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A METHOD FOR ESTIMATING ANTENNA GAIN VIA NEAR-FIELD MEASUREMENTS 

 

STATEMENT OF GOVERNMENT INTEREST 

[0001] The invention described herein may be manufactured and 

used by or for the Government of the United States of America 

for governmental purposes without the payment of any royalties 

thereon or therefor. 

 

CROSS REFERENCE TO OTHER PATENT APPLICATIONS 

[0002] None. 

 

BACKGROUND OF THE INVENTION 

 (1) Field of the Invention 

[0003] The invention relates to a method and apparatus for 

computing the gain of an antenna under test (AUT). This 

invention further relates to an antenna operating above and in 

proximity to a half-space interface based on measurements of 

fields produced by the antenna in a near-field region.  

(2) Description of the Related Art 

[0004] Measurements of the power gain and radiation patterns 

of antennas are obtained via the use of far-field ranges. In 

order to operate in the far-field region of an antenna under 

test (AUT), a source antenna is placed a distance 𝒓 from the AUT.  

The distance 𝒓 is referred to as a baseline distance of the 
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range, and satisfies the following criterion in order for the 

range to be considered a far-field range: 

(𝑟 ≫ 𝜆) ∧  (𝑟 ≫ 𝑑) ∧ (𝑟 >
2𝑑2

𝜆
) 

(1) 

Here, 𝝀 is a wavelength of an electromagnetic signal emitted by 

the source antenna in free-space, and 𝒅 is a largest dimension 

of the AUT.  

[0005] In a far-field range, the gain of the AUT may be 

determined via the gain transfer method, as disclosed in the 

IEEE standard 149.  In the gain transfer method, a source 

antenna is located on the range in free-space (or in an anechoic 

chamber) a distance 𝒓 away from the AUT such that 𝒓 satisfies the 

far-field conditions given in (1) above.  A signal source is 

attached to the source antenna, and a receiver such as a 

spectrum analyzer is attached to the AUT.  A signal is 

transmitted to the receiver from the source, whereby a power 

level received by the receiver of the AUT is then recorded.  The 

AUT is then replaced with a calibrated gain standard (e.g., 

relative to an isotropic source), the process is repeated 

without changing the power level of the signal source, and the 

power level received by the standard is recorded.  The gain 

level of the AUT is then computed as a function of the 

calibrated gain standard, the power level received by the 
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receiver of the AUT, and the power level received by the 

standard. 

[0006]  However, in order for the gain transfer method above 

to be employed, the range is desired to satisfy the far-field 

conditions (1), and is assumed to be in free-space.  For 

example, the gain transfer method cannot be employed to 

accurately calculate the gain of the AUT under near-field 

conditions.  Techniques may be utilized to extrapolate to the 

far-field region of the AUT from measurements in the near-field 

region of the AUT, however such methods assume a space free of 

obstructions.  Hence, near-field techniques also cannot be 

employed accurately in the presence of a lossy half-space 

boundary. A lossy half-space is one half of three-dimensional 

space, as defined by a dividing plane, where electromagnetic 

energy is dissipated. This is typically the air-sea interface, 

but an air-ground interface could also be a lossy half-space at 

certain radio frequencies.   

[0007] Analysis of antennas in the presence of a lossy half-

space utilizes complex image theory as taught by P. Bannister, 

“Applications of Complex Image Theory,” Radio Science, Vol. 21, 

No. 4 (July-August 1986) which is incorporated herein by 

reference. 
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[0008] Hence, new techniques for estimation of antenna gain 

under near-field conditions and in the presence of a lossy half-

space are desirable.     

 

SUMMARY OF INVENTION 

[0009] A method and system are provided for estimating an 

antenna gain of an antenna under test (AUT) based on a signal 

emitted by the AUT and received by a probe antenna positioned 

within a near-field region of the AUT.  The system includes an 

AUT to be measured, mounted over an air-sea interface on a first 

non-conductive mount, and the probe antenna, mounted over the 

air-sea interface on a second non-conductive mount within the 

near-field region of the AUT.  

[0010] A receiver such as a spectrum analyzer is attached to 

the probe antenna.  An electromagnetic signal may be generated 

from the AUT, and received at the probe antenna.  

[0011] In conjunction with the near-field measurements, 

calculation based on complex image theory may be utilized in 

order to estimate the gain of the AUT in the far-field region of 

the AUT in the presence of a lossy half-space based on 

measurements of the electromagnetic field received at the probe 

antenna in the near-field region.  Via complex image theory, 

calculation of a potential generated by the AUT in the presence 

of the lossy half-space is mathematically mapped to an 
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equivalent problem of calculating the potential from the AUT and 

one or more “mirror image” emitter(s) directly below the AUT at 

potentially complex valued depths in free-space. The potential 

thus computed remains valid in both the near and far-field 

regions.  In this way, use of complex image theory allows for 

calculation of the antenna gain of the AUT in the far-field 

region based on measurements of the electromagnetic field 

received at the probe antenna in the near-field region. 

[0012] By utilizing near-field measurements of the AUT, space 

restrictions of the antenna range are circumvented.  By 

utilizing complex image theory in the calculation of the antenna 

gain, the effect of the presence of a lossy half-space, such as 

the air-sea interface, on the antenna gain can be incorporated. 

[0013] The effect of utilizing complex image theory in the 

calculation of the antenna gain is that the presence of the 

lossy half-space is taken into account in calculations of the 

antenna gain in the near-field region, allowing for a more 

compact antenna range for testing of the AUT.  Additionally, due 

to the compactness of the antenna range for near-field testing, 

the signal-to-noise ratio is reduced.  

 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] Features of illustrative embodiments may be understood 

from the accompanying drawings in conjunction with the 
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description.  The elements in the drawings may not be drawn to 

scale.  Some elements and/or dimensions may be enlarged or 

minimized for the purpose of illustration and understanding of 

the disclosed embodiments wherein:  

[0015] FIG. 1 is a schematic view of an antenna range 

including an antenna under test (AUT) and a probe antenna; and 

[0016] FIG. 2 is an example method for estimating the antenna 

gain of the AUT via near-field measurements and calculation via 

complex image theory. 

 

DETAILED DESCRIPTION OF THE INVENTION 

[0017] The following description relates to an antenna range, 

including an antenna under test (AUT) and a probe antenna, for 

the measurement of a gain of the AUT. 

[0018] The antenna range, including the antenna under test 

(AUT) and the probe antenna, is shown in FIG. 1.  An example 

method for estimating an antenna gain of the AUT via measurement 

of near-field signals at the probe antenna and calculation via 

complex image theory is shown in FIG. 2.  

[0019] FIG. 1 depicts an antenna range 100 for measuring 

properties of the AUT 102.  The AUT 102 is any of several types 

of antenna common in the art, including but not limited to, a 

loop antenna, a resonant monopole antenna, etc.  The AUT 102 is 

mounted on top of a first mount 104 directly above an air-sea 
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interface 106.  The first mount 104 is made of a non-conducting, 

non-water absorbing material, such as plastic, so as to not 

affect a current distribution of the AUT 102.  Any effect on the 

current distribution of the AUT 102 can affect transmission and 

reception of signals at the AUT 102.  The first mount 104 may be 

positioned above the air-sea interface 106. A first phase center 

108 of the AUT 102 is at a first height 𝒉 (as denoted by line 

110) above the air-sea interface.  Height 𝒉 should be chosen to 

position AUT 102 electrically near the interface.  This means 

less than one wavelength at the test frequency.  Height 𝒉 can 

also be governed by the size of the surface being used to 

simulate the air-sea interface.  Height 𝒉 should be less than 

one fourth of the minimum distance to the edge of the surface. 

[0020] The antenna range 100 also includes a probe antenna 

112.  The probe antenna in one example may be similar to the AUT 

102, and in other examples may be of a different design from the 

AUT 102.  For example, the probe antenna 112 is any of several 

types of antenna common in the art, including, but not limited 

to a loop antenna, a resonant monopole antenna, etc. In the 

preferred embodiment the probe is of physical dimension much 

smaller than the shortest wavelength of operation. The probe 

antenna 112 is mounted to a second mount 114 above the air-sea 

interface 106.  In this way, each of the AUT 102 and the probe 

antenna 112 are mounted on distinct mounts positioned over the 
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air-sea interface 106.  The probe antenna 112 is placed a first 

distance from the AUT 102, the first distance expressible in 

terms of other distances described herein.  A second phase 

center 116 of the probe antenna 112 is at a second height 𝒉′ (as 

denoted by line 118) above the air-sea interface 106.  Similarly 

to the first mount 104, the second mount 114 is made of a non-

conducting, non-water absorbing material, such as plastic, as to 

not affect a current distribution of the probe antenna 112.  The 

height 𝒉′ is should be small such that: 

𝜆 ≫ ℎ′ (2) 

is obeyed, where 𝝀 is the wavelength of the signal emitted by AUT 

102.  Additionally, the height 𝒉 is greater than the height 𝒉′. 

In one example, the probe antenna 112 is an electrically small 

antenna, such as a short dipole or small loop antenna.  

(Electrically small means that the antenna length is much less 

than one wavelength.) The probe antenna 112 may be chosen as a 

small loop antenna so that the effect of the air-sea interface 

106 is minimal, owing to the continuity of the magnetic flux 

density across the air-sea interface. 

[0021] The first phase center 108 of the AUT 102 and the 

second phase center 116 of the probe antenna 112 are separated 

by a second distance 𝒓 (as denoted by line 120).  The second 

distance 𝒓 is within a near-field region of the AUT 102.  For 



Attorney Docket No. 210156 

 

9 of 18 

 

example, the second distance 𝒓 may be in a near-field region of 

the AUT 102, the near-field region being within 0.5 to 1 

wavelengths of the electromagnetic signal emitted by the AUT 

102.   

[0022] The antenna range 100 further includes controller 122.  

Controller 122 may be powered through onboard stored energy via 

a battery (not shown).  Controller 122 may be configured as a 

conventional microcomputer including a microprocessor unit, 

input/output ports, read-only memory, random access memory, keep 

alive memory, a controller area network (CAN) bus, etc.  The 

controller 122 receives input data from the various sensors, 

processes the input data, and triggers actuators in response to 

the processed input data based on instructions or code 

programmed therein corresponding to one or more routines.  For 

example, controller 122 may be a network analyzer electrically 

coupled to each of the AUT 102 and the probe antenna 112, acting 

as an RF signal source and a receiver.  In this way, the 

controller 122 may cause the AUT 102 to emit a signal of 

electromagnetic radiation at the wavelength 𝝀, and may process 

data of the signal in response to the signal being received at 

the probe antenna 112, including processing data of the received 

signal via complex image theory.  A method for calculating 

antenna gain of the AUT 102 by controller 122 via measurements 

received at the probe antenna 112 is described in FIG. 2.  



Attorney Docket No. 210156 

 

10 of 18 

 

[0023] Using complex image theory, signals from AUT 102 

measured at the probe antenna 112 that are in the near-field and 

in the presence of a lossy half-space, such as the air-sea 

interface 106, are used to calculate the antenna gain of AUT 102 

in the far-field at the horizon.  In particular, the problem of 

calculating a potential generated by the AUT 102 in the presence 

of a lossy half-space can be mathematically mapped via complex 

image theory onto an equivalent problem of calculating the 

potential in free-space generated by both the AUT 102 and a 

plurality of “mirror image” emitters (also referred to herein as 

a mirror emitters) directly beneath the AUT 102.  In particular, 

in an example of low frequency operation by the AUT 102 (e.g., 

approximately 30 MHz for operation over seawater), a single 

mirror emitter is directly beneath the first phase center 108 a 

distance 𝒅 (denoted by line 124 of FIG. 1) beneath the surface 

of the air-sea interface 106, where 𝒅 is calculated based on 

equation (3): 

𝑑 = ℎ + 𝛿(1 − 𝑗) (3) 

where 𝜹 is the skin depth of the ocean at the wavelength of 

operation, and 𝒋 is the imaginary unit (this formulation assumes 

a time variation of 𝒆𝒙𝒑(𝒋𝝎𝒕), as is customary in electrical 

science).  In this way, the distance of the mirror emitter of 

the AUT from the interface is estimated as a function of the 
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first height 𝒉 of the first phase center 108 from the air-sea 

interface 106, and a skin depth 𝜹 of a water body at the air-sea 

interface 106, the skin depth being a function of the wavelength 

of the signal received by the probe antenna 112.   

[0024] At frequencies above this low frequency band (>30 MHz) 

of the AUT 102, a plurality of complex images appear at a 

regular spacing directly beneath the AUT 102 at a distance 𝒅𝒏 

from the air-sea interface 106, where 𝒅𝒏 is calculated based on 

equation (4): 

𝑑𝑛 = ℎ + 𝑛𝑑0 (4) 

where 𝒅𝟎 is a complex valued base distance, the image locations 

are determined in such a manner that the electrical field 

boundary conditions at the air-sea interface 106 are satisfied. 

[0025] In this way, the system described in FIG. 1 

illustrates a system for the AUT 102.  This system includes the 

AUT 102 coupled to a first mount 104 positioned directly above 

the air-sea interface 106. The probe antenna 112 is coupled to 

the second mount 114 positioned directly above the air-sea 

interface 106. The probe antenna 112 is separated by the first 

distance from the AUT 102 within a near-field region of the AUT 

102. The controller 122 has executable instructions stored in a 

non-transitory memory. These instructions cause the controller 

122 to estimate an antenna gain of the AUT 102 within a far-
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field region of the AUT 102 based on an electromagnetic signal 

emitted by the AUT 102 and received by the probe antenna 112 

using complex image theory. 

[0026] FIG. 2 shows a method 200 for operating an antenna 

range (such as antenna range 100 of FIG. 1) for determining the 

antenna gain of an AUT (such as AUT 102 of FIG. 1) in the 

presence of an air-sea interface (such as air-sea interface 106 

of FIG. 1).  Method 200 and all other methods described herein 

will be described in reference to the systems described herein 

and with regard to FIG. 1, but it should be understood that 

similar methods may be applied to other systems without 

departing from the scope of this disclosure.  Method 200 may be 

carried out by controller 122, and may be stored in non-

transitory memory.  Instructions for carrying out method 200 may 

be executed by the controller in conjunction with signals 

received from the antenna range 100. 

[0027] At 202, method 200 includes generating a known signal 

from the AUT of the antenna range.  Known signal should have a 

known electromagnetic power level.  The signal generated from 

the AUT can be an electromagnetic signal of a given radio 

frequency, or can be an electromagnetic signal composed of 

several frequencies within a given radio frequency band.  For 

example, the signal may be generated at a single low frequency 

(e.g., at or below 30 MHz above seawater).  In another example, 
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the frequency generated by the AUT is composed of one or more 

frequencies within the high frequency (HF) radio band, which is 

defined as the frequency band ranging from 2 – 30 MHz.  The 

signal generated by the AUT is in response to the controller, 

which acts as a radio transmitter.  

[0028] At 204, method 200 includes receiving the signal 

generated from the AUT by a probe antenna (such as probe antenna 

112 of FIG. 1) of the antenna range.  The signal received at the 

probe antenna includes a near-field signal of electromagnetic 

fields emitted by the AUT in the presence of the lossy half-

space, e.g., the air-sea interface.  Upon receiving the signal 

from the AUT, the probe antenna then transmits the received 

signal to the controller.  In one example, the controller 

performs analog to digital (A/D) conversion, and also calibrates 

out losses introduced by cables and connectors used to connect 

the controller to the AUT and probe antenna.   

[0029] At 206, method 200 includes calculating a far-field 

signal in a full three-dimensional space (e.g., without the 

presence of a lossy half-space, such as the air-sea interface 

106 of FIG. 1) from the received signal at the probe antenna via 

complex image theory.  Using complex image theory, the problem 

of calculating the potential generated by the AUT in the 

presence of the lossy half-space is mathematically mapped to an 

equivalent problem of calculating the potential from the AUT and 



Attorney Docket No. 210156 

 

14 of 18 

 

a mirror emitter directly below the AUT in free-space, the 

potential valid in both the near and far-field ranges.  For 

example, the signal received at the probe antenna may be a low 

frequency signal at 30 MHz, whereby the approximation of a 

single mirror emitter at a distance 𝒅 directly below the air-sea 

interface may be valid.  In this example, a normalized potential 

A at the horizon is calculated using equation (5): 

𝐴(𝜃 = 0) ≈  
𝜇0

4𝜋

𝑒−𝑗𝑘0𝜌

𝜌
(1 + 𝑒

−𝑗𝑘0
2𝑑ℎ +𝑑2

𝜌 ) 
(5) 

where 𝝁𝟎 is the vacuum permeability, 𝒌𝟎  is the wavenumber 

corresponding to the wavelength 𝝀, 𝝆 is a third distance of a 

point defined on the air-sea interface from the position of the 

AUT on the air-sea interface, and 𝜽 = 𝟎 defines the plane of the 

horizon (which coincides with the air-sea interface). The 

normalized potential is calculated via the controller based on 

estimated values of the parameters 𝒌𝟎, 𝒉, and 𝒅.  In one example, 

the potential can be represented in the controller as a 

mathematical function of 𝝆 stored in the memory of the 

controller.  In another example, the normalized potential can be 

a look-up table for different values of the third distance 𝝆 

stored in the memory of the controller.  The normalized 

potential given above is shown as a function of the third 

distance 𝝆, and is valid within both the near-field and far-

field ranges.  If the frequency of operation of the AUT is not 
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in the low-frequency range, where the approximation of a single 

mirror emitter in addition to the AUT is valid, then a more 

complicated form for the potential can be calculated by the 

controller, based on the mathematical problem of 𝒏 mirror 

emitters placed directly below the AUT, spaced at distances 𝒅𝒏 

below the air-sea interface, where the equation for 𝒅𝒏 is shown 

in (4).  

[0030] At 208, method 200 includes estimating the antenna 

gain in the far-field range at the horizon (the horizon 

corresponding to 𝜽 = 𝟎).  The antenna gain can be estimated at 

the third distance 𝝆 from the AUT via estimation of the 

normalized potential of the AUT as in 206.  Based on the near-

field measurements of the electric field received at the probe 

antenna in 204, the controller can then use (5) to extrapolate 

the value of the electric field of the AUT in the far-field, 

which can then be utilized to estimate the antenna gain in the 

far-field.  The conversions from the normalized potential (5) to 

the electric field to the antenna gain in the far-field at the 

horizon can be done via the controller, either via mathematical 

functions stored in the memory of the controller, or via one or 

more look-up tables stored in the memory of the controller.  

Following estimation of the far-field antenna gain at the 

horizon by the controller, the method ends.  
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[0031] In this way, the method 200 of FIG. 2 comprises a 

method for generating an electromagnetic signal from the AUT, 

receiving the electromagnetic signal generated from the AUT at a 

probe antenna in a lossy half-space, and estimating an antenna 

gain of the AUT within a far-field region of the AUT based on 

the received signal.  By estimating the normalized potential 

generated by the AUT via complex image theory and utilizing 

near-field measurements of the electric field generated by the 

AUT via the probe antenna, a far-field antenna gain of the AUT 

at the horizon may be estimated.  By utilizing complex image 

theory, the antenna range may be utilized for near-field 

measurements, allowing for a smaller distance between the AUT 

and the probe range of the antenna range.   

[0032] The technical effects of utilizing complex image 

theory and near-field measurements to estimate the far-field 

gain of the AUT are that a smaller distance of the antenna range 

allows for a better signal-to-noise ratio during data 

collection, a more compact antenna range for ease of testing, 

and a reduction of susceptibility to interference from outside 

signals that may occur more frequently in far-field antenna 

range set ups.  Due to the reduced signal-to-noise ratio, the 

measurement process takes less time, due to the reduced number 

of measurements needed in order to average out noise, which in 

turn reduces time and labor costs associated with the 
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measurement.  Additionally, while the near-field measurements 

described in method 200 of FIG. 2 are with respect to an air-sea 

interface, other lossy half-spaces within the frequency range 

where complex image theory is applicable may be utilized.  For 

example, the method may be utilized for a saltwater pool of 

sufficient depth in an indoor environment whose walls are coated 

in a radio frequency absorbing material as is done in the design 

of anechoic chambers for free-space measurements.  

[0033] It will be understood that many additional changes in 

the details, materials, steps and arrangement of parts, which 

have been herein described and illustrated in order to explain 

the nature of the invention, may be made by those skilled in the 

art within the principle and scope of the invention as expressed 

in the appended claims.  
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A METHOD FOR ESTIMATING ANTENNA GAIN VIA NEAR-FIELD MEASUREMENTS 

 

ABSTRACT OF THE DISCLOSURE 

A method is provided for estimating an antenna gain for an 

antenna under test (AUT).  The AUT is positioned above a lossy 

surface and a probe antenna is positioned at a test distance 

from the AUT.  A known signal is emitted from the AUT and 

received at the probe antenna.  Utilizing the calculated 

normalized potential, the AUT gain can be estimated at any 

distance from the AUT.  An apparatus is also provided.  

  






