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Abstract-The National Bureau of Standards (NBS) played a pioneer- 

ing role in the development of practical planar near-field antenna 

measurement techniques. A brief history is presented of that role, which 

began with theoretical studies to  determine corrections for diffraction in a 

microwave measurement of the speed of light. NBS contributions to the 

development of nonplanar near-field measurement theory and practice 

are also described. 

I. EARLY HISTORY 

HE development of accurate near-field measurements for T antennas by the National Bureau of Standards (NBS) is a 
superb example of how research in one area can lead to 
unexpected and important results in another area. In about 
1955 a project to determine the speed of light with a 
microwave analog of the Michelson interferometer was 
initiated at NBS [ l ] ,  [2]. Fig. 1 is a simplified diagram of the 
interferometer. A single hybrid junction splits a microwave 
signal into two paths and recombines the reference signal with 
the signal reflected from the moveable mirror to produce an 
interference signal at the detector output. The mirror displace- 
ment between successive minima is hJ2, where he is the 
effective wavelength and is determined by accurately measur- 
ing the mirror displacement required to produce a known 
number of minima. The product of the wavelength and the 
frequency then determines the speed of light. 

Although simple in concept, the experiment demanded 
extreme attention to detail and the values obtained required 
two principal corrections. The first was due to the refractive 
index of air. The second was a diffraction correction associ- 
ated with the fact that the mirror was located in the near field 
of the antenna and was not illuminated by plane waves. The 
radiated beam actually diverged slightly; this resulted in a 
measured he which, in the NBS arrangement, was longer than 
the true wavelength by about two parts in lo5. Since the 
overall accuracy goal for the speed of light was about three 
parts in lo’, the key to achieving this goal was an accurate 
diffraction correction. In 1954 Dayhoff conceived a theoreti- 
cal approach that would lead to the solution of this problem. 
He discussed these concepts with Kerns, who immediately 
became interested. Together they developed a rigorous dif- 
fraction theory [3] for making such corrections. This theory 
uses the plane-wave scattering matrix (PWSM) formalism, 
and its application requires measurements of relative ampli- 
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tude and phase of the radiated fields over an aperture plane 
close to the antenna. Taking the inverse Fourier transforms of 
these data allows one, after a rather complicated bit of 
computer processing, to determine an accurate correction for 
the measured wavelength. 

The experiment was progressing well and all accuracy 
objectives were being met except for the diffraction correc- 
tion. The computer programs needed refining, and more 
closely spaced data may have been required. We were 
confident of eventual success, but at this time the laser was 
invented. Clearly, the laser would provide much greater 
accuracy for the speed of light than we could ever hope to 
achieve with this microwave technique, so the project was 
abandoned. 

Fortunately, Kerns recognized that his diffraction theory 
had other applications. He said in his introduction to the 
diffraction paper [3] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

Inasmuch as we wish to provide a theory inherently 
capable of dealing with high-accuracy experiments, a 
considerable degree of generality is required to avoid 
over-idealization. It is interesting to note that the 
required general reflection system could equally well 
represent a system consisting of radar and target, for 
example; similarly, the general transmission system 
could represent a point-to-point communication system. 
In view of the generality of the basic arrangments it 
seems likely that applications of the theory will also be 
found in problems other than the ones that motivated this 
work. 

This statement indeed proved to be prophetic. In fact, Kerns 
discussed the possibility of probe-corrected near-field antenna 
measurements based on this new theory at the 1963 Spring 
URSI Meeting in Washington, DC [4]. 

In late 1963 NBS was approached by the Advanced 
Research Projects Agency (ARPA) of the Defense Department 
to undertake the development of microwave standards needed 
for radar systems. ARPA representatives pointed out that the 
practical development of large antennas and arrays for radar, 
tracking, and satellite systems had created a need for highly 
accurate far-field pattern determinations and gain measure- 
ments. However, the far-field distances of such antennas were 
usually too large to allow the use of conventional ranges so 
ARPA was interested in alternative methods for measuring 
antenna performance. Kerns realized that his diffraction 
theory could be applied in a very general sense to antenna 
measurement problems and proposed that NBS undertake the 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  Simplified diagram of Michelson interferometer used in microwave measurement of speed of light 

task of evaluating the planar near-field scanning (PNFS) 
method as an accurate and practical measurement tool. ARPA 
accepted the proposal, and a project to determine the feasibil- 
ity of predicting antenna far-field performance from measured 
near-field data was included in the radar standards program. 

Several important tasks were addressed by this ARPA 
project. 1) A small partially automated near-field scanner and 
digital data recording system were developed. 2) The “dif- 
fraction theory” was analyzed and adapted to antenna mea- 
surements. 3) Preliminary computer programs were written to 
calculate far-field patterns from near-field data. 4) Near-field 
measurements were performed at 48 GHz on the high-gain 
antenna used for the speed of light experiment. 5) These data 
were used to obtain preliminary estimates of the optimum data 
point spacing, to examine the analytical procedures, and to 
perform checks on the computer programs. Computed far- 
field patterns demonstrated the feasibility of the approach but 
also indicated the need to refine the analytical procedures and 
computer programs. A larger scanner would also be required 
for the technique to become practical for measuring a variety 
of common antennas. 

About this time NBS management realized there was a 
growing need for accurate standards and measurement tech- 
niques for electromagnetic field and antenna parameters, so 
the Fields and Antennas Section was organized in April 1966. 

at arbitrary distances. Expressions for asymptotic quantities 
such as gain, effective area, polarization, and far-field patterns 
are readily obtained in terms of the scattering parameters. The 
theory is essentially free of restrictive assumptions and built-in 
approximations, and the method is applicable to any type of 
directive antenna including phased arrays. (Practical imple- 
mentation does require that multiple reflections between the 
antennas be neglected.) It is important to note that this was the 
first theoretical formulation to include a means of rigorously 
correcting for the effects of an arbitrary measurement probe. 

The early theoretical and experimental work was docu- 
mented in unpublished reports to ARPA (1964-1967) and 
presented in various lectures and talks. Between 1964 and 
1970 the PNFS theory was essentially completed and pub- 
lished along with the first NBS measurement results and 
computed far-field patterns [5]-[7]. 

In 1969 Wacker extended the PWSM theory of Kerns to 
derive the theoretical foundation for the extrapolation method 
[SI. This technique, when coupled with the generalized three- 
antenna measurement method [9], is the most accurate method 
known for determining absolute gain and polarization of 
directional antennas. It requires a minimum of a priori 
information about the antennas and, in its fully developed 
form, provides the basis for all NBS standard antenna 
calibrations [ 101. 

The objective of this group was to develop means of 
,,erforming reliable measurements of specifiable and high 11. IMPLEMENTATION AND DISSEMINATION OF PLANAR TECHNIQUE - - 
accuracy. NBS did not have a far-field range and the The practical implementation of the planar near-field 
measurement problems associated with far-field measurements 
were apparent, so we decided to concentrate on the develop- 
ment of near-field techniques. Moreover, conventional tech- 
niques rely upon comparison with a standard antenna, so even 
if all other errors could be brought under control the problem 
of accurately evaluating the standard would remain. A 
different approach must be used to characterize the standard, 
and this approach should involve a minimum number of 
assumptions about the antenna and test facility. 

These problems are largely overcome with the near-field 
scanning and extrapolation methods developed by NBS. Both 
methods are based on the PWSM formulation of Kerns, which 
we believe is the most general, complete, and useful theoreti- 
cal formulation of the planar problem. It is put forth as a basis 
for advanced antenna theory, especially as it relates to antenna 
measurements. It provides a complete description of general 
antennas and permits analysis of antenna-antenna interactions 

measurement technique was accomplished at NBS through a 
series of research efforts on various types of antennas. In 
many cases, these efforts were sponsored in part by organiza- 
tions desiring to apply the near-field measurements to special 
antenna problems. Our first measurements were performed on 
the millimeter-wave antenna that had been a part of the 
velocity-of-light experiment. The measurement system shown 
in Fig. 2 was used from about 1963 to 1974, could measure 
over an area 1.2 m on each side, and required significant 
manual operation. In spite of its limitations, a number of 
measurements were completed on a variety of antennas 
operating at frequencies between 50 and 65 GHz. These tests 
were used to develop the basic measurement techniques and 
determine the requirements of the measurement system. For 
instance, the theory as developed by Kerns [ 113 had used the 
sampling theorem and the band limiting of the plane-wave 
spectrum due to evanescent modes to predict that incremental 
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Fig. 2. Measurement system used to perform first planar near-field measurements at NBS 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Array antenna under test in former office area. Note small amount of absorber used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
data at approximately half-wavelength spacings would produce 
accurate results. Measurements on the millimeter-wave anten- 
nas demonstrated this fact. During this period, the fast Fourier 
transform (FFT) replaced less efficient algorithms. 

This small measurement system was also used for the first 
near-field measurements on a phased array antenna. In 1972 
work was begun in cooperation with the Air Force Avionics 
Laboratory (AFAL) at Wright Patterson Air Force Base, OH, 
to develop planar near-field measurement techniques for 
airborne phased arrays. Initially, a fixed-beam array was 
measured, and one result demonstrated the feasibility of 
detecting and locating individual faulty elements. Operating 
phased arrays were difficult to obtain for measurement 

programs, and when one did become available for a short 
period in June 1973, it could not be shipped to Boulder, CO. 
The tests were therefore carried out at a laboratory in 
California, and the NBS measurement system was assembled 
at that site. As shown in Fig. 3, the antenna measurements 
were performed in a former office area and received consider- 
able attention from passersby. This project confirmed that this 
type of measurement system required much less space than 
other approaches. The data from these measurements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 121 
were used to extend previous results related to data-point 
spacing and scan area to phased arrays, and to develop tests to 
evaluate errors due to multiple reflections. 

Further work with phased arrays was carried out in 



730 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVOL. 36, NO. 6, JUNE 1988 

Fig. 4. Ultra-low sidelobe array under test at NBS showing extension of scan area with rails parallel to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx-y scanner. 

cooperation with the U.S. Navy to support the Aegis radar 
system. NBS was asked to determine the feasibility of 
measuring the antenna used in this system using near-field 
techniques. Accuracy of results was a primary concern, so a 
detailed error analysis was undertaken to determine the effects 
of measurement errors on far-field results. Analytical expres- 
sions that predicted upper bound errors were derived zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 131 and 
were also used to specify the requirements of the measurement 
system. The positional accuracy of the mechanical scanner and 
linearity of the receiver were two of the parameters studied. 
The near-field technique was adopted and is still being used for 
alignment and testing of the Aegis phased array antennas. The 
error analysis begun with this study has continued in almost 
every measurement program at NBS. Further tests and 
approaches to obtain reliable estimates of uncertainty in the 
results of planar near-field measurements have been devel- 
oped. The results of these studies are reported elsewhere in 
this issue [ 141. 

In 1974, work was completed on a larger planar scanner that 
would be used on numerous research projects and measure- 
ment programs. The mechanical scanner had a measurement 
area of 4 m by 4 m, and maximum position error of 0.1 mm. It 
has served as the design model for a number of other similar 
scanners, and experience from its use has been applied in most 
of the current operating near-field systems. 

In 1976, research to apply near-field techniques to commun- 
ication satellite antennas was begun. An engineering model of 
a commercial satellite antenna was brought to NBS and many 
tests were performed. Of particular interest was the measure- 
ment of shaped beam patterns and the use of dual mode 
circularly polarized probes to obtain accurate cross polarized 
patterns. In the years that followed, techniques to measure the 
combined performance of the antenna along with the transmit- 
ter and receiver were developed. Effective isotropic radiated 

power and saturating flux density can now be obtained from 
near-field measurements; these techniques are being applied in 
the design and testing of communication satellite antennas. 

In 1985 the measurement facility was modified to accommo- 
date larger antennas. Fig. 4 shows the present configuration 
with a large slotted waveguide array mounted on the movable 
antenna mount. The mount moves on a set of rails that are 
aligned parallel to the scan plane. The test antenna is located in 
three positions along the rails, and at each position the scanner 
measures over a 4 m by 4 m area. The three segments of data 
are combined in the computer to achieve a scan area up to 
11 m long and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 m high. Measurements on the antenna shown 
in Fig. 4 demonstrated that the near-field technique could be 
used to measure very low sidelobes at levels - 50 to - 60 dB 
below the beam peak. 

One of the most rewarding aspects of the near-field work 
has been the extensive interaction it has produced with other 
organizations and scientists. These interactions have led to 
broad application as well as increased development of the 
near-field measurement technique. In the early days of the 
work the technique met with considerable skepticism. Many 
antenna engineers were accustomed to seeing the antenna 
patterns directly from far-field measurements and were skepti- 
cal of the near-field approach, which involved extensive 
theory and computer processing of large amounts of data. 
Their feelings were summed up by a comment from one 
engineer who said, “Near-field measurement won’t work; I 
know it won’t work because I tried it and it didn’t work.” NBS 
had a major job, then, not only of developing the technique 
scientifically, but also of educating the antenna community to 
the value and validity of the technique and of transferring the 
technology where it could be profitably applied. During the 
spring of 1964 the PNFS theory was the subject of a joint 
NBS-University of Colorado graduate course, “Topics in 
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Antenna Theory,” taught by Kerns. This course was repeated 
several times from 1964 to 1973, each time being more 
complete as later developments were included. The theory was 
also included as a topic in a 1966 NBS Precision Measure- 
ments Seminar [15]. Short courses devoted entirely to near- 
field measurement techniques were given at NBS in 1975, 
1977, and 1985, and many seminars and short courses have 
been given at organizations involved in antenna measure- 
ments. 

111. NONPLANAR NEAR-FIELD SCANNING AT NBS 

While NBS was a pioneer institution in planar scanning, the 
NBS contributions in the area of nonplanar scanning resulted 
primarily from improvements on techniques which were 
actually developed at other institutions. We discuss the work 
which was performed in the two practical nonplanar geome- 
tries; spherical and cylindrical. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A .  Spherical Scanning 

The problem of probe corrected near-field scanning on a 
spherical surface was first solved completely in 1970 by 
Jensen in his doctoral dissertation at the Technical University 
of Denmark (TUD) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 161. His solution was rigorous mathemat- 
ically but required the inversion of large matrices. This 
resulted in very inefficient data processing since the time for 
this technique is proportional to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa: where ax is the radius of the 
antenna under test in units of the operating wavelength. Even 
on today’s largest computers, the task is so formidable as to 
require weeks of computation time for antennas of practical 
size. 

Wacker of NBS developed a technique employing ortho- 
gonalities; it drastically reduced the computation to a time 
proportional to a i  1171. In addition, Jensen’s theory required 
not two scans as in the planar and cylindrical case but many 
scans, each with a different orientation of the probe depending 
on its complexity. It was realized that if a probe could be built 
with a high degree of symmetry the many measurements 
required could be reduced to two. Such probes would have an 
azimuthal index’ p = 0 or p = -t 1. If p = 0, the probe 
measures primarily the radial component of either the electric 
or magnetic field; if p = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 1, the probe measures a transverse 
component. Since radial fields decay as l / r2  rather that l i r ,  
this left the p = ? 1 probes as the logical candidate. Such 
probes can be built if they have circularly cylindrical 
symmetry and are excited with the TEl l  mode, the dominant 
mode in a cylindrical waveguide. Thus the two fundamental 
contributions which made spherical scanning practical were 
the new analysis which used orthogonalities and a special 
probe to solve the probe orientation problem. 

The first actual computer program to perform probe- 
corrected spherical analysis was written by Lewis in 1975. In 
addition to implementing the theory, it was necessary to 
modify the code for the FFT to transform data arrays that 
could not all reside in memory at once and, in addition, were 
not limited to arrays which were an integral power of two in 
size. Modern virtual memory computers allow this type of 

’ The azimuthal index is the index of a Fourier expansion of the probe 
response which describes the dependence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the response of the probe o n  
rotation about its axls. 

computation to be done without special user developed 
software. 

The spherical scanning work at NBS was supported initially 
by AFAL during the years 1973-1977. The first experimental 
work at NBS consisted of comparisons between patterns 
computed from planar and spherical near-field scans for a 
1700-element constrained lens array supplied by AFAL. 
Comparisons between far-field patterns computed from planar 
near-field data and spherical near-field data were made with 
good agreement. 

This work was discussed by Wacker in the Near-Field 
Measurement Short Course taught at NBS in the summer of 
1975. Two of the attendees, Larsen (then a graduate student at 
TUD) and Hess subsequently made significant contributions to 
spherical scanning at their own institutions 11 81. [ 191. 

Larsen obtained the software and with subsequent improvc- 
ments and modifications employed it in the successful TUD 
spherical near-field measurement program. Hess also obtained 
the software and modified it for use on a minicomputer. This 
software is now used on a commercial spherical near-field 
measurement system. 

Following the conclusion of the work sponsored by AFAL, 

NBS did not actively engage in research relating to spherical 
scanning until work relating to simplifications envisioned by 
Yaghjian and supported by the Office of Naval Research was 
begun in 1983. The principal investigator for this work was 
Wittmann. He and Yaghjian, who had since moved to Rome Air 
Development Center (RADC), Hanscom AFB, have collabo- 
rated over the past several years on various aspects of the 
problem. The probe correction was reformulated so that the 
probe correction now appears in a similar fashion to that of the 
planar and cylindrical cases as a modification of the modal 
coefficients which are calculated for the antenna as though no 
probe correction were employed [20]. The same program can 
thus be used for the analysis of data with and without probe 
correction. A further improvement was also made by perform- 
ing an integration by parts on the orthogonality relationship 
which determines the modal coefficients resulting in a savings 
of about a factor of two [21], [ 2 2 ] .  This also permits the same 
algorithm to be employed to perform the orthogonality integral 
for both polarizations as well as for the scalar (acoustic) case. 
Since 1985 the work has been supported by RADC. 

Currently, NBS is adding a new spherical coordinate pattern 
range to its facility to permit both probe pattern measurements 
and spherical near-field measurements to be pcrformcd. 

B. Cylindrical Scanning 

The first paper on cylindrical probe-corrected near-field 
scanning was written by Brown and Jull as part of Jull’s 
dissertation [23], which solved the problem in two dimen- 
sions, that is, with no z dependence. While this seminal paper 
was the first to solve the probe-correction problem in any 
geometry, practical problems require the use of a three- 
dimensional theory. The first three-dimensional solution to 
probe-corrected cylindrical near-field scanning was prcsented 
by Leach and Paris 1241. Because of the availability of a 
scanning facility and the relative simplicity of the theory (as 
compared to spherical), we decided to pursue a modest effort 
in cylindrical scanning at NBS. Yaghjian reformulated the 
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problem using the source scattering matrix approach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[25],  
which allowed the probe-correction coefficients to be calcu- 
lated separately, as is also the case for planar and spherical. 
He wrote a program which allowed the calculation of the far- 
field pattern from data acquired on a cylinder for z-polarized 
fields. While somewhat restrictive in its use, it allowed a 
number of interesting results to be obtained. Though not a 
probe-corrected program, it was possible to model the probe 
correction for cos” probe patterns, and this allowed study of 
some of the effects of probe correction in the nonplanar cases 
where intuition was not developed as it was for planar 
scanning. 

In addition, Yaghjian’s Technical Note [25] contained a new 
simplified technique for calculating the translated probe 
coefficients and showed a one-to-one correspondence between 
a given coefficient and the value of the probe’s far-field 
pattern in a specific direction, much as is the case for planar 
scanning. The only restriction for this asymptotic form to be 
valid is that the center of the scan cylinder must lie in the far 
field of the probe, not a restrictive assumption for almost all 
practical scanning situations. The complete three-dimensional 
probe-corrected theory was incorporated in a program written 
in 1977 by Stubenrauch, who built on Yaghjian’s original 
program. 

Experimental comparisons at NBS were first made using the 
constrained lens array also used for the spherical work with 
good results. Comparisons have also been made between 
patterns calculated using planar and cylindrical near-field 
scanning for a 1.2-m diameter reflector antenna operating at 4 
GHz. Cross-polarized patterns also showed agreement with 
planar results down to the -40-dB level. 

An interesting application of cylindrical scanning was the 
hybrid scanning technique. In this application, the main beam 
of a directive antenna is oriented along the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz axis of the scan 
cylinder. Data which permit calculation of the sidelobe region 
of the antenna as far as 150” off the main beam direction are 
acquired. The pattern in the forward direction is computed 
from planar scanning or cylindrical scanning with the main 
beam normal to the scan axis (the usual configuration) [26]. 
Results in the overlapping region of the two scans show good 
agreement. 
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