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VI. S W Y  

The  statistical behavior of instrument-limited phased 
m a y  angular measurement errors has been examined with 
the aid of a specially  developed computer  program which 
simulates the  effect of 1) beam steering computation accu- 
racy, 2)  truncation of beam steering commands, and 3) 
differential phase errors. 

The following  conclusions  were  reached for a typical 
array configuration (1891 elements) : 

1 )  A beam  split ratio, neglecting bias errors, in excess 
of 300: 1 can be achieved with only 3-bit phase shifters. 

2) Truncation of row and steering commands to four 

3) Differential phase errors of 10’ (one  sigma  per bit) 
only increased measurement errors about 20 percent. 

4) A steering angle of approximately 2 ms in  any direc- 
tion will cause a 50 percent drop in the autocorrelation of 
the angular errors. The shape of the -central peak of the 
two-dimensional autocorrelation funct,ion does not show 
strong “preferred” correlation directions. 

5)  The phase dithering technique was shown to be 
completely  effective in annihilating all angle measure- 
ment error correlations. Results were presented for a 
typical sector scan, but beam steering is not required to 
achieve decorrelation. The phase dithering technique is 
very easy to implement.  Frequency  and beam dithering 
were  also  found to be effective decorrelation techniques, 

- bits reduces the beam split ratio to below 100: 1. 

nearly as effective as phase dithering, but involve com- 
promises  which could make  them unacceptable for certain 
applications. 
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Antenna Gain Calibration on a Ground 
Reflection Range 
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Abstracf-The absolute gain of wide-beam antennas may be 
accurately measured using the method described. Both the theo- 
retical and practical aspects of gain  calibration on a ground re- 
flection antenna range are presented. The measurement procedures 
developed  were used to calibrate a log-periodic antenna at selected 
frequencies from 250 to 400 MHz. Measured data at 300 MHz is 
tabulated and error contributions are analyzed,  yielding a measure- 
ment accuracy of f0.27 dB with a 95 percent  confidence  interval. 
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T 
I. INTRODUCTION 

HE MEASUREMENT of the gain1 of narrow-beam 
antennas may  be accomplished with reasonable accu- 

racy using the gain comparison technique with available 
gain standards  and a  well  designed antenna range.  How- 
ever,  for  frequencies below L band, gain standards  are 
not generally available, with the exception of dipoles, 
whose  low directivity often causes  excessive  measurement 

to be the maximum gain of the antenna, hence the gam at the peak 
1 For the purposes of this discussion, antenna gain wjll be assumed 

of the main lobe. 
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error. It is, therefore, necessary at these frequencies to 
consider the calibration of a gain sta.ndard with increased 
directivity if the measurement error is to be reduced. 

The calibration of a gain standard is most frequently 
accomplished by  the two-antenna  method or the  three- 
antenna  method [1]-[3]. Both techniques are based on 
the Friis transmission formula [ 4 ]  for  power transfer 
between two antennas, which theoretically requires an 
infinite antenna separation and  a free-space test environ- 
ment. For gain calibration of antennas with  narrow beam- 
widths this condition may be approached  with an  antenna 
range of d c i e n t  length and  tower heights which mini- 
mize  reflections  from the range surface. For wide-beam 
antennas, however,  tower heights necessary to mjnimize 
range reflections  become impractical and  the  antennas 
must  be calibrated on a ground reflection antenna ra,nge. 

11. THEORY 
The method  described is directly applicable to antennas 

which  respond only to t,he electric  field. It would require 
modification to  be used  wit,h  loop  or slot antennas, and 
further  mod3cation for ant,ennas which may  be a com- 
bination of electric and magnetic types. The basic test 
codiguration is that  shorn in Fig. 1. Horizontal polar- 
ization was  employed to avoid the wave tilt and rapid 
variation of refledon  coeecient associated with vertically 
polarized  waves reflecked from the range surface (see [6, 
p. 6351). 

The field at  the receiving antenna is assumed to be the 
vector sum of the electric  field due t,o the direct path 
contribution and  t.hat  due to  the contribut.ion  from the 
reflected pat,h. The  amplitude of the elect.ric  field at  the 
receiving antenna  due to  the direct path wave is given by 

where 

RD = [Ro2 + (hr - ht)2]"2. 

Equation (1) is t,he field equivalent of the Friis trans- 
mission formula [4]. The a.mplitude of the ground-reflec- 
tion field at  the receiving antenna is given by 

E,  = K k0GtG7 (&- r2]  112 

where  t.he range surface must  be electrically smooth at  
the operating wavelength  (see [5, p. 14-37]). 

For small grazing angles and horizonally (parallel) 
polarized  waves the reflect,ion  coefficient approaches unity 
[6] so that it is acceptable to define 

RR = [R? + (hr + ht)2]"2- 

The factor r2 is thus a function of the electrical  a,nd 
geometrical properties of the range surface, the radiation 
patterns of the a.ntennas, the frequency and polarization 
of the transmitted wave, and  the geometry of the test 
ranee. 

R E C E I V I N G  
A N T E N N A  f 

T R A N S M I T T I N G  
A N T E N N A  1 R Q  32L 

I -/ 
/- 

I 
I 

SUR FACE 

T R A N S M I T T I N G   A N T E N N A  
I M A G E  

Fig. 1. Range  configuration  for  calibrating gain of widebeam 
antem. 

We will assume the  antennas to be linearly polarized. 
I t  is sometimes  necessary to  determine the gain of an 
antenna which is circularly or elliptically polarized, but 
in such cases its gain is usually determined by  the method 
of partial gains  using a linearly polarized gain standard 
as a comparison.2 

When the  antenna range geometry criteria that will 
be given is adhered t o  and  the  antenna height.s are ad- 
justed such that  the two electric-field contributions arrive 
in phase at  t.he receiving antenna,  the  total electric  field 
at  that point, t.o a very close approximation over the 
active region of the receiving aperture, is 

ET = ED + E R  (3 1 
or 

The  total received  power for t.his in-phase  case is, there- 
fore, 

Expressing (5) in logarithmic form, me have 

(KlK2)'/2 + - r R D ] .  RR (6) 

The gain sum gt + gr  is obtained by measuring the re- 
maining quantities in the above equation. The only 
quantity which presents a significant  measurement prob- 
lem is the effective gain factor r2. This factor may be 
determined  by the following  procedure. 

v See [5, ch. 21 for  further  details. 
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First specify a height for the receive antenna  such  that 

hr 2 40 (7 1 
and 

h, 2 4x. (8 1 
Satisfaction of tshese crit,eria ensures that  the amplitude 
taper in the vertical plane a.cross t>he receiving antenna 
can be made less than 0.25 dB and further ensures that 
mutual coupling  between the receiving antenna  and  its 
image in  the range surface is suppressed by  at least 40 dB. 
These conditions will be  adequate for  most  Calibration 
measurements of this type. 

Once this height is specified, the range leng-th Ro should 
be of sufficient length that 

RO >> 2hr. (9 1 
This requirement permits a small gra&g a.ngle (the 
complement of the a.ngle of incidence) for the reflected 
wave. A low grazing  angle is desirable for reasons that 
will be presented later. 

In order to  satisfy the in-pha.se criterion of ( 3 ) ,  it is 
necessary that 

(272 - 1)AR 
ht = 

4k, 

For complete details see [5 ,  ch. 141. The  transmitting 
antenna. should be placed at  the lowest  position that 
satisfies both (10) and  the mutual-coupling criterion 

ht 2 4X. (11) 

With  the transmitting antenna  in  this position, the  total 
received  power is given by ( 5 ) .  This received  power 
should be recorded. The  transmitting  antenna should 
then be moved to t.he  lowest  position  which  sat.isfies  bot,h 
(1  1 ) and the relation 

This corresponds to t,he locat.ion of a minimum in  the 
interference pat.tern at t,he receiving antenna. The field 
at the receiving antenna is then given by 

which  produces a received  power of 

P,' = PoGtGr (-y [ (K1'K2')lI2 - 
X rRD']p . (14) 

~TRD'  

The primed quantities are defined for the new  position 
as were the unprimed quantities for the original  position. 
This received  power  should be recorded for comparison 
with P,. 

The effect.ive gain factor r2 was  assumed t.0 be  the same 
in ( 5 )  and (14).  It, in fact.,  differs slightly in these posi- 

tions since the angle of incidence differs slightly. The 
quant.it,y measured nil1 represent an average of the values 
between these two positions. It is, therefore, important 
that  the range configuration be  such that  the grazing 
angle of the reflected  wave  change as little as is practical 
between these two  mkasurement  configurations. For the 
criteria of (7)-(12), it is  seen that  the geometry which 
produces the smallest grazing  angle  also  produces the 
smallest  change in gra.zing  angle. The limitation in choos- 
ing the smallest,  gra.zing  angle  is usually one of economics 
in  the selection of range length. It. is also more desirable 
to test. at horizontal polarization than at  verkical  since 
t,he effective gain factor changes  less rapidly with grazing 
angle a t  horizontal polarization. 

Division of (5) by (14) yields 
i- 1 

from  which 

(16) 

The  antenna directivity quantit,ies K 1 ,   K i ,   K 2 ,  and K2' 
should be  taken  from measured pattern dat.a, based on 
the test geomet,ry. Here the low grazing  angle also tends 
to  give great.er accuracy because of being near the peak 
of t.he  beam. 

To accurately determine the various range terms, the 
locations  of the phase cent.ers of the t.wo antennas  must 
be known. Knowing their locations,  one t,hen measures 
their heights and t.he  horizont.al separat,ion Ro and calcu- 
lates  the direct and reflect.ed path lengths for  each con- 
figuration.  Since t,he power terms P ,  and P,' are measured 
quantities, t,he fact,or 1.2 is now calculable from (16). 

The received and transmit.ted power  levels L, and Lo 
are measured %-it,h a calibrated coupling network  and 
level  meters. This procedure is then repeated t.hree times, 
for three tra.nsmit-receive  conilgurations as required for 
the trxo or three antenna method of gain calibration [ 3 ] .  
The resulting t.hree simultaneous equations ma.y then be 
solved for t,he gain of each antenna. 

111. EXPERIMENTAL PROCEDURE 

The three-antenna met,hod of gain calibration m s  imple- 
mented as shown in Fig. 2. Prior to  performing the power 
transfer measurements  several preparatory design and 
calibration steps were taken. First,, the  antenna range 
upon which the comparisons  were to  be  performed was 
designed, constructed, evaluated, and its physical re le  



HEbfbflKG AND HEATON: ANTENNA GAIN CALIBRATION 535 

I CAB LE I 
hr= 1 OM 18.199M 

(r=3.0019dB 
ht" 3M 

I I 

T R A N S M I ~ ~ I N G  

L=54.148M COUNTER  a-0.2587dB 
CABLE 

(r=8.9870dB 

SOURCE 
SIGNAL 

Fig. 2.  Transfer  measurement. 

TABLE I 
MEASVRED DATA 

A. Average Antenna VSWR and equivalent loss in dB. 
Antem VSWR Mismatch Loss in dl3 

1 1.29 0.069 
2 
3 

0.073 
0.031 

1.30 
1.18 

B. Average  Coupling  Network Loss. 
~ 

K a  dBb 
0.02684  31.425 

C. Average  60.96 m Cable Loss. 
Xa d B b  

0.35535 9.9870 

D. Average Null Depth measurement (dB) Peak with hi = 3.176 m. 
~ ~~ 

Null with ht = 4.532  m Nullwithht = 2.124m 
18.22  20.42 

E. Average  Power  Transfer in dB, ht = 3.176 m. 
Antenna Configuration Transmitting 1 1 2 

Receiving 2 . 3  3 --- 
13.012  12.933  12.950 

a R is the voltage ratio as read on the Ratio Transformer. 
b Corresponding  Values in dB. 

tionships carefully measured. Next, the antennas to be 
calibrated were  designed, constructed and  their param- 
eters carefulIy  measured. These included VSWR, pattern 
and phase center location. 

The cable and coupler network to be used  were then 
calibrated using a 1 kfi ratio  transformer  substitution 

/ 

Fig. 3. UHF antenna range  showing  aperture  field  probe mounted. 

technique. Finally, t.he power t.ransfer measurements were 
made using a pattern receiver and a precision l-kHz 
attenuator t.0 determine the Lo-L, term  in  the  modifid 
F'riis t.rans&ion equation. For purposes of illustration 
of t,he measurement procedure, the  data  shorn in Table I 
is given at 300 MHz alt,hough t,he a,ntennas were calibrated 
at eight frequencies. 

The  antenna range was  designed [5] and  built to  the fol- 
lowing  dimensions: Ro w 40 m, h, 10 m, and h, 3 m. 
The range was then evaluated using aperture-field probe- 
measurement techniques [5] .  The  data indicated t.hat the 
design requirements were satisfied. The UHF a.ntenna 
range with  t,he  aperture field probe- mounted on t,he re- 
ceive tower is shorn in Fig. 3. 

The a,ntennas choosen to be calibrated were linearly 
polarized  log-periodic antennas consisting of eight elements 
of welded  rod and  tubular const,ruction. The measured 
H-plane pat,t,erns at 300 MHz of the three  antennas  are 
shown in Fig. 4. These were measured on the ground 
reflection range. All of the gain comparisons  were  con- 
duct,ed wikh the antennas horizontally polarized, thus 
only H-plane data were required. The phase center loca- 
tions of the log-periodic anterinas were determined by 
calculation [7] and by measurements. The average be- 
tween the two met.hods was select,ed as the phase center 
loca.t,ion. The phase cent.er data was required to establish 
the ra.nge length Ro for calculating the space dispersion 
factor. 

The coupling network used to sample t,he  transmit level 
LO was calibrated by  the l-kHz subst.jtution method illus- 
t,rated in Fig. 5 .  Also calibrated was the RF loss in a 
60.96-m length of RG212/U coaxial  cable. 

To solve (16) for T it was  necessary to measure the 
null depth for tmhe out-of-phase condition as determined 
by the relative locations of the transmitt,ing and receiving 
antennas on the ground refledon range. At the same time 
t.he height of the transmit,t,ing a,ntenna was measured to 
permit t.he calculation of the geomet.rical relationships in 
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S I G N A L  
GENERATOR 

this mode of operat,ion. See  Fig. 1 and  Table 11. The power 
transfer dat:a was obta.ined on the ground re%ection range 
where the three different  test  antenna combinat,ions  were 
used as prescribed by  the three-a.ntenna  method. 

The angles in Table I1 and  the  pattern  data given in 
Fig. 4 may be  used to determine the  pattern levels with 

BANDPASS 
FILTER  PHASE] 

A M P L I T U D E  
RECEIVER 

20dB 

R A T I O  

m 
60.96M  RG212/U 

CAB LE 

Fig. 5. Cable and coupling  network loss measurement. 

TABLE I1 

FUNCTION OF T R A N S ~ G  ANTENNA HEIGHT 
~ ~ A R Y  OF PATH h G L E  AND LOSS CaLcJrJUTIONS AS 

1 

ht = 2.124  m a = 10.41" RD = 41.575 SD = 54.42 
,9 = 16.01" R R  = 42.541 SB 54.62 

ht = 3.176m CY = 8.96" 
B = 17.38" 

RD = 41.398 SD = 54.38 
RR = 42.849 SB = 54.68 

hr = 4.532  m a = 7.43" RD = 41.239 SD = 54.35 
= 18.79" RR = 43.193 S g  = 54.75 

Angles in 
Degrees # 1  (dB) # 2  (dB) # 3  (dB) 

Ant'eMas 

LY = 10.41 -0.15 
B = 16.01 -0.30 

-0.15 
-0.32 

a = 8.96  -0.10 -0.04 -0.12 
B = 17.38 -0.34 -0.23 -0.40 
a = 7.43  -0.05 

= 18.80 -0.40 -0.44 
-0.07 

respect  t.0 the  peak of  each ant,enna beam. The results are 
summarized in Table 111. From the measured and calcu- 
la,ted data  the last term of (6) was  solved  using (16). 
The results of all t,he calculations are  summarized in 
Table IV, where the measured and calculat,ed data was 
substituted into (6) t o  solve for g. + gt  from which the 
gain of the t,hree a,ntennas was determined. 

An est.imate of the  uncertainty in the calibration is 
given in Table V. The calibration procedure  was  designed 
to minimize major bia.s errors in the receivers and analog 
meters by holding  level  changes small. Large level differ- 
ences  were  accommodated by t,he use of precision attenu- 
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TABLE IV 
SUMMARY OF GAIN CALCULATIONS AT 300 MHz 

T e r n  Transfer Step (dB) 

1 - 2   1 - 3   2 - 3  

A.  Subtract 
1) coupling Loss 

3)  Transfer Data 
2) Coupler  Cablea 

4) Effective Gainb 

Subtotal 
B. Add 

1) Transmitter  Cable Loss8 
2) Receive Cable LONP 
3) Space  Dispersidn  Term 
4) Mismatch LOSS 

Subtotal 
GRAND TOTAL 

31.425 31.425 
0.259 0.259 

13.012 12.933 
4.672 4.554 

49.368 49.171 

8.987 8.987 

54.380 54.380 
3.021 3.021 

0.070 0.070 
0.073 0.031 

66.531 66.489 
17.163 17.318 

- -  

-I__ 

31.425 
0.259 

12.950 
4.635 

49.269 

8.987 
3.021 

54.380 
0.073 
0.031 

66.492 
17.223 

Antenna Gains (dB) 
no. 1 no. 2 no. 3 
8.77 8.87 8.93 

Calculated from  measured loss. 
b Calculated  results of (16). 

TABLE V 
SUMNARY OF ERROR TERMS (SEE TABLE IV) 

Measurement 
Magnitude 

Error  Component (dB) 

Coupler,  Transmit  and 
Ileceive Cable Loss 

Coupling  Network  Loss 

Power  Transfer 

Effective Gain 

Space  Dispersion 
Mismatch  Loss 

Rsndom 
Systemat,ie 
Random 
Systematie 
Random 

Random 
Systematic" 

Systematicb 
Random  and  Systematicc 
Random 
Systematicd 

RSS 

0.002 
0.088 
0.003 
0.055 
0.006 

0.018 
0.051 

0.055 
0.005 

0.050 
0.005 

0.139 
- 

or attenuator bias, and  connector repeatability uncertainties. 

polation uncertainties. 

certainties. 

ment bias uncertainties. 

8 Includes  frequency driit, receiver  linearity,  ratio  transformer 

b Includes  pattern,  frequency drift, receiver  linearity,  and  intra- 

0 Includes  frequency  drift  and  distance  measurement un- 

d Includes  frequency driit, connector repeatability, and  equip- 

ators  and  ratio t.ransformers. The values given in Table V 
for the systematic errors include residuals which result 
from not being able to perform all measurements at t.he 
same operat,ing point..  An important source of uncertainty 
in the measurements was the making and breaking of 
coaxial  connections during  t,he measurements. Random 
errors were  held small by repeating all measurements ten 
t,imes. The numbers shon-n are the standard deviations of 
t,he means as estimated from t.he scatter of the individual 
measurements. Making the customary assumpt,ion tha,t 
a Gaussian distribut,ion applies, one can obtain a. 95 per- 
cent, confidence limit of f0.27 dB by mult.iplying t,he  rms 
resuhnt  by 1.96. 

IV. SUMMARY AND CONCLUSIONS 

The method of calibrating low directivity a , n t , e m  on 
a ground reflection range has been found to be an involved 
but practical met,hod  of  est.ablishing a  set of standard 
gain ant.ennas. The results compa,re favorably  with  those 
achievable a t  microwave  frequencies  when one t,akes into 
considerat.ion the added complexity of the reflections from 
the range surface. 

As an added note of interest,  about  a year later a fourth 
gain standard  antenna was built and compared on t.he 
same ant:enna range to one of the mlibrated  standards 
and  its gain mas found to be within 0.1 dB of the original 
standard at  all eight frequencies. 

TT. NOMENCLATURES 

Power into the terminals of the t,ransmitt,ing a.n- 
tenna. 
Maximum gain of t,he transmit.ting antenna. 
Maximum gain of t,he  transmitting  antenna ex- 
pressed in logarithmic form. 
Gain of the transmitting  antenna  in the direction 
of the receiving antenna,. 
Maximum ga.in  of the receiving antenna. 
khximum gain of the receiving antenna expressed 
in 1oga.rithmk  form. 
Gain of t,he receiving antenna in the direction of 
the transmitting  antenna. 
Const.ant of proportionalit-y. 
Direct. pat.h separa,tion between antennas. 
Amplitude of the electric  field at. the receiving 
antenna due to t,he direct path wave. 
Amplitude of the ground-reflection electric field 
at  the receiving antenna. 
The effect.ive pat,h length between the receiving 
antenna  and t.he t,ransmitt,ing antenna image. 
An effective gain factor which accounts for the 
t.ransfer of energy by means of reflection  from the 
range surface. 
Total  electric field a t  the receiving antenna. 
Tot.al received  power  for the in-phase  case. 
Total received  power  for the in-phase case  ex- 
pressed in 1oga;rithmic form. 
The height of the receiving a,ntenna. 
The  mvelength of operation. 
The maximum aperture dimension of t.he receiving 
antenna. 
Antenna range length. 
A positive integer corresponding to t.he interference 
lobe  which  is  peaked on t,he receiving antenna. 
The height of the transmitting  antenna. 
A positive int,eger corresponding t.0 the locat.ion of 
a minimum in  the interference pa.t,tern at  the re- 
ceiving antenna. 

Note: Primed quantit,ies are used to note  t,he conditions 
for a minimum in  the int.erference pat,t,ern and unprimed 
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quantitiea for a peaked interference lobe at  the receiving REFERENCES 
&tenna, see text for details. 
a The angle  between the range horizontal and the 

direct path signal. 
B The angle betwen  the range horizontal and  the 

reflected path signal. 
SO Direct path dispersion  loss. 
S R  Reflected path dispersion  loss. 
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Measurement of the Radiation Patterns of 
Full-Scale HF and VHF Antennas 

GARY E. BARKER 

Abstract-A system has been developed to measure the directivity 
patterns of full-scale antennas when located in their operational 
environments. The primary  component of this system is an aircraft- 
towed  multifrequency transmitter that is designed to approximate 
an elementary dipole antenna. An HF and a VHF version of this 
transmitter provide  frequency  coverage  from 2 to 100 MHz. Tech- 
niques have been developed to  measure the entire radiation patter;?, 
from the horizon to  the zenith,  for several antennas simultaneously. 
Data derived  from this system are processed to provide the radiation 
patterns as contour  plots of the measured signal strength on 
azimuthal  equal-area  projections. The measurement hardware, 
data acquisition, and data processing techniques are described, 
and examples are given of measured and processed data derived 
from the system. 

M 
IE~TRODTJCTION 

ATHEMATICAL  and scale modeliig techniques 
can provide  some insight into  the  actual radiation 

patterns of HF and  VHF antennas, but models cannot 
always account for all of the  pattern perturbations that 
result from  local topography, soil va.riations, and reflec- 
tions from other antennas, power lines, or nearby  metal 
structures. Thus full-scale pattern measurements  are 
often required to verify pattern calculations and  to 
determine if antennas actually produce their assumed or 
calculated radiation patterns when  placed in their opera- 
tional environments. 
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The  measurement technique developed by Stanford 
Research Institute  (SRI) uses two aircraft-towed multi- 
frequency transmitters,  approximating Hertzian dipoles, 
to measure antenna. receiving patterns. (Reciprocity is 
assumed  when  measuring the patt.erns of transmitting 
ant.ennas.) These transmitters  we described in the next 
section. The  two basic  flight patt,erns a.nd dat,a processing 
techniques employed to measure the  antenna  patterns 
are as follows: 1) two sets of circular orbits are flown at 
several elevation angles around the  antenna to measure 
its horizontal and vertical polarization response, and 2) a 
grid of linear passes is flown above the  antenna t o  de- 
termine its “power’,  response near the zenith. The  data 
from t.hese measurements are displayed as azimuthal 
equal-area  projections of t,he measured antenna  pattern. 

XELEDOP TRANSMITTERS 
The  unique feature of the instrumentation developed 

by SRI for the measurement of antenna radiation patterns 
is the Xe1edop.l Two of these transmitters were  designed: 
the  HF Xeledop for 2 to 50 MHz, and  the VHF Xeledop 
for 50 t o  100 MHz [1*[3]. Both  are shown in Fig. 1. 

The HF Xeledop  employs eight battery-powered 
transmitters encased in an 11-in fiberglass sphere with 
two 4ft copper radiators extending from it, each termi- 
nated  by a 3-in  copper ball. A ring counter is used to key 

dipole with optional polarization. 
1 Xeledop is an acronym for transmitking (Xmitting) elementary 


