gain calibrations at 136 MHz ... the primary NASA spacecraft data 
acquisition frequency. 

The summary results from 53 stellar antenna-gain calibrations, and 
42 comparable aircraft-measured antenna gain calibrations -making a total 
of 95 independent gain determinations-are compared in Figure 2. STADAN 
antennas calibrated at 136 MHz include: 40-ft (12-m) diameter parabolic 
dish antennas, phase-array antennas with an effective area of approximately 
50m2 (21 dBi}, and an 85-ft (26-m} diameter parabolic dish antenna. These 
antennas are deployed at a total of nine world-wide STADAN station loca
tions. 

Except for several calibration points, the mean values of the stellar 
and aircraft antenna gain measurements agree closely, as shown in Figure 
2. The solid-line curve represents the mean value of a com
parable aircraft antenna- gain calibration for 42 out of the 53 stellar an
tenna-gain measurements; in ll instances, antenna design handbook data 
was substituted for missing aircraft measurements. The aircraft meas 
urements reference antenna gain to a standard-gain 136 MHz antenna. 



A histogram plot of the 53 stellar-gain calibrations, from Figure 2, 
shows that the point scatter approximates a Normal (Gaussian) distribu
tion; furthermore 60 percent (32 out of 53) of the stellar calibration 
points fall within a range of ±l.O dB. Since 68 percent of the points would 
fall within a ±la range for a Normal distribution, this infers that aG ~ ;1: l.O 
dB, at 136 MHz. This result agrees closely with the value of aG ~ ±0.8 dB, 
for VHF, obtained earlier i,n this paper. 

Finally, two of the stellar antenna-gain measurements shown in Figure 
2 for the 50m2 136 MHz phase array antenna were made using Taurus 
A (Tau A) ... a weak radio star in the Crab Nebula. The Tau A noise flux 
density 3 is 1.47 X lQ- 23 w m- 2 Hz- 1 , at 137 MHz, which compares to 13.8 
X 10- 23 w m- 2 Hz- 1 for Cas A ( 1970.5 epoch), and 11.2 X 10-23 w m -2 Hz-1 
for Cyg A. Both Cas A and Cyg A were used for the remaining 51 stellar 
antenna-gain calibrations in Figure 2. 
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