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In order to accurately determine the far-field_ of an antenna
from near-field measurements the receiving pattern of the probe
must be known so that probe correction can be performed. When the
antenna to be tested is circularly polarized, the measurements are
more accurate and efficient if circularly polarized probes are
used. Further efficiency is obtained if one probe {s dual
potarized to allow for simultaneous measurements of both
components. A procedure used by the National Bureau of Standards
for determining the plane-wave receiving parameters of a
dual-mode, circularly polarized probe is described herein. First,
the on-axis gain of the probe is determined using the three
antenna extrapolation technique. Second, the on-axis axial ratios
and port-to-port comparison ratios are determined for both the
probe and source antenna using a rotating linear horn. Far-field
pattern measurements of both amplitude and phase are then made for
both the main and cross components. In the computer processing of
the data, the on-axis results are used to correct for the
non-{deal source antenna polarization, scale the receiving
coefficients, and correct for some measurement errors. The plane
wave receiving parameters are determined at equally spaced
intervals in k-space by interpolation of the corrected pattern
data. , _
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I. Introduction

In order to accurately determine the far-field of an antenna
from near-field measurements the receiving characteristics of the
probe must be known so that probe correction can be performed
[1,2,3,4]. We shall denote the complete, complex-vector, plane-
wave spectrum, receiving characteristics of the probe by 562(5)‘

A procedure used by the National Bureau of Standards for deter-
mining the receiving characteristics of a dual-mode, circularly
polarized probe is described herein. To determine the receiving
characteristics it is necessary to measure the amplitude and phase
of the far-field pattern of the probe. In order to correctly
determine the absolute magnitude of the receiving characteristics
the on-axis gain is measured using the three antenna extrapolation
technique [5]. The on-axis axial ratios of both the probe and
source antenna are measured using a rotating linear horn so that
the pattern measurements can be corrected for the non-ideal source
-polarization. Port-to-port comparison-ratios are measured between
the. ports and between the main and cross components to provide the
relative phase between the two ports and correct scaling for the
cross component pattern. With the above measurements as input to
the computer program the plane-wave recefving characteristics can
be determined at equally spaced intervals in k-space by interpola-
tion of the corrected pattern data. The computer program also
performs a pattern integration to obtain the directivity. The
following report describes the measurements performed and the data
processing.
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1I. Coordinate System Definition

The coordinate system of the probe must be clearly defined to
allow precise and correct use of the measured data. Both the
vector components of s5,(K) and its directional dependence
(specified by the values of K) are defined with respect to the
probe's coordinate system. The coordinate system must, therefore,
be defined in a way that will ensure a permanent unambiguous refer-
ence and provide a convenient means of correctly aligning the
probe when used in near-field measurements. For the probe under
test, this was accomplished by scribed lines on the open end of
the probe to define the x- and y-axes and by the normal to the
aperture plane to define the direction of the z-axis.

The probe and its coordinates are shown schematically in
figure 1. It 1s composed of a circular horn which has two ports,
an R port (right circularly polarized), and an L port (left
circularly po'iarized). The x and y coordinate axes are defined by
two sets of scribed lines on the open end walls of the probe. The
z-axis is defined as the normal to the aperture plane at the open
end of the probe. It should be noted that the probe coordinates
are defined with the positive z-axis into the probe, while in most
applications the z-axis is defined as outgoing from the antenna.
This particular definition is necessary when the probe is used as
a near-field receiving antenna, where the coordinate systems of
the antenna under test and the probe are parallé] and in the same

“directions as shown in figure 2. In addition to the Cartesian
coordinate system Oxyz, it is desirable to define spherical coor-
‘dinates fixed to the antenna so that directions in space and
vector components of the far field may be given in terms of two
spherical angles. One choice for the definition of such a
spherical coordinate system is shown in figure 3 for a general
antenna. The z-axis is the polar axis and the angles 8, ¢ and the
unit vectors eg, & are defined as shown. In many cases, it is
desirable to define the spherical angles such that the vector
components are more canstant in space in the region of the z-axis.
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This can be done by choosing either the x~ or y-axis as the polar
axis; the choice of the y-axis gives rise to the coordinate system

shown in figure 4.

A given direction in space can, therefore, be

defined by specifying either the components of the propagation
vector k or any set of spherical angles, 8, ¢; or A, E.
Similarly, any vector which is transverse to the radial direction
of the sphere can be expressed in terms of any of the sets of

spherical

components, ge, g¢;

or e,, & -

Transformation from one

set of coordinates to the other may be accomplished by the

equations,

k

25 = sin ® cos ¢ = sin A cos E

k
F! = sin 6 sin ¢ = sin E

k
IE = cos 6 = cos A cos E .

L

(2)

(3)

For a circularly polarized probe we are interested in the

right and left components rather than the 8 and ¢ components or

the A and

Then

yy=eg e

E components. The circular

&R~ (Ee * i2¢)/J§-
eo)Z
for 6, ¢ coordinates and
&R < (EA + 125)/J§-

for A, E coordinates.

EL -=' (EB -

g = (&p -

e1(kr - wt)
i(kr - wt)

YR T 2R
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represent right and left circularly-polarized plane waves
traveling in the outward radial directien.

The receiving parameters sy, (K) are defined in terms of the
antenna's response to incident plane waves. Therefore, sy,p (K)
should couple only to an incident right circularly polarized plane
wave and Sgop (K) only to an incident left circularly polarized

wave. Thus

shop (0 = (5020 * 12029)/¥2 (7a)
spoL (K = (5509 ™ 15029)/V7 (7b)

in @, ¢ coordinates.

111. On-Axis Measurements

In the first step of the measurement process, a rotating
1inear horn was used to measure the on-axis polarization pro-
perties (axial ratio, ti1t angle, and sense of polarization) of
the probe and a dual-mode circularly polarized auxiliary source
antenna. Accurate gain measurements were performed using a gen-
eralized three-antenna technique [5], since the probe's gain is
also required for complete data processing.

From the axial ratic A, the tilt angle 1, and the sense of
po]arization, the circular polarization ratio

psc(® = 37,10 @)
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is first obtained from the relations

Ipg (0] = %%g%—%—% if sense =.Right
| (9
= %—((g))—f—% if sense = Left
arg(p.(0)) = 2t(0) (10)

The sense of polarization is used to determine whether Ip;c(O)l is
greater or less than unity since this information is not obtainable
from the axial ratio or the tilt angle. During the polarization
measurements, port-to-port measurements are also performed to
measure the relative amplitude and phase between the two ports of
each antenna. If a linearly polarized source horn is aligned with
its field along the x-axis, and the receiver connected first to

the R-port of the probe and then to the L-port, the ratio of these
measured signals 1s

(L Tyr ) shap(®) (1 pl (0))
My = =TT sy (00 (T ¥ 17670 (11)

where rl, rs., Tqu are respectively. the reflection coefficients
for the load, the R-port of the probe, and the L-port of the
probe. In this and following equations, the single primed

- quantities refer to the R-port and the double primed quantities
refer to the L-port. Since the reflection coefficients (obtained
from measurements on the probes, source antenna, generator énd
Toad ports) and polarization ratios are known, the port-to-port
ratio séZR(o)/SBZL(D) may be found.

The on-axis magnitude for the main component of the R-port is
obtained from the relationship (see Eq. 1.6-19 Ref. 1)

3A3-6



. 2 1/2
(1- T2 Y, 6,(0)

(12)
(1= pl(0) ) ng

So2r ()

where GS.(D) is the measured gain for the R-port in the on-axis
direction, rs. 1s the reflection coefficient of the R-port, and YO
and n, are admittance factors which, for this purpose, may be
taken as being equal, Ne = Yo' The phase of‘sbzR(O) may be chosen
arbitrarily, and the magnitude and phase of the cross component
are then obtained from the polarization ratio,

For the L-port, similar data are used to obtain its on-axis com-
ponents denoted SBZR(O) and SHZL(O). In this case, the L-
component is the major component. The gain for this port is used
to set the magnitude of sBZL(O), the port-to-port comparison data
are used to set the phase of SBZL(O) relative to SﬁZR(O)’ and the
magnitude and phase of SBZR is set relative to sgzL(O) by

sp2r(0) = pgclﬁs . (14)

. Relative Pattern Measurements

The final step in the measurement process 1s the measurement
of both amplitude and phase of the relative receiving pattern of
the probe for two nominally orthogonal incident fields. To do
this, the probe is placed on a model mount rotator on a far-field
range, as shown in figure 5, with a CP auxiliary antenna being
used as the source antenna. For these measurements, both the
probe and source antennas are aligned with their y-axes 1n the
vertical direction for ¢ = 0 of the rotator and with their z-axes
directed along the line between them for 6 = 0. The probe is then:
rotated about its z-axis by the angle ¢ and about a vertical axis
(the azimuth axis of the rotator) by the angle 6. The directions
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of rotation in 6 and in ¢ are such that for positive 6 < n/2 and
positive ¢ < n/2, the plane-wave incident upon the probe from the
source antenna is one with positive values of all components of
the propagation vector, Kk , ky, kz > 0 as shown in figure 6. The
proper sense of rotation will ensure the correct attribution of
ihe data to directions specified by (8, ¢) or (kx, ky) and, there-
fore, allow the use of the transformation egqs (1) - (3). It should
be noted that since the z-axis is defined as directed into the
probe and measurements are required for positive values of kz' the
appropriate half of the measurement sphere is behind the probe.

As viewed from the front of the probe, it may at first appear that
the angles are not conventionally defined, or that left-handed
coordinates are being used, but the apparent conflict is due to
the different point of view. For these pattern measurements, € is
varied continuously from -100° to +100° and ¢ is stepped from zero
to -360°. The negative values of ¢ result from the inward directed
z-axis of the probe and the "normal" ¢-rotation of the rotator
mount being used. As a result of the ¢ variations over 360° along
with the 8 variation over 2100°, two measurements are obtained for
each direction relative to ‘the probe.' These two measurements are
averaged to reduce the effect of scattering within the room.
Figure 7 shows a sample of data before averaging and figure 8 is
after averaging.

Four sets of pattern data are obtained corresponding to the
combinations of source polarization and probe cutput port. If we
dencte the on-axis transmitting coefficients of the R-port on the
source antenna as hp.and h, and the receiving coefficients of the
R-port of the probe as sé and st, then the first set of relative
pattern data for the right circular source and right circular
probe port is

Bpp(8,8) - hp so(8,0) + hy s'(8,0)
_Beg _hpsp LSt
B1(8.0) = Brr(070) ~ B 500,05 F, 500,09 (15)

_ SR(8:9) + Py 5(8,0)
SRU0,0) F Py 51C0,0)
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The input signal is next connected to the left circular port of
the source, whose on-axis transmitting coefficients are denoted up
and up. These pattern data as well as the additional two sets for
the probe’s L-port are also measured relative to the R-component
maximum so that the probe's receiving coefficients for both ports
and components will be measured with respect to the same phase
reference. In a similar way, data are obtained for the left cir-
cular port of the probe using both ports of the source. Denoting
the probe coefficients for the L-port as sﬁ and st the four
measurement. equations are

1 ! i
ﬁ1(9:¢) = ll;ﬁ(oso) + phC siTD'D)] (SR(B)¢> + phc SL(B)¢)) (16)

5.(6.0) = (1- rg Th) u
yAM (1 -Arg Fu) hR (50,0} + Phe 5[10,0))

(sior0pe * 5106,0)) (an

5 (0.9) = (1- r;&rh) a- 1'2 rsu) UL
P3(0:9) = [T T T T, T, g (RO By 5100

(s',;(e,t»)/puc + s‘L'(e,d;)) (18)

- Tgra)
Bg(0.9) = 7= Ty Tor) GRCO,0) + b, 5(0,00)

(s§(6.¢)_+ he s'i(e,c»)) (19)

where rg. Tl. Fro Tys Ts., Ten are respectively the reflection
coefficients of the generator, load, source right port, source
left port, probe right port, and probe left port. The p's are the
circular polarization ratio for the source
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p - < l (20

hC [IR < )
2

p |—J—— % § 1 . ( 1)

In summary, the data available for the computer processing
are the following:

(1) the on-axis gain and polarization of both ports of the
probe and both ports of the source,

(2) the reflection coefficients for the source, probe,
generator, and load,

(3) the ratio st(O)/s&(O), and
(4) the relative pattern data, Bl(e,¢), ﬁz(e,¢), 33(B,¢),
B4(e )¢) .

V. Computer Processing

It can be shown that for 6 = 0, when the probe is directed
toward the source horn, the ¢-dependence of each component of the
measured data is prescribed in terms of the previously measured
polarization parameters by the equations,

_cos( + ) + 1 R'sin{y + ¢)
B1(O.¢) = COS(\D O | Rﬁmz(ggq’ Q (22)

where § is the sum of the ti1t angles of the two antennas
b= g, (23)

and R is obtained from the circular polarization ratios by the
relation '

Phc(0) PL(0) -1
By (0) P (0) ¥ 1 (24)

R! =
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In principle the axial ratio and ti1t angle of the source and
probe as determined by the on-axis measurements should be used in
the data processing to do source correction and specify the
¢-dependence for 8 = 0 (see egs (22)-(24)). However, in some
cases it is found that the cross component pattern measurements
were not always consistent with these values. It was determined
during the on-axis measurements that the axial ratio and tilt
angie of one port can critically depend upon the impedance of the
termination connected to the unused port and the impedance of the
transmission 1ine connected to the port being measured. These
problems affect the crass polarized pattern measurements and are
most pronounced when one of the probes had a very low axial ratfo.
The effect is observed by comparing the ¢-pattern for 6 =0 ,
B(0,9), predicted by the on-axis measurements to that obtained
during pattern measurements. From egs. (22)-(24) it is apparent
that if the axial ratio and tiit angle of the probe and source are
known, the minimum value of B(0,4) and the location of the minimum
are determined. In those cases where the predicted and observed
values significantly differed, the axial ratio and tilt angle of
the source and/or probe were adjusted slightly to be consistent
with the pattern data.

A1l of the pattern measurements are relative values and the
desired end results.ére absolute, correctiy scaled values for the
receiving components. This correct scaling of equations is
obtained from the absolute, on-axis gain and polarization
measurements. A1l of the terms in the factors within the square
brackets of egs (16)-(19) are known from the on-axis measurements
(see eqns. 12-14). Evaluating those factors and dividing the
corresponding pattern data by them gives us the four equations on
an absolute scale. The process referred to as source correction
then gives the results

‘ _ B1(8,9) - py, (0) B5(6,0) |
RO = T 10/ (0) (25)
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B5(8,9) - B1(8,0)/p,(0)

A S T OV (26)

L BY(0,9) - B3(0.9)/p, (0)

SL(6)¢) = 1= Phc(O)/iuc(O) (27)
Ba(8,9) - P (0) B3(6,9)

sp(8,0) = —— P 0)/P,(0) (28)

‘where the B'’s are the results of the correct scaling of the B’s
using the on-axis values of gain and polarization.

The results of eqs (25)-(28) are the desired probe-receiving
parameters. One final correction is made on the probe
coefficients to obtain a more convenient phase variation as a
function of direction. From equations 10 and 13 it is apparent
that the phase of the receiving components is related to the tilt
angle. A value for the tilt angle specifies the location of the
major axis of the polarization ellipse with respect to some
coordinate system fixed to the antenna under test. To define the
coordinate system, Tines are first scribed on the probe to fix the
x and y axes. For the on-axis direction where both @ and ¢ are
zero, the tilt angle is measured with respect to the x-axis going
toward the y-axis. For other directions the tilt angle will
depend on the spherical coordinates used for the pattern
measurements. For example, if an A-E coordinate system is used
(see figure 9) the tilt angle is measured with respect to lines of
constant E. For the 8-¢ coordinate system, used in the present
measurements, the tilt angle is measured with respect to 1ines of
constant ¢. Both of these are "correct” for the given coordinate
system. However, in the second case the tilt angle varies with ¢
since the lines of conétant ¢ vary more rapidly with respect to
the antenna than the 1ines of constant E in the A-E coordinate
system. Because of this and alsoc because the tilt angle is
discontinuous at 8 = 0, ¢ = 0, the 8-¢ coordinates, although
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correct, are not very convenient. It is, therefore desirable to
transfer the tilt angle measurements to another coordinate system.
It is possible to transfer to the A-E coordinates but the easiest
one is similar to the 8- coordinates but with a rotation of the
tilt angle by the angle ¢ (see figure 10). For this coordinate
system the new ti1t angle, t', In terms of the tilt angle, t, of
the 6-¢ coordinate system is

LA A (29)

This value of the tilt angle, t', 1s equivalent to the tilt angle
which would be measured if the source antenna had been rotated by
¢ in synchronization with the probe under test. This is often
done with model mount measurement systems.

This last coordinate system implies that for 6 = 0 the probe
corrected patterns should be constant in amplitude and phase as a
function of ¢. This dependence is enforced upon the source
corrected data by requiring

$2(0,0) = 5p(0,0) (30)
5,(0,6) = p1(0) s¢(0,0) (31)

5,(0,6) = 5,(0,0) (32)
.. 1(0,0)

p(0:9) = gr7my” (33)

At this point the results are still given on a measurement grid
which is equally spaced in 6 and in ¢; in the programs which use
these parameters, they are required on a grid equally spaced in kX
and kj' The next step in the processing is to interpolate the
data to the required increments. A four-point linear interpola-
tion is used utilizing the four measurement points adjacent to the

required values of k, and ky as shown in figure 11. Since the
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probe pattern is generally quite smooth and varies slowly, the
1inear interpolation is quite accurate. At the conclusion of the
interpolation process, the computer program provides the desired
probe-receiving paramgters sﬁ(kx, ky), SL(kx’ ky), s{(kx, ky) and
sa(kx, ky). These parameters are used in the probe-caorrection
equations and programs. This means that the parameters describe
the properties of the probe when it is aligned on the near-field
scanner with its x-, y-; and z-axes parallel to those of the
antenna under test. In general, near-field measurements are re-
quired for two independent probes. In this case, the second probe
is the other port of the CP probe.

During the data processing pattern integration is performed
so as to obtain the on-axis directivity. Since the difference
between the on-axis gain and on~axis directivity is due to ohmic
losses which are usually small, this serves as a check on the gain
measurements.

VI. Results

The major output of these tests are magnetic tapes containing
both the measured data and samples of the final probe parameters
obtained from the computer processing. Associated with the tape
outputs are graphical displays of the results which are useful in
understanding the general character of the probe parameters,

VII. Estimates of Error

An example of the estimates of error for the on-axis
measurements are shown in the tables below. In each case, the
final error estimates are the result of a quadrature sum (root sum
square) of the individual error components. Each error component
is either a worst case or 2 3-¢ value, and the errors are indepen-
dent and uncorrelated. The confidence level for the resulting
combination is therefore equivalent to that associated with 3o.
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In this example SMA connectors were used and the specific antenna
had a specific associated isclation. With waveguide flanges or
improved precision connectors and improved jsolation between the
two ports it is expected that the errors would be less than this

example.
Table 1. Errors in gain measurement
Source of Error Resultant Error in Gain
(dB)
System Drift and Receiver Nenlinearity 0.05
Attenuator Calibration 0.04
Impedance Mismatch <0.01
Antenna Alignment 0.05
Distance Nonlinearity 0.02
Connector Variability 0.14
Residual Muitipath 0.03
Random Errors 0.03
Quadrature Sum $0.17
Table 2. Errors in axial ratio measurements
—Ax1al ratjo errors (dB)
for axjal ratios of (dB)
Source of error 0.05 0.10 0.20 0.30 0.40
Antenna alignment 0.03 ~0.02 6.02 0.02 0.02
and multipath :
Connector variability 0.08 0.05 0.05 0.04 0.04
+0.05

RSS  #0.09 $0.05 +0.05 $0.05
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Table 3. Errors in tilt angle measurements

711t angle errors (degrees)
for axial ratios of (dB)

Source of error . 0.10 0.2 .

Antenna alignment 30 10 6.5 3.9 3.5

and multipath

Connector variability 40 32 10 10 10
RSS %50 *34 *12 +11 111

A number of tests were made to determine the magnitude and
effect of various sources of error which would perturb the pattern
measurements. These included tests for probe alignment,
reflections within the test range, near-zone effects, receiver
1inearity, rotator alignment and accuracy, and leakage signals.
The probe was first aligned mechanically and then checked by
electrical means. The electrical tests consisted of measuring a
pair of pattern cuts for ¢ = 0° and ¢ = -180° or for ¢ = -90°
and ¢ = -270°. If the 8- and ¢-axes of the mount did not
interesect, or if the z-axis of the probe was not coincident with
the ¢-axis of the rotator, anomalies would occur in the phase
patterns. In the test performed, the phase patterns agreed to
within 4° for both ¢ = 0 and ¢ = -90° patterns over the range of 8
from -90° to +90°. Range reflection tests were carried out by
essentially conducting field probes. in the x-, y-, and
z-directions. These indicated that refiections from floor,
ceiling, side walls, and multiple reflections between source and
probe .could cause an amplitude error of 0.1 dB maximum in the main
component for régions close to ® = 0. This is equivalent to a
reflectivity level of -45 dB. When the probe was rotated to the
region of & = 90°, reflections from the back wall had the
predominant effect. These were found to cause a variation in the
pattern of 0.25 dB peak-to-peak for the main component, and 3 dB
‘peak-to-peak for the cross component. As described in section IV
the pattern data is obtained twice at each measurement point and
averaged; This averaging will tend to reduce the effects of room
reflections. Patterns were made at a sufficient distance from the
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source antenna that the amplitude taper across the major dimension
of the probe was less than 0.2 dB and, therefore, introduced a
very small error in the patterns. Receiver linearity was checked
with a calibrated rotary vane attenuator and adjustments made to
the measured data to correct for most of the error. Leakage tests
indicated that all sources of interfering signals were below the
=55 dB level relative tc the peak of the main component. The
results of these tests are summarized in table 4. The amplitude
Tevels of -5, -15, and -30 dB used in the table are with respect
to the main component maximum.

In conclusion then, the procedure described above can be used
to determine the receiving parameters of a dual-mode circularly
polarized probe.
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Figure2. Relative orientation of the probe and test antenna
coordinates for planar near-field measurements.
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.Figure 3. Antenna coordinate system using & and ¢ spherical angles
with 2 as the polar axis.
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ANTENNA

Figure 4. Antenna Acoordinatg system using A and £ spherical angles
with Y as the polar axis.
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Source Hom

Fi, e5. Probe on model tower rotator for pattern
measurements.
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Figure 6.

1L

SOURCE
HORN

Probe and its spherical coordinate system showing the
direction (X) of an incident plane wave from the source
horn with k. and k_ a1l positive. Correct values
of k_, fnd { are oﬁtained by positive rotation of
the ﬁrob! in © akd ¢ of less than 90° as shown.
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©=45" / 9=60° $=138
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Figure 7. Contour plot of the amplitude for a typical pattern measurement
before averaging, amplitudes relative to the peak, 5dB contours.
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vi=90°

\___-B

Figure 8. Contour plot of the amplitude for a typical pattern measurement
after averaging, amplitudes relative to the peak, S5db contours.
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/ / ’ ‘ \ \ Lines of
- constant E

Figure 9.  Schematic showing how the tilt angle, 1, is measured in
the A-E coordinate system.

3A3-27



— <

6=90°

8=60° ¢=135°

g=30°

Figure 10.

Schematic showing how the tilt angle, 1', fn the
modifiied 6-¢ coordinates is related to the tilt
angle, 7, of the 8-¢ coordinate system,
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¥ TYPICAL MEASUREMENT PDINTS USED In INTERPOLATION

* TYPICAL lmRPOEL:'{EDD POINTS ON RECTANGALOR

x*

ell. Schematic of interpolation from 6, ¢ measured grid to k_, k grid.
Figure ] 8 and ¢ increments are shown much larger than those actﬁaﬂf used.
Typically as = 29, a¢ = §°,
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