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GEORGIA INSTITUTE OF TECHNOLOGY 

ENGINECRING EXPERIMENT STATION 

ATLANTA, GEORGIA 30332 

March 1, 1968 

•Activity Supply Office, USAECOM 

Building 2504, Charles Wood Area 

Fort Monmouth, New Jersey 07703 

MARKED FOR: Directorate R & D, USAECOM 

Engineering Support Services Department 

Electromagnetic Environment Division 

Interference Analysis and Control Area 
Contract No. DAAB07-68-C-0189 

FOR: 	ACCOUNTABTR PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No. 1, 

Covering the Period from 1 February to 1 March 1968 

Contract No. DAAB07-68-C-0189 
"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement 

methods for use in shielded enclosures in accordance with ECOM Development 

Description EL-CP0500-0013A was initiated 1 February 1968. 

A literature and theoretical study to develop a measurement technique 
for use in shielded enclosures in the frequency range from 20 to 200 MHz 

is being performed. Several techniques for obtaining small measurement 
probes with improved gain and directivity characteristics are being in-

vestigated. 

Some preliminary reflectivity measurements have been performed on 
the Eccosorb HPY-72 absorbing material over the frequency range from 20 to 
50 MHz. Some problems were encountered in making these measurements at 

30 MHz and below due to excessive coupling between the test antennas. It 

appears the measurement problems are inherent in the measurement technique, 

and based on the limited data it was possible to obtain, it appears the 

characteristics of the HPY-72 absorbing material are satisfactory over the 
20 to 200 MHz frequency range. 
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A measurement procedure for performing antenna coupling meas-
urements in shielded enclosures over the frequency range from 14 kHz 
to 1 MHz is being developed. 

Respectfully submitted: 

William R. Free 
Project Director 

.Annrewprl! 

D. W. Robertson, Head 
Communications Branch 
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225 North AUCHI4C, Northwest • Atlanta, Georgia 30332 

2 April 1968 

Activity Supply Office, USAECOM 

Building 2504, Charles Wood Area 

Fort Monmouth, New Jersey 07703 DEC 3 1969 

MARKED FOR: Directorate R & D, USAECOM 	/ 
Engineering Support Services Department 	-./171 i‘. 

Electromagnetic Environment Division 

Interference Analysis and Control Area 
Contract No. DAAB07-68-C-0189 

FOR: 	ACCOUNTABTR PROPERTY OFFICER 	
c 

SUBJECT: 	Monthly Status Report No.' 2, 
Covering the Period from 1 March to 1 April 1968 
Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 
Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Des- 

cription EL-CP0500-0013A was continued during this reporting period. 

A literature and theoretical study to develop a measurement technique 
for use in shielded enclosures in the frequency range from 20 to 200 MHz 
is being performed. Several techniques for obtaining small measurement 

probes with improved gain and directivity characteristics are being in-

vestigated. 

A theory to explain the presence of a coupling null in the near-field 

of an antenna in a shielded enclosure has been developed. It has not been 
possible to justify these coupling nulls at low frequencies on the basis 

of multi-path reflections from the shielded enclosure walls. The present 

theory assumes that the null is due to the summation of the direct radia-
tion and a near-field component which couples from the radiating source 

to the enclosure sideman, propagates along the enclosure wall and couples 
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to the probe antenna. Results from preliminary measurements appear to 

support this near-field theory. Additional measurements are presently 
being performed to further validate the theory. 

If the theory can be validated, it will provide a number of approaches 

for developing a satisfactory probe for the 20 to 200 MHz range without 
the directivity characteristics which had originally been anticipated. 

A study is being performed to determine the feasibility of decreas-

ing the lengths of hooded antennas. Preliminary results from this study 
indicate that it may be possible to decrease the lengths of the antenna 

hoods to less than half the lengths which have previously been used. 

Respectfully submitted: 

William R. Free 

Project Director 

Approved: 

D. W. Robertson, Head 
Communications Branch 
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	EXPEIIIIIENT STATION 	 

225 North Aoenue, Northwest 	Atlanta, Georgia 30332 

3 June 1968 

Activity Supply Office, USAECOM 

Building 2504, Charles Wood Area 

Fort Monmouth, New Jersey 07703 

MARKED FOR: Directorate R & D, USAECOM 

Engineering Support Services Department 

Electromagnetic Environment Division 
Interference Analysis and Control Area 

Contract No. DAAB07-68-C-0189  

FOR: 	ACCOUNTABTE PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No. 3 
Covering the Period from 1 May to 1 June 1968 
Contract No. DAAB07-68-C-0189 
"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 
for use in shielded enclosures in accordance with ECOM Development Des-

cription EL,CP0500-0013A was continued during this reporting period. 

Quarterly Report No. 1, covering the activities and results of the first 

quarter's effort on the program, was prepared during this period. 

A measurement program to validate the theory developed to explain 

the presence of coupling nulls in shielded enclosures at low frequencies-

(below 100 MHz) has continued during this period. To facilitate the per-

formance of this program, a 10:1 scaled model shielded enclosure was 
fabricated. The use of a model enclosure was considered desirable since 

a wider variety of antenna configurations is available at the higher -

scaled frequencies and the fabrication of additional antenna configura-

tions will be much simpler. 
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have been made with scaled bow-tie antennas 

'•t'i the results correlate well with the results 

ie4;ures. Coupling measurements utilizing cavity-
',he model enclosure are currently being made. 

.w ?se measurements with balanced loop antennas. 

t , ),.perimental measurement program have indicated 

Iennas can be made approximately 1/3 the 
" IIL provide adequate directivity and sidelobe 

riL ,1 in shielded enclosures. In addition, the 
aLA 	"'" 1 - 11 antennas are considerably less sensitive to 

antenna is currently being developed and ,111  L„ 	Ydiva 1 , e , 1 
1.110 next reporting period. 

Respectfully submitted: 

William R. Free 
Project Director 
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225 North Avenue, Northwest • Atlanta, Georgia 30332 

3 July 1968 

Activity Supply Office, USAECOM 
Building 2504, Charles Wood Area 

FOrt Monmouth, New Jersey 07703 

MARKED FOR: Directorate R & D, USAECOM 
Engineering Support Services Department 

Electromagnetic Environment Division 

Interference Analysis and Control Area 

Contract No. DAAB07-68-C-0189 

FOR: 	ACCOUNTABTB PROPERTY OFFICER 

.SUBJECT: 	Monthly Status Report No. 4 
Covering the Period from 1 June to 1 July 1968 
Contract No. DAAB07-68-C-0189 
"Electromagnetic Interference Measurement Methodology, 
Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 
for use in shielded enclosures in accordance with ECOM Development Des-

cription EL-CP0500-0013A was continued during this reporting period. 

Some preliminary coupling measurements between two dipole antennas 

have been made with two sidewalls placed in approximately the same 
orientation as they would be in a shielded enclosure. Essentially the 

same coupling nulls were obtained with the two sidewalls as were obtained 

in the complete enclosure, indicating that the other four enclosure walls 

contributed very little to the coupling nulls. These results appear 
to further validate the sidewall coupling theory. 

Results from the measurements in the model enclosure with cavity-
backed spiral antennas indicate that the coupling nulls are reduced but 

not completely eliminated. Thus, it is concluded that spiral antennas 
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do exhibit near fields which contribute to undesired coupling via the 

enclosure walls, and hence correlation between enclosure measurements 

and .open field measurements are not obtained. Additional measurements 
will be made in the model enclosure with other antenna configurations 

in an attempt to find a probe configuration which does not exhibit the 

undesired coupling characteristics. 

Measurement procedures are being developed to perform antenna coupling 
measurements in shielded enclosures over the frequency range from 14 kHz 
to 1 MHz. A low frequency power amplifier has been obtained which makes 

it possible to obtain 5 watts of power over this frequency range. 

A short hooded antenna was developed and evaluated during this report- 

, ing period. The inside diameter of the hood was made 6 inches and the 
length of the hood from the aperture of the cavity-backed spiral feed 

antenna to the aperture of the hood was made 0.75 inches. Antenna patterns 

for the hooded antenna over the frequency range from 1 to 10 GHz are shown 

in Figures 1-10. It is apparent from these figures that the half-power 
beamwidth of the hooded antenna remains essentially constant at 48 degrees 
from 1 to 5 GHz. At 6 GHz the beamwidth reduces to 36 degrees and at 

6 GHz it is 30 degrees. At 8 GHz and above, the pattern breaks up and 
the antenna would not be useful in this range. It appears that two short 

hooded antennas would cover the 1 to 10 GHz frequency range with an 

essentially constant beamwidth. 

Respectfully subm4ted: 

William R. Free 
Project Director 

Approved: 

D. W. Robertson, Head 
Communications Branch 
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	EXPERIMENT STATION 

225 North Avenue, 'Northwest .; Atlanta, Georgia 30332 

Activity Supply Office, USAECOM 

Building 2504, Charles Wood Area 

Fort Monmouth, New Jersey 07703 

MARKED FOR: Directorate R & D, USAECOM 

Engineering Support Services Department 

Electromagnetic Environment Division 

Interference Analysis and Control Area 

Contract No. DAAB07-68-C-0189 

FOR: 	ACCOUNTABLE PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No, 5 

Covering the Period from 1 August to 1 September 1968 

Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Coummnications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Des-

cription EL-CP0500-0013A was continued during this reporting period. 

Quarterly Report No. 2, covering the activities and results of the second 

quarter's effort on the program, was prepared during this period. 

An investigation of the possibility of using hooded antennas at fre-

quencies below 100 MHz to reduce the coupling between the probe antenna and 

the walls of the shielded enclosure has been initiated. In this applica-

tion, the antenna hood will not provide additional directivity, as is the case 

at higher frequencies, but hopefully, the hood will reduce the capacitive 

coupling between the probe antenna and the walls of the enclosure. An 

antenna hood is currently being fabricated and a probe antenna for use in this 

hood has been built and tested. The tests have revealed that coupling nulls 

are measured when the probe antenna is used unhooded in a shielded enclosure. 
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Construction of the hood, which is lined with NZ-1 ferrite tile, is nearing 

completion. It is anticipated that a determination of the feasibility of 

using a hooded antenna in the frequency range below 100 MHz will be estab-

lished during the coming month. 

•The results obtained with the two experimental short hooded antennas 

were not as good as had been anticipated (the results are presented and 

discussed in Quarterly Report No. 2). The two antennas were designed to 

cover the 1 to 10 GHz frequency range, and it was anticipated on the basis 

of data obtained with an adjustable-length hooded antenna, that the antennas 

would yield antenna patterns with an essentially constant half-power beamwidth 

of approximately 50 degrees over the frequency range from 1 to 10 GHz. The 

actual patterns obtained with the experimental short hooded antennas were 

considerably wider and more sensitive to frequency than had been anticipated. 

Subsequent measurements with the adjustable-length hooded antenna have indicated 

that the beamwidth characteristics of the short hooded antenna are more sen-

sitive to frequency than had originally been assumed. Work is continuing to 

improve the beamwidth characteristics of short hooded antennas. 

William R.. Free 

Project.DireCtor 

Approved: 

D. W. Robertson, Head 

Communications Branch 
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ATLANTA. GEORGIA 30332 

3 October 1968 

Activity Supply Office, USAECOM 

Building 2504, Charles Wood Area 

Fort Monmouth, New Jersey 07703 

MARKED FOR: Directorate R & D, USAECOM 

Engineering Support Services Department 

Electromagnetic Environment Division 

Interference Analysis and Control Area 

Contract No. DAAB07-68-0189 

FOR: 	ACCOUNTABLE PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No. 6 

Covering the Period from 1 September to 1 October 1968 

Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Des-

cription EL-CP0500-0013A was continued during this reporting period. 

An investigation is currently being conducted to determine the fea-

sibility of using hooded antennas in the frequency range below 100 MHz. 

Preliminary results from this investigation indicate that the presence 

of the NZ-1 lined metal hood around the probe antenna does eliminate the 

coupling nulls observed in the shielded enclosure with an unhooded probe 

antenna at 30, 40 and 50 MHz. Work is continuing to (1) determine the 

frequency range over which this technique can be utilized, (2) determine 

the optimum hood length required to assure the elimination of coupling nulls, 

and (3) determine calibration factors to correlate measurement results ob-

tained in shielded enclosures with hooded probe antennas with measurement 

results obtained in the open-field with unhooded probe antennas. 

As pointed out in the last monthly report and Quarterly Report No. 2, 
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the results obtained with the two experimental short hooded antennas were 

not as good as anticipated. The lack of success could have been due to 

the fact that the antenna designs were based on data obtained with an 

adjustable-length hooded antenna in which the aperture dimension and the 

feed antenna (and hence the primary antenna pattern) were different from 

the final short hooded antenna configurations. In an attempt to obtain 

experimental data which are directly applicable to the short hooded antenna 

designs, two additional adjustable-length hooded antennas have been fab-

ricated. The dimensions and configurations of these antennas have been 

made as near as possible identical to the planned s:lort looded antennas. 

In addition, the same cavity-backed spiral feed antennas will be utilized 

in these adjustable-length hooded antennas and in the final short hooded 

antennas. Measurements are currently being made with the adjustable-

length hooded antennas to determine the optimum hood lengths for the short 

hooded antennas. 

Respectfully submitted: 

William R. Free 

Project Director 

Approved: 

D. W. Robertson, Head 

Communications Branch 
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EXPERIKENT STATION 	225 North Avenue, Northwest Atlanta, Georgia 30332 

2 December 1968 

Activity Supply Office, USAECOM 

Building 2504, Charles Wood Area 

Fort Monmouth, New Jersey 07703 

MARKED FOR: Directorate R & D, USAECOM 

Engineering Support Services Department 

Electromagnetic Environment Division 

Interference Analysis and Control Area 

Contract No. DAAB07-68-C-0189 

FOR: 	ACCOUNTABLE PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No. 7 

Covering the Period from 1 November to 1 December 1968 

Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Des-

cription EL-CP0500-0013A was continued during this reporting period. 

Quarterly Report No. 3, covering the activities and results of the third 

quarter's effort on the program, was prepared during this period. 

A set of three short hooded antennas to cover the 1 to 12 GHz fre-

quency range has been designed on the basis of the measurement data 

obtained with the two adjustable-length hooded antennas discussed in 

Quarterly Report No. 3. Short hooded antennas to cover the 3 to 8 GHz 

and 6 to 12 GHz frequency ranges are currently being fabricated, and it 

is estimated that these antennas will be completed by December 9, 1968. 

The fabrication of the short hooded antenna to cover the I to•3 GHz 

range is complete and testing of this antenna has been initiated. 

Near-field mutual coupling between a dipole source and a hooded 

probe antenna was previously measured as a function of the azimuth 

position of the hooded probe at a number of source-to-probe separation 

distances. The resulting coupling patterns are shown and discussed in 
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Contract No. DAAB07-68-C-0189 

Quarterly Report No. 3. During the current month this experiment was 

duplicated using both a dipole source and probe antenna. Again, the 

mutual coupling patterns measured were found to be dependent on separa-

tion distance, although this dependency was found to be much less pro-

nounced for the dipole probe than for the hooded probe. It would appear 

that a dipole probe antenna would be superior to a hooded antenna for 

use in making low frequency (below 100 MHz) measurements in shielded 

enclosures both from the standpoint of reducing mutual coupling effects 

as well as reducing coupling losses associated with the hooded probe. 

However, no technique (other than hooding) for isolating a dipole probe 

from the radially polarized near-field component propagated along an 

enclosure wall has yet been found. 

During the coming month, techniques for minimizing the effects of 

the radially polarized near-field component on measurements made in 

shielded enclosures with an unhooded dipole probe will be investigated. 

It is anticipated-that this investigation will include methods of pre-

venting the radial field from propagating along the enclosure walls as 

well as alternate techniques to minimize probe coupling of this field 

from the walls. 

Rpectfully submitted: 

William R. Free 

Project Director 

Approved: 

D. W. Robertson, Head 

Communications Branch 
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SUBJECT: 	Monthly Status Report No. 8 

Covering the Period from 1 December 1968 to 1 January 1969 

Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Des-

cription EL-CP0500-0013A was continued during this reporting period. 

Fabrication of a set of three short hooded antennas to cover the 1 to 

12 GHz frequency range was completed during this reporting period. Antenna 

patterns obtained with the lower frequency hooded antenna, which was designed 

to cover the 1 to 3 GHz frequency range, indicate that this antenna operates 

satisfactorily at I and 2 GHz. A 60-degree half-power beamwidth was obtained 

at 1 GHz and a 42-degree beamwidth was obtained at 2 GHz. The pattern obtain-

ed at 3 GHz showed serious beamsplitting and it does not appear that this 

antenna will be useable at this high frequency. Antenna patterns obtained 

with the intermediate hooded antenna, which was designed to cover the 3 to 8 

GHz frequency range, indicate this antenna operates satisfactorily from 3 to 

6 GHz. Over this frequency range, the half-power beamwidth of the antenna 

remains in the range from 39 to 64 degrees. Patterns have been obtained at 
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5, 6, 7, 8 and 9 GHz with the high frequency antenna, which was designed 

to cover the 6 to 12 GHz range. These patterns indicate that this antenna 

operates satisfactorily over the 5 to 9 GHz frequency range with the half-

power beamwidths remaining in the range from 32 to 51 degrees. 

Antenna patterns of the high frequency hooded antenna will be made at 

10, 11 and 12 GHz to determine the characteristics of the antenna in this 

frequency range. In addition, antenna patterns will be made with the 

intermediate antenna at 2 GHz to determine if this antenna can extend down 

to overlap with the lower frequency hooded antenna. 

The investigation into techniques for minimizing the effects of the 

radially polarized near-field component on measurements made in shielded 

enclosures with an unhooded dipole probe is continuing. Preliminary 

investigations into techniques for minimizing probe coupling of the 

radially polarized field by inserting bare metal plates between the dipole 

probe and the enclosure walls have proved unfruitful. Investigations are 

currently being conducted utilizing lossy material on the baffle plates. 

Rest ctfully submitted: 

William R. Free 

Project Director 

Approved: 4 

D. W. Robertson, Head 

Communications Branch 
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FOR: 	ACCOUNTABLE PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No. 9 

Covering the Period from 1 January 1969 to ,  1 February 1969 

Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Comwunications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Descrip-

tion EL-CP0500-0013A was continued during this reporting period. 

The investigation into techniques for minimizing the effects of the 

radially polarized near-field component on measurements made in shielded 

enclosures in the 20 to 100 MHz frequency range was continued during this 

period. Several techniques involving: the placement of lossy materials 

at various locations on the enclosure walls, the use of metal baffle 

plates and the use of baffle plates covered with lossy material have been 

investigated. The investigation with baffle plates covered with lossy 

material is still in progress. However, to date, the hooding of the 

probe antenna with a metal hood lined with NZ-1 material appears to be 

the only successful technique for eliminating coupling nulls in shielded 

enclosures below 100 MHz. 
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Inclement weather and construction on the roof concerned with the 

installation of an elevator have made it impossible to complete the 

short hooded antenna measurements on the roof antenna range. The 

elevator installation is nearing completion and it is anticipated that 

the short hooded antenna measurements will be completed during the 

coming month. 

Respectfully submitted- 

William R. Free 

Project Director 

Approved: 

D. W. Robertson, Head 

Communications Branch 
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Activity Supply Office, USAECOM 
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MARKED FOR: Directorate R & D, USAECOM 

Engineering Support Services Department 

Electromagnetic Environment Division 

Interference Analysis and Control Area 
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FOR: 	ACCOUNTABLE PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No. 10 

Covering the Period from 1 February 1969 to 1 March 1969 

Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Descrip-

tion EL-CP0500-0013A was continued during this reporting period. 

A measurement program is currently in progress to experimentally des-

cribe the near-field coupling between a unit under test and the measurement 

antenna by means of the shielded enclosure walls. The objective of this 

measurement program is to validate the near-field coupling theory that an 

appreciable amount of the near-field energy is coupled between the unit 

under test and the test antenna via the shielded enclosure walls, that the 

magnitude of the near-field coupled signal is essentially independent of 

the spacing between the unit under test and the test antenna, and that 

the phase shift of the near-field coupled signal is approximately 180 

degrees relative to the direct signal. In addition, measurements are being 

made to determine the magnitude of the near-field coupled signal as a func-

tion of the spacing between the test antenna and the enclosure wall. It is 

anticipated that the results from these measurements will make it possible 

to predict the near-field coupling effects of a given test antenna in 

different size shielded enclosures. 

Rekpectfully submitted: 

William R. Free 

Project Director 

Approved: n 

D. W. Robertson, Head 

Communications Branch 
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SUBJECT: 	Monthly Status Report No. 11 

Covering the Period from 1 March 1969 to 1 April 1969 

Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Descrip-

tion EL-CP0500-0013A was continued during this reporting period. 

The measurement program to obtain antenna patterns for the set of 

three short hooded antennas to cover the 1 to 12 GHz frequency range was 

completed during this reporting period. The results from this measure-

ment program indicate that the three antennas will satisfactorily cover 

the 1 to 12 GHz range. The half-power beamwidths of the three antennas 

remain in the range from 30 to 60 degrees over this frequency range. 

An investigation is continuing of a technique for minimizing the 

effects of the radially polarized near-field component on measurements 

made in shielded enclosures by inserting baffle plates covered with a 

lossy material between the test antenna and the walls of the shielded 

enclosure. It is anticipated that this investigation will be completed 

during the next reporting period. 
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Contract No. DAAB07-68-C-0189 

A technical conference on this project was held at USAECOM on 24 March 

1969 between Mr. Guy Johnson and W. R. Free. The format and content of 

the final report on this program were agreed upon at this conference. The 

preparation of the final report is presently in progress. 

Respectfully submitted: 

William R. Free 

Project Director 

Approved: ,‘ 

D. W. Robertson, Head 

Communications Branch 
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MARKED FOR: Directorate R & D, USAECOM 
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FOR: 	ACCOUNTABLE PROPERTY OFFICER 

SUBJECT: 	Monthly Status Report No. 12 

Covering the Period from 1 April 1969 to 1 May 1969 
Contract No. DAAB07-68-C-0189 

"Electromagnetic Interference Measurement Methodology, 

Communications Equipment" 

Gentlemen: 

A research program to investigate electromagnetic measurement methods 

for use in shielded enclosures in accordance with ECOM Development Descrip-

tion EL-CP0500-0013A was continued during this reporting period. 

Two experimental measurement programs are currently in progress. One 

of these programs is concerned with establishing the near-field coupling 

characteristics between the ends of two dipole antennas as a function of 

spacing between the antennas. The objective of the second measurement pro-

gram is to establish the coupling characteristics between two bow-tie 

antennas located normal to a conducting wall as a function of spacing be-

tween the antennas and the wall. The results from these measurement pro-

grams will be used to validate the enclosure sidewall coupling theory. A 

one-month no-cost extension to the present program has been requested to 

assure the completion of these measurement programs and the inclusion of 

the results in the final report. 

Discussions of the requirements for more efficient, balanced probe 

antennas for use in the 14 kHz to 20 MHz frequency range and the problems 

associated with measurements made in the near-field of test specimens in 

this frequency range are being prepared for inclusion in the final report. 

Preparation of the final report in accordance with the format agreed 

upon at the March 24th technical conference has been initiated. 

Respectfully submitted: 

William R. Free 

Project Director 
ApprnlinA. /N 

D. W_ Rnhe,rro,,, 
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ABSTRACT 

During this reporting period, primary emphasis has been directed 

toward the development of techniques for measuring radiated interfer-

ence and susceptibility in shielded enclosures over the frequency range 

from 20 MHz to 200 MHz. A theory has been developed to explain the 

presence of coupling nulls in the near-field of radiating sources in 

shielded enclosures at low frequencies (below 100 MHz). If this theory 

can be validated, additional approaches to the solution of the measure-

ment problems in the 20 to 200 MHz frequency range will be available. 

The literature from a number of programs concerned with the develop-

ment of compact, efficient, broadband antennas is being analyzed to 

establish the most 'promising state-of-the-art antenna for use as a field 

probe in the l4 kHz to 200 MHz frequency range. 

An experimental study program to determine the optimum length for 

the hood of a hooded antenna was initiated during this period. Pre-

liminary results from this study indicate that it may be possible to 

obtain an essentially constant beamwidth over frequency bandwidth 

of greater than 3:1. 
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FOREWORD 

This report was prepared at the Georgia Tech Engineering Experi-

ment Station on Contract No. DAAB07-68-C-0189. The work covered by 

this report was performed within the Electronics Division under the 

supervision of Mr. D. W. Robertson, Head of the Communications Branch. 

The report covers the activities and results of the first quarter's 

effort on a project to develop improved test setups, procedures and 

equipment for measurement of radiated emission and susceptibility 

characteristics of military communication - electronic equipment in 

shielded enclosures. 
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I. FACTUAL DATA 

A. Introduction 

1. Purpose and Objectives of the Program 

This report covers the work performed under contract DAABOT-

68-0-1089 for the period from 1 February 1968 to 30 April 1968. 

The purpose of this program is to conduct theoretical and experi-

mental investigations directed toward the development of improved test 

setups, procedures and equipment for the measurement of radiated emission 

and susceptibility characteristics of military communication - electronic 

equipment. These measurements are to be made within shielded enclosures, 

in the near-field of the equipment under test and at frequencies at 

which RF absorbers are not economically feasible, and where present 

hooded antennas are not effective. 

The three primary objectives of the program are (1) the develop-

ment of techniques for measuring radiated interference and susceptibility 

characteristics in shielded enclosures over the frequency range from 

20 to 200 MHz, (2) an investigation to determine the availability of 

broadband, balanced, electric-field antennas suitable for radiated 

emission and susceptibility measurements in shielded enclosures over 

the frequency range from 14 kHz to 200 MHz and (3) the development of 

broadband hooded antennas which minimize the narrowing effect of the 

hood on the antenna field pattern. 

2. Background 

Present techniques for case and cable emission and suscep-

tibility measurements are seriously inadequate, and need to be improved 

to assure repeatability and correlation between measurement data taken 

at different times and/or different locations. If these measurements 

are made in the "open-field", strong man-made and atmospheric back-

ground interference make measurements difficult and often impossible. 

If the measurements are made in a shielded enclosure to avoid the 

environmental interference, standing waves and enclosure resonances 

make the measurements highly susceptible to minor variations in 

equipment placement, enclosure dimensions, and personnel location. 

A typical measurement setup in a shielded enclosure is shown in 

Figure 1. The diagram shows some of the multiple signal paths which 

exist with this measurement configuration. Extensive measurement pro- 

grams were conducted on previous research efforts
1,2 

to determine the 
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Figure 1. Diagram of a Conventional Measurement Setup in a Shielded 

Enclosure Showing Multiple Signal Paths. 

magnitude and nature of the effects of shielded enclosures on radiated 

measurements. Measurements were made to determine the effects of a 
shielded enclosure on the coupling between two antennas (a) at a fixed 
separation as a function of frequency, (b) at a fixed frequency as a 

function of separation and (c) as a function of the location of the 
test setup within the shielded enclosure. 

A curve showing the coupling between two antennas spaced 1 meter 

apart in an 8 x 8 x 20 foot shielded enclosure over the frequency range 
from 1 MHz to 1 GHz is shown in Figure 2. This curve has been normalized 
with respect to an open-field coupling curve to remove the coupling 

variations due to the antenna characteristics, and hence, all coupling 

variations shown in the normalized coupling curve result from the pre-

sence of the shielded enclosure walls. The results indicate that coupling 

variations in the order of ±L-0 dB are possible as a function of frequency 
of operation. Similar results were obtained as a function of separation 

between the two antennas and as a function of location of the test setup 

within the shielded enclosure. It is obvious that measurements made 
under these conditions are of little value and the possibility of 

correlating these measurements with measurements made in the open-field 

is small. 

2 



+50 

Ca 
+30 — 

a' 

• +20 — 
+- 
z 
‘,c 

• 4-10- 
L, 

T.. 	0 	 

Zr1" 

S 

• 

-10— 
0 

11-.1 -20 — 

• -30 — 
z 

-50 — 

OPEN-FIELD COUPLING 

  

   

   

   

   

10 	 50 100 500 	1000 

FREQUENCY - MHz 

Figure 2. Coupling Between Antennas in a Shielded Enclosure as 

a Function of Frequency at a Spacing of 1 Meter. 

A number of techniques for reducing multipath reflections within 
shielded enclosures were investigated on previous programs under 
Contracts Nos. DA 36-039 AMC-02294(E) and DA 28-043 AMC-02381(E). As 
a result of these programs a hooded antenna measurement technique was 
developed. A diagram showing a typical hooded antenna measurement 
setup in a shielded enclosure is shown in Figure 3. A number of 
possible signal paths are shown in the shielded enclosure, but as 
illustrated, only that signal traveling the desired path reaches the 
shielded probe antenna. Results from evaluations of the hooded 

antenna technique over the frequency range from 200 MHz to 10 GHz 
indicate that this technique is capable of reducing the multipath 
reflections in shielded enclosures to a level comparable with the 
reflections normally encountered in open-field measurements. 

To substantiate these results, the coupling between two antennas 
was measured for a spacing of one meter in an 8 x 8 x 20 foot shield-
ed enclosure over the frequency range of 1 MHz to 10 GHz. Conven-
tional dipole probe antennas were used as the receiving antennas over 
the range from 1 to 200 MHz, and hooded probe antennas were used over 
the 200 MHz to 10 GHz range. 

3 
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Figure 3. Diagram of a Hooded Antenna Measurement Setup in a 

Shielded Enclosure. 

The results of these measurements are shown in Figure 4. The 
shielded enclosure coupling curve shown in the figure has been normal-
ized with respect to the coupling curve obtained in the open-field. 

The curve shows that the measurement results obtained in the enclo-
sure over the frequency range from 1 to 30 MHz are approximately 
2 to 3 dB lower than the results obtained in the open-field. In the 
range from 30 to 200 MHz, the curve indicates that the enclosure 
results deviate as much as AO dB from the open-field results. 
From 200 MHz to 10 GHz, using the hooded antenna technique, it is 
seen that the enclosure results remain within 2 to 3 dB of the open-

field results. It is apparent from Figure 4 that the 20 to 200 MHz 
range is the remaining area requiring improved measurement techniques. 

3. Approaches 

Major objectives of the present program are to develop a 
satisfactory measurement technique for the 20 to 200 MHz range, and 

to determine the availability of, or if not available within the 

state-of-the-art, to develop compact, broadband, balanced, electric-
field probes suitable for measurements in shielded enclosures over 

4. 
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Figure 1. Coupling Between Antennas in a Shielded Enclosure at 1 

Meter Separation over the Frequency Range from 1 MHz 

to 10 GHz. 

the frequency range from 1 1  kHz to 20 MHz. A number of investigations 
are currently being performed to accomplish these objectives. 

An investigation is being conducted to develop a satisfactory 
measurement technique for the 20 to 200 MHz range. It is anticipated 
that the measurement setup technique within the shielded enclosure 
will be essentially the same as with the hooded antenna configura-
tion. That is, the wall behind the test specimen will be covered 

with absorbing material to prevent radiation in that direction from 
being reflected back into the probe antenna. 

There are a number of commercially available absorbing materials 

which appear to be adequate for this application over the 20 to 200 MHz 
region. For example, the reflectivity characteristics of Emerson and 

Cuming Eccosorb HPY-72 absorbing material have been measured down to 
50 MHz and the results of these measurements indicate that the 
reflectivity of this material ranges from -11 to -15 dB over the 50 
to 200 MHz region. The shape of the reflectivity curve indicates 
that the reflectivity characteristics remain quite good below 50 MHz, 

possibly to 20 MHz, however, no measurements have been made below 
50 MHz due to limitations in the reflectivity measurement technique. 

5 



Manufacturer's specifications indicate that other materials such as 

Eccosorb CHW 560 and Eccosorb NZ-1 may be adequate for this applica-

tion. 

In the event that a problem is encountered in obtaining suffi-
cient absorption in the 20 to 50 MHz frequency range, other techniques 

for obtaining absorption at low frequencies will be investigated. 
One approach to the solution of this problem is to provide a lumped 
constant approximation of conventional absorbing materials. The most 

direct application of this idea is to replace the absorbing material 
with a lumped constant resistive terminated structure. If the resistive 

network is selected to present a good match to the incident wave, no 
impedance transformer is required, and the necessity for providing a 
long, tapered matching section is avoided. Nevertheless, some coupling 
structure is still necessary to provide a means of coupling the ter-
minating resistive structure to the incident RF wave. A short parallel 
plate transmission line could furnish the necessary coupling structure. 

The absorbing material then could be thought of as being constructed 
of a large number of cells, with each cell composed of a small parallel 
plate transmission line of appropriate width to obtain a 377 ohm charac-
teristic impedance and terminated in a 377 ohm resistive termination. 

Some preliminary investigation of the lumped constant absorbing 
material technique has been performed and the results are encouraging. 
A reflectivity characteristic of better than -10 dB over the frequency 
range from 175 to 400 MHz was obtained on the preliminary effort. The 

possibility of shifting the absorption region into the 20 to 50 MHz 
region by adjusting some of the parameters of the material appears 

promising. 

Another investigation is being conducted to determine the most 
promising state-of-the-art antenna for use as a field probe in the 

14 kHz to 200 MHz frequency range. 

An experimental study is being conducted to determine the optimum 

length for the hood of a hooded antenna to minimize the beamwidth 
variation with frequency. 

B. Study of Near-Field Measurement Problems 

1. General 

As discussed in the previous sections, the development of 
the hooded antenna measurement technique has made it possible to make 
reliable, repeatable radiated measurements in shielded enclosures over 
the frequency range from 200 MHz to 12 GHz. In addition, the results 

from extensive experimental measurements made on previous programs 

6 



indicate that no serious radiated measurement problems are encountered 

in conventional shielded enclosures over the 1 to 20 MHz frequency 

range. However, in the 20 to 200 MHz frequency range, the results 

from the experimental measurements indicate that very sharp, deep 

coupling nulls occur in the vicinity of a one-meter spacing from a 

radiating source in a shielded enclosure, and consequently, the 

measurement results obtained in shielded enclosures deviate as much 

as ±40 dB from the results obtained in the open-field. It is not 

feasible to extend the hooded antenna configuration down to cover this 

frequency range due to the fact that to satisfy the aperture-to-wave-

length requirements to obtain the necessary directivity the hood would 

be too large to be accommodated in shielded enclosures. Thus major 

emphasis is being directed to an investigation to determine the factors 

causing the coupling nulls and the development of a satisfactory 

measurement technique for the 20 to 200 MHz range. 

2. Theoretical Study 

At low frequencies, where the shielded enclosure dimensions 

and probe antenna spacings are small relative to the wavelengths 

involved, the coupling between the equipment under test and the probe 

antenna becomes much more complicated and includes additional com-

ponents of the more complex near-field. The behavior of these near-

field components in the shielded enclosure is not well understood, 

and there is a very limited amount of information on this subject 

in the literature. In order to determine the measurement problems 

to be anticipated it this frequency range, a series of experimental 

measurements were made on the previous programs. The measurements 

were made over the frequency range of 1 to 150 MHz, both on and 

off the axis of a shielded enclosure for different source antenna 

locations. The test setup used in making these measurements consisted 

of two "identical" bow-tie antennas, 30 inches long, with a 45 degree 

flare angle. The off-axis setup differed from the on-axis setup in 

that both antennas were located two feet off-axis toward a side wall. 

Typical results from these measurements (for 30 MHz and 50 MHz) 

are shown in Figures 5 and 6. From Figure 5, it is apparent that at 

30 MHz the coupling nulls occur well beyond a one-meter separation 

between the antennas and out to a one-meter spacing there is good 

correlation between all the coupling curves obtained in the shielded 

enclosure and the open-field coupling curve. This was true for all 

test frequencies below 30 MHz. Figure 6 shows that at 50 MHz, the 

coupling nulls occur within a one-meter spacing from the radiating 

source and there is no correlation between the various coupling curves 

obtained in the shielded enclosure and the open-field coupling curve 

over the spacing range from 12 to 40 inches from the radiating source. 

This condition was apparent at all test frequencies above 50 MHz. On 

the basis of the results from these experimental measurements, it was 

7 
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Figure 6. Coupling Between Antennas as a Function of Spacing and 

Source Location in a Shielded Enclosure at 50 MHz. 
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concluded that additional investigation was needed to develop a measure-

ment technique which will make it possible to make reliable, repeatable 

measurements in shielded enclosures over the frequency range from 20 

to 200 MHz. 

On the previous programs, no satisfactory explanation was developed 

for the presence of sharp coupling nulls in shielded enclosures at low 

frequencies. Several attempts were made to explain these nulls on the 

basis of simple cancellation and addition of waves reflected from the 

enclosure walls. However, since the transmission path lengths within 

the shielded enclosure, both direct and reflected, were small fractions 

of a wavelength at the lower frequencies, it was not possible to justify 

the rapid phase shifts necessary to obtain the observed sharp coupling 

nulls and hence these attempts were unsuccessful. 

In order to assure that the measurement problem was approached in 

the most direct and efficient manner, it was considered necessary that 

the mechanism causing the problem be defined and understood. Hence, 

the attempt to explain the sharp coupling nulls in close proximity to 

the radiating source was continued. 

With the normal multi-path reflections from the walls eliminated 

as the cause, it was hypothesized that the nulls must be caused by 

components of the near-fields of the two antennas. The near fields 

from a dipole contain three components Er , E e  and H and are described 

by Kraus3  by the expressions: 

I
o
L Sin 0 e jw(t  - 

Ee 	
iw 1 	1  

47e c
2
r 	C7. 
	jwr3  

I
o
L Sin 9 e jw(t  ;) 

- 
jw 4.  1 

, 
47 	cr 

r
2 	

and 
 

o 
 cos e ej w(t  

1 
E
r 

- 
27e 	

--7  
cr 	jwr 

The near-field patterns of these components are shown in Figure 7. 
From (1) and (2) it is apparent that E e  and H are both proportional 

(1)  

(2)  

(5) 
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Figure 7.. Near-Field and Far-Field Patterns of Short Dipole Antenna. 

to sin 0 and hence the solid pattern in Figure 7 applies to both the 
E and 14, terms. This pattern is independent of 	so that the space 

pattern is doughnut-shaped, and is a figure of revolution of the pattern 
about the axis of the dipole. For the E e  and H components, the near- 

field patterns are the same as the far-field patterns, being propor-
tional to sin e. However, the near-field pattern for E r  is proportional 

to cos 0 as indicated by the dashed pattern in Figure 7. The space 
pattern for E

r 
is a figure of revolution of this pattern around the 

dipole axis, and hence, the maximum intensities of the E
r 

field occur 

on the axis of the dipole. 

A diagram of a two-dipole measurement setup in a shielded enclosure 
is shown in Figure 8. If it is assumed that there is an appreciable E

r 
field off the ends of the radiating dipole, it is apparent from the 

figure that a significant Er  field will be incident on the enclosure 

side walls adjacent to the ends of the radiating dipole. Since Er  

10 
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Figure 8. Diagram Showing Three Primary Coupling Paths Between Two 

Dipole Antennas in a Shielded Enclosure at Low Frequencies. 

is perpendicular to the side walls, this field can be propagated over 

the surface of the walls.
4 

As these fields propagate over the side 

walls adjacent to the ends of the receiving dipole, the antenna will 

exhibit maximum response to these fields and a portion of the energy 

will be coupled into the antenna. These three coupling paths between 

two dipole antennas in a shielded enclosure are depicted in Figure 8 
as P()

1 , 
 PW

2' 
and PW

3' 
PW

1 
represents the direct radiation 

between the radiating and receiving antennas and P((/)
2 
and PW

3 
represent the propagation along the two side walls. If it is assumed 

that the E
r 

field experiences a 90 degree phase shift coupling from 

the radiating antenna to the wall and from the all to the receiving 

antenna, and also, that the velocity of propagation along each side 

wall is equal to the velocity of propagation of the direct radiation 

so that each phase shift is the same for the three propagation paths, 

it is apparent from the figure that PW
2 

and P(.0
3 
arrive at the 

receiving antenna 180 degrees with respect to P(0 1  independent of 

the spacing between the two dipoles. 

A set of theoretical signal levels obtained from the three signal 

paths are shown in Figure 9. The solid curve depicts the direct coupling 

between the antennas as a function of spacing between the two dipoles. 
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Figure 9. Diagram of Theoretical Coupling Null in a Shielded 

Enclosure. 

As shown in the curve, this coupling decreases quite rapidly (approx-

imately 18 dB per octave of distance) at small spacings due to the 

near-field coupling between the antennas. The dashed curve represents 

the sum of the two side wall couplings. The side wall couplings also 
involve near-field coupling, but the near-field coupling exists only 
between the ends of the dipoles and the side walls. The propagation 
along the side wall does not decrease as a near-field coupling. Since 
the spacings between the ends of the dipoles and the side walls (near-

field couplings) do not change as the spacing between the dipoles is 
varied, the side wall coupling is far less sensitive to dipole spacing 
than the direct coupling path. The solid-dash curve depicts the 
summation of all the coupled signals, noting that PM

2 
and P(1)

3 
are 

180 degrees out of phase with PM
1. 

Note that at a spacing of 10 

inches, the signal contribution from the side walls is approximately 

60 dB below the direct signal and has very little effect on the overall 
coupling curve. However, as the spacing is increased, the direct 
coupling rapidly approaches the side wall coupling and the side wall 

contribution significantly reduces the overall coupling. For the 
example shown in Figure 9 at a spacing of slightly over 100 inches, the 

magnitudes of the direct signal and the side wall signal are equal and 
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a null is obtained in the overall coupling. If the side wall signals 

were exactly 180 degrees with respect to the direct signal, the depth 

of this null would be infinite. Thus the depth of the null is apparently 

an indication of the phase relationship between the two signals. 

Referring to the measured coupling curves in Figures 5 and 6, the depth 

of the deep null in Figure 5 was established by the limitations of the 

instrumentation system indicating that the phase relationship between 

the two signals was very nearly 180 degrees at 30 MHz. The bottom of 

the deepest null in Figure 6 is approximately 40 dB above the lower 

limit of the instrumentation system, indicating that the phase relation-

ship between the two signals at 50 MHz is not exactly 180 degrees. 

Some preliminary measurements were made in an attempt to validate 
the E

r 
side wall coupling theory. The lengths of the dipole antennas 

were increased and it was found that this caused the coupling nulls 

to occur at smaller spacings between the antennas. These results 

support the theory, for increasing the antenna lengths increases the 

coupling between the ends of the antennas and the side walls, increases 

the level of the side wall coupling curve, causes the direct and side 

wall coupling curves to intersect at smaller spacings and hence results 

in the coupling nulls occurring at smaller spacings between antennas. 

Reducing the lengths of the dipole antennas caused the coupling nulls 

to occur at larger spacings. It had previously been observed that 

increasing the frequency of operation caused the nulls to occur at 

shorter spacings and decreasing the frequency caused the nulls to 

occur at greater spacings, which also supports the theory. 

The E
r 

side wall coupling theory not only explains the existence 

of coupling nulls in shielded enclosures at low frequencies, but it 

explains other phenomena observed in measured data. For example, the 

theory explains why good correlation was obtained between open-field 
and enclosure measurements at a spacing of 12 inches at all frequencies 

below 100 MHz. 

An experimental measurement program is currently being conducted 
to validate the E

r 
side wall coupling theory. Another objective of 

this measurement program is to determine if an antenna configuration 

which minimizes the undesired coupling in shielded enclosures exists. 

The coupling characteristics of a number of antenna configurations in 

shielded enclosures are being investigated. The details of this 

measurement program as well as the results obtained from the program 

will be presented in the next quarterly report. 

3. Literature Study 

The literature from several programs concerned with the 

development of compact efficient antennas is being analyzed. The 
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literature currently being analyzed is listed in the bibliography in 

the appendix. The purpose of the literature study is two-fold, to 

determine the availability of compact, broadband, balanced electric-

field antennas suitable for radiated emission and susceptibility 

measurements in shielded enclosures over the frequency range from 

12 kHz to 20 MHz, and to determine the availability of an antenna 

technique which will eliminate the undesired coupling nulls in 

shielded enclosures over the frequency range from 20 to 200 MHz. 

While the study thus far has revealed antenna techniques showing 

promise of providing compact antenna configurations at low frequencies, 

additional study is necessary before any final conclusions or recomm-

endations can be made. 

C. Hooded Antennas 

1. General 

Results from previous programs have demonstrated that reliable 

radiated measurements, which can be correlated with open-field measure-

ments, can be made in conventional shielded enclosures over the fre-

quency range from 200 MHz to 12 GHz utilizing the hooded antenna tech-

nique. However, an attempt to cover the wide frequency range of inter-

est with only two hooded antennas resulted in significant loss of gain 

at the end limits of the antennas and a very narrow half-power beam-

width at the high frequency limits of the antennas. 

During the evaluation of the hooded antennas it became apparent 

that the addition of the hood was yielding considerably more direc-

tivity at high frequencies than had been anticipated. It was hypo-

thesized that the absorber-lined hood was producing a secondary field 

pattern which closely approximated the field that would be obtained 

from a plane wave radiating through a circular aperture in an infinite 

absorbing screen. 

The normalized field pattern of a uniformly illuminated circular 
aperture in a perfectly absorbing screen of infinite extent is given by 

J ( TTA Sin 0) 

F = (1 + Cos 0) 	TTA  

where 

A = aperture diameter, 

Sin 0 
—X— 
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X . free-space wavelength, 

0 = angle with respect to the normal to the aperture, 

J
1 

= first-order Bessel function. 

This equation was programmed for a digital computer and field 

patterns were calculated for the two hooded antennas at each of the 

test frequencies. The calculated and measured patterns were com-

pared, good correlation between the two sets of patterns was observed, 

and it was concluded that the pattern of the hooded antenna is 

primarily determined by the ratio of the aperture diameter to the 

wavelength of interest. Thus, the aperture equation can be used 

as a tool to design hooded antennas to meet specified beamwidth 

and sidelobe characteristics. 

Considering the typical operation of the hooded antennas inside 

conventional shielded enclosures, it appears desirable to limit the 

half-power beamwidth of the hooded antenna to the range from 20 to 

60 degrees. A curve (based on circular aperture field pattern cal-

culations) showing the half-power beamwidth of a hooded antenna as 

a function of the aperture-to-wavelength ratio is shown in Figure 10. 

It is apparent from this curve that to maintain the beamwidth within 

the 20 to 60 degree range, it is necessary to restrict the aperture-

to-wavelength ratio to the range between 1.0 and 3.0. To meet these 

requirements, a minimum of three hooded antennas are required to cover 

the 200 MHz to 12 GHz frequency range. 

Since the initiation of the development of the hooded antenna 

and the selection of the conical log-helix antennas as the probe 

antenna configuration for hooded antennas, there have been signifi-

cant improvements in the state-of-the-art of cavity-backed spiral 

antennas. A number of cavity-backed spiral antennas having band-

widths from 4:1 to 10:1 have become commercially available. These 

antennas appear to have all of the desirable characteristics of the 

conical log-helix antennas, i.e., broad bandwidth, circular-polariza-

tion, unidirectional pattern and balanced operation. In addition, 
the cavity-backed spirals are planar structures so that the phase-

center remains fixed over the operating bandwidth and the antenna 

can be flushed mounted on the end plate of the antenna hood. 

In view of the advancements in the design and fabrication of 

cavity-backed spiral antennas and the increasing variety of these 

antennas becoming available as off-the-shelf units, it is deemed 

desirable to develop a set of hooded antennas to cover the 200 MHz 

to 12 GHz frequency range utilizing cavity-backed spiral antennas 

as the probe antenna. 
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Figure 10. Theoretical Beamwidth of Hooded Antenna Vs. Aperture Size. 

2. Hood Length Vs. Beamwidth Study 

The discussion of the hooded antenna beamwidth as a function 

of aperture size in the previous section assumed a planar wavefront 

at the hood aperture. In order to maintain the phase error over the 

aperture to a maximum of X/16 (22.5 degrees), the distance from the 

probe antenna to the aperture of the hood (2) must satisfy the condition: 

2A
2 

= ( 5 ) 

If it is assumed that the hooded antenna is to operate over a frequency 

range such that the aperture is 1X at the lower frequency limit and 3X 

at the upper frequency limit, a simple calculation reveals that the 

probe antenna must be located at least 18X from the aperture at the 

upper frequency limit in order to satisfy the phase condition specified 

by (5). This would require that the length of the hood be somewhat 

greater than six times the diameter of the hood. 

Since it is important from the standpoint of size, weight and cost 

to minimize the length of the antenna hoods, a study to determine the 

performance of hooded antennas as a function of hood length was initiated. 
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Figure 11. Diagram of Adjustable-Length Hooded Antenna. 
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An adjustable-length hooded antenna was fabricated for this study. 

A diagram of the adjustable-length hooded antenna is shown in Figure 

11. The basic hood structure is the hood of the microwave hooded 

antenna. This hood is a metal cylinder lined with Eccosorb NZ-1 

absorbing material. The outside diameter is 8 inches, the inside 
diameter is Ei inches and the length is 19 inches. A metal end-
plate, lined with absorbing material and with a type N feed-through 

connector in the center, was mounted on one end of the cylinder. An 

AEL Model ASN liaA cavity-backed spiral antenna and a false metal 

end-plate lined with absorbing material was mounted on a circular piece 

of expanded polyethylene foam as shown in the figure. The diameter 

of the foam was made so that it was a tight sliding fit to the inside 

of the hood, and hence, was capable of supporting the antenna and false 

end-plate at any location along the length of the basic hood. This 

configuration made it possible to vary the distance (1) between the 

aperture of the hood and the aperture of the cavity-backed spiral 
antenna from zero to 151 inches. Antenna patterns were made at three 

frequencies, 2 GHz (A 	X), 4 GHz (A 2X) and 6 GHz 	3X), for 
seven values of / over the range from li inches to 152 inches. 

Typical patterns obtained for 2 values of li, 4i, 72 and 152 inches 
at the three frequencies are shown in Figures 12, 13 and 14. It is 

apparent from Figure 12 that reducing the hood length from 152 to li 

inches (approximately 2.5X to *x) had no significant effect on the 

antenna pattern when the hood aperture was approximately 1X. The patterns 

show that the half-power beamwidth increased from 45 degrees to 49 degrees 

and the maximum sidelobe levels increased by less than 1 dB. 
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Figure 14. Patterns of Hooded Antenna as a Function of Hood Length 

at 6 GHz. 
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The patterns in Figure 13 show that at 4 GHz, where the hood 

aperture was approximately 21, reducing the hood length had an 

appreciable effect on the antenna pattern. The half-power beam-

width was increased from 21 degrees to 43 degrees and the maximum 

sidelobe levels increased by more than 8 dB. The most significant 
effect was obtained when the hood length was decreased from 42 to 

li inches. For this relatively small change in hood length, the 
3 dB beamwidth increased by approximately 13 degrees and the side-
lobes increased approximately 6 dB. 

Some unexpected results were obtained at 6 GHz. It is apparent 
from the patterns in Figure 14 that the minimum half-power beamwidth 

was obtained at a hood length of 72 inches rather than at the max-
imum hood length of 152 inches. The beamwidth was 20 degrees at 

72 inches and 27 degrees at 152 inches. Apparently there is an 
optimum hood length in terms of wavelengths (in this case 3.751), 
and if the hood length exceeds this optimum length, an additional 

mode is set up along the walls of the hood which causes a phase 

error at the aperture which degrades the directivity characteristics 

of the aperture. At 2 GHz and 4 GHz the maximum hood lengths were 
2.581 and 3.871 respectively, and hence, this phenomena was not 

apparent. At 6 GHz, the most significant effect was again obtained 
when the hood was decreased from 42 to 12 inches. The half-power 

beamwidth increased by approximately 20 degrees. It is interesting 

to note that for a hood length of 152 inches at 2 and 4 GHz and 72 
inches at 6 GHz, the measured half-power beamwidths agree quite well 
with the theoretical beamwidth curve in Figure 10. 

The half-power beamwidth data from all of the hooded antenna 

measurements are shown in Figure 15. Two important conclusions can 

be made based on the curves shown in this figure. First, the hood 

of the antenna can be made quite short relative to the diameter and 

the half-power beamwidth will remain less than 60 degrees from the 
frequency at which the aperture is one wavelength to at least three 

times this frequency. Secondly, if the hood length is made short 

relative to the diameter, the beamwidth of the hooded antenna will 

be considerably less sensitive to the frequency of operation. For 

the example shown in Figure 15, if the hood is made 2 inches long 

(or 1/3 at the lower frequency limit), then the beamwidth at the 

lowest frequency will be 47 degrees, and over a 3:1 frequency range 

the beamwidth will vary from 41 degrees to 40 degrees (based on the 

three test frequencies). 

During the next reporting period, a short hooded antenna (length 

approximately i diameter) will be fabricated and measurements will 

be performed to validate these conclusions and to determine the maximum 

useable bandwidth of the short hooded antenna. 
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II. SUMMARY 

During this reporting period, primary emphasis has been directed 

toward the development of techniques for measuring radiated inter-

ference and susceptibility in shielded enclosures over the frequency 

range from 20 to 200 MHz. A theory has been developed to explain the 

presence of coupling nulls in shielded enclosures at low frequencies 

(below 100 MHz). The theory not only accounts for the existence of 

coupling nulls in shielded enclosures, but it accounts for other 

phenomena observed in the measured data which could not be explained 

previously. 

A literature study is being conducted to determine the avail-

ability of compact, broadband, balanced electric-field antenna con-

figurations suitable for radiated and susceptibility measurements in 

shielded enclosures over the frequency range from 11- kHz to 20 MHz; 

and to determine the availability of an antenna technique which will 

eliminate the undesired coupling nulls in shielded enclosures over 

the frequency range from 20 to 200 MHz. Twenty-three technical reports 

from fourteen programs concerned with the development of compact, 

efficient antennas are currently being analyzed on this study. The 

study has revealed several techniques showing promise of providing 

compact antenna configurations at low frequencies, however, additional 

theoretical and experimental study is necessary before any final 

conclusions or recommendations can be made. 

An experimental measurement program was performed to determine 

the performance of hooded antennas as a function of hood length. 

The results from this study indicate that the hood can be made 

approximately i the aperture diameter and still provide adequate 

directivity and sidelobe suppression. The results also indicate 

that the beamwidths of short hooded antennas are considerably less 

sensitive to frequency than the previously developed hooded antennas. 
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ABSTRACT 

Theoretical and experimental investigations directed toward the 

development of improved test techniques and procedures for performing 

radiated measurements in shielded enclosures have continued during 

this reporting period. 

A theory to explain the presence of coupling nulls in shielded 

enclosures at low frequencies (below 100 MHz) was developed during 

the previous quarter. A series of measurements was performed during 

this reporting period to validate this theory. The results from 

these measurements demonstrate that the coupling nulls observed in 

the shielded enclosure in the vicinity of 40 MHz are not the result 

of multi-path reflections from the enclosure walls. In addition, 

the measurement results are consistent with the previously developed 

near-field coupling theory. 

An experimental program to develop short hooded antennas which 

yield constant beamwidth patterns over an appreciable frequency range 

was continued during this reporting period. Results obtained with two 

experimental short hooded antennas designed to cover the 1 to 12 GHz 

frequency range are presented and discussed. 
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FOREWORD 

This report was prepared at the Georgia Tech Engineering Experi-

ment Station on Contract No. DAAB07-68-C-0189. The work covered by 

this report was performed within the Electronics Division under the 

supervision of Mr. D. W. Robertson, Head of the Communications Branch. 

The report covers the activities and results of the second quarter's 

effort on a project to develop improved test setups, procedures and 

equipment for measurement of radiated emiss,ion and susceptibility 

characteristics of military communication - electronic equipment in 

shielded enclosures. 
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I. FACTUAL DATA 

A. Introduction 

This report covers the work performed under Contract DAAB07- 

68-C-0189 for the period from 1 May 1968 to 31 July 1968. 

4 

The purpose of this program is to conduct theoretical and experi-

mental investigations directed toward the development of improved test 

setups, procedures and equipment for the measurement of radiated emission 

and susceptibility characteristics of military communication-electronic 

equipment. These measurements are to be made within shielded enclosures, 

in the near-field of the equipment under test and at frequencies at 

which RF absorbers are not economically feasible. 

The three primary objectives of the program are (1) the develop-

ment of techniques for measuring radiated interference and susceptibility 

characteristics in shielded enclosures over the frequency range from 20 

to 200 MHz, (2) an investigation to determine the availability of broad-

band, balanced, electric-field antennas suitable for radiated emission 

and susceptibility measurements in shielded enclosures over the fre-

quency range from 14 kHz to 200 MHz and (3) the development of broad-

band hooded antennas which minimize the narrowing effect of the hood 

on the antenna field pattern. 

B. Study of Near-Field Measurement Problems  

1. General  

In the previous quarterly report a detailed explanation was 

presented of a theory of the cause of the coupling nulls which are 

observed in shielded enclosures at frequencies below 100 MHz. Briefly, 

this theory assumes that a coupling null is the result of the summation 

of the direct radiation and a near-field component which couples from 

the radiating source to the enclosure walls (sidewalls, floor and ceil-

ing), propagates along the enclosure walls, and couples to the probe 

antenna. It is further assumed that the near-field component experi-

ences a 90-degree time phase shift in coupling from the walls to the 

receiving antenna. 

If the velocity of propagation along the walls is approximately 

equal to the velocity of propagation of the direct radiation, the 

near-field component will arrive at the receiving antenna approximately 

180 degrees out of time phase with the direct component. This 180 degree 

phase relationship will be essentially independent of the spacing 

between the source and the receiving antenna. 



The amplitude of the near-field component is predominantly dependent 

on the distance from the source to the enclosure walls and the distance 

from the enclosure walls to the receiving antenna, and relatively indep-

endent of the spacing between the source and receiving antenna. Con-

versely, the amplitude of the direct radiation is highly dependent on 

source-to-receiving antenna spacing and relatively independent of source-

to-wall and wall-to-receiving antenna spacing. While the out of phase 

near-field component influences the measured direct radiation at all 

source-to-receiving antenna spacings, a coupling null will occur only 

at that spacing at which the amplitude of the near-field component is 
equal to and 180 degrees out of phase with the direct radiation. 

If the theory outlined above is the basis for the coupling nulls 

observed in shielded enclosures at frequencies below 100 MHz, then the 
ideal receiving antenna for use at these frequencies would possess the 

characteristic of being completely insensitive to the near-field com-
ponent discussed above. Since this near-field component is an electric 

field component polarized in the radial direction, the ideal antenna 
would have a zero radial field "gain" in the near-field. 

2. Model Enclosure Experiments  

While the results of previously reported preliminary measure-
ments supported the above theory, it was felt that further evidence 

was needed prior to commencing the investigation of antennas with the 

characteristic of low sensitivity to near-field, electric-field com-

ponents polarized in the radial direction. A review of the application 

of the near-field coupling theory to the coupling between dipole antennas 

in a shielded enclosure suggests an experiment to further test the 

validity of the theory. 

Figure 1 shows the patterns of the tangentially (E 8 ) and radially 

(E
r
) polarized fields that exist in the near-field of a short dipole. 

A diagram of a two-dipole coupling measurement setup in a shielded 

enclosure is shown in Figure 2. There is an appreciable E
r 

field off 

the ends of the radiating dipole and it is apparent from the figures 
that a significant E r  field will be incident on the enclosure sidewalls 

adjacent to the ends of the radiating dipole. Since E r  is perpendicular 

to the sidewalls at this point, this field can be propagated over the 

surface of the walls.
1 

As these fields propagate over the sidewalls 

1H. H. Skilling, Fundamentals of Electric Waves, John Wiley and Sons, 
1948, pp. 193-198. 
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Figure 1. Patterns of the Radially and Tangentially Polarized 

Electric Field Components of a Short Dipole Antenna. 
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adjacent to the ends cf the receiving dipole, the antenna will exhibit 

maximum response to these fields and a portion of the energy will be 

coupled into the antenna. The three coupling paths between two dipole 

antennas in a shielded enclosure are depicted in Figure 2 as PM
1, 

P(0 2 , and P() 3 . P() 1  represents the direct radiation from the 

radiating to the receiving antenna and P(0 2  and P(0 3  represent the 

propagation along the two sidewalls. Since the theory assumes that 

the velocity of propagation along each sidewall is equal to the velocity 

of propagation of the direct radiation, it is apparent from that P(0 2  

and P(0
3 

arrive at the receiving antenna approximately 180 degrees 

with respect to PO) 1  independent of the spacing between the two dipoles. 

It should be noted from Figure 2 that the near-field coupling theory 

as applied to two dipoles in a shielded enclosure requires only the 

direct radiation and the propagation along the sidewalls to insure a 

coupling null at low frequencies. Since a dipole antenna exhibits no 

appreciable electric field polarized in the radial direction except off 

the ends of the dipole (Figure 1), the theory implies that a coupling 

null will exist at low frequencies even if the room had no conducting 

floor, ceiling or end walls. Conversely, in the absence of the two 

sidewalls of Figure 2, no coupling null should exist, even though the 

end walls, floor and ceiling of the enclosure remain intact. 

An experiment was needed to test the concept that the sidewalls 

of the enclosure were both necessary and sufficient for the existance 

of a null in the coupling characteristics of two horizontal dipoles in 

an enclosure. The results of such an experiment would be quite valuable 

in evaluating the validity of the near-field coupling theory and the 

desirability of pursuing the search for antenna configurations which 

exhibit a low near-field component polarized in the radial direction. 

Since the removal of the sidewalls of a full-size shielded enclo-

sure was impractical, a model enclosure was designed and fabricated to 

carry out the desired measurements. The model enclosure was designed 

to be a 10:1 scale model of an 8 x 8 x 20 foot shielded enclosure. 

Figures 3(A) and 3(B) show some of the details of the model enclosure. 

The back wall of the enclosure was made of metal and lined with Emerson 

and Cumings Eccosorb HPY-12 pyramidal absorbing material. The absorbing 

material was used to eliminate any reflections from the back wall. The 

ceiling and sidewalls were fabricated from a single piece of metal so 

that the enclosure could be used either conventionally (two sidewalls, 

floor, ceiling) or, by inverting the top member, could be used as an 

enclosure with no sidewalls. 

It was also necessary to fabricate model antennas for use in the 

model enclosure. Two 10:1 scale models were made of the 30-inch bow-tie 

4 
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Figure 3. Two Views of the Model Enclosure. 
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antennas normally used for coupling measurements in the full-size 

shielded enclosure. Broadband balun transformers were wound on ferrite 

cores for use with the model antennas. These model bow-tie antennas 

are also shown in Figures 3(A) and 3(B). Sufficient measurements 

were made on the model antennas to assure that the patterns of Figure 1 
were generally representative of those of the model antennas. 

Coupling measurements were made at 0.1 inch increments at antenna 

separation distances of 1.0 to 10.0 inches at a frequency of 400 MHz. 

The 400 MHz frequency was chosen because it was the lowest frequency 

at which reasonably good absorption could be obtained with the material 

lining the back wall of the model enclosure. The antenna closest to 

the absorber lined end wall was placed 9.3 inches from the wall to 

correspond to the 93-inch source spacing used in the full-size chamber. 

Initially the model enclosure was operated with the antennas in 

the orientation shown in Figure 4(A). It can be seen from this figure, 

that while the antennas are actually shown vertically polarized, this 

antenna configuration is equivalent to horizontal dipole antenna 

operation in an enclosure with sidewalls only. The near-field coupling 

theory implies that the presence of the sidewalls only is sufficient 

for the existance of a coupling null. 

That a coupling null does indeed exist in the presence of only the 

sidewalls is shown by the results of the measurements plotted in Figure 

5. The null occurs at an antenna separation distance of 4.5 inches, 

which corresponds to a separation distance of 45 inches in the full- 

size enclosure. It has previously been established
2 

that coupling 

nulls occur with the 30-inch bow-tie antennas in the full-size enclo-

sure at a separation distance of 40 inches at 37.5 MHz and 23 inches 

at 50 MHz. Since 400 MHz in the 10:1 model enclosure corresponds to 

40 MHz in the full-size enclosure, the null in the model enclosure at 

400 MHz would be expected to occur at slightly less than 4.0 inches 

if the small bow-tie antennas were perfect electrical models of the 

30-inch bow-ties. 

It is apparent from Figures 1 and 2 and the discussion of the 

near-field coupling null theory that the antenna separation distance 

required for equal tangential and radial electric field contributions 

at the receiving antenna is highly dependent on the relative amplitudes 

of the E8  and E
r 

fields close to the antennas. The latter is a character- 

istic of the antennas and may be expected to vary somewhat from antenna 

to antenna of the same design for practical antennas or for frequency 

scaled antennas. 

2W. R. Free, et al., "Electromagnetic Interference Measurement Methods -

Shielded Enclosure," Final Report, Georgia Institute of Technology, 

Contract DA 28-043 AMC-02381(E), U. S. Army Electronics Command, Dec. 1967. 
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(a) 

(b ) 

Figure 4. Views of a Model Enclosure Equivalent to (a) Horizontal Dipoles 

in an Enclosure with Sidewalls Only and (b) Horizontal Dipoles 

in an Enclosure with Floor and Ceiling Only. 
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Having established that only the sidewalls of the model enclosure 

are necessary for the existance of a coupling null, it remained to be 

determined if the elimination of these sidewalls would eliminate the 

coupling null. In order to disturb the enclosure setup as little as 

possible in making this determination, the model bow-ties were rotated 

90 degrees and no changes were made in the enclosure. The resulting 

configuration, shown in Figure 4(3), was equivalent to having two 

horizontally polarized bow-tie antennas in an enclosure having a con-

ducting floor and ceiling but having no sidewalls. 

Again the non-movable antenna was placed 9.3 inches from the back 

wall and the coupling measurements were mad6 at 0.1 inch increments at 

separation distances of from 1.0 to 10.0 inches. The results are 

shown in Figure 5. As shown in this figure, the removal of the side- 

walls resulted in the complete elimination of the coupling null. 

The open-field coupling at 400 MHz between the two model bow-tie 

antennas was determined using the experimental configuration depicted 

in Figure 6. Measurements were made at 0.5 inch increments at antenna 

spacings of from 1.0 to 10.0 inches. The resulting open-field coupling 

curve is also shown in Figure 5. Since, in the open-field, no path is 

available by which the radial field component may be coupled between the 

antennas, it is proper to view this coupling curve as the coupling 

curve of the tangential electric field component only. 

Figure 6. The Open-Field Coupling Measurement Configuration. 
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3. Discussion cE Results  

The model chamber coupling curve made with the floor and ceil-

ing, but without the sidewalls, agrees quite well with the open-field 

coupling between the two antennas. It should be recognized that the 

tangential electric field component was equally incident upon both the 

conducting floor and ceiling of the model enclosure as well as the 

receiving antenna. The fact that no evidence of multipath interference 

can be seen in the coupling measurements agrees with the concept that 

the coupling nulls observed at low frequencies are not due to multi-

path reflections from the enclosure walls. This is quite important 

to the design of probe antennas at low frequencies because it relaxes 

the restriction that the beamwidth of the tangential field components 

be made quite narrow, as is necessary with the higher frequency probe 

antennas. 

All available evidence supports the near-field coupling theory; it 

appears that with a horizontal dipole or bow-tie probe antenna in a 

shielded enclosure, the presence of the side walls is a necessary and 

sufficient condition to cause coupling of the near-field radially 

polarized field components and hence to cause a coupling null. The 

exact spacing at which the null will occur in the enclosure is depen-

dent on, among other things, the relative magnitudes of the radially 

and tangentially polarized electric field components set up by the 

source, and hence is unpredictable. Thus it would appear possible 

that coupling nulls could exist in shielded enclosures at frequencies 

considerably below those at which they have been observed while using 

bow-tie antennas as a source. The current investigation is being 

directed toward developing a satisfactory measurement technique for the 

20 to 200 MHz range. In view of the recent insight into the coupling 

problem derived from the near-field coupling theory, a careful re-

appraisal will be made of the 20 MHz lower frequency limit below which 

no appreciable deviation from open-field results has been observed. 

If an antenna can be developed which has a very low response to an 

electric field component polarized in the radial direction it appears 

quite probable that it can be used to make accurate, repeatable measure-

ments of the tangentially polarized electric fields in shielded enclo-

sures at low frequencies. Several possibilities for such an antenna 

include extremely short dipoles and variations of spiral, helical and 

loop antennas. However, a most intriguing possibility is that such an 

antenna may already exist within the state-of-the-art at Georgia Tech—

the hooded antenna. 

Prior to recognition of the near-field coupling theory as the cause of 

the coupling nulls at low frequencies, the use of hooded antennas at fre-
quencies below 100 MHz was ruled out because of two major considerations. 

First, to satisfy the aperture-to-wavelength requirements to obtain the 

necessary directivity (necessary in conventional hooded antennas at high 

10 



frequencies) the hood would be too large to be accommodated in shielded 

enclosures. All available data as well as calculations indicate 

that the dimensions of the enclosure are not large enough to permit 

multipath interference at low frequencies. Hence, there is apparently 

little need for any tangentially polarized field directivity and smaller 

hoods may suffice. The other major objection to the use of hoods at 

low frequencies was that no suitable absorbing material is available 

with which to line the inside of the hood. Since multipath is not a 

problem at low frequencies, it may be possible to line the inside of a 

hood with absorbing or lossy material and,. through the use of an 

effective balun, isolate the probe antenna from the near-field com-

ponents propagated along the sidewalls. There are, of course, problems 

which may rule out the use of a hooded antenna at low frequencies; for 

example, even if proper probe isolation can be achieved, the insertion 

loss associated with the hood may make its use impractical. It is 

therefore anticipated that antenna investigations directed towards achiev-

ing an antenna with minimal radial field response will be carried out 

concurrently with the evaluation of a low frequency hooded antenna 

during the next quarter. 

C. Development of Short Hooded Antennas  

Since it is important from the standpoint of size, weight and 

cost to minimize the hood length, a study was initiated in the previous 

quarter and continued during this reporting period to determine the 

performance of hooded antennas as a function of hood length. 

Results from the previous work indicated that the hood length can 

be made relatively small compared to the hood aperture without signi-

ficantly effecting the antenna pattern. The results also indicated that 

the beamwidths of short hooded antennas are considerably less sensitive 

to frequency than the previously developed hooded antennas with relative-

ly long hoods. To verify these results and determine the maximum use-

able bandwidth and the beamwidth characteristics of short hooded antennas, 

two experimental antennas designed to cover the frequency ranges of 1 

to 4 GHz and 3 to 12 GHz and to yield an essentially constant 50 degree 

beamwidth over the 1 to 12 GHz range were fabricated and evaluated. 

Figure 7 shows two views of the 1 to 4 GHz hooded antenna. The 

hood is a metal cylinder enclosed on one end and lined with NZ-1 

absorbing material. The outside diameter of the hood is 11 3/4 inches, 

the inside diameter is 9 3/4 inches, and the length is 2 inches. An 

AEL Model ASN 112A cavity-backed spiral antenna was mounted, utilizing 

1/2 inch thick ring spacers between the antenna and the hood end wall, 

through a hole in the center of the enclosed end of the hood. A maximum 

of two ring spacers were used, thus allowing the distance (i) between 

the aperture of the cavity-backed spiral and the hood aperture to be 

varied between 3/4 and 1 3/4 inches in 1/2-inch steps. 

11 
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Figure 7. Two Views of the 1 to 4 GHz Short Hooded Antenna. 
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Antenna patterns were made both unhooded and hooded at 1 GHz 

increments for 2 values of 3/4, 1 1/4 and 1 3/4 inches using the 

measurement setup shown in Figure 8. Both E 9  and E patterns were 

taken, however, since both were quite similar, and for brevity, only 

E() patterns are shown in Figures 9-12. The patterns show that the half- 

power beamwidth of the short hooded antenna is wider than the design 

goal of 50 degrees. Over the 1 to 3 GHz range with the three hood 

lengths the half-power beamwidth remains in the range from 65 to 85 

degrees. At 4 GHz, it is apparent that the short hood lengths used 

were not sufficient to eliminate the main beam distortion on the feed 

antenna pattern. While the experimental antenna does not meet the 

design objectives, the results appear to support the feasibility of a 

short hooded antenna and the possibility of obtaining an essentially 

constant beamwidth. It is speculated that a slightly increased hood 

length will decrease the half-power beamwidth over the entire frequency 

range and eliminate the main beam distortion at 4 GHz. 

Figure 13 shows two views of the 3 to 12 GHz hooded antenna. The 

basic hood structure is the same as the 1 to 4 GHz with an outside dia-

meter of 7 3/4 inches, inside diameter of 5 3/4 inches and length of 

2 inches. An AEL Model ASN 111A cavity-backed spiral was mounted in 

the hood again using 1/2 inch ring spacers. A maximum of three rings 

were used in this configuration, giving / values of 3/16, 11/16, 

1 3/16 and 1 11/16 inches. 

Antenna patterns were taken at 1 GHz increments for the above 

values. The patterns for frequencies of 2, 4, 6, 8 and 10 GHz and L 

values of 3/16, 11/16 and 1 3/16 inches are shown in Figures 14-18. 

Again for brevity only the E patterns are shown. The patterns again 

show that the half-power beamwidth is wider than the 50 degree design 

goal. The beamwidths obtained are reasonably constant, particularly 

at the lower frequencies, but are in the vicinity of 70 degrees. There 

is also evidence of beam splitting at the higher frequencies. Thus, it 

appears it will be necessary to decrease the aperture size of the hood 

as well as increasing the length in order to obtain the design objectives 

over this frequency range. Work will continue to improve the perfor-

mance of short hooded antennas. 

D. Low Frequency Coupling Measurements  

The coupling between two 30-inch bow-tie antennas in an 8 x 8 x 20 

foot shielded enclosure were measured at frequencies between 200 kHz 

and 1 MHz. The antenna coupling as a function of antenna separation 

distance was determined every 100 kHz. The measurement configuration 

used in obtaining this data is shown in the block diagram of Figure 19. 

13 
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Figure 13. Two Views of the 3 to 12 GHz Short Hooded Antenna. 
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Measurement Configuration. 

The signal generator used for these measurements was a Hewlett-

Packard 606A. The signal generator output was set to +20 dBm to 

achieve the maximum overall system signal level. While it is recognized 

that the Emerson and Cumings HPY-72 absorbing material located on the 

back wall of the 8 x 8 x 20 foot enclosure provided no absorption at 

the frequencies of interest, the material was left in place as a matter 

of convenience. The source antenna was located 93 inches from the end 

wall of the enclosure. 

The Empire Devices NF-105 receiver (NFIM) was calibrated by insert-

ing 120 dB of attenuation at the Hewlett-Packard 355-D step attenuator 

and 20 dB of internal attenuation at the NFIM. The NFIM gain was 

adjusted for a +10 dB indication on the meter when the antenna cables 

were connected straight through. As shown in the block diagram the 

measuring equipment was located in a separate shielded enclosure to 

avoid interference from high intensity local radio stations. Double 

shielded cables were used between the two enclosures. The noise level 

was found to be over 18 dB below the above indicated reference calibration 

level; a total system dynamic range of about 150 dB was thus achieved. 
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Antenna coupling measurements were made in two inch increments at 

antenna separation distances of from 12 inches out to the point at which 

the coupling loss exceeded 150 dB relative to the straight through 

connection between the antenna cables. Figure 20 shows a typical view 

inside the 8 x 8 x 20 foot enclosure during the low frequency antenna 

coupling measurements. A complete set of measurements was made at 

each 100 kHz frequency increment between 200 kHz and 1 MHz. 

Figure 21 shows antenna coupling as a function of separation dis-

tance for the two 30-inch bow-tie antennas in the shielded enclosure 

at each measurement frequency. As seen from this figure a family of 

roughly parallel coupling curves are generated which fall off quite 

sharply with distance and frequency as a result of being in the near-

field of the antennas. An alternate method of viewing the data is 

shown in Figure 22, which shows coupling as a function of frequency 

at antenna separation distances of 12 and 40 inches. These curves fall 

off with frequency at a nominal rate of 18 dB per octave as is pre-

dicted by the near-field equations for short dipole antennas. 

On the basis of these measurement results, it is tenatively con-

cluded that no serious measurement problems are apparent in performing 

radiated measurements in shielded enclosures over the 200 kHz to 1 MHz 

frequency range. A comparison of open-field coupling curves and 

shielded enclosure coupling curves will be made to validate this con-

clusion. 

Figure 20. View of Low Frequency Coupling Measurement Setup 

Inside an 8 x 8 x 20 Foot Shielded Enclosure. 
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II. SUMMARY 

Results from an experimental measurement program indicate that the 

coupling nulls observed in shielded enclosures at lower frequencies 

(below 100 MHz) are not due to multipath reflections from the enclosure 

walls. The measurement results appear to support the near-field coupling 

concept that the low frequency nulls result from the radial field 

coupling between the probe antenna and the enclosure walls. A low-

frequency hooded antenna will be investigated as a means of obtaining 

a probe antenna with minimal radial field response. 

Results obtained with two experimental short hooded antennas were 

not as good as had been anticipated. The two antennas were designed to 

cover the 1 to 12 GHz frequency range, and it was anticipated on the 

basis of data obtained with an adjustable-length hooded antenna, that 

the antennas would yield antenna patterns with essentially constant 

half-power beamwidths of approximately 50 degrees over the 1 to 12 GHz 

frequency range. The patterns obtained with the experimental antennas 

were considerably wider and more sensitive to frequency than had been 

anticipated. Also, in the case of the 3 to 12 GHz hooded antenna, 

serious beam splitting became apparent at 8 GHz indicating that the 

hood aperture of this antenna will have to be reduced to cover the 8 

to 12 GHz frequency range. Work will continue to improve the per-

formance of short hooded antennas. 

Antenna coupling measurements were performed in a shielded enclo-

sure over the frequency range from 200 kHz to 1 MHz. While no open-

field coupling curves are available at the present time for a com-

parison, the measurement results appear to agree with theoretical 

coupling curves predicted by near-field equations for short dipole 

antennas. It is tenatively concluded that no serious measurement 

problems exist in performing radiated measurements in shielded enclo-

sures over this frequency range. 

29 



DISTRIBUTION LIST FOR QUARTERLY REPORT NO. 2 ON CONTRACT DAAB07-68-C-0189 

No. of Copies 
	

To 

	

20 
	

Defense Documentation Center, ATTN: DDC-IRS, Cameron Station 

(Bldg. 5), Alexandria, Virginia 22314 

	

1 
	

Technical Library, Dir. of Defense Research and Engineering, 

Room 3E-1039, The Pentagon, Washington, D. C. 20301 

	

1 
	

Naval Ships Systems Command, ATTN: Code 20526 (Technical 
Library), Main Navy Bldg., Room 1528, Washington, D. C. 20325 

	

1 
	

Director, U. S. Naval Research Laboratory, ATTN: Code 2027, 
Washington, D. C. 20390 

	

1 
	

Commanding Officer and Director, U. S. Navy Electronics Lab- 
oratory, ATTN: Library, San Diego, California 92152 

	

1 
	

AFSC STLO (RTSND), Naval Air Development Center, Johnsville, 

Warminster, Pa. 18974 

	

1 
	

Chief of Research and Development, Department of the Army, 

Washington, D. C. 20315 

	

1 
	

Commanding General, U. S. Army Materiel Command, ATTN: R&D 

Directorate, Washington, D. C. 20315 

	

1 
	

Redstone Scientific Information Center, ATTN: Chief, Docu- 

ments Section, U. S. Army Missile Command, Redstone Arsenal, 

Alabama 35809 

	

1 
	

Commanding Officer, Aberdeen Proving Ground, ATTN: Technical 

Library, Bldg. 313, Aberdeen Proving Ground, Maryland 21005 

	

1 
	

Commanding Officer, U. S. Army Combat Developments Command, 
Communications Electronics Agency, Ft. Monmouth, N. J. 07703 

	

1 
	

Commander, U. S. Army Research Office (Durham), Box CM-Duke 
Station, Durham, North Carolina 27706 

	

1 
	

U. S. Army Security Agency, ATTN: OACofS, Dev, Arlington 

Hall Station, Arlington, Virginia 22212 

Commanding General, U. S. Army Electronic Proving Ground, 
ATTN: Technical Information Center, Fort Huachuca, Arizona 
85613 



DISTRIBUTION LIST FOR C,UARTERLY REPORT NO. 2 ON CONTRACT Dr ',E07-68-C-0189

(Continued) 

No. of Copies 
	

To 

1 	Asst. Secretary of the Army (R&D), Department of the Army, 

ATTN: Deputy Asst. for Army (R&D), Washington, D. C. 20)15 

1 	Commanding General, U. S. Army Electronics Command, ATTN: 
AMSEL-MR, 225 South 18th Street, Philadelphia, Pa. 19103 

1 	Headquarters, U. S. Army Combat Developments Command, 
ATTN: CDCLN-EL, Fort Belvoir, Virginia 22060 

1 	USAECOM Liaison Officer, MIT, Bldg. 26, Room 131, 

77 Massachusetis Avenue, Cambridge, Mass. 02139 

1 	USAECOM Liaison Officer, U. S. Army Tank-Automotive Center, 
Warren, Michigan 48090 

1 	USAECOM Liaison Officer, Aeronautical Systems Division, 

ATTN: ASDL,9, Wright-Patterson Air Force Base, Ohio 45433 

1 	Commander, Rome Air Development Center, ATTN: EMCVI-2, 
Griffiss Air Force Base, New York 13440 

1 
	

Army Deputy Director, Electromagnetic Compatibility Analysis 

Center, ATTN: Col. Wilson, North Severn, Annapolis, Md. 
21401 

Commanding General, U. S. Army Electronics Command, Fort 

Monmouth, New Jersey 07703 

1 
	

ATTN: AMSEL,PP 

ATTN: AMSEL-IO-T 

1 
	

ATTN: AMSEL-RD-MAT 

1 
	

ATTN: AMSEL-RD-LNA 

1 
	

ATTN: AMSEL-XL-D 

1 
	

ATTN: AMSEL-NL-D 

1 
	

ATTN: AMSEL-WL-D 



DISTRIBUTION LIST FOR QUARTERLY REPORT NO. 2 ON CONTRACT DAAB07-68-C-0189 
(Continued) 

No. of Copies 
	

To 

Commanding General, U. S. Army Electronics Command, 
Fbrt Monmouth, New Jersey 07703 

1 	ATTN: AMSEL,KI,D 
4 

1 	ATTN: AMSEL-HL-CT-D 

1 	ATTN: AMSEL,BL-D 

1 	ATTN: AMSEI-VL-D 

2 	ATTN: AMSEL-RD-GF (Record Copies, Ida Wagner) 

4 	ATTN: AMSEL-RDLGF (Guy Johnson) 



Security Classification 

DOCUMENT CONTROL DATA - R&D 
(Security classification of title, body of abstract and indexing annotation must be entered when the overall report ie cMsaitied) 

i 	ORIGINATIN G ACTIVITY (Corporate author) 

Georgia Institute of Technology, Atlanta, Georgia 

2a. REPORT SECURITY C LASSIFICATION 

Unclassified 
zb GROUP 

3 REPORT TITLE 

ELECTROMAGNETIC INTERFERENCE MEASUREMENT METHODOLOGY, COMMUNICATION EQUIPMENT 

1 	DESCRIPTIVE NOTES (Type of report and inclusive dates) 

Quarterly Report No. 2, 1 May 1968 to 31 July 1968 
S AUTHORS) (Last name, first name, initial) 

Free, William R., Jenkins, Bernard M., and Stuckey, Charles W. 

6 REPORT DATE 

December 1968 

7a. TOTAL NO. OF PAGES 

29 

7b. NO. OF REFS 

e•. CONTRACT OR GRANT NO. 

DAAB07-68-C-0189 
b. PROJECT NO. 

1H6 62701 D449 01 56 
c. 

d 

9a. ORIGINATOR'S REPORT NUMBER(S) 

A-1075-2 

9b. OTHER REPORT NO(S) (Any other numbers that may be assigned 
this report) 

ECOM-0189-2 

10. AVAIL  ABILITY/LIMITATION NOTICES 

This document has been approved for public release and sale; 

its distribution is unlimited. 

11. SUPPLEMENTARY NOTES 

Radio Frequency Interference 

Communications 

12. SPONSORING MILITARY ACTIVITY 

U. S. Army Electronics Command 

Fort Monmouth, New Jersey 	07703 
AMSEL-RD-GF 

13. ABSTRACT 

Theoretical and experimental investigations directed toward the develop-

ment of improved test techniques and procedures for performing radiated 

measurements in shielded enclosures have continued during this reporting 

period. 

A theory to explain the presence of coupling nulls in shielded enclo-

sures at low frequencie3 (below 100 MHz) was developed during the previous 

quarter. A series of measurements was performed during this reporting 

period to validate this theory. 	The results from these measurements 

demonstrate that the coupling nulls observed in the shielded enclosure in 

the vicinity of 40 MHz Ere not the result of multi-path reflections from 

the enclosure walls. 	In addition, 	the measurement results are consistent 

with the previously developed near-field coupling theory. 

An experimental pro.;ram to develop short hooded antennas which yield 

constant beamwidth patte:ns over an appreciable frequency range was con-

tinued during this reporting period. Results obtained with two experi-

mental short hooded antennas designed to cover the 1 to 12 GHz frequency 

range are presented and discussed. 

D I FJA°N"e41473 



LINK F3 14 LINK .2 

ROLE ;  WT 
KEY .1, 01405 

LINK A 

ROLE i 	Vol ROLE NIT 

	VIIMOONINI■ 1311■ 0111011/111.  

Electromagnetic Interference 

Measurcrne'lL Methods 

Cavity-Backed Spiral Antennas 

^1n tt nnas 

Shielded Enclosures 

Near-Field Antenna Theory 

INSTRUCTIONS 

1. ORIGINATING ACTIVITY: Enter the name and address 

of the contractor, subcontractor, grantee, Department of De 

tense activity or other organization (corporate author) issuing 

the report. 

2a. REPORT STCURITY CLASSIFICATION: Enter the over-

all security classification of the report. 11.4icate whetl - er 

"Restricted Data" is included. Marking is to be in accord-

ance with appropriate security regulations. 

26. GROUP: Automatic downgrading is specified in DoD Di-

rective 5200.10 and Armed Forces Industrial Manual. Enter 

the group number. Also, when applicable show that optional 
markings have been used for Group 3 and Group 4 as author-

ized. 

3. REPORT TITLE: Enter the complete report title in all 

capital letters. Titles in all cases should be unclassified. 

If a meaningful title cannot be selected without classifica-

tion, show title classification in all capitals in parenthesis 

immediately following the title. 

4. DESCRIPTIVE NOTES: If appropriate, enter the type of 

report, e.g., interim, progress, summary, annual, or final. 

Give the inclusive dates when a specific reporting period is 

covered. 

5. AUTFIOR(S): Enter the name(s) of author(s) as shown on 

or in the report. Enter last name, first name, middle initial. 

If military, show rank and branch of service. The name of 

the principal e 'thor is an absolute minimum requirement. 

6. REPORT DATE.: Enter the date of the report as day, 

month, year; or month, year. If more than one date appeals 

on the report, use date of publication. 

7a. TOTAL NUMBER OF PAGES: The total page count 

should follow normal pagination procedures, i.e., enter the 

number of pages containing information. 

M. NUMBER OF REFERENCES Enter the total number of 

references cited in the report. 

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 

the applicable number of the contract or grant under which 

the report was written. 

86, 8e, & 8d. PROJECT NUMBER: Enter ',he appropriate 

military department identification, such as project number, 

subproject number, system numbers, task number, etc. 

9a. ORIGINATOR'S'REPORT NUMBER(S): Enter the offi-

cial report number by which the document will be identified 

and controlled by the originating activity. This number must 

be unique to this report. 

gb, OTHER REPORT NUMBER(S): If the report has been 

assigned any other report numbers (either 5 ,.• the originator 

or by the sponsor). also enter this number(s). 

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-

itations on further dissemination of the report, -.ther than those 

ation. using stand 

rs may obtain copi 

ment and dissemina 

t authorized." 

gencies may obtai 

rom DDC. Other q 

through 

and stateme nts 

Lion of this 

n copies of 

ualified DDC 

imposed by security classIfe 

such as: 

(1) 

(2)  

(3)  

"Qualified requeste 

report from DDC." 

"Foreign announce 

report by DDC is no 

"U. S. Government 
this report directly 

users shall request 

es of tin, 

(4) "U. S. military agencies may obtain copies of this 

report directly from DDC. Other qualified users 
shall request through 

(5) "All distribution of 

ified DDC users sh 

this report is cont rolled. Qual- 

all request through 

If the report has been fur nished to the Offic 

Services, Department of Com merce, for sale to 

cate this fact and enter the p rice, if known. 

1L SUPPLEMENTARY NO '  ES: Use for addit 

tory notes. 

12. SPONSORING MILITAR Y ACTIVITY: Ent 

the departmental project offi e or laboratory sp 

ing for) the research and dev elopment. Include 

13. ABSTRACT: Enter an a 

summary of the document end 

it may also appear elsewhere 

port. If additional space is 

be attached. 

It is highly desirable the t the abstract of c 
be unclassified. Each parag raph of the abstrac 

an indication of the military security classifica 
formation in the paragraph. r presented as (TS) 

There is no limitation on the length of the 
ever, the suggested length is from 150 to 225 w 

e of Technical 

he public, indi- 

ional explana- 

er the name of 
onsoring (pay-

address. 

bstract giving a brief and factual 

icative of the report, even though 

in the body of the technical re-
equired, a continuation sheet shall 

tassified reports 

t shall end with 

tion of the in- 

(S). (C). or (U). 

abstract. How-
ords. 

14. KEY WORDS: Key word 
or short phrase t that charact 
index entries 1. r cataloging 

selected -3 that no security 

Piers, such 	equipment mod 

project code :tame, geograph 

words but will be followed b 
text. The el:.signment of link 

eaningful terms 

may be used as 

rds must be 

qutred. Identi-

de name, military 

used as key 

echnical con- 

es is optional 

s are technically m 

erize a report and 
he report. Key wo 

lassification is re 

el designation, tra 

c location, may be 

an indication of t 

s, roles, and weig 

Security Classification 

DD,FJ?nti 1473 (BACK) 
".:. ■ -••C,f 



AD 

TECHNICAL REPORT ECOM-0189-3 

ELECTROMAGNETIC INTERFERENCE 

MEASUREMENT METHODOLOGY, 

COMMUNICATION EQUIPMENT 

07..0 1969 
	

QUARTERLY REPORT 

DISTRIBUTION STATEMENT 

This document has been approved for public 

release and sale; its distribution is unlimited. 

ECOM 
UNITED STATES ARMY ELECTRONICS COMMAND • FORT MONMOUTH, N.J. 

Contract DAAB07-68-C-0189 

Engineering Experiment Station 

GEORGIA INSTITUTE OF TECHNOLOGY 

Atlanta, Georgia 

• • • • 
• • • • • 

• • • • • • • • • • • • • • 
• By 
• 
• 
• 
• W. R. FREE 
• 
• 
• 
• AND • 
• 
• C. W. STUCKEY • 
• 
• 
• 
• 
• MARCH 1969 • 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
•••• OOOOO •••••••• OOOOO ••••••••• 



NOTICES 

Disclaimers 

The findings in this report are not to be construed as an 

official Department of the Army position, unless so desig-

nated by other authorized documents. 

Disposition 

Destroy this report when it is no longer needed. Do not 

return it to the originator. 



Reports Control Symbol 

OSD-1366 

TECHNICAL REPORT ECOM-0189-3 	March 1969 

ELECTROMAGNETIC INTERFERENCE MEASUREMENT 
METHODOLOGY, COMMUNICATION EQUIPMENT 

QUARTERLY REPORT NO. 3 

1 AUGUST 1968 TO 31 OCTOBER 1968 

CONTRACT NO. DAAB07-68-C-0189 
DA PROJECT NO. 1H6 20501 D449 01 56 

Prepared By 

W. R. FREE AND C. W. STUCKEY 

ENGINEERING EXPERIMENT STATION 
GEORGIA INSTITUTE OF TECHNOLOGY 

ATLANTA, GEORGIA 

For 

U. S. ARMY ELECTRONICS COMMAND 
FORT MONMOUTH, N. J. 

DISTRIBUTION STATEMENT 

This document has been approved for public 
release and sale; its distribution is unlimited. 



ABSTRACT 

Theoretical and experimental investigations directed toward the 

development of improved test techniques and procedures for performing 

radiated measurements in shielded enclosures have continued during 

this reporting period. 

Results from previous studies indicate that the coupling variations 

which occur in shielded enclosures at frequencies below 100 MHz are due 

to near-field radially-polarized electric field components which are 

propagated along the walls of the enclosure. An experimental study was 

performed during this reporting period to test the concept that an 

antenna hood could isolate a probe antenna from these sidewall-propagated, 

near-field components. The results from this experimental program show 

that a low frequency antenna hood can be used to effectively isolate the 

probe antenna from the enclosure walls. However, insertion loss and 

calibration difficulties associated with the low frequency hooded antenna 

indicate that this solution is not without some disadvantages. 

In order to obtain experimental data which are more directly applic-

able to high frequency short hooded antenna designs, two adjustable-

length hooded antennas were fabricated and tested. Results from this 

measurement program indicate that a hooded antenna approximately 4 

inches long will operate satisfactorily over the 1 to 3 GHz frequency 

range, a 2-inch long hooded antenna will operate satisfactorily over 

the 3 to 8 CHz frequency range and a third shorter hooded antenna will 

be required to cover the 8 to 12 GHz frequency range. 
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FOREWORD 

This report was prepared at the Georgia Tech Engineering Experi-

ment Station on Contract No. DAAB07-68-C-0189. The work covered by 

this report was performed within the Electronics Division under the 

supervision of Mr. D. W. Robertson, Head of the Communications Branch. 

The report covers the activities and results of the third quarter's 

effort on a project to develop improved test setups, procedures and 

equipment for measurement of radiated emission and susceptibility 

characteristics of military communication - electronic equipment in 

shielded enclosures. 
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I. FACTUAL DATA 

A. Introduction  

This report covers the work performed under Contract DAAB07- 

68-C-0189 for the period from 1 August 1968 to 1 November 1968. 

The purpose of this program is to conduct theoretical and experi-

mental investigations directed toward the development of improved test 

setups, procedures and equipment for the measurement of radiated 

emission and susceptibility characteristics of military communication-

electronic equipment. These measurements are to be made within shield-

ed enclosures in the near-field of the equipment under test and at 

frequencies at which RF absorbers are not economically feasible. 

The three primary objectives of the program are (1) the development 

of techniques for measuring radiated interference and susceptibility 

characteristics in shielded enclosures over the frequency range from 20 

to 200 MHz, (2) the development of broadband hooded antennas which 

minimize the narrowing effect of the hood on the antenna field pattern 

and (3) an investigation to determine the availability of broadband, 

balanced probe antennas suitable for radiated emission and susceptibility 

measurements in shielded enclosures over the frequency range from 14 kHz 

to 200 MHz. 

B. Study of Near-Field Measurement Problems  

1. General  

It has previously been shown
1

'
2 

that the coupling nulls which 

occur in shielded enclosures at frequencies below 100 MHz are the result 

of the out-of-phase summation of the tangentially polarized direct radia-

tion and a near-field, radially-polarized, electric field component. 

The radially-polarized component couples from the radiating source to 

the enclosure walls, propagates along the walls and couples to the probe 

antenna. In the open-field there is no path corresponding to the enclo-

sure walls whereby the radially polarized field component can couple 

into the probe antenna. Thus coupling measurements made in shielded 

enclosures exhibit the effect of this radial field component and corres-

ponding measurements made in the open-field do not. Since it is desired 

to measure the amplitude of the tangentially polarized field component 

in shielded enclosures independent of any wall-coupled, near-field effect, 

an investigation was undertaken to investigate probe antenna configura-

tions with little or no response to radial fields. 



One possible antenna configuration having the desired character-

istic of minimum response to radially polarized fields incorporates 

an antenna hood. This is most easily seen by reference to Figure 1. 

Figure 1(a) pictorially illustrates the response of a dipole probe 

antenna to the radially polarized field component, E
r
, in a shielded 

enclosure. The E
r 

field is incident on the enclosure sidewalls ad- 

jacent to the ends of the radiating dipole. Since E
r 

is orthogonal 

to the sidewalls, this field can be propagated over the surface of 

the walls. As the E
r 

field propagates along the sidewalls adjacent to 

the ends of the probe dipole, the probe will exhibit maximum response 

to this field and a portion of the energy will be coupled into the 

probe antenna. The tangentially polarized electric field, E
e 

is pro- 

pagated as direct radiation from the radiating to the receiving dipole 

as shown. 

Prior to recognition of the near-field coupling theory as the cause 

of the coupling nulls at low frequencies, the use of conventional hooded 

antennas at frequencies below 100 MHz was ruled out because of two major 

considerations. First, to satisfy the aperture-to-wavelength require- 

ments to obtain the directivity necessary to prevent multipath influences 

on measured field strengths, a low frequency conventional hood would be 

too large to be accommodated in shielded enclosures. Fortunately, all 

available data as well as calculations indicate that the dimensions of 

the enclosure are not large enough to permit any significant multipath 

interference at low frequencies. Hence, there is apparently little 

need for obtaining tangentially polarized field directivity with a 

hood. The other major objection to the use of hoods at low frequencies 

was that no suitable absorbing material is available with which to line 

the inside of the hood. 

Since the problem at low frequencies is the wall-coupled, radial 

field effect and not conventional multipath, it was considered possible 

to line the inside of a low frequency hood with lossy material and, 

through the use of an effective balun, isolate the probe antenna from 

the near-field components propagated along the sidewalls as indicated 

in Figure 1(b). 

It should be emphasized that there are distinct conceptual differ-

ences between the conventional hooded antennas employed at high fre-

quencies and the low frequency hood depicted in Figure 1(b). In the 

conventional high frequency hooded antenna, the hood is used to achieve 

antenna directivity with respect to the tangentially polarized electric 

field component, E 0 . This increased directivity is utilized to minimize 

the effects of multipath interference (stray radiation) inside a shielded 

enclosure by allowing probe illumination of the radiating source while 

simultaneously minimizing sidewall, backwall, floor and ceiling illumination. 

2 
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The inside of a conventional high frequency hood is lined with RF absorb-

ing material and the probe antenna is isolated by a balun from the out-

side metal shield. In the open-field or free-space environment, measure-

ments made at a given frequency with the probe antenna unhooded differ 

from measurements made with the same probe hooded by a constant factor 

at all far-field measurement ranges of interest. This constant factor 

is the insertion loss (or gain) associated with the hood. After correct-

ing for this insertion loss, the hooded and unhooded measurements are 

identical at each measurement range of interest. 

The concept of the low frequency hood shown in Figure 1(b) is 

completely different from that of the conventional high frequency hood. 

In the low frequency hood no increased directivity with respect to the 

tangentially polarized electric field component, E03 is sought or 

achieved. Rather, the low frequency hood is used solely to isolate 

the antenna from the radially polarized electric field component, E r , 

propagated along the sidewalls. Although the probe antenna is isolated 

from the outside metal shield of the hood by a balun as is the case 

with conventional high frequency hoods, the inside of the metal shield 

is lined with a lossy material (for isolation from the inside of the 

metal shield) rather than an absorber. This can be done since the 

dimensions involved preclude significant effects from multipath reflec-

tions inside the hood itself. 

The most important conceptual difference between the conventional 

high frequency hooded antenna and the low frequency hooded antenna is 

that the latter is intended for use at ranges of from a few wavelengths 

down to a fraction of a wavelength from the radiating source. Thus, 

when the low frequency probe antenna is hooded, not only is a far-

field insertion loss factor present in the measured results, but the 

mutual coupling between the source and the probe is appreciably altered 

by the presence of the hood. Therefore, at longer wavelengths, it is 

no longer possible to correct hooded probe measurements to agree with 

unhooded probe measurements by a range-independent far-field insertion 

loss factor. It is indeed difficult and more than a little misleading 

to describe the low frequency probe as either hooded or unhooded in the 

conventional sense in which this concept is used to describe probes 

intended for use at higher frequencies. The hooded low-frequency probe 

operating very close (in terms of wavelength) to a radiating source 

should and, as is shown in the measurement results section of this 

report, does exhibit electrical characteristics quite different from 

those of the same probe unhooded. Instead of being described as 

hooded and unhooded, it may be clearer to view the two antenna con-

figurations as two distinctly different antennas, just as differentiation 

is made between dipoles and horn antennas. However, in order to be con-

sistant with previous reports, the low frequency probe antenna will be 

referred to herein as either hooded or unhooded. 

4 



2. Low-Frequency Hooded Antenna Experiments  

In order to experimentally test the concept that an antenna 

hood could be used successfully in shielded enclosures at frequencies 

below 100 MHz to isolate a probe antenna from the near-field radially 

polarized components propagated along the sidewalls, a probe antenna 

and antenna hood were fabricated. An 18-inch bow-tie antenna with a 

38-degree flare angle was built to serve as a probe antenna. An Anzac 

Model H-1 hybrid junction was used as the probe antenna feed and balun. 

The hood was constructed from an aluminum cylinder two feet in dia-

meter and four feet long; the wall thickness was 1/8 inch. The hood 

end plate (back wall) was made from 1/2 inch sheet aluminum. The 

cylinder and end plate were lined with Emerson and Cuming NZ-1 ferrite 

material. While it is documented
3 

that this material is a very poor 

absorber at frequencies appreciably below 300 MHz, it has been found 

to be an adequate lossy material in the frequency range of interest. 

Figure 2 shows a view of the bow-tie probe antenna inside the antenna 

hood. 

Antenna coupling measurements were made in an 8 x 8 x 20 foot 

shielded enclosure. A 30-inch bow-tie antenna was used as the source 

antenna for all of the coupling measurements. Initially, antenna 

coupling as a function of separation distance was determined between 

the source antenna and the unhooded 18-inch bow-tie probe antenna. 

Figure 2. View of the Hooded 18-Inch Bow-Tie Probe Antenna. 
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The source antenna was centered in the shielded enclosure 93 inches 

from the end wall to correspond with previous experiments in the 20 

foot chamber. Coupling measurements were made at frequencies of 50, 

40 and 30 MHz. The measurements were made at 2-inch spacing increments 

at antenna separation distances of from 10 inches to 100 inches. The 

results of these measurements are shown in Figures 3, 4 and 5. 

The coupling data for the unhooded probe antenna clearly show the 

typical low frequency coupling nulls resulting from the out-of-phase 

summation of the tangentially and radially polarized field components. 

Consistant with previously reported coupling measurements in shielded 

enclosures, at low frequencies, the null occurs further from the source 

as the frequency is decreased. A complete discussion of the reasons 

for this effect can be found on page 13 of reference 1. 

To verify that the probe antenna could be isolated from the 

radially polarized near-field component propagated along the enclo-

sure wall by the use of an antenna hood, the experiment described 

above was repeated with the 18-inch bow-tie probe antenna hooded 

as shown in Figure 2. Again the coupling measurements were made at 

2-inch spacing increments at each of the three test frequencies. 

Measurements were made with the probe antenna located at hood depths 

of 3, 9 and 18 inches. It was found that the 3-inch hood depth did 

not provide sufficient probe antenna isolation to completely eliminate 

the coupling nulls. No significant differences were observed between 

the data recorded at a 9-inch hood depth and that recorded at an 18-

inch hood depth. 

The results of the coupling measurements made in the shielded 

enclosure with the probe antenna hooded for a 9-inch hood depth are 

shown in Figures 3, 4 and 5. As shown in these curves, sufficient 

isolation was provided by the antenna hood to prevent coupling of the 

E
r 
component into the probe antenna. Hence, no coupling nulls are 

evident in the hooded antenna data. 

To compare the hooded antenna coupling measured in the shielded 

enclosure with corresponding data from open-field measurements, the 

shielded enclosure experiments described above were repeated on the roof 

antenna range. The open-field coupling data obtained with the hooded 

antenna are also shown in Figures 3, 4 and 5. The agreement between 

the hooded antenna measurements in the shielded enclosure and corres-

ponding measurements in the open-field is quite good. Out to a separa-

tion distance of just over one meter, the two sets of measurements are 

identical to within the accuracy of the measurement equipment. At 

separation distances in excess of 50 inches, a detectable difference in 

coupling is seen. The coupling in the open-field falls off more slowly 

with distance than it does in the shielded enclosure. At a separation 

distance of 100 inches, the difference between the open-field and 

shielded enclosure measurements is approximately 3 dB. 

6 
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While the low frequency hooded antenna exhibits little or no res-

ponse to radially polarized fields, Figures 3, 4 and 5 indicate that 

this antenna does exhibit less gain than unhooded bow-tie antennas. 

Open-field coupling measurements were made as a function of the separa-

tion distance of the 30-inch bow-tie antenna and the unhooded 18-inch 

bow-tie antenna. The results of these measurements are shown in 

Figures 6, 7 and 8. The corresponding open-field coupling curves 

between the 30-inch bow-tie antenna and the hooded 18-inch bow-tie 

antenna are included in these figures for comparison. 

As expected, the near-field mutual coupling between the source and 

probe antennas was found to be considerably altered when the probe 

antenna was hooded. As can be seen from Figures 6, 7 and 8 the addi-

tional coupling losses associated with the hooded probe are dependent 

both on separation distance and frequency. To further document the 

range dependence of mutual coupling in the near-field, azimuth antenna 

patterns were made of the response of the hooded probe antenna to the 

tangentially polarized electric field, E E.  For these patterns a short  
dipole antenna was used as a radiating source. Figure 9 shows the test 

setup used in obtaining the patterns. 

Azimuth antenna patterns of the hooded probe antenna were made at 

source-to-probe separation distances of 28, 36, 48, 60, 72 and 84 inches. 

The patterns were made at a frequency of 40 MHz with the bow-tie probe 

located at a 24-inch hood depth. The resulting patterns are shown in 

Figures 10 and 11. In order to obtain the clearest possible patterns, 

it was necessary to increase the power delivered to the source antenna 

as the source-to-probe separation distance was increased. The response 

level on boresight is indicated on the pattern at each separation dis-

tance. All levels are referenced to 0 dB at a 28-inch separation dis-

tance. 

As Figures 10 and 11 indicate, there are several dramatic effects 

of separation distance on the hooded probe antenna patterns as a result 

of near-field mutual coupling changes between the source and hooded 

probe antenna. The apparent front-to-back ratio is seen to change from 

about 32 dB at a 28-inch separation distance to about 10 dB at 84 inches. 

The apparent 3 dB beamwidth changes from approximately 36 degrees at 

28 inches to approximately 84 degrees at 84 inches. The word "apparent" 

is used advisedly in describing the front-to-back ratio and beamwidth 

changes. It should be recognized that the "patterns" shown in Figures 

10 and 11 actually depict the near-field mutual coupling of the dipole 

source and the hooded probe as a function of the azimuth position of 

the latter. The near-field as used here implies the region less than a 

few wavelengths from the antenna where the induction-field and electro-

static-field are significant with respect to the radiated field. In 

this region the coupling between two antennas includes inductive coupl-

ing and capacitive coupling as well as the normal coupling involving 

the radiated field. The inductive coupling and capacitive coupling are 

10 
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Figure 9. View of the Test Set-Up for Measuring Near-Field 

Mutual Coupling Patterns. 

extremely sensitive to the configurations of the two antennas involved, 

to the spacing between the antennas and to the orientation of the two 

antennas with respect to each other. Hence, it is to be expected that 

patterns made in this region will be significantly different from far-

field patterns and will be a function of the distance at which they are 

measured. The mutual coupling patterns shown in Figures 10 and 11 

would be expected to change, for example, if a different source antenna 

were used in place of the short dipole shown in Figure 9. 

3. Future Investigations  

It has been shown that a low frequency antenna hood can be 

used to effectively isolate the probe antenna from the radially 

polarized field component propagated along a shielded enclosure wall. 

Low frequency hooded antenna coupling measurements in a shielded enclo-

sure agree quite well with corresponding hooded measurements made in 

the open-field. However, coupling losses associated with the low 

1 4 
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frequency hooded antenna are appreciable and the mutual coupling between 

the source and probe antenna is significantly affected by the antenna 

hood. The strong dependence of mutual coupling on the probe antenna 

hood could further complicate any future calibration of this type of 

antenna. Thus, while the low frequency hooded antenna does offer a 

solution to some of the near-field measurement problems in shielded 

enclosures, this solution is not without some disadvantages. 

During the coming quarter alternate techniques will be investigated 

for minimizing the effects of the radially polarized near-field compon-

ent on measurements made in shielded enclosures. It is anticipated that 

the investigation will include methods of preventing the radial field 

from propagating along the enclosure walls as well as alternate tech-

niques to minimize probe coupling of this field from the walls. 
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C. Short Hooded Antennas  

1. Back.ground  

A major objective of the present program is to improve the 

design of hooded antennas. The evaluation of the hooded antennas on 

previous programs revealed that the relatively long hoods utilized with 

these antennas were yielding more directivity than was required. In 

fact, at the higher frequency limits, the beamwidths of the antennas 

were narrower than desired. In addition, it is desirable to reduce 

the length of the antenna hoods in order to reduce the size, weight 

and cost of future hooded antennas. 

An initial step in reducing the length of hooded antennas was to 

substitute cavity-backed spiral antennas for conical log-helix antennas 

as the primary feeds for hooded antennas. The cavity-backed spirals 

appear to exhibit all the desirable characteristics of the log-conical 

antennas, and in addition, are planar structures. In previous hooded 

antennas utilizing log-conical antennas as primary feeds, an appreciable 

part of the hood length was required to accomodate the length of the 

log-conical antenna. The substitution of cavity-backed spiral antennas 

allowed practically all of this hood length to be eliminated. 

An adjustable-length hooded antenna was fabricated and a study was 

conducted to determine the performance of hooded antennas as a function 

of hood length. This study was described in detail in the first quarterly 

report. The results from this study indicated that the length of the 

hood could be reduced to approximately 1/3 the hood diameter and still 

provide a half-power beamwidth of less than 60 degrees over at least a 

3:1 frequency range. The results also indicated that the beamwidths of 

short hooded antennas are considerably less sensitive to frequency than 

long hooded antennas. 

To verify these results and determine the beamwidth characteristics 

of short hooded antennas, two experimental short hooded antennas were 

designed to cover the frequency ranges of 1 to 4 GHz and 3 to 12 GHz 

and to yield an essentially constant 50 degree beamwidth over the 1 to 

12 GHz range. Details of the design, fabrication and evaluation of 

these antennas were presented in the second quarterly report. 

The results obtained with the two experimental short hooded antennas 

were not as good as anticipated. The patterns obtained with the short 

hooded antennas were considerably wider and more sensitive to frequency 

than expected. It was hypothesized that the lack of success could be due 

to the fact that the short hooded antenna designs were based on data 

obtained with an adjustable-length hooded antenna in which the aperture 

dimension and the primary feed antenna (and hence the primary antenna 

pattern) were different from the final short hooded antenna configurations. 
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In order to obtain experimental data which are more directly applicable 

to the short hooded antenna designs, two additional adjustable-length 

hooded antennas have been fabricated. The dimensions and configurations 

of these antennas have been made as near as possible identical to the 

planned short hooded antennas. In addition, the same cavity-backed 

spiral antennas that were utilized in these adjustable-length hooded 

antennas will be used in the final short hooded antennas. 

2. Adjustable-Length Hooded ASN 116A Antenna  

An adjustable-length hooded antenna for a lower frequency limit 

of 1 GHz was designed and fabricated. The objective of this antenna is 

to cover the frequency range from 1 GHz to as high a frequency as possible, 

and over its useable frequency range, to provide a half-power beamwidth 

in the range from 20 to 60 degrees. A photograph of this hooded antenna 

is shown in Figure 12. The hood is a metal cylinder lined with Emerson 

and Cuming Eccosorb NZ-1 absorbing material. The outside diameter is 

12 inches and the inside diameter is 10 inches. An AEL Model ASN 116A 

cavity-backed spiral antenna was used as the primary feed antenna for 

this hooded configuration. The ASN 116A antenna is designed to cover 

the 1 to 10 GHz frequency range. Antenna patterns for the basic unhooded 

antenna at 2, 3, 4, 6, 7, 8, 9 and 10 GHz are shown in Figures 13 and 14. 

It is apparent from the figures that the 3 dB beamwidths at the 8 test 

frequencies vary from 48 degrees to 103 degrees with an average half-

power beamwidth of 77.6 degrees. The ASN 116A antenna and a false metal 
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at 2, 3, 4 and 6 GHz. 
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end-plate lined with NZ-1 absorbing material were mounted on a circular 

piece of expanded polyethylene foam. The diameter of the foam was made 

so that it was a tight sliding fit to the inside of the hood, and hence, 

was capable of supporting the antenna and false end-plate at any loca-

tion along the length of the hood. The length of the hood was made 13 

inches long so that this configuration made it possible to vary the 

distance between the aperture of the hood and the aperture of the ASN 116A 

antenna from zero to 4 inches. 

Antenna patterns for the hooded antenna were made at five frequencies 

(1, 2, 3, 4 and 5 GHz) for hood lengths of 0, 1, 2, 3, and 4 inches. The 

best results were obtained for a hood length of 4 inches and the antenna 

patterns obtained with this hood length at 1, 2, 3, and 4 GHz are shown 

in Figure 15. The figure shows that the half-power beamwidth obtained at 

1 GHz is 72 degrees. Since an objective of the hooded antenna develop-

ment program is to obtain half-power beamwidths of less than 60 degrees, 

this beamwidth is excessive. However, a 72-degree beamwidth was obtained 

for all hood lengths from zero to 4 inches at 1 GHz indicating that the 

beamwidth is independent of hood length at this frequency. Thus it was 

concluded that the aperture of the hood is not sufficiently large to 

provide the desired directivity at this frequency. Half-power beamwidths 

of 42 degrees and 45 degrees were obtained at 2 and 3 GHz, respectively. 

These are well within the desired beamwidth range of 20 to 60 degrees, 

and hence, indicate that the performance of the short hooded antenna is 

satisfactory in this frequency range. The antenna pattern obtained at 

4 GHz shows that significant beam-splitting occurs at this frequency. 

Patterns at higher frequencies indicate that the beam-splitting becomes 

more severe with increasing frequency. 

The results from this study indicate that (1) in order to operate 

down to 1 GHz, the aperture of the short hooded antenna will have to be 

increased slightly, possibly to an inside diameter of 12 inches, (2) 

the useable frequency range of a short hooded ASN 116A hooded antenna 

will probably cover the 1 to 3 GHz range and (3) the optimum hood length 

for a 1 to 3 GHz short hooded antenna is 4 inches. 

3. Adjustable-Length Hooded ASN 111A Antenna  

An adjustable-length hooded antenna for a lower frequency 

limit of 3 GHz was designed and fabricated. The objective for this 

antenna is to cover the frequency range from 3 GHz to as high a fre-

quency as possible, and over its useable frequency range, to provide 

a half-power beamwidth in the range from 20 to 60 degrees. A photograph 

of this hooded antenna is shown in Figure 16. The hood is the same 

configuration as the ASN 116A hooded antenna, the difference being the 

outside diameter of this hood is 6 inches and the inside diameter is 

4 inches. An AEL Model ASN 111A cavity-backed spiral antenna was used 

as the primary feed antenna for this hooded configuration. The 
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at 1, 2, 3 and 4 GHz. 
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Figure 16. Adjustable-Length Hooded ASN 111A Antenna. 

ASN 111A antenna is designed to cover the 3 to 12 GHz frequency range. 

Antenna patterns for the basic unhooded antenna at 4, 6, 8 and 10 GHz 

are shown in Figure 17. It is apparent from the figure that the 3 dB 

beamwidths at the four test frequencies vary from 54 degrees to 84 

degrees. The ASN 111A antenna and a false end-plate covered with NZ-1 

material were mounted in the hood in the same manner as the ASN 116A 

antenna so that the antenna could be positioned at any location along 

the length of the hood. The length of the hood was made 13.5 inches 

so that the aperture of the ASN 111A antenna could be located at any 

distance from zero to 4 inches from the aperture of the hood. 

Antenna patterns for the hooded antenna were made at six frequencies 

(3, 4, 5, 6, 7 and 8.5 GHz) for hood lengths of 0, 1, 2, 3 and 4 inches. 

The best results were obtained for a hood length of 2 inches, and the 

antenna patterns obtained with this hood length at the six test fre-

quencies are shown in Figures 18 and 19. It is apparent from the antenna 

patterns that the half-power beamwidth of the hooded antenna over the fre-

quency range from 3 to 8.5 GHz remains in the range from 28 to 60 degrees. 
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at 6 , 6, 8 and 10 GHz . 
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Figure 19. Antenna Patterns for Hooded ASN 111A Antenna 

at 7 and 8.5 GHz. 

The results from this study indicate that a short hooded antenna with 

a 4-inch aperture and 2-inch hood length will operate satisfactorily over 

the frequency range from 3 to 8 GHz. 

4. Future Hooded Antenna Investigations  

Results from the programs described above indicate that the 1 

to 12 GHz frequency range can be covered with three short hooded antennas. 

The measured data indicate that a 4-inch long hooded antenna with a 12-

inch inside diameter aperture will operate satisfactorily over the 1 to 

3 CHz frequency range and a 2-inch long hooded antenna with a 4-inch 

inside diameter aperture will operate satisfactorily over the 3 to 8 GHz 

range. It is anticipated that a 1-inch long hooded antenna with a 

2-inch inside diameter aperture will operate satisfactorily over the 

8 to 12 GHz frequency range. A set of three short hooded antennas 

having these parameters will be fabricated and tested during the next 

quarter. 
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II. SUMMARY 

An experimental study was performed during this reporting period 

to test the concept that an antenna hood could sufficiently isolate a 

probe antenna from near-field components propagated on the walls of a 

shielded enclosure to eliminate coupling variations in shielded enclo-

sures below 100 MHz. The results from this experimental program show 

that a low frequency antenna hood can effectively isolate the probe 

antenna from the enclosure walls. However, insertion loss and cali-

bration difficulties associated with the low frequency hooded antenna 

indicate that this solution is not without some disadvantages. During 

the next quarter, alternate techniques will be investigated for mini-

mizing the effects of near-field components on measurements made in 

shielded enclosures. This investigation will include methods of pre-

venting the radial field components from propagating along the enclo-

sure walls as well as alternate techniques to minimize probe coupling 

of this field from the walls. 

Two adjustable-length hooded antennas were fabricated and tested 

to obtain experimental data which are more directly applicable to high 

frequency short hooded antenna designs. Results from this measurement 

program indicate that three short hooded antennas will be required to 

cover the 1 to 12 GHz frequency range. A set of three short hooded 

antennas to cover the 1 to 12 GHz range will be fabricated and tested 

during the next quarter. 
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sidewall-propagated, near-field components. 	The results from this experimental 

program show that a low frequency antenna hood can be used to effectively isolate 

the probe antenna from the enclosure walls. 	However, insertion loss and calibra- 

tion difficulties associated with the low frequency hooded antenna indicate that 

this solution is not without some disadvantages. 

In order to obtain experimental data which are more directly applicable to 

high frequency short hooded antenna designs, two adjustable-length hooded antennas 

were fabricated and tested. 	Results from this measurement program indicate that 

a hooded antenna approximately 4-inches long will operate satisfactorily over the 

1 to 3 GHz frequency range, a 2-inch long hooded antenna will operate satisfactorili 

over the 3 to 8 GHz frequency range and a third shorter hooded antenna will be 

required to cover the 8 to 12 GHz frequency range. 
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ABSTRACT 

This report summarizes the accomplishments on a program to develop 

improved test techniques and procedures for performing radiated measure-

ments in shielded enclosures which can be correlated with measurements 

made in the open-field. 

A set of three short hooded probe antennas to cover the 1 to 12 GHz 

frequency range were developed and evaluated. Results from this program 

indicate that reliable radiated measurements, which can be correlated 

with open-field measurements, can be made in shielded enclosures with 

short hooded probe antennas over the 200 MHz to 12 GHz frequency range. 

Coupling nulls were observed in shielded enclosures in the frequency 

range from 10 to 100 MHz. The presence of these nulls could not be ex-

plained on the basis of cavity resonances or multi-path reflections from 

the enclosure walls since the dimensions on the enclosures were quite 

small in terms of wavelengths. It was concluded that a different coupl-

ing mechanism must be responsible for the existance of these coupling 

nulls. A theory was developed to explain the nulls in terms of near-

field coupling between the radiating source and the enclosure walls 

and between the enclosure walls and the probe antenna. The results 

from extensive experimental measurements supported the validity of 

this theory. The coupling nulls were essentially eliminated by iso-

lating the probe antenna from the enclosure walls. 

While it was concluded that radiated measurements performed in 

shielded enclosures over the 14 kHz to 20 MHz frequency range yielded 

essentially, the same results as equivalent measurements performed in 

the open-field, there is considerable question as to the value of 

measurement results obtained in either location over this frequency 

range where the probe antenna is in the very near-field of the unit 

under test. This investigation also re-emphasized the need for more 

efficient, balanced probe antennas for use in the 14 kHz to 20 MHz 

frequency range. 
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FOREWORD 

This report was prepared at the Georgia Tech Engineering Experi-

ment Station on Contract No. DAAB07-68-C-0189. The work covered by 

this report was performed within the Electronics Division under the 

suprevision of Mr. D. W. Robertson, Head of the Communications Branch. 

The report covers the activities and results of a fifteen month effort 

on a project to develop improved test setups, procedures and equipment 

for measurement of radiated emission and susceptibility characteristics 

of military communication - electronic equipment in shielded enclosures. 
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I. FACTUAL DATA 

A. Introduction  

1. Purpose and Objectives of the Program 

This report covers the work performed under contract DAAB07- 

68-C-0189 for the period from 1 February 1968 to 31 May 1969. 

The purpose of this program was to conduct theoretical and experi-

mental investigations directed toward the development of improved test 

setups, procedures and equipment for the measurement of radiated emission 

and susceptibility characteristics of military communication - electronic 

equipment. These measurements are to be made within shielded enclosures, 

in the near-field of the equipment under test and at frequencies at 

which RF absorbers are not economically feasible, and where present 

hooded antennas are not effective. 

The primary objectives of the program were (1) the development 

of techniques for measuring radiated interference and susceptibility 

characteristics in shielded enclosures over the frequency range from 

20 to 200 MHz, (2) an investigation to determine the availability of 

broadband, balanced, electric-field antennas suitable for radiated 

emission and susceptibility measurements in shielded enclosures over 

the frequency range from 14 kHz to 200 MHz and (3) the development of 

broadband hooded antennas which minimize the narrowing effect of the 

hood on the antenna field pattern. 

2. Background  

Present techniques for case and cable emission and suscep-

tibility measurements are seriously inadequate, and need to be improved 

to assure repeatability and correlation between measurement data taken 

at different times and/or different locations. If these measurements 

are made in the "open-field", strong man-made and atmospheric back-

ground interference make measurements difficult and often impossible. 

If the measurements are made in a shielded enclosure to avoid the 

environmental interference, standing waves and enclosure resonances 

make the measurements highly susceptible to minor variations in 

equipment placement, enclosure dimensions, and personnel location. 

A typical measurement setup in a shielded enclosure is shown in 

Figure 1. The diagram shows some of the multiple signal paths which 

exist with this measurement configuration. Extensive measurement pro- 

grams were conducted on previous research efforts
1,2 

to determine the 
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Figure 1. Diagram of a Conventional Measurement Setup in a Shielded 

Enclosure Showing Multiple Signal Paths. 

magnitude and nature of the effects of shielded enclosures on radiated 

measurements. Measurements were made to determine the effects of a 

shielded enclosure on the coupling between two antennas (a) at a fixed 

separation as a function of frequency, (b) at a fixed frequency as a 

function of separation and (c) as a function of the location of the 

test setup within the shielded enclosure. 

A curve showing the coupling between two antennas spaced 1 meter 

apart in an 8 x 8 x 20 foot shielded enclosure over the frequency range 

from 1 MHz to 1 GHz is shown in Figure 2. This curve has been normalized 

with respect to an open-field coupling curve to remove the coupling 

variations due to the antenna characteristics, and hence, all coupling 

variations shown in the normalized coupling curve result from the pre-

sence of the shielded enclosure walls. The results indicate that coupling 

variations in the order of ±40 dB are possible as a function of frequency 

of operation. Similar results were obtained as a function of separation 

between the two antennas at 615 and 930 MHz and are shown in Figure 3. 

It is obvious that measurements made under these conditions are of little 

value and the possibility of correlating these measurements with measure-

ments made in the open-field is small. 

2 
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A number of techniques for reducing multipath reflections within 

shielded enclosures were investigated on previous programs under Con-

tracts Nos. DA 36-039 AMC-02294(E) and DA 28-043 AMC-02381(E). As a 

result of these programs, a hooded antenna measurement technique was 

developed. A diagram showing a typical hooded antenna measurement 

setup in a shielded enclosure is shown in Figure 4. A number of 

possible signal paths are shown in the shielded enclosure, but as 

illustrated, only that signal traveling the desired path reaches the 

shielded probe antenna. Results from evaluations of the hooded 

antenna technique over the frequency range from 200 MHz to 10 GHz 

indicate that this technique is capable of reducing the multipath 

reflections in shielded enclosures to a level comparable with the 

reflections normally encountered in open-field measurements. 

To substantiate these results, the coupling between two antennas 

was measured for a spacing of one meter in an 8 x 8 x 20 foot shielded 

enclosure over the frequency range of 1 MHz to 10 GHz. Conventional 

dipole probe antennas were used as the receiving antennas over the 

range from 1 to 200 MHz, and hooded probe antennas were used over the 

200 MHz to 10 GHz range. 

The results of these measurements are shown in Figure 5. The 

shielded enclosure coupling curve shown in the figure has been normal-

ized with respect to the coupling curve obtained in the open-field. 

The curve shows that the measurement results obtained in the enclo-

sure over the frequency range from 1 to 30 MHz are approximately 

2 to 3 dB lower than the results obtained in the open-field. In 

the range from 20 to 200 MHz, the curve indicates that the enclo-

sure results deviate as much as ±40 dB from the open-field results. 

From 200 MHz to 10 GHz, using the hooded antenna technique, it is 

seen that the enclosure results remain within 2 to 3 dB of the open-

field results. It is apparent from Figure 5 that the 20 to 200 MHz 

range is the remaining area requiring improved measurement techniques. 

B. Study of Near-Field Measurement Problems  

1. General  

At low frequencies, where the shielded enclosure dimensions 

and probe antenna spacings are small relative to the wavelengths 

involved, the coupling between the equipment under test and the probe 

antenna becomes much more complicated and includes additional com-

ponents of the more complex near-field. The behavior of these near-

field components in the shielded enclosure is not well understood, 

and there is a very limited amount of information on this subject 

in the literature. In order to determine the measurement problems 

4 
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to be anticipated in this frequency range, a series of experimental 

measurements were made on the previous programs. The measurements 

were made over the frequency range of 1 to 150 MHz, both on and off 

the axis of a shielded enclosure for different source antenna loca-

tions. The test setup used in making these measurements consisted 

of two "identical" bow-tie antennas, 30 inches long, with a 45 degree 

flare angle. The off-axis setup differed from the on-axis setup in 

that both antennas were located two feet off-axis toward a sidewall. 

Typical results from these measurements (for 30 MHz and 50 MHz) 

are shown in Figures 6 and 7. From Figure 6, it is apparent that at 

30 MHz the coupling nulls occur well beyond a one-meter separation 

between the antennas and out to a one-meter spacing there is good 

correlation between all the coupling curves obtained in the shielded 

enclosure and the open-field coupling curve. This was true for all 

test frequencies below 30 MHz. Figure 7 shows that at 50 MHz, the 

coupling nulls occur within a one-meter spacing from the radiating 

source and there is no correlation between the various coupling curves 

obtained in the shielded enclosure and the open-field coupling curve 

over the spacing range from 12 to 40 inches from the radiating source. 

This condition was apparent at all test frequencies above 50 MHz. On 

the basis of the results from these experimental measurements, it was 

concluded that additional investigation was needed to develop a measure-

ment technique which will make it possible to make reliable, repeatable 

measurements in shielded enclosures over the frequency range from 20 

to 200 MHz. 

On the previous programs, no satisfactory explanation was developed 

for the presence of sharp coupling nulls in shielded enclosures at low 

frequencies. Several attempts were made to explain these nulls on the 

basis of simple cancellation and addition of waves reflected from the 

enclosure walls. However, since the transmission path lengths within 

the shielded enclosure, both direct and reflected, were small fractions 

of a wavelength at the lower frequencies, it was not possible to justify 

the rapid phase shifts necessary to obtain the observed sharp coupling 

nulls and hence these attempts were unsuccessful. 

2. A Near-Field Coupling Hypothesis  

In order to assure that the measurement problem was approached 

in the most direct and efficient manner, it was considered necessary 

that the mechanism causing the problem be defined and understood. Hence, 

the attempt to explain the sharp coupling nulls in close proximity to 

the radiating source was continued. 

With the normal multi-path reflections from the walls eliminated 

as the cause, it was hypothesized that the nulls must be caused by 

components of the near-fields of the two antennas. The near-fields 
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from a dipole contain three components E
r
, E

9 
and H and are described 

by Kraus
3 

by the expressions: 
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The near-field patterns of these components are shown in Figure 8. 

From (1) and (2) it is apparent that E
0 
 and H are both proportional. 

to sin 9 and hence the solid pattern in Figure 8 applies to both the 

	

E and H terms. This pattern is independent of 	so that the space 

pattern is doughnut-shaped, and is a figure of revolution of the pattern 

about the axis of the dipole. For the E
0 
and H components, the near- 

field patterns are the same as the far-field patterns, being propor-

tional to sin 9. However, the near-field pattern for E r  is proportional 

to cos 9 as indicated by the dashed pattern in Figure 8. The space 

pattern for E
r 

is a figure of revolution of this pattern around the 

dipole axis, and hence, the maximum intensities of the E field occur 

on the axis of the dipole. 

A diagram of a two-dipole measurement setup in a shielded enclosure 

is shown in Figure 9. If it is assumed that there is an appreciable Er 

 field off the ends of the radiating dipole, it is apparent from the 

figure that a significant E r  field will be incident on and perpendicular 

to the enclosure side walls adjacent to the ends of the radiating dipole. 

In a similar manner, the receiving dipole will exhibit maximum response 

to these fields and energy can be coupled into the antenna. Thus three 

coupling paths between the two dipole antennas in a shielded enclosure 

can be assumed and are depicted in Figure 8 as P(0
1 , 
 PO)

2' 
and Pq)

3
. 

P(0
1 
represents the direct radiation between the radiating and 

E
r 

— (3) 
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receiving antennas and P(0
2 
and PO)

3 
represent the path along the two 

side walls. If it is assumed that the E
r 

field experiences a 90 degree 

phase shift coupling from the radiating antenna to the wall and from the 

wall to the receiving antenna, and also, that the velocity of propagation 

along each side wall is equal to the velocity of propagation of the direct 

radiation so that each phase shift is the same for the three propagation 

paths, it is apparent from the figure that P(0 2  and P(t)
3 

arrive at the 

receiving antenna 180 degrees with respect to P(0 1  independent of the 

spacing between the two dipoles. 

A set of postulated signal levels obtained from the three signal 

paths are shown in Figure 10. The solid curve depicts the direct couplirg 

between the antennas as a function of spacing between the two dipoles. 

As shown in the curve, this coupling decreases quite rapidly (approx-

imately 18 dB per octave of distance) at small spacings due to the 

near-field coupling between the antennas. The dashed curve represents 

the sum of the two side wall couplings. The side wall coupling can be 

expected to decrease with range at a lower rate than the near-field 

direct path coupling, P(i) 1 . Since the spacings between the ends of 

the dipoles and the side walls (near-field couplings) do not change as 

the spacing between the dipoles is varied, the side wall coupling is 

far less sensitive to dipole spacing than the direct coupling path. 

The solid-dash curve depicts the summation of all the coupled signals, 
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Figure 10. Diagram of Theoretical Coupling Null in a Shielded 

Enclosure. 
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noting that P(0 2  and P(0 3  are 180 degrees out of phase with PO)
1

. 

Note that at a spacing of 10 inches, the signal contribution from the 

side walls is approximately 50 dB below the direct signal and has very 

little effect on the overall coupling curve. However, as the spacing 

is increased, the direct coupling rapidly approaches the side wall 

coupling and the side wall contribution significantly reduces the over-

all coupling. For the example shown in Figure 10 at a spacing of 

slightly over 100 inches, the magnitudes of the direct signal and the 

side wall signal are equal and a null is obtained in the overall coupl-

ing. If the side wall signals were exactly 180 degrees with respect to 

the direct signal, the depth of this null would be infinite. Thus the 

depth of the null is apparently an indication of the phase relationship 

between the two signals. Referring to the measured coupling curves in 

Figures 6 and 7, the depth of the deep null in Figure 6 was established 

by the limitations of the instrumentation system indicating that the 

phase relationship between the two signals was very nearly 180 degrees 

at 30 MHz. The bottom of the deepest null in Figure 7 is approximately 

40 dB above the lower limit of the instrumentation system, indicating 

that the phase relationship between the two signals at 50 MHz is not 

exactly 180 degrees. 

Some preliminary measurements were made in an attempt to validate 

the E side wall coupling theory. The lengths of the dipole antennas 

increased increased and it was found that this caused the coupling nulls 

to occur at smaller spacings between the antennas. These results 

support the theory, for increasing the antenna lengths increases the 

coupling between the ends of the antennas and the side walls, increases 

the level of the side wall coupling curve, causes the direct and side 

wall coupling curves to intersect at smaller spacings and hence results 

in the coupling nulls occurring at smaller spacings between antennas. 

Reducing the lengths of the dipole antennas caused the coupling nulls 

to occur at larger spacings. It had previously been observed that 

increasing the frequency of operation caused the nulls to occur at 

shorter spacings and decreasing the frequency caused the nulls to 

occur at greater spacings, which also supports the theory. 

The E
r 

side wall coupling theory not only explains the existence 

of coupling nulls in shielded enclosures at low frequencies, but it 

explains other phenomena observed in measured data. For example, the 

theory explains why good correlation was obtained between open-field 

and enclosure measurements at a spacing of 12 inches at all frequencies 

below 100 MHz. 

3. Near-Field Coupling Measurements  

A series of experimental measurements were performed to deter-

mine the relative end-to-end and boresight couplings between two bow-tie 
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antennas at spacings where the coupling is primarily near-field. The 

objectives of this study were to further substantiate the side wall 

coupling theory and to define the spacings between the end of the probe 

antenna and the enclosure walls necessary to eliminate the side wall 

coupling. Diagrams depicting the measurement setups used to perform 

the experimental measurements are shown in Figure 11. The upper dia-

gram shows the setup used for the boresight coupling measurements. Two 

30-inch bow-tie antennas with a 45-degree flare angle were operated as 

horizontal dipoles and they were aligned so that they were at the same 

height and each was boresighted on the other. The spacing between the 

antennas was defined as the distance between the two planes containing 

the two bow-tie antennas. The lower diagram shows the measurement set-

up used for the end-to-end coupling measurements. The bow-tie antennas 

were again operated as horizontal dipoles at the same height, but they 

were aligned so that they were both contained in the same plane. This 

resulted in the primary coupling between the two antennas being end-to-

end. The spacing between the two antennas was defined as the distance 

between the adjacent antenna ends as shown in the diagram. Photographs 

of the actual measurement setups are shown in Figure 12. The upper 

photograph shows the end-to-end coupling setup. One antenna is mounted 

on a movable cart which runs on a calibrated track. This arrangement 

makes it possible to conveniently vary the spacing between the antennas 

from 0 to 100 inches. The equivalent setup for the boresight coupling 

measurements is shown in the lower photograph. 

Utilizing these measurement setups, boresight and end-to-end 

coupling measurements as a function of spacing between antennas were 

made on an outdoor range at eight frequencies in the range from 10 to 

100 MHz. The results from these measurements are plotted in Figures 

13-20. Figure 13 shows the end-to-end and boresight coupling as the 

spacing between antennas was varied from 0 to 100 inches. It is apparent 

from the figure that the end-to-end and boresight couplings are equal at 

a spacing of approximately 60 inches and in the range from 60 to 100 

inches the end-to-end coupling exceeds the boresight coupling. Figure 

14 shows that at 25 MHz, the couplings are equal at approximately 42 

inches and in the range from 50 to 100 inches, the end-to-end coupling 

is significantly greater than the boresight coupling. At 30 MHz, 

Figure 15 indicates that the couplings are equal at 35 inches, and again, 

in the 50 to 100 inch range the end-to-end coupling is significantly 

greater than the boresight coupling. Figure 16 shows that the coupling 

curves intersect twice at 40 MHz, at approximately 33 inches and again 

at approximately 63 inches. In the range from 33 to 63 inches, the 

two couplings are approximately equal and above and below this range, the 

boresight coupling exceeds the end-to-end coupling. Figure 17 indicates 

a similar situation at 50 MHz with the two intersections occurring at 

approximately 23 and 53 inches. At 62 MHz, Figure 18 indicates that the 

two coupling curves approach each other in the range from 15 to 30 inches 

but never intersect and the boresight coupling is always greater than the 

end-to-end coupling. Figures 19 and 20 indicate that at 70 and 100 MHz 

the boresight coupling is always greater than the end-to-end coupling and 

that the coupling curves diverge with increased spacing. 
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(a)  

(b)  

Figure 12. Two Views of the Coupling Measurement Setups.- 
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On the basis of these measured data it was concluded that it is 

definitely possible to obtain equivalent boresight and end-to-end 

couplings between antennas in the near-field. In addition, it is 

apparent from Figures 13-17 that it is not necessary that the end-to-

end spacing be less than the boresight spacing in order to get equi-

valent couplings. At 25 and 30 MHz, it appears possible to obtain 

equivalent couplings when the end-to-end spacing is significantly 

greater than the boresight spacing. 

While these data demonstrate the possibility of obtaining coupl-

ing nulls in a shielded enclosure in the frequency range from 10 to 

100 MHz, it is not possible to predict the location of the nulls as 

a function of the spacing between the ends of the antennas and the 

enclosure walls because the measured end-to-end coupling data do not 

include the effect of the enclosure wall on the coupling. 

In order to obtain more realistic antenna coupling data and a 

measurement of the relative phase of the end coupled and boresight 

coupled signals, additional measurements were made utilizing the mea-

surement setups depicted in the diagrams shown in Figure 21. The 

upper diagram shows the measurement setup used to measure the magni-

tude of the side wall coupling as a function of the spacing of the 

ends of the antennas from the enclosure wall. The two bow-tie antennas 

were positioned as shown in the diagram at an outside corner of a 

shielded enclosure. This arrangement minimized the boresight coupling 

due to the fact that the antennas were in quadrature with respect to 

each other and the corner of the enclosure provided shielding between 

the antennas. On the other hand, the side wall coupling was preserved, 

since one end of each antenna is in close proximity to a continuous 

enclosure wall. Each bow-tie antenna was positioned 48 inches above 

the floor and 121 inches from the corner of the enclosure. This pro-

vides a 25-inch total wall path distance which was considered average 

for the nulls of interest. 

The lower diagram in Figure 21 shows the measurement setup used 

to measure the phase of the wall coupled signal relative to the bore-

sight coupled signal. This measurement setup was used because it 

afforded considerably more isolation from the boresight coupling and 

for the phase measurement, the magnitude of the coupling was of no 

interest. 

Photographs of the actual measurement setups are shown in Figure 

22. The upper photograph shows the measurement setup at the corner 

of an enclosure and the lower photograph shows the phase measurement 

setup with the antennas on opposite sides of the enclosure. 

The two bow-tie antennas were spaced 100 inches apart and bore-

sighted. A signal generator tuned to 50 MHz was connected to one 
antenna and a Vector Voltmeter was connected to the other antenna. 
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(a) 

Figure 22. Two Views of Antenna End-To-Wall Coupling Measurement 

Setups. 
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The phase of the received signal was measured on the vector voltmeter. 

The antennas were then positioned on opposite sides of an enclosure as 

shown in the lower photograph of Figure 22. The antennas were positioned 

so that the spacing between the ends of the antennas was 100 inches. The 

phase of the received signal was again measured with the vector voltmeter. 

The relative phase of the boresight coupled signal and the wall coupled 

signal was determined to be 175 degrees. This result supports the assump-

tion in the side wall coupling theory that the two signals are approxi-

mately 180 degrees out of phase. This result also supports the discussion 

in the last section that the relatively shallow null at 50 MHz indicates 

that the phase relationship between the two signals at 50 MHz is not 

exactly 180 degrees. 

Measurements of the magnitude of the side wall coupling as a function 

of the spacing of the ends of the antennas from the enclosure wall were 

performed at 30 and 50 MHz. The two bow-tie antennas were positioned at 

the outside corner of a shielded enclosure as shown in the upper diagram 

of Figure 21 and the upper photograph of Figure 22. Measurements were 

made with the spacing between the ends of the antennas and the enclosure 

wall at 0.5, 1, 2, 4, 8, 16, 32, and 64 inches. The results of these 

measurements at 30 MHz are shown plotted in the upper curves of Figure 23. 

The boresight coupling over the spacing range of 2 to 70 inches is also 

plotted in this figure. For the boresight curve, the abscissa is the 

actual spacing between antennas as shown in the top diagram of Figure 11. 

The side wall coupling measurements described above only measure the 

coupling along one wall. For a measurement setup inside a shielded enclo-

sure where both ends of the antennas were equally spaced from the walls, 

it would be expected that the side wall coupling would be increased by a 

factor of two (or 3 dB). The original coupling curves made in a shielded 

enclosure which revealed the coupling nulls in the 10 to 100 MHz fre-

quency range were made in an 8 x 8 x 20 foot enclosure with the 30-inch 

bow-tie antennas. The 8 foot enclosure dimension and the 30-inch antenna 

length results in the ends of the antennas being approximately 32.5 inches 

from the enclosure walls for a symmetrical measurement setup in the enclo-

sure. From Figure 23, the end-to-wall-to-end coupling for a spacing of 

32.5 inches from the wall is seen to be approximately -64.5 dB. If this 

value is increased 3 dB to account for the coupling of the opposite wall, 

and the -61.5 dB coupling value is translated horizontally to intersect 

the boresight coupling curve (shown by the graphical construction lines 

on the figure) it is seen that the side wall coupling and boresight 

coupling are equal at a boresight spacing of approximately 56.5 inches. 

Hence, on the basis of the measured end-to-wall-to-end coupling data the 

null in the shielded enclosure would be predicted to occur at a spacing 

of 56.5 inches at 30 MHz. The actual measured coupling in the shielded 

enclosure at 30 MHz (shown in Figure 6), shows that the null occurs at 

55 inches. The good correlation between the predicted and actual loca-

tion of the coupling null at 30 MHz is quite encouraging and tends to 

add confidence to the side wall coupling measurement technique. 
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The results from the side wall coupling measurements at 50 MHz are 

shown in the lower curves of Figure 23. The predicted location of the 

coupling null at 50 MHz is seen to be 36 inches. Figure 7 shows that 

the measured coupling null occurs at approximately 25 inches. A signi- 

ficant difference between the predicted and actual location of the coupl-

ing null is evident; however, examination of the coupling curves shows 

that the coupling curves are so flat in the region of interest that very 

small errors in the coupling measurements would result in several inches 

error in the predicted null location. 

4. Model Enclosure Experiments  

While the results of preliminary measurements supported the 

side wall coupling theory, it was felt that further evidence was needed 

prior to commencing the investigation of antennas with the character-

istic of low sensitivity to near-field, electric-field components 

polarized in the radial direction. An experiment was needed to test 

the concept that the side walls of the enclosure were both necessary 

and sufficient for the existance of a null in the coupling character-

istics of two horizontal dipoles in an enclosure. The results of such 

an experiment would be quite valuable in evaluating the validity of the 

near-field coupling theory and the desirability of pursuing the search 

for antenna configurations which exhibit a low near-field component 

polarized in the radial direction. 

Since the removal of the side walls of a full-size shielded enclo-

sure was impractical, a model enclosure was designed and fabricated to 

carry out the desired measurements. The model enclosure was designed 

to be a 10:1 scale model of an 8 x 8 x 20 foot shielded enclosure. 

Figures 24(A) and 24(B) show some of the details of the model enclosure. 

The back wall of the enclosure was made of metal and lined with Emerson 

and Cumings Eccosorb HPY-12 pyramidal absorbing material. The absorbing 

material was used to eliminate any reflections from the back wall. The 

ceiling and side walls were fabricated from a single piece of metal so 

that the enclosure could be used either conventionally (two side walls, 

floor, ceiling) or, by inverting the top member, could be used as an 

enclosure with no side walls. 

It was also necessary to fabricate model antennas for use in the 

model enclosure. Two 10:1 scale models were made of the 30-inch bow-tie 

antennas normally used for coupling measurements in the full-size 

shielded enclosure. Broadband balun transformers were wound on ferrite 

cores for use with the model antennas. These model bow-tie antennas 

are also shown in Figures 24(A) and 24(B). Sufficient measurements 

were made on the model antennas to assure that the patterns of Figure 8 

were generally representative of those of the model antennas. 
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(a) 

(b)  

Figure 24. Two Views of the Model Enclosure. 
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Coupling measurements were made at 0.1 inch increments at antenna 

separation distances of 1.0 to 10.0 inches at a frequency of 400 MHz. 

The 400 MHz frequency was chosen because it was the lowest frequency 

at which reasonably good absorption could be obtained with the material 

lining the back wall of the model enclosure. The antenna closest to 

the absorber lined end wall was placed 9.3 inches from the wall to 

correspond to the 93-inch source spacing used in the full-size chamber. 

Initially the model enclosure was operated with the antennas in 

the orientation shown in Figure 25(A). It can be seen from this figure, 

that while the antennas are actually shown vertically polarized, this 

antenna configuration is equivalent to horizontal dipole antenna 

operation in an enclosure with side walls only. The near-field coupling 

theory implies that the presence of the side walls only is sufficient 

for the existance of a coupling null. 

That a coupling null does indeed exist in the presence of only the 

side walls is shown by the results of the measurements plotted in Figure 

26. The null occurs at an antenna separation distance of 4.5 inches, 

which corresponds to a separation distance of 45 inches in the full- 

size enclosure. It has previously been established
2 

that coupling 

nulls occur with the 30-inch bow-tie antennas in the full-size enclo-

sure at a separation distance of 40 inches at 37.5 MHz and 23 inches 

at 50 MHz. Since 400 MHz in the 10:1 model enclosure corresponds to 

40 MHz in the full-size enclosure, the null in the model enclosure at 

400 MHz would be expected to occur at slightly less than 4.0 inches 

if the small bow-tie antennas were perfect electrical models of the 

30-inch bow-ties. 

It is apparent from Figures 8 and 9 and the discussion of the 

near-field coupling null theory that the antenna separation distance 

required for equal tangential and radial electric field contributions 

at the receiving antenna is highly dependent on the relative amplitudes 

of the E and E
r 

fields close to the antennas. The latter is a charac- 

teristic of the antennas and may be expected to vary somewhat from 

antenna to antenna of the same design for practical antennas or for 

frequency scaled antennas. 

Having established that only the side walls of the model enclosure 

are necessary for the existance of a coupling null, it remained to be 

determined if the elimination of these side walls would eliminate the 

coupling null. In order to disturb the enclosure setup as little as 

possible in making this determination, the model bow-ties were rotated 

90 degrees and no changes were made in the enclosure. The resulting 

configuration, shown in Figure 25(B), was equivalent to having two 

horizontally polarized bow-tie antennas in an enclosure having a con-

ducting floor and ceiling but having no side walls. 
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(b)  

Figure 25. Views of a Model Enclosure Equivalent to (A) Horizontal 

Dipoles in an Enclosure With Sidewalls Only and (B) 

Horizontal Dipoles in an Enclosure With Floor and 

Ceiling Only. 
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Again the non-movable antenna was placed 9.3 inches from the back 

wall and the coupling measurements were made at 0.1 inch increments at 

separation distances of from 1.0 to 10.0 inches. The results are 

shown in Figure 26. As shown in this figure, the removal of the side 

walls resulted in the complete elimination of the coupling null. 

The open-field coupling at 400 MHz between the two model bow-tie 

antennas was determined using the experimental configuration depicted 

in Figure 27. Measurements were made at 0.5 inch increments at antenna 

spacings of from 1.0 to 10.0 inches. The resulting open-field coupling 

curve is also shown in Figure 26. Since, in the open-field, no path is 

available by which the radial field component may be coupled between the 

antennas, it is proper to view this coupling curve as the coupling 

curve of the tangential electric field component only. 

The model chamber coupling curve made with the floor and ceil-

ing, but without the side walls, agrees quite well with the open-field 

coupling between the two antennas. It should be recognized that the 

tangential electric field component was equally incident upon both the 

conducting floor and ceiling of the model enclosure as well as the 

receiving antenna. The fact that no evidence of multipath interference 

can be seen in the coupling measurements agrees with the concept that 

the coupling nulls observed at low frequencies are not due to multi-

path reflections from the enclosure walls. This is quite important 

Figure 27. The Open-Field Coupling Measurement Configuration. 
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to the design of probe antennas at low frequencies because it relaxes 

the restriction that the beamwidth of the tangential field components 

be made quite narrow, as is necessary with the higher frequency probe 

antennas. 

All available evidence supports the near-field coupling theory; it 

appears that with a horizontal dipole or bow-tie probe antenna in a 

shielded enclosure, the presence of the side walls is a necessary and 

sufficient condition to cause coupling of the near-field radially 

polarized field components and hence to cause a coupling null. The 

exact spacing at which the null will occur in the enclosure is depen-

dent on, among other things, the relative magnitudes of the radially 

and tangentially polarized electric field components set up by the 

source, and hence is unpredictable. 

5. Low-Frequency Hooded Antenna  

One possible antenna configuration having the desired character-

istic of minimum response to radially polarized fields incorporates an 

antenna hood. This is most easily seen by reference to Figure 28. Figure 

28(A) pictorially illustrates the response of a dipole probe antenna to 

the radially polarized field component, E r , in a shielded enclosure. 

The E
r 

field is incident on the enclosure side walls adjacent to the ends 

of the radiating dipole. Since E
r 

is orthogonal to the side walls, this 

field can be coupled via the surface of the walls. As the E
r 

field is 

coupled by the side walls adjacent to the ends of the probe dipole, the 

probe will exhibit maximum response to this field and a portion of the 

energy will be coupled into the probe antenna. The tangentially polar-

ized electric field, E is propagated as direct radiation from the 

radiating to the receiving dipole as shown. 

Prior to recognition of the near-field coupling theory as the cause 

of the coupling nulls at low frequencies, the use of conventional hooded 

antennas at frequencies below 100 MHz was ruled out because of two major 

considerations. First, to satisfy the aperture-to-wavelength require- 

ments to obtain the directivity necessary to prevent multipath influences 

on measured field strengths, a low frequency conventional hood would be 

too large to be accommodated in shielded enclosures. Fortunately, all 

available data as well as calculations indicate that the dimensions of 

the enclosure are not large enough to permit any significant multipath 

interference at low frequencies. Hence, there is apparently little 

need for obtaining tangentially polarized field directivity with a 

hood. The other major objection to the use of hoods at low frequencies 

was that no suitable absorbing material is available with which to line 

the inside of the hood. 

30 



_i_ 	---> 	
; i 

_i_ 
—r— 	-T-  

E
r 	

1 
1 	 1 

SHIELDED ......L, 
ENCLOSURE 
WALLS 

DIPOLE 

-T- 

RADIATING 	

i 

==> 

Ee 

	

1 	 i 

Er 	
1 

	

_i_ 	 _1_ 

1 

1 
1 

-1- - 
i 
1 

PROBE 

(A) 

i 

	 (B ) 

1 

-T- 
t 	E 

r 1 

E
e  

RADIATING 17> 
DIPOLE 

LOSSY 
MATERIAL 

METAL 
SHIELD 

HOODED 
PROBE 

Figure 28. Illustration of the Use of an Antenna Hood to Minimize 

Probe Response to Radially Polarized Fields. 

31 



Since the problem at low frequencies is the wall-coupled, radial 

field effect and not conventional multipath, it was considered possible 

to line the inside of a low frequency hood with lossy material and, 

through the use of an effective balun, isolate the probe antenna from 

the near-field side wall coupled components as indicated in Figure 28(B). 

It should be emphasized that there are distinct conceptual differ-

ences between the conventional hooded antennas employed at high fre-

quencies and the low frequency hood depicted in Figure 28(B). In the 

conventional high frequency hooded antenna, the hood is used to achieve 

antenna directivity with respect to the tangentially polarized electric 

field component, E. This increased directivity is utilized to minimize 

the effects of multipath interference (stray radiation) inside a shielded 

enclosure by allowing probe illumination of the radiating source while 

simultaneously minimizing side wall, back wall, floor and ceiling illumin-

ation. The inside of a conventional high frequency hood is lined with RF 

absorbing material and the probe antenna is isolated by a balun from the 

outside metal shield. In the open-field or free-space environment, 

measurements made at a given frequency with the probe antenna unhooded 

differ from measurements made with the same probe hooded by a constant 

factor at all far-field measurement ranges of interest. This constant 

factor is the insertion loss (or gain) associated with the hood. After 

correcting for this insertion loss, the hooded and unhooded measurements 

are identical at each measurement range of interest. 

The concept of the low frequency hood shown in Figure 28(B) is 

completely different from that of the conventional high frequency hood. 

In the low frequency hood no increased directivity with respect to the 

tangentially polarized electric field component, E
G
, is sought or 

achieved. Rather, the low frequency hood is used solely to isolate 

the antenna from the radially polarized electric field component, E
r

, 

coupled along the side walls. Although the probe antenna is isolated 

from the outside metal shield of the hood by a balun as is the case 

with conventional high frequency hoods, the inside of the metal shield 

is lined with a lossy material (for isolation from the inside of the 

metal shield) rather than an absorber. This can be done since the 

dimensions involved preclude significant effects from multipath reflec-

tions inside the hood itself. 

The most important conceptual difference between the conventional 

high frequency hooded antenna and the low frequency hooded antenna is 

that the latter is intended for use at ranges of from a few wavelengths 

down to a fraction of a wavelength from the radiating source. Thus, 

when the low frequency probe antenna is hooded, not only is a far-

field insertion loss factor present in the measured results, but the 

mutual coupling between the source and the probe is appreciably altered 

by the presence of the hood. Therefore, at longer wavelengths, it is 
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no longer possible to correct hooded probe measurements to agree with 

unhooded probe measurements by a range-independent far-field insertion 

loss factor. It is indeed difficult and more than a little misleading 

to describe the low frequency probe as either hooded or unhooded in the 

conventional sense in which this concept is used to describe probes 

intended for use at higher frequencies. The hooded low-frequency probe 

operating very close (in terms of wavelength) to a radiating source 

should and, as is shown in the measurement results section of this 

report, does exhibit electrical characteristics quite different from 

those of the same probe unhooded. Instead of being described as 

hooded and unhooded, it may be clearer to view the two antenna con-

figurations as two distinctly different antennas, just as differentia-

tion is made between dipoles and horn antennas. However, in order to 

be consistant with previous reports, the low frequency probe antenna 

will be referred to herein as either hooded or unhooded. 

6. Low-Frequency Hooded Antenna Experiments  

In order to experimentally test the concept that an antenna 

hood could be used successfully in shielded enclosures at frequencies 

below 100 MHz to isolate a probe antenna from the near-field radially 

polarized components coupled along the side walls, a probe antenna 

and antenna hood were fabricated. An 18-inch bow-tie antenna with a 

38-degree flare angle was built to serve as a probe antenna. An Anzac 

Model H-1 hybrid junction was used as the probe antenna feed and balun. 

The hood was constructed from an aluminum cylinder two feet in dia-

meter and four feet long; the wall thickness was 1/8 inch. The hood 

end plate (back wall) was made from .1.2- inch sheet aluminum. The 

cylinder and end plate were lined with Emerson and Cuming NZ-1 ferrite 

material. While it is documented
5 

that this material is a very poor 

absorber at frequencies appreciably below 300 MHz, it has been found 

to be an adequate lossy material in the frequency range of interest. 

Figure 29 shows a view of the bow-tie probe antenna inside the antenna 

hood. 

Antenna coupling measurements were made in an 8 x 8 x 20 foot 

shielded enclosure. A 30-inch bow-tie antenna was used as the source 

antenna for all of the coupling measurements. Initially, antenna 

coupling as a function of separation distance was determined between 

the source antenna and the unhooded 18-inch bow-tie probe antenna. 

The source antenna was centered in the shielded enclosure 93 inches 

from the end wall to correspond with previous experiments in the 20 

foot chamber. Coupling measurements were made at frequencies of 50, 

40 and 30 MHz. The measurements were made at 2-inch spacing incre- 

ments at antenna separation distances of from 10 inches to 100 inches. 

The results of these measurements are shown in Figures 30, 31, and 32. 
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The coupling data for the unhooded probe antenna clearly show the 

typical low frequency coupling nulls resulting from the out-of-phase 

summation of the tangentially and radially polarized field components. 

Consistant with previously reported coupling measurements in shielded 

enclosures, at low frequencies, the null occurs further from the source 

as the frequency is decreased. 

To verify that the probe antenna could be isolated from the radially 

polarized near-field component propagated along the enclosure wall by the 

use of an antenna hood, the experiment described above was repeated with 

the 18-inch bow-tie probe antenna hooded as shown in Figure 29. Again 

the coupling measurements were made at 2-inch spacing increments at each 

of the three test frequencies. Measurements were made with the probe 

antenna located at hood dep—is of 3, 9 and 18 inches. It was found that 

the 3-inch hood depth did not provide sufficient probe antenna isolation 

to completely eliminate the coupling nulls. No significant differences 

were observed between the data recorded at a 9-inch hood depth and that 

recorded at an 18-inch hood depth. 

The results of the coupling measurements made in the shielded enclo-

sure with the probe antenna hooded for a 9-inch hood depth are shown in 

Figures 30, 31 and 32. As shown in these curves, sufficient isolation 

Figure 29. View of the Hooded 18-Inch Bow-Tie Probe Antenna. 
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was provided by the antenna hood to prevent coupling of the E r  component 

into the probe antenna. Hence, no coupling nulls are evident in the 

hooded antenna data. 

To compare the hooded antenna coupling measured in the shielded 

enclosure with corresponding data from open-field measurements, the 

shielded enclosure experiments described above were repeated on the roof 

antenna range. The open-field coupling data obtained with the hooded 

antenna are also shown in Figures 30, 31 and 32. The agreement between 

the hooded antenna measurements in the shielded enclosure and corres-

ponding measurements in the open-field is quite good. Out to a separa-

tion distance of just over one meter, the two sets of measurements are 

identical to within the accuracy of the measurement equipment. At 

separation distances in excess of 50 inches, a detectable difference in 

coupling is seen. The coupling in the open-field falls off more slowly 

with distance than it does in the shielded enclosure. At a separation 

distance of 100 inches, the difference between the open-field and 

shielded enclosure measurements is approximately 3 dB. 

While the low frequency hooded antenna exhibits little or no res-

ponse to radially polarized fields, Figures 30, 31 and 32 indicate that 

this antenna does exhibit less gain than unhooded bow-tie antennas. 

Open-field coupling measurements were made as a function of the separa-

tion distance of the 30-inch bow-tie antenna and the unhooded 18-inch 

bow-tie antenna. The results of these measurements are shown in 

Figures 33, 34 and 35. The corresponding open-field coupling curves 

between the 30-inch bow-tie antenna and the hooded 18-inch bow-tie 

antenna are included in these figures for comparison. 

As expected, the near-field mutual coupling between the source and 

probe antennas was found to be considerably altered when the probe 

antenna was hooded. As can be seen from Figures 33, 34 and 35, the 

additional coupling losses associated with the hooded probe are depen-

dent both on separation distance and frequency. To further document 

the range dependence of mutual coupling in the near-field, azimuth 

antenna patterns were made of the response of the hooded probe antenna 

to the tangentially polarized electric field, E. For these patterns 

a short dipole antenna was used as a radiating source. Figure 36 shows 

the test setup used in obtaining the patterns. 

Azimuth antenna patterns of the hooded probe antenna were made at 

source-to-probe separation distances of 28, 36, 48, 60, 72 and 84 inches. 

The patterns were made at a frequency of 40 MHz with the bow-tie probe 

located at a 24-inch hood depth. The resulting patterns are shown in 

Figures 37 and 38. In order to obtain the clearest possible patterns, 

it was necessary to increase the power delivered to the source antenna 
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Figure 36. View of the Test Setup for Measuring Near-Field Mutual 

Coupling Patterns. 

as the source-to-probe separation distance was increased. The response 

level on boresight is indicated on the pattern at each separation dis-

tance. All levels are referenced to 0 dB at a 28-inch separation dis-

tance. 

As Figures 37 and 38 indicate, there are several dramatic effects 

of separation distance on the hooded probe antenna patterns as a result 

of near-field mutual coupling changes between the source and hooded 

probe antenna. The apparent front-to-back ratio is seen to change from 

about 32 dB at a 28-inch separation distance to about 10 dB at 84 inches. 

The apparent 3 dB beamwidth changes from approximately 36 degrees at 

28 inches to approximately 84 degrees at 84 inches. The word "apparent" 

is used advisedly in describing the front-to-back ratio and beamwidth 

changes. It should be recognized that the "patterns" shown in Figures 

37 and 38 actually depict the near-field mutual coupling of the dipole 

source and the hooded probe as a function of the azimuth position of 

the latter. The near-field as used here implies the region less than a 

few wavelengths from the antenna where the induction-field and electro-

static-field are significant with respect to the radiated field. In 

this region the coupling between two antennas includes inductive coupl-

ing and capacitive coupling as well as the normal coupling involving 
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Figure 37. Near-Field Mutual Coupling Between a Dipole and Hooded 
Probe Antenna at Separation Distances of 28, 36, 48 and 
60 Inches. 
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Figure 38. Near—Field Mutual Coupling Between a Dipole and Hooded 

Probe Antenna at Separation Distances of 72 and 84 Inches, 

the radiated field. The inductive coupling and capacitive coupling are 

extremely sensitive to the configurations of the two antennas involved, 

to the spacing between the antennas and to the orientation of the two 

antennas with respect to each other. Hence, it is to be expected that 

patterns made in this region will be significantly different from far-

field patterns and will be a function of the distance at which they are 

measured. The mutual coupling patterns shown in Figures 37 and 38 

would be expected to change, for example, if a different source antenna 

were used in place of the short dipole shown in Figure 36. 

It has been shown that a low frequency antenna hood can be used to 

effectively isolate the probe antenna from the radially polarized field 

component coupled by a shielded enclosure wall. Low frequency hooded 

antenna coupling measurements in a shielded enclosure agree quite well 

with corresponding hooded measurements made in the open-field. However, 

coupling losses associated with the low frequency hooded antenna are 

appreciable and the mutual coupling between the source and probe antenna 

is significantly affected by the antenna hood. The strong dependence of 

mutual coupling on the probe antenna hood could further complicate cal-

ibration of this type of antenna. Thus, while the low frequency hooded 

antenna does offer a solution to some of the near-field measurement 

problems in shielded enclosures, this solution is not without some 

disadvantages. 
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7. Baffle Plate Techniques  

The low frequency antenna hood was shown to be capable of pro-

viding sufficient isolation between the enclosure side walls and the 

ends of the antenna to prevent side wall coupling of the radially polar-

ized field component. However, as the experiments discussed in the pre-

ceeding section showed, substantial insertion losses as well as signi-

ficant near-field mutual coupling influences are associated with the 

low frequency hooded antenna technique. An investigation was begun on 

the use of baffle plates to provide isolation between an antenna and 

the enclosure side walls. It was hoped that such a technique would have 

the isolation advantages of the low frequency hooded antenna, but would 

have smaller insertion losses and mutual coupling influences. 

The baffle plate concept is shown in Figure 39. The baffle plates 

are metal plates lined with lossy material and placed opposite the ends 

of an antenna in a shielded enclosure. The plates are, in effect, 

sections of the low frequency hood. The concept is that if coupling 

between the ends of the antenna and the enclosure side walls can be 

greatly reduced or prevented, the coupling null can be eliminated. 

Under such conditions, it is probable that the probe antenna could be 

accurately calibrated for shielded enclosure measurements. The absorb-

ing material shown on the end wall is not relevant to the baffle plate 

technique, but since it will normally be in the shielded enclosure for 

hooded antenna measurements at higher frequencies, it is shown in the 

figure. 

ABSORBING 

MATERIAL 

BAFFLE PLATE/ 

•wv...,.............. 

J 	[ 

I 	r 

BAFFLE PLATT 

--\

4-SHIELDED ENCLOSURE WALLS 

Figure 39. Diagram of Shielded Enclosure Measurement Setup 

Incorporating Baffle Plates. 
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A brief discussion of the difference between absorbing materials and 

lossy materials appears to be in order at this point. Absorbing materials 

have the characteristic of matching an absorbing medium with a normal pro-

pagating medium (usually free space) so that an incident wave is absorbed 

and dissipated in the material. The specular reflection from the surface 

of absorbing materials is normally reduced by 20 dB or more below the 

level of the incident wave. A lossy material does not necessarily match 

the lossy medium to the propagating medium, it does however, significantly 

attenuate surface currents which are set up by a wave which is incident 

on the surface of the lossy material. Hence, while a lossy material does 

not necessarily significantly reduce the specular reflection of a wave 

incident on its surface, it does prevent the effect of this wave from 

being transferred to other parts of its surface. 

Since the present concern is not reflections, but rather, the trans-

fer of energy along the enclosure walls, the use of lossy material on 

the baffle plates should prevent any surface currents on the plates. 

With no surface currents on the baffle plates, there should be no coupl-

ing between the plates and the enclosure walls, and hence, the plates 

lined with lossy material should provide appreciable isolation between 

the ends of the antenna and the enclosure walls. 

Two baffle plates, as shown in Figure 40(A), were prepared. A 

section of aluminum plate 24 x 24 inches was covered with NZ-1 ferrite 

material. This material has been shown to be a lossy material at fre- 

quencies below 70 MHz.
5 

The two baffle plates were placed opposite the 

ends of one dipole antenna in a shielded enclosure as shown in Figure 

41(A) and (B). Coupling measurements were made for the two dipole 

antennas as a function of separation distance at a frequency of 40 MHz. 

The overall dipole antenna lengths were set at 60 inches. 

Initially the measurements were made with the baffle plates float-

ing. The measurements using the baffle plates in this manner were quite 

similar to coupling measurements made in the shielded enclosure without 

baffle plates. The spacing at which the coupling null occurred when 

the baffle plates were used was unchanged from the spacing at which it 

occurred when no baffle plates were used, indicating that no effective 

side wall isolation was provided by the baffle plates. 

The baffle plates then were grounded to the enclosure side walls 

and antenna baluns by a length of braided wire visible in Figure 41. 

The antenna coupling measurements were repeated. Again a coupling null 

was measured; however, the null was found to occur at an antenna spacing 

of 43 'inches, as compared to a spacing of 32 inches when no baffles were 

used. Based on the side wall coupling theory, these data indicate that 

the grounded baffle plates provide partial isolation between the ends of 

the antenna and the enclosure side walls. 
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In order to reduce any "fringing" effects, the baffle plates were 

modified by removing the exposed plate at the bottom of the baffle. 

The resulting baffle plates are shown in Figure 40(B). The experiment 

described above was repeated for the modified baffle plates. The 

plates were grounded to both the enclosure wall and the antenna balun. 

A coupling null was measured at an antenna separation distance of 55 

inches, indicating more isolation was obtained than in the previous 

baffle plate experiments. 

The braided wire used as a ground strap may not provide adequate 

grounding at 40 MHz. In addition, there is evidence of "fringing" 

around the 24 x 24 inch lossy baffle. Larger baffle plates, together 

with better grounding techniques, may lead to the complete elimination 

of the coupling nulls observed in the shielded enclosure. Results of 

the preliminary experiments described in this section justify a more 

complete future investigation of baffle plate techniques. 

8. Summary and Conclusions  

Large differences in corresponding open-field and shielded 

enclosure measurements have been observed at frequencies well below 

100 MHz, where the dimensions of most conventional enclosures are small 

enough, compared to wavelength, to preclude any significant multipath 

interference effects. In this frequency range the coupling between 

two antennas in a shielded enclosure is typically characterized by the 

existance of a single coupling null which is not present in the corres-

ponding measurements made in the open-field. 

It has been hypothesized that the coupling nulls in shielded 

enclosures are caused by the near-field components of the antennas. 

A near-field coupling theory has been presented which indicates that 

these nulls are the result of the out-of-phase summation of the tan-

gentially polarized direct radiation and a near-field, radially 

polarized, electric field component. 

The results of a number of experiments to test the validity of 

the near-field coupling theory have been reported. All available 

evidence supports the near-field coupling theory. 

It has been shown that a low frequency antenna hood can be used 

to effectively isolate the probe antenna from the radially polarized 

field component propagated along a shielded enclosure wall. Low 

frequency hooded antenna coupling measurements in a shielded enclosure 

agree quite well with corresponding hooded measurements made in the 

open-field. However, coupling losses associated with the low fre-

quency hooded antenna are appreciable and the mutual coupling between 

the source and probe antenna is significantly affected by the antenna 

hood. The strong dependence of mutual coupling on the probe antenna 
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hood could further complicate the calibration of this type of antenna. 

Thus, while the low frequency hooded antenna does offer a solution to 

some of the near-field measurement problems in shielded enclosures, 

additional investigation of near-field coupling phenomena is indicated. 

The concept of reducing the coupling between the ends of an antenna 

and the enclosure side walls through the use of baffle plates has been 

tested with only partial success. Results of preliminary experiments 

justify a more complete future investigation of baffle plate techniques. 

C. Short Hooded Antennas  

1. Background  

A major objective of this program was to improve the design 

of hooded antennas. The evaluation of the hooded antennas on previous 

programs revealed that the relatively long hoods utilized with these 

antennas were yielding more directivity than was required. In fact, 

at the higher frequency limits, the beamwidths of the antennas 

were narrower than desired. It was hypothesized that the absorber-

lined hood was producing a secondary field pattern which closely 

approximated the field that would be obtained from a plane wave radiat-

ing through a circular aperture in an infinite absorbing screen. 

The normalized field pattern of a uniformly illuminated circular 

aperture in a perfectly absorbing screen of infinite extent is given by 

7A 	. 
J 1 ( (-- Sin 8) 

,  
F = (1 + Cos 0) 	,7A  

-- Sin 0 

(4) 

where 

A = aperture diameter, 

X = free-space wavelength, 

= angle with respect to the normal to the aperture, 

J
1 
= first-order Bessel function. 

This equation was programmed for a digital computer and field 

patterns were calculated for the two hooded antennas at each of the 

test frequencies. The calculated and measured patterns were compared, 
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good correlation between the two sets of patterns was observed, and it 

was concluded that the pattern of the hooded antenna is primarily 

determined by the ratio of the aperture diameter to the wavelength of 

interest. Thus, the aperture equation can be used as a tool to design 

hooded antennas to meet specified beamwidth and sidelobe characteristics. 

Considering the typical operation of the hooded antennas inside 

conventional shielded enclosures, it appeared desirable to limit the 

half-power beamwidth of the hooded antenna to the range from 20 to 

60 degrees. A curve (based on circular aperture field pattern cal-

culations) showing the half-power beamwidth of a hooded antenna as 

a function of the aperture-to-wavelength ratio is shown in Figure 42. 

It is apparent from this curve that to maintain the beamwidth within 

the 20 to 60 degree range, it is necessary to restrict the aperture-

to-wavelength ratio to the range between 1.0 and 3.0. To meet these 

requirements, a minimum of three hooded antennas would be required to 

cover the 200 MHz to 12 GHz frequency range. 

An initial step in reducing the length of hooded antennas was to 

substitute cavity-backed spiral antennas for conical log-helix antennas 

as the primary feeds for hooded antennas. The cavity-backed spirals 

appear to exhibit all the desirable characteristics of the log-conical 

antennas, and in addition, are planar structures. In previous hooded 

Figure 42. Theoretical Beamwidth of Hooded Antenna Vs. Aperture Size. 
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antennas utilizing log-conical antennas as primary feeds, an appreciable 

part of the hood length was required to accomodate the length of the 

log-conical antenna. The substitution of cavity-backed spiral antennas 

allowed practically all of this hood length to be eliminated. 

2. Hood Length Vs. Beamwidth Study  

The discussion of the hooded antenna beamwidth as a function 

of aperture size in the previous section assumed a planar wavefront 

at the hood aperture. In order to maintain the phase error over the 

aperture to a maximum of X/16 (22.5 degrees), the distance from the 

probe antenna to the aperture of the hood (L) must satisfy the condition: 

2A
2 

/ = x  (5) 

If it is assumed that the hooded antenna is to operate over a frequency 

range such that the aperture is 1X at the lower frequency limit and 3x 

at the upper frequency limit, a simple calculation reveals that the 

probe antenna must be located at least 18X from the aperture at the 

upper frequency limit in order to satisfy the phase condition specified 

by (5). This would require that the length of the hood be somewhat 

greater than six times the diameter of the hood. 

Since it is important from the standpoint of size, weight and cost 

to minimize the length of the antenna hoods, a study to determine the 

performance of hooded antennas as a function of hood length was con- 

ducted. An adjustable-length hooded antenna was fabricated for this study. 

A diagram of the adjustable-length hooded antenna is shown in Figure 43. 

The basic hood structure is the hood of the microwave hooded antenna. 

This hood is a metal cylinder lined with Eccosorb NZ-1 absorbing material. 

The outside diameter is 8 inches, the inside diameter is 64 inches and 

the length is 19 inches. A metal end-plate, lined with absorbing material 

and with a type N feed-through connector in the center, was mounted on 

one end of the cylinder. An AEL Model ASN 118A cavity-backed spiral 

antenna and a false metal end-plate lined with absorbing material was 

mounted on a circular piece of expanded polyethylene foam as shown in 

the figure. The diameter of the foam was made so that it was a tight 

sliding fit to the inside of the hood, and hence, was capable of support-

ing the antenna and false end-plate at any location along the length of 

the basic hood. This configuration made it possible to vary the distance 

(/) between the aperture of the hood and the aperture of the cavity-

backed spiral antenna from zero to 151/2 inches. Antenna patterns were 

made at three frequencies, 2 GHz (A ti  X), 4 GHz (A 	2x) and 6 GHz (A ti 3x), 

for seven values of / over the range from 11/2 inches to 151/2 inches. 

Typical patterns obtained for / values of 11/2, 41/2, 71/2 and 151/2 inches 
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Figure 43. Diagram of Adjustable-Length Hooded Antenna. 

at the three frequencies are shown in Figures 44, 45 and 46. It is 

apparent from Figure 44 that reducing the hood length from 151/2 to 11/2 

inches (approximately 2.5X to 4X) had no significant effect on the 

antenna pattern when the hood aperture was approximately 1X. The 

patterns show that the half-power beamwidth increased from 45 degrees 

to 49 degrees and the maximum sidelobe levels increased by less than 

1 dB. 

The patterns in Figure 45 show that at 4 CHz, where the hood 

aperture was approximately 2X, reducing the hood length had an 

appreciable effect on the antenna pattern. The half-power beam-

width was increased from 27 degrees to 43 degrees and the maximum 

sidelobe levels increased by more than 8 dB. The most significant 

effect was obtained when the hood length was decreased from 41/2 to 

12 inches. For this relatively small change in hood length, the 

3 dB beamwidth increased by approximately 13 degrees and the side-

lobes increased approximately 6 dB. 

Some unexpected results were obtained at 6 GHz. It is apparent 

from the patterns in Figure 46 that the minimum half-power beamwidth 

was obtained at a hood length of 71/2 inches rather than at the maximum 
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at 2 GHz. 
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Figure 46. Patterns of Hooded Antenna as a Function of Hood Length 

at 6 GHz. 
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hood length of 151/2 inches. The beamwidth was 20 degrees at 71/2 inches 

and 27 degrees at 151/2 inches. Apparently there is an optimum hood 

length in terms of wavelengths (in this case 3.79), and if the hood 

length exceeds this optimum length, an additional mode is set up along 

the walls of the hood which causes a phase error at the aperture which 

degrades the directivity characteristics of the aperture. At 2 GHz 

and 4 GHz the maximum hood lengths were 2.58X and 3.87X respectively, 

and hence, this phenomena was not apparent. At 6 GHz, the most signi-

ficant effect was again obtained when the hood was decreased from 41/2 

to 11/2 inches. The half-power beamwidth increased by approximately 20 

degrees. It is interesting to note that for a hood length of 151/2 

inches at 2 and 4 GHz and 71/2 inches at 6 GHz, the measured half-power 

beamwidths agree quite well with the theoretical beamwidth curve in 

Figure 42. 

The half-power beamwidth data from all of the hooded antenna 

measurements are shown in Figure 47. Two important conclusions can 

be made based on the curves shown in this figure. First, the hood 

of the antenna can be made quite short relative to the diameter and 

the half-power beamwidth will remain less than 60 degrees from the 

frequency at which the aperture is one wavelength to at least three 

times this frequency. Secondly, if the hood length is made short 

relative to the diameter, the beamwidth of the hooded antenna will 

be considerably less sensitive to the frequency of operation. For 

the example shown in Figure 47, if the hood is made 2 inches long 

— — 

	2 GHz 

— 	GLIz 	

6 GHz 

I 	I 	I 	I 	I 	I 	I 	I 	I  
2 	3 	4 	5 	5 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 

DEPTH OF ANTENNA IN HOOD - INCHES 

Figure 47. Measured Beamwidth of Hooded Antenna as a Function of Hood 

Length. 
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(or X/3 at the lower frequency limit), then the beamwidth at the 

lowest frequency will be 47 degrees, and over a 3:1 frequency range 

the beamwidth will vary from 47 degrees to 40 degrees (based on the 

three test frequencies). 

To verify these results and determine the beamwidth characteristics 

of short hooded antennas, two experimental short hooded antennas were 

designed to cover the frequency ranges of 1 to 4 GHz and 3 to 12 GHz 

and to yield an essentially constant 50 degree beamwidth over the 1 to 

12 GHz range. Details of the design, fabrication and evaluation of 

these antennas were presented in the second quarterly report. 

The results obtained with the two experimental short hooded antennas 

were not as good as anticipated. The patterns obtained were considerably 

wider and more sensitive to frequency than expected. It was hypothesized 

that the lack of success could be due to the fact that the short hooded 

antenna designs were based on data obtained with an adjustable-length 

hooded antenna in which the aperture dimension and the primary feed 

antenna (and hence the primary antenna pattern) were different from 

the final short hooded antenna configurations. In order to obtain 

experimental data which are more directly applicable to the short 

hooded antenna designs, two additional adjustable-length hooded antennas 

were fabricated. The dimensions and configurations of these antennas 

were made as near as possible identical to the planned short hooded 

antennas. In addition, the same cavity-backed spiral antennas planned 

for use in the final short hooded antennas were utilized in these 

adjustable-length hooded antennas. 

3. Adjustable-Length Hooded ASN 116A Antenna  

An adjustable-length hooded antenna for a lower frequency limit 

of 1 GHz was designed and fabricated. The objective of this antenna was 

to cover the frequency range from 1 GHz to as high a frequency as possible, 

and over its useable frequency range, to provide a half-power beamwidth 

in the range from 20 to 60 degrees. A photograph of this hooded antenna 

is shown in Figure 48. The hood is a metal cylinder lined with Emerson 

and Cuming Eccosorb NZ-1 absorbing material. The outside diameter is 

12 inches and the inside diameter is 10 inches. An AEL Model ASN 116A 

cavity-backed spiral antenna was used as the primary feed antenna for 

this hooded configuration. The ASN 116A antenna is designed to cover 

the 1 to 10 GHz frequency range. Antenna patterns for the basic unhooded 

antenna at 2, 3, 4, 6, 7, 8, 9 and 10 GHz are shown in Figures 49 and 50. 

It is apparent from the figures that the 3 dB beamwidths at the 8 test 

frequencies vary from 48 degrees to 103 degrees with an average half-

power beamwidth of 77.6 degrees. The ASN 116A antenna and a false metal 

end-plate lined with NZ-1 absorbing material were mounted on a circular 

piece of expanded polyethylene foam. The diameter of the foam was made 
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Figure 48. Adjustable—Length Hooded ASN 116A Antenna. 

so that it was a tight sliding fit to the inside of the hood, and hence, 

was capable of supporting the antenna and false end-plate at any loca-

tion along the length of the hood. The length of the hood was made 13 

inches long so that this configuration made it possible to vary the 

distance between the aperture of the hood and the aperture of the ASN 

116A antenna from zero to 4 inches. 

Antenna patterns for the hooded antenna were made at five fre-

quencies (1, 2, 3, 4 and 5 GHz) for hood lengths of 0, 1, 2, 3, and 4 

inches. The best results were obtained for a hood length of 4 inches 

and the antenna patterns obtained with this hood length at 1, 2, 3, and 

4 GHz are shown in Figure 51. The figure shows that the half-power 

beamwidth obtained at 1 GHz is 72 degrees. Since an objective of the 

hooded antenna development program is to obtain half-power beamwidths 

of less than 60 degrees, this beamwidth is excessive. However, a 72- 

degree beamwidth was obtained for all hood lengths from zero to 4 inches 

at 1 GHz indicating that the beamwidth is independent of hood length at 

this frequency. Thus it was concluded that the aperture of the hood is 

not sufficiently large to provide the desired directivity at this fre-

quency. Half-power beamwidths of 42 degrees and 45 degrees were obtained 

at 2 and 3 GHz, respectively. These are well within the desired beamwidth 
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Figure 52. Adjustable-Length Hooded ASN 111A Antenna. 

range of 20 to 60 degrees, and hence, indicate that the performance of 

the short hooded antenna is satisfactory in this frequency range. The 

antenna pattern obtained at 4 GHz shows that significant beam-splitting 

occurs at this frequency. Patterns at higher frequencies indicate that 

the beam-splitting becomes more severe with increasing frequency. 

The results from this study indicate that (1) in order to operate 

down to 1 GHz, the aperture of the short hooded antenna will have to be 

increased slightly, possibly to an inside diameter of 12 inches, (2) 

the useable frequency range of a short hooded ASN 116A hooded antenna 

will probably cover the 1 to 3 GHz range and (3) the optimum hood 

length for a 1 to 3 GHz short hooded antenna is 4 inches. 

4. Adjustable-Length Hooded ASN 111A Antenna  

An adjustable-length hooded antenna for a lower frequency 

limit of 3 GHz was designed and fabricated. The objective for this 

antenna is to cover the frequency range from 3 GHz to as high a fre-

quency as possible, and over its useable frequency range, to provide 

a half-power beamwidth in the range from 20 to 60 degrees. A photo-

graph of this hooded antenna is shown in Figure 52. The hood is the 

same configuration as the ASN 116A hooded antenna, the difference being 

the outside diameter of this hood is 6 inches and the inside diameter is 
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4 inches. An AEL Model ASN 111A cavity-backed spiral antenna was used 

as the primary feed antenna for this hooded configuration. The 

ASN 111A antenna is designed to cover the 3 to 12 GHz frequency range. 

Antenna patterns for the basic unhooded antenna at 4, 6, 8 and 10 GHz 

are shown in Figure 53. It is apparent from the figure that the 3 dB 

beamwidths at the four test frequencies vary from 54 degrees to 84 

degrees. The ASN 111A antenna and a false end-plate covered with NZ-1 

material were mounted in the hood in the same manner as the ASN 116A 

antenna so that the antenna could be positioned at any location along 

the length of the hood. The length of the hood was made 13.5 inches 

so that the aperture of the ASN 111A antenna could be located at any 

distance from zero to 4 inches from the aperture of the hood. 

Antenna patterns for the hooded antenna were made at six frequencies 

(3, 4, 5, 6, 7 and 8.5 GHz) for hood lengths of 0, 1, 2, 3 and 4 inches. 

The best results were obtained for a hood length of 2 inches, and the 

antenna patterns obtained with this hood length at the six test fre-

quencies are shown in Figures 54 and 55. It is apparent from the antenna 

patterns that the half-power beamwidth of the hooded antenna over the fre-

quency range from 3 to 8.5 GHz remains in the range from 28 to 60 degrees. 

The results from this study indicate that a short hooded antenna with 

a 4-inch aperture and 2-inch hood length will operate satisfactorily over 

the frequency range from 3 to 8 GHz. 

5. Final Short Hooded Probe Antennas  

Results from the programs described above indicate that the 1 

to 12 GHz frequency range can be covered with three short hooded antennas. 

The measured data indicate that a 4-inch long hooded antenna with a 12-

inch inside diameter aperture will operate satisfactorily over the 1 to 

3 GHz frequency range and a 2-inch long hooded antenna with a 4-inch 

inside diameter aperture will operate satisfactorily over the 3 to 8 GHz 

range. It was anticipated that a 1-inch long hooded antenna with a 

2-inch inside diameter aperture will operate satisfactorily over the 

8 to 12 GHz frequency range. A set of three short hooded antennas 

having these parameters were fabricated and tested. 

Two views of the short hooded antenna designed for use over the 

1 to 3 GHz frequency range are shown in Figure 56. The hood for this 

antenna configuration is a metal cylinder enclosed on one end and lined 

with Eccosorb NZ-1 ferrite absorbing material. The outside diameter of 

the hood is 14 inches, the inside diameter is 12 inches, and the length 

is 4 inches. An AEL Model ASN 116A cavity-backed spiral antenna is 

mounted in the center of the hood end wall. 

Antenna patterns for this short hooded configuration were made 

over the frequency range from 600 MHz to 3 GHz. The patterns obtained 
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at 1, 1.5, 2 and 2.5 GHz are shown in Figure 57. At 1, 1.5 and 2 GHz 

the half-power beamwidths of the short hooded antenna are 60 degrees. 

At 2.5 GHz serious beam-splitting is apparent in the main lobe of the 

pattern and hence it must be concluded that this antenna is not useable 

above 2 GHz. At 800 and 900 MHz, the half-power beamwidths were 66 

degrees which is considered excessive for use in shielded enclosures. 

The useable bandwidth of this hooded antenna is therefore considered 

to be 1 to 2 GHz. 

Two views of a short hooded antenna designed for use over the 3 

to 8 GHz range are shown in Figure 58. The construction of the hood 

for this antenna was similar to the previous antenna with the excep-

tions that the outside diameter is 6 inches, the inside diameter is 

4 inches and the length is 2 inches. An AEL Model ASN 118A cavity-

backed spiral antenna was used as the primary antenna for this hooded 

configuration. 

Antenna patterns were made over the frequency range from 1.5 to 

12 GHz. The patterns obtained at 2, 4, 6 and 8 GHz are shown in 

Figure 59. The half-power beamwidth at 2 GHz is 60 degrees, at 4 GHz 
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(a) 

(b) 

Figure 56. Two views of the 1 to 2 GHz Short Hooded Antenna. 
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Figure 57. Antenna Patterns for the 1 to 2 GHz Short Hooded Antenna 

at 1, 1.5, 2 and 2.5 GHz. 
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(a) 

(b)  

Figure 58. Two Views of the 2•to 6 GHz Short Hooded Antenna. 
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Figure 59• Antenna Patterns for the 2 to 6 GHz Short Hooded Antenna 

at 2, 4, 6 and 8 GHz. 



it is 48 degrees and at 6 GHz it is 36 degrees. At 8 GHz beam-splitting 

is apparent in the main lobe of the pattern and 6 GHz is considered the 

upper useable frequency limit for this probe antenna. The useable band-

width of this hooded antenna is therefore considered to be 2 to 6 GHz. 

Two views of a short hooded antenna designed to cover the 8 to 12 

GHz frequency range are shown in Figure 60. The hood is similar to the 

other two hoods with the exceptions that the outside diameter is 4 inches, 

the inside diameter is 2 inches, and the length is 1 inch. An AEL Model 

ASN 111A cavity-backed spiral antenna was used as the primary antenna. 

Antenna patterns were made over the frequency range from 4 to 12 

GHz. The patterns obtained at 5, 7, 10 and 12 GHz are shown in Figure 

61. The half-power beamwidth is 54 degrees at 5 GHz, 38 degrees at 

7 GHz, 30 degrees at 10 GHz and 32 degrees at 12 GHz. Hence, the antenna 

meets the 20 to 60 degree beamwidth criteria over the entire range and 

the useable bandwidth of this antenna is considered to be from 5 to 12 GHz. 

6. Summary and Conclusions  

A set of three short hooded probe antennas were developed to 

cover the 1 to 12 GHz frequency range. The evaluation of these antennas 

reveals that the half-power beamwidths of these antennas are maintained 

within the limits of 20 to 60 degrees over the entire frequency range. 

This beamwidth range provides sufficient direcitivity to reject the multi-

path reflections from the enclosure sidewalls, floor and ceiling, and at 

the same time, provides adequate beamwidth to illuminate most test speci-

mens at reasonably short ranges. 

While short hooded probe antennas for use below 1 GHz were not 

developed on this program, it is not expected that any appreciable 

difficulty would be encountered in extending the short hooded antenna 

coverage down to 200 MHz with two additional hooded antennas. Experience 

with long hooded antennas on previous programs has demonstrated that the 

hooded antenna technique works quite well down to approximately 200 MHz. 

On the basis of results from this short hooded antenna program, it 

is concluded that reliable radiated measurements, which can be correlated 

with open-field measurements, can be made in shielded enclosures over the 

frequency range from 200 MHz to 12 GHz. Results from this program also 

indicate that in addition to being smaller, lighter and less costly, 

the short antenna hood yields a more constant beamwidth as a function of 

frequency than a long antenna hood. 
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(a) 

(b) 

Figure 60. Two Views of the 5 to 12 GHz Short Hooded Antenna. 
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Figure 61, Antenna Patterns for the 5 to 12 GHz Short Hooded Antenna 

at 5, 7, 10 and 12 GHz. 
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D. Low Frequency Measurements  

1. General  

In the frequency range below 20 MHz there is apparently good 

correlation between radiated measurements made in shielded enclosures 

and the equivalent measurements made in the open-field. This is appar-

ently due to the fact that (1) the dimensions of most shielded enclo-

sures are too short to support significant multipath effects at the 

long wavelengths involved and (2) the side wall coupling is so small 

that there is no significant effect on the boresight coupling of the 

probe antenna. 

However, there are some measurement problem areas in this frequency 

range which apply to both shielded enclosure and open-field measurements. 

These problems are primarily concerned with the efficiency of probe 

antennas in this frequency range and the interpretation of measurement 

results obtained in the near-field of a radiating source. These areas 

were investigated during this program and are discussed in the sections 

below. 

2. Measurements Below 1 MHz  

Extensive measurements of the coupling between two 30-inch 

bow-tie antennas in an 8 x 8 x 20 foot shielded enclosure were made 

over the frequency range from 1 to 150 MHz on previous programs. 

Equivalent coupling measurements were performed over the 200 kHz to 

1 MHz frequency range on this program. The configuration used in per-

forming these measurements is shown in Figure 62. 

The signal generator used for these measurements was a Hewlett-

Packard 606A. The signal generator output was set to +20 dBm to 

achieve the maximum overall system signal level. While it is recognized 

that the Emerson and Cumings HPY-72 absorbing material located on the 

back wall of the 8 x 8 x 20 foot enclosure provided no absorption at 

the frequencies of interest, the material was left in place as a matter 

of convenience. The source antenna was located 93 inches from the end 

wall of the enclosure. 

The Empire Devices NF-105 receiver (NFIM) was calibrated by insert-

ing 120 dB of attenuation at the Hewlett-Packard 335-D step attenuator 

and 20 dB of internal attenuation at the NFIM. The NFIM gain was 

adjusted for a +10 dB indication on the meter when the antenna cables 

were connected straight through. As shown in the block diagram, the 

measuring equipment was located in a separate shielded enclosure to 

avoid interference from high intensity local radio stations. Double 
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Figure 62. Block Diagram of Low Frequency Coupling Measurement 

Configuration. 

shielded cables were used between the two enclosures. The noise level 

was found to be over 18 dB below the above indicated reference calibra-

tion level; a total system dynamic range of about 150 dB was thus 

achieved. 

Antenna coupling measurements were made in two inch increments at 

antenna separation distances of from 12 inches out to the point at which 

the coupling loss exceeded 150 dB relative to the straight through 

connection between the antenna cables. Figure 63 shows a typical view 

inside the 8 x 8 x 20 foot enclosure during the low frequency antenna 

coupling measurements. A complete set of measurements was made at 

each 100 kHz frequency increment between 200 kHz and 1 MHz. 

Figure 64 shows antenna coupling as a function of separation dis-

tance for the two 30-inch bow-tie antennas in the shielded enclosure 

at each measurement frequency. As seen from this figure a family of 

roughly parallel coupling curves are generated which fall off quite 

sharply with distance and frequency as a result of being in the near-

field of the antennas. An alternate method of viewing the data is 

shown in Figure 65, which shows coupling as a function of frequency 
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at antenna separation distances of 12 and 40 inches. These curves fall 

off with frequency at a nominal rate of 18 dB per octave as is pre-

dicted by the near-field equations for short dipole antennas. 

On the basis of these measurement results, it was concluded that 

radiated measurements performed in shielded enclosures over the 200 kHz 

to 1 MHz frequency range would yield essentially the same results as 

equivalent measurements performed in the open-field. 

3. Low Frequency Probe Antennas  

The majority of the probe antennas currently used to make 

radiated EMC measurements in the 14 kHz to 20 MHz frequency range are 

very inefficient. In many cases, no attempt is made to match the antenna 

impedance to the input impedance of the field intensity meter; in other 

cases, narrowband matching is provided, but this approach requires fre-

quent switching of matching networks or frequent antenna changes. In 

still other cases, unbalanced probe antennas are used which significantly 

effect the repeatibility of the measurement results. With an unbalanced 
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antenna, the transmission line becomes an integral part of the antenna, 

and hence, the measurement results are influenced by both the length and 

routing of the transmission line. In view of these problems, considera-

tion was given to establishing a technique for obtaining a satisfactory 

broadband matched, balanced probe antenna for use in the 14 kHz to 20 

MHz frequency range. 

A number of programs concerned with the development of compact 

efficient antennas are currently in progress. The literature from 

several of these programs was analyzed. This literature is listed in 

the bibliography in the appendix. The majority of the programs studied 

were attempting to improve the efficiencies of small antennas by incor-

porating active elements into the antenna structure. While the integra-

tion of active components into small antenna structures is a valid 

approach to improving the efficiencies of the antennas, this technique 

has a number of problems associated with it. First of all, in most 

cases, it is necessary to provide power to the active elements. This 

requires additional wiring to the antenna or the use of batteries which 

necessitates frequent maintenance. If the antenna is made broadband, 

it is possible that high level undesired signals or very broadband 

spectrums will (1) burnout the active elements, (2) saturate the active 

elements, (3) cause intermodulation in the active elements, and/or 

(4) change the bias on the active elements and hence, change the gain 

characteristics of the antenna. In addition, integrated antennas are 

not normally reciprocal and hence the antenna must be designed speci-

fically for either the receiver or radiate mode. For applications 

requiring the radiation of considerable power, the active element 

technique is considerably less attractive than for receiving and other 

very low power applications. One argument for the active element 

antenna is that it is possible to obtain additional gain from the active 

elements. It should be pointed out, however, that unless the noise 

figure of the active elements in the antenna is considerably better 

than the noise figure of equipment to be used in conjunction with the 

antenna, the additional gain is of little consequence. Considering all 

of the disadvantages and possible problem areas associated with the 

active antenna technique, it was concluded that this approach to obtain-

ing satisfactory, efficient probe antennas for the 14 kHz to 20 MHz 

frequency range would require considerable improvement in the state-of-

the-art of active antennas. 

Several of the programs that were studied attempted to improve the 

efficiencies of small antennas by loading the antenna structures with 

materials having high permeability and permittivity characteristics. 

This technique is based on the concept that the velocity of propagation 

of a wave through a medium is inversely proportional to the square root 

of the product of the permeability and permittivity of the medium. 

Hence, if a high permeability, high permittivity material is placed on 

the surface of an antenna structure, a slow wave mode is established on 

the surface of the antenna and the effective electrical size of the 

antenna is increased. 
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Some success has been obtained in reducing the size of antennas by 

loading with ferrite materials. Typical reductions that have been obtained 

are in the order of i or -16. Unfortunately, the loading technique does 

not increase the bandwidth of the antennas and the losses in the loading 

materials degrade the efficiencies of the antennas to approximately 80 or 

90 percent of their unloaded values. It was concluded that at this time 

the antenna loading technique does not appear to be a useful approach 

to obtaining satisfactory low frequency probe antennas. 

A technique which appears to have considerable potential for obtain-

ing broadband matching in small low frequency antennas is presented in a 

MSEE thesis by D. E. Gentry.
6 

The technique is based on the fact that 

the impedance of a small antenna is predominately reactive and that the 

value of the equivalent lumped constant reactive component does not change 

appreciably over a considerably wide frequency range. Gentry shows that 

the impedance of a single turn 12-inch diameter loop over the 1 to 30 

MHz frequency range can be assumed to be a resistor of less than 1 ohm 

(including both the radiation and copper resistance) in series with a 

1 microhenry inductor. Since the reactive part of the antenna impedance 

can be assumed to act as a fixed value inductor over this frequency range, 

it can be incorporated into a synthesized filter network as the leading 

element in the filter. Once this is accomplished, the only remaining 

task to match the antenna to the load is to obtain maximum power transfer 

from the low radiation resistance of the antenna to the load resistance. 

This can also be accomplished in the filter synthesis. Considering the 

small radiation resistance of the loop antenna over the 1 to 30 MHz fre-

quency range (less than 1 ohm) and assuming that test equipment used 

with the antenna will have 50 ohm impedances, the filter could be 

designed for a zero source impedance and a 50 ohm output impedance. 

Gentry designed several Butterworth and Tschebyscheff filter net- 

works from Weinbergs tables
7 
and evaluated their performance with a loop 

antenna to validate the matching technique. Figure 66 shows Gentry's 

calculated and measured response of an unmatched 12-inch loop antenna 

with a 50 ohm receiver. The figure shows that the response of the un-

matched loop decreases by approximately 12 dB as the frequency is in-

creased from 1 to 30 MHz. Figure 67 shows the calculated and measured 

response of the same loop antenna matched to the 50 ohm receiver with 

a simple 3-element low-pass filter. The loop antenna acts as a 1 

microhenry inductor in the filter network. The figure shows that the 

response is essentially flat (within the 1 dB filter ripple) from 1 to 

15 MHz. The apparent 6 dB loss in response between Figures 66 and 67 

is due to the measurement setup used for the experimental measurements 

and is not inherent in the matching technique. The insertion loss of 

the filter matching network is considerably less than 1 dB. Figure 68 

illustrates the matching characteristics obtained with a simple 3-

element bandpass filter. Figure 69 shows the results obtained with a 

slightly more complex 5-element bandpass filter. 
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a 1 dB Ripple (R s  = 50 ohms). 
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1 dB Ripple (R s  = 50 ohms). 
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The results obtained with these relatively simple filter networks 

are quite impressive and tend to indicate considerable potential for 

this technique in obtaining broadband, low frequency probe antennas. 

A possible broadband, balanced loop probe configuration incorporating 

a filter matching network is shown in Figure 70. The upper diagram 

is a pictorial representation showing how the filter matching network 

is integrated with the loop antenna. As shown in the diagram, a 

symmetrical filter network is utilized to obtain a balanced probe. An 

impedance transformer (T 1 ) is included in the filter to match the radia- 

tion resistance of the loop to the load impedance. The lower diagram 

is an equivalent circuit schematic of the loop antenna, filter and load. 

This diagram shows how the equivalent circuit of the loop fits into the 

filter network. 

Figure 71 shows the equivalent configuration for a short dipole 

antenna. Note that since the reactive part of a short dipole antenna 

is capacitive, the leading element of the matching filter network 

must be capacitive. This dictates that the filter network must be 

either a highpass or bandpass filter, and hence, the lowest frequency 

at which the dipole probe can be used will be limited. It is concluded 

that additional study is warrented in applying this technique to the 

development of low frequency probe antennas. 

4. Near-Field Measurements  

While it has been concluded that radiated measurements per-

formed in shielded enclosures over the 14 kHz to 20 MHz frequency range 

will yield essentially the same results as equivalent measurements 

performed in the open-field, there is considerable question as to the 

value of measurement results obtained in either location over this fre-

quency range with the measurement techniques currently being utilized. 

The present measurement procedures specify that the probe antenna be 
located either one foot or one meter from the unit being tested. This 

close proximity of probe and source in terms of wavelength greatly 

increases the probability of measurement error assignable to near-

field effects. 

Accurate measurements become increasingly more difficult as the 

distance between a measurement probe and the radiating source is re-

duced. For purposes of describing some of these measurement diffi-

culties, the space surrounding a radiating source antenna will be con-

sidered to be divided into three separate regions. These three regions, 

the boundaries of which are not precisely defined, are referred to in 

this discussion as (1) the radiation far-field, (2) the radiation near-

field, and (3) the reactive near-field. 

The radiation far-field region is generally considered to extend 

from infinity to a distance of 2D
2
A from the source, where D is the 

83 



(a) PICTORIAL - SCHEMATIC REPRESENTATION 

1/2 L a  1-6 L3 

1/2 L
a 

.1/2 L 3  

(b) Equivalent Circuit Representation 

Figure 70. Broadband Matched, Balanced, Single—Turn Loop Antenna. 

814 



SHORT 
DIPOLE 
ANTENNA 

t 1--- 	
_.1 

L 	
2C

n-2 2C
3 

2 fa' 
? 2C1

3 	
2C

n-2 
	i (------1 

1 	 

2C
a  

2C
3 

2C
n-2 

2C
n  

2C
a  

2C
3 	

2C
n-2 

1 

2C
n  

(a) PICTORIAL - SCHEMATIC REPRESENTATION 

(b) EQUIVALENT CIRCUIT REPRESENTATION 

Figure 71. Broadband Matched, Balanced, Short Dipole Antenna. 

85 



largest linear dimension of the source antenna aperture and X is the 

operating wavelength. It is at this 2D
2
A separation distance that mea-

surement inaccuracies introduced by the non-planar nature of the radiated 

wave begin to become apparent. It should be pointed out that although a 

source-to-probe separation distance of 2D
2
A is generally accepted as the 

boundary between the radiation far-field region and the radiation near-

field region, the effective boundary for a given application is dependent 

upon the magnitude of the error in measured or calculated power density 

which is acceptable in the particular situation. In the radiation far-

field region, calculations of field patterns with Fourier integral tech-

niques usually yield very satisfactory approximations. Similarly, probe 

antennas calibrated in a planar field generally yield accurate measure-

ment results anywhere in the radiation far-field. 

The radiation near-field region is usually accepted as extending 

from the far-field boundary to within a few wavelengths of the radiating 

source. In this region the field pattern of the source is a function of 

distance from the source; both the relative phase and relative amplitude 

of field contributions from different elements of the source change appre-

ciably with distance. Thus, the non-planar nature of the radiated wave 

is more pronounced, and significant power density measurement errors aris-

ing from the use of a probe antenna calibrated in a planar field can occur. 

This fact is particularly important when the power density measurements 

made with the probe do not include the potentially significant contribu- 

tions of the radially polarized field components. 	In the radiation near- 

field region, calculations of field patterns usually involve approxima-

tions of the fields by integrals of the Fresnel form. These approxima-

tions become increasingly inaccurate as distance to the source is decreased. 

It should be recognized that the probe antenna also has radiation 

near-field and far-field regions. The boundary of these regions is also 

generally accepted to be 2D
2
/X, where D is the largest linear dimension 

of the probe antenna aperture. If the probe antenna is used for making 

measurements at source-to-probe separation distances within the radiation 

near-field region of the probe itself, severe inaccuracies in measured 

power density can arise from phase variation across the probe aperture. 

At these separation distances, both the gain of the probe antenna and 

the source radiation pattern become dependent on source-to-probe separa-

tion distance. 

It is assumed throughout this discussion that the probe antenna responds 

equally to all polarizations of plane waves or that the probe can be used 

to determine the components of a plane wave which can be summed to yield 

total power density. 
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That region of space immediately surrounding a source is referred 

to as the reactive near-field region. In the radiation far-field region 

and, to a lesser extent, in the radiation near-field region, a propagat-

ing or radiating field predominates. The magnitude of this field varies 

inversely with the distance from the source. In the reactive near-field 
J. 

region the induction and static fields predominate. The magnitude of 

the induction field varies inversely with the square of the distance from 

the source and the magnitude of the static field varies inversely with the 

cube of the distance. In the region where these reactive fields predomin-

ate, relatively little time average energy flow associated with radiated 

power exists. Instead, most of the energy flows outward and inward in a 

cyclic manner and these fields may be thought of as alternately expanding 

and collapsing at the operating frequency. The induction and static fields 

are normally thought of as "stored energy" fields, as differentiated from 

the far-field where a time average power flow from the source occurs and 

there is no appreciable energy storage. It is important to note that energy 

can be coupled from these "stored energy" fields in the reactive near-field 

region. The presence of a foreign body such as probe antenna or a person 

can result in a coupling to these fields. The principal methods of taking 

energy from these fields involve inductive coupling in the case of the 

induction field and capacitive coupling in the case of the static field. 

Any source or probe antenna has a certain characteristic ability to 

emit and receive energy. In the case of radiated fields, this ability to 

emit or receive energy is quantified by the far-field pattern of the 

antenna, and is usually measured relative to the pattern of some "standard" 

antenna such as an isotropic source. However, any given probe or source 

antenna also has a certain characteristic ability to store energy in 

the reactive fields, which is usually neither known nor specified. 

The complete field pattern of an antenna is made up of the far-

field, induction, and static fields. The relative contribution of each 

of these to the complete field pattern is dependent on source-to-probe 

separation distance. In the radiation far-field region the field pattern 

is essentially independent of the induction and static fields since the 

contributions of these to measured field strength is inversely propor-

tional to higher powers of separation distance and hence, negligible. 

However, to some extent in the radiation near-field region and to a 

much greater extent in the reactive near-field region, the field 

pattern of the antenna is highly dependent on induction and static 

fields. In these regions the field pattern of the antenna becomes a 

complex function of the source-to-probe separation distance azimuth 

orientation, and the source and probe configurations of antennas. 

Interpretations of measurements made in the radiation and reactive near-

field regions using probe antennas designed and calibrated for far-

field power density measurements involve considerable speculation. 

*
The term static conventionally is used to identify this field because 

the variation of the amplitude of the field with range is the same as 

that of the classical static electric dipole. 
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5. Low Frequency Absorbing Material  

The successful measurement techniques for use in shielded enclo-

sures require the use of some absorbing material except at very low fre-

quencies. The requirement extends to sufficiently low frequencies that 

the absorbing materials become extremely bulky and/or expensive. In an 

attempt to satisfy the absorption requirements without the attendant 

space and cost disadvantages, a limited study was conducted to investigate 

techniques for obtaining compact, inexpensive, low frequency absorbing 

materials. 

Conventional absorbing materials are generally prepared by suspending 

a lossy material, such as carbon black, in a binder which is transparent 

to RF energy. Styrofoam, sponge rubber or other similar materials are 

usually used as a binder. The absorbing material then acts as a contin-

uously distributed transmission medium whose propagation constant has an 

appreciable real part. The characteristic impedance of this medium is 

not equal to that of free space and some form of impedance matching must 

be used if reflections at the absorbing material - air interface are to 

be avoided. The required impedance match is normally provided by shaping 

the material in the form of a pyramid whose base is placed flat against 

the anechoic chamber surface. The incoming RF wave then strikes the 

point of the pyramid, and sees a gradual tapering off of the terminating 

impedance from air to that of the absorbing material. The effectiveness 

of this type of impedance transformer diminishes rapidly when the length 

of the transformer is less than the wavelength of the incident RF energy. 

For this reason, absorbing materials which are effective at frequencies 

below 400-500 MHz are generally quite large and unwieldly. 

It is apparent then that the construction of effective low frequency 

absorbing materials of reasonable dimensions requires some different 

means for providing the required termination of the incident RF wave 

at the chamber walls. 

One approach to the solution of this problem is to construct a 

lumped constant approximation to the distributed absorbing material. 

The most direct application of this idea is to replace the absorbing 

material with a lumped constant resistive termination such as might 

be constructed with small carbon resistors. If the resistor network 

is selected to present a good match to the incident wave, no impedance 

transformer is required and the necessity of providing a long tapered 

matching section is avoided. Nevertheless, some coupling structure 

is still necessary to provide a means of coupling the terminating re-

sistor structure to the incident RF wave. For linearly polarized 

waves, a short parallel plate transmission line oriented so that the 

electric field of the incident wave is normal to the planes of the 

plates can furnish the necessary coupling structure. In general, the 

spacing of the parallel plate transmission line should be small with 
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respect to a wavelength to minimize re-radiation of the RF energy by the 

terminating resistor network. The absorbing material then could be 

thought of as being constructed of a large number of cells, with each 

cell composed of a small parallel plate transmission line of appro-

priate width to obtain a 377 ohm characteristic impedance and ter-

minated in a 377 ohm resistor. Construction is illustrated in the 

sketch of Figure 72. 

To construct a large piece of absorbing material, the cells would 

be placed side-by-side in the horizontal direction so that the plates 

of the cells form two continuous sheets. The material can then be ex-

tended in the vertical direction by stacking more plates vertically. 

The resulting appearance of the structure is shown in the sketch of 

Figure 73. 

A piece of absorbing material was constructed using the procedure 

illustrated in Figure 73. The material was made 24 inches high by 12 

inches deep by about 55 inches long. Single 390 ohm resistors were 

used to terminate each 2i inch section. Reflectivity measurements 

were made on the material by mounting a flat reflecting plate against 

the back of the material parallel to the plane of the terminating 

resistors. Reflectivity measurements were made looking directly at 

the reflector plate and looking at the "BACK" of the reflector plate 

through the absorbing material. The result of this test is shown by 

the curve of Figure 74. 

The general lack of absorption shown in this curve was attributed 

to possible fringing of the field at the edges of the material and to 

the possible interaction effect of the reflector on the field set up 

by the resistor currents. The configuration of the material was 

changed to make the material 12 inches high and 21 inches deep. The 

390 ohm resistors were placed 24 inches apart along the 12 inch dimen-

sion of the material to approximate a 377 ohm per square condition. 

Results of the tests of this material with the reflecting plate 

at two different spacings behind the resistors is shown in Figure 75. 

The material is shown in Figure 76. The better absorption generally 

achieved with this material indicates that fringing or edge effects 

play a significant role in the characteristics of this type of absorber. 

Comparison of the two curves of Figure 75 indicates that the spacing 

between the resistors and metal plate also influence the absorbing 

characteristics. 

Comparison of Figure 74 with 75 indicates that by reducing the 

edge effects, significantly better absorption is achieved at lower 

frequencies. Larger spacings between the terminating resistors and 

the metal backing plate also is seen (Figure 75) to enhance the 

absorbing characteristics at lower frequencies. These two results 

suggest the possibility of further improvement in reducing edge 

effects and resistor field effects to provide performance comparable 

to that discussed above at significantly lower frequencies. 
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(a)  

(b)  

Figure 76. Two Views of Parallel Plate Absorbing Material 12 Inches 

High by 2-3/4' Inches Deep. 

In summary, the curves of Figure 75 indicate that significant 

absorption was obtained for the parallel plane material over certain 

frequency ranges, and that further investigations of this technique 

should be considered. 

92 



II. CONCLUSIONS AND RECOMMENDATIONS 

The results from an investigation of radiated measurements over the 

frequency range from 200 kHz to 20 MHz revealed that essentially the same 

results are obtained in shielded enclosures and the open-field over this 

frequency range. This investigation was not extended below 200 kHz to 14 

kHz due to lack of sensitivity. The lack of sensitivity was due primarily 

to the poor efficiency of the low frequency probe antennas. It appears 

safe to assume however, that the enclosure and open-field results would 

be the same over the 14 kHz to 200 kHz frequency range. Even though there 

is correlation between measurement results obtained in shielded enclosures 

and the open-field over this frequency range, there are two areas which 

appear to need additional investigation. There is a critical need for more 

efficient, balanced probe antennas for use over this frequency range. It 

is recommended that the broadband matching technique utilizing a synthesized 

filter network be investigated as an approach to realizing improved low 

frequency probe antennas. The other area of concern is due to the fact 

that at low frequencies the measurements are made in the near-field of the 

radiating source. Considering that the near-field distribution is so com-

plex that only the distribution of the most elementary antennas are known 

and that the distribution is extremely sensitive to both range and azimuth 

with respect to the radiating source, there is considerable question as 

to whether a valid interference judgement can be made on the basis of the 

measurement results. It is suggested that considerably more study of the 

near-field characteristics of complex radiating sources is necessary be-

fore the value of these near-field measurement results can be established. 

This study has established the fact that coupling nulls can exist in 

shielded enclosures well below the lowest resonant frequency of the enclo-

sure (or at frequencies where the dimensions of the enclosure are extremely 

small relative to a wavelength). The results from extensive experimental 

measurements supported a theory that these coupling nulls result from near-

field coupling between the radiating source and the enclosure walls and 

between the enclosure walls and the probe antenna. The experimental mea-

surements were made utilizing two bow-tie antennas, one representing the 

radiating source and the other representing the probe antenna. The bow-

tie antenna is a reasonably good representation of the biconical probe 

antenna (which is the probe which would normally be used over the fre-

quency range of interest, 20 to 100 MHz). In all probability the bi-

conical antenna would exhibit more near-field coupling to the enclosure 

walls due to its larger size. The question of how realistically the 

bow-tie antenna represents the case of a typical unit under test is open 

to considerable conjecture. It could be argued that an equipment case 

could be represented by a group of randomly oriented dipole antennas. 

With this concept, it would not be expected that the radially polarized 

component of the near-field of the case would approach the magnitude of 

this component off the end of the bow-tie antenna. On the other hand, 
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it could be argued that the case could be quite large and in close 

proximity to the enclosure walls so that the near-field coupling between 

case and walls is greater than with the bow-tie antenna. Considering 

the extreme latitudes in configuration and size of all possible cases 

to be tested, it was concluded that the bow-tie antenna is a reasonable 

representation of a typical equipment case. However, the exact location 

of the coupling nulls in the shielded enclosure is a complex function of 

both the ratio of the near-field component to the radiated component 

and the near-field coupling between the case and the enclosure walls. 

Hence the null locations are influenced by both the configuration and 

the size of the case of the equipment under test. 

This study has established that the coupling nulls in shielded enclo-

sures over the frequency range from 20 MHz to the lowest resonant fre-

quency of the enclosure are due to near-field coupling via the enclosure 

walls. The fact that the cause of these low-frequency coupling nulls 

was significantly different than the normal or multipath coupling mech-

anism requires that alternate approaches be considered in the develop-

ment of techniques for eliminating the coupling nulls. The results from 

very preliminary studies of two techniques, a low-frequency antenna hood 

and baffle plates, were encouraging, but considerably more study would 

be required to develop these techniques to the point that they could be 

utilized in measurement procedures with confidence. Antenna configura-

tions exhibiting inherently low radial field characteristics should also 

be investigated for possible application as measurement probes in this 

frequency range. 

In the frequency range from the lowest resonant frequency of the 

shielded enclosure to approximately 200 MHz, coupling variations occur 

both as a result of near-field coupling to the enclosure walls and as a 

result of multipath reflections from the enclosure walls. Hence, a 

satisfactory measurement technique for this frequency range must be 

capable of eliminating both of these undesired coupling modes. 

For rectangular enclosures, the lowest resonant frequency can be 

determined by the expression 

11 	1 
f = 150 	+ 	+ -- MHz 

w
2 

h 
	

i
2 

where w, h, and i are the width, height and length of the enclosure in 

meters. Thus the lowest resonant frequency of a 20' x 20' x 12' enclo-

sure would be approximately 54 MHz and that of a 8' x 8' x 8' enclosure 

would be approximately 107 MHz. 

The results from this program indicate that reliable radiated mea-

surements, which can be correlated with open-field measurements, can be 

made in shielded enclosures over the frequency range from 200 MHz to 
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12 GHz by means of the hooded antenna technique and the use of a limited 

amount of absorbing material on the enclosure walls. 

The requirement for a limited amount of absorbing material on the 

enclosure walls down to the lowest resonant frequency of the enclosure 

led to an investigation of techniques for obtaining compact, inexpensive, 

low-frequency absorbing materials. The results from a preliminary study 

of a lumped constant absorbing material consisting of short sections of 

parallel-plate transmission lines terminated with resistors were encouraging. 

The major difficulty was the fact that the absorption was obtained over 

limited frequency ranges. The difficulty could very well have been due 

to resonances in the resistor terminations due to the relatively long 

lead lengths required for these components. It is recommended that 

further investigation of this technique be performed utilizing distributed 

resistive terminations. This approach would eliminate any leads and 

associated resonances from the absorption characteristics. 

To make it possible to perform valid radiated measurements in shielded 

enclosures over the entire 14 kHz to 12 GHz frequency range, it appears 

the following tasks remain to be accomplished: 

(1) A theoretical and experimental study of the near-field charac-

teristics of equipment cases to better define the parameters 

necessary to determine the interference characteristics at 

low frequencies. 

(2) The development of more efficient, balanced probe antennas 

for use in the 14 kHz to 20 MHz frequency range. 

(3) The development of a satisfactory measurement technique for 

the 20 to 200 MHz frequency range. 

(4) The development of a compact, economical, low-frequency 

absorbing material. 
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